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Abstract  
 

Glycogen is a highly branched polysaccharide that is widely 

present in all life domains. It has been identified in many 

bacterial species and functions as an important energy storage 

compound. In addition, it plays important roles in bacterial 

transmission, pathogenicity, and environmental viability. There 

are five essential enzymes (coding genes) directly involved in 

bacterial glycogen metabolism, which forms a single operon 

glgBXCAP with a suboperonic promoter in glgC gene in 

Escherichia coli. Currently, there is no comparative study of 

how the disruptions of the five glycogen metabolism genes 

influence bacterial phenotypes, such as growth rate, biofilm 

formation, and environmental survival, etc. In this study, we 

systematically and comparatively studied five E. coli single-gene 

mutants (ΔglgC, ΔglgA, ΔglgB, ΔglgP, ΔglgX) in terms of 

glycogen metabolism and explored their phenotype changes with 

a focus on environmental stress endurance, such as nutrient 

deprivation, low temperature, desiccation, and oxidation, etc. 

Biofilm formation in wild-type and mutant strains was also 

compared. E. coli wild-type stores the highest glycogen content 

after around 20-h culture while disruption of degradation genes 

(glgP, glgX) leads to continuous accumulation of glycogen. 

However, glycogen primary structure was abnormally changed 

in ΔglgP and ΔglgX. Meanwhile, increased accumulation of 

glycogen facilitates the growth of E. coli mutants but reduces 

glucose consumption in liquid culture and vice versa. Glycogen 

metabolism disruption also significantly and consistently 

increases biofilm formation in all the mutants. As for 

environmental stress endurance, glycogen over-accumulating 

mutants have enhanced starvation viability and reduced 

desiccation viability while all mutants showed decreased 
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survival rate at low temperature. No consistent results were 

found for oxidative stress resistance in terms of glycogen 

metabolism disruptions, though ΔglgA shows highest resistance 

toward oxidation with unknown mechanisms. In sum, single 

gene disruptions in glgBXCAP operon significantly influence 

bacterial growth and glucose consumption during culture. 

Accumulation and structure of intracellular glycogen were also 

significantly altered. In addition, we observed significant 

changes in E. coli environmental viabilities due to the deletions 

of certain genes in the operon. Further investigations shall be 

focused on the molecular mechanisms behind these phenotype 

changes. 

 

Keywords  
 

Glycogen; Bacterial Viability; Environmental Endurance; 

Biofilm; Low Temperature 

 

Introduction  
 

Glycogen is a homogeneous polysaccharide with a typical 

feature of a highly and randomly branched structure, which is 

widely spread across the domains of life [1,2]. It consists of 

glucosyl residues that are linked together by α-1,4-glycosidic 

bonds in linear chains and α-1,6-glycosidic bonds at branching 

points, together with a small but significant amount of proteins 

[3]. Glycogen structure is generally divided into three levels: 

small γ particles (~3 nm), spheric β particles (~ 20 nm in 

diameter), and rosette-shaped α particles (up to 300 nm in 

diameter). α particles are formed by the aggregation of β 

particles [4,5]. Previously, it was thought that only β particles 

existed in bacteria while α particles were exclusively present in 

higher organisms, until recently α particles were also observed in 

Streptomyces venezuelae and characterized in Escherichia coli 

[3,4]. Some studies reported that the larger glycogen α particles 

were degraded more slowly than the smaller β particles [6]. In 

addition, chain length distribution patterns of glycogen β 

particles have also been reported to influence degradation rate 

[2]. However, formation mechanisms of α particles and 

determinants of chain length distribution patterns in both 
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prokaryotes and eukaryotes are not completely resolved yet and 

require further investigation.  

 

Glycogen plays versatile roles in bacteria [7]. In some of the 

prominent pathogens such as Escherichia coli [8], Salmonella 

enteritis [9], Mycobacterium tuberculosis [10] and Vibrio 

cholera [11], glycogen accumulation has been linked with 

colonization and/or pathogenicity [12]. In addition, several 

studies also support the roles of glycogen in host-pathogen 

interactions [13]. The major function of glycogen in bacteria is 

energy reserve, which has been confirmed to promote bacterial 

environmental survival under starvation conditions [14]. 

Glycogen accumulation also facilitates bacterial viability under 

abiotic stresses such as low temperature, desiccation, and 

osmotic pressure, etc [15-17]. According to the Sit-and-Wait 

(S&W) hypothesis, prolonged environmental survival could be 

positively correlated with pathogen evolution towards higher 

virulence because it increases the opportunity for pathogen to 

infect susceptible individuals with less dependence on infected 

hosts, hence less fitness costs [18,19]. A study on Vibrio 

cholerae strongly supported the hypothesis, which showed that 

accumulated intracellular glycogen facilitated environmental 

persistence and transmission of Vibrio cholerae between aquatic 

environment and hosts; meanwhile, glycogen-rich V. cholerae 

are more virulent than the glycogen-deficient counterpart [11]. 

Thus, glycogen as an energy reserve, could also contribute to the 

evolution of bacterial virulence. 

 

The metabolism of glycogen has been extensively studied in a 

variety of bacteria. The genome-wide screening of genes 

affecting glycogen metabolism through 3985 single-gene 

knockout mutants (the Keio collection) revealed that 65 genes 

were involved in the glycogen accumulation in E. coli [20]. In 

addition, screening of genes with enhanced expression in E. coli 

through ASKA library identified 86 genes responsible for 

glycogen accumulation [20]. Thus, bacterial glycogen 

metabolism is a sophisticatedly interacted and regulated network 

that involves multiple genes and pathways [7]. Among these 

genes, five have been considered as the most important in 

glycogen metabolism, which are glgC (glucose-1-phosphate 
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adenylyltransferase, AGPase), glgA (glycogen synthase, GS), 

glgB (glycogen branching enzyme, GBE), glgP (glycogen 

phosphorylase, GP), and glgX (glycogen debranching enzyme, 

GDE) [2]. The five genes are located in a single operon 

glgBXCAP in E. coli with a sub-operon inside glgC gene, the 

encoded enzymes of which form the classical glycogen 

metabolism pathway [21]. In particular, AGPase, GS, and GBE 

are responsible for glycogen biosynthesis while GP and GDE 

contribute to glycogen degradation. 

 

Previous studies have investigated the influences of single gene 

mutants in the glycogen metabolism pathway on glycogen 

accumulation, glycogen structure, environmental persistence, 

and biofilm formation in different bacterial species, such as 

Azospirillum brasilense, Vibrio cholera, and Corynebacterium 

glutamicum, etc [11,22-24]. Single gene knock-out mutants in E. 

coli glgBXCAP operon have also been explored with a focus on 

the alteration of glycogen accumulation and structure in different 

studies with non-consistent conditions [17,25-28]. A recent study 

comprehensively analyzed the genome-wide phenotypes of 

growth, cell morphogenesis, and cell cycle events in E. coli by 

using Keio library, which may facilitate our understanding of the 

influences of glycogen metabolism related genes on E. coli 

physiology [29]. However, there is currently a lack of 

comparative study of how E. coli genes in glgBXCAP operon 

functions in terms of glucose consumption, glycogen 

accumulation and structure, biofilm formation, and 

environmental stress endurance. In this study, we systematically 

investigated the gene functions of glgC, glgA, glgB, glgP, and 

glgX in E. coli BW25113 mutants in terms of glycogen 

metabolism and bacterial physiology with standardized 1×M9 

minimal medium, which were also compared with wide-type 

strains E. coli BL21(DE3) and E. coli BW25113. In sum, this 

study provides a better understanding of glycogen functions in 

bacterial physiology through phenotypic characterisation.   

 

 

 

 

 



Prime Archives in Microbiology: 2
nd

 Edition 

7                                                                                www.videleaf.com 

Materials and Methods  
E. coli Strains and Growth Conditions  
 

All the five E. coli mutants used in this study, ΔglgA, ΔglgB, 

ΔglgC, ΔglgP, and ΔglgX, together with the wide-type parent 

strain BW25113, were purchased from Horizon Discovery Ltd. 

(California, USA) as a whole package of the commercial Keio 

Collection, a systematic, single-gene knockout mutant collection 

of E. coli non-essential genes via λ-Red Recombination System 

(plasmids pKD4, pKD46, pCP20). Wild-type strain BL21(DE3) 

was purchased from Tiangen Biotech Co. (Beijing, China). The 

presence and absence of the five genes (glgA, glgB, glgC, glgP, 

and glgX) in the purchased wild-type and mutated E. coli strains 

were confirmed via PCR. For the results of agarose gel 

electrophoresis, please refer to Supplementary Figure 1.  All 

the primers used for PCR reactions were present in 

Supplementary Table 1. 1×M9 minimal medium with 6.78 g/L 

Na2HPO4, 3 g/L KH2PO4, 1 g/L NH4Cl, and 0.5 g/L NaCl 

(Sigma-Aldrich) supplemented with 0.2%, 0.4%, 0.8%, and 

1.6% glucose (Sigma-Aldrich) was used for E. coli culture, 

respectively. Liquid and solid Luria-Bertani (LB) media 

(Tiangen Biotech Co., Beijing, China) were also used for 

bacterial recovery from -80 
o
C freezer and biofilm formation 

assay. Phosphate-buffered saline (PBS buffer, Sigma-Aldrich) 

was used for environmental stress endurance assay. All the 

strains were cultured at 37°C with shaking rate at 220 rpm when 

needed, until otherwise specified. 

 

Growth Curves and Glucose Consumptions  
Growth Curves  
 

A single colony of BL21(DE3) was picked from LB agar plate 

and cultured in 5 ml LB broth for 5 h (37 
o
C, 220 rpm). 1×M9 

minimal medium supplemented with 0.2%, 0.4%, 0.8%, and 

1.6% glucose was inoculated with the starting culture at 1:20 

ratio and cultured at 37 
o
C with shaking rate at 220 rpm, 

respectively. At selected time points of 2 h, 4 h, 6 h, 8 h, 10 h, 12 

h, 16 h, 18 h, 20 h, 24 h, OD600 values were measured and 

recorded by spectrophotometer (Thermo Fisher Scientific). 

OD600 readings, together with error bars, were drawn by 
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correlating with corresponding time points for growth curves. 

For each time point, three independent replicates were repeated. 

As for the growth curves of the seven strains, that is, 

BL21(DE3), BW25113, ΔglgC, ΔglgA, ΔglgB, ΔglgP, and 

ΔglgX, cultured in 1×M9 minimal medium supplemented with 

0.8% glucose, the same procedure described above was 

followed. 

 

Glucose Consumptions  
 

In order to explore the glucose consumption amount in different 

cultures by different E. coli strains, we first measure the glucose 

content in wide-type BL21(DE3) 1×M9 culture supplemented 

with 0.2%, 0.4%, 0.6%, and 0.8% glucose at 0 h, 4 h, 6 h, 10 h, 

12 h, 14 h, 16 h, 18 h, 20 h, and 24 h through GOPOD assay kit 

(Megazyme, Ireland) according to the manufacturer’s 

instructions. 1×M9 minimal medium with 0.8% glucose was then 

used as a standard culture, in which the glucose consumption 

amount for all the seven strains was measured by following the 

growth curves. All the experiments were repeated independently 

for three times. 

 

Glycogen Quantification, Isolation, and Purification  
 

Glycogen content was assayed for BL21(DE3) along growth 

curves at 4 h, 6 h, 10 h, 14 h, 16 h, 18 h, 20 h, and 24 h in 1×M9 

minimal medium supplemented with 0.2%, 0.4%, 0.8%, and 

1.6% glucose. As for BW25113 and the five single gene mutated 

strains, glycogen content and protein amount were assayed at the 

same time points supplemented with 0.8% glucose only. Three 

independent replicates were used for each measurement. For 

glycogen isolation and purification, sucrose gradient density 

ultracentrifugation (SGDU) was used. All the procedures were 

followed as previously described [3,17]. 

 

Glycogen Primary Structure Characterization  
 

Fluorophore-assisted carbohydrate electrophoresis (FACE) was 

used for characterizing glycogen primary structure (chain length 

distribution). In particular, 200 unit/mg isoamylase (Megazyme, 
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Ireland) was used to break down all α-1,6-glycosidic branching 

points in glycogen, which were then labelled with APTS (8-

aminopyrene-1,3,6-trisulfonate). The distributions of the number 

of chains as a function of the degree of polymerization X of that 

chain after debranching, Nde(X) were measured by standard 

FACE method. For details, please refer to Wang et al. [3]. The 

average chain length (ACL) of glycogen was computed by 

following the previously reported formula [17].  

 

Biofilm Formation Assay  
 

A single bacterial colony was picked up from LB agar to 

inoculate 5ml LB broth, which was then cultured at 37 
o
C 

overnight with 220 rpm shaking rate. 100 μl of the LB broth was 

inoculated into 10 ml 1×M9 minimal medium (0.8% glucose) 

and LB broth, respectively. Each diluted culture was aliquoted to 

a 96-well microplate (Greiner CELLSTAR
®
 96 well plates, 

polystyrene, flat bottom with lid, sterile) with 200 μl/well. Sterile 

media were added as blank control, correspondingly. The 96-

well microplate was cultured statically at 30 
o
C for 20 h. After 

that, liquid waste was discarded, and planktonic cells were 

washed out with distilled water for three times. Then, 200 μl 

0.1% crystal violet was pipetted into each well, including blank 

control, for 10 min staining. After that, crystal violet liquid was 

shaken out of the plate over the waste tray and all plates were 

washed for three times with distilled water. Finally, all plates 

were air-dried. 200 μl of 20%/80% ethanol/acetone solution was 

added to each well for dissolving crystal violet in biofilm for 10 

min, 150 μl of which at each well was transferred to a new 96-

well plate and OD590 value was read and recorded in 

spectrophotometer. 

 

Assays for Environmental Stress Resistance  
Starvation Viability Assay  
 

A single bacterial colony was picked up from LB agar plate for 

inoculating 5 ml LB medium at 37 
o
C with 220 rpm shaking rate, 

which was then used to inoculate 100 ml 1×M9 medium 

supplemented with 0.8% glucose. The inoculated culture was 

incubated for 20 h (37 
o
C, 220 rpm), centrifuged at 6000×g for 
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10 min, and the harvested cells were washed three times with 

PBS buffer. Cells were then re-suspended in 1 ml PBS buffer, 

and placed on benchtop at room temperature for 0 d, 2 d, 4 d, 6 

d, 8 d, 10 d, and 12 d. The number of viable cells for each time 

point was calculated via the Miles and Misra method [30]. All 

the experiments were independently repeated 3 times for each 

strain. 

 

Low Temperature Viability Assay  
 

For each studied strain, a single bacterial colony was picked up 

from LB agar plate for inoculating 5 ml LB medium at 37 
o
C 

with 220 rpm shaking rate, which was then used to inoculate 100 

ml 1×M9 medium supplemented with 0.8% glucose. After the 

inoculated culture was incubated for 20 h (37 
o
C, 220rpm), it was 

dispended into 1.5 ml Eppendorf tubes with 1 ml/tube and store 

at 4 ℃. At day 0, 3, 6, and 9, the suspension was serially and 

aseptically diluted in a hood by mixing 100 μl diluted culture 

with 900 μl PBS buffer. For each dilution, Miles and Misra 

method was used and three replicates were used [30]. After 

inoculating, the plate was left in hood to air-dry aseptically, 

which generally took 20 to 30 minutes. When plates were 

completely dry, plates were incubated at 37 
o
C for 24 h and 

emerged colonies were counted. The number of viable cells in 

original culture could then be calculated. As for low temperature 

viability coupled with starvation viability assay, all the 

procedures were the same as described above except that after 

the inoculated culture was incubated for 20 h (37 
o
C, 220 rpm), it 

was then centrifuged at 6000×g for 10 min, and the harvested 

cells were washed three times and resuspended in PBS buffer. 

 

Desiccation Resistance Assay  
 

Bacterial cell culture was prepared as described in 2.6.1. After 

cells were resuspended in 100ul PBS buffer, 15 μl of 

concentrated bacterial solution was added to sterilized petri dish 

for air-dry inside hood. At 0 h, 1 h, 3 h, and 6 h, dried cells were 

re-suspended in 1.5 ml PBS buffer and continuously diluted from 

10
-2

 to 10
-6

. For each dilution, 10 μl of the diluent was taken and 

dropped onto LB agar plate, which was incubate at 37 °C for 
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24h. The number of bacterial colonies was counted, and the 

number of viable cells in original culture was calculated as stated 

in 2.6.2. The experiments were repeated three times for each 

strain. 

 

Oxidative Stress Resistance Assay  
 

Cells were prepared in the same way as for starvation viability 

assay. After cultured for 20 h, 2 ml of bacterial solution was 

mixed with 18 ml LB broth containing 0.8% agarose agar and 

1×M9 minimal medium (0.8% glucose) containing 0.8% agarose 

agar for agar plate, respectively. 10 μl of 6.6 mol/L H2O2 was 

added onto a 6 mm sterilized round filter paper, which was then 

placed in the center of the agar plate. After culturing the plate 

statically at 37°C for 24 h, diameter of bacteriostatic ring from 

three different angles was measured and recorded. For each 

strain, the experiment was repeated independently three times. 

 

Statistical Analysis  
 

A two-tailed unequal variance Student t-test was calculated for 

pairwise comparison wherever applicable, unless otherwise 

instructed. Significant difference is denoted with asterisk(s) 

when the P-value was less than 0.05 (*, P<0.05; **, P< 0.01; 

***, P<0.001). The single-step multiple comparison procedure 

and statistical test, Tukey's Honestly Significant Difference 

(HSD) test, was performed for biofilm formation ability and 

oxidative stress resistance ability among wild-type and mutated 

strains, which compared the means of every group to the means 

of every other group simultaneously. Means denoted by a 

different letter indicated significant differences between groups 

(P<0.05). 

 

Results  
Growth Curves 
 

Previous studies have already shown that glucose concentration 

is important in determining bacterial growth and glycogen 

accumulation [31]. There are a variety of culture media used for 

studying glycogen metabolism and accumulation in E. coli, 
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which involves the supplementation of complex trace elements 

and different concentrations of glucose [31]. In this study, we 

checked the influence of 1×M9 minimal medium supplemented 

with 0.2%, 0.4%, 0.8%, and 1.6% glucose on the growth of E. 

coli BL21(DE3). The results showed that the bacterium had a 

similar growth curve when cultured in 1×M9 minimal medium 

with 0.8% and 1.6% glucose. In contrast, OD600 value decreased 

more rapidly after entering into stationary phase in 1×M9 

minimal medium with 0.2% and 0.4% glucose (Figure 1A). It is 

also noteworthy that due to the limited nutrients in the minimal 

medium, the overall OD600 values were comparatively lower than 

LB broth cultures [17]. Two-tailed unequal variance Student’s t-

test showed that no significant differences could be detected 

among all the growth curves through pair-wise comparisons in 

terms of overall growth trend (P>0.05). However, by comparing 

OD600 values at each time point, statistical significance could be 

detected from 16 h. In particular, at 24 h, the OD600 value of 

BL21(DE3) in 1×M9 minimal medium with 0.2% glucose was 

significantly lower than OD600 values of BL21(DE3) growing in 

other three media (P<0.01) while OD600 values of BL21(DE3) in 

1×M9 minimal medium with 0.4% glucose were significantly 

lower than OD600 values of BL21(DE3) growing in 1×M9 

minimal medium with 0.8% glucose and 1.6% glucose (P<0.05). 

No significant difference was detected between OD600 values of 

BL21(DE3) growing in 1×M9 minimal medium with 0.8% 

glucose and 1.6% glucose. Thus, glucose concentration in the 

culture media has direct impact on E. coli growth pattern 

 

 
Figure 1: Medium- and strain-dependent E. coli growth curves. (A) Influences 

of glucose concentrations in 1×M9 minimal medium on E. coli BL21(DE3) 

growth. (B) Comparison of growth curves of wild-type and mutated E. coli 

strains in 1×M9 minimal medium supplemented with 0.8% glucose. 
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We then cultured wild-type strains BL21(DE3) and BW25113, 

together with the other five single-gene mutants (ΔglgC, ΔglgA, 

ΔglgB, ΔglgP, and ΔglgX) in 1×M9 minimal medium 

supplemented with 0.8% glucose, and compared their growth 

curves (Figure 1B). According to the results, all the strains have 

similar growth trends. However, two mutants, ΔglgP and ΔglgX, 

reached higher OD600 values at 24 h than other strains, where 

ΔglgX had the highest OD600 value. Student’s t-test also showed 

that there was a significant difference between the two strains at 

24 h (P<0.05). As for the two wild-type strains, BL21(DE3) and 

BW25113, they had similar growing pattern as ΔglgP until 20 h. 

Then, their OD600 values dropped evidently. No significant 

difference was detected for the two wild-type strains in terms of 

OD600 values at 24 h (P>0.05). As for the other three mutants, 

ΔglgC, ΔglgA, ΔglgB, that were disrupted on glycogen 

biosynthesis pathway, they showed lowest OD600 values at 24 h. 

In addition, no significant difference was detected among the 

three strains. Interestingly, ΔglgC had similar growing pattern as 

ΔglgP until 14 h, after which its OD600 value decreased sharply 

to the lowest level at 24 h. Student’s t-test showed that OD600 

values of ΔglgC mutant at 24 h was significantly lower than 

BW25113 (P<0.05), ΔglgP (P<0.01) and ΔglgX (P<0.001). 

Thus, disruption of genes in glycogen metabolism pathway 

changed E. coli growth abilities. That is, growth of mutants with 

impaired glycogen degradation pathway was boosted while 

growth of mutants with compromised glycogen synthesis 

pathway was hindered. 

 

Glucose Consumption  
 
Glucose consumption rate for BL21(DE3) was monitored in 

1×M9 minimal medium with different concentrations of glucose 

(Figure 2A). According to linear regression and statistical 

analysis, higher glucose concentration leads to slightly but 

significantly higher rate of glucose consumption among the four 

groups (P<0.05), except for the comparison between 0.2% and 

0.4% glucose (P>0.05). We then checked glucose consumption 

rates of different strains in 1×M9 minimal medium with 0.8% 

glucose (Figure 2B). The results suggested that glucose 

consumption patterns fluctuated in all the seven strains with an 
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overall decreasing trend. No statistically significant differences 

were detected among them (P>0.05). However, at 24 h, we 

noticed that glycogen over-accumulating mutants ΔglgP (0.27%) 

and ΔglgX (0.27%) had higher level of glucose left in the liquid 

culture while glucose left in ΔglgA culture (0.24%) is also 

comparatively high. Thus, disruption of glycogen metabolism 

pathway has impacts on the rate of glucose consumption in the 

culture. However, the specific mechanisms for each mutant 

might be different, which requires further experimental 

investigations. 

 

 
 

Figure 2: Medium- and strain-dependent glucose consumption rates. (A) 

Glucose consumption rate of E. coli BL21(DE3) in 1×M9 minimal medium 

supplemented with different percentages of glucose (0.2%, 0.4%, 0.8%, and 

1.6%). (B) Glucose consumption rate of different E. coli strains in 1×M9 

minimal medium supplemented with 0.8% glucose. 

 

Glycogen Accumulation  
 

Glycogen is normally accumulated in bacteria under limited 

nitrogen source and abundant carbon source [3]. It is also 

reported that glycogen accumulation in many bacteria occurs 

during stationery phase under conditions of limited growth [9]. 

In this study, we firstly investigated how glucose concentration 

influences glycogen accumulation in BL21(DE3) (Figure 3A). 

The results show that higher glucose concentration in the 

medium will lead to significantly higher peak amount of 

accumulated glycogen in the following order: glycogen1.6% glucose, 

20 h > glycogen0.8% glucose, 20 h > glycogen0.4% glucose, 10 h> glycogen0.2% 

glucose, 6 h (P<0.05). In specificity, as for media supplemented with 

0.8% and 1.6% glucose, glycogen accumulation starts from the 



Prime Archives in Microbiology: 2
nd

 Edition 

15                                                                                www.videleaf.com 

beginning until 20 h, after which glycogen begins to degrade. In 

contrast, glycogen accumulation pattern is very different in 

media supplemented with 0.2% and 0.4% glucose, in which the 

peak glycogen amount arrives at 6 h and 10 h, respectively. No 

glycogen could be detected at 14 h and 16 h due to degradation 

processes.  

 

We then studied how glycogen accumulation pattern changed in 

E. coli wild-type and single-gene mutants in 1×M9 minimal 

medium with 0.8% glucose (Figure 3B). According to the 

results, three mutated strains (ΔglgC, ΔglgA, ΔglgB) disrupted in 

glycogen synthesis pathway showed non-detectable glycogen 

accumulation while two mutated strains (ΔglgP and ΔglgX) 

disrupted in glycogen degradation pathway accumulated 

abnormally higher amount of glycogen than that in wild-type 

strains BL21(DE3) and BW25113. The general trend of 

glycogen accumulation level in ΔglgP and ΔglgX mutants kept 

increasing during the 24 h culture. There is no statistical 

significance between the two mutants in terms of overall trend of 

glycogen accumulation (P>0.05). As for the glycogen 

accumulation pattern in the two wild-type strains, both of them 

showed similar pattern, reaching peak value at 20 h and then 

starting to decline due to degradation. There is also no 

significant difference identified (P>0.05). However, when 

comparing wild-type strains, BW25113 and BL21(DE3), and the 

mutated strains, ΔglgP and ΔglgX, pair-wisely, the difference is 

statistically significant (P<0.001). 

 

 
 
Figure 3: Quantification of glycogen accumulation in E. coli strains with 

different media. (A) Glycogen accumulation of E. coli BL21(DE3) in 1×M9 

minimal medium supplemented with different percentages of glucose (0.2%, 

0.4%, 0.8%, and 1.6%). (B) Glycogen accumulation of a variety of E. coli 
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strains in 1×M9 minimal medium supplemented with 0.8% glucose. In order to 

remove the influence of the biomass change during bacterial growth, glycogen 

amount (μg) was adjusted by total protein amount (mg). Three independent 

replicates were performed, and error bars were present. 

 

Glycogen Primary Structure  
 

Previous studies confirmed that glycogen structure was co-

ordinately controlled by the glgBXCAP operon [2]. Deletion of 

glgA and glgC genes had no accumulated glycogen while 

deletion of glgB leads to accumulation of amylose-like linear 

polysaccharides. Thus, we only compared glycogen primary 

structure in three strains BW25113, ΔglgP and ΔglgX (Figure 4). 

The isoamylase-debranched linear chains showed a typically 

near bell-shaped distribution pattern for all the three strains. The 

average chain lengths (ACL) of glycogen are 12.04 ± 0.28 DP, 

13.27 ± 0.73 DP, and 12.5 ± 0.32 DP while all the chain lengths 

at 9 DP have the highest molar percentages of 10.59%, 8.5% and 

8% for BW25113, ΔglgP and ΔglgX, respectively. Differential 

plot was generated by subtracting the molar percentages of the 

respective ΔglgP and ΔglgX oligosaccharide DPs from the 

corresponding WT molar percentages (Figure 4D). In particular, 

a significant reduction in the proportion of shorter chains from 5 

to 12 DP was observed while the percentage of longer chains 

with DP equal to or larger than 13 DP were significantly 

increased in ΔglgP. For glycogen chain length distributions in 

ΔglgX, both molar percentage of shorter chains from 4 to 6 DP 

and that of longer chains equal to or larger than 17 DP were 

increased while the molar percentage of oligosaccharide chains 

from 7 to 16 were greatly reduced. 
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Figure 4: Comparison of glycogen primary structures in E. coli wild-type and 

mutated strains. (A) Glycogen chain length distribution patters in E. coli 

BW25113. (B) Glycogen chain length distribution patters in E. coli BW25113 

ΔglgP. (C) Glycogen chain length distribution patters in E. coli BW25113 

ΔglgX. (D) Differential distributions of chain-length molar percentages among 

wild-type BW25113, ΔglgP and ΔglgX. 
 

Biofilm Formation Ability  
 

Biofilm formation abilities were compared among the two wild-

type strains and five mutants in LB broth medium (Figure 5) and 

1×M9 minimal medium supplemented with 0.8% glucose 

(Supplementary Figure 2). According to the Tukey's HSD test, 

E. coli and the mutated strains growing in LB broth formed 

significantly more biofilms than in M9 minimal medium 

(P<0.05). When growing in LB broth, BL21(DE3) formed 

significantly less biofilm than BW25113 (P<0.05). In addition, 

all mutated strain had significantly higher biofilm formation 

abilities than that of BW25113 (P<0.05). In particular, ΔglgB 

had the highest biofilm formation potential (OD590=0.88). When 

growing in 1×M9 minimal medium supplemented with 0.8% 

glucose, biofilm formation abilities of all the E. coli strains were 

significantly reduced to very low level (P<0.05). In sum, 1× M9 

minimal medium (0.8% glucose) did not facilitate the formation 

of biofilms in E. coli while interruption of glycogen metabolism 

pathway in E. coli leads to increased biofilm formation. 
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However, no specific molecular mechanisms are available to 

interpret such phenotype changes, which we aim to explore via 

transcriptomics analysis in follow-up studies. 

 

 
 
Figure 5: Comparison of biofilm formation abilities of E. coli wild-type 

strains, BL21(DE3) and BW25113, and five mutated strains, △glgA, △glgB, 

△glgC, △glgP and △glgX in Luria-Bertani broth medium.  Biofilm formation 

abilities in 2 mL plastic round-bottom EP tubes stained with 0.1% crystal violet 

solution were matched with bar chart that corresponded to mean values and 

standard errors. Tukey's HSD test was performed for statistical analysis. Means 

denoted by a different letter indicated significant differences between groups 

(P<0.05). 

 

E. coli Viabilities under Environmental Stresses  
 

Glycogen accumulation has been confirmed to facilitate bacterial 

environmental survival under abiotic stresses [2]. In this study, 

we systematically studied how the deletions of single genes in 

the classical glgBXCAP operon influence E. coli survival under a 

variety of environmental stresses. Such studies could improve 

our understanding of glycogen functions further. Parental strain 

BW25113 and the five single-gene knock-out mutants were re-

suspended for starvation in PBS buffer at room temperature for 

12 days, during which viable cells in each strain were numerated 

every two days and the results are shown in Figure 6A. It is 
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obvious to see that ΔglgX survives the best than all other strains 

under the starvation conditions for 12 days, which was tightly 

followed by ΔglgP (SΔglgX > S ΔglgP). There is no significant 

difference between ΔglgX and ΔglgP in terms of the overall trend 

of starvation survival and when compared at each time point. 

Viability of the wild-type strain BW25113 is generally lower 

than ΔglgX and ΔglgP during the first 4-day starvation, but 

higher than the other three mutants with glycogen-deficient 

phenotype (SΔglgX > S ΔglgP > SWT > S ΔglgC or ΔglgB or ΔglgA). At day 6, 

viabilities of all the strains clustered together except for ΔglgC 

that had the lowest viability. In addition, wild-type strain 

survived better than ΔglgP with no statistical significance at day 

6. Since it is already known that ΔglgX and ΔglgP store the 

highest and the second highest amount of glycogen, it is rational 

to conclude that glycogen accumulation improves bacterial 

survival under starvation conditions. 

 

As for the survival ability of E. coli strains at low temperature, 

the wild-type BW25113 showed consistently higher viability 

than all mutated strains until day 9, after which no bacterial 

viability could be detected for all the strains (Figure 6B). This 

indicated that disruption of glycogen metabolism pathway led to 

compromised survival ability of E. coli when dealing with cold 

stress. However, statistical analysis indicated that viability of 

wild-type BW25113 was only significantly higher than ΔglgA 

and ΔglgX at day 3 (P<0.05). No significant difference was 

detected in terms of the overall trend of cold viability among E. 

coli BW25113 and the five mutants. We then tested the dual 

effects of starvation and low temperature on the survival rate of 

E. coli. According to the result, wild-type BW25113 had the best 

viability until day 6 (Figure 6C). Similarly, no statistical 

significance was found in terms of overall viability under low 

temperature and starvation environment among E. coli strains. 

Interestingly, the overall survival rate decreased more rapidly 

when compared with the effects of either starvation or low 

temperature. At day 9 and beyond, no viable strains could be 

identified based on the current method.  

 

Desiccation is a strong selective stress on bacterial survival 

ability during their living in the environment. Due to the rapid 
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death of E. coli strains under desiccation condition, we only 

investigated their viabilities within 6 hours (Figure 6D). 

According to the result, wild-type BW25113 survives the best 

under desiccation stress. After 6 h, viable cells of wild-type 

BW25113 dropped from around 10
9
 CFU/ml to 10

6 
CFU/ml. The 

three glycogen-deficient mutants (ΔglgC, ΔglgA and ΔglgB) 

decreased their survival abilities more rapidly when compared 

with the wild-type strain, among which ΔglgB performed the 

worst. As for the mutated strains ΔglgP and ΔglgX, they died off 

very quickly, which dropped from around 10
9
 CFU/ml to 10

4
 

CFU/ml within only 3 hours, and then to 0 CFU/ml within 6 

hours. The two mutants ΔglgP and ΔglgX formed an obviously 

separated cluster from other strains in terms of desiccation 

viabilities. However, no statistical significance was found among 

strains in terms of overall survival of desiccation stress.  

 

 
 

Figure 6: Viabilities of E. coli BW25113 wide-type strain and mutated strains 

under a variety of environmental stress. (A) Starvation. (B) Low temperature. 

(C) Starvation coupled with low temperature. (D) Desiccation.  

 

In order to determine whether the genes in glgBXCAP operon 

could affect the growth of E. coli under the oxidative stress 

condition, bacteria were cultured in LB agar plates and 1×M9 

minimal medium supplemented with 0.8% glucose agar plate. A 
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6 mm sterilized paper disc contained 10 μl of 6.6 mol/L H2O2 

was then placed in the center of each plate. The diameters of 

inhibition zones were recorded and compared (Figure 7). 

According to the statistical analysis, wild-type BW25113 

(diameter=3.51 cm) is slightly but significantly more resistant to 

H2O2 than wild-type BL21(DE3) (diameter=3.81 cm) when 

cultured in 1×M9 minimal medium (0.8% glucose) agar plate. 

As for the five single-gene mutants, oxidative stress resistance 

was consistently and significantly increased in ΔglgA, ΔglgB, 

and ΔglgP strains (P<0.05) but insignificantly decreased in 

ΔglgC and ΔglgX strains (P>0.05) in both LB and 1×M9 

minimal medium agar plates, when compared with wild-type 

strain BW25113. 

 

 
 

Figure 7: Oxidative stress resistance of E. coli strains. (A) LB agar plate. (B) 

1×M9 minimal medium supplemented with 0.8% glucose agar plate. (C) 

Strain-specific growth inhibition circles. Wild-type strains: BL21(DE3), 

BW25113. Mutants:  ΔglgC, ΔglgA, ΔglgB, ΔglgP, and ΔglgX. Tukey's HSD 

test was performed for statistical analysis. Means denoted by a different letter 

indicated significant differences between groups (P<0.05) 
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Discussion  
 

Glycogen accumulation has been linked with bacterial growth, 

biofilm formation, and environmental survival abilities in a 

variety of species, some of which are important human 

pathogens [11,23,24]. According to previous studies, many 

genes were associated with glycogen metabolism in E. coli 

[20,32]. Among these genes, five of them are very important and 

form a single operon glgBXCAP with an alternative sub-operonic 

promoter within glgC that directs glgAP expression [21]. 

Although these genes have been studied sporadically and 

scatteringly in different species under different conditions, there 

is currently no systematic and comparative studies for their 

physiological functions in E. coli. In this study, we cultured E. 

coli wild-type strains, BL21(DE3) and BW25113, and mutated 

strains, ΔglgC, ΔglgA, ΔglgB, ΔglgP, and ΔglgX, in LB broth 

medium and standardized 1×M9 minimal medium, with a focus 

on the functions of the five genes in bacterial growth, glycogen 

accumulation and structure, biofilm formation and 

environmental survival abilities. 

 

Many studies supported that bacterial glycogen storage and over-

accumulation could lead to a better growth or a higher OD600 

value [14,33]. However, E. coli BW25113 ΔglgX showed no 

growth advantage in 1×M9 medium supplemented with 0.4% 

glucose, though it accumulated excessive glycogen [25]. The 

influence of glycogen deficiency or complete depletion on 

bacterial growth is also disputable. The growth of C. glutamicum 

and its survival in the stationary phase were not altered with 

complete loss of intracellular glycogen due to inactivation of 

ΔglgC [23]. In addition, growth curve of E. coli DH5α ΔglgB is 

nearly the same as wild-type strain [17]. However, Vibrio 

cholerae ΔglgC exhibits growth defects during growth under 

high and low nitrogen conditions [11]. Recently, a genomewide 

phenotypic analysis via screening Escherichia coli Keio 

collection reveals that glycogen-excess strains ΔglgP 

(OD600=0.76) and ΔglgX (OD600=0.76) have higher maximal 

OD600 values than glycogen-deficient strains ΔglgC 

(OD600=0.69), ΔglgA (OD600=0.43) and ΔglgB (OD600=0.61) 

[28]. In this study, we reached similar conclusions: ΔglgP and 
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ΔglgX had a clearly better growth than the wild-type strain that 

grew better than other glycogen-deficient mutants (Figure 1). It 

is worth mentioning that the growth curve of strain ΔglgC is 

similar to wild-type strains initially and then starts to decrease at 

14 h. Such a growth defect was previously reported for Vibrio 

cholerae ΔglgC1 and ΔglgC1/ΔglgC2 mutants when compared 

with wild-type strain [11]. The possible explanation for this is 

that growth of V. cholerae halts under glycogen‐ inducing 

conditions even when glycogen cannot accumulate [11]. 

However, molecular mechanisms for this phenotype are not 

clear, which should be explored in future studies. In addition, we 

also observed that at 24 h, ΔglgP and ΔglgX had the highest 

glucose concentration left in the culture, which suggested that 

glycogen accumulation in ΔglgP and ΔglgX was due to the 

disruption of glycogen degradation pathway, rather than higher 

glucose absorption and utilization rate.  

 

Glycogen accumulation and structure have been widely studied 

in many bacteria [1,2]. In general, bacteria could synthesize 

glycogen during exponential growth or in stationary phase, but 

accumulation mainly occurs in excess of carbon source during 

the stationary phase [9,34]. For wild-type strain E. coli 

BL21(DE3) and BW25113, continuous glycogen accumulation 

was observed from 4 h until 20 h. Thus, glycogen can be 

accumulated at exponential phase in E. coli, which might be due 

to low nitrogen concentration in 1×M9 minimal medium and the 

high concentration of glucose (0.8%) in the culture. After 20 h 

culture when glycogen accumulation reaches the peak, its 

amount starts to decrease sharply, though there was still 

sufficient glucose left in the medium (Figure 2). Thus, there 

might be some other regulatory mechanisms that broke the 

balance of glycogen synthesis and degradation at the stationary 

phase, which is worthy of further investigation. It was also 

observed that deletions of ΔglgC, ΔglgA or ΔglgB led to a 

glycogen loss phenotype, which is consistent with previous 

reports, while ΔglgP or ΔglgX knock-out strain caused glycogen 

over-accumulation with no sign of content reduction. 

 

Glycogen phosphorylase (GP) and glycogen debranching 

enzyme (GDE) are responsible for glycogen degradation: GP 
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works by removing glucose units from the non-reducing ends of 

outer chains in glycogen until four glucose residues left, which 

are then truncated enzymatically by GDE at α-1,6-glycosidic 

linkages [2]. Glycogen structures in E. coli mutated strains 

ΔglgP and ΔglgX have been studied independently [25,26]. Here 

we compared the primary structure of glycogen extracted from 

ΔglgP and ΔglgX with that in wild-type strain BW25113 after 

culturing in the same medium for 24 h. The general pattern of 

structural alterations is consistent with previous conclusions with 

some variation, which confirms that loss of GP greatly reduces 

the percentage of short chains while largely increases the 

percentage of longer chains. As for the deletion of glgX, a large 

portion of very short chains (4-6 DP) were found in the 

accumulated glycogen particles. However, it is interesting to 

notice that a certain portion of long chains (17 DP and beyond) 

also exists, which raises the questions of why these long chains 

are not degraded by GP and how these chains are organization 

spatially. Answering these questions would generate a better 

understanding of glycogen structure and metabolism in bacteria. 

 

Biofilm formation is clinically important because around 80% of 

microbial infections in the body could be attributed to it [35]. 

There is currently no fixed conclusion in terms of the influences 

of glucose and glycogen on bacterial biofilm formation [36]. A 

study of Salmonella enteritidis revealed that increased glucose 

concentration in the media facilitated the biosynthesis of 

intracellular glycogen and biofilm formation [9]. However, 

another study showed that biofilm formation was repressed by 

glucose in several species of Enterobacteriaceae, such as E. coli 

[37]. In this study, we identify that BW25113 is a better biofilm 

former than BL21(DE3) in LB broth. In addition, glycogen 

metabolism disruption significantly improves biofilm formation 

in the same medium. In contrast, biofilm formation in 1×M9 

minimal medium supplemented with 0.8% glucose for all strains 

is strongly and significantly repressed. Thus, biofilm formation 

is species-dependent and also greatly influenced by 

environmental factors [37]. 

 

Glycogen accumulation facilitates bacterial environmental 

survival under a variety of harsh conditions [38]. In addition, 
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glycogen with short average chain length has also been linked 

with bacterial environmental durability due to its slow 

degradation rate [2]. In this study, we investigated the influences 

of glycogen on the survival abilities of E. coli BW25113 and its 

single-gene mutants under starvation, low temperature, 

desiccation, and oxidative stress. As an important energy 

reserve, bacterial glycogen was able to provide both short-term 

benefits in changing environments [39] and long-term 

persistence in the environment [11]. Our study further confirmed 

that glycogen over-accumulating strains survived much better 

than wild-type and other mutated strains under starvation 

conditions, even though glycogen utilization was disrupted. Such 

an advantage also suggested that there might be other unknown 

enzyme(s) that can release glucose and/or maltodextrins from 

intracellular glycogen [40]. 

 

Survival of temperature fluctuation is important for pathogens 

during prolonged transfer between hosts [41]. Trehalose is 

known to be essential for viability of E. coli at low temperatures 

[42]. Meanwhile, metabolism of trehalose and glycogen are 

interconnected through treS–pep2–glgE-glgB pathway [4]. 

Previous studies have already found that both glycogen and 

trehalose are highly accumulated as a response to cold 

stimulation in Propionibacterium freudenreichii [16]. In this 

study, low temperature (4 
o
C) was imposed on E. coli wild-type 

strain BW25113 and five mutated strains for 9 consecutive days, 

the result of which showed that wild-type strain survived the best 

while other mutants had a similarly compromised survival. 

When coupling starvation with low temperature, the general 

trend was similar as the stress of low temperature alone except 

that all E. coli strains died off much faster. Thus, disruption of 

glycogen metabolism pathway compromised E. coli survival in 

cold environment, no matter whether glycogen was over- or less 

accumulated, which suggested that a complete glgBXCAP 

operon was necessary for E. coli to combat cold stress.  

 

Desiccation is an environmental and food industry stress that 

bacteria commonly face, which significantly affects bacterial 

viability more than other stresses [43]. glgP deletion in 

Azospirillum brasilense showed significantly higher survival rate 
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than wild-type in 1-hour desiccation [24]. However, glgB 

deletion in E. coli DH5α greatly reduced its survival rate when 

desiccated for 6 h [17]. Through systematic comparison of E. 

coli BW25113 and its five single-gene mutants in glgBXCAP 

operon, we found out that wild-type survives the best under the 

stress while glycogen over-accumulating strains ΔglgP and 

ΔglgX were more sensitive to desiccation than the other three 

mutants. However, there is currently no clear molecular 

mechanism to explain this difference. As for the oxidative stress, 

recent studies showed that glucose released from glycogen could 

be used for NADPH/glutathione reduction, which protects 

nematodes and human hepatocytes from oxidative stress; 

however, the accumulation of glycogen itself paradoxically 

shortens the lifespan of Caenorhabditis elegans [44]. In bacteria, 

oxidative stress resistance normally include two distinct 

responses, peroxide stimulon and superoxide stimulon, which 

involves around 44 genes with no direct relationship with 

glycogen metabolism [45]. In this study, there is no consistent 

conclusion about oxidative resistance in terms of glycogen 

accumulation and deficiency. Meanwhile, ΔglgA unexpectedly 

showed the highest resistance toward oxidative stress, which 

requires further experimental investigation. For a complete 

summary of all these phenotypic changes influenced by the 

disruption of glycogen metabolism pathway, please refer to 

Figure 8. 

 



Prime Archives in Microbiology: 2
nd

 Edition 

27                                                                                www.videleaf.com 

 
 
Figure 8: Schematic illustration of glgBXCAP operon and the corresponding 

protein functions in E. coli growth, glycogen accumulation and structure, 

biofilm formation, and environmental stress endurance. ↑: increment when 

compared to wild-type BW25113 (green arrow); ↓: decrement when compared 

to wild-type BW25113 (violet arrow). 

 

Conclusions  
 

Taken together, this study systematically and comparatively 

investigates how single gene deletion in the important and 

classical glgBXCAP operon influences the physiological 

activities of E. coli. Differences have been identified in terms of 

growth rate, glycogen accumulation and structure, biofilm 

formation, and environmental stress endurance, which confirms 

the importance of glycogen metabolism in bacteria. However, 

molecular basis for some of these phenotypic differences are still 

missing. Further investigation into the molecular mechanisms are 
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needed, which could provide a better understanding of glycogen 

functions in bacteria. 
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Supplementary Materials  

 

 
 
Supplementary Figure 1 PCR verification of two E. coli wild-type strains, 

BL21(DE3) and BW25113, and five commercial E. coli BW25113 single-gene 

knockout mutants (ΔglgA, ΔglgB, ΔglgC, ΔglgP, ΔglgX) in KEIO collection 

that was purchased from Horizon Discovery Ltd. 

https://horizondiscovery.com/. Results confirm that glycogen metabolism 

relevant genes (glgA, glgB, glgC, glgP, glgX) are complete in wild-type strains. 

For each single-gene mutant, the corresponding gene is missing. (A) E. coli 

BL21(DE3) (B) E. coli BW25113 (C) E. coli BW25113 ΔglgA (D) E. coli 

BW25113 ΔglgB (E) E. coli BW25113 ΔglgC (F) E. coli BW25113 ΔglgP (G) 

E. coli BW25113 ΔglgX. 
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Supplementary Figure 2 Comparison of biofilm formation abilities of E. coli 

wild-type and mutated strains in 1×M9 minimal medium supplemented with 

0.8% glucose. (A) Biofilm formation abilities in 2 mL plastic EP tubes stained 

with 0.1% crystal violet solution. (B) Crystal violet concentration measured by 

absorbance at 590 nm after biofilm matrix stain was solubilized in 20%/80% 

ethanol/acetone solution. (C). Boxplot of Tukey’s honest significance test. 

Groups labelled with the same letter have no statistically significant difference. 

Groups labelled with different letters indicate statistically significant difference 

(p<0.05). ab means no statistically significant difference from a or b. 
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Supplementary Table 1 Oligonucleotide primer pairs used in PCR. All the 

primers were designed by using Primer3Plus platform 

http://www.primer3plus.com/cgi-bin/dev/primer3plus.cgi  

 
Name Forward primer (5’-3’) Reverse primer (5’-3’) 

glgA TGGGCTTGCTGATACGGTTT CACAAACCGCCACAGTGAAG 

glgB AGGTTGTACAGACTGAAGAGCG TGCTCGTTAATGGGCAGTAGTT 

glgC CAAAACCTCGACATTATCCGCC GTTCTCATCAACCGCCATAACG 

glgP TTGCCGACTTTGCGAAAATCTT AATCACAGTGTTGTTGCAGCTC 

glgX GCGTTATTGGGTAGAAACCTGC TTTCCCACCTGATAACCACCAG 
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Abstract  
 

Staphylococcus aureus, an important agent for lethal bacterial 

infections, can cause a broad spectrum of diseases in various 

host species. The emergence of multidrug-resistant and highly 

virulent strains has raised increasing concerns about the novel 

therapeutic strategies or agents available for treating S. 

aureus infection. The critical role of Hla, an essential virulence 

determinant, in the pathogenicity of S. aureus renders this toxin 

an attractive target for effective therapeutic applications. Here, 

we have identified myricetin as an effective inhibitor of Hla that 

simultaneously inhibits Hla production and neutralizes Hla 

activity without affecting bacterial growth. Myricetin treatment 

reduced the oligomerization of Hla and Hla-mediated biofilm 
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formation. The addition of myricetin to the coinfection system of 

host cells and S. aureus significantly decreased cell injury and 

downregulated the inflammatory response in cells. 

Furthermore, S. aureus-infected mice that received myricetin 

showed alleviated tissue damage in the lung. Our results 

indicated that myricetin inhibits S. aureus virulence by targeting 

Hla and downregulates the inflammatory response in host cells. 

Overall, in addition to traditional antibiotics with antibacterial 

activity, myricetin may represent a potential candidate, and 

strategy for S. aureus infection. 

 

Keywords  
 

Myricetin; Staphylococcus aureus; α-Hemolysin; Anti-

Virulence; Anti-Infection; Inflammation 

 

Introduction  
 

Staphylococcus aureus (S. aureus) is a critical pathogen that 

causes a wide spectrum of infections, such as pneumonia, soft 

tissue infections, wounds, arthroses, and skin infections. The 

rapid spread of multidrug-resistant and highly virulent S. 

aureus strains has resulted in increased morbidity and mortality 

and great economic loss worldwide. Recurrent infections and the 

overuse of antibiotics contribute to the development of antibiotic 

resistance, which in turn promotes the spread of S. aureus [1]. 

Meanwhile, this pathogen is capable of forming biofilms in 

stressful environments and of protecting active cells from the 

effects of antibiotics and host defense mechanisms. Thus, the 

frequency of S. aureus infection is increasing, but the available 

therapeutics are limited. 

 

In addition to evolving various resistance mechanisms, S. 

aureus also expresses multiple virulence determinants, such as 

enterotoxins, sortase, hemolysins, and bicomponent leukocidins, 

for the invasion or modulation of natural host defense 

mechanisms and the establishment of infection. These virulence 

factors have been reported to contribute to the pathogenicity 

of S. aureus by acting in combination; however, some toxins 

alone can be sufficient for such contributions. Among these 
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virulence factors, α-hemolysin (Hla) is a toxin with an 

indispensable role in various infections, such as pneumonia and 

skin abscesses [2]. Hla is encoded by a single gene (hla) and is 

secreted as a water-soluble monomer that is approximately 33 

kDa. When Hla attaches to target cells, such as platelets, 

epithelial cells, endothelial cells, or leukocytes, the monomers 

undergo conformation changes and oligomerize, forming β-

barrel pores 1–2 nm in diameter through the lipid bilayer, which 

results in cell death and tissue lesion [3]. Recently, the 

metalloproteinase ADAM10 was proposed to be a unique 

receptor of Hla, and subsequent studies showed that ADAM10 is 

an indispensable mediator for Hla binding to various types of 

cell membranes and forming β-pores. Additionally, ADAM10 

also contributes to barrier disruption by promoting the cleavage 

of E-cadherin during S. aureus infection [4]. 

 

Hla is involved in the activation of immune signaling through 

various means during S. aureus infection, including through Hla-

ADAM10-mediated cytotoxicity. Hla coupled with other S. 

aureus-derived molecules can directly trigger inflammation by 

activating recognition receptors, such as TLR2. Indirectly, the 

ADAM10-mediated pore conformation of Hla causes ion fluxes 

that are responsible for many intracellular signaling pathways 

during S. aureus infection. The extracellular Na
+
 influx and 

K
+
 efflux of cells is sufficient to induce the involved immune 

signaling pathways, including the p38-MAPK, NLRP3-

mediated, and c-Fos signaling pathways, stimulating the 

production of IL-1β, TNF-α, IL-6, and other cytokines [5]. 

Additionally, the Ca
2+

 signaling that precedes cell death is 

initiated by the disruption of the plasma membrane. However, 

the inflammation resulting from bacterial infection is a double-

edged sword. The contribution of inflammation is dependent on 

the context and site of infection, which can be protective or 

detrimental to the host. Excessive inflammation may lead to 

tissue lesions and lethality. Previous studies have shown that 

inhibiting excessive inflammatory signaling is an alternative 

solution to promote S. aureus clearance [6]. In contrast, 

insufficient inflammation may be beneficial for bacterial growth 

and lead to severe infection. Thus, it is important to balance 

inflammatory reactions and bacterial infection. 
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Myricetin is a well-characterized natural flavonoid that widely 

exists in vegetables, fruits, and some beverages [7,8]; the major 

sources of myricetin are vegetables, fruits, and tea [9]. Myricetin 

was previously reported as a promising preventive natural 

compound with anti-inflammation, antitumor, antiviral, 

antibacterial, and antivirulence properties [10-15]. With the 

development of nutrition, some dietary bioactive components in 

food have become increasingly attractive, among which is tea, 

which naturally triggered our interest in researching the 

biological activities of myricetin. Here, we illustrated that 

myricetin is an effective inhibitor of Hla with the potential to 

protect A549 cells in vitro and alleviate lung injury in 

vivo during S. aureus infection. Additionally, studies with 

immune cells revealed that myricetin influences the Hla-

mediated activation of immune signaling and inflammation. 

Thus, myricetin is proposed to be an effective anti-infection 

inhibitor against S. aureus by targeting Hla. 

 

Materials and Methods  
Bacterial Strains and Cell Lines  
 

The strains used in this study were wild-type Staphylococcus 

aureus strain NCTC 8325-4 and the hla-deficient mutant 

DU1090, which were cultured in TSB (tryptic soy broth) broth 

or on TSB agar as previously described [16]. Bacteria picked 

from a single colony were cultured overnight in 2 ml of TSB 

with shaking at 180 r/min and 37°C. The cultures were then 

diluted 1:100 in 20 ml of TSB for subculture under the same 

conditions until the OD600 reached 1.5 and 0.6 for cell infection 

and animal infection assays, respectively. The cultures were 

centrifuged (12,000 rpm, 1 min), and the bacterial pellet was 

collected for the infection assay. Human alveolar epithelial A549 

cells were cultured in DMEM supplemented with 10% fetal 

serum at 37°C in 5% CO2. Primary peritoneal macrophages were 

extracted from male C57BL/6 mice as previously described [17]. 

Briefly, mice were injected intraperitoneally with 2 ml of 3% 

thioglycolate medium (BD Bioscience, USA) 3 days before cells 

were isolated, and then the euthanized mice were injected 

intraperitoneally with 5 ml of RPMI medium to perform 

peritoneal lavage. The macrophages were collected by 
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centrifugation (1,200 rpm, 5 min) and cultured in RPMI 

supplemented with 10% FBS at 37°C in 5% CO2. 

 

Reagents and Antibodies  
 

Myricetin (≥98%) purchased from Herbpurify (Chengdu, China) 

was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) 

under sterile conditions to make a stocking solution of 40 mg/ml. 

The T-PER Tissue Protein Extraction Reagents and Pierce™ 

BCA Protein Assay Kit (Thermo Scientific, USA) were used for 

total protein extraction and the measurement of total protein 

concentration, respectively. The antibodies used in this study 

were as follows: polyclonal rabbit anti-ERK1/2 (Proteintech), 

phospho-ERK1/2 (Thr202/Thr204) (Arigo), JNK (Proteintech), 

phospho-SAPK/JNK (Thr183 (221)+Thr185 223) (Arigo), p38 

MAPK (Cell Signaling Technology), phospho-p38MAPK 

(Thr180/Tyr182) (Cell Signaling Technology), NF-κB p65 (Cell 

Signaling Technology), phospho-NF-κB p65 (Ser536) (Cell 

Signaling Technology), IKK alpha, phospho-IKK alpha (Thr23) 

(Arigo), and monoclonal mouse anti β-actin (Proteintech) for 

inflammation reaction analysis and Staphylococcal α-toxin 

(Sigma-Aldrich) and HRP-conjugated secondary antibodies 

(Proteintech) for Hla production analysis. All of these antibodies 

were used as recommended by the manufacturers. 

 

Purification of Recombinant Hla  
 

Wild-type Hla was expressed from a pET28a-based expression 

plasmid in E. coli BL21 (DE3) as previously described [18]. 

Briefly, E. coli was grown in LB medium until the OD600 

reached 0.6–0.8 and induced by IPTG (isopropyl thio-D-

galactopyranoside) at a final concentration of 0.3 mM at 16°C 

for 18 h. Bacterial cells were harvested by centrifugation at 

4,000 rpm for 30 min and lysed by sonication in the presence of 

PMSF (phenylmethylsulfonyl fluoride). Then, the mixture was 

centrifuged at 12,000 rpm for 1 h at 4°C to obtain the soluble 

fraction. His-tagged Hla was purified with Ni
2+

-NTA beads 

(Qiagen) and eluted with PBS containing 200 mM imidazole. 

Purified protein was then dialyzed in dialysis buffer (25 mM 
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Tris-HCl, 150 mM NaCl, 10% glycerol, 1 mM DTT, pH 7.5) to 

remove imidazole and was stored at −80°C. 

 

Hemolysis Assay  
 

A rabbit erythrocyte hemolysis assay was applied to screen for 

effective inhibitors of Hla. Briefly, 1 μl of recombinant Hla was 

added to 975 μl of PBS containing various concentrations of the 

designated compounds, and then the mixtures were preincubated 

at 37°C for 15 min. A total of 25 μl of freshly washed rabbit 

erythrocytes was added to each tube, and the reaction mixtures 

were incubated for another 15 min at 37°C. Finally, the reaction 

mixtures were centrifuged (12,000 rpm, 1 min) to remove the 

cell debris. The hemoglobin released in the cell-free supernatants 

was quantified spectrophotometrically at OD543 to assess the 

effect of those compounds on the hemolytic activity of Hla. The 

sample treated with DMSO was regarded as a negative control, 

and the sample treated with Hla and DMSO served as a positive 

control (100% hemolysis). The hemolysis was defined as the 

ratio of the OD543 value of each sample relative to the positive 

control. 

 

Susceptibility Assays  
 

The minimal inhibitory concentration (MIC) of myricetin on S. 

aureus was determined by the broth microdilution method as 

previously described [19]. The minimum concentration of 

myricetin that inhibited S. aureus growth was regarded as the 

MIC. To assess the effect of myricetin on the growth of S. 

aureus, a growth curve was performed. Briefly, S. aureus was 

grown in TSB supplemented with the indicated concentrations of 

myricetin and 37°C. The growth curve was monitored by 

measuring the OD600 at an interval of 30 min until the culture 

reached the stationary phase. To verify whether myricetin 

inhibited Hla expression, the supernatants and precipitates of the 

bacterial culture were collected at the last interval, and a 

hemolysis assay, as described above, and a western blot assay 

were performed. The sample without myricetin was treated with 

DMSO. 
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Western Blot Assay  
 

Supernatants and precipitates were denatured with 5 × protein 

loading buffer and 1 × protein loading buffer, respectively, at 

100°C for 8 min. Following separation by 10% SDS-PAGE, the 

proteins of interest were transferred onto polyvinylidene 

membranes. After blocking with 5% (w/v) skimmed milk in 

TBST for 2 h at room temperature, the membranes were 

incubated with the rabbit Staphylococcal α-toxin antibody 

(diluted 1/1000 in TBST) overnight at 4°C, washed in TBST 3 

times for 10 min each, and incubated with HRP-conjugated goat 

anti-rabbit antibody (diluted 1/5000 in TBST) at room 

temperature for 1.5 h, followed by the same wash step. Finally, 

the signals were obtained with an ECL Plus Western Blotting 

Detection System (Tanon). The gray values of the western 

blotting bands were procured using Image-Pro Plus 6.0 software. 

 

Oligomerization Assay and Circular Dichroism 

Analysis  
 

An oligomerization assay was performed as previously described 

to illustrate whether myricetin could interfere with the formation 

of pores on the cell membrane [20]. Briefly, 2.5 μg of purified 

his-tagged recombinant Hla was incubated with 5 mM 

deoxycholate in PBS buffer with or without myricetin at 22°C 

for 25 min. Then the reaction mixtures were treated with 5 × 

protein loading buffer without β-mercaptoethanol at 55°C for 10 

min. The Hla oligomers and monomers were detected by western 

blot assay as described above. To assess whether myricetin 

changes the secondary structure of Hla, circular dichroism assay 

was performed. Briefly, purified Hla was diluted to 0.5 mg/ml in 

PBS in the presence of myricetin or DMSO; after an incubation 

of 37°C for 15 min, samples were then subjected to circular 

dichroism assay with a CD spectrophotometer (MOS-500; Bio-

Logic, France). 

 

In vitro Biofilm Formation Assay  
 

To investigate the effect of myricetin on Hla-dependent biofilm 

formation, an in vitro biofilm formation assay was performed 
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according to a previous report with slight modification [21]. In 

brief, an overnight culture of S. aureus was diluted 1:100 in 96-

well-microtiter plates containing TSB supplemented with the 

indicated concentrations of myricetin and incubated at 37°C for 

36 h. Following a gentle wash to remove the unattached cells, 

the adherent cells were dried at 60°C for 10 min and then stained 

with 0.1% crystal violet at room temperature for 1 h. Then, the 

cells were gently washed a few times until the water became 

clear, and the fixed crystal violet in the wells was solubilized in 

ethanol with shaking at room temperature for 10 min. The 

biofilms were quantified by measuring the OD600 of each well. 

The sample without myricetin was treated with DMSO. 

 

Infection of A549 Cells  
 

A549 cells were seeded in 96-well-plates at a density of 1.5 × 

10
4
 cells per well the day before infection. The S. 

aureus suspension described above was added to the cells at a 

multiplicity of infection (MOI) of 50 in the presence of myricetin 

at the indicated concentrations, and the 96-well-plates were 

incubated at 37°C for 6, 16, or 24 h. The LDH released into the 

supernatants was measured with a Cytotoxicity Detection Kit 

(LDH, Roche) as recommended by the manufacturer. Cells at the 

bottom of the wells were stained with live/dead reagent 

(Invitrogen) and observed under an inverted fluorescence 

microscope (Olympus). 

 

Infection of Primary Peritoneal Macrophages  
 

Primary peritoneal macrophages from C57BL/6 mice were 

seeded in 6-well-plates at a density of 4 × 10
6
 cells per well the 

day before infection. The S. aureus suspension described above 

was added to the cells at a multiplicity of infection (MOI) of 5 in 

the presence of myricetin at the indicated concentration, and the 

6-well-plates were incubated at 37°C for 5 h. Following 

centrifugation, the cytokines (IL-1β, IL-6, and TNF-α) in the 

supernatants were detected using mouse ELISA kits 

(BioLegend) as recommended by the manufacturer. Three 

biological replicates were carried out. In addition, the total 

proteins were extracted using T-PER Mammalian Protein 
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Extraction Reagent and the inflammatory mediators were 

evaluated by western blot assay as described above. Antibodies 

P65, P-P65, IKK-α, P- IKK-α, P38, P-P38, ERK, P-ERK, JNK, 

P-JNK, NLRP3, and β-actin were diluted 1/1000 in TBST. HRP-

conjugated goat anti-rabbit antibody and HRP-conjugated goat 

anti-mouse antibody were diluted 1/5000 in TBST. 

 

Murine S. aureus Infection  
 

C57BL/6 female mice aged 6–8 weeks (20–25 g weight) were 

purchased from the Jilin University Experimental Animal Center 

and received humane care in compliance with the guide by the 

Jilin University Institutional Animal Care Committee. All animal 

assays were approved by this committee. 

 

For S.aureus infection, 50 ml of culture aliquot of the NCTC 

8325-4 strain (OD600 = 0.6) was centrifuged and the bacterial 

pellet was washed in PBS 3 times, then the pellets were 

resuspended in 1 ml PBS. Twenty microliter of this suspension 

containing 3 × 10
8
 CFUs was nasally delivered to the mice for 

infection. Mice were grouped as follows: positive group (n = 5), 

infected mice left untreated; myricetin group (n = 5), myricetin 

administered in vehicle to infected mice (100 mg/kg) at 8 h 

intervals; vehicle group (n = 5), only vehicle administered to 

uninfected mice. At 48 h post-infection, mice were anesthetized, 

and the left lungs were fixed in 10% formalin to perform 

histopathological analysis via hematoxylin and eosin (H&E) 

staining analysis (n = 3). H&E stained slides were examined by a 

professional pathologist using a microscope (Olympus, Japan) 

and histopathology scores were determined as described 

previously [22]. 

 

Statistical Analysis  
 

All data are presented as the mean ± SD (n ≥ 3). The statistical 

analyses were performed by One-way ANOVA followed by the 

Newman-Keuls test. 
*
p < 0.05 and 

**
p < 0.01. 
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Results  
Myricetin Simultaneously Inhibits Hla Hemolytic 

Activity and Production without Affecting S. 

aureus Viability  
 

Myricetin (Figure 1A) has been shown to have multiple 

biological activities, including antioxidant, anti-inflammatory, 

antimicrobial, and cytoprotective activities [23-25]. Here, the 

addition of myricetin significantly reduced the hemolytic activity 

of purified Hla. Statistically, the lysis of rabbit erythrocytes 

caused by Hla was attenuated by this compound in a dose-

dependent manner, and the hemolytic activity of Hla was 

reduced from 100% to 37.4% ± 1.041 in the presence of 4 μg/ml 

myricetin. Furthermore, the hemolytic activity of Hla was almost 

completely abrogated when treated with 32 μg/ml myricetin 

(Figures 1B,C). As expected, such inhibition was also observed 

for the hemolytic activity of culture supernatants of S. aureus co-

cultured with various concentrations of myricetin (Figures 

1D,E), suggesting that myricetin treatment may directly 

neutralize Hla activity, inhibit S. aureus growth, or reduce Hla 

production. Consistent with our hypothesis, treatment with 

myricetin at the concentrations required for the inhibition of Hla 

activity did not visibly inhibit S. aureus viability (Figure 1F). 

However, myricetin treatment remarkably reduced the 

production of Hla at the concentrations that didn't affect S. 

aureus growth (Figures 1G–I). Additionally, the MICs of 

myricetin tested for S. aureus were >256 μg/ml, which greatly 

exceeded the test concentration in all of the assays. Taken 

together, these data revealed that myricetin effectively inhibits 

Hla by simultaneously reducing Hla hemolytic activity and 

production without affecting S. aureus growth. 
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Figure 1: Myricetin inhibits the hemolytic activity of Hla. (A) Chemical 

structure of myricetin. (B,C) Inhibition of Hla activity by myricetin (Myr). The 

hemolytic activity of purified Hla (5 μg/ml) pretreated with the indicated 

concentrations of myricetin was determined using a hemolysis assay. (D,E) 

Hemolytic activity of the supernatants from S. aureus co-cultured with 

myricetin. The sample treated with DMSO was regarded as a negative control, 

and the sample treated with Hla or the supernatants from 8325-4 strain in the 

presence of DMSO served as a positive control (100% hemolysis). (F) Growth 

curves of S. aureus in the presence of various concentrations of myricetin. (G) 

Western blot assay for Hla expression in the supernatants and precipitates of S. 

aureus cultures treated with or without myricetin. The gray value of Hla 

expression in the culture supernatants (H) and precipitate (I) of S. aureus 

cultures treated with or without myricetin using Image-Pro Plus 6.0 software. 

Each column shows the mean ± SD of three independent experiments and 

analyzed by the one-way ANOVA. *P < 0.05 and **P < 0.01 compared to the 

positive group. 

 
Myricetin Inhibits the Deoxycholate-Induced 

Oligomerization of Hla by Changing the Secondary 

Structure of Hla  
 

The oligomerization (heptamer formation) of Hla is critical for 

the pore-forming activity of the protein. Thus, an 

oligomerization assay was employed to further evaluate whether 

myricetin treatment could interfere with the formation of Hla 

oligomers. As expected, Hla heptamers were observed following 
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the addition of deoxycholate without myricetin. However, 

heptamer formation was significantly decreased in the samples 

treated with various concentrations of myricetin (Figure 2A). 

Furthermore, obvious changes in the secondary structure of Hla 

were observed during treatment with myricetin based on circular 

dichroism, with the percentages of α-helix and turn 

conformations in Hla both reduced when treated with myricetin 

(Figures 2B,C), suggesting that a direct engagement of myricetin 

with Hla occurred. Thus, the interaction between Hla and 

myricetin reduced the heptamer formation of this toxin and 

subsequently inhibited the pore-formation activity of Hla. 

 

 
 
Figure 2: Myricetin interferes with the deoxycholate-induced oligomerization 

of Hla. (A) The oligomerization of Hla in the presence of various 

concentrations of myricetin was determined using western blot assay. (B,C) 

Circular dichroism analysis of Hla in the presence or absence of myricetin. The 

percentages of α-helix and turn conformations in Hla were both reduced by 

myricetin. The sample treated with DMSO was used as a control. 
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Myricetin Reduces Hla-Mediated Biofilm Formation 

in S. aureus  
 

A previous study has reported that mutations in Hla lead to 

decreased biofilm formation in S. aureus [21]. In line with their 

finding, the WT S. aureus strain formed considerable biofilms in 

the wells (OD > 1.8), while the Hla-deletion S. aureus strain was 

defective in biofilm formation (OD < 0.8) (Figure 3). Consistent 

with the inhibition of Hla activity and production by myricetin, 

myricetin treatment significantly repressed WT S. aureus biofilm 

formation in a dose-dependent manner. Some small molecules 

impact biofilm formation in simple plastic in-vitro tests simply 

because they interfere with the attachment of the bacteria to the 

plastic surface, or diminish interbacterial interactions. However, 

myricetin treatment didn't affect the biofilm formation of Hla-

deletion S. aureus strain, indicating that myricetin reduces 

biofilm formation in a Hla dependent way and this inhibitory 

effect was not attributed to the physico-chemical properties of 

myricetin. Thus, our findings suggested that myricetin reduces S. 

aureus biofilm formation by targeting Hla. 

 

 
 
Figure 3: Myricetin reduces the Hla-mediated biofilm formation of S. aureus. 

The biofilms of S. aureus treated with myricetin were stained with crystal violet 

and quantified by measuring the OD600. Bars show the amounts of biofilm 

formation with mean ± SD (n = 3) and analyzed by one-way ANOVA. *P < 

0.05 and **P < 0.01 compared to the positive group. 
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Myricetin Prevents S. aureus-Mediated Cell Injury  
 

A549 cells have been widely used as a valuable model to study 

Hla-mediated cell injury during S. aureus infection [26]. Here, 

A549 cells were infected with S. aureus to evaluate whether 

myricetin is capable of protecting cells. As expected, myricetin 

treatment remarkably reduced the release of LDH from cells 

infected with the WT strain 8325-4 compared to untreated cells 

(Figure 4A). Interestingly, such protection was observed even at 

16 and 24 h post-infection (Figures 4B,C), indicating that 

myricetin may provide long-term protection for A549 cells 

against S. aureus. In agreement with these results, evident cell 

death (red fluorescence) was detected for the 8325-4-infected 

cells (Figure 4D), but not for the DU 1090-infected cells (Figure 

4E) or the untreated cells (Figure 4F). The sample treated with 

increasing concentrations of myricetin showed far fewer dead 

cells in a dose-dependent manner (Figures 4G–I). Taken 

together, our results established that myricetin prevents S. 

aureus-mediated cell injury by inhibiting Hla activity and 

production. 
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Figure 4: Myricetin prevents Hla-mediated cell injury during S. aureus infection. A549 

cells infected with S. aureus for 6 h were stained with live (green)/dead (red) reagent, and 
lactate dehydrogenase released from cells was evaluated by LDH release assay. Cell 

cytotoxicity induced by S. aureus 8325-4 in the presence of the indicated concentrations 

of myricetin at 6 h (A), 16 h (B), and 24 h (C) post-infection was measured. The sample 

without myricetin was treated with DMSO. Cells infected with WT S. aureus (D) or Hla-

deficient strain DU1090 (E) in the absence of myricetin. (F) Untreated cells. Cells 

infected with WT S. aureus in the presence of myricetin at the concentration of 4 μg/ml 
(G), 16 μg/ml (H), and 32 μg/ml (I). Bars show the amounts of LDH release with mean ± 

SD (n = 3) and analyzed by one-way ANOVA. **P < 0.01 compared to the sample 

without myricetin. 
 

 

Myricetin Suppressed the Activation of the MAPK 

Pathway  
 

The MAPK pathway plays an important role in inducing 

proinflammatory gene expression during S. aureus infection. 

Consistent with a previous study [27], the MAPK signaling 

pathway was activated in S. aureus 8325-4-infected 

macrophages but not in the macrophages infected with the Hla-

deficient strain DU 1090. Here, our data demonstrated that 

myricetin decreases the phosphorylation of p38, ERK, and JNK 

induced by S. aureus (Figures 5A,B). In the cells without S. 

aureus infection, myricetin treatment showed no influence on the 

activation of the MAPK pathway. Together, the collective results 
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indicated that the inhibitory effect of myricetin on the MAPK 

pathway in S. aureus-infected macrophages may be attributed to 

the attenuation of pore formation and inhibition of Hla 

expression by myricetin. 

 

 
 
Figure 5: Myricetin suppressed the activation of the MAPK and NF-κB 

pathways stimulated by S. aureus. Primary peritoneal macrophages extracted 

from male C57BL/6 mice were infected with S. aureus in the presence or 

absence of myricetin (MOI = 5) for 5 h. The protein samples from infected 

cells were analyzed by western blot, and the supernatants of the coinfection 

system were used to perform an ELISA assay. Inhibition of the MAPK 

pathway (A), NF-κB pathway (C), and Nlrp3 inflammasome (E) by myricetin. 

The gray value of p-p38, p-ERK, and P-JNK (B), p-IKK and P-P65 (D), and 

Nlrp3 (F) was procured using Image-Pro Plus 6.0 software. The production of 

IL-1β, IL-6, and TNF-α in the supernatants of the coinfection system (G-I). 

Bars show the levels of cytokines with mean ± SD (n = 3) and analyzed by one-

way ANOVA. **P < 0.01 compared to the positive group. 
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Myricetin Reduced the Activation of the NF-κB 

Pathway  
 

NF-κB, an indispensable transcription factor that ubiquitously 

exists in multiple cell types, participates in controlling the acute 

immune response, and other immune processes [28]. S. 

aureus infection obviously elicited the phosphorylation level of 

p65 and IKK-α in mice-derived primary peritoneal macrophages; 

however, such phosphorylation was not visible in cells treated 

with the Hla-deficient strain or myricetin alone and was similar 

to that of the cells without any treatment. Interestingly, the 

addition of myricetin inhibited the phosphorylation of p65 and 

IKK-α in S. aureus-infected macrophages (Figures 5C,D). Thus, 

our results indicated that myricetin suppresses the Hla-mediated 

activation of NF-κB during S. aureus infection. 

 

Myricetin Downregulated the Release of Cytokines in 

Macrophages Stimulated by S. aureus  
 

Hla-mediated K
+
 efflux and the activation of the NLRP3 

inflammasome are responsible for inducing IL-1β secretion, and 

the activation of the NF-κB pathway is associated with the 

accelerated secretion of TNF-α, IL-6, and IL-1β [5]. These 

cytokines participate in the regulation of the host immune 

response during S. aureus infection. The increased NLRP3 

inflammasome in cells induced by S. aureus was significantly 

inhibited by myricetin (Figures 5E,F). Consistent with previous 

studies, mice-derived primary peritoneal macrophages released a 

large amount of proinflammatory cytokines upon infection with 

WT S. aureus, including IL-1β, IL-6, and TNF-α (Figures 5G–I), 

illustrating a rapid inflammatory response, while the 

macrophages infected with the Hla-deficient strain or treated 

with myricetin alone did not have this response. Although no 

influence on the production of TNF-α or IL-6 was observed, 

myricetin treatment significantly decreased the secretion of IL-

1β. Taken together, our results suggested that myricetin 

treatment regulates the production of cytokines by targeting Hla, 

which may provide protection against S. aureus infection. 
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Myricetin Alleviates Lung Injury Caused by S. 

aureus Infection  
 

The anti-S. aureus virulence effects of myricetin detected in 

vitro prompted us to investigate whether such protection 

occurs in vivo. Consistent with previous studies, S. 

aureus infection caused visible pathological changes of lung 

(Figure 6A) and higher lung injury scores than myricetin 

treatment or vehicle control (Figure 6B). In the positive group, 

the lungs were edematous with visible swelling and congestion 

observed by the naked eye, and the widening of the alveolar 

septa by edema was observed under a microscope, accompanied 

by variable numbers of inflammatory leukocytes and endothelial 

cell swelling. Treatment with myricetin remarkably alleviated 

pathological changes, with less inflammatory cell infiltration, 

swelling, and hyperemia compared to the positive group 

(infected, but untreated). The effect of myricetin treatment in 

infected mice was similar to that of the uninfected vehicle only 

control group. Any possible effect of myricetin on bacterial 

burden was not examined. Taken together, our results indicated 

that myricetin treatment provides visible protection against S. 

aureus infection in mice. 
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Figure 6: Myricetin alleviates the lung injury caused by S. aureus. Mice were 

nasally infected with 3 × 108 CFU S. aureus 8325-4 for infection. “Vehicle” is 

vehicle only administered to uninfected mice (n = 5). “Positive” is infected 

mice left untreated (n = 5). “Myricetin” is myricetin administered in vehicle 

(100 mg/kg) to infected mice (n = 5). (A) The mice were sacrificed at 48 h 

post-infection, and the pathological injury of the lungs was analyzed by the 

naked eye and microscopy (n = 3). (B) Histopathology scores for lungs of mice. 

The data represent the mean histopathology scores for the three groups 

described above. Bars show the histopathology scores with mean ± SD (n = 3) 

and analyzed by one-way ANOVA. **P < 0.01 compared to the vehicle group. 

 

Discussion  
 

Antibiotics were the preferred choice for treating S. 

aureus infection in the early stages of antibiotic development 

due to their excellent antibacterial activities. However, with the 

rapid increase in antibiotic-resistant and highly virulent strains, 

such as methicillin-resistant S. aureus (MRSA), the disease 

burden is gradually increasing, and the potency of traditional 

antibiotics is declining. Thus, novel therapeutic strategies are 

urgently needed. To end this, alternative strategies have been 

well-explored, including antivirulence therapy, antibodies, 

bacteriophages, and vaccines. 

 

Antivirulence therapy is aimed at disarming key virulence 

factors involved in disease progression rather than killing 

bacteria, meaning this strategy exerts a milder evolutionary 

pressure on the development of antibiotic resistance. There are 

many antivirulence targets for S. aureus due to the high 

adaptability, versatility, and pathogenicity of this bacteria in 

hosts, and it is highly attributed to the diversified virulence 
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factors, which are employed to evade the immune system and 

establish infection [29]. Although the combined action of 

multiple toxins is necessary to enhance virulence, some 

individual toxins may be sufficient to cause damage and 

inflammation. Among these toxins, Hla is indispensable for S. 

aureus infection, rendering Hla an ideal target for the 

development of antivirulence strategies and agents. 

 

Here, we initially showed that myricetin attenuated the pore 

formation of Hla by changing the secondary structure of Hla. 

The hemolytic activity of Hla was reduced from 100 to 37.40% 

in the sample treated with 4 μg/ml myricetin. Notably, almost no 

hemolytic activity was observed in the sample treated with 32 

μg/ml of myricetin. Interestingly, myricetin also suppressed the 

expression of Hla at a relatively lower concentration without 

affecting S. aureus viability. Although the mechanism for such 

action has not been completely characterized in our work, 32 

μg/ml myricetin treatment led to 46.67% of Hla production in the 

supernatants and 48.46% in the precipitates of the co-cultures 

compared to the positive control without myricetin (Figures 

1, 2). Additionally, we confirmed that myricetin inhibited the 

biofilm formation in a Hla-dependent way, as evident by the fact 

that no inhibition was observed by myricetin for the DU1090 

strain (Figure 3). To evaluate whether myricetin is capable of 

protecting cells, we applied A549 cells to perform an LDH 

assay; the results demonstrated that myricetin prevented S. 

aureus-mediated cell injury by targeting Hla at a low 

concentration of 4 μg/ml (Figure 4). 

 

Host innate immune responses to S. aureus and bacteria-

associated virulence determinants are aimed at clearing bacteria 

and minimizing tissue damage during bacterial infection. 

However, excessive inflammatory responses could aggravate 

bacterial infection by facilitating bacterial escape from the 

immune system or contributing to tissue damage. For example, 

autophagy is regarded as a conserved pathway that confers 

resistance to bacteria or other pathogens [30,31]. However, 

recent studies have demonstrated that autophagy is exploited 

by S. aureus to promote replication, escape, and host cell killing 

[32,33]. Hla- and IL-1β-mediated pathological injury is thought 
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to be responsible for the high morbidity and mortality of S. 

aureus infection, especially pneumonia [34]. Here, we showed 

that myricetin, as an agent that targets Hla, could downregulate 

the cascade of host responses triggered by S. aureus in a Hla-

dependent way and reduce the secretion of IL-1β (Figure 5), 

which is associated with the recruitment of immune cells, the 

predisposition of acute lung injury, and systemic inflammation 

[34]. Here, we propose that myricetin not only protects epithelial 

cells by inhibiting Hla activity but also reduces the enhanced 

secretion of IL-1β from immune cells by modulating MAPK and 

NF-κB pathways, and thereby alleviates lung injury in 

vivo during S. aureus infection (Figures 6, 7). 

 

 
 
Figure 7: Scheme summarizing the protective effects of Myricetin on 

Staphylococcus aureus infection. Myricetin is an effective inhibitor of Hla as it 

simultaneously targets Hla production and Hla activity, and thereby 

downregulates the inflammatory response in S. aureus infected cells by 

suppressing NF-κB and MAPK signaling pathways in vitro, which helps 

alleviate lung injury in vivo during S. aureus infection. 

 

As a natural dietary flavonoid, myricetin has many sources, 

including tea, vegetables, fruits, and berries, thus, the cost of 

myricetin is much lower than the cost of developing new 

antibiotics or vaccines; myricetin has also been reported to have 

multiple biological activities, such as anti-inflammatory, 
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antioxidant, ion homeostasis regulation, anti-tumor, and obesity 

prevention activities [8]. Here, we found that myricetin protected 

A549 cells against S. aureus by targeting Hla and excessive 

inflammation caused by S. aureus, which is beneficial to 

relieving lung injury, and myricetin treatment did not exhibit 

anti-S. aureus activity, which will slow the development of 

antibiotic resistance to some extent. Although pharmacokinetic-

pharmacodynamic studies were not conducted herein, our results 

indicate that myricetin is an attractive candidate for further 

testing as an adjunctive therapy for S. aureus infections. 

 

With the development of antibiotics, many resistance 

determinants and mechanisms have gradually emerged, such as 

β-lactamases, enzymatic modification and inactivation, and 

efflux pump systems [35-37]. Unfortunately, antibiotic resistance 

spreads faster than the discovery of new compounds, leading to a 

public health concern. The combination of some inhibitors that 

target β-lactamases and antibiotics is an optional first-line 

method for the treatment of bacterial infections [38-40]. Here, 

we proposed that the combination of myricetin with antibiotics 

may improve the treatment of S. aureus infection and slow the 

development of antibiotic resistance by targeting bacterial 

virulence and the bacterium itself. In addition, this combination 

would decrease the usage of antibiotics and expand the life of 

antibiotics. In conclusion, myricetin is a promising candidate in 

the pharmaceutical industries for treating S. aureus infection by 

targeting Hla. 
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Abstract  
 

Apicomplexans form a large phylum of parasitic protozoa, 

including the genera Plasmodium, Toxoplasma, and 

Cryptosporidium, the causative agents of malaria, toxoplasmosis, 

and cryptosporidiosis, respectively. They cause diseases not only 

in humans but also in animals, with dramatic consequences in 

agriculture. Most apicomplexans are vacuole-dwelling and 

obligate intracellular parasites; as they invade the host cell, they 

become encased in a parasitophorous vacuole (PV) derived from 

the host cellular membrane. This creates a parasite–host interface 

that acts as a protective barrier but also constitutes an obstacle 

through which the pathogen must import nutrients, eliminate 

wastes, and eventually break free upon egress. Completion of the 

parasitic life cycle requires intense remodeling of the infected 

host cell. Host cell subversion is mediated by a subset of 

essential effector parasitic proteins and virulence factors actively 

trafficked across the PV membrane. In the malaria parasite 

Plasmodium, a unique and highly specialized ATP-driven 

vacuolar secretion system, the Plasmodium translocon of 

exported proteins (PTEX), transports effector proteins across the 

vacuolar membrane. Its core is composed of the three essential 

proteins EXP2, PTEX150, and HSP101, and is supplemented by 

the two auxiliary proteins TRX2 and PTEX88. Many but not all 

secreted malarial effector proteins contain a vacuolar trafficking 

signal or Plasmodium export element (PEXEL) that requires 

processing by an endoplasmic reticulum protease, plasmepsin V, 

for proper export. Because vacuolar parasitic protein export is 

essential to parasite survival and virulence, this pathway is a 

promising target for the development of novel antimalarial 

therapeutics. This review summarizes the current state of 
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structural and mechanistic knowledge on the Plasmodium 

parasitic vacuolar secretion and effector trafficking pathway, 

describing its most salient features and discussing the existing 

differences and commonalities with the vacuolar effector 

translocation MYR machinery recently described in Toxoplasma 

and other apicomplexans of significance to medical and 

veterinary sciences. 

 

Keywords  
 

Apicomplexa; Plasmodium; Malaria; Toxoplasma; PTEX; MYR; 

Translocon; Protein Secretion; Parasitophorous Vacuole; 

Parasite–Host Interface; Effector; Virulence Factor; Pore-

Forming Membrane Protein; AAA+ Chaperone; ClpB/HSP104; 
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Introduction  
 

Apicomplexa form a large group of parasitic protozoa and are 

characterized by the presence of complex apical ultra-structures 

and a unique plastid-like organelle, the apicoplast, product of an 

ancient endosymbiotic event between a photosynthetic protist 

(red alga) and a heterotrophic ancestor cell [1,2]. Nearly every 

vertebrate and a majority of invertebrates can be the host of at 

least one apicomplexan species. The most notorious members of 

this phylum include Plasmodium, Toxoplasma, and 

Cryptosporidium. Plasmodium falciparum (Pf) and Toxoplasma 

gondii (Tg) are the most extensively studied and well-

characterized apicomplexans as they are the causative agents of 

two important human diseases: Malaria and toxoplasmosis, 

respectively. Cryptosporidium causes cryptosporidiosis, one of 

the most common water-borne diseases worldwide, and yet it 

was not identified until 1976; thus, knowledge of its molecular 

biology is far less advanced. 

 

A vast number of Plasmodium species have been identified to 

infect a broad range of vertebrate hosts, including reptiles, birds, 

and, mammals (such as humans, monkeys, and rodents). In 2018, 

Plasmodium was responsible for 219 million malaria cases, 

claiming 435,000 lives worldwide principally in Asia, sub-
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Saharan Africa, and South America. Malaria is a mosquito-borne 

disease, where the parasite undergoes asexual reproduction in the 

human host and sexual reproduction in the insect. In the human 

host, Plasmodium falciparum first infects hepatocytes, but most 

of the pathological and clinical manifestations of the disease 

occur during the blood stage of the infection when it invades and 

replicates inside red blood cells (RBCs). 

 

It is estimated that an average 15–70% of the world population 

has been exposed to Toxoplasma gondiiī, with infection rates 

varying greatly from country to country. Toxoplasma infects 

nearly all warm-blooded animals and while cats are the main 

reservoir for sexual reproduction, humans are considered as the 

secondary or intermediate host where asexual reproduction 

occurs. Infection with Toxoplasma usually produces mild or no 

observable symptoms. However, in young infants, AIDS 

patients, and other subjects with weakened immunity, the 

parasite can cause a fatal illness. Contrary to Plasmodium, 

Toxoplasma is far more promiscuous as it can infect virtually all 

types of nucleated cells, although it preferentially invades 

macrophages to develop a latent/chronic infection. 

 

While members of the same phylum, Plasmodium and 

Toxoplasma belong to the two distinct orders of 

Haemospororidia and Eucoccidioridia, respectively. The striking 

differences in parasitic life cycles, host cell tropism, and the 

resulting pathologies beautifully illustrate the extreme diversity 

within this large phylum of eukaryotic pathogens. Yet, despite 

all this diversity, most apicomplexans are obligate intracellular 

parasites, and this results in common challenges that all parasites 

face to successfully invade and thrive in the host cells. In the last 

two decades, our understanding of the mechanisms underlying 

apicomplexan pathogenicity and virulence at the level of 

molecular structures seen at atomic resolution has dramatically 

expanded. Unfortunately, so far, this large body of knowledge 

only relates to Plasmodium and Toxoplasma. 
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Effector and Virulence Factor Export across 

the Parasitophorous Vacuole Requires 

Specialized Vacuolar Translocons  
 

Most apicomplexans are obligate intracellular parasites and 

dwell in a parasitophorous vacuole (PV) derived from the host 

cell membrane by invagination. This PV is a protected niche but 

also represents an additional physical barrier that parasites have 

to manipulate to thrive in their host and eventually pierce upon 

egress. In the malaria parasite, the PV membrane (PVM) is a 

complex parasite–host interface, attached to the parasite plasma 

membrane (PPM) at distinct contact sites and divided in domains 

specialized in protein transport or lipid exchange [3,4]. 

 

Plasmodium and Toxoplasma extensively remodel their 

respective host cells via secreted effector proteins, which they 

introduce during or following invasion [5–8]. A cornucopia of 

effector proteins and virulence factors are trafficked into and 

across the parasitophorous vacuole (PV) to subvert the host cell 

and successfully mount a cyclic (Plasmodium) or latent/chronic 

(Toxoplasma) infection. In the last decade, our understanding of 

this biological process crucial to parasitic life and pathogenesis 

has greatly improved due to the identification of (1) the 

molecular complexes mediating translocation across the PVM, 

and (2) the vacuolar trafficking signals or cues that target these 

effectors for their secretion across the PVM into the host cell. 

 

Two effector translocation systems, the Plasmodium translocon 

of exported proteins (PTEX) [9] and the MYR protein complex 

(for host c-Myc regulation) [10] in Toxoplasma, have been 

identified. A vacuolar trafficking signal or Plasmodium export 

element (PEXEL) was identified in some malarial secreted 

effectors, leading to the definition of a so-called ‗secretome‘ or 

‗exportome‘ of ~463 proteins [11–13]. It was then discovered 

that specific cleavage in the PEXEL motif by plasmepsin V 

(PlmV), a parasitic ER-resident aspartic acid protease, is 

required for proper cargo licensing and export [14,15]. In 

parallel, the existence of a Toxoplasma export element (TEXEL) 

in a small subset of effectors and the requirement for a functional 
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parasitic Golgi-resident licensing aspartic acid protease (Asp5) 

to translocate all effectors were established [16,17] (Figure 1). 

 

 
 
Figure 1: Vacuolar secretion pathways in Plasmodium and Toxoplasma. 

Effectors and virulence factors follow the general SRP/Sec61-dependent 

(Signal Recognition Particle/Sec61 translocon) parasitic secretion pathway 

[18,19] starting in the endoplasmic reticulum (ER) and progressing through the 

Golgi and vesicular networks. For effectors carrying a vacuolar translocation 

signal (PEXEL or TEXEL, yellow), a proteolytic licensing step is performed by 

an aspartic protease, ER-resident PlmV in Plasmodium, or Golgi-resident Asp5 

in Toxoplasma. Following vesicular secretion into the PV lumen, two distinct 

and structurally unrelated vacuolar translocation complexes, PTEX in 

Plasmodium and MYR in Toxoplasma, translocate these effectors across the 

membrane into the infected host cell. Some Plasmodium effectors eventually 

localize to membranous structures, characteristic of infected red blood cells, 

such as knobs and Maurer‘s clefts. Some Toxoplasma effectors localize to the 

nucleus of the infected cell. The names of some effector proteins are indicated. 

PPM, parasite plasma membrane; HCM, host cell membrane. 

 

Plasmodium effector proteins fulfill diverse functions [5]. Pf-

erythrocyte membrane protein 1 (EMP1) is a highly variable 

adhesin displayed at the surface of infected RBCs and facilitates 

attachment to endothelial cells‘ surface receptors and uninfected 

RBCs; it promotes infection and immune response evasion and 

diminishes infected RBC clearance. EMP1 is localized in knobs, 



Prime Archives in Microbiology: 2
nd

 Edition 

7                                                                                www.videleaf.com 

membrane subdomains organized by the knob-associated 

histidine-rich protein (KAHRP) to remodel the RBC 

cytoskeleton and surface. Many malarial chaperones (such as 

HSP70x and HSP40s) are exported beyond the PVM and may 

assist in effector refolding and RBC remodeling. Some secreted 

proteins, such as skeletal binding protein 1 (SBP1), participate in 

the biogenesis and function of Maurer‘s clefts, essential parasite-

derived membranous structures seemingly involved in some 

effector protein trafficking and sorting beyond the PVM [20]. 

Different types of transporters and channels, defining new 

permeability pathways (NPPs), are secreted and inserted in the 

RBC membrane and are crucial for the import of small solutes 

(amino acids, peptides, nucleosides) and inorganic or organic 

monovalent ions but also the efflux of waste or drugs. They are 

members of a Plasmodium ‗transportome‘, where more than two 

thirds of its gene products are essential for normal growth in the 

asexual blood stage [21]. 

 

Several Toxoplasma secreted effectors, such as rhoptry (ROP) or 

dense granule (GRA) proteins, have been identified, including 

GRA16, GRA18, GRA24, and ROP16 [8]. Dense granule 

proteins GRA16 and GRA24 interfere with the p53 and MAP 

kinases signaling pathways, respectively, while IST blocks the 

interferon response and the ROP16 kinase acts on STAT 

pathways, resulting in cytokine inhibition [7,22]. More recently, 

the effector HCE1, an inducer of host cyclin E1, was shown to 

manipulate host transcriptional responses [23,24]. 

 

The Plasmodium Translocon of Exported 

Proteins  
 

In their seminal work, De Koning-Ward et al. characterized the 

first apicomplexan vacuolar translocon, PTEX, as a large PVM-

associated complex composed of five subunits: EXP2, 

PTEX150, HSP101, thioredoxin-2 (TRX2), and PTEX88 [9]. 

The structure of the stable detergent-resistant 

EXP2/PTXE150/HSP101 ternary core complex [25], purified 

from parasite-infected red blood cells, was solved at near-atomic 

resolution by cryo-electron microscopy (cryo-EM) [26–28] 
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(Figure 2 and Table 1). The three core subunits are essential to 

parasite survival [29–32]. 

 

 
 
Figure 2: Malaria effector proteins are secreted by PTEX. (A) The 

Plasmodium translocon of exported proteins is a vacuolar membrane protein 

complex that translocates effector malarial proteins across the parasitophorous 

vacuole membrane (PVM) surrounding the Plasmodium parasite following 

invasion of the human red blood cell. (B) The core of PTEX is composed of 

HSP101/ClpB2, PTEX150, and EXP2, is complemented by accessory proteins 

TRX2 and PTEX88. Simplified drawing of PTEX emphasizing the core subunit 

stoichiometry and the 6 six-to-seven symmetry mismatch, with three views of 

the core PTEX structure determined by cryo-EM [26]. 

 

Table 1: Protein Data Bank identifiers for PTEX protein structures. 

 
PTEX subunit HSP101 PTEX150 EXP2 TRX2 PTEX88 

PDB ID 6E10 

6E11 

4IOD 

4IRF 

6E10 

6E11 

 

 

6E10 

6E11 

 

 

 

 

3UL3 

4O32 

 

NA 

 

Identifiers in red and blue correspond to cryo-EM and 

crystallographic structures, respectively. The structure revealed 

the subunit structures together with the complex stoichiometry 

and its intricate assembly. Furthermore, the endogenously 

purified PTEX complexes extracted from parasites were caught 

in the act, trapped with endogenous parasitic cargo. This 

provided some mechanistic insights into effector translocation 

across the PVM by this unique translocon. 
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Exported Protein-2: An Unusual Pore-Forming Protein 

with Multiple Functions?  
 

Exported protein-2 (gene PF3D7_1471100) is highly conserved 

across the different Plasmodium species. Variability occurs 

mostly at the C-terminus of the protein harboring sequences of 

variable length and enriched in aspartic or glutamic acid. In the 

cryo-EM structure, this C-terminal region (~40 residues) could 

not be resolved, suggesting it is flexible and/or disordered 

(Figures 3 and S1). The EXP2 protomer can be divided into a 

trans-membrane helix (TMH, residues G27-R73), a solvent-

accessible vestibular domain (residues Y73-L197) exposed in the 

vacuolar lumen stabilized by a conserved disulfide bond (C113–

C140), and a rigid linker helix (P197-K221) followed an 

assembly β-strand (residues G226-S235). Embedded in the 

PVM, seven protomers of EXP2 associate to form a funnel-

shaped pore, acting as the membrane protein-conducting channel 

(Figure 3). The TMH consists of a single 45-residue-long 

continuous α-helix that crosses the ~38Å-thick lipid bilayer at an 

unusually steep ~45° angle. Biochemical studies have since 

validated the structure, revealing that the N-terminus of EXP2 

forms the membrane-associated pore [33]. The transmembrane 

parts of the EXP2 heptamer generate a pore of about ~20Å in 

diameter capable of accommodating a folded α-helical segment 

(~12Å in diameter) while the luminal vacuolar domains 

assemble in a funnel-shaped cavity with a much wider diameter 

of ~43Å (Figure S3). Although secondary structure prediction 

algorithms predicted that EXP2 was essentially α-helical, none 

of the TMH prediction algorithms detected the presence of its 

transmembrane helix. This can be explained upon examination 

of the structures of the protomer and its heptameric assembly 

into the functional protein-conducting pore. The membrane-

spanning helix is amphipathic with a strongly hydrophobic face 

interacting with the membrane lipids and, quite remarkably, a 

hydrophilic/polar face constituting the lumen of the pore. 
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Figure 3: The protein-conducting pore-forming protein EXP2. (A) Schematic 

organization of EXP2 including: SS, signal sequence; TMH, transmembrane 

helix; VD, vestibular domain; LH, linker helix; AβS, assembly β-strand; 

LCAR, low-complexity acidic region and the strictly conserved disulfide bond 

between residues C113 and C140. (B) EXP2 protomer structure in transparent 

surface representation. The red asterisk marks the position of the strictly 

conserved disulfide bond. A canonical TMH perpendicular (H) to the plane of 

the membrane is shown as a comparison with the highly tilted and longer TMH 

of EXP2. (C) Heptameric arrangement of the EXP2 transmembrane protein-

conducting pore shown from the top (vacuolar lumen), side (membrane plane), 

and bottom (host cell cytoplasm) orientations. 

 

EXP2 also serves as a small molecule/solute-permeable vacuolar 

channel [31] and is functionally equivalent to Toxoplasma gondii 

dense granule proteins GRA17 and GRA23 [34,35]. Two 

vacuolar separate molecular pools of EXP2 might thus coexist: 

One consisting of EXP2 assembled in the PTEX complex and 

one pool of ‗free‘ EXP2 (without PTEX150 and HSP101), 

possibly associated with another vacuolar membrane protein, 

exported protein-1 (EXP1) [36], essential to the maintenance of 

the vacuole ultra-structure and EXP2 organization and function 

[37]. If EXP2 also exists under other functional form(s), does it 

adopt the same structure(s) and oligomeric state as in the context 

of PTEX? This would be important in regard to the structure, 

size, and selectivity of the pore. Understanding the mechanisms 

of vacuolar solute permeability will necessitate further structural 



Prime Archives in Microbiology: 2
nd

 Edition 

11                                                                                www.videleaf.com 

characterization of the GRA17 and GRA23 proteins in 

Toxoplasma or of the Plasmodium EXP2 protein involved in the 

activity distinct from its protein translocation function as a core 

subunit of the PTEX. 

 

Disorderly Functional: The Adaptor Protein PTEX150 

and the Roles of Low-Complexity Regions in the 

Plasmodium Proteome  
 

The core subunit PTEX150 (gene PF3D7_1436300) is a 993-

residue-long soluble protein with no known homologues found 

upon survey of the protein sequence or protein structure 

databases. Because of this lack of any known functional 

domains, the exact role of PTEX150 was unknown until the 

PTEX structure revealed that it functions by tethering the soluble 

ATPase HSP101 to the membrane-embedded EXP2 but also by 

completing and most likely stabilizing the protein-conducting 

pore in association with the transmembrane channel EXP2 

(Figures 3 and 4). Remarkably, only residues S668-D823 of 

PTEX150 could be assigned and modeled unambiguously in the 

density maps, thus revealing that nearly ~82% of the protein is 

disordered and/or so dynamic that it was averaged out during 

three-dimensional reconstruction (Figure S2). 
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Figure 4: The adaptor protein PTEX150 and disordered regions in Plasmodium 

proteome. (A) Schematic organization of PTEX150, including SS, signal 

sequence. Only ~18% of the total protein, corresponding to the core and spike 

domains, are resolved in the structure. (B) The PTEX150 protomer structure in 

transparent surface representation. The core of one PTEX150 protomer can be 

divided into an outer and inner ‗wall‘ separated by a bridge and sits on top of 

the vestibular domain of the EXP2 protomer (colored as in Figure 3). The 

hydrophilic inner wall contributes to the lining of the central pore. A model 

helix (P) indicates the axis of the central pore along the protein-conducting path 

(transparent grey cylinder). (C) Heptameric arrangement of PTEX150. (D) 

Schematic showing the overall contribution of the disordered/flexible protein 

regions in PTEX. 

 

In the cryo-EM structure, seven protomers of PTEX150 interact 

with seven protomers of EXP2 to form the intimately intertwined 

rigid tetradecameric channel assembly. The vestibular cavity in 

the EXP2 heptamer is filled up by the seven inner-wall domains 

of the PTEX150 heptamer; as a result, the pore geometry is no 

longer funnel shaped but roughly more cylindrical, with an 

average diameter of ~15–20Å (Figure S3). The structured core of 

PTEX150 is strongly although not perfectly conserved within all 

Plasmodium species (Figure S2). Two additional protein 

segments, presumably belonging to PTEX150 and corresponding 

to spike-like and claw-like structures projecting towards the 

ATPase HSP101, were also identified, but their exact sequence 

could not be assigned. This correlates well with the prediction of 

disordered regions and also the presence of 17% of asparagine 
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and 13% of aspartate nearly all present in the disordered regions 

of PTEX150 and therefore not observed in the structure. Of the 

three core PTEX components, only EXP2 and PTEX150, but not 

its essential ATPase HSP101, contain acidic 

(aspartate/glutamate) or asparagine-rich repeats, with PTEX150 

being the most extreme case (30% of Asn/Asp and 10% of Glu). 

Accessory subunit PTEX88 also contains asparagine repeats 

(13% of Asn) (Table 2). Within the PTEX core, these low-

complexity regions are contributed exclusively by PTEX150 and 

EXP2, and account for an astonishing 43% of its total mass 

(~0.68 MDa out of 1.59 MDa); they are exposed on the outer 

surface of the complex (i.e., not towards the substrate 

translocation and protein-conducting paths) and are predicted as 

disordered (Figure 4D). 

 
Table 2: Amino acid usage in PTEX subunits. 

 
PTEX subunit HSP101 PTEX150 EXP2 TRX2 PTEX88 

Number of Residues 906 993 287 157 777 

% composition a 

% Asn 

% Asp 

% Glu 

% Lys 

 

6 

5 

8 

12 

 

17 

13 

10 

10 

 

5 

12 

8 

11 

 

7 

6 

2 

13 

 

13 

6 

5 

10 

structural coverage b 100% 20% 78% 65–75% NA 
 

a % of a given amino acid corresponds to the percentage composition of the 

residue (signal sequences have been excluded from the calculation). b structural 

coverage corresponds to the percentage of expected protein sequence that is 

modeled in the final X-ray diffraction or cryo-EM density maps. Although the 

total number of residues is indicated line 2 of the table, % coverage is 

calculated using the protein sequence after signal sequence processing. 

 

With a 70% AT-rich genome, Plasmodium‘s genome exhibits 

one of the highest codon biases in all eukaryotic genomes. As a 

result, nearly 25% of the proteome contains asparagine or 

aspartate expansions. The functional significance and importance 

of these asparagine/aspartate-rich regions in Plasmodia is not 

well understood. One hypothesis proposes that these flexible 

disordered regions might act as entropic bristles, enhancing the 

solubility of proteins and complexes [38–40]. A study of the ER-

to-Golgi tether OSBP-related protein 4 suggests that low-

complexity sequences could form an entropic barrier that 
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restrains protein orientation, limits protein density, and facilitates 

protein mobility (in-plane lateral diffusion) in the crowded 

environment of membrane contact sites [41] by analogy with the 

narrow and crowded PV lumen. This, however, contrasts with 

functional studies showing that the Plasmodium falciparum 

asparagine-rich proteome is more prone to aggregation [42,43]; 

similar observations were made in the amoeba Dictyostelium 

discoideum, another unrelated eukaryote with a proteome 

enriched in glutamine/asparagine repeats [44]. 

 

The genes encoding the three core PTEX subunits are on three 

distinct chromosomes. Close examination of the 

EXP2/PTEX150 tetradecamer structure shows that one monomer 

of PTEX150 contacts not one but three adjacent EXP2 

protomers. This remarkable and exquisite intricacy raises several 

questions regarding PTEX biogenesis and may be cooperative 

assembly in vivo and the intrinsic stability of EXP2 and 

PTEX150 (Figure S3). Proteins PTEX150 and HSP101 are 

synthesized at the schizont stage while EXP2 expresses at earlier 

stages. Before invasion of the red blood cell, these components 

are stored within small apical organelles of the invasive 

merozoites, the dense granules [25]. Upon cell entry, PTEX is 

released and inserted in the PVM; interestingly, the PTEX pool 

undergoes little turnover for most of the remainder of the 

parasite development. 

 

Transmembrane Pore Rigidity, Geometry, and 

Physicochemical Properties  
 

Cyclic or circular seven-fold symmetry (C7) is not uncommon in 

proteins whether they are soluble or membrane embedded; for 

membrane proteins, the best-described cases of C7 symmetrical 

assemblies belong to a large family of pore-forming toxins 

(PFTs) [45] divided in helical (α-PFTs) and β -sheet pore-

forming toxins (β-PFTs) that include the C7-symmetric 

staphylococcal α-hemolysin [46] and anthrax protective antigen 

pore [47] (Supplementary Figure S4). However, besides EXP2, 

they have so far been no examples of C7 symmetrical membrane 

proteins using a single helix as the transmembrane-spanning 

segment. The lumen of the rigid PTEX150/EXP2 pore is 
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polar/hydrophilic and wide enough to accommodate a fully 

folded α-helical segment. This raises the question as to whether 

some spontaneous refolding of the cargo already takes place 

inside the transmembrane section of the channel before they 

enter the cytoplasm of the red blood cell. While PTEX clearly 

displays translocase activity ensuring the secretion of hundreds 

of effector proteins across the PVM, there is no direct evidence 

that it can also function as an ―insertase‖, capable of chaperoning 

hydrophobic transmembrane domains of integral vacuolar 

membrane proteins into the lateral plane of the PVM [48]. In 

comparison, the main subunit of the heterotrimeric Sec61/SecY 

universal translocon forms an hourglass-shaped protein-

conducting channel, capable of accommodating unfolded 

polypeptides for their secretion across the membrane but also 

suited for the partitioning of folded transmembrane helical 

segments for their lateral insertion into the bilayer [49,50]. 

Sec61/SecY has dual translocase/insertase activities (Figure S4). 

Sec61/SecY is a remarkably plastic and malleable structure [51] 

capable of maintaining a seal to small solutes and ions while 

translocating polypeptides across the membrane [52] thanks to a 

ring of hydrophobic residues and a plug helix located in the 

middle of its hourglass-shaped pore. By comparison with the 

anthrax pore that threads unfolded polypeptides and the 

Sec61/SecY channel capable of translocating both unfolded and 

partially folded proteins, the PTEX150/EXP2 pore lacks any 

seal-, plug-, or clamp-like structural elements to prevent the free 

diffusion of solutes (water, ions) or small organic molecules and 

act as a gate. 

 

Energizing Effector Translocation in Plasmodium: The 

AAA+ Protein Unfoldase HSP101  
HSP101/ClpB2: The AAA+ Protein Unfoldase that Drives 

Protein Export  

 

Most proteins are thermodynamically stable in their folded state 

and translocons thus require energy sources to drive 

translocation. Several sources of energy, such as the binding and 

hydrolysis of ATP (or GTP) [53] or membrane potential (proton 

gradients) [54–56], are used to drive translocation. In PTEX, 

substrate unfolding and threading across the membrane are 
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performed and driven by the HSP101 (gene PF3D7_1116800) 

subunit, a chaperone belonging to the AAA+ (ATPase associated 

with diverse cellular activities) protein superfamily. HSP101 is 

capable of converting ATP-driven conformational changes into 

mechanical forces sufficient to unfold and translocate 

polypeptides. Based on its ability to couple ATP-binding and 

hydrolysis to changes in the folding and/or assembly states of its 

substrate proteins, HSP101 belongs to the HSP100 class of 

proteins [57]. In terms of nomenclature, HSP101 is a class I 

AAA+ protein and shares a conserved domain organization with 

other members of the HSP100 subgroup, such as the protein 

disaggregases HSP104 and ClpB [58] characterized by the 

presence of two active nucleotide binding domains (NBD1 and 

NBD2) constituting the catalytic core. This catalytic core is 

flanked with an N-terminal domain (NTD) and a C-terminal 

domain (CTD). The NBD1 contains a middle domain insertion 

(MDI) characteristic of all ClpB/HSP104; based on the presence 

of specific protein motifs, Pf-HSP101‘s accurate nomenclature 

name is Pf-ClpB2 [59]. Pf-HSP101 NBDs share 40% and 39% 

sequence identity with the NBDs of Escherichia coli (Ec) ClpB 

and Saccharomyces cerevisiae (Sc) HSP104, respectively. Each 

NBD harbors characteristics of Walker A and B motifs involved 

in ATP binding and hydrolysis (Figure 5 and Figure S5). 

 

Hexameric HSP101 assembles on top of the PTEX150/EXP2 

tetradecamer; this results in a continuous translocation path, 

shielded from the solvent, that runs from the apex of the ATPase 

through PTEX150 and EXP2 to the exit on the other side of the 

PVM. Although PTEX150 plays the role of an adaptor between 

the HSP101 and EXP2 channel, a direct and essential non-

covalent association between the six C-terminal domains of 

HSP101 and five of the seven assembly β-strands at EXP2 C-

termini firmly anchors the ATPase to the transmembrane EXP2 

pore [26]. This interaction constitutes an example of β-addition 

[61,62] and more specifically β-augmentation, where the C-

terminal assembly β-strand of EXP2 associates with the C-

terminal β strand of the CTD of HSP101 to expand its three-

stranded β sheet into a four-stranded β-sheet. Knockdown of 

EXP2 is lethal to the parasite [61,62]. While this defect can be 

rescued by a version of EXP2 lacking the non-conserved C-
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terminal acidic region (LCAR in Figure 3 and Supplementary 

Figure S1), such complementation fails when the assembly β-

strand is also lacking. This interaction is thus critical for PTEX 

assembly and function [26]. In EXP2, the main role of the linker 

helix is to project the C-terminal assembly strands upwards, over 

the protein layer contributed by PTEX150, towards HSP101 

CTDs and enable the direct interaction between EXP2 and 

HSP101 by β-augmentation. However, as each linker helix 

closely interacts with the α-helix present in the bridge element of 

each PTEX150 protomer (Figure 4A), it is likely to also play the 

subtler role of a sensor, coupling HSP101/EXP2 to PTEX150. 

 

 
 
Figure 5: The hexameric AAA+ protein unfoldase HSP101/ClpB2 and its 

interactions with the PTEX150/EXP2 tetradecamer. (A) Domain organization 

of HSP101/ClpB2. (B) Structure of the HSP101 protomer with domains 

colored as in (A), tyrosine pore loops (yellow) and ATP molecules (atom 

spheres). The cryo-EM structure of the HSP101 lacks the N-terminal domain 

whose crystal structure was solved separately [60]. The schematic indicates the 

activities and functions of each domain. (C) Six-to-seven symmetry 

mismatched assembly of the hexameric HSP101 on the C7 symmetric 

PTEX150/EXP2 tetradecamer PTEX150 is rendered in transparent light grey to 

emphasize the direct interactions between HSP101 and EXP2. Endogenous 

cargo (magenta spheres) is present in the HSP101 central translocation pore 

(white star). The inset details the β-augmentation anchoring the CTD of 

HSP101 to the C-terminal assembly β-strand of EXP2 (colored as in Figure 3). 
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Six-to-seven symmetry mismatch is not unprecedented in protein 

assemblies [63]. The bacterial ClpAP is an ATPase-dependent 

chaperone-assisted protease, consisting of a proteolytic 

component ClpP and the AAA+ chaperone ClpA [64]. This 

symmetry mismatch likely provides the necessary flexibility to 

the ATPase to undergo large conformational changes during the 

cycles of cargo unfolding and threading coupled to ATP-binding 

and hydrolysis while remaining tethered to the rigid membrane-

associated PTEX150/EXP2 protein-conducting assembly. 

 

3.4.2. Hexameric Spiral Staircase Assembly and Cargo 

Translocation Coupled to ATP-Binding and Hydrolysis. 

 

The PTEX complexes solved by Ho and Beck were purified 

directly from parasites and contained trapped unfolded parasitic 

cargo proteins engaged in the HSP101 ATPase translocation 

channel. Two distinct conformational states could be 

reconstructed (‗engaged‘ versus ‗resetting‘ states). The 

hexameric ATPase shares a pseudo-helical arrangement that 

resembles a splayed spiral staircase observed in many AAA+ 

proteins [65,66] (Figure 6). The ATPase domains encircle the 

translocating substrate along a relatively narrow central pore 

(~10 to 20 Å diameter). The unfolded substrate adopts an 

extended β-strand conformation, with its side chains pointing at 

the pore loops, also arranged into a spiral. The conserved pore 

loop tyrosines of the NBD2 intercalate along the substrate 

polypeptide backbone, maintaining the elongated unfolded 

conformation. 

 

Both states were trapped in the presence of ATPγS, a slowly 

hydrolysable ATP analog that mimics the ATP-bound ground 

state. Upon comparison of these states, a simple model for cargo 

threading could be derived. An ‗active hand‘ contributed by the 

three apical NBD2 pore loops grab the polypeptide and actively 

feeds it through the ‗passive hand‘ contributed by the three basal 

NBD2 pore loops by moving downward along the translocation 

path. Upon threading and release, the system resets and as the 

active hand returns to the upward position it engages a new 

upstream portion of the polypeptide substrate. Interestingly and 

quite surprisingly in light of the other cargo-bound 
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HSP104/ClpB structures available, in both states, a resolved no 

cargo density can be observed in the apical NBD1s or in the 

PTEX150/EXP2 section of the complex; thus, many mechanistic 

aspects of translocation remain unknown. 

 

 
 
Figure 6: Spiral staircase hexameric assembly and substrate translocation in 

HSP101. (A) Schematic of the splayed spiral staircase assembly of HSP101. 

Each ATPase monomer is colored differently. (B) The two conformational 

states of PTEX resolved by cryo-EM with the conformations adopted by each 

of the twelve conserved pore loop tyrosines; the observed unfolded cargo is 

shown as magenta spheres. (C) Schematic representation of a cargo threading 

cycle in the NBD2 of HSP101. Each hand represents a pore loop in the NBD2. 

The ‗active hand‘ pore loops 4–6 move up and down the ATPase translocation 

pore and thread it to the ‗static hand‘ pore loops 1–3. 

 

The Role of N-Terminal Domains in Cargo Unfolding, 

Binding, and Recognition  

 

Export across the PVM by PTEX requires unfolding of the 

substrates [67,68], and while the HSP101 ATPase threads 

unfolded cargo through the membrane, prior unfolding occurs at 

the parasitic plasma membrane [69]. The exact function of the 

NTD of HSP100s from the ClpB subgroup has remained elusive; 

the current model proposes that ClpB recognizes exposed 

hydrophobic stretches in unfolded or aggregated client proteins 
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via a substrate-binding groove in its NTD. In contrast, the N-

terminal domains of chaperones from the ClpA and ClpC 

subgroups have been shown to specifically interact with adaptor 

proteins, such as ClpS [70] also present in Plasmodium [71] or 

MecA [72], respectively, to regulate the delivery of 

substrate/client proteins destined for proteolytic degradation by a 

ClpP protease [73] following their unfolding by the ATPase; the 

NTD of bacterial ClpC has also been shown to directly recognize 

the phosphorylated arginine residues in proteins targeted for 

degradation by ClpP [74]. ClpB/HSP104 proteins rescue 

damaged proteins from toxic aggregates but do not partner with 

any proteases while ClpA and ClpC function as regulatory 

components of ATP-dependent protease complexes [57]. 

 

In chemical shift perturbation (CSP) NMR experiments, the 

largest CSPs were observed for NTD residues M1–A17 (H1), 

G80–L91 (loop between H3–H4, H4), V106–V108 (loop 

between H4–H5), and L111 (H5) in Thermus thermophilus (Tt) 

ClpB [75]. When mapped on the high-resolution crystal 

structures of Pf-HSP101/ClpB2 N-terminal domains, this 

corresponds to a hydrophobic batch capable of binding a range 

of unfolded peptidic sequences [60] (Figure 7A). Furthermore, 

the NTD of Tt-ClpB has regulatory roles that include blocking 

the translocation channel in the absence of substrate and 

destabilizing client proteins upon binding, thus priming them for 

subsequent unfolding and disaggregation [75]. Pf-HSP101 and 

Tt-ClpB NTD share 20% sequence identity with a root-mean 

square deviation of 2.4Å; on the other hand, Pf-HSP101 and Sc-

HSP104 NTDs share 24% sequence identity with a root-mean 

square deviation of 2.1Å. 
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Figure 7: Promiscuous substrate binding by the N-terminal domain of HSP101. 

(A) Structure-based sequence alignment of the NTDs from Pf-HSP101, Tt-

ClpB, and Sc-HSP104. Residues from Tt-ClpB NTD shown to interact with 

denatured proteins based on CSP NMR analysis [75] were located in helices H4 

and H5 and the connecting loop. (B) Possible binding mode for denatured 

substrates by a trimer of N-terminal domains of Pf-HSP101 in the PTEX based 

on the structure of Ec-ClpB bound to casein [76]. As in Ec-ClpB NTDs, Pf-

HSP101 NTDs could engage denatured extended polypeptides using a 

hydrophobic groove delineated by helices H1 and H5 (yellow) and the loop 

(red) between helices H4 and H5 [60]. 

 

The N-terminal domain of Plasmodium HSP101/ClpB2 was not 

resolved in the cryo-EM structure [26], indicating that the 

domains were adopting different positions relative to the 

remaining hexameric ATPase. This contrasts with the yeast 

HSP104 cryo-EM structures, where the six N-terminal domains 

of the ATPase could be resolved in the AMPPNP- [77,78] and 

ADP- [78] bound states and more recently in the case of the 

ATPγS-bound state of the bacterial ClpB from E. coli [76], 

where a trimer of N-terminal domains defines the entrance 

channel binding the polypeptide substrate at the topmost upper 

part of the hexameric spiral-shaped assembly of NBDs. Such a 

difference could also be explained by the mode of preparation of 

the different AAA+ chaperone/substrate complexes used for 

structure determination. For PTEX, Ho and Beck used 

endogenous complex, directly purified from parasites and 
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serendipitously engaged with diverse endogenous substrate 

proteins trapped in the presence of ATPγS. Cargo-bound yeast 

HSP104 [78] and bacterial ClpB [76,79] structures were 

obtained using purified recombinant proteins trapped with 

denatured casein, a relatively well-defined purified protein 

substrate. Nevertheless, the high-resolution crystal structure of 

the N-terminal domain of HSP101/ClpB2 was solved, revealing 

a hydrophobic surface capable of binding exposed stretches of 

hydrophobic residues [60] and providing a complete structural 

coverage of the malarial ATPase. Assuming that plasmodial 

HSP101 shares some commonalities with yeast HSP104 and 

bacterial ClpB, a similar model can be proposed for the 

HSP101–unfolded cargo interaction (Figure 7B). 

 

Accessory Proteins TRX2 and PTEX88  
 

Two other auxiliary subunits, thioredoxin-2 (gene 

PF3D7_1345100) and PTEX88 (gene PF3D7_1105600), were 

also characterized as being functionally and physically 

associated with the core PTEX components [9,25,80,81] albeit at 

sub-stoichiometric proportions. While subunits EXP2, HSP101, 

and PTEX150 are absolutely essential to PTEX-mediated protein 

trafficking and to parasite survival in the human host [29–32], 

this is not the case for auxiliary proteins TRX2 and PTEX88. 

The TRX2 gene can be deleted in Plasmodium, and TRX2 

knock-out parasites display reduced growth rates in vivo and 

reduced capacity to cause the most severe forms of the disease 

[82]. Thus, it is proposed that while not essential to parasite 

survival, TRX2 may improve or facilitate the activity of PTEX. 

The situation is more complex and somehow confusing for 

PTEX88. Although PTEX88-deficient parasites are less virulent 

and have delayed growth in vivo, they do not display a clear 

protein export defect phenotype [83,84]. 

 

High-resolution crystal structures of the thioredoxin-2 (TRX2) 

[85,86] revealed that the 157-residue-long malarial protein 

contains a canonical βαβαββα thioredoxin domain characterized 

by a labile disulfide bond, formed by the canonical CX2C 

catalytic dyad observed in protein-disulfide reductase/oxidase 

enzymes [87,88] and that acts as the electron donor to reduce 
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disulfide bonds in client proteins (Figure 8A). Export across the 

PVM by PTEX requires unfolding of the substrates [67,68]; 

since the presence of disulfide bonds can block export, the 

genuine protein-disulfide reductase/oxidase Plasmodium TRX2 

might relieve this type of blockade and thus facilitate PTEX 

activity by reducing disulfide bonds or preventing their 

formation in cargo proteins destined for export across the 

parasitophorous vacuolar membrane. 

 

PTEX88 is a 777-residue-long protein. The presence of a signal 

sequence indicates that it is secreted into the vacuolar lumen. 

Like PTEX150, no homologue has been found throughout the 

sequence databases. No structural information is available for 

PTEX88 so far. PTEX88 was shown to be more closely 

associated, albeit in a more transient and dynamic way, with 

HSP101 [81] and the exported protein-interacting complex 

(EPIC) [89], another PVM complex involved in the trafficking of 

virulence determinants, such as EMP1. Based on these findings, 

PTEX88 might help in the recognition and delivery of subsets of 

exported proteins to the HSP101 ATPase. Homology modeling 

in I-TASSER [90] suggests that it might be composed of two 

consecutive so-called seven-bladed β-propeller domains 

separated by a short linker (Figure 8B). β-propellers are 

symmetrical structures made of 4 to 10 repeats of a four-stranded 

antiparallel β-sheet motif depicted as a blade. All β-propeller 

proteins adopt disc-like shapes with a central channel of the 

diameter increasing with the number of blades; these proteins are 

involved in a diverse set of functions [91]. In PTEX88, the 

predicted C-terminal propeller contains five of the seven 

cysteines present in the whole protein and two potential CX10C 

motifs can be identified between the C475/C486 and the 

C590/C601 pairs. However, examination of the homology model 

suggests that only cysteines C590 and C601 are close enough to 

potentially engage in disulfide bonding. This prediction must be 

taken with caution as homology modeling using Phyre
2
 [92] does 

not yield similar 3-D prediction results. Nevertheless, both 

prediction tools indicate that the secondary structure mostly 

consists of β-strands. Propeller proteins with five to eight blades 

are the most prevalent, with the six- and seven-bladed propellers 

displaying the highest degree of functional variation capable of 
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mediating ligand binding, catalysis, or protein–protein 

interactions. 

 

 
 
Figure 8: Accessory proteins TRX2 and PTEX88. (A) Crystal structure of the 

Plasmodium thioredoxin-2. The C82XXC85 catalytic dyad residues (marked 

with a star) are shown in the reduced and oxidized forms simultaneously 

observed in the crystal [86]. (B) Homology model of the Plasmodium protein 

PTEX88. The homology model of PTEX88 suggests the presence of two seven-

bladed β-propeller domains shown, with each blade colored using a rainbow 

pattern with a disulfide bond in the predicted C590X10C601 motif of the C-

terminal propeller. The unknown relative orientation between the two 

propellers domains is thought to be important in defining the functional protein 

interfaces. 

 

The Perplexing Roles of Vacuolar Targeting 

Signals (PEXELs and TEXELs) and Their 

Licensing Proteases in Apicomplexan Effector 

Protein Export  
 

The discovery of vacuolar-targeting signals in Plasmodium and 

Toxoplasma and their proteolytic licensing by aspartic acid 

proteases not only constituted a major advance in our basic 
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understanding of apicomplexan protein trafficking [93], but it 

also opened new avenues for the development of anti-parasitic 

compounds. A large subset of malarial effectors contain a 

PEXEL targeting signal, a pentapeptidic motif—RXLXE/Q/D—

that is processed by the ER-resident aspartic protease plasmepsin 

V (PlmV). PEXELs are located around ~35 residues downstream 

of the N-terminal signal sequences. Following signal sequence 

processing by signal peptidase complexes [19], PEXEL cleavage 

occurs after the conserved leucine residue. N-acetylation of 

PEXEL-processed termini by a yet uncharacterized enzyme is 

common yet not systematic. Plasmepsins form a diverse group of 

pepsin-like aspartic proteases in the malaria parasite. Ten 

plasmepsins have been identified; they are involved in various 

aspects of parasitic life, such as hemoglobin catabolism (PlmI-

IV), egress and invasion (PlmIX and X), and effector export 

(PlmV) [94]. The crystal structures of P. vivax PlmV bound to 

potent synthetic inhibitors have revealed a plant-like fold and a 

malaria-specific insertion motif important for the cleavage of 

exported effectors [95] (Figure 9, Figure S6). 

 

 
 
Figure 9: Inhibitors of the licensing aspartic protease plasmepsin V mimic the 

PEXEL vacuolar export signal. (A) Crystal structure of P. vivax plasmepsin V 

bound to a synthetic inhibitor. The active site cleft sits at the interface between 

the N- and C-terminal subdomains of the pepsin-like protease. The 2 conserved 

catalytic aspartates in motifs D80TGS and D317SGS/T (green asterisks) and 

conserved arrangement of 7 disulfide bonds are indicated. The helix-turn-helix 

insert (magenta) is characteristic of Plasmodium but not Toxoplasma. (B) 

Structures of two synthetic inhibitors of PlmV. The two inhibitors (WEHI-842 

and WEHI-601) [95,96] differ by the chemical group filling up the S2 protease 

active site pocket (P2 position of the inhibitor) and are shown in their protease-
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bound conformations. Both are potent inhibitors of malarial protein secretion. 

The inhibitors mimic the RXL motif of the RXLXE/Q/D PEXEL consensus. (C) 

Schematic organization of a PEXEL-dependent effector protein. The N-

terminal signal sequence determining trafficking through the ER–Golgi–

vesicular secretory network is separated from the downstream PEXEL motif by 

~35 residues. 

 

A growing and significant number of exported proteins lacking a 

PEXEL motif, PEXEL-negative proteins (PNEPs), have been 

identified and are not substrates for PlmV [97]. Most PNEPs 

contain one TM helix but lack a canonical signal peptide; PNEP 

TMs and some N-terminal sequence features seem to provide the 

necessary targeting elements for proper export, although the 

molecular mechanisms remain mysterious [98,99]. Remarkably, 

PTEX is required for the export of both protein classes, PEXEL-

containing effectors and PNEPs, highlighting its importance as 

the central nexus in effector protein trafficking [29,30]. 

 

In Toxoplasma, a vacuolar trafficking signal has also been 

identified but only for a limited subset of effectors, such as 

proteins GRA16 and GRA24. This TEXEL motif (Toxoplasma 

export element) consists of the simpler consensus [-RRL-] 

tripeptide [16,100]. However, unlike PEXELs, TEXELs do not 

appear to be spatially restricted to the N-terminus of the protein 

and do not necessary target GRA proteins for export beyond the 

PVM, and most Toxoplasma effectors are TEXEL-negative 

proteins (TENEPs) [101]. TEXEL-containing proteins are 

cleaved after the RRL motif by the Golgi-resident aspartic acid 

protease Asp5, the Toxoplasma orthologue of plasmepsin V 

(Figure S6), whose activity is necessary for the translocation of 

effector proteins whether or not they harbor a TEXEL motif 

[17,102]. The apparent lack of spatial restriction of TEXELs, by 

comparison with PEXELs, is somehow perplexing and it has led 

to the hypothesis that cleavage by Asp5 might expose another 

and more cryptic cue to trigger export. 

 

While some of the modalities for unfolded cargo binding might 

be explained by comparing the PTEX HSP101 structure with its 

bacterial ClpB and yeast HSP104 orthologues, the molecular 

mechanisms of cargo targeting and delivery to the PTEX 

machinery itself in general and more specifically to HSP101 

remain unknown. For PEXEL-containing proteins, it is unclear if 
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specific recognition of a processed/N-acetylated PEXEL motif 

(by the NTD in HSP101?) is required for the physical delivery of 

licensed cargo to the HSP101 hexamer assembly in PTEX. The 

intervention of specific adaptor proteins is well established for 

the ClpA and ClpC class I AAA+ chaperones‘ proteins that 

function in association with ClpP proteases. However, there is no 

indication that this is the case for the malarial vacuolar secretion 

pathway. For most of their protein remodeling activities, ClpB 

and HSP104 function in collaboration with DnaK or HSP70 

chaperones, respectively [103]. In Plasmodium, the HSP70 

system is expanded, likely participating in cargo delivery to the 

HSP101 chaperone for subsequent translocation and also 

assisting in cargo refolding with its HSP40 co-chaperones in the 

red blood cell cytoplasm after translocation [104,105]. By 

analogy with the ClpB/HSP104 systems, direct molecular 

interactions between these DnaK/HSP70 chaperones and the 

middle domain insertion of HSP101 could direct the delivery and 

engagement of substrates into this ATPase-dependent translocon. 

 

Secretion across the Parasitophorous Vacuole 

in Other Apicomplexans: Toxoplasma and 

Other Coccidia  
 

PTEX is the first effector apicomplexan protein vacuolar 

secretion system that has been extensively characterized 

functionally and structurally. Toxoplasma gondii is another 

apicomplexan parasite dangerous to humans. Contrary to 

Plasmodium that targets hepatic and erythrocytic cells in 

humans, Toxoplasma is a quite promiscuous parasite, capable of 

infecting most nucleated cell types. Despite this difference in 

host cell tropism, Toxoplasma also hijacks its host cells and 

hides within a parasitophorous vacuole derived from the host cell 

upon invasion [8]. 

 

Initial attempts to characterize the components responsible for 

vacuolar export in Toxoplasma revealed that a vacuolar 

membrane-associated protein complex composed of the three 

proteins MYR1, MYR2, and MYR3 is essential for GRA 

effector translocation across the parasitophorous vacuole 

membrane [8,10,106]. Despite the identification of an extended 



Prime Archives in Microbiology: 2
nd

 Edition 

28                                                                                www.videleaf.com 

panoply of AAA+ Clp-like proteins in Toxoplasma [107], no 

orthologue of the vacuolar Plasmodium HSP101/ClpB2 

unfoldase has been identified in this apicomplexan; nevertheless, 

protein unfolding is also a necessary step for vacuolar export of 

Toxoplasma effectors [10]. A fourth protein, the secreted 

parasitic kinase ROP17, is also required for translocation [108]; 

ROP17 is likely to phosphorylate one or more of the components 

of the MYR translocon and thus potentially energize 

translocation. Recently, three additional proteins, MYR4, 

GRA44, and, GRA45, were also identified as essential for the 

export of GRA effectors in Toxoplasma [109]. GRA44 is a 

putative phosphatase, while GRA45, predicted to contain a small 

heat shock protein domain and a transthyretin-like domain, is 

critical in preventing other GRA effectors from aggregating and 

thus functions as a chaperone (Wang Y. et al., 2019. bioRxiv 

doi:10.1101/867705) (Figure 10, Figure S7). 

 

As mentioned before, Asp5 activity is necessary for translocation 

of all exported Toxoplasma GRA effectors whether or not they 

contain a cleavable TEXEL motif. Furthermore, some MYR 

components, such as MYR1, MYR4, GRA44, and GRA45 but 

not MYR2 or MYR3, contain TEXEL RRL motifs (Figure S7). 

This requirement might indicate that at least one or perhaps 

several components of the translocation machinery (e.g., a 

chaperone and/or a transmembrane component with the 

exception of MYR1) must be processed by Asp5 in order for 

effectors to be exported whether they contain a TEXEL or not. 

 

All these proteins are necessary for effector export in 

Toxoplasma, yet very little is known about their structure and 

organization into a functional vacuolar translocation complex. 

As in the case of Plasmodium EXP2, PTEX150, and PTEX88, 

surveys of protein sequence and protein structure databases 

combined with secondary structure predictions fail to reliably 

identify any known functional or structural homologues. For 

example, the C-terminus part of MYR1, where two TMH are 

predicted, is hypothesized to bear some resemblance with protein 

TatC, one of the three components of the twin-arginine 

translocon system (Tat), an Sec-independent periplasmic 

translocase capable of translocating folded proteins, present in 
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Bacteria, Archea but also plastids and mitochondria [106]. The 

sequence homology is, however, weak and such predictions 

should be taken with caution, as they can be misleading as 

exemplified by the case of Pf-EXP2, erroneously predicted to 

resemble a hemolysin E bacterial toxin. Overall, the structural 

basis and energetics of vacuolar secretion in Toxoplasma remain 

largely unknown. 
 

 
 

Figure 10: Comparison of the vacuolar translocation and transport pathways in 

the apicomplexans Plasmodium and Toxoplasma. Effector protein translocation 

is mediated by the PTEX in Plasmodium and the MYR complex in 

Toxoplasma. u and r indicate unfolding and refolding steps prior to and after 

translocation. PTEX subunit EXP2, in association with another vacuolar 

membrane protein EXP1, is involved in the transport of small molecules across 

the membrane; this activity seems independent from the protein secretion 

activity [36]. The rhoptry kinase ROP17 phosphorylates one or several MYR 

proteins and is required for effector translocation. Contrary to PTEX, MYR 

does not seem to use an AAA+ unfoldase. The inset describes the possible 

topologies of insertion of the four MYR proteins in the vacuolar membrane 

based on biochemical data and structural predictions of transmembrane 

domains (black thick lines with white arrows pointing towards the C-termini). 

MYR1 and MYR3 form a stable interaction. Red double-headed red arrows 

highlight strong interactions between MYR1 and proteins MYR3 and MYR4 

while interaction with MYR2 is transient. The two fragments generated upon 

proteolytic cleavage of the TEXEL in MYR1 are disulfide linked. Purple 

asterisks indicate putative serine phosphorylation sites [106,108]. Three 

additional proteins MYR4, GRA44, and GRA45 complete the MYR translocon 

[109]. The insertion topology of MYR proteins and cellular localization of 

GRA44 (vacuolar lumen vs. host cytoplasm) are not yet elucidated. GRA45 has 

been localized to the vacuole lumen [110]. 
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Parasitic Vacuolar Secretion Pathways as Drug 

Targets  
 

Current strategies to eradicate malaria include the development 

of vaccines [111] but also strategies targeting the mosquito 

reservoir population either by the use of insecticide-treated 

mosquito nets or more complex strategies using self-propagating 

CRISPR-based gene drive [112] to ‗control‘ mosquito 

populations. Prophylaxis and medical treatment also include the 

use of a powerful arsenal of anti-malarial drug combinations. 

Efforts to control malaria are, however, threatened by the 

emergence of widespread drug resistance and the relative overall 

poor chemical diversity of available drugs; this is further 

aggravated by the improper use of antimalarial drugs at hand and 

the existence of counterfeited drugs. Identification and molecular 

characterization of biological pathways unique and essential to 

the parasite are crucial to identify novel drug targets. 

Knowledge of atomic or near-atomic resolution structures of 

isolated PTEX components or PTEX core complexes opens new 

avenues for the rational design of much needed novel classes of 

antimalarial compounds: Inhibitors of effector protein trafficking 

and secretion. Several steps along the complex journey of 

effector proteins through the parasitic vacuolar secretion 

pathway can be targeted [113]. Inhibition of cargo licensing by 

the ER-associated aspartic protease plasmepsin V is a 

conventional approach that is already explored [95,96,114]; it 

benefits from a large body of knowledge on the structure of 

protease active sites and their associated medicinal chemistry 

[114] (Figure 9, Figure S6). A similar strategy could be applied 

to the essential TEXEL-licensing protease Asp5 in Toxoplasma. 

 

Following the same rationale, the purely enzymatic components 

of PTEX, namely HSP101 and TRX2, could be targets for 

inhibitor screening and design. Although HSP101 is a member of 

the large and ubiquitous AAA+ protein superfamily, specific 

inhibitors of distinct AAA+ proteins have been successfully 

designed in other unrelated systems [115,116]. A similar 

observation can be made for TRX2 [85]. Plasmodium multiplies 

and differentiates rapidly in various intra- and extracellular 

environments and in two different hosts (i.e., mosquito and 
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human). Due to its life cycle, Plasmodium is exposed to high 

levels of reactive oxygen species resulting from its high 

metabolic rate, hemoglobin catabolism, and host immune 

response. In response to these challenges, Plasmodium has 

evolved expanded antioxidant defense mechanisms [117]. 

 

Novel approaches should target protein components or structural 

features really unique to this secretion system. Assembly of the 

PTEX core and blockade of the PTEX150/EXP2 channel by 

itself appear as targets of choice. Indeed, they are only very few 

small molecule inhibitors known to directly bind to and 

specifically block a translocon: Natural products, such as cyclic 

heptadepsipeptides [118,119] and decadepsipetides [120,121] 

(i.e., cotransin, decatransin, and apratoxin), were shown to 

specifically inhibit general protein translocation by binding to 

and interfering with the lateral gate of the central Sec61α channel 

regardless of ribosomal activity. By analogy, if such molecules 

can be developed in the unique case of PTEX, it is likely that the 

combination of several compounds targeting different steps 

might prove particularly powerful antimalarial therapies. 

 

All MYR translocon proteins (MYR1-4, ROP17, GRA44, and 

GRA45) identified in Toxoplasma gondii have orthologues in 

other apicomplexan parasites, such as Neospora caninum and 

Hammondia hammondi, although the levels of sequence 

divergence suggest rapid evolutionary pressure [10,106,109]. 

However, no homologues of MYR proteins have been identified 

in Sarcocystis (also an Eucoccidioridia) or the more distantly 

related Plasmodium; thus, MYR proteins appear somehow 

restricted to a subset of Coccidia, perhaps as an adaptation to the 

rapid evolution of their specific effectors and life cycle (host 

cell). Apicomplexan genera Neospora and Hammondia cause a 

different type of parasitosis, broadly classified as coccidiosis, 

which can be dangerous to humans but also pets (cats and dogs), 

livestock, and poultry. Because of their impact not only on 

human but also animal health, there is practical interest in 

understanding and targeting MYR-based effector protein 

translocation in a wide range of apicomplexans to develop 

potential novel anti-parasitic drugs targeting the secretory 

pathway in Coccidia. 
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Conclusion  
 

The existence of a parasitophorous vacuole in apicomplexans 

raises a flurry of questions regarding the molecular mechanisms 

of protein targeting, insertion, and secretion. We do not yet 

understand in what state(s) proteins destined for insertion inside 

the PVM (such as EXP1, EXP2, and many other single-pass PV 

membrane proteins) or translocation across the PVM (effector 

proteins) are delivered to the membrane or PTEX, respectively. 

Proteins are maintained in an unfolded state presumably 

associated with chaperones but the molecular machineries 

involved in these steps remain largely unknown. It has been 

proposed that free HSP101 hexamers in the PV might be able to 

chaperone substrates while they are exiting the parasitic 

secretory pathway and transiting at the interface between the 

parasite plasma membrane and the PV lumen itself. Once 

translocated, effector proteins will eventually require refolding; 

again, host-derived and/or parasitic chaperones (such as HSP70-

x and HSP40) are likely to be involved. 

 

Structural biology combined with molecular genetics and 

cellular biology approaches have rapidly expanded our 

knowledge of the composition, structure, and molecular 

mechanisms governing vacuolar secretion in two apicomplexans, 

Plasmodium and Toxoplasma. So far, there is no evidence that 

MYR-like proteins are present in Plasmodium and, conversely, 

that a system similar to PTEX exists in Toxoplasma. Effector 

protein vacuolar secretion is an essential process shared by these 

pathogenic protozoa, and while the thermodynamics of 

translocation across a membrane bilayer are universal, it seems 

that the molecular machineries evolved to fulfill this function are 

remarkably different. This most likely reflects the incredible 

diversity of species, parasitic life cycles (i.e., hosts, vectors, and 

host cell specificity), and differences in selective pressures. 

 

While the structure of PTEX reveals remarkable and unexpected 

features, such as the structures of PTEX150 and of a novel pore-

forming and ―toxin-like‖ membrane protein EXP2, it also shares 

some analogies with some bacterial secretion systems (TSS) 

powered by AAA+ proteins and the injection of virulence factors 
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into their host/target cells through sophisticated molecular 

syringes. Because of its lack of obvious structural homologues, 

the MYR machinery seems quite different and promises to be 

particularly original. The structural basis for MYR-mediated 

vacuolar protein export in Toxoplasma and other Coccidia 

remains mysterious and will necessitate further studies as they 

are likely to reveal novel membrane protein complex 

architectures and mechanisms of translocation. 
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Supplementary Materials 

 
Figure S1: Protein sequence alignment of EXP2 from 12 Plasmodium 

species. The secondary structure elements and domain boundaries as observed 

in the reference structure of Pf-EXP2 [26] are indicated on top of the 

alignment. The pair of strictly conserved cysteines engaged in a disulfide 

bridges is highlighted in green. Other highly conserved cysteines are 
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highlighted in grey. Alignment performed in Clustal-  [122] and displayed 

with ESPRIPT3.0 [123]. Although the predicted signal sequence cleavage site 

is between residues 20-22, the magenta arrow indicates the observed cleavage 

site after the first cysteine in Pf-EXP2. Sequences were retrieved from 

www.PlasmoDB.org. Human pathogens: P.falciparum, P.vivax, P.malariae, 

P.ovale – Monkey pathogens: P.knowlesi, P.cynomolgi, P.reichenowi – Rodent 

pathogens: P.berghei, P.yoelii, P.chabaudi – Bird pathogens: P.relictum, 

P.gallinaceum. The species infecting monkeys have also been found in 

humans. 

 

 
Figure S2: Protein sequence alignment for the core segment of PTEX150 

from 10 Plasmodium species. (A) The secondary structure elements and 

domain boundaries as observed in the reference structure of Pf-PTEX150 [26] 

are indicated on top of the alignment. Alignment performed in Clustal-  and 

http://www.plasmodb.org/
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displayed with ESPRIPT3.0. Human pathogens: P.falciparum, P.vivax, 

P.malariae, P.ovale – Monkey pathogens: P.knowlesi, P.cynomolgi, 

P.reichenowi – Rodent pathogens: P.berghei, P.yoelii, P.chabaudi. The species 

infecting monkeys have also been found in humans. Sequences were retrieved 

from www.PlasmoDB.org. (B) Matrix displaying the percentage of sequence 

identity. 

 

 
Figure S3: Splayed surface representation of the EXP2/PTEX150 

tetradecameric pore assembly. The EXP2 heptamer and EXP2/PTEX150 

tetradecamer are shown in surface representation where three EXP2 (1, 2 and 

7) and three PTEX150 (1‘, 6‘ and 7‘) subunits have been rendered transparent 

to show the geometry of the protein conducting path and the intricacy of the 

association between the soluble adaptor protein PTEX150 and the membrane 

protein EXP2. Subunits are labeled and colored as in Figures 3 and 4. A model 

helix (P) indicates the axis of the central pore along the protein-conducting 

path. 

 

 

 

 

http://www.plasmodb.org/
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Figure S4: Comparison of three protein-conducting pores. Side, top and 

bottom views of (A) the anthrax protective antigen (PDB 3J9C) [47], a C7-

symmetric  pore-forming translocon with a ring of residues (-clamp, 

magenta) functioning as an acidic pH-sensing gate, (B) the rigid 

EXP2/PTEX150 tetradecamer and (C) the Sec61/SecY universal translocon 

(PDB 3MP7) [50]. Transmembrane regions (-strands or -helices) are colored 

in green or cyan, soluble regions are colored in grey. (A) and (B) are on the 

same scale, (C) is 2.4X the scale of (A) and (B). For Sec61/SecY, the 

hydrophobic plug (yellow) and ring (magenta) regions seal the pore and 

prevent leakage of water and ions in the resting state or during translocation. 

The lateral gate provides an exit portal (dark dots) to partition transmembrane 

helices from the pore into the lipid bilayer. 
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Figure S5: Protein sequence alignment of the catalytic domains of AAA+ 

protein unfoldase/disaggregases Pf-HSP101, Ec-ClpB, and Sc-HSP104. For 

the sake of clarity, the N-terminal domains have been omitted. The secondary 

structure elements and domain boundaries as observed in the reference 

structure of Pf-HSP101 [26] are indicated on top of the alignment. Alignment 

performed in Clustal-W and displayed with ESPRIPT3.0. Nucleotide-Binding 

Domains (NBD) I and II, C-Terminal Domains (CTD) and middle domain 

(MD) are indicated. Walker A (-GxxxxGKT/S- x being any residue) and 
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Walker B (-hhhhDE- h being any hydrophobic residue) motifs bearing the 

catalytic residues are indicated together with the pore loop (PL) tyrosines 

(Y280 and Y686) interacting with the polypeptidic backbone of denatured 

substrates. The trans-acting Arginine fingers (R360/R361 and R800) and the 

cis-acting Arginine finger (R859) are involved in inter and intra- protomer 

transition state stabilization, respectively.  

 

 
Figure S6: Protein sequence alignment of the catalytic domains from 

aspartic proteases P. vivax Plasmepsin V, P. falciparum Plasmepsin V and T. 

gondii Aspartic Protease 5 involved in the proteolytic licensing of PEXEL 

and TEXEL motifs, respectively. Sequence alignment of the conserved 

catalytic domains of Pv-PlmV, Pf-PlmV and Tg-Asp5. Alignment performed in 

Clustal- W and displayed with ESPRIPT3.0.  The secondary structure elements 

and domain boundaries as observed in the reference structure of Pv-PlmV are 

indicated on top of the alignment [95]. Catalytic aspartates in conserved motifs 

D80TGS and D317SGS/T are underlined in green. The 7 conserved disulfide 

bonds are numbered and colored accordingly; the only non-bridged cysteine 

(C*) is not conserved between Toxoplasma and Plasmodium. A helix-turn-helix 

insertion also characteristic of Plasmodium is colored in magenta. Predicted C-
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terminal trans-membrane helices (TMH) responsible for ER- (in PlmV) or 

Golgi- (in Asp5) anchoring are indicated. Pv-PlmV has 540 residues, Pf-PlmV 

has 590 residues and Tg-Asp5 has 1012 residues. Sequences were retrieved 

from www.PlasmoDB.org and www.ToxoDB.org. 

 
 

Figure S7: Sequences and properties of Toxoplasma gondii MYR vacuolar 

membrane proteins. Predicted signal sequences and trans-membrane helices 

are boxed in grey and yellow, respectively. Cysteines are boxed in red. Serine-

phosphorylation sites are boxed in cyan; MYR1: S175, S227, S246 and S787 – 

MYR2: S157 and S162 – MYR3: S41, S52 and S115 – MYR4: S724. TEXEL 

vacuolar trafficking signals (-RRL-) processed by aspartic protease Tg-Asp5 

are present in MYR1 and MYR4. For the MYR4 sequence, numbering adheres 

to the results from Cygan et al. resulting in a discrepancy with the sequence 

curated in www.ToxoDB.org where the encoded protein has an additional 60 

residues at its N-terminus [109]. For this shorter protein, this results in the 

high-probability prediction of a signal sequence. 

http://www.plasmodb.org/
http://www.toxodb.org/
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Abstract  

 

Endospore-forming bacteria related to the Bacillus cereus 

group produce toxins that cause illnesses in organisms from 

invertebrates to mammals, including foodborne illnesses in 

humans. As commercial bee pollen can be contaminated 

with these bacteria, a comprehensive microbiological risk 

assessment of commercial bee pollen must be incorporated 
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into the relevant regulatory requirements, including those 

that apply in Mexico. To facilitate detection of members of 

this group of bacteria, we have developed a PCR strategy 

that is based on the amplification of the single-copy 

tRNA
Cys gene and specific genes associated with tRNA

Cys to 

detect Bacillus cereus sensu lato (B. cereus s.l.).  This 

tRNA
Cys -PCR-based approach was used to examine 

commercial bee pollen for endospore-forming bacteria.  Our 

analysis revealed that 3% of the endospore-forming colonies 

isolated from a commercial source of bee pollen were related 

to B. cereus s.l., and this result was corroborated by 

phylogenetic analysis, bacterial identification via MALDI-

TOF MS, and detection of enterotoxin genes encoding the 

HBL and NHE complexes. The results show that the isolated 

colonies are closely related phylogenetically to B. cereus, B. 

thuringiensis, and B. bombysepticus.  Our results indicate that 

the tRNA
Cys -PCR, combined with other molecular tools, 

will be a useful approach for identifying B. cereus s.l. and 

will assist in controlling the spread of potential pathogens. 

 

Keywords  
 

Bacillus cereus; Bacillus thuringiensis; Bacillus bombysepticus; 

tRNA
Cys

 -PCR; MALDI-TOF MS; Bee Pollen 

 

Introduction  
 

Commercial bee pollen is a valuable natural product which, 

because of its nutrient composition, is considered a 

beneficial human foodstuff [1]. On the other hand, bee 

pollen can serve as a vector for the dissemination of 

endospore-forming bacteria through its use as a foodstuff 

by humans or in the rearing of insects of agriculture 

interest, or as an additive to promote animal growth [2–7]. 

Thus, preparations of commercial bee pollen must be tested 

for the presence of endospore-forming bacteria, such as 

Bacillus cereus sensu stricto (B. cereus s.s.) and regulations 

should be put in place that require such testing. 
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Furthermore, it is important to note that B. cereus s.s. is a 

member of the Bacillus cereus sensu lato group (B. cereus 

s.l.).  This group contains an ecologically diverse 

collection of Gram-positive endospore-forming bacteria 

that are widespread in the environment and possess 

diverse metabolic capabilities that may play essential roles 

in various human activities [8–10]. The B. cereus s.l. group  is 

a complex of organisms that are closely related  

phylogenetically and includes  B. anthracis, B. cereus s.s, B. 

thuringiensis, B. mycoides, B. pseudomycoides, B. 

weihenstephanensis, B. toyonensis, B. cytotoxicus, B. cereus 

biovar  anthracis, B. gaemokensis, B. manliponensis, B. 

bingmayongensis, and B. wiedmannii [11,12]. 

 

Decades of efforts to characterize and understand the 

taxonomic diversity of the B. cereus s.l. group have resulted 

in the development of a number of phenotypic and genetic 

methodologies for this purpose. For example, a number of 

features were used to establish Group I of this collection of 

microorganisms, including the morphology of the spore and 

sporangium, which produce central or terminal, 

ellipsoidal, or cylindrical spores that do not distend the 

sporangium [10]. Other features include the inability to 

produce acid from  mannitol, the production of 

extracellular phospholipase (lecithinase), and  the  

observation that  these  organisms are  usually catalase-

positive and  are  able to ferment a number of different 

carbohydrates [9,10]. Other features complicate the 

phenotypic differentiation of this group such as the 

observation that they may be aerobic or facultatively 

anaerobic, grow over a large temperature range, and may be 

motile via peritrichous flagellae (B. cereus, B. cereus var.  

anthracis, and  B. thuringiensis) [9,10]. While B. cereus, B 

thuringiensis, and B. mycoides have been reported to be 

hemolytic and penicillin-resistant, B. anthracis is 

distinguished by its lysis by gamma phage [10, 13]. 

 

Comparative genome analysis of members of this group of 

organisms [14] has revealed a close relationship between B. 

anthracis, B. cereus, and B. thuringiensis, suggesting that they 
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may constitute a single species [15]. Other studies suggest 

that B. mycoides and B. weihenstephanensis are closely related 

species [16]. It is apparent that  not all related species  in the 

B. cereus group have  the same  capacity to induce disease 

in susceptible organisms, and  this  observation may  be 

explained in part  by the role of genetic determinants, 

such  as plasmids, in the development of disease and  in 

determining host specificity  [17]. For example, the 

principal virulence factors in B. anthracis are encoded by 

genes located on two plasmids (pX01 and pX02). Similarly, 

the genes for crystal proteins in B. thuringiensis are located 

on plasmids. In contrast, in B. cereus, the virulence genes are 

chromosomally located and some related species share 

plasmids related to pX01 [18–21]. These plasmids can easily 

be transferred between these species so that the presence of 

plasmids in particular species is not a useful criterion for 

typing purposes. 

 

Among the approaches used for the classification and  

taxonomic differentiation of B. anthracis, B. cereus, and  B. 

thuringiensis are:  16S or 23S rRNA  sequences; multilocus 

enzyme electrophoresis (MLEE); multilocus sequence 

typing (MLST); fluorescence amplified fragment length  

polymorphism analysis (AFLP) [22–24]; detection  and 

analysis of toxin genes; and others [10]. However, none of 

these methods leads to conclusive identification of members 

of the B. cereus group and there continues to be some 

controversy over their applicability to this purpose [22–24]. 

 

Thus, while these phenotypic and molecular strategies for 

detecting B. cereus s.l. have their applications, their 

limitations and the fact that Mexico imports commercial bee 

pollen from a number of different countries led us to 

consider alternative molecular approaches for the 

identification of B. cereus s.l.  In this study, we extend the 

observation previously reported for some tRNAs, such as 

tRNACys , which is encoded by a single-copy gene  in 

some  Firmicutes [25].  The position of this gene and its 

association with rRNA and tRNA operons or constitutive 

genes in the B. cereus genome recommend their use in 
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molecular approaches for B. cereus s.l. detection. We report 

here the detection, based on tRNACys –PCR amplification 

in endospore-forming bacteria, of members of the B. cereus 

s.l. group obtained from commercial bee pollen and 

analyzed as a first step of colony selection based on genomic 

sequences. 

 

Materials and Methods  
B. cereus s.l. Detection  
 

In Mexico, the best-known primary product of beekeeping 

is honey.  Therefore, to satisfy the demand for bee pollen, 

significant amounts of pollen are imported into Mexico from 

other countries, such as Spain, China, Australia, and 

Argentina [25].  In the studies reported below, we 

analyzed pollen samples obtained from Europe via a 

commercial supplier.  The specific country of origin of the 

pollen was not provided by the supplier. We analyzed six 

samples of bee pollen as the source of endospore-forming 

bacteria.  Each replicate of 1 g of sample was homogenized in 

10 mL of peptone and treated at 80 ◦ C for 10 min to select 

endospore-forming bacteria.  Serial dilutions were then 

inoculated into tryptic soy agar  (TSA) medium (Difco 

Laboratories; Detroit, MI. USA) and  incubated at 37 ◦ C 

during 48 h. Numbers of spore-forming mesophilic bacteria 

(SMB) from each sample were determined and  an average 

of 3.8 ± 0.03 log cfu/g was  observed. Two hundred 

colonies obtained from the six samples that grew 

consistently under our conditions and manifested different 

phenotypic traits were tested by tRNACys -PCR. 

 

Additionally, bacterial colonies were analyzed by the MALDI 

Biotyper as a microbial identification system based on 

MALDI-TOF mass spectrometry using a MicroFlex LT mass 

spectrometer (Bruker Daltonics) for species identification. 

The MALDI-TOF mass spectrometry method uses colonies 

directly after their treatment with 2 µl of MALDI matrix (a 

saturated solution of α-cyano-4-hydroxycinnamic acid in 

50% acetonitrile and 2.5% trifluoroacetic acid).  Spectra 
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were analyzed by using the Bruker Biotyper 3.1 software 

(Bruker Daltonics).  The identification score criteria used were 

those recommended by the manufacturer: a score ≥2.0 

indicated species-level identification, a score between 1.7 

and 1.9 indicated identification at the genus level, and a 

score <1.7 was interpreted as no identification. 

 

tRNA Sequences Analysis  
 

The tRNA sequences used in our analysis were aligned and 

extracted from complete Bacillus spp. genomes using the 

tRNAscan-SE program [26]. From predicted genes, tRNA 

counts per iso-acceptor were obtained for each genomic 

sequence and cluster analyses were done using the software R, 

version 3.0.2. The Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database was used for tRNACys gene 

region analysis  for Bacillus cereus group genomes and some 

Bacillus species.  The sequences from these regions were 

obtained and analyzed in MEGA X, using the Neighbor-

Joining method [27–30]. The bootstrap consensus tree 

inferred from 1000 replicates was taken to represent the 

evolutionary history of the taxa analyzed. 

 

Amplification Conditions  
 

PCR primers were designed to amplify the tRNACys 

region in the Bacillus cereus group. Primer 1517 (5‘-

GGCGGCATAGCCAAGTGGTAAGGC-3‘) was designed 

to target the tRNACys gene, while primer 1518 (5‘- 

GCTGCCACATAAATTTCACGCCC-3‘) was designed to 

target the yebC/pmpR-like gene.  The yebC/pmpR-like and 

tRNACys genes are located relatively close to each other.  

The primers were predicted to yield a product of 1145 bp.  

For tRNACys -PCR, Bacillus cereus ATCC 10876 (control) 

and  a single  colony  (or in some  cases, a pool of several 

colonies)  of each bacterial strain tested were suspended in 

50 µL of distilled water and  heated to 95 ◦ C for  10 min  

and  1 µL of the  bacterial suspension was  used in a 30 µL 
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PCR mix using Phusion high-fidelity DNA  polymerase 

(Thermo Scientific; Waltham, MA, USA). PCR conditions 

were as follows:  a hot start (2 min, 94 ◦ C), 35 cycles at 94 ◦ 

C for 60 s, 55 ◦ C for 30 s, and 72 ◦ C for 30 s, final 

elongation step at 72 ◦ C for 1 min.   PCR products (5 µL) 

were analyzed by electrophoresis in 1.0% agarose (Sigma-

Aldrich; St.  Louis, MO, USA) and visualized on a UV 

transilluminator.  Amplicons were sequenced using the 

platform at Macrogen Inc. (Seoul, Republic of Korea).  

Alignment and editing of gene sequences obtained were 

performed using MEGA X and compared with sequences of 

the B. cereus group by BLAST search in the NCBI, GenBank 

database (http://www.ncbi.nlm.nih.gov) and representative 

strains were selected for the analysis in MEGA X, using the 

Neighbor-Joining method [26–30]. The bootstrap 

consensus tree inferred from 1000 replicates was taken to 

represent the evolutionary history of the taxa analyzed. 

Branches corresponding to partitions reproduced in less 

than 50% of the bootstrap replicates were collapsed. All 

strains that tested positive in the tRNACys -PCR were 

evaluated for the presence of enterotoxin genes (hblADC 

and nheABC) with primers designed previously [31]. All 

positive strains were treated as above and amplified by 

PCR, and PCR conditions were as follows:  a hot start (2 

min, 94 ◦ C), 35 cycles at 94 ◦ C for 60 s, 50 ◦ C for 30 s, and 

72 ◦ C for 30 s, final elongation step at 72 ◦ C for 1min. PCR 

products (5 µL) were analyzed by electrophoresis in 1.0% 

agarose  (Sigma-Aldrich; St. Louis, MO, USA) and 

visualized on a UV transilluminator. 

 

Results 

Analysis of the tRNA Genes in B. cereus s.l. and Some 

Bacillus Species  
 

In this study, we extend our tRNACys -PCR method 

previously reported [25] to detect the presence of B. cereus 

s.l. in commercial bee pollen samples. As a first step, tRNA 

gene counts were predicted using tRNAscan-SE and 

http://www.ncbi.nlm.nih.gov/
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compared with sequence data from Bacillus species.  The 

results obtained in Figure 1 show that some tRNA iso-

acceptors displayed relatively low copy numbers consistently 

across all genomes analyzed, such as tRNACys, tRNAHis, 

and tRNATrp . These tRNAs are represented by a light green 

color in Figure 1. Other tRNAs displayed relatively high 

copy numbers consistently across all genomes analyzed, 

such as tRNAMet , tRNAGly , tRNASer , and tRNAGlu , and 

these are represented by black and red colors in Figure 1. 

Particularly relevant to this study, the tRNACys gene was 

present in B. cereus s.l. in single copy.  There were 

exceptions to this observation, as in B. thuringiensis or B. 

pseudomycoides-related species, where a second copy of 

tRNACys is associated with genes that encode proteins, or 

in B. megaterium, where two copies are in tRNA clusters, 

while a third copy of tRNACys is associated with genes that 

encode proteins. Based on these observations, we concluded 

that it would be valid to use the tRNACys gene to develop 

a diagnostic method for B. cereus s.l. detection. 

 

The analysis of the tRNACys gene in B. cereus s.l. and 

some Bacillus species not related to this bacterial group 

show  that it is located at the distal  end of a ribosomal 

operon, which  codes  for three rRNA  molecules, 16S, 23S, 

and  5S rRNA,  and  a cluster of 15 to 17 tRNA  genes  found 

downstream of the  5S rRNA  gene  (Figure 2).  For the 

development of our PCR strategy, we used the second 

yebC/pmpR-like gene (which encodes a probable 

transcriptional regulatory protein) located downstream from 

tRNACys and between the first gene sequence (protein of 

unknown function) and a mutT-like gene (7, 8-dihydro-8-

oxoguanine-triphosphatase) indicated in Figure 2. After the 

alignment of the selected sequences, those sequences were 

found to be specific for B. anthracis, B. cereus s.s., B 

thuringiensis, and B. toyonensis-related species and were 

therefore suitable for the design of specific primers. 
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Figure 1: Distribution and copy number of tRNA genes in genomes of Bacillus 

spp. The tRNA genes were mapped and extracted using the tRNAscan-SE 

program. From predicted genes, tRNA counts per iso-acceptor were obtained 

and cluster analyses were done using the software R package, version3.0.2. The 

Color Key refers to numbers of copies of the tRNA genes. 

 

B. mycoides, B. pseudomycoides, and B. cytotoxicus show a 

different gene organization than do several of the other 

species analyzed in Figure 2, similarly to some Bacillus 

species not related to this bacterial group.  In B. cytotoxicus, a 

gene located downstream from tRNACys encodes an HNH 

endonuclease, and that gene is followed by two others that 

encode a SMI1/KNR4 family protein (SUKH-1). In B. 

mycoides, an additional tRNAMet is located in the cluster 

of tRNA genes and a sequence located downstream from 

tRNACys encodes a phage integrase family protein, followed 

by two genes of unknown function. In B. pseudomycoides, a 
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sequence located downstream from tRNACys encodes an 

integrase/recombinase domain protein, followed by a 

sequence that encodes a papain cysteine protease family 

protein and two sequences similar to YebC and MutT family 

proteins. Additionally, in the cluster of tRNA genes, B. 

subtilis and B. licheniformis have two tRNALeu genes 

downstream from tRNACys , while B. halodurans has a 

tRNAArg instead of tRNALeu in the last position.  B. 

megaterium presents two tRNALeu genes and one tRNAGly 

gene downstream from tRNACys. Paenibacillus larvae was 

designated as the outgroup taxon and presents a tRNAArg 

among two tRNALeu genes at the end of the cluster of 

tRNA genes. 

 
 

Figure 2: tRNACys gene  region analysis for the Bacillus cereus group 

and  some  related species.  16S,23S, 5S rRNA, and the cluster of 15 to 17 

tRNA genes found downstream of the 5S rRNA gene are shown. 

tRNACys is in red color in the tRNA gene cluster and  the orientation of 

three  or four specific genes  located downstream of tRNACys is shown 

in various other colors.  For our PCR strategy, we used the second 

yebC/pmpR gene (which encodes a probable transcriptional regulatory 

protein) located downstream from tRNACys and between the first gene 

sequence (protein of unknown function) and the mutT-like gene (7, 8-

dihydro-8-oxoguanine-triphosphatase) indicated with purple and  red 

colors, respectively. The sequences from these regions were obtained and 

analyzed in MEGA X, using the Neighbor-Joining method. Paenibacillus 

larvae was designated as the outgroup taxon. 
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B. cereus s.l. Detection from Colony  
 

To test the utility of the tRNACys -PCR strategy for the 

detection  of B. cereus s.l. in bacterial colonies obtained from  

commercial bee  pollen, we  recovered 200 colonies  of 

endospore-forming bacteria that  grew  consistently on 

TSA medium under our conditions, and  analyzed them  by 

tRNACys -PCR as described in Materials and  Methods. 

From these colonies, only six (3%) were positive in the 

tRNACys -PCR, and electrophoresis of the products 

showed at least three different PCR amplification sizes 

(Figure 3A). For the  bacterial colonies  indicated as D9, 

D12, and  D14 in Figure  3A, the  PCR product had  the  

same  mobility as that  from  the  control species  (B. cereus 

ATCC  10876), while  for bacterial colonies  D8 and D10, the 

PCR product migrated slightly  ahead of the control.  

Interestingly, a PCR product of around 750 bp was detected 

for the bacterial colony D13. 

 

To determine the validity of the tRNACys -PCR positive 

(Figure 3A) and negative (Figure 3B) results, all the 

bacterial colonies analyzed by PCR were also identified by 

MALDI-TOF MS following the score criteria described in 

Materials and  Methods (Figure  3C). This analysis 

identified members of the genus Bacillus (147 isolated 

colonies) as the most common species found in association 

with commercial bee pollen, followed by Paenibacillus 

species (53 isolated colonies). We also confirmed the 

positive results of the tRNACys -PCR analyses for isolates 

D8 to D14 (Figure 3A) by MALDI-TOF MS. That analysis 

also identified these isolates as Bacillus cereus/thuringiensis. 

Figure 3B shows results from the tRNACys -PCR analysis 

that did not produce an amplification product. These 

isolates were identified by MALDI-TOF MS as B. 

endophyticus (lane 1), B. subtilis (lane 2), B. altitudinalis (lane 

3), B. sonorensis (lane 4), P. odorifer (lane 5), and P. polymyxa 

(lane 6). 
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Our phylogenetic analysis confirmed the results obtained 

by tRNACys -PCR and MALDI-TOFMS, viz. that the 

bacterial colonies  identified by tRNACys -PCR are 

members of the B. cereus group. Clustering of the 

tRNACys - yebC/pmpR genes sequences revealed four major 

species groups (Figure 4). Group I contained almost 

exclusively species that were closely related to B. anthracis, 

while groups II, III, and IV contained species 

phylogenetically related to B. cereus and B. thuringiensis. The 

species isolated from commercial bee pollen were 

contained in Groups III and IV, closely related 

phylogenetically to B. thuringiensis and B. cereus strains 

from diverse environmental sources. When we analyzed 

the phylogenetic results for the isolate D13 (group III), which 

presented a shorter PCR product, we obtained a surprising 

result.  The DNA sequence showed a high similarity to B. 

bombysepticus strain  Wang and some related species of B. 

cereus and B. thuringiensis, all isolated from China or South 

Korea (Figure 5). These phylogenetically related species  

show  a deletion of around 132 nucleotides in the 

intergenic region between the  tRNA  cluster and  the  next  

gene  located downstream, as well  as a deletion of around 

348 nucleotides that includes part of the first gene and the 

intergenic region  before the second gene located  

downstream (the yebC/pmpR gene).  The genomic analysis 

reveals that for B. thuringiensis serovar coreanensis there is 

an insertion of ~30 Kb in the intergenic region between the 

tRNA cluster and the next gene located downstream, with 

duplication of tRNALeu and loss of sequences similar to the 

phylogenetically related species (Figure 5). The presence of 

genes related to recombinases in this insertion suggests that 

it arose by a recombination event. 

 

As a complement to our other analyses, the bee pollen 

bacterial isolates (colonies D8 to D14) were evaluated for 

the presence of six enterotoxic genes HBL (hblA, hblD, and 

hblC) and NHE (nheA, nheB, and nheC) by PCR. All strains 

tested yielded a PCR amplification product for each of the 

six genes (Figure S1). These results show that all these 
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bacterial strains have the potential to synthetize toxins 

involved in human diarrheal disease, but the clinical 

relevance of this observation remains to be evaluated. 

 

 
 
Figure 3: B. cereus s.l. detection in commercial bee pollen. (A) Panel A show 

positive results of the tRNACys-PCR analyses for isolates D8 to D14 and (B) 

panel B show negative results for tRNACys-PCR (see text for bacterial species 

identified for lanes 1 to 6). Lane M contains a Thermo Scientific GeneRuler 1 

Kb DNA ladder, lane C is the control (B. cereus ATCC 10876), and the arrows 

show the PCR amplification product. (C) Bacterial species identified by 

MALDI-TOF MS; numbers in parentheses indicate the total number of isolated 

colonies identified. 
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Figure 4: Phylogenetic analysis in MEGA X, using the Neighbor-Joining 

method. tRNACys- yebC/pmpR genes sequences of the isolates were compared 

with sequences of B. cereus group obtained by BLAST search in the NCBI, 

GenBank database (http://www.ncbi.nlm.nih.gov) and representative strains 

were selected for the analysis. The bootstrap consensus tree inferred from 1000 

replicates is taken to represent the evolutionary history of the taxa analyzed. 

Branches corresponding to partitions reproduced in less than 50% of the 

bootstrap replicates are collapsed. Group I contained almost exclusively species 

that were closely related to B. anthracis, while groups II, III, and IV contained 

species phylogenetically related to B. cereus and B. thuringiensis. The isolated 

colonies obtained are shown as D8 1517, D9 1517, D10 1517, D12 1517, D13 

1517, and D14 1517 appearing within groups III and IV 
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Figure 5: Analysis of the tRNACys region for strain D13 and species closely 

related phylogenetically. Deletion of sequences is indicated by black triangles 

compared with B. cereus ATCC 14579. Insertion of ~30 Kb for B. 

thuringiensis ser. coreanensis is indicated by the black rectangle. The yellow 

color indicates insertion sequences detected. 

 

Discussion  
 

In Mexico, the demand for bee pollen has grown during 

the last few decades, so that import from countries such as 

Spain, China, Australia, and Argentina is necessary to satisfy 

that demand [32]. Because of differences in geography, flora, 

and production methods, from a biosecurity perspective, bee 

pollen could be exposed to microbial contamination during its 

production, storage, or commercialization. Therefore, 

quality  and   safety   must be  important  considerations in  

certifying  commercial bee pollen for  use,  with  the  

specific  challenge of identifying potential pathogenic 

species  in  pollen preparations [2,5,6,33,34]. 

 

However, based on our knowledge of the situation in 

Mexico and in many other countries, microbial studies of 

commercial bee pollen do not include detection of 

endospore-forming bacteria with the potential to produce 

disease-causing toxins [32].  Indeed, regulatory 

requirements are in general not well defined or do not 

include detailed instructions for microbial testing of 

imported pollen shipments. These deficiencies could 

contribute to the spread of potential pathogenic species and 
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cause food-borne illnesses in organisms for which bee pollen 

is designated for feed consumption [2–7]. 

 

The studies presented here demonstrate for the first time the 

presence  in commercial bee pollen of bacterial species 

closely related phylogenetically to the B. cereus group based  

on tRNACys -yebC/pmpR genes  sequences, but  also  the  

presence of other species  identified by  MALDI-TOF  MS 

from  the genera Bacillus and Paenibacillus. These last 

species could be a promising source of strains producing 

metabolites with antimicrobial activity, which has been 

investigated by other authors [35, 36]. Moreover, our studies 

demonstrate the presence of enterotoxin genes (hblADC and 

nheABC) in the colony isolates D8 to D14, which could 

increase the potential for these strains to cause food-borne 

illnesses. These results should be of particular interest to 

the Mexican Agriculture Ministry, and to those of other 

countries, as they endeavor to control the quality of 

commercial bee pollen imports. 

 

Although various sterilization methods are used to 

eliminate microorganisms present in pollen [37–39], a 

survival strategy available to B. cereus s.l, is that under 

unfavorable environmental conditions that affect cell 

growth, the organism coordinates a temporal molecular 

program to assemble a dormant spore.  This spore is highly 

organized within a dehydrated spore core, which is 

enveloped by a dense inner membrane, a germ cell wall, a 

cortex, and a spore coat [40]. Each spore component is 

formed by molecules that play major roles in protecting the 

spore from a broad range of detrimental environmental 

conditions such as radiation, heat, desiccation, and 

chemicals [41–44]. These spore characteristics allow for 

survival during pollen processing treatments and make it 

difficult to eradicate spores in bee pollen sources.  There is, 

therefore, reason for concern about the possibility that 

imported commercial bee pollen may be contaminated with 

members of the B. cereus group, resulting in the potential 

risk of pathogenic outcomes from the use of that pollen. 
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Several B. cereus strains  have been identified as 

opportunistic food-borne pathogens, and several different 

toxins  have  been  associated with  food  poisoning 

outbreaks caused by these  strains, viz. cereulide, 

cytotoxin K, hemolysin BL (HBL), and  non-hemolytic 

enterotoxin (NHE) [10,13,17,45,46]. In this regard, and  in 

accord with  other reports, bacterial members of the B. 

cereus group have  been isolated and identified using  

phenotypic characteristics or molecular approaches based  

on 16S rRNA or MALDI-TOFF MS in bee pollen obtained 

from hives or commercial sources  [25,47,48]. Enterotoxin 

genes (hblADC and nheABC) were detected by PCR in our 

studies but it will be necessary to examine toxin production 

more carefully in these species in order to evaluate the 

potential for food-borne illnesses that might be caused by 

bee pollen consumption. 

 

Based on tRNACys -yebC/pmpR gene sequences, our results 

show that the six isolated colonies (D8 to D14) are 

clustered within Groups III and  IV of Figure  4, along  with  

species  closely  related phylogenetically to B. thuringiensis 

and  B. cereus, and  separated from  group I, where B. 

anthracis is predominant. An interesting outlier in our 

analysis was isolate D13, which shares a close relationship 

with B. bombysepticus strain Wang. This strain has been linked 

to Bombyx mori black chest septicemia [49], but additional 

comparative genomic studies of isolate D13 are necessary 

to understand its metabolic capabilities. Consistent with 

other studies demonstrating insertions and deletions in the 

genomes of various B. cereus strains [13–15,20,21], our 

studies provide evidence for recombination events leading to 

insertions and deletions which may be relevant both to the 

potential pathogenicity of these species as contaminants of 

bee pollen and to the evolutionary history  of these lineages 

within  the B. cereus group. 

 

It must  be noted that the existing literature suggests a high 

degree of genetic  diversity between the various species  

examined here,  and  questions related to the taxonomy of 

B. anthracis, B. cereus, and  B. thuringiensis  continue to be 
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argued among researchers in this field [9–24]. Additional 

insight into these taxonomic questions will no doubt be 

provided by comparative genomics, as well as by 

molecular discrimination analyses using prominent 

biomarkers such as the chaperonin protein (GroEL) and the 

topoisomerase (gyrB) [50]. In addition, a more 

thoroughgoing analysis of toxin production by the strains 

isolated in our study will address the question of the close 

relationship among members of the B. cereus group.  

 

In conclusion, in order to detect the presence of B. cereus 

s.l. in commercial bee pollen samples and as a tool for 

controlling the spread of this potential pathogen, we used 

the tRNACys -PCR method, which could be a fast and 

straightforward approach that complements those that 

already exist for detection of this group of microbes.  

Moreover, this could be the method of choice when large 

numbers of endospore-forming bacterial colonies are to be 

screened as a first step to select B. cereus s. l. colonies. 
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Supplementary Materials:  

 

 
 
Figure S1: PCR results from isolated B. cereus sensu lato. Panel A, is the 

control (Bacillus cereus ATCC 10876) agarose gel of PCR products for the 

hblA (lane 1, 320 bp), hblD (lane 2, 430 bp), hblC (lane 3, 750 bp), nheA (lane 

4, 500 bp), nheB (lane 5, 770 bp) and nheC (lane 6, 582 bp) encoding 

enterotoxic genes HBL and NHE. Panel B-D are PCR for hblADC and panel E-

G for nheABC genes detected in isolated D8, D9, D10, D12, D13 and D14, 

respectively. Lane M contains a Thermo Scientific GeneRuler 1 Kb Plus DNA 

ladder. 
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Abstract  
 

Intestinal infections represent an important public health concern 

worldwide. Escherichia coli is one of the main bacterial agents 

involved in the pathogenesis of different diseases. In 2011, an 

outbreak of hemorrhagic colitis (HC) and hemolytic uremic 
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syndrome (HUS) in Germany was related to a non-O157 STEC 

strain of O104:H4 serotype. The difficulty in identifying the 

origin of the bacteria related to the outbreak showed the 

importance of having epidemiological information from different 

parts of the world. The aim of this study was to perform a 

retrospective analysis to determine if E. coli strains isolated from 

cattle from different locations in Mexico have similar 

characteristics to those isolated in other countries. Samples 

obtained in different years from 252 cows belonging to 5 herds 

were analyzed. A total of 1,260 colonies were selected from the 

252 samples, 841 (67%) of which corresponded to E. coli and 

419 (33%) to other enterobacteria. In total, 78% (656) of the E. 

coli strains could be serotyped, of which 393 (59.9%) belonged 

to 5 diarrheagenic (DEC) pathotypes. Serotyping showed STEC 

(40.7%) and ETEC (26.7%) strains were more common. PCR 

assays were used to determine the presence of STEC (eae, stx1, 

stx2, ehxA) and EAEC (aatA, aggR, aapA) genes, and 

phylogenetic groups. The results showed that 70 strains 

belonging to 23 serogroups were stx1 and stx2 positive, while 13 

strains from the O9 serogroup were ehxA, aggR and eae positive. 

Phylogenetic analysis showed 58 (82.9%) strains belonged to A 

and B1 commensal phylogroups and 12 (17.1%) to B2, D and E 

virulent phylogroups. An assay to evaluate cross-antigenic 

reactivity in the serum of cattle between K9 capsular antigen and 

O104 LPS by ELISA showed similar responses against both 

antigens (p>0.05). The antimicrobial sensitivity assay of the 

strains showed resistance to AM, CEP, CXM, TE, SXT, 

cephalosporins and fluoroquinolones. The results show that 

cattle are carriers and potential transmitters of STEC and ETEC 

strains containing virulence genes. Epidemiological retrospective 

studies in different countries are of great help for identifying 

virulent bacterial strains with the potential to cause outbreaks 

that may have epidemiological impact in susceptible countries.  

 

Keywords  
 

Escherichia coli; Serogroups, Serotypes; DEC; non-O157 STEC; 

phylogenetic groups 
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Introduction  
 

Escherichia coli (E. coli) strains continue to be a frequent cause 

of human infection. These infections can be restricted to the 

gastrointestinal track or the cause of urinary, systemic or 

meningeal infections [1]. In the case of gastrointestinal 

infections, E. coli strains associated with disease have been 

classified by their virulent characteristics into at least six 

different pathogenic clusters that constitute the so-called 

Diarrheagenic E. coli group (DEC) [2]. Human feces constitute 

the most frequent source of DEC strains, either through direct 

hand-to-mouth transmission or by the contamination of water 

and food [3-5]. Animal feces are a secondary source of human 

infection for some DEC strains, mainly those capable of 

producing Shiga-like toxin. These group of DEC strains have 

been called Shiga toxin-producing E. coli (STEC) and represent 

the most frequent cause of severe hemorrhagic colitis (HC) and 

hemolytic-uremic syndrome (HUS), since their discovery in the 

early 80s [6,7]. While most of the large outbreaks of HC and 

HUS have been associated with specific STEC belonging to the 

O157:H7 serotype, STEC strains belonging to other O:H 

serotypes have also been linked to HC and HUS [4,8-10]. This 

latter group includes the recently isolated O104:H4 strains, 

which were associated with an important outbreak of HC and 

HUS in Germany [11]. These outbreak strains represent a hybrid 

with virulence traits from both STEC and Enteroaggregative E. 

coli (EAggEC) strains, which is something that had not been 

reported previously [12]. Given our interest in the frequency of 

DEC strains as a cause of diarrheal disease in Mexican children 

over the past 30 years and the capacity of our laboratory to 

conduct full serotyping of O and H antigens, and the 

determination of the virulence characteristics of putative DEC 

strains isolated from both humans and animals, we describe here 

the frequency and characteristics of E. coli strains isolated from 

cattle raised in three different regions of Mexico and discuss the 

capacity of these strains to cause human disease outbreaks. 
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Material and Methods  
Biological Material  

 
The protocol was approved by the Research Committee 

(IN225705) of the Faculty of Medicine at the National 

Autonomous University of Mexico. Sampling of dairy cows was 

conducted in accordance with specific techniques for the 

production, care and use of laboratory animals, as described in 

the Mexican Official Norm 062-Zoo-1999 (NOM-062-Zoo-

1999). 

 

Fecal, rectal and blood samples were collected from 252 cows 

belonging to five herds of lactating cows raised in Jalisco (Jal), 

Sinaloa (Sin) and Sonora (Son), Mexico. Sampling of the dairy 

cows was carried out in three different years (2004, 2005 and 

2007). Fecal samples (10g) were collected from the rectum of 

the cattle. Following collection, cotton swabs were dipped into 

Cary-Blair transport medium and the samples were kept at 4 °C 

until they reached the laboratory for processing within 3 hours 

(3h) of arrival. 

 

Bovine Serum Samples  
 

Serum samples were obtained from total blood taken from the 

coccygeal vein of the cows, after cleaning and disinfecting the 

area with soap, water and alcohol (70%). Each blood sample was 

obtained using a 5 mL syringe with a 22G needle. 

Approximately 3 mL of blood was taken and placed in a 

Vacutainer tube without anticoagulant (BD). As with the fecal 

samples, the blood samples were kept under refrigeration at 4 °C 

until they reached the laboratory for processing. Serum 

separation was performed in the laboratory and kept until use at -

20
 °
C in 100 µL aliquots.  

 

Isolation and Identification of Strains 
 

For the isolation of E. coli and other Enterobacteriaceae, the 

fecal samples were streaked onto MacConkey agar with lactose 

and sorbitol and the plates were incubated overnight at 37 °C. 

For the isolation of antigenic representative varieties of E. coli 
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and other enterobacteria, five or more isolated colonies were 

selected from the agar plates. The cultures were identified 

separately using the GNI card (Gram-negative identification) of 

the automated VITEK2 system (compact model, bioMérieux). 

 

Serotyping  
 

Strains identified as E. coli were serotyped by agglutination 

assays using 96-well micro titer plates and rabbit antisera against 

O1 to O187 somatic (O) antigens and 53 flagellar (H) antigens 

prepared in rabbits (SERUNAM, registered trademark in 

Mexico, with number 323158/2015) using the method described 

by Orskov and Orskov [13] with minor modifications.  

 

Virulence Genes  
 

Virulence genes for Shiga-toxin producing E. coli (STEC) and 

enteroaggregative E. coli (EAEC) were detected by PCR using 

the primers described in Table 1 under conditions previously 

described [14-19].  

 

Phylogenetic Grouping  
 

Phylogenetic groups were determined by PCR multiplex using 

the primers described in Table 1 and under conditions detailed 

by Clermont, et al. [20]. The designation of the phylogenetic 

groups (A, B1, B2, C, D, E, F and Escherichia cryptic clade I) 

was carried out by the presence or absence of chuA, yjaA, 

TspE4.C2 and the arpA gene using a flow scheme [20]. 
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Table 1: Primers used to identify virulence genes and phylogenetic groups. 

 

Genes Code Sequence (5´ a 3´) Product 

size (pb) 

Reference 

eae (Universal) Sk1-F CCCGAATTCGGCACAAGCATAAGC 864 [15] 

Sk2-R CCCGGATCCGTCTCGCCAGTATTC 

stx1 vtx1-F GTACGGGGATGCAGATAAATCGC  209 [16] 

vtx1-R AGCAGTCATTACATAAGAACGYCCACT  

stx2 vtx2-F GGCACTGTCTGAAACTGCTCCTGT  627 

vtx2-F ATTAAACTGCACTTCAGCAAATCC  

ehxA ehxA-F GGTGCAGCAGAAAAAGTTGTAG 1551 [14] 

ehxA-F TCTCGCCTGATAGTGTTTGGTA 

arpA arpA-F  AACGCTATTCGCCAGCTTGC 400 [20] 

arpA-R TCTCCCCATACCGTACGCTA 

chuA chuA-F  ATGGTACCGGACGAACCAAC 288 

chuA-R  TGCCGCCAGTACCAAAGACA 

YjaA yjaA-F  CAAACGTGAAGTGTCAGGAG 211 

yjaA-R AATGCGTTCCTCAACCTGTG 

TspE4.C2 TspE4-F CACTATTCGTAAGGTCATCC 152 

TspE4-R AGTTTATCGCTGCGGGTCGC 

aatA aatA-F ATGTTACCAGATATAAATATAG 1064 [17] 

aat-R CATTTCCCCTGTATTGGAAATG 

aggR aggR-F CTAATTGTACAATCGATGTA 308 [18] 

aggR-R ATGAAGTAATTCTTGAAT 

aapA aapA-F CTTGGGTATCAGCCTGAATG 310 [19] 

aapA-R AACCCATTCGGTTAGAGCAC 
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Antimicrobial Resistance  
 

Antimicrobial susceptibility testing was performed according to 

the manufacturer's instructions (bioMérieux). In brief, 

antimicrobial resistance testing was performed by the VITEK2 

automated system (compact model, bioMérieux). Each strain 

was inoculated into nutrient agar (pH 7.4) and incubated 

overnight at 37
○
C. The growth of each culture was diluted in 2.0 

mL of 4.5% sterile saline solution and then adjusted to tube 

number 1 of McFarland nephelometer (3x10
8 

bacteria/mL). The 

bacterial suspension was then inoculated by the automated 

system onto an AST-GN23 card to test its reaction against 

antimicrobial agents for gram negative organisms. 

 

The concentration of antimicrobials in the AST-GN23 card was 

as follows: amoxacillin/clavulanic acid (AMC) 4/2, 16/8, 32/16 

µg/mL; ampicillin (AM) 4, 8, 32 µg/mL; cephalothin (CEP) 2, 8, 

32 µg/mL; cefazolin (CZ) 4, 16, 64 µg/mL; cefepime (FEP) 2,8, 

16, 32 µg/mL; cefoxitin (FOX) 8, 16, 32 µg/mL; cefpodoxime 

(CPD) 0.5, 1, 4 µg/mL; ceftiazidime (CAZ) 1, 2, 8, 32 µg/mL; 

ceftriaxone (CRO) 1, 2, 8, 32 µg/mL; cefuroxime (CXM) 2, 8, 

32 µg/mL; ciprofloxacine (CIP) 0.5, 2, 4 µg/mL; gentamicin 

(GM) 4, 16, 32 µg/mL; levofloxacine (LEV) 0.25, 0.5, 2, 8 

µg/mL; nitrofurantoine (FT) 16, 32, 64 µg/mL; norfloxacine 

(NOR) 1, 8, 32 µg/mL; piperacilline/tazobactam (TZP) 4/4, 16/4, 

32/4, 64/4 µg/mL; tetracycline (TE) 2, 4, 8 µg/mL; tobramycin 

(TM) 8, 16, 64 µg/mL; and trimethoprim/sulfamethoxazole 

(SXT) 1/19, 4/76 µg/mL. E. coli strains ATCC 25922 and ATCC 

35218 from the American Type Culture Collection (ATCC) were 

used as controls.  

 

Purification of O104 LPS and K9 Capsular Antigen  
 

Extraction and purification of O104 LPS was carried-out by the 

phenol-water method described by Westphal and Jann [21] using 

E. coli strain H519 (O104:H12). K9 capsular antigen was 

obtained from E. coli strain Bi316/42 (O9:K9:H12) using a 

modified method of that described by Jann [22].  
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ELISA  
 
IgG antibodies from each bovine serum were determined against 

O104 LPS and K9 capsular antigen by an ELISA test, as 

described previously [23]. The assays were placed into separate 

96-well plates (Maxisorp F96) to which, either 10 µg/mL of the 

O104 LPS or the K9 capsular antigen were added to each well 

dissolved in carbonate buffer pH 9.6. The plates were first 

incubated for 2 h at 37
°
C and then for 18-24 h at 4

°
C. The plates 

were then blocked with 200 µL of a 1.0% PBS/BSA solution and 

incubated for 2 h at 37 
°
C. The plates were washed 3 times with 

0.05% PBS/Tween and each well was inoculated with 100 µL of 

1:1000 dilution of bovine serum sample to be tested. The plates 

were incubated for 2 h at 37 °C and then washed 3 times with 

PBS/Tween20. To each well, 100 µL of rabbit anti-IgG 

conjugated with alkaline phosphatase (Invitrogen) diluted 1:1000 

in PBS pH 7.4 was added. Plates were then incubated for 2 h at 

37 °C before adding 200 L p-nitrophenyl phosphate (1 mg/mL, 

Sigma) in diethanolamine buffer (pH 9.8; Sigma) to visualize the 

reaction, which was stopped with 25 µL of 3M NaOH. Optical 

density (OD) was determined in an ELISA reader (MR580 

Dynatech) at 405 nm. 

 

Statistical Analysis  
 

The assays were carried out in duplicate and the arithmetic 

means of two assays were compared by a one-tailed analysis of 

variance with a significance level of < 0.05. A cut-off point of 

OD 0.7 and 1:1000 serum dilution was considered to be a 

positive ELISA result, as described previously [20].  

 

Results  
Identification  
 

Of the 252 fecal samples studied, 150 corresponded to Jalisco 

herds, and of these 58 samples corresponded to 2004, and 92 to 

2005 and 2007 (46 in each year); in addition, 56 samples were 

from Sinaloa herds and 46 from Sonora. Of each fecal sample, 

five colonies were selected obtaining 1,260 cultures. In the 

identification of the cultures, 841 (66.7%) were identified as E. 
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coli and 419 (33.3%) as other Enterobacteriaceae (E. hermannii, 

Enterobacter spp., Klebsiella spp., Citrobacter freundii, and 

Proteus spp.). 

 

Diarrheagenic Serogroups  
 

Serotyping of the 841 cultures identified as E. coli strains 

indicated that 656 (78%) belonged to different, recognized E. 

coli serogroups (Table 2) and 185 (22%) were non-typable (O?). 

Of the strains with a recognized O group, 202 (30.8%) belonged 

to 21 non-pathogenic serogroups (Table 3), 61 (9.3%) to 6 

ExPEC serogroups, and 393 (59.2%) to 80 DEC serogroups 

(Tables 2). Of the DEC strains, 105 (26.7%) belonged to ETEC 

group, 68 (17.3%) to EPEC group, 45 (11.5%) to EIEC group, 

15 (3.8%) to EAEC group (Table 2 and 4) and 160 (40.7%) to 

non-O157 STEC group.  

 
Table 2: Pathotypes analysis of E. coli strains isolated from dairy cows from 5 

herds of three states of Mexico. 

 
Pathogenic group Pathotypes Strains N (%) Serogroups 

number 

Non DEC ExPEC 61 (9.3) 6 

Others (Non-

pathogenic) 

202 (30.8) 21 

DEC ETEC 105 (26.7) 19 

EPEC 68 (17.3) 7 

EIEC 45 (11.5) 7 

EAEC 15 (3.8) 5 

STEC 160 (40.7) 42 

Total  656 107 

 
The analysis by serogroups showed that 393 of 656 (59.9%) strains belonged to 

80 diarrheagenic E. coli (DEC) serogroups and 263 (40.1%) were non-DEC. 

Likewise, of the 841 E. coli strains 185 were nontypeable (O?). 
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Table 3: Non-pathogenic serogroup. 

 
Biochemical identification Serogoups Number of serogroups Number of strains 

E. coli  O10 1 20 

O102 1 12 

O108 1 9 

O134 1 16 

O140 1 12 

O155 1 9 

O16 1 3 

O165 1 4 

O170 1 3 

O19 1 4 

O32 1 7 

O33 1 14 

O42 1 5 

O53 1 7 

O58 1 6 

O59 1 24 

O61 1 4 

O62 1 6 

O66 1 8 

O80 1 6 

O93 1 23 

Total   21 202 

 
Table 4: DEC strains of different pathotype. 

 
Biochemical 

identification 

Serogoups Pathotypes Number of 

strains 

Number of 

serogroups 

E. coli O7 ETEC 4   

O8 ETEC 29   

O11 ETEC 1   

O25 ETEC 1   

O27 ETEC 6   

O29 ETEC/EIEC 3   

O48 ETEC 6   

O71 ETEC 5   

O73 ETEC 1   

O77 ETEC 6   
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O85 ETEC 7   

O105ab ETEC 15   

O128 ETEC 2   

O133 ETEC 1   

O134 ETEC 1   

O139 ETEC 2   

O141 ETEC 10   

O149 ETEC 4   

O166 ETEC 1   

    19 

E. coli  O18ac EPEC/UPEC/MN 7   

O26 EPEC 7   

O88 EPEC 26   

O103 EPEC 13   

O111 EPEC 2   

O142 EPEC 11   

O145 EPEC 2   

    7 

E. coli  O112ab EIEC 19   

O115 EIEC 2   

O121 EIEC 1   

O124 EIEC 3   

O135 EIEC 4   

O136 EIEC 8   

O152 EIEC 8   

    7 

E. coli O3 EAEC 3   

O77 EAEC 4   

O85 EAEC 1   

O86 EAEC 1   

O125ab EAEC 6   

    5 

E. coli O1 UPEC 14   

O2 UPEC/MN 10   

O6 UPEC 18   

O7 UPEC/MN 10   

O16 UPEC 8   

O75 UPEC 1   

        6 

Total   294 44 

 

Serotyping and Virulence Genes  
 

Table 5 shows the results of the serotyping and pathogenic 

characteristics of the STEC strains detected in all the herds 

studied. The presence of stx1 and stx2 genes was determined in 
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160 STEC strains and of these, 70 (43.8%) could be grouped into 

23 serogroups amplified for one or both genes, while the 

remaining 90 (56.3%) were negative for the presence of both 

genes (Tables 5 and 6). When considering the serotypes, as well 

as the place and year of isolation, three Jal2004 stains were 

O157:H7, three O179:H8, two O146:H21 serotypes and seven 

belonged to different serotypes. The presence of the stx2 gene 

was detected in 8 (11.4%) of these STEC strains, stx1+stx2 in 7 

(10%), eae in 3 (4.3%) and ehxA in 8 (11.4%) strains. For the 

Jal2005 samples, three STEC strains belonged to serotype 

O116:H21, two were O88:H25 and three strains were of different 

serotypes. Gene detection for these strains showed stx1 in 1 

(1.4%) strain, sxt2 in 5 (7.1%) and ehxA in 3 (4.3%) strains. 

Finally, in the Jal2007 samples, four were O116:H16, three 

O121:H11, three O48:NM (non-motile), two O154:H1, two 

O154:H4, two O180:NM and two strains were of different 

serotypes. The genes detected in these STEC strains were stx2 in 

18 (25.7%) strains and ehxA in 9 (12.9%) strains. 
 

The serotypes of the Sinaloa strains isolated during 2005 

included seven O88:H25 strains, four O146:H21, three O175:H2, 

two O non-typeable:H2, two O18ac:H7 and four strains of 

different serotypes. The genes detected were stx1 in 4 (5.7) 

strains, stx2 in 10 (14.3%), stx1+stx2 in 9 (12.9%) and ehxA in 5 

(7.1%) strains. In the Son2005 strains, two were O104:H12 

strains and four were of different serotypes. The genes detected 

were stx1 in 1 (14.4%) strain, sxt2 in 5 (7.1%) and ehxA in 3 

(4.3%) strains. Of the 90 STEC strains that did not amplify stx1 

or stx2, 13 were of serogroup O9 with different flagellar antigens 

(NM, H12, H21, H25 and H54) isolated from the Jal2005, 

Jal2007 and Sin2005 herds. These strains had genes ehxA, aggR 

and eae when amplified (Table 7)  
 

Phylogenetic Groups  
 

Most of the non-O157 STEC strains were included in the 

commensal B1 (61.4%) and A (21.4%) groups, with only 17% 

belonging to virulent groups B2, D and E (Table 5). The analysis 

of the stx1 and stx2 negative O9 strains showed that they 

belonged only to commensal group A (23.1%), group B1 

(30.8%) and group C (46.1%) (Table 7). 
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Table 5: Association between phylogenetic groups and virulence genes of STEC strains isolated from dairy cows. 

 

Location and year of 

sampling 

Serotypes Strains Phylogenetic group3  Virulence genes 

       stx1 

only 

stx2 only stx1+stx2 eae ehxA 

Jal2004 O8:H8 1 B1 (15.7) - 1 - - - 

O48:H8 1 - - 1 - - 

O58:H40 1 - 1 - - 1 

O77:H18 1 - 1 - - - 

O80:H39 1 - 1 - - - 

O112ac:H7 1 - 1 - - 1 

O146:H21 2 - 2 - - - 

O179:H8 3 - - 3 - 2 

O157:H71 3 D (4.3) - - 3 3 3 

O?:H48 1 E (1.4) - 1 - - 1 

Jal2005 O3:NM 1 A (1.4) - - 1 - - 

O8:H8 1 B1 (10) - 1 - - 1 

O88:H25 2 - 2 - - 2 

O116:H21 3 1 1 1 - - 

O178:NM 1 - 1 - - - 

Jal2007 O116:H16 4 A (15.7) - 4 - - 4 

O154:H1 2 - 2 - - 1 

O154:H4 2 - 2 - - - 

O154:H32 1 - 1 - - 1 

O180:NM 2 - 2 - - - 

O121:H11 3 B1 (4.3) - 3 - - 3 

O48:H54 1 B2 (1.4) - 1 - - - 

O48:NM 3 D (4.3) - 3 - - - 

Sin2005 O18ac:H7 2 B1 (27.1) - 2 - - - 

O39:H21 1 - 1 - - 1 

O88:H25 7 - 2 5 - 3 

O103:H25 1 1 - - - 1 

O146:H21 4 1 2 1 - - 

O174:H28 1 1 - - - - 

O175:H21 3 - - 3 - - 

O?:H2 3 D (5.7) 1 2       

O?:H20 1 - 1 - - - 

Son2005 O104:122 2 A (4.3) - 2 - - 2 
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O176:H54 1 - 1 - - - 

O176:H11 1 B1 (4.3) 1 - - - - 

O88:H25 1 - 1 - - 1 

O146:H21 1 - 1 -  -  - 

Total, N (%)   70   6 (8.6) 46 (65.7) 18 (25.7) 3 (4.3) 28 (40) 
 

1All the O157:H7 strains were eae, stx1, stx2 and ehxA gene positives 

2Positive strains for the aggR and aapA genes. The remaining of the strains were negative for aggR, aapA, and aatA genes.  
3Group A, arpA+, chuA-, yjaA+, TspE4.C2-; Group B1, arpA+, chuA-, yjaA-, TspE4.C2+; B2, arpA-, chuA+, yjaA+, TspE4.C2+; group D, arpA+, chuA+, yjaA-, TspE4.C2+; group E, arpA+, chuA+, 

yjaA+, TspE4.C2-. Jalisco: JalSinaloa: Sin Sonora: Son Non-motile: NM 

 
Table 6: STEC strains, stx negative 

 
      Virulence genes 

Identification biochemical Serogroups Strains Pathotypes stx1 stx2 eae ehxA aggR 

E. coli O9 13 STEC - - 11 13 13 

O18ac 5 EPEC - -   -   

O26 7 EHEC - - - 7 - 

O48 5 EHEC - - - 5 - 

O77 3 STEC - -   1   

O81 2 STEC - - - -   

O88 7 STEC - -   3   

O91 1 EHEC - - - - - 

O104 3 STEC - - -   - 

O111 2 EHEC - - - - - 

O116 2 STEC - - - - - 

O117 1 STEC - - - - - 

O135 2 EIEC - -   -   

O145 2 EHEC - - - 2 - 

O146 9 STEC - - - 1 - 

O150 1 UTI - -   -   

O176 5 EHEC - - - - - 

O178 1 EHEC - - - - - 

O179 19 EHEC - - - - - 

Total  90     11 32 13 
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Bovine Serum Response to O104 LPS and K9 Capsular 

Antigen  
 

A cut-off point of 0.7 OD was considered as a positive value for 

the ELISA test to determine a response at a 1:1000 serum 

dilution. This value corresponded to the mean value, plus two 

standard deviations when the assays were read at 405 nm, as 

previously reported [23]. The analysis of these assays indicated 

that 89 serum samples (35%) reacted with the O104 LPS and 82 

(33%) with the K9 capsular antigen. The results did not show 

significant differences in an Χ
2
 analysis (Table 8). The serum 

response to these same antigens was the same for samples 

obtained from cows raised in the different herds (p>0.05). 

Similar observations were obtained when a cut-off point of 0.4 

DO was applied to the ELISA test. In this case, the results 

showed that 183 (72.6%) serum samples reacted with the O104 

LPS and 200 (79.4%) with the K9 capsular antigen (p= 0.08). 

 

Antimicrobials Sensitivity  
 

Antimicrobial susceptibility testing indicated that 52 out of 70 

(74.3%) STEC strains were sensitive to all antimicrobials tested, 

while 18 (25.7%) were resistant to AMP, CF, CXM, TE and 

SXT in different combinations (Table 9). In difference, 92% of 

the non-STEC strains belonging to serotype O9, were resistant to 

most of the antimicrobials tested (Table 10).  

 

 

 

 



Prime Archives in Microbiology: 2
nd

 Edition 

17                                                                                www.videleaf.com 

Table 7: Phylogenetic group and virulence genes of E. coli serogroup O9* isolated from dairy cows. 

 

Location and 

year 

Serotype Strains Phylogenetic 

group 

eae ehxA aggR 

Jal2005 O9:H12 1 B1 (7.7) 1 1 1 

Sin2005 O9:H21 1 A (7.7) 1 1 1 

 

O9:NM 1 
A (15.4) 

1 1 1 

O9:H25 1 1 1 1 

O9:NM 1 

B1 (23.1) 

1 1 1 

Jal2007 O9:H21 1 1 1 1 

O9:H54 1 1 1 1 

O9:NM 4 

C (46.2) 

4 4 4 

 

O9:H9 1 - 1 1 

 

O9:H12 1 - 1 1 

Total, N (%) 

 

13  11 (85) 13 (100) 13 (100) 

 

* All strains of E. coli O9 were negative for stx1, stx2 and aap genes. 

Non-motile:NM 

 
Table 8: Analysis of the reactivity of serum samples from five herds of dairy cows from three states of Mexico against O104 LPS and the K9 capsular antigen. 

 

Location and year of sampling Samples Antigens  

  O104 LPS K9 capsular 

antigen 

p value* 

Jal2004 58 27 (47) 23 (40) 0.45 

Jal2005 46 16 (35) 13 (28) 0.5 

Jal2007 46 13 (28) 12 (26) 0.81 

Sin2005 56 23 (41) 24 (43) 0.85 

Son2005 46 10 (22) 10 (22) 1.0 

Total 252 89 (35) 82 (33) 0.63 

 

The results are shown as the number of positive samples with the percentage in parentheses. 

The ELISA used a cut-off point of .0.7 at A405 and a serum dilution of 1:1000. 

*Statistical difference between the two antigens using a X2 test. 
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Table 9: Resistance patterns of STEC strains isolated from dairy cows. 

 

      Resistance to Antimicrobials 

Herd and year Serotype Strains Penicillins Cephalosporins Tetracycline Trimethoprim/Sulfa

methoxazole 

      AM CEP CXM TE SXT 

Jal2004 O8:H8 1    R   

O58:H40 1    R   

O146:H21 1    R   

O146:H21 1 R R R R   

                

Jal2005 O88:H25 2       R   

O178:NM 1   R       

                

Jal2007 O116:H16 3 R         

O116:H16 1 R     R   

O121:H11 2 R R   R R 

                

Sin2005 O174:H28 1 R R       

O88:H25 1 R   R     

               

Son2005 O146:H21 1    R     

O104:H12 1    R  

O104:H12 1   R  R 

Total N (%)  18 9 (50) 5 (27.8) 4 (22.2) 10 (55.6) 3 (16.7) 

 

AM, ampicillin; CEP, cephalothin; CXM, cefuroxime; TE, tetracycline; SXT, trimethoprim/sulfamethoxazole. Non-motile:NM 
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Table 10: Patterns of antimicrobial resistance of E. coli O9 strains. 

 

Herd and year Serotypes Strains Resistance in common to -

lactams and cephalosporins 

Other antimicrobials Total antimicrobials 

Jal2005 O9:H12 1  CIP, LEV TET y SXT 4 

Jal2007 O9:H21 1   AMC, TZP, CEP, CPD 4 

O9:NM 1 AM, AMC, CEP, CZ, CXM, 

CPD, CAZ, CRO, FEP 

 9 

O9:NM 1 TZP, TET 11 

O9:NM 1 GM, CIP 11 

O9:NM 2 GM, FOX, TET, SXT 13 

O9:H12, O9:NM, 

O9:H54, O9:H25 

4 TZP, GM, TM, FOX, SXT 14 

O9:H9 1 TZP, GM, TM, FOX, CIP, TET, SXT 16 

  Total (N=13) 12 (92%)       

 

AM, ampicillin; AMC: amoxicillin/clavulinic acid; CEP, cephalothin; CZ, cefazolin; CXM, cefuroxime; CPD, cefpodoxime; CAZ, ceftazidime; CRO; ceftriaxona; FEP, 

cefepime; CIP, ciprofloxacine; LEV, levofloxacine; TE, tetracycline; SXT, trimethoprim/sulfamethoxazole; TZP, piperacilline/tazobactam; GM, gentamicin; FOX, cefoxitin; TM, 

tobramycin. Non-motile:NM 
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Discussion  
 

Although diarrheal disease mortality has decreased significantly 

over the past 15 years, morbidity due to this problem continues 

to be high [24]. Although currently available vaccines against 

some of the most frequent viral pathogens have shown their 

capacity to reduce mortality, the search for the source of these 

infections is essential for their final control. Water and food 

sampling constitute the most accessible way to look for these 

sources.  That is the reason why we conducted a sequential 

sampling of feces and sera of cows belonging to herds in three of 

the largest cattle-rearing regions in Mexico. Over a number of 

years, the search for putative pathogenic bacteria in these 

samples has shown the presence of putative pathogenic strains 

able to cause disease in humans. Around 40% of the putative 

pathogenic E. coli found in the sample animals belonged to non-

O157 STEC strains. This has also been found in previous studies 

conducted in other parts of the world [25,26]. The isolation of 

O157:H7 strains is interesting since, to date, there have been no 

reported outbreaks of HC and HUS in Mexico associated with 

these type of isolates. Their presence in these herds is a wake-up 

call to continue this surveillance since it is clear that cows from 

these herds harbor both O157:H7 and non-O157 strains that 

could be the source of a human outbreak.  

 

ETEC strains were the second most frequent DEC group of 

strains found in the present study.  ETEC strains have been 

associated worldwide with cases of diarrhea in pigs, calves and 

rabbits and are an important cause of diarrhea in children in low 

and middle income countries [5,25,27,28] and in travelers to 

these areas of the world [10,29]. In the present study, we were 

able to identify ETEC strains belonging to 19 different serotypes, 

all of them previously reported from other parts of the world 

[28,30]. 

 

The lack of clinical symptoms in the cows harboring strains 

belonging to pathogenic STEC types O157:H7 and O104:H12 

confirm previous findings and indicate the risk for humans 

coming in contact with these animals or their feces [31,32]. 

However, there is no clear explanation as to why these fully 
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pathogenic strains found in cows have not been able to cause 

human disease. Strains belonging to serotype O104:H7 have 

been previously found in healthy Mexican lambs [33].  No 

human cases associated with these strains have been reported to 

date, either. In the present study, strains of serotype O104:H12 

were also isolated during 2005 from the herd raised in Sonora. 

These strains carried stx2, aggR and aatA genes, similar to the 

O104:H4 strains that caused the HC and HUS outbreak in 

Germany [12]. In addition to the O104 isolates, cows from herds 

in the three States also carried strains belong to the O88:H25 

serotype that had been previously reported as belonging to STEC 

and EPEC groups [34,35]. Gene analysis of these O88:H25 

strains indicated that they carried the stx2 gene, making them 

potentially virulent non-O157 STEC strains. 

 

The higher percentage of strains belonging to phylogetic B1 

groups found in the present study is similar to previous findings 

from other parts of the world where these B1 strains have been 

isolated from herbivorous animals, such as goats, lambs and 

cows [36-38].  

 

Observations in our laboratory over the past 20 years have 

shown that E. coli of serotype O104 and STEC O9:K9 is not an 

infrequent finding in human fecal samples (unpublished results). 

This has led to our continued interest in studying the cross 

reactions that these two groups of strains have with each other 

and, as has been previously reported, to both the O104 LPS and 

the K9 capsular antigen [39,40]. Serum from the cows raised in 

the five herds tested showed a similar level of response, which 

signaled a common type of cross-reaction in the serum samples 

of all the animals tested. The development of antibodies (IgG) to 

both the O104 LPS and K9 capsular antigen in the same animal 

indicates the possibility that these animals have a gradual and 

low intensity repeated exposure to E. coli O104 strains. Another 

factor that may give rise to the presence of anti-O104 LPS and 

anti-K9 capsular antigen antibodies in the serum of these animals 

could be colonization by specific E. coli O9:K9 strains. These 

findings could be helpful to develop better oriented vaccines that 

might protect humans by inhibiting their capacity to colonize 
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animal reservoirs. The implication for animal vaccines against 

O157:H7 is obvious [41]. 

 

In terms of our findings concerning the frequency of 

antimicrobial resistance, the STEC Mexican strains, including 

the isolated O157:H7, showed a much lower presence of this 

characteristic than the one described in other countries [42]. On 

the other hand, the results of these assays in the O104:H12 

strains indicated a similar frequency of antimicrobial resistance 

to one (CEP) or two (TE and SXT) antimicrobials, as previously  

reported by Schroeder et al. [41] but with different patterns to  

the O104:H4 strains isolated during the epidemic outbreak in 

Germany [11]. Interestingly, multiple antimicrobial resistance 

was found in O9 strains we studied, which is in line with reports 

from previous studies for E. coli strains isolated from 

extraintestinal sources [43]. All these results continue to point to 

the use of antimicrobials as part of the food given to farm 

animals, which needs to be addressed as one of the main causes 

for the increase in multiple antimicrobial resistance in human 

infections [44,45].  

 

The presence of E. coli strains belonging to two of the most 

important human DEC pathotypes isolated from the feces of the 

animals studied indicates their importance as a potential source 

of virulence strains able to cause human infections. The 

participation of food, water and other environmental sources, as 

well as direct human contact with animals has been well 

documented in terms of infections by E. coli strains belonging to 

the O157:H7 serotype. [32,46]. In addition, the spread of 

pathogenic bacteria could be enhanced by the use of fresh 

manure to fertilize soil for the purpose of growing vegetable 

crops [47]. The results of the present study clearly support these 

findings and point to the need for continued surveillance of these 

putative sources of human disease.  

 

Finally, the presence of multiresistant strains as part of the 

intestinal microbiota of cattle could be the source of difficult-to-

treat extraintestinal infections caused by E. coli strains that have 

received these genes through horizontal transfer in the intestinal 

environment [48]. Bearing this in mind, our study reveals the 
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importance of epidemiologic surveillance of the natural 

reservoirs of DEC strains in groups of animals used for human 

consumption. 
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Abstract  
 

The etiological agent of human amoebiasis is the protozoan 

parasite E. histolytica; the disease is still an endemic infection in 

some countries and the outcome of infection in the host infection 

can range from asymptomatic intestinal infection to intestinal or 

liver invasive forms of the disease. The invasive character of this 

parasite is multifactorial and mainly due to the differential 

expression of multiple pathogenic genes. The aim of the present 

work was to measure the differential expression of some genes in 

different specimens of patients with amoebic liver abscess 
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(ALA) and specimens of genital amoebiasis (AG) by RT-qPCR. 

Results show that the expression of genes is different in both 

types of samples. Almost all studied genes were over expressed 

in both sets of patients; however, superoxide dismutase (Ehsod), 

serine threonine isoleucine rich protein (Ehstirp), peroxiredoxin 

(Ehprd) and heat shock protein 70 and 90 (Ehhsp-70, EHhsp-90) 

were higher in AG biopsies tissue. Furthermore, cysteine 

proteinases 5 and 2 (Ehcp5, Ehcp2), lectin (Ehgal/galnaclectin) 

and calreticulin (Ehcrt) genes directly associate with pathogenic 

mechanisms of E. histolytica had similar over expression in both 

AG and ALA samples. In summary the results obtained show 

that trophozoites can regulate the expression of their genes 

depending on stimuli or environmental conditions, in order to 

regulate their pathogenicity and ensure their survival in the host. 

 

Keywords  
 

Entamoeba histolytica; Amebic Liver Abscess; Genital 

Amoebiasis; Quantitative Polymerase Chain Reaction; 

Pathogenic Genes; Differential Expression 

 

Introduction  
 

Entamoeba histolytica (Eh) is a protozoan parasite responsible 

for gastrointestinal amoebiasis in the human host. The host–

parasite relationship in this infection can be very diverse and 

lead to a commensal relationship between the parasite and the 

host, as in the case of asymptomatic cyst carriers or a 

relationship in which the parasite causes different degrees of 

tissue damage that can lead to the invasion of extra intestinal 

organs [1–3]. 

 

E. histolytica infection is mainly acquired by accidental 

ingestion of mature cysts present in contaminated water and food 

(intake of raw and poorly washed vegetables or fruits). It can be 

transmitted from person to person via the fecal–oral route, 

contact with hands, objects or surfaces contaminated with 

infected feces, the cysts of the infected person can remain viable 

for about 10 to 45 min under the nails [2–5]; in some cases, it 

can also be sexually transmitted [6,7]. 
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Amoebiasis is usually a relatively frequent intestinal infection in 

young adults, in most cases it is asymptomatic because 

trophozoites remain confined to the intestinal lumen (non-

invasive luminal amoebiasis). In the event of symptoms, these 

appear after an incubation period of two to four weeks and are 

due to trophozoites invading the intestinal mucosa (invasive 

form) giving rise to the well-known acute invasive colitis or 

amoebic dysentery, which consists of diarrhea with mucus and 

/or blood.  

 

In some patients, such as infants, fever may occur [2]. Amoebic 

colitis in adults is frequently self-limiting and symptoms 

disappear within 4 to 7 days, certain individuals may develop 

chronic luminal amoebiasis that persists for a few months and 

resolves spontaneously. However, in other patients, the infection 

may progress to invasive colitis with the appearance of ulcers in 

the intestinal mucosa that may involve the muscularis mucosa 

and puncture the intestine, the invasion of deep layers of 

intestinal tissue can lead to the export of amoebic trophozoites to 

Portal circulation and their implantation in liver tissue with the 

consequent development of one or multiple amoebic liver 

abscesses. Very rarely, the brain, pleura, pericardium, genital-

urinary tract or skin are also invaded, symptoms vary depending 

on the affected organ [2–5]. In the past century, cases of 

cutaneous amoebiasis in Mexico were not rare, in particular due 

to the extension of amoebic liver abscess to the abdominal wall, 

or the presence of intestinal fistulas in cases of intestinal invasive 

amoebiasis that can reach the abdominal wall [6]. Genital 

amoebiasis was frequently observed in infants using diapers with 

dysentery, causing serious damages to the genital organs [7]. 

More recently the genital cutaneous amoebiasis is detected as a 

result of unsafe sexual practice, initial lesions might be red and 

round that rapidly grow giving rise to an ulcer with red gross 

edges. These lesions evolve rapidly causing inflammation, 

necrosis and serious damages to the structure of the genital area 

[8,9]. 

 

Multiple mechanisms contribute to the ability of E. histolytica to 

destroy the host intestinal mucosa and cause disease [10]. 

Following excystation within the small intestinal lumen, 
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trophozoites attach to host mucous and epithelial cells in the 

colon, largely through the multisubunit amebic GalNAc lectin 

[11,12]. Trophozoites also secrete multiple cysteine proteases, 

which degrade mucin and the extracellular matrix [13–15], they 

kill resident host cells through a contact-dependent process that 

remains poorly understood [16–18]. Host cells appear to suffer 

from a disruption of the cell membrane with rapid changes in 

intracellular calcium levels [19]. This leads to changes in the 

host cell that closely resemble apoptosis with membrane 

blebbing, DNA digestion, and activation of caspase [18,20,21]. 

Finally, E. histolytica trophozoites phagocytize red blood cells 

and nucleated host cells, the ability to phagocytize host cells are 

strongly associated with virulence [20–23]. 

 

In the present work we analyze the changes in the expression of 

pathogenicity associated genes of E. histolytica; cysteine 

proteinases 5 and 2 (Ehcp5, Ehcp2), lectin (Ehgal/galnaclectin), 

calreticulin (Ehcrt), superoxide dismutase (Ehsod), serine 

threonine isoleucine rich protein (Ehstirp), peroxiredoxin 

(Ehprd), heat shock protein 70 and 90 (Ehhsp-70, EHhsp-90) in 

genital cutaneous amoebiasis and amoebic liver abscess human 

specimens, taking into account that the type of lesions are 

different both in their tissue structure and in regeneration 

capacity.  

 

Materials and Methods  
Obtention of Samples  
 

The present work was designed according to the guidelines for 

the management of human samples for experimental purposes as 

indicated in the Official Regulation NOM-12SSA3-2007 

included in the General Health Law of Mexican Health Ministry. 

In addition, the project was approved by the Scientific and Ethics 

Committee of Faculty of Medicine from National Autonomous 

University of Mexico (project approval number 091/2013).  

 

Samples were obtained from patients admitted in the services of 

Internal Medicine, Gastroenterology and Infectious Diseases, at 

the General Hospital of Mexico in Mexico City. The samples 

then taken for detection of the parasite by serology or PCR at the 



Prime Archives in Microbiology: 2
nd

 Edition 

6                                                                                www.videleaf.com 

Immunology laboratory in the Unit of Research in Experimental 

Medicine, Faculty of Medicine, UNAM. 

 

Patients with clinical diagnosis of amoebic liver abscess (ALA) 

or genital cutaneous amoebiasis (GA) were included in the study 

after the signing of a letter of informed consent. Samples of feces 

and blood were obtained from the two groups of patients; in 

cases of amoebic liver abscess, a sample of abscess drainage 

material was also included; in genital cutaneous amoebiasis 

patients, a biopsy of the lesion was also studied.  

 

The presence of E. histolytica was directly determined by 

microscopic analysis in the feces, imprint of damage tissue and 

molecularly in the biopsies specimens or liver abscess material 

using PCR technique. In both groups, serological analysis for 

anti-amoebic antibodies detection were performed. A total of 15 

patients with amoebic liver abscess diagnosis and 5 with genital 

cutaneous amoebiasis were studied.  

 

Microscopic Detection of Entamoeba Trophozoites  
 

Biopsy specimens from patients with genital cutaneous 

amoebiasis were obtained from ulcer borders located on the 

penis and scrotum and fixed in (10%) paraformaldehyde for 24 

hr. The tissue was then segmented, dehydrated, and embedded in 

paraffin. The tissues (4–5 µm) were cut with a microtome Leica 

RM 2145 (Buffalo Grove, IL), mounted on slides, and stained 

with periodic acid-Schiff (PAS) technique [24]. The slides were 

observed at 10+ and 40+ magnifications with a light microscope. 

In case of amoebic abscess material, a smear was performed 

directly over the slide for staining with PAS. 

 

Anti-Amebic Antibody Detection  
 

Anti-amebic antibody detection was performed in serum samples 

following the ELISA technique as previously described [25]. For 

the detection of anti-amebic IgG Serum, samples were diluted 

1:1000. The antigen used in ELISA was a membrane-enriched 

extract (1µg/well) obtained from axenically cultured E. 

histolytica HM1:IMSS as previously described [25]. Afterwards, 
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50 µl/well of serum dilution was added to each microtiter plate, 

blocking previously the free antigen spaces with 3% PBS-BSA 

and subsequently incubated for 2 h at room temperature. Plates 

were then washed once with PBS-BSA, added to 0.5% Tween-

20 (Sigma Chemical Co.) (PBS-BSA-Tw), and twice with PBS-

Tw. Anti-human IgG heavy chain-specific antibodies coupled 

with peroxidase (Zymed Laboratories, San Francisco, CA) were 

used for the detection of the antigen-antibody reaction (50 

µl/well of 1: 1000 dilution). The antibodies were incubated 

overnight at 4°C with mildly shaken. After three consecutive 

washes (3 min each) with PBS-BSA-Tw, 50 µl/well of substrate 

solution was added [0.1 M citrate buffer pH 4.5 (10 mL) added 

with 10 mg o-phenylenediamine and 4 µl of 30% H2O2 solution 

and allowed to react for 3 min; then, the reaction was stopped 

with 1 M H2S04 (200 µl/well). Plates were read at 490 nm in a 

Micro-ELISA reader. An ELISA test for the presence of anti-

amebic antibodies was considered positive when the O.D. value 

was above the cutoff point defined as the mean of the respective 

O.D. values obtained from non-parasitized control individuals 

plus two standard deviations (0.525).  

 

Obtention of DNA and RNA from Biological Samples  
 

The QIAamp DNA Mini Kit (QIAGEN, Valencia, CA) was used 

to extract DNA, following the manufacturer’s instructions, from 

the necrotic and bloody secretion specimens taken from amoebic 

liver abscesses specimens, or the biopsy fragment of the lesion in 

genital cutaneous amoebiasis.  

 

Total RNA was extracted from each of the samples (biopsy 

fragments, abscess material) by Trizol reagent method 

(Invitrogen; Life Technologies) and the yield and purity 

determined by the ratio of absorbance at 260/280 nm 

(NanoDrop, Thermo Scientific) and DNA was digested using 

DNAse1 (Qiagen) according to the manufacturer’s instructions. 

 

cDNA Synthesis  
 

cDNA synthesis was performed using Super Script III Reverse 

Transcriptase system (Thermo Fisher Scientific) following the 
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indications of the supplier. Briefly, 25 µl DPC, treated water 

containing 2.5 µl of oligo (dT), 10 mM dNTP mix, 5 µl 5× First-

Strand buffer, 1.2 µl 0.1 M DTT, 0.25 µl of recombinant 

ribonuclease inhibitor (40 U/µl), and reverse transcriptase (100 

U/sample) were added whit 1 µg of RNA previously obtained 

and were incubated at 42 °C for 2 h in a moist environment. 

Thereafter, synthesized cDNA was recovered and quantified by 

spectrophotometry at 260/280 nm, to await use in the qPCR 

assays. 

 

PCR Identification of E. histolytica  
 

DNA was amplified using specie specific oligonucleotides; Psp5 

GGCCAATTCATTCAATGAATTGAG and Psp3 

GGGATCCTGATCCTTCCGCAGGTTCACCTAC previously 

described by Clark and Diamond (1992) [26]. Both 

oligonucleotides amplified a product of 876 bp. The PCR 

reaction was performed adding 1 μL of genomic DNA to the 

reaction mix: 2 μL PCR buffer consisting of Tris-HCl 10 mM pH 

8.3, 0.8 μL de MgCl2 (50 μM), 1.6 μL of dNTPs (0.2 mM), 1 μL 

of ach oligonucleotides (20 μM) and 12.5 µl distillate water. The 

reaction mix was added with 0.1 μL (0.025 U/μL) of Taq DNA 

polymerase (AmpliTaq platinum Polymerase, Invitrogen). 

Amplification was performed in a thermocycler MyCycler 

Thermal Cycler (BIORAD). Amplification conditions were: 

DNA denaturation during 5 min at 95 °C followed by 45 cycles 

of denaturation during 30 sec at 94 °C, 30 sec for alignment at 55 

°C; extension takes 1 min at 72 °C and on step of final extension 

of 10 min at 72 °C; the final volume of reaction was 20 µl.  

 

The PCR products was observed in an electrophoresis in 1% 

agarose gel. The products were stained with ethidium bromide in 

a UV chamber. A reference of 1000 bp size and E. histolytica 

DNA control were included. 

 

Molecular Analysis of the Expression of Amoebic Genes  
 

To perform studies of quantification and expression of amoebic 

genes in the two groups of samples studied, we use Reverse 

Transcriptase quantitative PCR (RT-qPCR). The specific 
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oligonucleotides for the genes studied are shown in Table 1 

(Ehcp5, -cp2, -gal/galnaclectin, -crt, -stirp, -prd, -sod, -hsp70 y 

90). The cDNAs previously obtained, were used as temperate at 

(15 ng/µl) in the reactions of qPCR using the Step One-Applied 

Biosystems and using for the reaction the kit (Quantitec SYBER 

Green PCR, Qiagen). The amplification was developed with 60 

cycles with 3 stages; including a denaturing stage at 95 °C for 10 

sec, a phase of alignment to 57 °C for 30 sec and a phase of 

elongation at 72 °C for 10 sec and finally to 4 °C to finish the 

reaction. The amplification of each gene was tested by tripled 

and the differential expression of the genes investigated was 

calculated by normalized to a reference gene (often referred to as 

the housekeeping gene) the Eh-α-actin of the trophozoites. The 

data were analyzed using the method of 2
-ΔΔCT

 described by 

Schmittgen and Livak (2008) [27] and the validation method 

reported by Yalcin (2004) [28]. Comparing the differential 

expression of E. histolytica genes in the samples from both 

group of patients.  

 

Statistical Analysis  
 

Results are expressed as the average and the standard 

deviation of at least two duplicates of each condition and 

the analysis of independent samples. The statistical analysis 

was made using the program GraphPad Prism 5 software. 

We used the Student T tests to determine the statistically 

significance of differences between the studied patients’ 

samples. The statistical values were considered significant 

when the p value was less than p < 0.05. 
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Table 1: Oligonucleotides used in the RT-qPCR assay. 

 

Gene Access Number Size of Products 

(pb) 

Forward Primer 

(5´-3´) 

Reverse Primer 

(5´-3´) 

Ehcrt XM_650149.1 355 TGGACCAGATGTATGTGGAGG TGGTGCTTCCCATTCTCCATC 

Ehcp-5 XM_645845.2 255 GTTGCCGCTGCTATTGATGC ACCCCAACTGGATAAGCAGC 

Ehcp-2 XM_645550 115 ATCCAAGCACCAGAATCAGT TTCCTTCAAGAGCTGCAAGT 

Ehlect AF337950.1 281 ACCAGTGAATGGAGCATGTGT TTG TGC ATT CGC CTT CTC CT 

     hprd XM_646911.2 121 TCAAGAGAAAGAATGTTGTTGT ACATGGACAATATGCTGCTGC 

Ehsod XM_6437351 172 GCAGCCCAAGCATGGAATCA ACCAACACCATCCACTTCCA 

Ehstirp XM-648869 305 GCTAACAACGCGGAAAGTAGC ACAAGAGCAGAGCACCCTTC 

Ehhsp-70 XM_001734367.1 135 GAAACAGAACCACGTCCAGTT TTACGTCCTCCAAGTCTCCAAT 

Ehsp-90 AB092411.1 357 ACAAGAGCAGAGCACCCTTC CCCCATGTGCACTTGTTACAG 

Ehactin-α XM_650064.2 211 AGCTGTTCTTTCATTATATGC TTCTCTTTCAGCAGTAGTGGT 

 

Ehactin-α gen of reference. Specificity of the primer pairs for relevant genes was verified by performing nucleotide alignment searches using BLAST. 
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Results  
General Characteristics of Studied Patients  
 

Fifteen patients with amoebic liver abscess were included in 

the study, 2 females and 13 males between 25 and 60 years 

old. All patients were submitted to ultrasound guided 

drainage of the abscess as indicated by the physician in 

charge. All patients had high levels of serum anti-amoebic 

antibodies in the ELISA test (OD = 1.171 ± 0.366) (Figure 

1 and Supplementary Table S1). The drainage material from 

the liver abscess was processed for DNA extraction and 

submitted thereafter to PCR for detection of E. histolytica 

amplification products, all the abscesses specimens show 

the presence E. histolytica PCR amplification products 

(Figure 2). 

 

The five patients with genital cutaneous amoebiasis were all 

males between 35 to 55 years old. In each case we were 

able to detect microscopically the presence of trophozoites 

of Entamoeba (Figure 3). The ELISA test for detection of 

serum anti-amoebic antibodies was positive in the five cases 

(OD = 0.833 ± 0.225) (Figure1), and positive for detection 

of E. histolytica PCR amplification products (Figure 2). 

 

 
 

Figure 1: Reactivity of sera from patients with amoebic liver abscess (ALA) 

and cutaneous genital amoebiasis (GA). The reactivity of human IgG against 
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E. histolytica antigen was measured, the average of the OD (590 nm) per 

group of patients is represented here. Cutline defined as the mean of the 

respective OD values obtained from non-parasitized individuals (Negative 

group) plus two standard deviations (0.525) and results previously reported 

[25]. Statistical significance was included (p ≤ 0.05). The individual dates are 

in the supplementary Table S1.  

 

 
 
Figure 2: PCR identification of E. histolytica. The DNAs obtained from 

samples of tissue fragments from lesions of genital cutaneous amebiasis 

patients and abscess drainage from patients with amoebic liver abscess, were 

evaluated by PCR using oligonucleotides specific (Psp) previously described 

by Clark and Diamond [26]. Lane 1) 1000 pb mass ruler DNA ladder; 2) 

Positive control for E. histolytica strain HM1: IMSS; 3) Negative control for 

E. histolytica; 4) H20 sample; 5–19) DNA obtained from drainage from 

patients with amoebic liver abscess; 20–24) DNA obtained from lesions of 

genital cutaneous amebiasis patients. Products amplified and stained with 

ethidium bromide, Product size 876 bp. 

 

 

 
 

Figure 3: Microscopic identification of E. histolytica trophozoites. Biopsy 

specimens from patients with genital cutaneous amoebiasis histologically 

treated and stained with PAS, representative images; a) a smear was performed 

directly over the slide; b, c) samples from two different patients. The arrows 

point out some illustrative trophozoites. The scale bar represents 20 µm. 
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Analysis of the Expression of Amoebic Genes 

Associated with Pathogenicity  
 

The qPCR technique was used to determine the differential 

expression of E. histolytica genes in the two different forms of 

invasive amoebiasis studied (amoebic liver abscess and genital 

cutaneous amoebiasis). 
 

The results obtained show a clear overexpression in all the genes 

studied (Figure 4). However, this over-expression was higher for 

genes that encode proteins associated with the protection of 

trophozoites against stressful environmental conditions, such as 

EhHSP-70, EhHSP-90, EhPRD, and EhSOD in samples obtained 

from patients with genital cutaneous amoebiasis (p = 0.0027, 

0.0013, 0.043, 0.0032). With regard to genes directly associated 

with pathogenicity factors (EhCP-2 and EhCP-5), a slightly 

higher overexpression was also observed when compared to 

patients with amoebic liver abscess but there is no significant 

difference when compared with the results of the trophozoites 

present in patients with genital cutaneous amoebiasis (p = 0.072, 

0.36, respectively) (Figure 4). While for the EhCRT and 

EhGal/Galnaclectin genes, the overexpression is mostly the same 

for both amoebic liver abscess and genital cutaneous amoebiasis 

infection conditions (p= 0.24, 0.092, respectively). 
 

However, in the case of EhSTIRP the mayor overexpression was 

observed in the cases of genital cutaneous amoebiasis (p = 

0.0038). 

 

 
 
Figure 4: Relative quantification (RQ) of expression of genes of E. histolytica 

by RT-qPCR. Reverse transcription real time PCR was used to independently 
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measure mRNA expression of Ehcp5, -cp2, -gal/galnac lectin, -crt, -stirp, -prd, 

-sod, -hsp-70 y 90 genes in trophozoites present in samples of tissue fragments 

from lesions of genital cutaneous amoebiasis (GA) and abscess drainage from 

patients with amoebic liver abscess (ALA). The values represent the mean of 

different patients for group. RQ differences between the cDNAs obtained from 

samples of tissue fragments from lesions of GA patients and abscess drainage 

from patients with (ALA) were compared trough Student T tests, detecting 

statistical significance * (p ≤ 0.05). Ehactin-α gen was used as housekeeping 

gene to normalize mRNA level. The individual dates are shows in the 

supplementary Table S2. 

 

Discussion 
 

During its life cycle, E. histolytica is challenged by a wide 

variety of environmental stresses, such as fluctuation in the 

concentration of oxygen, glucose, changes in the composition of 

the intestinal microbiota and the release of reactive oxygen 

species, and oxidative nitrosatives of neutrophils and 

macrophages as products of the host’s immune response, so that 

the survivability of this parasite is continuously tested to adapt 

and survive the dynamic environment of the host. [29,30] 

 

The studies of these adaptive mechanisms with which this 

parasite has been transformed and facilitated due to the 

development of genomics, proteomics or metabolomics (OMICS 

sciences) [31,32]. Many transcriptome-level studies in E. 

histolytica have investigated gene expression patterns to help 

understand the pathology and biology of the organism. Virulent 

and avirulent strains have been compared in laboratory culture 

and after tissue invasion, cells cultured under different stress 

conditions, and response to anti-amoebic drugs, in order to 

identify and understand changes in gene expression during the 

different scenarios [33–38]. 

 

In this work, we compared the expression level of preselected 

genes (Ehcp5, Ehcp2, Ehgal/galnac lectin, Ehcrt, Ehstirp, 

Ehprd, Ehsod, Ehhsp-70 and 90) of E. histolytica, in two of its 

clinical manifestations the amoebic liver abscess and the genital 

cutaneous amoebiasis using the qPCR technique, this technique 

is used as a validation test for gene expression [39,40]. 
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Given the locations of each morphological invasive process, 

trophozoites will be exposed to physiological and different 

environmental conditions. The parasite must be able to adapt to 

the demands of the environment to survive. 

 

In some cases, and after the invading intestinal infection, the 

trophozoites can reach the bloodstream reaching the Porta 

circulation travelling to the liver, where it gives rise to one or 

multiple abscesses. Circulating trophozoites are confronted with 

the host’s innate immune response, with cytotoxic compounds, 

as well as with oxygen tensions higher than those usually found 

in the gut. In addition, trophozoites are exposed to other host 

defense mechanisms they are notably attacked by reactive 

oxygen and nitrogen intermediates produced by phagocyte cells, 

these compounds are highly concentrated in the infected tissue. 

For example, it has been shown experimentally that trophozoites 

invading the liver are highly sensitive to blood complement and 

tissue responses [2,7,41,42].  

 

The invasion in genital cutaneous amoebiasis occurs by 

contiguity trophozoites from the intestine to the perianal skin, or 

skin that is around fistulas, colostomy incisions and abscesses 

drain incisions. This causes epithelial ulcers in this environment, 

trophozoites are exposed to a higher concentration of oxygen 

than in the liver [7,41]. 

 

In this sense, our results corroborate these findings since the 

expression of the genes (Eh-stirp, -prd, -sod) underscores the 

importance of these as they confer the ability of trophozoites to 

adapt to environments with a higher concentration of oxygen. 

 

Peroxiredoxins of Entamoeba have been shown to play a crucial 

role for protection against oxidative stress, as in virulence, by 

helping the parasite to survive host immune response. The 

decreased gene expression causes the accumulation of ROS, a 

decrease in parasite viability, as well as in its cytotoxicity [43–

45]. Moreover, the differential expression and 

immunolocalization of antioxidant enzymes in E. histolytica 

isolates during metronidazole stress have been reported [37]. 
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This adaptive parasite response provides protection against the 

host response, as well as aiding in its survival. In eukaryotic 

cells, the overall stress is a perfectly orchestrated response 

mechanism. The first step is the function of a stress protein 

sensor (heat shock proteins, nutrient detection and antioxidant 

proteins as well as chromatin-associated proteins) to transmit the 

message to the cells and adapt to stress [46–48]. This coincides 

with the overexpression of Ehhsp-70 and-90, Ehprd, Ehstirp and 

Ehsod in patients GA genes that are exposed to greater thermal 

stress due to lower skin temperature (< 37 ° C) and higher O2 

tension than ALA patients. 

 

Matthiensen et al. (2013), investigate the roles of different 

papain-like cysteine peptidases (CPs) as pathogenicity factors; 

they show that the expression of some of the peptidases that are 

normally expressed at low levels, however, increases during 

amoebic abscess formation [49]. 

 

In this sense, the results obtained in this work show that these 

cysteine proteinases (Ehcp5, -cp2) are overexpressed in the same 

way in the two forms of amoebiasis studied, amoebic liver 

abscess and genital cutaneous amoebiasis. The findings reinforce 

the importance of CPs as pathogenicity factors of E. histolytica. 

Another gene highly expressed in this work, was, Ehstirp (one of 

a family of E. histolytica serine-threonine- and isoleucine-rich 

proteins). There is very little information on the importance of 

this gene; however, it was identified during the process of 

adherence and then has been described by transcriptomic studies 

as a virulence factor [33,50–52], apparently absent in Rahman 

[51]. Analyzing the functional role of this protein with the 

overexpression reported in this work supporting the hypothesis 

that Ehstirp has a role in amoebic virulence. 

 

It is clear that the expression of these genes (Eh-stirp, prd, sod, 

Ehhsp-70 and Ehhsp-90) can be regulated by stressful and 

environmental conditions where the invading process occurs, this 

environment will be determined not only by the organ invaded, 

but also by the host’s immune response. As has been observed in 

other genes, such as the case of AIG1, whose expression 

contrasts the virulence level of the parasite depending on the 
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genetic background of the parasite, but also on the environmental 

conditions of the host [53]. 

 

The diversity of the compartments that E. histolytica crosses 

during infection, combined with the variability of induced 

symptoms, suggest that this parasite expresses different 

transcriptional programs, although the key components of the 

regulation of gene expression remain undescribed. 

 

The results obtained in this work, could be the beginning of 

future investigations that shed light on the participation of 

environmental conditions in the expression of virulence 

mechanisms in host pathogenic microorganisms.  
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Abstract  
 

Alterations in the structure and function of the intestinal barrier 

play a role in the pathogenesis of a multitude of diseases. During 
the recent and ongoing coronavirus disease (COVID-19) 

pandemic, it has become clear that the gastrointestinal system 

and the gut barrier may be affected by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, and 

disruption of barrier functions or intestinal microbial dysbiosis 

may have an impact on the progression and severity of this new 

disease. In this review, we aim to provide an overview of current 
evidence on the involvement of gut alterations in human disease 

including COVID-19, with a prospective outlook on supportive 

therapeutic strategies that may be investigated to rescue 
intestinal barrier functions and possibly facilitate clinical 

improvement in these patients. 

 

Keywords 
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Introduction  
 

Infection with SARS-CoV-2 is responsible for causing COVID-

19, which has been classified as a pandemic by the World Health 
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Organisation. Although SARS-CoV-2 has been shown to largely 

impact the respiratory system, SARS-CoV-2 is also able to 
interact with the gut. However, the relevance of these 

interactions to disease pathogenesis and severity is still unclear. 

 

The gut barrier is essential in maintaining intestinal homeostasis 
and, when damaged, leads to the development of pathology. 

There has been association between gut barrier damage and 

many different disease states. As a result, therapies aimed at 
restoring a damaged gut barrier have been proposed. 

 

Anatomy and Physiology  
 

The gut is organised into distinct anatomical layers, each of 
which plays an important role in allowing the gut to function as a 

barrier to foreign material, such as pathogens and other noxious 

stimuli. 

 

Mucus and Microbiome  
 
Mucus is composed of a relatively thick layer of highly 

glycosylated mucin proteins, which are produced by the goblet 

cells present in the intestinal epithelium. The mucus layer 
thickness increases between the small intestine and the colon [1], 

and this is key for its protective functions along the intestinal 

tract. This mucus layer protects the epithelial cells from damage 
by bacteria and large molecules, such as food particles [2], by 

acting as a physical barrier. The mucus layer also contains 

immunoglobulins A (IgA) and autochthonous bacteria, both of 

which are beneficial in preventing the over-growth of pathogenic 
bacteria. 

 

In particular, commensal bacteria are thought to have a crucial 
role in preserving the intestinal barrier. This is partly due to their 

ability to compete with, and thus limit gut colonisation by, 

pathogenic organisms [3]. Moreover, products of commensal 

bacteria fermentation are also involved in maintaining the gut 
barrier. Short-chain fatty acids (SCFAs), such as butyrate, are 

able to support intestinal barrier functions in many ways [4]. One 
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proposed mechanism is that butyrate is able to regulate tight 

junctions [5], leading to a reduction in epithelial permeability. 
 

Below the mucus layer, a second layer of highly glycosylated 

proteins, the glycocalyx, lines the surface of epithelial cells. 

Similarly to the mucus layer, these cell membrane-bound 
glycoproteins provide a physical barrier that prevents pathogenic 

microorganisms from interacting with the gut epithelial cellular 

monolayer [6]. 

 

Epithelium and Tight Junctions  
 
The most common cell type in the mucosal epithelial layer are 

enterocytes (or intestinal epithelial cells, IECs), forming 90% of 

cells in this monolayer [7]. Enterocytes are a site of absorption, 
but also serve as a key component of the gut barrier. Figure 1 

provides a description of the key gut barrier layers. 

 
 

Figure 1: This figure outlines the key layers of the intestinal barrier. The 
mucus layer is composed of mucin proteins, but this layer also contains IgA 

antibodies, defensins and a proportion of the intestinal microbiota. The 
epithelial layer contains many specialized cell types, including enterocytes, 
microfold cells (M-cells) and Paneth cells, amoung others. The cells in this 
layer are connected by transmembrane protein complexes. The lamina propria 
is a connective tissue layer that contains immune cells, blood vessels and 
lymphatic vessels. Figure created with BioRender.com (accessed Aug 2020). 

 

Transmembrane protein complexes, such as tight junctions (TJs) 

and adherens junctions (AJs), enable the monolayer structure of 
the intestinal epithelium to be maintained; additional 
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intercellular junctions called gap junctions further strengthen this 

structure. Tight junctions are the most apical type of intercellular 
junctions, are highly dynamic, and determine intestinal 

paracellular transport. Adherens junctions and, further, gap 

junctions are found more basolaterally. 

 
Both TJs and AJs comprise transmembrane ‗adhesive‘ proteins, 

which mediate actual intercellular contact, and cytosolic 

‗proximal‘ proteins, which anchor the junctional complex to the 
intracellular environment and the cell cytoskeleton [8–10]. For 

TJs, the main adhesive proteins are occludin and claudins, whilst 

the main proximal proteins are the ‗zonula occludens‘ proteins 
(ZO-1, ZO-2, and ZO-3) [8–11]. For AJs, the main adhesive 

proteins are the cadherins, such as epithelial (E)-cadherin, whilst 

the main proximal proteins are the catenins (alpha, beta and 

delta) [8–10]. 
 

Tight junctions, as the main complexes mediating intercellular 

contact, are heavily regulated. Zonulin, for instance, is an 
established TJ modulator. It is thought that an increase in zonulin 

concentration can cause ‗zonula occludens‘ proteins to disengage 

[12] and thus disrupt the TJ complex. This change is thought to 
lead to increases in paracellular permeability. A large variety of 

other TJ regulators have also been identified [13], including pro-

inflammatory cytokines such as tumour necrosis factors (TNF) 

and interleukin-13 (IL-13). These cytokines are thought to be 
able to regulate TJ function by acting on myosin light chain 

kinase (MLCK). While other mechanisms have been suggested, 

it is widely proposed that activation of MLCK is a common final 
pathway in TJ regulation, especially in the acute phase [14]. 

 

Mucosa-Associated Immune System  
 

Both epithelial cells and a variety of gut-resident immune cells 

provide local protection against translocated pathogens or 
metabolites. 

 

Specialised epithelial cells provide a noteworthy contribution 

towards protecting the epithelial layer. Paneth cells, a type of 
epithelial cell, produce defensins and other antimicrobial 
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peptides. Defensins can be found in the mucus layer and assist in 

defending the gut against pathogens. Paneth cells, along with 
other cells of the epithelial layer, are thought to form a key part 

of the gut barrier [15]. 

 

Peyer‘s patches form a part of the gut-associated lymphoid tissue 
(GALT) and contain microfold cells (M-cells). M-cells are one 

of the cells that are important for antigen sampling [16], which 

can initiate a pathway that ultimately leads to the activation of T 
and B lymphocytes. Once activated, plasma cells in the lamina 

propria can secrete IgAs, which are then actively transported into 

the gut lumen [17] and can be found in the mucus layer. 
 

While components of the gut immune system can be found in 

concentrated distinct structures, such as Peyer‘s patches, other 

types of resident immune cells can also be found disseminated 
along the lamina propria. These cells include, for example, 

mucosal-associated invariant T cells (MAIT), which are directly 

antibacterial and can also participate in bystander immune 
regulation [18–21]; regulatory T cells (Tregs), which participate 

in limiting indiscriminate immune and inflammatory activation 

and play a role in maintaining immune tolerance to commensal 
and food antigens [20,22,23]; and innate lymphoid cells (ILC), 

which shadow T cells with their own innate-like functions and 

collaborate actively in shaping the local intestinal immunity 

[20,24–27]. 

 

Mechanisms of Pathology  
 

Pathology can arise in any of the gut barrier layers. Alteration in 
these layers can cause increased intestinal permeability. Figure 2 

summarises mechanisms responsible for gut barrier alterations 

and indicates areas where therapeutic strategies may ameliorate 

barrier dysfunctions. 
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Figure 2: This figure illustrates how pathology can arise in the different layers 
of the gut barrier and highlights how examples of treatment strategies can 
ameliorate these pathological alterations. In pathology, there can be an 
alteration of mucus layer thickness. Probiotics have been shown to increase 
mucus layer thickness. Microbial dysbiosis can occur in disease and it is 
thought that probiotics, faecal microbiota transplantation (FMT) and dietary 
therapies can correct this dysbiosis. Tight junction alterations can also occur in 

disease and this has been associated with an increase in cytokines, an increase 
in zonulin and a decrease in short-chain fatty acids (SCFAs). Probiotics, FMT 
and dietary therapies could potentially reverse these changes by increasing the 
concentrations of SCFAs. In the figure, small arrows indicate increase or 
decrease, while the dotted arrows indicate the movement of bacterial matter as 
it translocates across the intestinal barrier. Figure created with BioRender.com 
(accessed on August 2020). 

 

Mucus and Microbiome  
 
Alterations in the secretion of mucin by goblet cells can lead to 

an abnormal intestinal mucus layer. Certain pathogens are able to 

disrupt mucin secretion and impact the consistency of the mucus 
layer [28]. For example, certain bacteria and viruses can lead to 

the secretion of mucin-degrading enzymes [29]. This can limit 

the functionality of mucus as a barrier and thus increases 

susceptibility to increased gut permeability. 
 

Additionally, decreases in mucin hydrophobicity can be a marker 

of barrier dysfunction [30]. It has been suggested that this 
alteration in the mucus layer can be associated with gut ischemia 

[31]. This again suggests that alterations in the mucus layer can 

impact the permeability of the gut barrier. 
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Commensal bacteria are increasingly being considered as an 

integral aspect of the gut barrier [7], and the mucus layer and 
microbiome are closely associated. Therefore, alterations in one 

can lead to pathology in the other [32]. A change in the 

composition of the microbiome (dysbiosis), for instance, can 

alter the production of SCFAs such as butyrate. This can result in 
impaired TJ regulation, and thus lead to increased intestinal 

permeability [4]. For example, a well-known cause of intestinal 

microbial dysbiosis, chronic alcohol consumption, has been 
shown to be correlated with elevated serum endotoxin and other 

surrogate markers of bacterial translocation [18,33,34], 

demonstrating a link between microbial dysbiosis following 
alcohol consumption and increased permeability. Additionally, 

alcohol consumption can also affect the mucus layer itself by 

causing a reduction in its thickness [35]. 

 

Epithelium and Tight Junctions  
 
Mucosal epithelial cells form an integral part of the gut barrier 

and are predominantly affected in gut barrier pathology, as are 

the TJs in-between these cells. Functional TJs are necessary in 

maintaining an effective level of paracellular and transcellular 
permeability [14]. Thus, it is thought that some 

pathophysiological mechanisms that can impact TJ regulation 

can cause an increase in intestinal permeability [36]. Some 
examples of factors that are thought to employ mechanisms 

which can cause increased permeability by affecting TJs and the 

epithelial cell layer include pathogenic organisms, alcohol and 
non-steroidal anti-inflammatory drugs (NSAIDs). 

 

Pathogenic Organisms  

 
Pathogenic bacteria can interfere with TJs and cause increased 

intestinal permeability. As mentioned previously, intestinal 

dysbiosis can lead to altered SCFA/butyrate metabolism and 
impaired TJ regulation. In addition to this, pathogens can interact 

with epithelial TJs directly, through a variety of proposed 

mechanisms [37], to cause intestinal barrier dysfunction. For 

example, secretions of ‗zonula occludens‘ toxin by Vibrio 
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cholerae has been associated with changes in TJ occludins and 

subsequent increase in epithelial permeability [38]. 
 

Furthermore, epithelial cells can undergo apoptosis following 

infection by pathogenic bacterial species. The mechanism by 

which this occurs is thought to be linked to an increase in TNF in 
response to bacterial infection [39]. This epithelial damage 

would result in a transcellular permeability increase, and it has 

indeed been demonstrated that translocation of epithelial cell and 
junctional markers into the systemic circulation increase upon 

intestinal damage, such as fatty acid binding protein 2 (FABP2) 

[40–42] or claudin-3 [42–44]. 
 

As previously mentioned, bacteria (pathogenic or commensal) 

and their metabolites can enter the systemic circulation during 

times of increased intestinal permeability [45]. An association 
has been demonstrated between elevated physiological stress 

states and increased serum endotoxin levels [46]. However, it is 

important to note that the exact molecular mechanisms by which 
translocations of bacteria and endotoxins occur is still unclear 

and partly controversial [47,48]. 

 
As well as pathogenic bacteria, viruses may also play a role in 

disrupting the intestinal epithelium. For example, amongst 

coronaviruses, Middle East respiratory syndrome-related 

coronavirus (MERS-CoV) has been shown to disrupt the 
function of intestinal epithelial cells in animal models [49], 

which could increase the risk of increased intestinal permeability 

due to enterocyte damage. Additionally, it has been shown that 
SARS coronavirus (SARS-CoV) can impact PALS1, a TJ 

protein found in the intestinal and lung epithelium [50]. 

Recently, it has been proposed that SARS-CoV-2 may increase 

intestinal permeability, potentially by causing damage to 
enterocytes and the epithelial layer [51]. While this does suggest 

that coronaviruses can impact TJs, definitive evidence is—

however—still limited and warrants further molecular research. 
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Alcohol  

 
A correlation has been identified between alcohol consumption 

and increased epithelial damage [52]. Alcohol metabolites, such 

as acetaldehyde, can have damaging effects on epithelial cells 

directly, via reactive oxygen species [52], but they may also alter 
the expression of TJ proteins [53]. The enteropathy that arises 

due to alcohol can result in increased transcellular permeability. 

 

NSAIDs 

 

The mechanism by which NSAIDs are able to cause epithelial 
layer damage is still not fully established, but as with pathogenic 

bacteria and alcohol, it is likely to be multifaceted. Studies have 

suggested that NSAIDs may inhibit autophagy in intestinal 

epithelial cells [54], which would prevent the recycling of 
cellular organelles and ultimately result in enteropathy. 

 

Furthermore, the impact of NSAIDs on epithelial TJs has been 
investigated as another possible mechanism leading the NSAID-

mediated increased permeability [55], but no concrete molecular 

mechanism of action has been conclusively confirmed. 
 

Immune Activation and Alterations  
 
A wide variety of external and internal stimuli can interact with 

the mucosal immune system and cause an increase in gut 

permeability; vice versa, alterations in gut permeability and 
increased bacterial translocation can cause mucosal and systemic 

immune dysfunctions. 

 

A well-known agent that can influence the mucosal immune 
system is alcohol. In addition to other mechanisms, it is thought 

that alcohol can increase intestinal permeability by suppressing 

the production of defensins by Paneth cells [52]. This can 
decrease the ability of the intestinal barrier to combat pathogenic 

bacteria, thus facilitating the production of excess endotoxins. 

These may then have the potential to translocate and enter the 

lamina propria, where they may trigger an immune response. As 
a part of this response, inflammatory cytokines can be released 
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into the circulation and exert systemic effects [56,57]. In fact, 

during alcohol-related cirrhosis and alcoholic hepatitis, 
conditions known to be associated with increased gut 

permeability, markers of bacterial translocation and pro-

inflammatory cytokines are increased in the systemic 

circulation[18,34,58]. This is also seen in acutely decompensated 
cirrhosis, where these markers appear to be raised both 

systemically and also locally in the intestinal lumen, 

strengthening the links between local intestinal alterations and 
systemic immune imbalance [57]. Furthermore, it has been 

previously demonstrated that during alcohol-related liver 

disease, bacterial translocation across a damaged gut barrier can 
strongly affect systemic immunity (i) by promoting upregulation 

of inhibitory immune checkpoint receptors (PD-1 and TIM3) and 

secretion of anti-inflammatory IL-10 from circulating T cells 

[34]; (ii) by suppressing T-cell production of antibacterial IFN-g 
[34]; and (iii) by directly inhibiting antibacterial functions in 

neutrophils and MAIT cells [18,34]. 

 
Besides alcohol and bacteria, viruses are also responsible for 

local immune alterations in the gut. For instance, infections with 

the human immunodeficiency virus (HIV) have been associated 
with gut barrier damage [59,60]. A possible reason for this is that 

patients infected with HIV may not be able to repair a damaged 

gut barrier as effectively, due to a depletion of Th17 cells in their 

GALT [61]. 

 

Associations with Disease  
 

Disruption of the intestinal barrier and increased intestinal 
permeability have been associated with a variety of diseases. A 

vast range of diseases and disease mechanisms have been linked 

to intestinal permeability changes. However, it should be noted 

that there has been difficulty in conclusively establishing a 
causal relationship between increased intestinal permeability and 

disease [2]. 
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Intestinal Disease  
 

Alterations in the mucus layer are thought to play a role in 

increased colonic permeability during ulcerative colitis (UC). As 

goblet cells are responsible for the production of mucin, it would 
be plausible that goblet cell changes contribute towards altered 

mucin expression and it has been shown that patients with UC 

and Crohn‘s disease have significantly decreased Goblet cell 
proportions [62]. Patients with active UC have been found to 

have qualitative modifications in a type of mucin, MUC2, 

including a decrease in complex glycans and an increase in 

smaller glycans [63]. There have also been indications of 
alterations in the quantity of mucin production in both UC and 

Crohn‘s disease patients [64]. As a result of these changes in the 

mucus layer, it has been proposed that defensins will not be fixed 
to the mucus as effectively [65], which can lead to a weakened 

response against pathogens and an overall disturbance in gut 

barrier function. 
 

Additionally, a decrease in Paneth cell function has also been 

linked to the pathogenesis of Crohn‘s disease [66]. As Paneth 

cells are responsible for the production of defensins, a decrease 
in Paneth cell concentration may lead to a subsequent decrease in 

defensin production. This could result in a weakened gut barrier 

that is less equipped to combat pathogens. 
 

The increase in inflammatory cytokines, such as TNF-α, that 

occurs in Crohn‘s disease may impact the integrity of epithelial 
cells and TJs. An increase in TNF-α is thought to induce 

enterocyte apoptosis and lead to inappropriate cell-shedding 

[67], which has the potential to increase transcellular 

permeability. In vitro studies have shown that TNF-α increases 
may also be associated with alterations in the regulation of the 

TJ proteins, for example claudin-2 in Crohn‘s disease [68,69]. 

Ultimately, the ‗exact‘ mechanism by which Crohn‘s disease is 
associated with an increase in intestinal permeability is 

unknown, but it is thought that mucus layer changes, Paneth cell 

depletion, epithelial damage and TJ alterations play a role in the 

pathogenesis of the disease. 
 



Prime Archives in Microbiology: 2nd Edition 

13                                                                                www.videleaf.com 

Patients with active coeliac disease are also thought to have 

alterations in their expression of TJ proteins. An increase in 
intestinal permeability after gluten exposure, in coeliac disease 

patients, has been demonstrated through ex-vivo human studies 

[70]. It is thought that this change in permeability may be a 

result of an increase in zonulin release, following exposure to 
gliadins [71], which are components of gluten. As previously 

mentioned, zonulin is an established TJ modulator [72], and its 

increased levels in patients with active coeliac disease may 
facilitate increased paracellular permeability. Moreover, 

associations between variants in the TJ genes, PARD3 and 

MAGI2, and coeliac disease have been revealed [73]. This 
further supports the idea that TJ alterations play a role in the 

pathogenesis of coeliac disease. 

 

Gut–Liver Axis and Biliary Conditions  
 

Increased intestinal permeability is thought to have an 
association with liver disease, as a result of gut–liver axis 

disruption [74]. Patients with non-alcoholic fatty liver disease 

(NAFLD) have been shown to have significantly increased 

intestinal permeability, in comparison to healthy controls, which 
has been associated with changes in expression of the TJ 

proximal protein zonula occludens-1 (ZO-1) [75]. This increase 

in intestinal permeability is likely to be even more prevalent in 
those patients who have developed non-alcoholic steatohepatitis 

(NASH) [76]. In fact, serum markers of intestinal permeability, 

bacterial translocation and subsequent immune activation are 
detectable systemically in these patients [77–83]. Additionally, 

patients with liver cirrhosis have been shown to have altered TJ 

protein expression, with one study finding a significantly lower 

expression of occludin and claudin-1 in particular [84]. The 
modifications of TJ protein expression seen in chronic liver 

disease could result in increased paracellular gut permeability. 

During decompensated cirrhosis, compared to stable disease, 
markers of bacterial translocation, epithelial cell damage and 

immune activation are increased and detectable in both the 

systemic circulation and in the intestinal lumen [57]. During 

alcohol-related liver disease (ALD), increased intestinal 
permeability and bacterial translocation are hallmarks of disease 
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progression [58], and we and others have demonstrated increased 

systemic intestinal markers in multiple cohorts of ALD patients 
[18,34]. 

 

Furthermore, abnormal composition of the gut microbiota is a 

key feature of NAFLD, liver cirrhosis and alcoholic liver disease 
(ALD) [35,85]. Increases in secondary bile acids and pathogen-

associated molecular patterns (PAMPs), such as endotoxin, and 

decreases in SCFAs have been proposed as mechanisms through 
which this altered bacterial composition is thought to lead to 

defects in the intestinal barrier and contribute to the pathogenesis 

of those liver conditions [86]. 
 

Gut barrier alterations have also been discussed with regards to 

chronic cholestatic liver diseases, primary biliary cholangitis 

(PBC) and primary sclerosing cholangitis (PSC) [87,88]. 
Increases in intestinal permeability and the presence of 

significant endotoxemia has been found in association with PBC 

[89], and although one study found that patients with PSC did 
not experience significant increases in intestinal permeability 

[90], there is a clear association between PSC and intestinal 

disease [91], so conducting further research in this area may be 
helpful in improving understanding about the impact of intestinal 

permeability on PSC. 

 

Metabolic Disease  
 

Metabolic conditions, such as obesity and diabetes mellitus, have 
been linked to increases in intestinal permeability [92–95]. It has 

been found that weight reduction therapy can reduce the 

intestinal permeability of obese individuals to normal levels [96], 

suggesting that there may be an association between obesity and 
intestinal permeability. It has been postulated that microbial 

dysbiosis could lead to increases in intestinal permeability by 

impacting TJ expression in obese patients [97]. 
 

Similarly, there is evidence suggesting a correlation between 

type 2 diabetes mellitus (T2DM) and increased intestinal 

permeability [98,99]. In addition to this, it has been suggested 
that patients with T2DM who have poor glycaemic control are at 
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a greater risk of having a damaged intestinal barrier [100]. As 

with obesity, microbial dysbiosis is also thought to influence the 
pathogenesis of increased permeability in T2DM, as a result of 

reductions in SCFAs [37]. Type 1 diabetes mellitus (T1DM) 

patients are also thought to experience increased intestinal 

permeability due to unclear mechanisms, that could potentially 
involve alterations in zonulin concentrations and in the 

microbiota [7]. 

 

Gut–Brain Axis  
 

There is constant interaction between the brain and the gut 
microbiome. It is thought that the factors altering intestinal 

permeability may impact the permeability of the blood-brain 

barrier in a similar way [101]. For example, in their review, 
Camara-Lemarroy highlight that alterations in the gut 

microbiome may lead to increased intestinal permeability and 

decreased SCFA production, which can then impact permeability 
of the blood-brain barrier and cause neuronal immune-related 

dysfunction [102]. The authors were particularly interested in the 

association between intestinal permeability and multiple 

sclerosis. They suggested that further research in this area would 
help gain insight into the multifaceted pathogenesis pathways of 

multiple sclerosis. The call for further research into the 

relationship between intestinal permeability and neurological 
conditions was echoed by Obrenovich, who highlighted 

shortcomings in the currently available studies regarding this 

topic [103]. 

 

Functional Disorders of the Gut  
 
The notion of ‗leaky gut syndrome‘ has been widely debated. 

The general premise of ‗leaky gut syndrome‘, that a damaged gut 

barrier can lead to an increase in PAMPs, such as endotoxins, 

entering the circulation, is likely to be accurate, but it has been 
suggested that it is improbable for this to occur through a 

paracellular route of permeability [48]. Furthermore, advocates 

of ‗leaky gut syndrome‘ have identified it as the cause of a 
variety of different diseases. Many of the diseases associated 

with ‗leaky gut syndrome‘ are functional disorders or have 



Prime Archives in Microbiology: 2nd Edition 

16                                                                                www.videleaf.com 

complex and unclear pathogenesis pathways, such as food 

intolerance, fibromyalgia, chronic fatigue syndrome and autism 
[104]. It should be noted that there is limited data to suggest 

causal relationships between ‗leaky gut syndrome‘ and these 

conditions. Additionally, there have been claims that resolving 

‗leaky gut syndrome‘ can cure the diseases it has been associated 
with. There is currently limited conclusive evidence to show that 

decreasing intestinal permeability has an effect on disease 

progression [105]. However, treatments aimed at decreasing 
intestinal permeability are being increasingly explored, with 

particular attention being paid to the effect these treatments have 

on disease symptoms. 

 

Treatments  
 

Considering the wide range of diseases that have associations 

with a damaged gut barrier, efforts have been made to explore 
potential treatments to restore gut barrier function. Many of these 

treatments look to reduce increased intestinal permeability 

(Figure 2). 

 

Faecal Microbiota Transplantation  
 
Faecal microbiota transplantation (FMT) is a therapy that 

involves the transfer of faecal bacteria from one individual to 

another. The association between FMT and intestinal barrier 
function has been explored. Multiple animal studies have found 

that treatment with FMT correlates with a decrease in intestinal 

permeability [106,107]. 

 
FMT is currently primarily used to treat diarrhoea symptoms 

associated with Clostridioides difficile infections or other 

conditions, such as ulcerative colitis. However, FMT is also 
being used in liver conditions, with results showing symptom 

improvement following treatment [92]. A randomised-control 

trial conducted in patients with non-alcoholic fatty liver disease 

(NAFLD), demonstrated that treatment with FMT is able to 
significantly decrease intestinal permeability in NAFLD patients 

with elevated permeability levels [108]. This is one of the first 

studies that has been able to demonstrate, in humans, that FMT 
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treatment can lead to a significant reduction in intestinal 

permeability. 
 

The mechanism by which FMT is able to decrease gut barrier 

permeability is not clear. One possible mechanism can be linked 

to the increase in short-chain fatty acids (SCFAs) following 
FMT treatment, in particular butyrate, as demonstrated by Dutta 

et al. in patients with recurrent Clostridioides difficile infections, 

thus regulating intestinal permeability by altering the expression 
of TJ proteins. This being said, an animal study that evaluated 

the effect of FMT on the TJ protein zonula occludens-1 (ZO-1) 

found that its expression was not altered following the 
intervention [109]. Therefore, more research is needed to 

confirm the association between FMT-related decrease in 

intestinal permeability and direct TJ regulation. It has also been 

suggested that FMT impacts the intestinal immune system by 
inducing the production of immunoglobulins [110]. Thus, the 

mechanism by which FMT is able to decrease intestinal 

permeability may also involve the gut immune system. 
 

Other studies have proposed that using adjunctive probiotic 

treatment with FMT may lead to additional beneficial effects on 
the intestinal barrier, by conferring a stronger imprint to the 

production of microbial SCFAs [111]. 

 

Probiotics and Prebiotics  
 

According to the definition by the World Health Organisation 
(WHO) and the Food and Agriculture Organisation of the United 

Nations (FAO), probiotics are ―live microorganisms that, when 

administered in adequate amounts, confer a health benefit on the 

host‖[112–115]. The impact of probiotic treatment on the gut 
barrier has been thoroughly investigated, but not consistently 

confirmed. While many studies have shown that probiotics can 

decrease intestinal permeability [116–118], others have found no 
significant change in permeability following probiotic treatment 

[119–122]. However, it should be highlighted that, to our 

knowledge, no studies have demonstrated a significant increase 

in intestinal permeability following treatment with probiotics. 
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More research is needed to conclusively confirm whether 

probiotics are able to strengthen the gut barrier and thus 
significantly decrease intestinal permeability, and to further 

understand the mechanism by which this effect could potentially 

occur. Various studies have tried to investigate this in depth. 

Firstly, it is thought that probiotics can improve intestinal barrier 
function by modifying the mucus layer. The probiotic 

Akkermansia muciniphila (A. muciniphila) is thought to lower 

permeability by increasing mucus layer thickness [123]. 
Secondly, probiotics are thought to affect TJ regulation. A study 

found that the serum concentration of the TJ regulator zonulin 

and intestinal permeability are both decreased following 
treatment with a probiotic [116]. Additionally, confocal laser 

scanning microscopy has shown that probiotics can stabilise the 

expression of the junction proteins occludin, claudin-1 and JAM-

1 [118]. Moreover, microarrays have demonstrated that certain 
strains of the probiotic Lactobacillus plantarum (L. plantarum), 

such as TIFN101, can regulate pathways involved in the 

transcription of genes that are related to TJ function [124]. 
Overall, various studies have demonstrated a change in TJ 

regulation following probiotic treatment, thus showing that 

probiotics could have a direct impact on the regulation of the gut 
barrier and intestinal permeability. 

 

Unlike probiotics, prebiotics are not living organisms but are 

defined as compounds or substrates that are ―selectively utilized 
by host microorganisms conferring a health benefit‖ to the host 

(for example, fructans, galactans, inulin and some types of 

fibers) [115,125], either by supporting the growth of beneficial 
bacterial or by promoting their production of beneficial 

metabolites. It should be noted that there have been various 

studies that assess the effect of prebiotics on the gut barrier; 

however, many have not been able to demonstrate a significant 
change in intestinal permeability after treatment [126,127]. 

Following on from this, a study by Krumbeck et al. evaluated the 

effect that combined treatment with probiotics and prebiotics 
would have on intestinal permeability. They found that both 

treatments individually had the effect of decreasing intestinal 

permeability in obese patients receiving high-dose aspirin, but 
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there was no significant additional decrease when a symbiotic 

was used [128]. 

 
Table 1 provides examples of randomised-controlled trials on the 

effect of FMT, probiotics and prebiotics on the intestinal barrier. 
 
Table 1: Examples of recent randomised-controlled trials that study the effect 
of non-dietary therapies on the intestinal barrier. 

 
Reference Therapy 

Studied 

Organism(s) 

Studied 

Results of 

Relevant 

Outcomes 

Effect on 

Intestinal 

Permeability 

Craven L et al., 

Am. J. 
Gastroenterol., 
2020 [108] 

FMT n/a Significant 

decrease in 
lactulose–
mannitol ratio in 
treatment group 

Decreased 

Macnaughtan J 
et al., 
Nutrients, 2020 

[119] 

Probiotic Lactobacillus 
casei Shirota 

No significant 
difference 
between serum 

endotoxin 
concentrations of 
treatment and 
control group 

No effect 

Pugh JN et al., 
Eur. J. Appl. 
Physiol., 2019 
[121] 

Probiotic Lactobacillus 
acidophilus, 
Bifidobacterium 
bifidum, 

Bifidobacterium 
animalis 

No significant 
difference 
between 
lactulose–

rhamnose ratio of 
treatment and 
control group 

No effect 

Mokkala K et 
al., Benef. 
Microbes, 2018 
[122] 

Probiotic Bifidobacterium 
animalis, 
Lactobacillus 
rhamnosus 

No significant 
change in serum 
zonulin 
concentration in 

treatment group 

No effect 

Krumbeck JA 
et al., 
Microbiome, 
2018 [128] 

Probiotic Bifidobacterium 
 

Significant 
decrease in 
sucralose–
lactulose ratio in 
some treatment 
groups 

Decreased 

Mujagic Z et 
al., Sci. Rep. 
2017 [124] 

Probiotic Lactobacillus 
plantarum 

No significant 
change in 
lactulose–
rhamnose ratio in 
treatment 

No effect 
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De Roos NM 
et al., Eur. J. 
Clin. Nutr., 
2017 [120] 

Probiotic Multispecies 
probiotics 

No significant 
change in 
lactulose–
mannitol ratio, 

faecal zonulin 
concentration or 
serum zonulin 
concentration in 
treatment group 

No effect 

Liu ZH et al., 
Am. J. Clin. 

Nutr., 2013 
[116] 

Probiotic Lactobacillus 
plantarum, 

Lactobacillus 
acidophilus, 
Bifidobacterium 
longum 

Significant 
reduction in serum 

zonulin 
concentration in 
treatment group 

Decreased 

Liu Z et al., 
Aliment. 
Pharmacol. 
Ther., 2011 

[118] 

Probiotic Lactobacillus 
plantarum, 
Lactobacillus 
acidophilus, 

Bifidobacterium 
longum 

Significant 
decrease in 
lactulose–
mannitol ratio and 

bacterial 
translocation in 
treatment group 

Decreased 

Ramos CI et 
al., Nephrol. 
Dial. 
Transplant., 
2019 [126] 

Prebiotic n/a No significant 
difference 
between serum 
zonulin 
concentration of 

treatment and 
control group 

No effect 

Ho J et al., J. 
Clin. 
Endocrinol. 
Metab., 2019 
[127] 

Prebiotic n/a No significant 
difference 
between 
lactulose– 
mannitol ratio of 

treatment and 
control group 

No effect 

Krumbeck JA 
et al., 
Microbiome, 
2018 [128] 

Prebiotic n/a Significant 
decrease in 
sucralose–
lactulose ratio in 
some treatment 
groups 

Decreased 

 

Dietary Treatment  
 
There is interest in examining the role played by diet and 

lifestyle factors on intestinal permeability. Table 2 provides 

examples of randomised-controlled trials on the effect of dietary 
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interventions on the intestinal barrier that have been published in 

the last ten years. Even though no definite causal link between 
dietary treatments and intestinal permeability has been 

established, there have been proposals regarding the pathways by 

which dietary fiber and peptides can strengthen the gut barrier. 

 
Table 2: Examples of randomised-controlled trials that study the effect of 
dietary therapies on the intestinal barrier that have been published in the last ten 
years. 

 
Reference Therapy 

Studied 

Results of Relevant 

Outcomes 

Effect on 

Intestinal 

Permeability 

Wilms E et al., 
Nutrients, 2019 
[129] 

Dietary fiber No significant change in 
lactulose-mannitol ratio 
in treatment group 

No effect 

Krawczyk M et 
al., Nutrients, 

2018 [130] 

Dietary fiber Significant reduction in 
serum zonulin 

concentration in 
treatment group 

Decreased 

Zhou QQ et 
al., Gut, 2019 
[131] 

Glutamine Significant decrease in 
lactulose-mannitol ratio 
in treatment group 

Decreased 

Benjamin J et 
al., Dig. Dis. 

Sci., 2012 
[132] 

Glutamine Significant reduction in 
lactulose-mannitol ratio 

in treatment group, but a 
significant reduction was 
also seen in control group 

Decreased 

Lamprecht M 
et al., J. Int. 
Soc. Sports 
Nutr., 2015 
[133] 

Zeolite 
supplements 

Significant decrease in 
stool zonulin 
concentrations in 
treatment group 

Decreased 

 
The gut microbiome can increase production of SCFAs through 

fermentation of microbiota-accessible carbohydrates found in 

dietary fiber [134]. As discussed previously, increases in SCFAs 
have been associated with TJ regulation and thus can work to 

increase epithelial barrier function by lowering paracellular 

‗leakiness‘. In practice, studies that have assessed the effect of 

dietary fiber on intestinal permeability have found varying 
results [129,130]. 

 

Certain peptides and amino acids have also been associated with 
changes in intestinal permeability. It has been proposed that the 
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casein peptide can regulate TJs by increasing the expression of 

occludin [135], which is thought to lead to a decrease in 
intestinal permeability. Additionally, amino acids, such as 

glutamine, have been found to lead to a decrease in intestinal 

permeability by some studies [131,132,136], possibly by 

affecting the regulation of TJ proteins directly and by preventing 
TJ injury from the alcohol metabolite acetaldehyde [137]. 

Glutamine is also thought to prevent disruption of the mucosal 

immune system by influencing IgA production, potentially 
through acting on the gut-associated lymphoid tissue [138]. It is 

important to note that, even though the aforementioned studies 

have found that glutamine can decrease intestinal permeability, 
there is no official recommendation for glutamine to be used as a 

supportive treatment option for hyper-permeability. 

 

Dietary supplements have also been shown to improve gut 
barrier function and some have been proposed as potential 

treatments for hyper-permeability. Lamprecht et al. have tested 

the impact of zeolite supplementation on the intestinal barrier 
and have found a corresponding decrease in zonulin 

concentration [133]. As zonulin is a major regulator of TJs, a 

decrease in zonulin concentration is likely to be associated with a 
decrease in paracellular intestinal permeability. A change in 

measurements of intestinal permeability was also seen in 

supplementation with zinc [139], suggesting an improvement in 

intestinal barrier function; however, the validity of this study and 
its conclusions have been contested [140]. 

 

This being said, it has been difficult to establish significant 
causal relationships between diet and gut barrier function. One of 

the main reasons for this is that studies assessing dietary 

treatments are often done in outpatient settings, in which it can 

be difficult to regulate different control variables. Therefore, it 
may be worth considering dietary therapies as adjunctive and 

placing focus on other areas as primary therapies for increased 

intestinal permeability. 
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SARS-CoV-2 and the Gut  
 

Intestinal permeability has been explored in the literature for 
decades [141], and gut pathologies are a very current issue. In 

fact, SARS-CoV-2 has been shown to interact with the gut. 

Considering the relationship between SARS-CoV-2 and the gut 

can be beneficial in understanding the impact that gut barrier 
associated treatments could have on COVID-19 patients. Figure 

3 delineates the link between SARS-CoV-2, gut alterations and 

the gut–lung axis, indicating possible areas where supportive 
therapeutic interventions may result as beneficial for COVID-19 

patients. 

 

 
 
Figure 3: This figure delineates the link between SARS-CoV-2-related 
intestinal pathology and pathology associated with disruption of the gut–lung 
axis. Supportive treatment strategies to correct gut barrier alterations could 
potentially have a beneficial effect on rebalancing the gut–lung axis in COVID-
19 patients. Figure created with BioRender.com. 

 

Infection of Intestinal Cells  
 
It has been shown that SARS-CoV-2 can infect intestinal 

organoids [142]. The virus utilizes the angiotensin I converting 

enzyme 2 (ACE2) receptor to gain entry into to cells [143] and 

there is a high level of ACE2 expression in enterocytes 
[144,145], suggesting that SARS-CoV-2 can take advantage of 

this and infect intestinal enterocytes. Furthermore, it is thought 

that transmembrane serine protease 2 (TMPRSS2), which is also 
highly expressed in enterocytes in the ileum and colon 
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[145,146], is able to prime the spike protein of SARS-CoV-2 and 

facilitate the entry of the virus into cells [143]. 
 

Since ACE2 and TMPRSS2 are thought to enable SARS-CoV-2 

to infect cells, interest has been shown in therapies that target the 

ACE2 and TMPRSS2 proteins, such as ACE2 fusion proteins 
and TMPRSS2 inhibitors [147], but there is currently limited 

available data regarding the efficacy of these treatments [148]. 

 

Gastrointestinal Symptoms and Clinical Considerations 
 

Studies that have assessed the prevalence of gastrointestinal (GI) 
symptoms in patients infected with the SARS-CoV-2 virus have 

reported a wide range of results [149], although there seems to 

be a degree of consensus on the fact that a large proportion of GI 
symptoms are mild [150]. 

 

There is contrasting data on the relationship between GI 
symptoms and the disease progression of COVID-19. Some 

studies found that there is an increased risk of hospitalisation or 

clinical decline in patients with GI symptoms such as diarrhoea 

and nausea and/or vomiting [151]. In contrast, others have 
concluded that the severity of GI symptoms does not correlate 

with the severity of the clinical course of the disease [152–155]. 

In fact, one study found that the presence of GI symptoms was 
associated with a slower and less severe clinical disease 

progression [156]. Furthermore, some authors have suggested 

that people with pre-existing intestinal disease, such as 
inflammatory bowel disease (IBD), may not necessarily be at an 

increased risk of developing infections [157,158]. This being 

said, IBD severity can vary and not all patients with IBD will 

have the same level of risk of developing severe COVID-19 
[159]. 

 

Even though it is not possible to say with certainty that GI 
symptoms affect disease course, they should still be monitored 

closely in patients. It has been found that GI symptoms may be 

the primary presentation for some patients infected with SARS-

CoV-2 [160,161]. Thus, there is value in considering GI 
symptoms in relation to SARS-CoV-2 infection so that atypical 
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presentations are not missed. Additionally, reports of persistent 

GI symptoms resulting in re-admission, following completion of 
treatment for pneumonia, have been described [162], which 

further emphasises that GI symptoms should not be ignored. 

 

There has been increasing concern that SARS-CoV-2 may have 
a faecal–oral route of transmission, due to intestinal viral RNA 

shedding. Viral RNA has been found in stool samples of patients 

infected with SARS-CoV-2 [163]. Some studies have found that 
viral RNA in stool is more likely to be detectable if GI 

symptoms are present [164,165]. However, others have found no 

statistically significant link between viral RNA and increased 
severity of GI symptoms [163,166]. This being said, there has 

been suggestion that stool viral RNA can be positive even if the 

virus is not detectable through respiratory samples [164,167], 

which has led to the proposal that there may be value in 
considering stool sampling as a method of evaluating infection 

with the SARS-CoV-2 virus. Overall, despite some suggestion 

that the stool is unlikely to contain infectious viruses [168], it 
appears that further research is needed to confirm the risk of 

infection by faecal–oral transmission and its degree of 

importance in the context of overall transmission [169]. 

 

Microbiome  
 
The gut microbiome of patients with COVID-19 has been shown 

to have considerably lower bacterial diversity and higher relative 

abundance of opportunistic pathogens compared to healthy 
controls, including Streptococcus spp., Rothia spp., Veillonella 

spp., and Actinomyces spp. [170]. The authors of this study 

proposed that these microbiome changes could be used as a 

diagnostic biomarker, but also highlighted its value as a target 
for treatment. Interest has been shown in therapies that impact 

the microbiome, such as faecal microbiota transplantation, 

probiotics and dietary treatments, for use as adjunctive therapies 
in the management of COVID-19 patients [171,172], as we will 

discuss subsequently. 

 

One study identified a correlation between faecal microbiome 
alterations and increased COVID-19 disease severity. However, 
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the causal nature of this relationship is not clear, in part due to 

confounding factors that are known to affect the gut microbiome, 
such as the exposure of COVID-19 patients to antibiotic therapy 

as they are often treated for suspected superimposed bacterial 

pneumonia. It has been suggested that the gut microbiome is 

important in the immune response to viruses and that microbial 
dysbiosis can lead to an inadequate immune response [173]. 

Additionally, animal models have shown that the microbiome 

can affect colonic ACE2 expression [174]. This would indicate 
that the composition of the microbiome can impact the ability of 

SARS-CoV-2 to infect enterocytes. Therefore, microbial 

dysbiosis of the gut could potentially predispose an individual to 
develop a more severe case of COVID-19. There is currently a 

pre-print study that supports this [175]. 

 

In addition to gut microbiome alterations, it has been shown that 
the microbiome of the airway is also disrupted in patients with 

COVID-19 [176]. This could potentially be related to the gut–

lung axis, as we will discuss next. 
 

Table 3 gives examples of studies that investigate the link 

between SARS-CoV-2 and gastrointestinal symptoms observed 
in COVID-19 patients (including alterations in the microbiome). 

 
Table 3: Examples of studies that investigate the link between SARS-CoV-2 
and the gastrointestinal symptoms observed in COVID-19 patients (including 
alterations in the microbiome). 

 
Reference Study Topic Relevant Conclusions of Study 

Lamers MM et 
al., Science, 2020 
[142] 

SARS-CoV-2 
infecting 
enterocytes 

 

Found that SARS-CoV-2 can 
replicate in enterocytes. One way in 
which this was demonstrated was by 

using electron-microscopy to generate 
images of human small intestinal 
organoids that had been infected with 
SARS-CoV-2. 

Lee JJ et al., 
Genes (Basel), 
2020 [145] 

 

SARS-CoV-2 
infecting 
enterocytes 

Used colon samples of seven patients 
to conclude that TMPRSS2 and ACE2 
are highly expressed in the lower GI 

tract. 

Burgueno JF et 
al., Inflamm. 
Bowel Dis., 2020 
[146] 

SARS-CoV-2 
infecting 
enterocytes 

ACE2 and TMPRSS2 are expressed 
in the intestinal epithelial cells of 
animal models. 
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Zang R et al., Sci. 
Immunol., 2020 
[168] 
 

SARS-CoV-2 
infecting 
enterocytes 
 

Found that TMPRSS2 and TMPRSS4 
facilitate the entry of SARS-CoV-2 
into cells. Found that SARS-CoV-2 
became inactivated by intestinal fluid. 

Stool samples did not show the 
presence of infectious SARS-CoV-2. 

Cholankeril G et 
al., 
Gastroenterology, 
2020 [150] 

GI symptoms 
 

Prevalence of gastrointestinal 
symptoms in patients with SARS-
CoV-2 infection was 31.9% and 
89.2% of these patients described 
their gastrointestinal symptoms as 

mild. It was found that AST levels 
were in correlation with disease 
activity. 

Zheng T et al., J. 
Med. Virol., 2020 
[151] 
 

GI symptoms 
 

Rate of clinical decline was greater in 
patient with SARS-CoV-2 infection 
who had gastrointestinal symptoms in 
comparison to those who did not have 
gastrointestinal symptoms 

Zhou Z et al., 
Gastroenterology, 
2020 [153] 
 

GI symptoms 
 

Prevalence of gastrointestinal 
symptoms in patients with SARS-
CoV-2 infection who had developed 
pneumonia was 26%. However, the 
presence of GI symptoms was not 
associated with clinical and treatment 
outcomes. 

Redd WD et al., 
Gastroenterology, 
2020 [154] 

GI symptoms 
 

Gastrointestinal symptoms were the 
main presenting complaint in 20.3% 
of patients with SARS-CoV-2 
infection and 61.3% of those in the 
study reported experiencing a 
minimum of one GI symptom. 

Ferm S et al., 

Clin. 
Gastroenterol. 
Hepatol., 2020 
[155] 
 

GI Symptoms 

 

Prevalence of gastrointestinal 

symptoms in patients with SARS-
CoV-2 infection was 25%. It was 
found that higher levels of AST were 
associated with poorer health 
outcomes. 

Nobel YR et al., 
Gastroenterology, 
2020 [156] 

GI symptoms 
 

Prevalence of gastrointestinal 
symptoms in patients with SARS-
CoV-2 infection was 35%. It was 

found that patients who presented 
with GI symptoms were 70% more 
likely to test positive for SARS-CoV-
2. 

Chen Y et al., J. 
Med. Virol., 2020 
[163] 
 

GI symptoms 
 

Prevalence of gastrointestinal 
symptoms in patients with SARS-
CoV-2 infection was 19.05%. SARS-
CoV-2 RNA was present in stool 
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samples, but did not correlate with 
presence of GI symptoms or disease 
severity. 

Lin L et al., Gut, 
2020 [166] 
 

GI symptoms 
 

Prevalence of gastrointestinal 
symptoms in patients with SARS-
CoV-2 infection was 61.1%. Stool 
samples for hospitalisated patients 
were analysed and 47.7% tested 
positive for the presence of SARS-
CoV-2. 

Gu S et al., Clin. 

Infect. Dis., 2020 
[170] 
 

Microbiome The gut microbiome of COVID-19 

patients is different to the gut 
microbiome of patients with H1N1 
infection and healthy controls. 
COVID-19 patients had lower 
bacterial diversity than healthy 
controls and H1N1 patients had lower 
bacterial diversity than COVID-19 
patients. 

Yang T et al., 
Hypertension, 
2020. [174] 
 

Microbiome Gut microbiota plays a role in the 
regulation of ACE-2 expression in the 
colon. This was shown through 
conducting gene sequencing of fecal 
samples collected from germ-free rats 
and conventionalized germ-free rats. 

Zhang H et al., 

Clin. Infect. Dis., 
2020 [176] 
 

Microbiome Compared to those with non-COVID-

19 pneumonias, COVID-19 patients 
appeared to have a more disrupted 
airway microbiome with frequent 
potential concurrent infections. 
 

Effenberger M et 
al., Gut, 2020. 

[177] 
 

Microbiome Patients with COVID-19 are more 
likely to have a disrupted airway 

microbiome than pneumonia patients 
without COIVD-19. 

 

The Gut–Lung Axis  
 

The gut—as discussed above—and the lung both have barrier 
layers that prevent pathogenic infiltration. The gut and lung 

microbiomes are thought to play an important role in 

maintaining this barrier by regulating the immune response 
[178]. 

 

A reduction in microbiome diversity has been associated with 
chronic respiratory diseases. For example, in cystic fibrosis 
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patients have been shown to have alterations in both their lung 

microbiome and intestinal microbiome [179]. Lymphocyte 
migration is a potential mechanism by which the gut microbiome 

and lung microbiome can interact, which could impact systemic 

immunity and inflammation [178]. There has been suggestion 

that increased intestinal permeability may play a role in the 
pathogenesis of systemic inflammatory injury in COVID-19 

[180]. 

 
Additionally, the SCFAs produced by commensal bacteria in the 

gut can potentially impact systemic immunity. It is thought that 

SCFAs can stimulate an anti-inflammatory or pro-inflammatory 
response, depending on the G protein-coupled receptor the 

SCFAs interact with [181]. In relation to this, it has been 

proposed that the microbiome is essential in maintaining immune 

homeostasis, which may be important to consider in patients 
with COVID-19 [182]. 

 

The inflammatory response to SARS-CoV-2 infection could be a 
factor determining variations in disease progression and GI 

symptoms. Although early studies did not find significant 

inflammatory changes following SARS-CoV-2 infection [154], 
subsequent studies observed increases in markers of 

inflammation, such as faecal calprotectin and IL-6, in patients 

infected by SARS-CoV-2 [177]. Furthermore, recent 

investigations focussed specifically on the intestinal 
inflammatory milieu in COVID-19 patients have demonstrated 

that intestinal infection with SARS-CoV-2 does indeed alter gut-

specific inflammatory responses, interfering with local antiviral 
immunity and at the same time promoting increased secretion of 

pro-inflammatory cytokines; besides being detectable in faecal 

samples from some of these patients, this enhanced 

inflammatory response may correlate with immune regulation 
systemically [183–185]. In light of this, it will be valuable to 

investigate in more detail the link between the gut microbiome, 

the intestinal infection with SARS-CoV-2 and the modulation of 
local and systemic inflammation, due to the important role that 

this is thought to play in COVID-19 disease pathogenesis and 

outcome [186]. 
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Gut Barrier Treatments and SARS-CoV-2  
 

Many of the treatments that have been used to treat a damaged 

gut barrier have also been proposed as adjunctive therapies in 

SARS-CoV-2 infection. 
 

For example, based on the observed interaction between SARS-

CoV-2 and the intestine, with development of GI symptoms and 
microbial dysbiosis, it has been suggested that FMT could be 

explored as a therapeutic tool for patients with COVID-19 [171]. 

 

Furthermore, there has been some evidence to show that certain 
probiotics can be used to control viral infections [180]. This has 

led some to suggest that probiotics could be considered as an 

adjunctive therapy in the treatment of COVID-19 patients [172]. 
In fact, one study found that, in patient with SARS-CoV-2 

infection, adjunctive treatment with probiotics was associated 

with a significant decrease in the risk of developing respiratory 
failure [187]. This improvement in clinical outcome could be due 

to the antiviral and anti-inflammatory effects that probiotics are 

thought to have [188,189]. In addition, probiotics are often 

regarded as being safe, even for vulnerable patients, and this—
together with other practical benefits—could make them suitable 

for use as adjunctive or supportive treatment in COVID-19 

patients [190]. 
 

The use of adjunctive and prophylactic dietary therapies has also 

been promoted in the management of patients with COVID-19 
[182]. As discussed previously, the gut microbiome is able to 

impact respiratory function via the gut–lung axis and diet can 

have a substantial impact on the composition of the gut 

microbiome [191]. Additionally, the intake of certain nutrients, 
such as vitamin C and zinc, has been associated with an anti-

inflammatory effect, which could potentially be useful in 

managing patients with COVID-19 [180,192]. This has also led 
some to hypothesise that geographical differences in diet could 

be responsible for the variations in COVID-19 death rates 

between countries [193]. 
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We need to reiterate that, however, it is difficult to judge how 

FMT, probiotics and dietary therapies should be used clinically 
in patients with SARS-CoV-2 infection, as the data regarding the 

efficacy of these treatments in this patient group is currently still 

very limited. More clinical trials are necessary before any 

concrete recommendations can be made on their use as 
adjunctive treatments for COVID-19. 

 

Open Areas of Research  
 

While there is still much about the impact of SARS-CoV-2 on 

the gut that is unknown, there is a great deal of research being 
conducted in this area, and Table 4 summarises some key 

research questions that still remain unanswered. One key area for 

future research will be establishing whether SARS-CoV-2 has a 

faecal–oral route of transmission and how this may impact the 
overall transmission rates. Additionally, further evidence is 

needed regarding whether microbial dysbiosis can predispose 

individuals to more severe COVID-19 disease progression. 
Additionally, it would be beneficial to measure the effects that 

potential COVID-19 treatments have on GI symptoms, as well as 

respiratory symptoms. Conversely, it is currently not clear which 
COVID-19 patients may benefit the most from gut-targeting 

therapies, and further research is required not only to confirm the 

efficacy of various therapies but also to satisfy the need to 

stratify which groups of patients would benefit the most. 
 

Overall, it is likely that an understanding of the link between 

SARS-CoV-2 and the gut could be crucial to develop a more 
holistic understanding and treatment of COVID-19. 
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Table 4: Some of the areas where further research is required to answer key 
questions to improve understanding about SARS-CoV-2 and the gut. 

 
Area Requiring Further 

Research 

Questions that Need To Be Answered 

Faecal–oral transmission  Does SARS-CoV-2 have a faecal–oral route of 

transmission? 

 How does this impact overall transmission 

rates? 

Microbiome and immunity  Can microbial dysbiosis predispose 

individuals to more severe COVID-19 disease 
progression? 

 How does local immune modulation 

by SARS-CoV-2 in the intestine affect 
systemic inflammatory responses, and how 
does this relate to COVID-19 severity and 
outcome? 

Treatments and GI 
symptoms 

 What effect do treatments aimed at 
the respiratory symptoms of COVID-19 have 

on GI symptoms? 

 Are therapies specifically targeting 
GI symptoms in COVID-19, such as FMT and 

probiotics, effective? 

 Which groups of patients would 

benefit the most from receiving treatments that 
specifically target GI symptoms in COVID-
19? 

 

Conclusions  
 
A functioning gut barrier plays an integral role in maintaining 

gut homeostasis and damage to this barrier has been associated 

with pathology and disease. Multiple therapies, that aim to 

improve intestinal permeability, have been explored. Many of 
these treatments are thought to have mechanisms of action that 

involve tight junction modulation. The association between the 

gut and COVID-19 highlights the importance of continuing 
research into therapies for gut pathology. 
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Abstract  
 

Governmental and educational organizations advocate for the 

adoption of inquiry-based, student-centered educational 

strategies in undergraduate STEM curricula.  These strategies are 

known to benefit students by increasing performance, enhancing 

mastery of class content, and augmenting affect, particularly in 

underrepresented racial/ethnic minority students.  Among these 

strategies, case study and project-based learning allow students 

to master course content while collectively tackling relevant, 

real-world societal problems.  In particular, environmental 

pollution with paper-based products provide a current problem 

by which microbiology students learn about the role of 

microorganisms in paper waste management as well as the 

microbiological and biochemical processes involved in protein 

secretion, nutrient uptake, and energy metabolism.  Delivered in 

a flipped, hybrid class in a Technology-Enabled Active Learning 

(TEAL) laboratory, this lesson taught students about exoenzyme 

secretion, biopolymer hydrolysis, intracellular transport of 

sugars, and sugar catabolic reactions.  Students demonstrated 

increased comprehension of exoenzyme function and secretion, 

as well as how cells uptake the products of exoenzyme 

hydrolysis.  However, students had challenges in placing the 

transported exoenzyme products within metabolic processes.  

Our results show increased perceived learning from the students 

as well as an understanding of the societal implications of these 

microbiological concepts.  Our lesson deviated from knowledge 

silos in which students learn information in discrete topics.  

While departing from employing traditional, compartmentalized 

learning approaches, this student-centered guided lesson frames 

the systemic nature of the microbiological and biochemical 

processes underlying the decomposition of organic matter in a 

real-world context. 
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Introduction  
 

Institutions and faculty are revolutionizing their science, 

technology, engineering, and mathematics (STEM) educational 

programs to effectively engage and train tomorrow’s scientists 

[1].  Students need more than a traditional biology education to 

tackle the most pressing issues facing science and society; they 

need to learn how to address real-world problems.  By presenting 

a problem in an experiential learning environment, students can 

build their own conceptual framework through an active learning 

process that encourages them to socially engage, share ideas, and 

participate in their own inquiry-based learning [2,3].  Problem-

based learning fosters deep, accurate understanding of a subject 

and contributes to developing process skills such as research, 

teamwork, and verbal communication [4,5].  Problem-based 

learning increases awareness and connects students to local 

challenges, which is instrumental in actively engaging them in 

their education, especially for underrepresented student 

populations [6].   

 

When students are passionate about a subject, they engage 

deeply in their learning [7], and one issue that students are 

passionate about is the environment [8].  A growing global crisis 

is waste pollution, and contrary to many perspectives, paper is a 

major contributing factor to global waste.  The average 

American consumes 700 pounds of paper each year and paper 

represents 25% of waste in landfills and 33% of municipal waste 
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[9].  Now more than ever, it is important to foster students who 

can critically assess these issues by understanding how natural 

biodegradation cycles operate to ameliorate stress on our global 

ecosystem [10].  The use of deliberate pedagogy can increase 

awareness of paper waste pollution and emphasize how 

microbial degradation provides an alternative to paper waste 

management [6]. 

 

In this paper, we test the use of evidence-based teaching 

practices in combination with problem-based learning in a 

flipped classroom to ask if these have a positive impact on 

students’ understanding of complex biological material in the 

context of a real-world problem.  Specifically, we wanted to 

ascertain if the activity would increase student’s mastery of the 

concepts of bacterial protein secretion, nutrient transport, and 

carbon cycle.  Furthermore, we wanted to valuate if the activity 

would influence the student’s confidence about their knowledge 

of these topics.  Here we present an effective lesson that utilizes 

paper waste degradation as a platform to teach students about the 

carbon cycle.  Our work shows that this lesson increases 

student’s awareness of paper waste pollution and management, 

content knowledge about microbial paper degradation, and 

mastery of the process of bacterial protein secretion, nutrient 

transport and metabolism.   

 

Pedagogical Framework and Principles  
The Technology-Enabled Active Learning (TEAL) 

Laboratory Environment  
 

The General Microbiology course at the University of California, 

Merced (UC Merced) is a hybrid class taught using flipped 

pedagogy, and it is delivered in a TEAL laboratory environment.  

The TEAL lab is a classroom space designed to offer students 

the opportunity to enhance their cognitive and behavioral 

engagement through small group discussions, peer evaluation, 

and shared experiential learning.  Students interact more with 

each other, share resources, and experience a more equitable 

learning environment in the TEAL lab [11].  These labs facilitate 

the implementation of active learning strategies to best utilize the 

classroom space [12]. 
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The General Microbiology TEAL lab houses 90 students in ten 

working tables (Supplementary Figure 1).  These are arranged to 

allow equal view of two large class projector screens located in 

the front and back of the room.  Each table is equipped with 

docks to power laptops, a document camera to display paper-

based work, a whiteboard, an HDMI monitor and a control 

panel.  The instructor control lectern is centered in the room and 

has the ability to orchestrate the technology offered in the space.  

In this way, class content can stream from the lectern, or from 

any of the ten working tables to the entire class (Office of 

Information Technology, UC Merced, 2020).   

 

 

 

 
 
Figure 1:  Comparison of student’s responses to metacognitive questions 

before and after the activity.  (A) Students were asked the question “To what 

extent did you understand the role played by microbes in the biodegradation of 

paper waste products?” before and after the class activity.  The graph displays 

the responses before the activity (blue bars) and after the activity (orange bars) 

for the Spring 2020 semester (n = 88).  This 5-point Likert survey question was 

deployed via clickers before the activity or via the Learning Management 

System after the class.  Numbers above the columns represent the percent of 

students selecting a response.  (B) Alluvial plot mapping the change in 

prediction before and after the activity from students in Spring 2020.  The left 

column indicates the predictions before the activity, while the right column 

indicates the predictions after the activity.  Only statements included in the data 

are shown.  (C) Pie chart showing student’s predictions of the fate of paper 
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before and after the activity.  After a brief introduction, students were asked to 

predict the fate of paper in a landfill via a multiple-choice clicker question.  

The answer choices included ―It remains in the landfill, as paper is not 

degradable.‖ (blue), ―It will decompose by microbial activity involving 

respiration.‖ (orange), ―It will decompose by microbial activity involving 

fermentation.‖ (gray), and ―Something else will happen...‖ (yellow).  The 

graphs display the before (left pie) and after (right pie) responses for the Spring 

2020 semesters (n = 88). 

 

 

 

 

 

 

 

 

Active Learning and Flipped Hybrid Classrooms  
 

Active learning is a student-centered pedagogy where students 

interact with their learning as opposed to passively listening to a 

lecture.  It is widely accepted for its efficacy in increasing 

students’ performance, especially in STEM courses [13].  In 

order to use the space and time with the students most 

effectively, we developed a flipped classroom model designed to 

center the class around the students through facilitated 

experiential learning.  Students watch class content videos at 

home and attend their scheduled lecture hour prepared for 

activities with a heightened sense of engagement [14].  The 

hybrid flipped classroom provides students with a more intimate 

experience with their instructors, where they can benefit from 

team-based learning, demonstrate their knowledge, and receive 

immediate feedback.   

 

To amplify the effects of an active team-based learning 

environment, our lesson structure follows a recommended 

instructional protocol by Michaelsen and Sweet [15].  Students 

begin class with readiness assurance practices, where they 1) 

watch video lectures before class; 2) respond individually to a 

10-minute lecture comprehension quiz at the start of lecture 

(Supplementary Material 2); 3) review the quiz as a table to 

confirm answers; and 4) discuss the quiz results as a class to 

identify and diffuse misconceptions and establish consensus.  
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The readiness assurance is followed by a 55-minute flipped 

lecture, which consists of a brief review of material followed by 

an activity based on the 5E model.   

 

The 5E Model: Engaging Large Classes  
 

To address the needs of a large active-learning class, it is 

necessary to implement a well-documented form of learning that 

focuses on the desired learning outcomes and considers the 

cognitive engagement of the students.  The learning-cycle 

method known as the ―5E model‖ [16] is a common method for 

organizing large biology-based lessons infused with active 

learning [2].  The 5E model, comprised of five stages (engage, 

explore, explain, elaborate, and evaluate), is known for its 

efficiency and positive effects on students’ broad-scale academic 

achievement, attitudes towards lessons, and science process 

skills [17].   

 

In order to bring the 5E framework into the context of our 

microbiology lesson, we integrated a constructivist approach to 

help students assemble their own knowledge and build a 

cooperative teamwork dynamic [1,18,19].  We used backwards 

design to create class materials, first defining the learning 

outcomes and then charting steps to reach the desired level of 

understanding [20].  We developed activities, discussions and 

questions that would help students accomplish those outcomes.  

We integrated a team-based learning experience, proven to foster 

authentic perspectives to complex problems beyond the scale of 

individual learning [15].  This established team-based approach, 

together with active-learning, helps underrepresented students 

succeed in STEM courses [13,21].  This is particularly important 

at UC Merced, a Hispanic Serving Institution with over 70% first 

generation students.   

 

Materials and Methods  
Research Setting  
The University of California, Merced  
 

UC Merced is the first research university built in the 21
st
 

century in the United States and serves the predominantly 
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underserved communities of California’s San Joaquin Valley.  

UC Merced holds a diverse student population, with 87% of 

students from traditionally underrepresented groups.  The 

university has over 8,800 students and is designated as both a 

Hispanic Serving Institution (HSI) and an Asian 

American/Native American/Pacific Islander Serving Institution 

(AANAPISI). 

 

Participants  
 

Our student population included 89 students in the Fall 2019 

course and 90 students in the Spring 2020 course (n = 179).  The 

predominant racial and ethnic make-up of the combined cohorts 

consisted of 34.1% Asian and 33.5% Hispanic/Latinx, reflecting 

the University’s HSI and AANAPISI designations.  The 

remaining student population in the course was comprised of 

2.8% American Indian/Alaska Native, 5% Black, 3.4% Native 

Hawaiian/Pacific Islander and 15.6% White.  The cohort is 

primarily comprised of female students (65.4%).  The mean age 

is 21 years of age.  The primary difference between the cohorts 

is class level; the Fall 2019 class was mostly Senior students 

(93%) while the Spring 2020 cohort had 31% Juniors and 69% 

Seniors.  Students GPA did not differ significantly between the 

two cohorts (t(177) = -1.22, p = 0.22), being 2.89 for Fall 2019 

and 2.96 for the Spring 2020 (Table 1). 

 
Table 1:  Student participant demographics.  

 
  Fall 2019  Spring 2020  Overall 

  n = 89  n = 90  n = 179  

  n  (%)  n  (%)  n  (%)  

Gender              

Male  26 (29.2)  36  (40.0)  62 (34.6)  

Female  63 (70.8)  54  (60.0)  117 (65.4) 

Race/Ethnicit

y  

            

American 

Indian/Alas

ka Native  

2 (2.2)  3 (3.3) 5 (2.8)  

Asian  28 (31.5)  33 (36.7) 61 (34.1)  

Black  5 (5.6)  4 (4.4) 9 (5.0) 

Hispanic/L

atinx  

32 (36.0)  28 (31.1) 60 (33.5) 

NH/PI1  3 (3.4)  3 (3.3) 6 (3.4) 
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White  14 (15.7)  14 (15.6) 28 (15.6) 

Two or 

More 

Races  

3 (3.4)  4 (4.4) 7 (3.9) 

Declined2  2 (2.2)  1 (1.1) 3 (1.7) 

Age — mean 

(range)  

21.3 (18-23) 21.3 (20-27)  

Class — (%)     

Junior  (7) (31)  

Senior (93) (69)  

GPA3 — 

mean±SD  

2.89±0.38  2.96±0.42  2.92±0.41  
 

1 NH/PI = Native Hawaiian/Pacific Islander.  2 Students who declined to report 

race/ethnicity.  3 Grade Point Average. 
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Format of General Microbiology at UC Merced  
 

General Microbiology (BIO120) is an upper division course 

taken primarily by biology majors, and it is a graduation 

requirement for students in the Microbiology and Immunology 

emphasis track.  The course requirements include General 

Biology, Molecular Biology, and Cellular Biology.  The most 

relevant content to General Microbiology that students learn in 

these pre-requisite courses includes the overall organization and 

structure of cells, principles of metabolism and nutrient cycles, 

as well as the function of enzymes.   

 

General Microbiology meets twice a week for 75 minutes in the 

TEAL lab, limiting the class size to 90 learners.  The teaching 

team includes the instructor of record (García-Ojeda), one co-

instructor (Shay), and one undergraduate learning assistant 

(Solis).  This course was transformed into a flipped, team-based 

learning class in Fall 2015 and converted into a hybrid course in 

Fall 2019.  The hybrid model used in this class consist of in-

person flipped lectures with online discussion sections 

(Supplementary Material 5).  The academic year 2019–2020 was 

the first full year to incorporate all learning and teaching 

techniques discussed in this manuscript. 

 

Learning Outcomes  
 

We chose the global issue of environmental pollution by paper-

based products to teach students about the role of 

microorganisms in paper waste management.  At this point in the 

course, students have been introduced to the history and 

fundamentals of microbiology, the structures and organization of 

microbial cells, the evolution and diversity of microbes, 

microbial motility, microbial growth, nutrient transport, and the 

nitrogen cycle.  This section of the class focuses on carbon 

acquisition as well as how microbes secrete exoenzymes to 

hydrolyze macromolecules.  Specifically, students learn about 

the process of bacterial protein secretion, and how different 

exoenzymes break down lipids, nucleic acids, proteins, and 

carbohydrates.  Students are then asked to connect the process of 

active nutrient transport via symporters, ABC transporters, or 
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phosphoenolpyruvate-carbohydrate phosphotransferase system 

(PTS).  Lastly, students demonstrate how the transported 

molecules are further modified by converting enzymes and then 

metabolized.   

 

General Microbiology Course Learning Outcomes  
 

The General Microbiology Course Learning Outcomes were 

designed to integrate previous learning and develop advanced 

scientific skills such as research and critical thinking.  The 

following course learning outcomes are related to this activity: 

 

1. Recognize microbiological concepts and terms used in the 

primary scientific literature and to communicate with other 

microbiologists and scientists. 

2. Discern the molecular, metabolic, structural, and ecological 

differences between microbial cells and be able to explain 

how these differences allow microbes to a) live in almost 

any environment on earth, b) sense, react, and interact with 

their environment as well as with other organisms, and c) 

serve as tools for science, medicine, and industry. 

3. Synthesize knowledge gained in previous courses and 

apply it to novel microbiological questions. 

 

Carbon Acquisition Lesson Learning Outcomes  
 

This lesson has the following learning outcomes: 

 

1. Given the biotic and abiotic sources of carbon and 

carbon-containing compounds, illustrate the biological 

flow of carbon, starting from an initial, complex carbon-

containing molecule to a final product (CO2 or 

fermentation product).   

2. Illustrate the enzymatic reactions that hydrolyze 

carbohydrates, nucleic acids, lipids, and proteins, and 

identify the various exoenzymes involved in this 

process.   

3. Identify how different microbes secrete important 

proteins. 
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For this lesson, we focused on the first two outcomes by asking 

students to work with a complex carbon-containing product: 

paper.  Students work through the process of carbon flow, from 

the initial biomolecule carbon source in paper (cellulose) to the 

final metabolic product (CO2 or a fermentation product) within 

Gram-negative bacterial cells.  Students build an understanding 

of the overall carbon cycle and how biomolecules are hydrolyzed 

by exoenzymes secreted by bacteria.  Exoenzyme secretion 

reinforces learning outcome 3, where students learn about the 

Sec and Tat translocators as well as the Type V secretion system 

and related proteins.  Students also connect this lesson to 

previously taught material concerning the transport of 

monomeric sugar molecules across the cell membrane via PTS 

transporters as well as the catabolic reactions needed to extract 

energy under aerobic or anaerobic conditions (glycolysis, 

Entner-Doudoroff Pathway and Krebs cycle).  Lastly, this lesson 

reinforces previously learned concepts of bacterial cell wall 

structure, proteins, cell membrane and their functions. 

 

Pedagogical Format  
Combining Strategies: Carbon Assimilation Group Exercise 

Using the 5E Model  
 

The novelty of this pedagogical approach is the combination of 

strategies which seamlessly merge our highly active and 

collaborative learning initiatives.  For this particular 75-minute 

flipped lesson, students prepare by watching online videos about 

the carbon cycle, protein secretion systems, exoenzymes, and 

converting enzymes (for slides of this lecture, see Supplementary 

Material 1.1).  They are also encouraged to listen to a podcast 

titled ―How much of our stuff actually gets recycled?‖ [22].   

A detailed summary of the lesson’s timeframe can be found in 

Supplemental Table 1.  For the engage phase of the 5E model, 

students spend the first 8 minutes of class taking a readiness 

assurance quiz (Supplementary Material 2).  The quiz is 

followed by a short discussion of the lesson’s learning outcomes 

(2 minutes) and a 5-minute in-class lecture where students are 

introduced to current recycling challenges resulting from the 

adoption of National Sword, a 2018 recycling policy instituted 

by China, as well as a similar policy by India [23], that banned 
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the import of most recycled materials and set strict 

contamination limits on recyclables [24].  These nations used to 

purchase the majority of recycled paper from the USA [25], 

which now piles up in landfills.  To maintain their engagement 

and bring home the effects of this policy, the class is asked 

―What type of paper products would be rejected under China’s 

National Sword policy?‖  After a 5-minute discussion, students 

reply that most paper products contaminated with food, such as 

pizza boxes, soiled newspaper and paper towels would be 

rejected.  They further conclude that these paper products would 

end up in a landfill (for slides used during this flipped lesson, see 

Supplementary Material 1.2). 

 

This introduction is followed by a short 5-minute lecture on how 

cardboard and paper products originate from the processing of 

plants and trees.  A figure from Bayer and colleagues [26] is 

used to illustrate the fate of plant material processed by the paper 

industry, which generates paper products for human 

consumption.  Once used, these products end up in municipal 

solid waste facilities where some are recycled, composted, or 

incinerated.  The large majority end up in landfills becoming 

environmental pollution [26].   

 

Before they reflect on the material, students spend a few minutes 

answering a metacognitive survey question “Before today, to 

what extent did you understand the role played by microbes in 

the biodegradation of paper waste products?” via clickers 

(Supplementary Materials 1.2).  Following this, students are 

asked to predict what happens to paper in a landfill, selecting one 

of the following options in a clicker question: “It remains in the 

landfill, as paper is not degradable,” “It will decompose by 

microbial activity involving respiration,” “It will decompose by 

microbial activity involving fermentation,” and “Something else 

will happen...”.  Together, these questions provide a baseline 

assessment of the students’ understanding of the role played by 

microorganisms in the biodegradation of paper waste products 

(Figure 1C, Supplementary Figure 2A).   
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Figure 2:  Illustration of enzyme secretion, macromolecule degradation and 

nutrient transport.  Individual groups of students were provided a template to 

illustrate the processes of enzyme secretion, cellulose hydrolysis and glucose 

transport.  (A) Provided template containing the cell envelope of a Gram-

negative bacteria, illustrating the correct placement of cell membrane secretion 

systems and porins, as well as the common misconceptions illustrated by 

students.  (B) Correct illustration and (C) illustration with misconceptions.  The 

numbers in these images, and the legend, show the most common 

misconceptions.  PTS, phosphotransferase system; Tat, twin-arginine 

translocation  

 

For the explore phase, students spend 10 minutes researching 

and reflecting on different aspects of the molecular composition 

of paper, the microbial communities that degrade paper, the 

process of exoenzyme secretion, cellulose hydrolysis, and 

glucose transport and discuss their findings with their table 

mates. Each student group is divided into 2 subgroups, and each 

subgroup is tasked with providing the answer to 3 questions 

(Supplementary Materials 1.2).  One subgroup researches the 

answers to following questions: “What is the molecular 

composition of cardboard and paper?”, “Which microorganisms 
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would degrade cardboard and paper?”, “Are these biochemical 

processes happening aerobically or anaerobically?”, and 

“Which exoenzymes would these organisms use?”.  The second 

subgroup researches the questions: “How would these 

exoenzymes be secreted?”, “How would the products of the 

exoenzymatic reactions be transported into the cytoplasm of the 

bacteria?”, and “Once in the cytoplasm, what biochemical 

processes would be used in catabolic reactions?”  For the 

explain phase, the instructors help students synthesize their new 

knowledge and clarify misconceptions during a 10-minute class 

discussion where students from different tables discuss the 

answers to these questions as a whole class.   

 

In the second part of the activity, the elaborate phase, students 

spend 15 minutes applying their knowledge by drawing the 

entire paper-degradation process in their table groups.  The 

drawing must include the main components of exoenzyme 

secretion, the enzymatic hydrolysis of cellulose happening 

outside the cell, the transport of glucose into the cell, and 

finishing with glycolysis (Figure 2).  After discussing their 

drawings, students are again asked to predict what happens to 

paper in a landfill, and their responses are recorded using 

clickers (Figure 1C, Supplemental Figure 2B).  Finally, the class 

spends the last few minutes discussing their predictions and 

editing their figures to present their final drawing online.   

 

Data Acquisition, Analysis, and Statistics  
 

Students are evaluated at multiple points.  Formative 

assessments include metacognitive questions before, during and 

after class via clickers or the learning management system 

(LMS), drawing their images as well as re-drawing them after in-

class discussion.  Summative assessments include the readiness 

assurance quiz and midterm exam questions related to the topic 

(Supplementary Materials 2 and 3).   
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Students in the Spring 2020 semester were given a post-class 

metacognitive survey via the LMS where they were asked the 

following metacognitive questions: 

 

1. What was the most confusing concept in today's class? 

2. Based on today’s work, tell us what you think about the 

following statement: The power of microbes can be 

harnessed to reach environmentally sustainable goals. 

3. Does today's work illustrate the relationship of 

microbiology to society? Explain. 

4. Tell us how much you agree with this statement: Today's 

activity did NOT influence my opinion about recycling 

paper waste. 

5. Tell us how much you agree with this statement: After 

today's activity, I will be able to explain how enzyme 

secretion and sugar transport are related to cell wall and 

membrane function. 

 
Students in the Fall 2019 cohort only answered the first question.  

All statistical analyses were conducted in Microsoft Excel 

version 16.37. 

 

Generation of a Codebook: 

 

Students responses to the metacognitive question “What was the 

most confusing concept in today's class?” were analyzed for 

emergent themes in potential missing knowledge, 

misinterpretation, and misconceptions of class content, following 

the process described by Offerdahl & Montplaisir [27].  Briefly, 

two coders (García-Ojeda and Solis) independently read 20 

randomly selected student responses (10 from each cohort) for 

emerging patterns and established an initial code.  This initial 

code was used to code all 157 submissions (From Fall 2019 and 

Spring 2020 cohorts).  The coders then compared and discussed 

the initial codes for each independent submission, exploring 

discrepancies in detail, adding new codes, and collapsing or 

eliminating other codes.  This process was done twice more, 

using the entire sample, to verify and generate a final codebook 

(Supplementary Material 4).  Codes that appeared at least 3 

times were kept in the final codebook, consisting of 12 codes in 
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3 categories.  After these discussions, both coders recoded the 

entire sample.  Cohen’s kappa values were calculated to 

determine intercoder reliability [28,29] using the following 

equation 

   
     

    
 

 

where po is the relative agreement between both coders, and pe is 

the hypothetical probability that agreement was achieved by 

chance.  Kappa values between 0.61 - 0.8 are considered 

substantial agreement, while values between 0.81 - 0.99 are 

considered near perfect agreement [30].   

 

Jaccard coefficients have been used to establish the level of 

consistency between coders [31].  We calculated the Jaccard 

coefficient T using the equation                , where 

nc is the number of times a statement was coded the same by 

both coders, na is the number of times a statement was coded the 

same by both coders plus the times it was coded by coder 1 but 

not coder 2, while nb is the number of times a statement was 

coded the same by both coders plus the times it was coded by 

coder 2 but not coder 1.  Jaccard coefficients closer to 1 are 

indicative of high consistency between coders [32].   

 

Word Cloud Analysis: 

 

Word clouds can be used to investigate patters in text data [33].  

For metacognitive questions 2 and 3 (see Data Acquisition, 

Analysis, and Statistics section for Metacognitive Topic 

Questions), we identified and ranked key topics emergent in the 

students’ answers by using the online software wordclouds.com 

(http://wordclouds.com/).  Briefly, we transferred the text 

responses from the LMS to Microsoft Word and identified and 

deleted words and phrases that were directly taken from the 

questions.  Such language included phrases like ―the power of 

microbes‖ or ―the relationship of microbiology to society.‖ We 

also expunged phrases like ―I agree because‖.  We then uploaded 

these .docx files into the wordclouds.com website to create the 

initial word clouds and produce a term table with the term’s 
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respective weights, shown in parenthesis (#, Supplementary 

Table 2).   

 
Table 2:  Codes used to evaluate responses to the question: "What was the most 

confusing concept in today's class?" 

 
Category 1 Code T 2 𝛋 3 SE (𝛋) fFall19 fSpring20 fTotal 

4 

Concepts Biochemistry 0.99 0.96 0.04 10 4 14 

 Exoenzyme 

Activity 

0.99 0.89 0.07 5 4 9 

 Location 1.00 1.00 0.00 3 2 5 

 Misconception 0.99 0.95 0.04 16 6 22 

 Nutrient 

Transport 

0.97 0.82 0.09 4 6 10 

 Protein Export 0.98 0.95 0.03 19 27 46 

  Other 0.99 0.85 0.15 2 1 3 

Competencies Big Picture 0.92 0.81 0.05 14 25 39 

 Illustration 0.97 0.89 0.05 12 8 20 

  Time 1.00 1.00 0.00 1 2 3 

Affect Concern 0.99 0.89 0.11 2 2 4 

  Improvement 0.99 0.96 0.03 12 15 27 
 

1Categories: Concepts refer to codes that address students’ questions about 

class content.  Competencies refer to codes describing skills students master 

throughout the course.  Affect refers to codes associated with student’s 

feelings.  2Jaccard coefficient (T) and 3Cohen's kappa (𝛋) values were 

calculated with the combined Fall 2019 and Spring 2020 data (n = 157).  
4Frequency (f) indicates the number of times a code, selected by both coders, 

appeared in student's responses.  Fall 2019 (n = 72), Spring 2020 (n = 85).   
 

Using the term tables, we narrowed down the number of terms in 

the word cloud by identifying terms that had similar iterations or 

meanings and adding their respective weights.  For example, the 

terms Microbes (11), microbes (61) and microbe's (2) were 

collapsed into the term microbes (74).  Words that had meanings 

unrelated to the question were also eliminated, such as ―yes‖, 

―yet‖, ―terms‖, etc.  This process reduced the number of terms in 

the Power of Microbes word cloud from 575 to 126, while 

reducing the number of terms in the Microbes and Society word 

cloud from 722 to 248.  To reduce the complexity of the word 

cloud images, we did not include in the illustration terms that 

appeared less that 4 times. 
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Results  
Formative Assessments  
Role of Microorganisms in Paper Degradation  
 

During their pre-class metacognitive survey, we asked students 

to evaluate their understanding of the role of microbes in paper 

biodegradation.  The majority of students demonstrated 

improved understanding after the activity (Figure 1).  Before the 

activity, over half of students (51%) reported ―do not understand 

at all‖ or ―understand a little,‖ while 41% reported ―somewhat 

understand‖ and 8% reported ―understand a lot‖ (Figure 1A, blue 

bars).  After the activity, the vast majority of students reported, 

―understand a lot‖ (66%) or ―completely understand‖ (3%) while 

only 28% reported ―somewhat understand‖ and few (2%) 

reported ―understand a little‖ (Figure 1A, orange bars).   
 

Using Alluvial plots (Figure 1B), we examined the changes in 

reported understanding of the material by comparing their 

responses at baseline and after the lesson.  Most students 

reported improvement in their understanding of the material.  

Some students who initially reported ―do not understand at all‖ 

(Figure 1B, light blue) reported ―understand a little‖ after the 

lesson, while the majority of students in this baseline response 

reported either ―somewhat understand‖ or ―understand a lot‖ 

after the lesson.  The group of students who initially answered, 

―understand a little‖ (Figure 1B, lilac), split equally to reporting 

―somewhat understand‖ and ―understand a lot‖ after the lesson.  

The students initially reporting ―somewhat understand‖ (Figure 

1B, light green) reported ―understand a lot‖ after the lesson.  

From students (8%) who reported ―understand a lot‖ at baseline 

(Figure 1B, rose), subsequently reported ―completely 

understand‖ and ―understand a lot‖ after the lesson.  Taken 

together, our data indicate that students perceived gains in their 

understanding of the role of microbes in paper biodegradation 

after completing the lesson. 
 

Mechanism of Paper Biodegradation  
 

Before starting the activity, students were asked to predict the 

fate of paper in a landfill via a multiple-choice clicker question.  

Paper buried in a landfill would be degraded primarily by 

anaerobic mechanisms [34].  Initially, the majority of students in 
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the Spring 2020 semester (71%) predicted that respiration played 

a role in paper biodegradation in landfills (Figure 1C).  About 

18% stated that paper would be degraded via fermentative 

pathways, and 11% predicted that something else would happen 

(Figure 1C).  When asked the same question after the activity, 

students in the Spring 2020 cohort changed their prediction.  

Only 41% predicted that paper would be degraded via 

respiratory mechanisms, while the great majority (57%) stated 

that fermentation would be the primary pathway of paper 

degradation (Figure 1C).  Fewer students (2%) were unsure 

about the fate of paper in landfills after the activity than before.  

The greatest transition in answers shifted from students 

predicting that respiration would play a role to predicting that 

fermentation would play a role (Supplementary Figure 2B (light 

green).  Taken together, the majority of students correctly 

predicted that paper would be degraded anaerobically via 

fermentative processes after participating in the lesson.   

 

Active Learning Group Exercise: Drawing the enzyme 

secretion, macromolecule degradation and nutrient transport 

pathways  
 

Students demonstrated their overall understanding of class 

material in a group formative assessment, where they drew the 

processes of enzyme secretion, cellulose degradation, glucose 

transport and glucose metabolism (Figure 2).  This activity was 

designed to evaluate the extent by which groups of students 

engaged in model-based reasoning by using a drawing-to-learn 

approach [35].  A group with high mastery of the material would 

place the Sec/Tat protein secretion systems across the cell 

membrane, the Type V Secretion System and the porin channels 

in the outer membrane, and the glucose phosphotransferase 

system (PTS) across the cell membrane (compare Figure 2B and 

Figure 2C).  Their drawings will also show the phosphorylation 

of glucose to glucose-6-phosphate after transport via the PTS 

system, leading directly to its hydrolysis via glycolysis.  

Moreover, they would illustrate cellulose as a polymer as well as 

have appropriate labels for the cellulase enzyme and other 

components. 
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Metacognitive Topic Questions  

Student’s identified the Topics Most Confusing to them:   

 

Question 1: What was the most confusing concept in today's 

class? 

 

To evaluate this question, we established and validated a 12-item 

codebook (Supplementary Materials 4) to explore emerging 

patterns in students’ responses.  These codes were subdivided 

into 3 categories: 1) Concepts, 2) Competencies, and 3) Affect.  

Table 2 shows the frequency (f) of these codes for each semester, 

as well as the Jaccard coefficient (T), and Cohen's kappa (𝛋 ± 

SE) values evaluating inter-rater reliability.  The high Jaccard 

coefficient (≥ 0.92) and Cohen’s kappa values (≥ 0.81) indicate a 

high level of consistency between the two coders.   

 

The Concepts category includes codes that deal with students’ 

questions about class content.  In this category, students from 

both semesters primarily identified Protein Export as the most 

confusing concept.  This code was used 19 times by Fall 2019 

students and 27 times by Spring 2020 students.  Biochemistry 

and Misconceptions were more represented in the Fall 2019 

cohort compared to the Spring 2020 cohort.  To a lesser degree, 

but with similar frequencies, both cohorts identified Exoenzyme 

Activity, Location, and Nutrient Transport as confusing topics.   

 

The Competencies category includes codes that describe skills 

students ought to master over the course of the lesson.  Under 

this category, Big Picture was the most common code (overall 

frequency of 39 times), found more frequently in the Spring 

2020 cohort.  Illustration was also frequently cited, (20 times) 

with the Fall 2019 cohort displaying this code at a higher 

frequency.  Some students in both cohorts reported having 

challenges with Time to complete the activities (3 times total).   

 

Although not prompted by the question, students from both 

cohorts expressed ideas about feelings of self-improvement in 

conceptual understanding or skills.  Some students also 

expressed feelings of concern about their understanding or feared 

potential negative consequences for not understanding the 
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material.  To reflect the frequency of these statements regarding 

feelings, we created a category of Affect (Table 2).  

Improvement was the most frequently used code in this category, 

with both cohorts displaying similar frequencies for this code.  

Similarly, Concern was also equally represented to a lesser 

degree in both cohorts. 

 

The Power of Microbes and the Relationship of Microbiology 

to Society: 

 

Question 2: Based on today’s work, tell us what you think about 

the following statement: The power of microbes can be 

harnessed to reach environmentally sustainable goals. 

 

Concerning the power of microbes to reach environmentally 

sustainable goals, the 10 most used terms (in order of weight) 

included waste, help, degradation, break, paper, landfill, recycle, 

clean, decompose and microorganisms (Figure 3A and 

Supplementary Table 2).  The frequency of use for these terms 

indicates that students perceived microorganisms as a clean 

alternative to help the degradation (break or decompose) of 

waste in landfills.  The following student responses were 

selected because they represent the breadth of perspectives and 

backgrounds of the students:  

 

 
 
Figure 3:  Word clouds illustrating terms in the responses to metacognitive 

questions.  A) Microbes and environmental goals.  Following the activity, 

students were asked the question: Based on today’s work, tell us what you think 

about the following statement: The power of microbes can be harnessed to 

reach environmentally sustainable goals.  B) The relationship between 
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microbiology and society.  Following the activity, students answer the question: 

Does today's work illustrates the relationship of microbiology to society? 

Explain.  Both of these free-response survey questions were deployed via the 

Learning Management System after the class.  Text from the student’s 

responses was organized using a word cloud software that highlights, by word 

size, how often a term was used.  The images display the responses from the 

Spring 2020 semester (n = 88).  To simplify the image, only terms used at least 

4 times are shown. 

 

 ―…Microbes are definitely beneficial for sustainability … One 

example can be like bioremediation where microorganisms aid in 

cleaning air, soil, and water.‖ 

 

―…We could potentially use bacteria to degrade cardboard that 

does not fall under conditions to be recycled by parties in other 

countries.  We would be able to continue working on 

sustainability efforts of decreasing soiled cardboard and paper 

pollution.‖  

 

―…In the lecture prep videos we were able to see the importance 

of degradation of oil and petroleum by bacteria using oxygenase 

for bioremediation.‖   

 

Students understand the Connection to of this Microbiology 

Lesson to Society:   

 

Question 3: Does today's work illustrate the relationship of 

microbiology to society? 

 

Concerning the relationship of microbiology to society, students 

connected the activity to four overall societal applications, 1) 

waste management, 2) sustainability and environmental solutions 

to pollution, 3) biodegradation as a tool, and 4) energy cycles 

essential for human life (Figure 3B and Supplementary Table 2).  

In particular, students reported that the activity helped them 

understand the real-world implications of the biology they were 

learning:  

 

"… Listening to the newscast about the garbage problem with 

China really made it apparent to me how important it is for us in 

America to find a reliable, safe, and sustainable solution to the 

ever-increasing garbage problem.  I see how microbes can be 
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used to help break down certain types of waste and I am very 

curious to see if there will be newer research and findings 

regarding microbe usage in the waste management sector."   

 

―The activity helped me to connect everything together 

especially by relating it to the current problem we have with 

paper not being properly recycled.  The activity helped me 

envision how paper was broken down via cellulase enzyme then 

brought in by porins and PTS systems and through catabolic 

reactions we harvested energy.  The activity made everything 

full circle for me.‖   

 

Students Agree: The Lesson Influences their Opinion about 

Paper Recycling:   

 

Question 4: Tell us how much you agree with this statement: 

Today's activity did NOT influence my opinion about recycling 

paper waste. 

 

To evaluate if the lesson influenced the students’ opinion about 

paper recycling, we deployed the above 5-point Likert scale 

question via LMS.  Most students either Strongly disagreed 

(33%) or Somewhat disagreed (36%) that the activity did not 

influenced their opinion about recycling paper waste (Figure 

4A).  About a fifth of the students (22%) Neither agreed nor 

disagreed with the statement, while less than 10% of the students 

Somewhat agreed or Strongly agreed.   

 

 
 
Figure 4:  (A) The activity strongly influences student’s opinions about 

recycling.  Following the activity, students were asked: ―Tell us how much you 

agree with this statement: Today's activity did NOT influence my opinion about 

recycling paper waste.” (B) The activity strongly enhances student’s 
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understanding of enzyme secretion and nutrient transport.  Following the 

activity, students were asked: ―Tell us how much you agree with this statement: 

After today's activity, I will be able to explain how enzyme secretion and sugar 

transport are related to cell wall and membrane function.” These 5-point 

Likert survey questions were deployed via the Learning Management System 

after the class.  The graphs display the responses from the Spring 2020 

semester (n = 88).  Numbers above the columns represent the percent of 

students selecting a response.   

 

Students Agree: The Lesson Increases their Confidence to 

explain the Relationship between Enzyme Secretion, Sugar 

Transport to Cell Wall and Membrane Structure:   

 

Question 5: Tell us how much you agree with this statement: 

After today's activity, I will be able to explain how enzyme 

secretion and sugar transport are related to cell wall and 

membrane function. 

 

We evaluated the students’ confidence in their ability to explain 

the relationship between enzyme secretion and nutrient transport 

to cell wall and membrane structure.  After the lesson, we asked 

students to rate how much they disagreed or agreed with the 

question above.  Most students (81.8%) reported that they could 

explain how enzyme secretion and sugar transport are related to 

cell wall and membrane function.  About 9% of the students 

were neutral about this statement, while very few of them either 

"strongly disagreed‖ (4.5%) or ―somewhat disagreed‖ (4.5%) 

with the statement (Figure 4B).   

 

Summative Assessments  
Readiness Assurance Quiz  
 

During the first 10 minutes of class, students took a 5-point quiz 

containing 5 multiple choice questions to test their 

comprehension of the video lectures (Supplementary Materials 

1.1).  Both cohorts of students performed similarly on the quiz 

(t[176] = 0.44, p = 0.66).  The Fall 2019 class scored 3.6 ± 1.1 

points (mean ± SD, 71%) and the Spring 2020 class scored 3.5 ± 

0.9 points (70%).  Students were successful at understanding 

how exoenzymes hydrolyze polymers (questions 3–5) but were 

less successful in describing where in the cell these processes are 

happening and how the materials are transported (questions 1–2).   
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Midterm Exam  
 

The midterm questions were designed to assess the students’ 

mastery of the lesson’s core concepts [36] and have evolved over 

the development of the course.  All exams for this course are 

open-ended with brief essay responses.  For context, after 

making the course hybrid in Fall 2019, the exams shifted from 

asking low-order questions to asking students higher-order 

synthesis questions about the entire process of macromolecule 

degradation (Supplementary Material 6).  In Fall 2018, students 

averaged 71% on the questions relevant to this lesson, providing 

basic answers about exoenzyme identification and secretion 

systems (data not shown).  However, students did not 

demonstrate mastery of the entire macromolecule degradation 

process.  In Spring 2019, students were challenged to describe 

the degradation process of a protein without the problem-based 

learning exercise.  Their answers averaged 31% for these 

questions (data not shown).  Overall, students from the pre-

hybrid course demonstrated a rudimentary understanding of the 

processes of macromolecule degradation but were challenged 

when connecting macromolecule degradation to a non-

carbohydrate substrate.  This demonstrates a breakdown of 

knowledge with the macromolecule degradation process, thereby 

inspiring the shift of the questions to the higher-level processes 

assessed here. 

 

In the exam questions pertaining to this lesson, students are 

asked to detail the process of decomposition and metabolism of a 

triglyceride to their final carbon-based products (CO2 or a 

fermentation product).  This shift in substrate in the exam, from 

cellulose used in the lesson, would allow us to ascertain if 

students transferred the knowledge obtained in the lesson to a 

new scenario [37].  The exam question had four parts assessing 

students' mastery of protein secretion, exoenzyme function, 

nutrient transport and metabolism.  For both semesters, these 

exam questions were graded by the same grader, using the same 

key, and the same rubric (Supplementary Materials 3).  These 

two cohorts were the first to be assessed with this question.   
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When comparing the entirety of the exam, both cohorts 

performed similarly (t[176] = 1.08, p = 0.28).  The Fall 2019 

cohort had a mean score of 77% and the Spring 2020 had a mean 

score of 74%.  Since Fall 2019, students do not keep their exams 

after reviewing the material in discussion so there is little chance 

that the Spring 2020 cohort had access to exam questions ahead 

of time.  Both cohorts demonstrated similar comprehension of 

the exoenzyme secretion process (Figure 5A).  Students in the 

Spring semester cohort performed better than the Fall semester 

cohort in the question concerning Exoenzyme function (Figure 

5B).  On the other hand, Fall semester students performed better 

in the question relating to nutrient transport (Figure 5C).  

Although the Spring 2020 students performed better, both 

cohorts had challenges identifying the products of triglyceride 

degradation (glycerol and fatty acids) and placing these within 

the beta oxidation pathway to generate Acetyl-CoA (Figure 5D).   

 

 
 

Figure 5:  Comparison of exam performance in summative assessment 

questions for the Fall 2019 and the Spring 2020 cohorts.  All graphs compare 
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the mean percentage score and error bars are the standard error of the mean.  

(A) Question 5a: Protein Secretion, t(177) = -1.20, p = 0.232.  (B) Question 5b: 

Exoenzyme Function, t(177) = -3.24, p = 0.001.  (C) Question 5c: Nutrient 

Transport, t(177) = 2.63, p = 0.009.  (D) Question 5d, Metabolism, t(177) = -

4.68, p < .00001.  Bar graphs display the responses for Fall 2019 (n = 89) and 

Spring 2020 semester (n = 90).  All statistics are unpaired, two-tailed, Student’s 

t-Tests.  For details on the questions and their answers, please see the 

Supplementary Materials.   

 

Discussion  
Practical Implications and Lessons Learned  
 

Peer-led, team-based learning is known to give students an 

opportunity to develop positive interdependence, scientific 

reasoning, critical thinking, and communication skills [38,39].  

Additionally, peer-led learning provides a more inclusive and 

supportive learning environment, particularly to 

underrepresented students who come from culturally 

interdependent communities [40].  General Microbiology utilizes 

project-based learning in the TEAL classroom environment to 

facilitate the exploration of real-world scenarios [41] and help 

students synthesize their own understanding of material [42].  

This lesson helped students connect first-hand with the global 

impact of paper pollution and the role microbes play in the 

biodegradation of paper waste.  Students demonstrated a deep 

understanding and increased awareness of the societal issues 

surrounding paper waste management and sustainability 

 

Illustrating the entire biodegradation process of cellulose was the 

most challenging part of the activity, as students are required to 

engage in systems thinking, bringing together the material not 

only from this lesson, but from two other previous lessons (cell 

wall structure and nutrient transport).  This activity revealed 

misconceptions in students’ understanding of the material 

(Figure 2A, 2C).  Some students found it difficult to differentiate 

between the Sec and Tat protein translocation system, centered 

around a knowledge breakdown between which system 

translocated unfolded (Sec) versus folded (Tat) proteins.  

Furthermore, students were confused by which protein secretion 

system was used to transport proteins across the outer membrane 

(Type V Secretion System) and where these secretion systems 

were located in the cell envelope.  This in-class evidence was 



Prime Archives in Microbiology: 2
nd

 Edition 

30                                                                                www.videleaf.com 

confirmed through the coding of the post-class metacognitive 

response to ―What is the most confusing concept in today’s 

class?‖, where Protein Export was the most commonly 

represented code, followed by Big Picture and Illustration (Table 

2).  Another misconception centered on the transport of 

cellulose, as some students misidentified cellulose as a monomer 

and missed including glucose in their diagrams.  Concerning 

nutrient metabolism, some students had challenges ascertaining 

the biochemical pathways utilized to digest glucose monomers as 

a source of energy.  These topics also surfaced in the coding of 

the answers to the metacognitive question ―What is the most 

confusing concept in today’s class?‖, where Biochemistry, 

Nutrient Transport and Exoenzyme Activity codes were 

abundantly represented (Table 2).  Combined, these 

misconceptions demonstrated a general challenge with 

visualizing structure/function relationships in the cell envelope.  

This informed us of the importance of emphasizing the structural 

components of the lesson for future students.  In the next 

iterations of the class, we will prime students to review these 

topics during the preparatory stage of the carbon cycle lesson.  In 

this way, the aspects that are least understood to the class would 

be emphasized during individual lectures and incorporated into 

activities to solidify this knowledge. 

 

Overall, students were effective at explaining how exoenzymes 

are secreted (Figure 5A), their role in macromolecule hydrolysis 

(Figure 5B) as well as the transport of their fatty acid products 

into the cell (Figure 5C) but were less effective at connecting the 

biochemical pathway for fatty acid metabolism to energy 

production.  We strategically chose to ask students about 

triglycerides hydrolysis instead of cellulose to provide them the 

opportunity to demonstrate their ability to transfer the knowledge 

they gained from the cellulose lesson to the triglyceride exam 

question [37].  In this regard, students showed a breakdown of 

knowledge in the level of completion in their answer regarding 

the specific pathway by which fatty acids are processed (Figure 

5D).  For example, some students would correctly state that fatty 

acids are processed into acetyl-CoA via beta oxidation but could 

not follow through connecting acetyl-CoA to the Krebs cycle 

and the electron transport chain.  Some students mentioned the 
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Krebs cycle and electron transport chain, but not the beta 

oxidation pathway.  This breakdown may reflect the fact that 

these questions were the most challenging on the exam and 

required students to think at a higher-cognitive level than other 

questions.  Moreover, students did not have the opportunity to 

practice transferring knowledge of the various macromolecule 

degradation processes from one substrate to another before the 

exam.  This signaled to the instructors to consider providing 

more opportunities to practice this skill, particularly in the 

asynchronous discussions and homework.  While the exam 

scores we low, they were an improvement from the scores of the 

pre-hybrid Spring 2019 cohort, which did not have the aid of the 

problem-based learning exercise (data not shown).  This 

demonstrates an improvement between the pre-hybrid and hybrid 

cohorts when approaching higher-cognitive level questions.   

 

Based on their formative assessment results, students showcased 

evidence of their learning and achievement of the lesson’s 

learning outcomes.  This is illustrated in the transition in 

predictions about the fate of paper in a landfill (Figure 1C, and 

Supplementary Figure 2).  Most students came to class 

incorrectly believing that respiration played a role in the 

biodegradation of paper waste products.  By the end of the 

activity, most students stated that fermentation plays a primary 

role in this process.  However, a good proportion of students 

(41%, Figure 1C) still stated that paper would be degraded via 

respiratory processes.  We hypothesize that the lack of clear 

understanding of landfill architecture as well as images used 

during the introduction to the activity of paper exposed to air in 

landfills might have influenced student’s answers 

(Supplementary Material 1.2).  In future iterations of the class, 

we will ensure to reinforce these concepts in the pre-flipped 

lecture preparation material.   

 

Students were able to visually work through the mechanism of 

nutrient transport and correctly illustrate the biochemical 

processes accurately.  Misconceptions of the structural 

organization of these processes were identified quickly and 

resolved through visual exploration and discussion [43].  Our 

metacognition survey demonstrated that students self-identified 
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their growth in understanding before and after the activity 

(Figure 4B).  The students synthesized and demonstrated their 

understanding through the summative assessments, being able to 

recall the process of protein secretion and nutrient absorption but 

struggled to transfer knowledge from one polymer (cellulose) to 

another (triglycerides).  Future class iterations will provide 

discussion forum questions and homework that will give students 

more opportunities to examine a variety of macromolecules and 

work through the entire biochemical pathways needed for their 

degradation. 
 

Adapting to the COVID-19 pandemic  
 

The COVID-19 pandemic escalated a few weeks into the Spring 

2020 semester and university campuses worldwide shut down to 

prevent the spread of the SARS-CoV2 virus [44].  Since this 

course is a flipped, hybrid class, transitioning to Emergency 

Remote Instruction (ERI) required minor adjustments.  Although 

the activities described here were deployed in-person before 

transitioning to ERI, the exam evaluating the content of this 

activity was administered online.  The Spring 2020 students had 

to navigate the transition period only a week before they took the 

exam discussed in this paper.   
 

To deter cheating, the exam was open book, open note, timed 

and delivered via the LMS using Respondus Lockdown 

Browser
®
 without the Respondus Monitor

®
.  The exam questions 

were written to build upon foundational knowledge, which 

require students to use higher order thinking to answer them 

correctly.  Therefore, the answers to these questions could not be 

easily found online.  To clarify exam misconceptions and answer 

students’ questions, the instructors were available via Zoom 

during the entire exam period.   
 

Conclusions and Recommendations  
 

Using a variety of teaching strategies and technology, this lesson 

departed from a traditional teaching model by giving students an 

opportunity to address a real-world problem.  Students 

demonstrated their learning by building their own systems-level 

understanding of the microbiological and biochemical processes 

involved in the breakdown of paper.  This lesson was facilitated 

by, and took advantage of, the TEAL lab learning environment 
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and a hybrid online model, both components that may not be 

accessible to all universities.  The TEAL lab facilitates the use of 

active learning, but it is neither required to use these strategies 

nor required to create a collaborate learning environment.  There 

are many ways to foster collaborative learning including 

structured discussion, reciprocal teaching, and problem-solving 

[45] that are independent of the TEAL lab.  For courses that do 

not have access to online resources, face-to-face interactions can 

produce statistically similar grades from online learning as well 

as increased levels of student satisfaction [46].   
 

There are some inherent challenges that come with implementing 

a flipped lesson with evidence-based teaching strategies of this 

nature.  It takes a significant amount of time to prepare each 

component, which requires intention and alignment with the 

learning outcomes to be effective for student learning and 

engagement.  Additionally, these active learning strategies may 

be new to instructions accustomed to traditional teaching and 

may require additional training to model effectively.  To 

facilitate the amount of activity in the given time, the timing 

during flipped lecture needs to be managed closely to 

incorporate all the components of a 5E model lesson.  Timing 

itself could be a limitation if courses are less than the 75 minutes 

discussed here and if instructors feel there is not enough time to 

cover the content with active learning [47].  This lesson may be 

difficult to implement in a large (>200 person) class and may 

require additional levels of organization or facilitation.  

Furthermore, there may be systemic resistance to incorporating 

active learning techniques [48] that faculty may need to 

overcome without reward [49]. 
 

In order to increase content retention and reduce misconceptions, 

students could perform a pre-lecture homework where they can 

review the materials discussed in the lesson’s video lectures as 

well as from previous coursework.  We found that, overall, 

students improved their understanding of the concepts after the 

5E lesson.  Where some students struggled was drawing the 

structures related to the biological processes.  We recommend 

that instructors incorporate more model drawing activities to 

help identify misconceptions and provide students with an 

opportunity to promote reasoning skills [35].  We also 

recommend offering a variety of examples for students to 
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practice transferring their knowledge from one example to 

another.  Lastly, we recommend and encourage faculty to center 

activities, when possible, on real-world scenarios that are 

relevant to students, especially scenarios that impact underserved 

student communities, to connect the concepts and their 

implications to student experiences [7]. 

 

Summary 
 

Today’s students suffer from the burden of climate change and 

global pollution and need to develop skills to think critically 

about these problems.  Problem-based learning can engage 

students in real-world scenarios while simultaneously learning 

complex microbiological and biochemical concepts.  By using 

deliberate teaching strategies, outlined in this lesson, we 

demonstrate increased student conceptual understanding and 

perceived understanding of microbial carbon assimilation and its 

role in paper waste degradation.  We coded student responses 

from a reflective survey and identified common misconceptions 

and perceived gains.  Student performance was measured 

through a variety of assessments including a drawing activity 

and exam questions.  We were able to determine areas where 

student performance could improve and address them 

accordingly.  We recommend instructors consider using real-

world scenarios when teaching complex topics to foster student 

engagement and interest in the topic in and beyond the 

classroom. 
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Supplementary Material 
 

Supplementary Material 1: Course content for General 

Microbiology (BIO120) 

 
We use the Brock Biology of Microorganisms (Madigan et al. 

2018, 15
th
 edition).  The carbon assimilation content comes from 

Ch. 3 (sections 3.3–3.7), Ch. 4 (sections 4.11–4.13), Ch. 14 

(sections 14.24–14.25), Ch. 21 (sections 21.1& 21.8), and Ch. 22 

(sections 22.4–22.5).  

 

Supplementary Material 1.1: Carbon 

Acquisition-Video Lecture Slides 

 

Supplementary Material 1.2: Session 12 Leaning 

Outcomes-Flipped Lecture Slides 

 
Supplementary Material 2: Lecture 

Comprehension Quiz  
 

1. The Sec secretion system is able to transport proteins into 

the periplasmic space. Which of the following statements is 

true?  

a. It translocates folded proteins to the periplasmic space.  

b. It requires the Type V Secretion System to secrete 

proteins to the extracellular space.  

c. Proteins are translocated while they are being translated.  

d. This system uses the proton motive force to secrete 

proteins.  

e. The sec system is not involved in placing proteins in the 

membrane.  

2. Exoenzymes hydrolyze polymers at the exo-position.  

 

a. True  

b. False  

 

 

 



Prime Archives in Microbiology: 2
nd

 Edition 

41                                                                                www.videleaf.com 

3. Which of the following is true?  

 

a. Hydrocarbons are hydrolyzed into acetyl-CoA by 

beta-oxidation.  

b. Hydrocarbons can be catabolized directly, without 

modification, by hydrolytic enzymes.  

c. Dioxigenases are needed to modify hydrocarbons.  

d. Hydrocarbons cannot be use by bacteria to harvest 

energy.  

e. Ring activation reactions are needed to hydrolyze the 

hydrocarbon octane.  

 

4. Match the following enzymatic reactions to their respective 

enzymes. (Word bank: lipase, nuclease, proteinase, 

amylase)  

 

a. Hydrolysis of proteins   

b. Hydrolysis of DNA   

c. Hydrolysis of phospholipids   

d. Hydrolysis of starch   

 

5. What is the function of "converter" enzymes?  

 

a. They process precursor molecules so the 

products can then enter central metabolic 

pathways.  

b. They catalyze reaction for energy extraction.  

c. They convert amino acids into carbohydrates.  

d. They are involved in transport of nutrients.  

 

Supplementary Material 3: Midterm Questions  
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5.   Mono Lake harbors millions of Alkali flies Ephydra hians. 

The larvae of these flies are rich in triglycerides (three fatty 

acids bound to a glycerol molecule, see image). 

Microorganisms decompose dead alkali fly pupae and gather 

energy and carbon from triglycerides. (24 points)  

 

a.     Briefly describe where in the cell these exoenzymes are 

made and the process by which these exoenzymes are 

secreted. (Protein Secretion Question) 

 

Key: Exoenzymes are made in the cytoplasm and 

then transported to the exterior of the cell via a 

Secretion System (SS).  Here students might mention 

the Sec-dependent Type II or type V SS, which allow 

the exoenzymes to be released from the periplasm 

onto the extracellular milieu.  Alternatively, they 

might mention the Sec-independent systems: Type I, 

III, IV.   

   

This question is worth 8 points. Students receive 2 points 

for identifying that the cytoplasm is where exoenzymes 

are made. They receive 2 points for mentioning the 

secretion system, and up to 4 points for describing the 

secretion system details.  

   

b.     Name the exoenzyme involved and describe the 

exoenzyme-mediated events that occur outside the 

bacterium. (Exoenzyme Function Question) 

 

Key: Lipases will break down triglycerides into fatty 

acids and glycerol.  

   

This question is worth 2 points. Students receive 1 point 

for correctly identifying the enzyme lipases and the other 

point is given for identifying that lipases are broken 

down into fatty acid and glycerol.  

   

c.     How are the products of these hydrolytic reactions 

transported into the cytoplasm of the bacterium (for this 

question, ignore the glycerol)? Do not forget to mention 
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the energy used for transport. (Nutrient Transport 

Question) 

 

Key: Fatty acids will be transported inside the 

bacteria by ABC transporters. Binding proteins bind 

to the FA which are then transported by the ABC 

transporter after ATP hydrolysis.  

   

This question is worth 4 points. Students receive 2 points 

for identifying the ABC transporter system as the 

method of transport and receive the additional 2 points 

for correctly describing how this system works.  

   

d.     Once inside the cytoplasm, the products of triglyceride 

hydrolysis are used to generate energy. In general 

terms, describe the process used to harness energy from 

the products of triglyceride hydrolysis, all the products 

generated, and the biochemical fate of these products 

(i.e. to which biochemical pathway these products 

go). (Metabolism Question) 

 

Key: Fatty acids are hydrolyzed via beta-oxidation. 

The products of beta oxidation are Acetyl-CoA, 

NADH and FADH2. The Acetyl-CoA will go onto the 

Krebs cycle while the NADH/FADH2 will go to the 

ETC.  

   

This question is worth 10 points. Students receive the 

maximum points for outlining the entire process from 

beginning to end. If students are only missing one 

process, they receive 8 points. If they only describe two 

of the processes, they receive 6 points. If students only 

describe one process, in detail, they receive 4 points. 

Most students are able to at least describe some part of 

this process, receiving between 4–10 points.  
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Supplementary Material 4: Metacognition code 

book. 
 

 
 

 

 

 

 

 

 

200602 Code (2)

 Confidential 6/18/20 Page 1

Category Codes Description Sample

Biochemistry

Student expresses confusion about a biochemical 

pathway, including (but not limited to) hydrolysis of 

glucose via glycolysis (or another glycolytic pathway), 

fermentation, or respiration.

The most confusing concept today was the biochemical 

process that lead to metabolism of these products and 

how they go in. 

Exoenzyme 

Activities
Student had challenges understanding how exoenzymes 

break down macromolecules, or identifying which 

exoenzyme is required to hydrolyze a macromolecule.

Today's most confusing topic involved understanding 

the role of exoenzymes. Particularly the role of 

exoenzymes during the degradation of cardboard.

Location

Student expresses confusion about the cellular location 

of a biomolecule (DNA, RNA, lipid, carbohydrate or 

protein). This includes not placing a biomolecule in its 

correct subcellular location.

When assigning the group the drawing activity I was 

overthinking the assignment. I am little lost on the 

placement of the protein complex at the cell membrane.

I had a hard time understanding how exoenzymes 

can secrete paper. I looked it up for various minutes 

and most of the scholarly articles stated that exoenzymes 

did secrete paper but not exactly how. 

I didn't understand what was being asked when we were 

asked to draw the transport mechanisms in the bacterial 

membrane. I think that's when I was the most confused 

in class.

Nutrient 

Transport

Students had challenges determining how a nutrient 

(glucose) would be transported from the outside to the 

inside of the cell.  This includes crossing the outer 

membrane of the gram negative cell wall (via porins) as 

well as the cell membrane (via PTS system, ABC 

transproters or permeases).

The transportation of the products of exoenzyme 

reactions was confusing to me because it had a lot of 

stuff going on with it, including the different 

transporters and the conditions (like binding and 

phosphorylation and such)

Protein Export

Students had challenges determining how proteins 

(exoenzymes) would be transported from the inside of 

cell to the outside of the cell.  This includes 

distinguishing which protein system are used to 

translocate proteins  across the cell membrane (via Sec or 

Tat systems) or used to cross the gram negative cell wall 

(via protein secretion systems).

The most confusing concept was understanding how 

exoenzymes are secreted to the environment. 

Other

Any type of statement that does not fit in the previously 

described categories.  This includes non-content 

statements.

The most confusing topic today is understanding the 

agent and environment interventions. 

Big Picture

Student expresses challenges connecting key concepts 

from various lectures, or demonstrating understanding of 

the cell as a system.  This would include linking the topic 

to the various spheres of biological influence. 

The most confusing concept was trying to link the past 3 

lectures into the activity where we drew how cellulose 

broke down and was taken into the cell

Illustration
Students had challenges illustrating, drawing and 

organizing a model based on their mental vizualization of 

the concepts.  

The most confusing concept today was being able to 

illustrate the process by drawing and labeling what is 

happening outside and inside of the membrane.

Time

Students states that time constraints were a factor in their 

lack of understanding of the activity. 

When doing the last activity it felt rushed and I wish we 

could've gone through it together as a class.

Concern 
Student expresses concern about their confusion or lack 

of knowledge, or how it would affect their performance 

in an assessment.

Understanding and being able to connect previous 

lectures into answering possible exam questions about 

biodegradation. I understood the paper waste 

degradations  from my peers but I am still worried 

if I am able to recount what I learned in future 

exam questions. 

Improvement

Student expresseses a positive view about their learning 

or about seeking help from a peer, study group, tutor, 

TA or professor.  This includes the desire to gain better 

understanding of a topic or proposing an autonomous or 

collective (group work) way to gain mastery of the 

material.  

Drawing the diagram was the most confusing concept 

today.  Understanding how the various parts work 

together was tricky, but I know if I keep reviewing 

it outside of class and watch videos on the 

mechanism, I will be able to fully understand it. 

Concepts

Competencies

Affect

Misconception The student expresses a statement that is incorrect as a 

result of faulty thinking or lack of understanding the 

activity.  The student mixes up concepts that are not 

usually related or confuse the order of biological or 

biochemical events.
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Supplementary Material 5: Asynchronous online 

discussion forum questions 
 

Students participated in an asynchronous online discussion 

during the same week they watched their videos and performed 

their carbon degradation activity. Discussion question are posted 

for a week where students have time to choose which questions 

they like to answer and write a post of at least 250 words with 

references. They must also reply to a peer, offering further 

questions or clarifications on ideas. The discussion is facilitated 

by co-instructor (Shay) to moderate for any misconceptions or 

misdirected content. The discussion questions related to this 

activity are as follows: 

 

 Transporters: Choose two different transport methods 

(e.g. passive diffusion, PTS, ABC transporter, or other 

examples from the lecture) and compare and contrast the 

two. Make sure to comment on the purpose of this 

method of transport, any parts involved, enzymes, the 

energy required, and how it works.  

 Exoenzymes: What are exoenzymes? How do they 

work? Why do microbes have them and what purpose do 

they serve? Provide specific examples from class 

materials to support your ideas.  

 Degradation: Microbes have incredible abilities to 

degrade toxic substances like petroleum and oil. How do 

they manage to do this? What processes are involved? 

What are the implications for these processes and how 

could we attempt to harness this power to save our 

future? Think critically about this prompt using your 

course materials. 

 Fermentation: What is the overall purpose of 

fermentation? Explain the differences and similarities 

between two types of fermentation of your choosing. 

Make sure to note the inputs and outputs of the reaction 

and the energy consumed/used or gained in the reaction. 
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Supplementary Material 6: Pre-Hybrid exam 

questions and key 

 
Fall 2018 Exam Questions 

 

5. The cyanobacteria Geitlerinema terebriformis live in biofilms 

made of complex cellulose-like polymers. These can provide 

energy and carbon sources when digested by exoenzymes. 

a.     Name the type of exoenzymes used to digest these 

polymers.  Briefly describe the process by which these 

exoenzymes are secreted (10 pts). 

 

Key: Cellulases will be secreted by the bacteria onto 

its environment.  These proteins will be transported 

from the cytoplasm to the periplasm during 

biosynthesis through the Sec system. Type II, IV, and 

V secretion systems will allow the cellulases to be 

released from the periplasm onto the extracellular 

milieu.  

 

b. Describe the exoenzyme-mediated events that occur 

outside the bacterium as well as how the products of 

these events are transported into the cytoplasm of the 

bacterium (8 pts). 

 
Key: Cellulases will break down the polymer into 

glucose monomers.  These will then be transported 

inside the bacteria by a PTS transport system. 

 

Spring 2019 Exam Questions  

 

5. Following protein degradation, V. cholerae can import 

the amino acids Alanine and Glycine into its cytoplasm 

for energy production. 

 
a. Discuss the biochemical modification of Alanine to form a 3-

carbon product that will be used eventually in aerobic 

respiration. In your answer name the family of enzymes that 

catalyze this modification, and the byproducts of this reactions 

(6 pts). 
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Key: Deamination of Alanine (1) into pyruvate and 

NH3 (2) via deaminases converter enzymes (2) 

 

c. Discuss the biochemical co-modification of Alanine and 

Glycine to form a 2-carbon waste product that will be 

secreted eventually under anaerobic conditions. What is 

the Nitrogen containing product also made in these 

reactions? (6 pts) 

 
Key: Strickland reactions with oxidation of Alanine 

(1) coupled with reduction of glycine (1) via NAD+ 

shuttling of electrons (2) results in pyruvate and NH3 

(2)  

 

Supplementary Figures and Tables 

 
For more information on Supplementary Material and for details 

on the different file types accepted, please see here. Figures, 

tables, and images will be published under a Creative Commons 

CC-BY license and permission must be obtained for use of 

copyrighted material from other sources (including re-

published/adapted/modified/partial figures and images from the 

internet). It is the responsibility of the authors to acquire the 

licenses, to follow any citation instructions requested by third-

party rights holders, and cover any supplementary charges. 
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Supplementary Figures 
 

 
 

Supplementary Figure 1: UC Merced Technology-Enabled Active Learning 

(TEAL) Lab.  This learning space facilitates collaborative discussions, 

simulations, and hands-on learning experiences. The image illustrates a 90-seat 

lab divided in 10 tables (9 students per table).  Each table has a LED HDMI 

screen and a white board as well as connectivity for laptops and document 

cameras. Front and back projectors and screens ensure that all students have 

direct visual access to class material.  Instructors control the room via a central 

lectern. 
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A) 

 

 
 

B) 

 

Supplementary Figure 2: Students’ prediction about the fate of paper in a 

landfill. A) After a brief introduction, Fall 2019 students (n = 81) were asked to 

predict the fate of paper in a landfill.  This 5-point Likert survey question was 

deployed via clickers before the activity. The answer choices included ―It 

remains in the landfill, as paper is not degradable.‖ (blue), ―It will decompose 

by microbial activity involving respiration.‖ (orange), ―It will decompose by 

microbial activity involving fermentation.‖ (gray), and ―Something else will 

happen...‖ (yellow).   

B) Comparison of student’s predictions before and after the activity for Spring 

2020. Before and after the activity, Spring 2020 students (n = 88) were asked to 

predict the fate of paper in a landfill. This 5-point Likert survey question was 

deployed via clickers before the activity or via the Learning Management 

System after the class. The answer choices included ―It remains in the landfill, 

as paper is not degradable,‖ ―It will decompose by microbial activity involving 

respiration,‖ ―It will decompose by microbial activity involving fermentation,‖ 

and ―Something else will happen...‖ The alluvial plot compares the before (left 

column) and after (right column) responses. 

1%

49%

15%

35%

(A)

Fall 2019
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Supplementary Tables 
 
Supplemental Table 1: Lesson timeframe.  

 

Lesson Component Time1 Slide2 Notes: 

Welcome to Class -10 N/A The classrooms is available 10 minutes before class starts.  This time allows 

welcoming the students to the learning environment. 

Readiness Quiz 8 N/A This quiz can be taking online prior to attending the flipped lecture.  After the class 

was transitioned online due to the Covid-19 pandemic, this was the preferred method to 

administer quizzes. 

Lesson's learning outcomes 2 1 Quick reminder of the lesson's learning outcomes 

Introduction 1: recycling  5 2 Introduction to the National Sword Policy and its impact in paper recycling.   

Recycling Discussion and questions 5 2 Student's answer the question "What type of paper products would be rejected by the 

National Sword policy?" 

Introduction 2: paper origins and paper 

waste management 

5 3 Introduction to the nature of paper production and general overview of paper waste 

management. 

Clicker question 1 3 4 We provide approximately 1 minute to students to think about the question.  The 

clicker question data collection takes 1 minute. The results of this question are not 

discussed but we state that we are collecting this information to compare their 

responses at the end of the lesson. 

Clicker prediction  1 3 5 I provide approximately 1 minute to students to think about the question and 1 minute 

to answer the question.  The results are not discussed. 

Group Exercise 1: Research 10 6 Students research and answer question about the molecular composition of paper, 

microorganisms that degrade cellulose, the exoenzymes used, exoenzyme secretion, 

nutrient transport and metabolic reactions.  This is done as a jigsaw puzzle, where the 

group is divided in 2 research pods. 

Class discussion on Group Exercise 1  10 6 This time allows students to review and share their answers to the questions in slide 6. 

This allows us time to identify misconceptions that could have come up during their 

research. 

Group exercise 2: Illustration  15 7 Students are verbally instructed to illustrate the process of exoenzyme secretion, 

cellulose hydrolysis, glucose transport across the cell envelope and glycolysis.  The 

instructors and learning assistant monitor the progress of all groups and provide 

feedback when misconceptions are identified. 

Clicker prediction  2 2 8 I provide approximately 1 minute to students to think about the question.  The clicker 

question data collection takes 1 minute. The results of this question are not discussed 

but we state, that we are collecting this information to compare their responses at the 

end of the lesson. 

Class Closure 2  Students conclude the class and are reminded about the online metacognitive surveys. 

Outside of class -10  Student answer survey with metacognitive questions.  The question in Clicker 

Prediction 2 can be incorporated in this survey to save time. 

Total in class time 70  This time does not include the Outside class nor the Welcome to class time. 
 

1Time in minutes. 2Slide numbers of Supplemental Materials 1.2. 

  



Prime Archives in Microbiology: 2
nd

 Edition 

51                                                                                www.videleaf.com 

Supplemental Table 2: Word cloud term occurrence data.  

 

Based on today's work, tell us what you think about the following statement: 

The power of microbes can be harnessed to reach environmentally sustainable goals. 

Does today's work illustrate the relationship of microbiology to society? Explain. 

Term Weight Term Weight 

microbes 74 microbes 72 

environment 35 waste 39 

waste 30 society 38 

help 26 help 32 

degradation 24 paper 27 

sustainable 24 degradation 26 

break 12 environment 25 

goals 11 landfill 23 

paper 11 recycling 23 

landfill 10 microbiology 20 

recycle 10 trash 19 

clean 8 break 16 

decompose 8 important 14 

microorganisms 8 pollution 13 

bioremediation 7 problems 13 

oil spills 7 microorganisms 12 

plastic 7 decomposition 10 

produce energy 7 sustainable 10 

cardboard 6 relationship 9 

pollution 6 cardboard 7 

soil 6 increase 7 

solution 6 life 7 

world 6 products 7 

carbon 5 humans 6 

natural 5 knowledge 6 

nitrogen 5 learn 6 

biodegradation 4 people 6 
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exoenzymes 4 population 6 

materials 4 production 6 

people 4 solution 6 
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Abstract  
 

Corn cob is an abundant organic source with significant potential 

in sustainable energy development. For the effective conversion 

of the feedstocks to valued commodities, effective biocatalysts 

are highly desired. The present study aims at optimizing the 

critical parameters required for xylanase production by 

Penicillium purpurogenum isolated from rotten wood sample 

using the Taguchi orthogonal array layout of L25 (5∧6). The 

optimized conditions like temperature 40°C, pH 3, size of 

inoculum 1.2 × 10
8
 spores/ml, moisture 70%, peptone 0.8%, and 

5 days of incubation resulted in 1,097 ± 6.76 U/gram dry 

substrate (gds) xylanase which was 65.72% more when 

compared to un-optimized production of xylanase. The xylanase 

thus produced, effectively carried out pretreated corn cob 

saccharification and the reaction was further improved with 

ultrasound assistance which has increased the saccharification 
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yield to 12.02% along with significant reduction in reaction time. 

The saccharification efficiency of pretreated corn cob was found 

to be 80.29% more compared to the raw corn cob, reflecting its 

recalcitrance to digestion. Indeed, xylan being the second most 

abundant polymer in lignocellulosic biomass, considerable 

attention is being paid for its effective conversion to valued 

products. 

 

Keywords  
 

Penicillium purpurogenum; Corn Cobs; Solid State 

Fermentation; Taguchi Design; Optimization; Xylanase; 

Ultrasound 

 

Graphical Abstract 

 

 
 

An overview of xylanase production by P. purpurogenum and its application in 

corn cob saccharification. 

 

Introduction  
 

Plant based biomass is the most abundant organic source on the 

earth and it can be utilized for wide industrial application in the 

production of varied products. In view of the concern about the 

cost and yield in the biorefinery industries, an emphasis is laid 

on the production of cellulases and xylanases. Therefore, 

production of higher enzyme titers using renewable resources 

will bring out a major change in the field of biofuels. Agriculture 

byproducts like corn cobs is one of the most renewable 

lignocellulosic feedstocks produced from corn processing 

industry [1] with significant level of hemicellulose content. 
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According to Knob et al. [2], for 100 kg of corn grains, 18 kg of 

cobs are produced which is either discarded or sold at low price 

for animal supplementary feed [3] which is notwithstanding its 

potential. The utilization of such abundant agriculture biomass 

may contribute to increase its value and not worsen 

environmental pollution [4,5]. 

 

Xylanases are a set of enzymes that act on the hemicellulolytic 

part of lignocellulose and ultimately result in xylose, the second 

most abundant carbohydrate after glucose. Xylan is a polymer 

with D-xylopyranosyl residues linked with β-1, 4 linkage [6] 

which is thermo and acid labile. Therefore application of severe 

conditions for the hydrolysis of hemicellulose, would result in 

the formation of undesirable inhibitors. Hence, enzyme 

saccharification would be a great choice of hydrolysis for 

hemicellulose to avoid toxic inhibitors. Apart from biorefinery, 

xylanases have a potential industrial application in various fields 

like wine making, textile, paper and pulp industries, animal 

husbandry, bread making, fruit juice extraction [7] etc. 

Production of xylanases in large scale is gaining much 

importance in getting the scope to cut down the enzyme cost 

with the use of high yielding microbes [8]. Xylanase production 

by various organisms have been studied like fungi [7], bacteria 

[9], yeast, [10], and even with co-culture of more than one 

organism [11]. Among them, fungi have been found to be potent 

xylanase producers and therefore many filamentous fungi have 

been reported for the production of xylanase. Various species of 

Trichoderma and Aspergillus [12] have been extensively studied 

and reported to produce functionally diverse xylanases. 

Penicillium purpurogenum was also found to produce xylanases 

of different isoforms [13] and their patterns were identified by 

Gonzalez-Vogel et al. [14] who found different xylanases in the 

culture medium based on the carbon source used. Some of the 

proteins like endoxylanases [15], β-glucosidase [16], acetyl 

xylan esterases [17,18], and arabinofuranosidases [19-21] 

required for the lignocellulose digestion have been purified and 

characterized for their potential application in industries. Many 

investigators have reported on xylanases produced from 

Penicillium species (Table 1). 
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Table 1: Xylanase production by different Penicillium species from previous 

study. 

 

 
 

Industrially, purified xylan is used as substrate which is found to 

induce the production of xylanase is uneconomic, and therefore 

using the substrates rich in xylan are more suitable for the 

production of xylanase [22]. It is also reported that acetylated 

xylan acts as a good inducer in expressing different patterns of 

xylanase by P. purpurogenum [23]. Corn cobs contain ∼40% 

xylan which is highest amount among the other lignocellulosic 

feedstocks, thereby making it a potential substrate for xylanase 

production [2]. Application of enzymes in various industrial 

fields and their importance in research has already aroused. The 

main drawback in biocatalytic approach is the hydrolysis time 

which is too high and therefore requires high loads of enzymes 

especially in its crude form. Therefore, it is essential to enhance 

the enzyme activity where ultrasound plays a potential role by 

reducing the reaction time [24]. 

 

Solid state fermentation (SSF) is a technique where a solid 

matrix is used as both physical support as well as nutrient source 

for the growth of organism which require little or no free 

moisture [25]. Under the SSF, the microorganisms grow in 

conditions close to natural habitat, therefore more capable of 

producing enzymes compared to submerged fermentation (SMF) 

[26]. SSF is advantageous over submerged for low capital cost, 

higher productivity, higher end product stability and easy 

downstream processing [27]. However, both SSF and SMF have 

their own pros and cons because of difference in metabolism of 

the organism that require specific parameters which otherwise 

may lead to an undesirable product [28]. 

 

Either in case of SSF or SMF, several factors have their 

significant role and impact on final yield and productivity. The 
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critical factors that have shown to possess greater impact on 

overall process and yield are substrate to moisture ratio, pH, 

temperature, inoculum size and the nutrient source which need to 

be optimized for higher productivity [22]. The conventional 

optimization method involves changing of each variable at a 

time, keeping the others constant, that does not consider the 

interaction effects between the variables [29]. However, all the 

parameters are interlinked and may result differently when each 

factor was studied independently or in combination with other 

parameters. Therefore conventional approach with optimization 

of one factor at a time (OFAT), may not be reliable [30]. 

Taguchi methodology is one of the ideal optimization tools for 

designing factorial experiments that provides a systemic plan for 

the experiments to be performed and also provides the 

correlation between the parameters when applied with different 

combinations. Taguchi method of orthogonal array gives an 

extensive data with minimum experimental runs. These 

statistical tools facilitate to identify the impact of individual 

factor, factors in combination and finally establish the overall 

performance at the optimum conditions with the minimum 

experimental setups. 

 

Microflora of different natural niches play an important role in 

maintaining the biogeochemical cycles and therefore needs to be 

explored for the identification of potential microbes of 

commercial importance. In nature, wood degrading 

basidiomycetes play a critical role in degrading the cellulose and 

hemicellulose with the ability to produce a wide range of 

digestive enzymes [31]. In this context, the present study aims at 

isolating the potential fungal strain from the diverse rotten wood 

samples and screening for the production of extracellular 

xylanase by submerged fermentation. The obtained isolate was 

subsequently used for the production of xylanase by evaluating 

the optimum conditions for solid state fermentation. The enzyme 

extract was evaluated for the saccharification potential using 

pretreated corn cob as substrate. The hydrolysis process was 

improved with ultrasound and its significance in enzyme 

activation has been evaluated. 
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Materials and Methods  
Substrate for Xylanase Production  
 

De-seeded corncobs were collected from various localities of 

Hyderabad, Telangana State, India. The substrate was initially 

sun dried and were subjected to oven drying to make them 

moisture free. The substrate was then milled and sieved to get a 

uniform particle size of 2–3 mm and ground substrate was used 

for the study. The chemical composition of the substrate was 

determined by standard TAPPI [32] methodology. 

 

All the chemicals used in the experiment were of analytical 

grade (Merck & Co., Inc., Germany). The standard, oat spelt 

xylan used as the substrate for the enzyme assay was purchased 

from Sigma-Aldrich Pvt. Ltd., United States. 

 

Delignification  
 

Pretreatment of biomass was carried out by taking 20 g of 

substrate in a 500 ml Erlenmeyer flask added with 2% (w/v) 

NaOH at 1:10 ratio and allowed to react for 4 h at 50°C. 

Contents were filtered through muslin cloth and the biomass was 

washed under running tap water till neutral pH. The filtrate was 

analyzed for phenolic compounds and the leftover residue was 

oven dried for 12 h at 60°C and again, the composition analysis 

was done to know the impact of delignification. Further, the 

delignified residue was used as the sole carbon source for the 

subsequent fermentation and saccharification studies. 

 

Isolation of Fungi and Method of Cultivation  
 

A wide variety of rotten wood samples were collected from 

different places of Telangana State, India for the isolation of 

extracellular xylanase producing fungi. In a 100 ml Erlenmeyer 

flask, 1 g rotten wood sample was suspended in 25 ml sterile 

distilled water and kept in a rotary shaker at 30°C for 2 h. After 

incubation, the samples were serially diluted and 50 μl of sample 

was inoculated on to the potato dextrose agar (PDA) medium 

plates containing kanamycin (50 μg/ml) and incubated at 30°C 
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for 5 days. After incubation, the fungal colonies were sub 

cultured on PDA slants and preserved for further studies. 

 

Screening of Xylanase Producing Fungi  
Primary Screening  

 

All the fungal isolates were primarily screened for the xylanase 

producing ability by Congo red assay as described by Teather 

and Wood [33]. Fungal plugs (5 days old) were inoculated on 

PDA agar plates supplemented with 1% (mass basis) oat spelt 

xylan and incubated at 30°C for 3 days. Then plates were 

flooded and incubated with 1.0% Congo red for 15 min. 

Subsequently, plates were destained using 1 M NaCl for 30 min. 

Positive strains were identified by a clear zone of hydrolysis 

around the xylanase producing strains. Based on above assay, 

strains were selected and used for secondary screening. 

 

Secondary Screening  
 

The selected fungal isolates were further screened by submerged 

fermentation using delignified corncob residue as the sole carbon 

source. Submerged fermentation was carried out in 100 ml 

mineral salt medium containing (g/L) peptone 5.0, KH2PO4 0.3, 

K2HPO4 0.3, NH4SO2 0.5, MgSO4.7H2O 0.3, and CaCl2 0.3 

along with 2% delignified corn cob substrate in a 250 ml 

Erlenmeyer flask and sterilized at 121°C for 15 min. The flasks 

were then cooled and inoculated with 3 fungal plugs of 5 days 

old culture and incubated for 7 days at 30°C and 120 rpm. 

Samples were collected at every 24 h interval from each flask in 

a 2 ml Eppendorf tube and centrifuged at 10,000 rpm for 10 min. 

The supernatant thus obtained was used as crude enzyme and the 

xylanase activity was expressed as U/ml. Based on the activity 

values obtained from the enzyme assay, the potent strain which 

produces relatively higher xylanase was selected and preserved 

for further studies. 

 

Molecular Characterization  
 

The fungal isolate PF7 was selected as best xylanase producer 

and characterized by sequencing its 5.8S rRNA using the 18S 
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rRNA sequencing platform of Macrogen Inc., South Korea. 

Complete sequence of 5.8S rRNA was BLAST searched in 

NCBI database
1
 to find the sequence similarity for the organism. 

Based on sequence similarity, the organism was characterized 

and the sequence was submitted to NCBI Genbank. Further, 

phylogenetic dendrogram was constructed based on evolutionary 

history using Neighbor-joining method of MEGA X software. 

Percentage of replicate trees associated with taxa clustered 

together with 1000 bootstraps was performed. The evolutionary 

distances were computed using Jukes–Cantor method [34]. 

 
Parameters Optimization by Taguchi Methodology  

Experimental Design  
 

Taguchi experimental design was set up to optimize the critical 

factors that influence the production of extracellular xylanase 

using solid state fermentation by P. purpurogenum. According to 

the design, a set of arrays with 25 experimental runs were carried 

out using standard orthogonal array L25 (5
6
). A total of 25 

experiments were performed with different combinations to 

evaluate the effect of each parameter on the production of 

xylanase by the strain PF7. The critical factors selected for 

optimization were temperature, pH, moisture level, inoculum 

size, peptone concentration, and incubation time. Each factor of 

six, was assigned with five levels as shown in the Table 2. For 

all the 25 experimental trials with 6 factors and five levels, the 

results were expressed in enzyme units per gram dry substrate 

(Table 3). The influence of each factor on the xylanase 

production was determined using Taguchi approach by 

Windostat version 9.1. Analysis of variance (ANOVA) was 

performed to know the impact of each factor at specific level on 

the final yield of the enzyme. 

 
Table 2: Factors with assigned levels of experimental design for xylanase 

production. 

 

 

https://www.frontiersin.org/articles/10.3389/fmicb.2020.00772/full#footnote1
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Table 3: Taguchi orthogonal array of L25 (5
6
) experimental design for 

xylanase production by Penicillium purpurogenum. 

 

 
 

 

Inoculum Preparation  

 
The isolated and screened fungal strain was sub cultured on PDA 

slants and incubated for 7 days for spore formation. Once the 

spores were produced, slants were washed with 5 ml solution 

(0.8% NaCl) and 10 μl of tween 80 was added to decrease the 

surface tension and to get uniform spore suspension. Spore count 

was done using Neubauer counting chamber and based on the 
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experimental design, the assigned levels of inoculum size were 

prepared and used for the optimization experiment. 

 

Solid State Fermentation  

 

Experiment was carried out with 5 g of pretreated corn cob 

residue in 250 ml Erlenmeyer flask and the factors, pH, 

moisture, peptone concentration and inoculum size were set 

according to the 5 levels of the experimental design. All the 

flasks were sterilized at 121°C for 15 min. After sterilization, 

flasks were brought to room temperature and required amount of 

spore suspension with five different levels were inoculated 

according to the experimental design and incubated at different 

set of temperatures for different incubation periods till 7 days. 

After incubation, the flasks were harvested for the extraction and 

evaluation of enzyme production. 

 

Enzyme Extraction and Assay  
 

To all the incubated flasks, 50 ml of 50 mM sodium phosphate 

buffer (pH 5.0) was added for the enzyme extraction. Flasks 

were kept for 60 min at room temperature under gentle shaking. 

The contents in the flasks were extracted by squeezing through 

muslin cloth and the obtained filtrate was then filtered through 

Whatman no. 1 filter paper, and centrifuged at 10,000 rpm at 4°C 

for 10 min. The supernatant thus obtained was used as the crude 

enzyme and assay was carried out according to Bailey et al. [35]. 

Enzyme reaction was carried out using 0.9 ml of 1% oat spelt 

xylan as the substrate prepared in 50 mM sodium phosphate 

buffer (pH 5.0) added with 0.1 ml of crude enzyme dilution and 

incubated at 55°C for 10 min, and the reaction was terminated by 

adding 2 ml of 3, 5-dinitrosalicylic acid (DNS) and the 

absorbance was read at optical density (O.D) 540nm [36]. The 

absorbance of the sample was deduced by plotting a graph 

against the blank. The enzyme activity was defined as one 

International Unit (IU) of xylanase is the quantity of enzyme that 

releases 1 μmole of xylose per min under the standard assay 

conditions. The enzyme activity was expressed in units per gram 

dry substrate. The xylanase activity thus obtained was the 

average value for the three independent determinations. 
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Analysis of Biomass Consumption  
 

Once the parameters were optimized, experiment was set up with 

the optimized conditions to investigate biomass consumption 

during the growth during SSF by P. purpurogenum. For the 

biomass consumption analysis, 7 flasks were maintained for 7 

days of incubation and each flask was harvested every day for 7 

days. The flasks were harvested by saline (0.8% NaCl) wash and 

followed by drying at 60°C for 24 h to remove the leftover 

moisture and weights were noted. Difference in biomass weight 

gives the actual utilization of biomass by the organism for 

enzyme production during fermentation. 

 

Evaluation of Xylanase Efficacy on Corn Cob 

Saccharification  
 

For the evaluation of enzyme saccharification, both raw and 

alkali pretreated corn cob substrates were used. The culture 

filtrate from solid state fermentation was used as the crude 

enzyme source for biomass saccharification analysis. 

Saccharification analysis was done in two sets, one with each 

raw and pretreated substrate, respectively. Enzyme reaction was 

carried out with 10 g of substrate in a 250 ml Erlenmeyer flask 

containing 100 ml of 50 mM citrate buffer (pH 4.8) along with 

crude enzyme solution. Each flask was added with different 

enzyme concentrations (1,000, 1,500, 2,000, 2,500, and 3,000 

U/g substrate), and added with 0.1% (w/v) sodium azide to 

prevent microbial contamination. A negative control was 

maintained with heat inactivated enzyme. The reaction was 

carried out at 50°C in a water bath for 72 h. At every 24 h 

interval, 2 ml of sample was collected in sterilized Eppendorf 

tube and centrifuged at 10,000 rpm for 5 min and the obtained 

supernatant was analyzed for sugars produced using High 

Performance Liquid Chromatography (HPLC). 

 

Improvement of Enzyme Saccharification by 

Ultrasound  
 

To evaluate the impact of ultrasound on enzyme hydrolysis, a 

separate hydrolysis reaction was carried out with same reaction 
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mixtures as above using pretreated corn cob residue as the 

substrate for hydrolysis in an ultrasound bath (Soltec Soluzioni 

Tecnologiche, Luglio, Italy). The sonicator was set to 40 kHZ, 

power output of 120 W with the reaction temperature 50°C and 

60% duty cycles with a reaction time of 8 h. At every 2 h 

interval, 2 ml of reaction sample was collected, centrifuged at 

10,000 rpm for 10 min and the supernatant was evaluated for 

released fermentable sugars. The results from both the enzyme 

hydrolysis with and without ultrasound were compared to 

evaluate the efficiency of ultrasound in enzyme activation and 

the saccharification efficiency was calculated using the 

following formula 

 

Saccharification (%) 100
( )

Sugarsreleased

Total hemicellulose in biomass pretreated orraw
   

 
Analysis of Monomeric Sugars by HPLC  
 

The released sugars during the enzyme saccharification of corn 

cob (both raw and pretreated) were analyzed by HPLC method 

as described by Gupta et al. [37]. Briefly, HPLC (Shimadzu, 

Kyoto, Japan) system equipped with a monosaccharide-zodiac 

Carb 87C column (300 mm × 7.8 mm), RI detector, LC 20AD 

PUMP-B, LC-20AD PUMP-A, DGU-20A3 degasser and LC 

solutions software was used for this study. The column 

temperature was maintained at 30°C and the flow rate was set to 

0.6 ml/min. HPLC grade water was used as solvent after filtering 

and degassing by inline degasser. HPLC run for each sample was 

carried out for 15 min followed by the column equilibration with 

HPLC grade water and the peaks were detected at 210 nm. The 

results were quantified and expressed based on the xylose and 

glucose standards (Sigma-Aldrich) with a concentration of 1 

mg/ml. 

 

Results  
Substrate, and Its Delignification  

 
Corn cobs contain 34.7 ± 0.48, 33.8 ± 0.64, and 18.4 ± 0.32% of 

cellulose, hemicelluloses and lignin, respectively. Due to its high 

lignin content, the biomass was pretreated prior to solid state 
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fermentation with 2% NaOH which resulted in 84.7% 

delignification. The composition of delignified corn cob residue 

was found to be 33.8 ± 0.76, 31.08 ± 0.92, and 2.72 ± 0.76% of 

cellulose, hemicellulose and lignin, respectively. The removal of 

lignin leads to break down of hetero polymer complex and 

thereby increases the surface area of the biomass for the enzymes 

to act on. 

 

Isolation of Fungi  
 

A total of seventy-nine fungal stains were isolated from various 

rotten wood samples aiming to get a potent strain capable of 

producing extracellular xylanase in particular. 

 

Screening for Xylanase Producing Fungi  
 

Among the seventy-nine strains, eight strains (PF1, PF2, PF4, 

PF5, PF7, WD1, WD4, and BAG1) were found to be xylanase 

positive for the Congo red plate assay using xylan as substrate. 

Large transparent hydrolyzed zones were produced around the 

fungal colonies with xylanase production. The selected strains 

were further screened for the efficiency of xylanase production 

under submerged fermentation using delignified corncob as the 

sole carbon source. Among all the selected strains, PF7 was 

found to be the most promising strain with significantly (p < 

0.05) higher xylanase production compared to other isolates 

(Figure 1). The xylanase activity of PF7 was found to be 84.61 ± 

3.09 U/ml after 5 days of incubation followed by 82.58 ± 3.61 

U/ml for BAG1 after 7 days of incubation under submerged 

fermentation. The yield of xylanase by PF7 and BAG1 was not 

significantly (p > 0.05) different but the incubation time for 

maximum xylanase production was more compared to PF7. 

Whereas the enzyme activity was found to be less for other 

strains like WD1 and PF4 which produced 42.52 ± 2.76 U/ml 

after 7 days of incubation and 46.34 ± 2.01 U/ml after 6 days of 

incubation, respectively. 
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Figure 1: Secondary screening of fungal isolates by submerged fermentation 

using corncob as sole carbon source for xylanase production (U/ml) with 

respect to incubation time (days). 

 

Characterization of Fungal Isolate PF7  

 
The selected fungal isolate was characterized based on 5.8S 

rRNA sequencing with reference to ITS1 and 4 regions. The 

contig sequence of the isolate was subjected to NCBI BLAST to 

search for homology sequence similarity with existing sequences 

in the database. Based on the similarity results, the fungal isolate 

PF7 was identified as P. purpurogenum showing 99% sequence 

similarity. The sequence of the isolate was submitted to the 

NCBI Genbank with accession no. MH356629. Phylogenetic 

dendrogram of P. purpurogenum was constructed to know the 

molecular evolutionary relation (Figure 2). 
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Figure 2: Phylogenetic dendrogram showing the relative position of P. 

purpurogenum PF7 isolated from rotten wood samples and sequence similarity 

analysis of 5.8S rRNA. 

 

Optimization of Process Parameters for Xylanase 

Production by Taguchi Methodology  

 
In general the growth conditions for each organism are different 

and may be they are strain specific. In the current study, we have 

performed preliminary trials to know the suitable conditions for 

the growth of P. purpurogenum. Further we have selected the 

conditions like temperature 30°C; pH, 5; moisture, 70%; 

inoculum, 1.2 × 10
8
 spores/ml; nitrogen source 1% and 7 days of 

incubation for fermentation which resulted in 376 ± 23.2 U/gds. 

The same parameters when optimized (temperature 40°C; pH, 3; 

moisture, 60%; inoculum, 1.2 × 10
8
 spores/ml; nitrogen source 

0.8% and 7 days of incubation) by least square methodology, 

using orthogonal array with L25 design, resulted in 1060 ± 30.0 

U/gds which was found to be 64.52% higher (Table 3). The main 

effects of the factors at their assigned levels on the yield of 

xylanase by P. purpurogenum were shown in Table 4. 
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Table 4: Response of each factor on the production of extracellular xylanase by 

P. purpurogenum. 

 

 
 

After optimization of parameters, a separate experiment was 

carried out with suggested optimum conditions (temperature 

40°C; pH, 3; moisture, 70%; inoculum, 1.2 × 10
8
 spores/ml; 

nitrogen source 0.8% and 5 days of incubation) and the enzyme 

yield was found to be 1,097 ± 6.76 U/gds which was 3.37% 

more compared to the yield obtained by run number 16 in the 

experimental design. The factors chosen for the production of 

xylanase at their desired level had shown a significant impact on 

the xylanase yield which was 3.6 times more than un-optimized 

conditions. 

 

Status of Biomass during SSF  
 

As the pretreated corn cob residue was the only carbon source 

used in the present study, its utilization was evaluated based on 

decrease in weight during the fermentation process. The weight 

of the biomass has considerably decreased from 5 to 1.6 g within 

3 days of incubation and after that again the weight was found to 

increase to 1.87 g. 

 

Enzyme Hydrolysis of Alkali Pretreated Corn Cob 

Residue  
 

The saccharification efficiency of xylanase produced by P. 

purpurogenum has been evaluated by taking both pretreated and 

raw corn cob as the substrates to investigate the importance of 

pretreatment on hydrolysis. Enzyme loads with respect to xylose 
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yield and incubation time was optimized. Maximum 

saccharification of hemicellulose (58.88%) was found with the 

pretreated substrate where the enzyme load was 2,000 U/gds 

resulted in 183.42 ± 4.13 mg/g xylose in 48 h of reaction time. 

Along with xylose, 73.42 ± 3.21 mg/g glucose was produced and 

the total reducing sugars were amounting to 298.32 ± 9.57 mg/g. 

Whereas the saccharification of raw corn cob residue resulted in 

79.37 ± 0.86 mg/g of total reducing sugars including 41.32 ± 

1.23 mg/g and 23.32 mg/g of xylose and glucose, respectively, in 

48 h which was significantly low (p < 0.001) compared to the 

pretreated biomass saccharification suggesting the importance of 

pretreatment. 

 

Ultrasound Improvement of Enzyme Saccharification  

 
In order to improve the enzymatic hydrolysis of pretreated corn 

cob residue, the effect of ultrasound on xylanase activity was 

studied. With the ultrasound vibrations, the rate of enzyme 

reaction was reduced from 48 to 6 h with 12.02% increase in 

xylose yield. The reaction time was significantly reduced 

suggesting the impact of sonic waves on the rate of reaction. In a 

reaction period of 6 h, 209.67 ± 3.79 mg/g xylose was obtained 

which was significantly (p < 0.05) high. 

 

Discussion  
 

From the results of chemical composition, it was evident that 

corn cob contains significant proportions of both cellulose and 

hemicellulose which make the feedstock a sustainable alternative 

for biofuel production. Apart from these two polymers, it also 

contains 18.4% lignin which makes the substrate recalcitrant for 

use. To overcome this hurdle of recalcitrance, the biomass was 

pretreated with dilute alkali which increased the surface area of 

the biomass and made it more accessible for degradation. 

Hemicellulose is majorly composed of xylan, which acts as 

inducer for the production of xylanase. Therefore, lignocellulosic 

feedstocks with high hemicellulose content like corn cobs prove 

to be a suitable substrate for the production of xylanases. The 

xylanase yield was increased by 3.6 times with the optimization 

of parameters for SSF, which underline the significance of each 
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factor in combination with other factors on the production of 

xylanase by P. purpurogenum. Whereas this could not have been 

possible with conventional method where the effect of individual 

factor was studied. The optimized conditions that were 

specifically responsible for the positive regulation of metabolism 

for higher xylanase production were selected using the 

optimization tools. 

 

Among the six factors selected for the study, the maximum and 

minimum contributions on the enzyme yield were 73 and 2% 

with temperature and incubation time, respectively. The xylanase 

yield was significantly dropped from 801.24 to 280.38 U/gds 

when the temperature increased from level 4 to 5 showing its 

significant impact (Table 4). This is in contrary to the reports of 

Lakshmi et al. [38] where the temperature had a minimum 

impact of 4.67% on the production of xylanase by Aspergillus 

terreus using palm industrial waste. Another study reported that 

the change in moisture content was an important factor with 

24.93% whereas temperature had 17.26% impact on xylanase 

production by Trichoderma longibrachiatum using a mixture of 

wheat bran and wheat straw [39]. In the present study, the 

concentration of peptone also had shown least impact with 4%, 

therefore minimum concentration of peptone can be used to 

reduce the process cost. The highest yield was found with 

experiment run 16, where the peptone concentration was 0.8% 

and the lowest yield was with run number 23 where the peptone 

concentration was 1.2%. Notably, despite the increase in the 

concentration of nitrogen source there was a decrease in the yield 

suggesting the plausible influence of remaining critical factors 

on the yield. The contribution of pH on the final yield was 5% 

that implies the production of xylanase by P. purpurogenum at 

wide pH ranges from 3 to 7. The present findings are in contrast 

to Rani et al. [40] who reported 16.95% of pH impact on 

xylanase production by Thielaviopsis basicola MTCC 1467 

using submerged fermentation. The study suggests that each 

organism behaves differently at different environmental 

conditions. Every single organism will have different and 

definite metabolism which differs even when a physical or 

chemical parameter gets altered. Every organism requires 

specific set of parameter to grow optimally and to get the desired 
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product with higher yield. The overall analysis reveals the 

robustness of P. purpurogenum to produce xylanase at varied 

range of conditions without being significantly affected unless 

temperature was maintained optimally. Understanding the 

influence of each parameter and their specific level is highly 

desired to make the overall fermentation process successful. 

ANOVA was performed to analyze and determine which 

parameter is statistically significant. From the calculated data 

and F ratios, it was observed that all the factors and their level of 

interactions considered for the study were statistically significant 

at 95% CI (Confidence interval), indicating all the variability of 

analysis data expressed with respect to significant effects. 

 

From the mean values of effects of each factor at the specific 

levels, it was found that the maximum enzyme production was 

with the level 4 of factor A, i.e., 40°C where 801.24 U/gds of 

xylanase was produced and minimum was found with level 5 

(280.33 U/gds). The results suggest that optimum temperature is 

one of the key factors for an organism to grow, metabolize and 

produce desired product [41] at significant level. For most of the 

fungus including Penicillium sp. the optimum temperature is 

30°C and outside that mesophilic range, there could be decrease 

in the product yield which in contrast to present report where the 

optimum temperature was found to be 40°C for enzyme 

production [42]. This might be the reason for low yield of 

xylanase with un-optimized conditions where the temperature 

was maintained at mesophilic range (30°C). Whereas, according 

to Steiner et al. [43] the optimum temperature for cellulase 

production by P. purpurogenum was found to be 28°C using 

wheat bran as substrate suggesting that all the conditions for the 

growth and metabolism are strain specific. The effect of pH was 

found to be prominent at level 1 (pH 3), suggesting that acidic 

conditions are preferred by P. purpurogenum for the production 

of xylanase. The enzyme production was more at level 4 of 

inoculum size and thereafter drastically decreased at level 5 that 

might be due to increase in competition for nutrients with 

increased inoculum. When the moisture level was considered, 

with the increase in percentage of moisture from levels 1 to 3, 

the xylanase production was increased and immediately declined 

at level 4. The increase in moisture content affects the oxygen 
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diffusion into the solid matrix by blocked pores and thereby 

affecting the growth of the organism. The incubation time has 

resulted in gradient incline in the production of enzyme from the 

levels 1 to 3 and again decreased thereafter. Whereas the peptone 

concentration has shown significant increase in the enzyme titer 

from the levels 1 to 2 and further from levels 2 to 5 there was 

slight change in the yield with maximum yield at level 3. The 

optimum parameters for each level are shown in the Table 5. The 

optimization studies could depict the influence of each level of 

factor on xylanase production by P. purpurogenum. 

 
Table 5: Optimized levels of parameters suggested by the statistical design. 

 

 
 

Much literature has been produced on the impact and importance 

of optimization study to bring out the suitable conditions for an 

organism to get the desired metabolite. In the present study, 

maximum xylanase activity was found to be 1060 ± 30.0 U/gds 

which is in agreement with Sadaf and Khare. [44] who have 

reported 1,025 U/gds of deoiled Jatropha curcas seed cake with 

the optimized conditions under solid state fermentation by 

Sporotrichum thermophile. Whereas Levin et al. [45] reported 

780 U/gds of poplar wood based solid media with malt extract as 

the nutrient supplement, under SSF using white rot fungi, 

Trametes trogii. Furthermore, Camassol and Dillon [46] reported 

maximum xylanase activity of 9.95 ± 1.53 U/gds of bagasse and 

wheat bran in combination under solid state fermentation using 

Penicillium echinulatum. Apart from optimizing strategies, for 

the enhanced production of hemicellulolytic enzymes, cloning 

and expression studies have also been carried out to increase the 

potential enzyme secretion for lignocellulose degradation to 

valued products [47,48]. 
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During the fermentation process, the weight of biomass has been 

logarithmically decreased from days 1 to 3 and again increased 

thereafter. It has been noticed that 68% of the biomass was 

reduced within 3 days indicating the logarithmic growth phase of 

the fungus where the biomass was rapidly utilized for its growth 

and metabolism (Figure 3). After the day 3, the weight of the 

biomass was slightly increased and that might be due to the 

increased growth of fungal mycelium. From the present results it 

is indicated that the biomass has been adequately utilized as the 

carbon source for the growth and metabolism of P. 

purpurogenum for the xylanase production. This is in accordance 

with the findings of Azin et al. [39] who reported 64% biomass 

utilization by Trichoderma longibrachiatum within 2 days of 

solid state fermentation using wheat bran in combination with 

wheat straw. Corn cobs were found to have significant 

proportion of hemicellulose which is more complex when 

compared to cellulose and hence requires a complete enzyme 

cascade for the hydrolysis process. Therefore, rather going for 

purification of the enzyme mixture, crude enzyme mix was used 

in the present study for the saccharification process. To evaluate 

the potential of enzymes, the concentration of crude enzyme and 

the reaction time was optimized with respect to the release of 

fermentable sugars. From the results it was found that, boost in 

xylose concentration in 48 h was dose dependent up to a certain 

level. The concentration of xylose was exponentially increasing 

till the enzyme load of 2,000 U/g substrate where maximum 

fermentation efficiency was 58.88% in 48 h of reaction time with 

the pretreated substrate (Figure 4). Further, there was no 

significant change in the sugar yield though the enzyme 

concentration was increased and this might be due to the 

saturation of substrate concentration. Therefore, the 

concentration of substrate and the enzyme need to be at specific 

ratio to make the enzyme substrate reaction productive. 
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Figure 3: Biomass profile showing the utilization of substrate as carbon source 

by P. purpurogenum during SSF for the xylanase production. Error bars 

correspond to standard deviation using three replicates. 

 

 

 
 

Figure 4: Enzyme saccharification of pretreated corn cob residue and 

evaluation of efficiency of crude enzyme loads (U/gds) with respect to the yield 

of fermentable sugars and reaction time (h). 

 

Furthermore, to investigate the impact of recalcitrance of raw 

biomass on enzymatic saccharification, pretreated biomass along 

with raw biomass was used in the enzyme saccharification study. 
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The results clearly imply the impact and importance of 

pretreatment of biomass on saccharification efficiency and 

thereby much consideration is being given to the pretreatment of 

biomass. The pretreatment makes the biomass more accessible 

which ultimately reflects the yield of the fermentable sugars. 

 

The type and concentration of monosaccharide produced in 

enzyme reaction could be influenced by the concentration of 

cellulose and hemicellulose in the biomass [31] along with the 

efficiency of enzymes released. Maximum release of xylose in 

the reaction mixture can be justified by the higher concentration 

of hemicellulose in the corn cob and also the efficiency of P. 

purpurogenum in enzyme production. The glucose concentration 

was found to be significantly less compared to xylose, though 

the proportion of cellulose was high. This could be due to 

considerably low level of cellulase enzyme compared to 

xylanase in the enzyme cocktail. The present study is in 

agreement with the reports of Chapla et al. [49] who reported the 

production of 172.66 mg/g of reducing sugars using alkali 

pretreated corn cobs for the enzymatic hydrolysis. Whereas 

Garai and Kumar [50] have reported 190.66 mg/g xylose from 

15% ammonium pretreated corn cob using the crude enzyme 

from Aspergillus candidus. The variation in the production ratios 

of fermentable sugars with different feedstocks suggest that 

every substrate has a different orientation of the linkages in the 

cellulose and hemicellulose matrix that can react differently with 

different enzyme cocktail. The concentration of each enzyme in 

the enzyme cocktail produced by specific organism will be 

different under the different environmental conditions. 

 

With the aim to improve or intensify the enzyme 

saccharification, ultrasonic waves were applied and the results 

were found to increase the yield up to 12.02% with the 

production of 209.67 ± 8.08 mg/g xylose and 356.71 ± 7.81 mg/g 

of total sugars. The present findings are in agreement with the 

earlier reports where the impact of ultrasound on cellulase 

complex obtained from Novozymes was studied in the enzymatic 

saccharification of sugarcane bagasse which produced 260 mg/g 

total sugars [51]. Furthermore, the ultrasound application has 

reduced the reaction time making it 8 times faster, which is of 
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significant value in the enzyme technology (Figure 5). The 

ultrasonic waves produced in the reaction mixture, create vapors 

in the cavities, which on dissociation, form free radicles that 

speed up the chemical reaction [51]. The study has investigated 

the impact of ultrasound on xylanase activity and the reaction 

time which was considerably decreased. The potential of 

ultrasound in processing aid will be of great value to achieve the 

higher product yield. 

 

 
 
Figure 5: Effect of ultrasound on enzyme saccharification of pretreated corn 

cob residue by crude enzyme extract obtained (U/gds). 

 

As enzyme hydrolysis is associated with high cost, low product 

yield and high reaction time, our study aimed to develop 

productive enzymatic hydrolysis of hemicellulose. The 

production potential of xylanase by P. purpurogenum was 

optimized to 65% more yield. The same xylanase was used for 

saccharification of the pretreated corn cob to produce xylose. 

Apart from a high yield of xylose, the enzyme reaction time was 

reduced by eight times using ultrasound along with a 12.02% 

increase in xylose yield. The primary outcome of the study is 

easy enzyme production that resulted in increased sugar yield in 

reduced time which has a prominent role in techno-economic 

biomass conversion and enzyme technology. The bioconversion 
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process not only helps in value addition to agro-waste but also 

helps in waste management in a sensible way. 

 

Conclusion  
 

The present investigation involves isolation of an efficient 

hemicellulolytic strain P. purpurogenum from rotten wood by 

standard screening procedures followed by optimization of 

critical parameters for the production of extracellular xylanase 

under SSF. The xylanase yield with optimized conditions was 

65.72% higher compared to conventional conditions suggesting 

the valid impact of our strategy. From the study, it can be 

deduced that the strain P. purpurogenum is considered to be 

significant with the ability to produce xylanases of potential 

value. The alkali pretreatment of corn cob had a noteworthy role 

in the conversion of biomass to valued products. Application of 

enzyme cocktail with ultrasound assistance released a significant 

proportion of fermentable sugars from alkali pretreated corn cob 

residue and has significantly reduced the reaction time which is 

of great value in enzyme technology. 

 

Footnotes  
 
1. ^ www.ncbi.nlm.nih.gov 
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Abstract  
 

The novel coronavirus, SARS-CoV-2 or 2019-nCoV, which 

originated in Wuhan, Hubei province, China in December 2019, 

has emerged as a grave threat to public health worldwide. A total 

of 3,672,238 confirmed cases of coronavirus disease 2019 

(COVID-19) and 254,045 deaths were reported globally until 

May 7, 2020. However, approved antiviral agents for the 

treatment of patients with COVID-19 remain unavailable. Drug 
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repurposing of approved antivirals against other viruses such as 

HIV or Ebola virus is one of the most practical strategies to 

develop effective antiviral agents against SARS-CoV-2. A 

combination of repurposed drugs can improve the efficacy of 

treatment and structure-based drug design can be employed to 

specifically target SARS-CoV-2. This review discusses 

therapeutic strategies using promising antiviral agents against 

SARS-CoV-2. In addition, structural characterization of 

potentially therapeutic viral or host cellular targets associated 

with COVID-19 has been discussed to refine structure-based 

drug design strategies. 

 

Keywords  
 

COVID-19; SARS-CoV-2; 2019-nCoV; Antiviral Agents; 

Therapeutic Strategies; Crystal Structure  

 

Introduction  
 

In late December 2019, a newly identified coronavirus strain 

capable of crossing species barrier and infecting humans was 

first reported in Wuhan, Hubei province, China, and was 

provisionally termed 2019 novel coronavirus [1,2]. This novel 

virus was later designated severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) owing to its genetic similarity with 

other coronavirus strains [3]. It is known to cause coronavirus 

disease 2019 (COVID-19) characterized by influenza-like mild 

or moderate respiratory symptoms including dry cough, fever, 

headache, and pneumonia, as well as severe lung injury and 

multi-organ failure, eventually leading to death [4,5]. The World 

Health Organization (WHO) officially declared COVID-19 as a 

pandemic on March 11, 2020 due to the rapid global 

dissemination of SARS-CoV-2. 

 

According to the WHO, a total of 3,672,238 confirmed cases of 

COVID-19 and 254,045 deaths were recorded until May 7, 2020 

in over 200 countries. Moreover, effective antiviral therapeutic 

agents or vaccines are not yet available for COVID-19. 

Repurposing of existing drugs designed for other viruses is the 

most practical strategy to treat patients with COVID-19 because 
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they have been tested for their safety. Although de novo 

development of antivirals is a time-, cost-, and effort-intensive 

endeavor, it is important to generate specific antivirals for 

SARS-CoV-2 that directly target the viral or host proviral factors 

[6,7]. 

 

With increasing structural data of key proteins of both SARS-

CoV-2 and the host, such as the spike glycoprotein (S), the main 

protease (M
pro

), RNA-dependent RNA polymerase (RdRp), and 

human angiotensin-converting enzyme 2 (hACE2), structure-

based design of new drugs has emerged as the most promising 

antiviral strategy. In this review, we have summarized the 

promising therapeutic potential of pre-existing drugs against 

COVID-19. In addition, structural characterization of potentially 

therapeutic viral or host cellular targets associated with COVID-

19 has been discussed to refine structure-based drug design 

strategies. 

 

SARS-CoV-2  
 

SARS-CoV-2 is an enveloped, positive-sense, single-stranded 

RNA virus and belongs to the genus Betacoronavirus, which 

also includes SARS-CoV and MERS-CoV [1,2,8] The genome 

sequence of SARS-CoV-2 is more closely related with that of 

SARS-CoV (79% identity) than with that of MERS-CoV 

(approximately 50%) [1]. Notably, the S protein of SARS-CoV-2 

and SARS-CoV are highly homologous with 76.5% amino acid 

sequence identity [9]. Consequently, SARS-CoV-2 and SARS-

CoV are believed to bind to the same host cell entry receptor 

hACE2 [10,11] instead of human dipeptidyl peptidase 4 

(hDPP4), which is used by MERS-CoV [12]. 

 

SARS-CoV-2 has club-like spikes on its surface and a distinct 

replication strategy analogous to other coronaviruses. The life 

cycle and replication of SARS-CoV-2 is shown in Figure 1. 

Viral infection is initiated by the interaction between S protein 

and hACE2, followed by subsequent endocytosis or membrane 

fusion. The S protein comprises two subunits–S1 and S2. The S1 

subunit contains the receptor binding domain (RBD) and binds 

to N-terminal hACE2, while the S2 subunit mediates virus-host 
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membrane fusion. S proteins are cleaved by the host cell furin 

protease and transmembrane serine protease 2 (TMPRSS2) at the 

S1/S2 boundary and the S2′ position. Proteolytic cleavage at the 

S1/S2 boundary is thought to promote TMPRSS2-dependent 

entry into the target cells [10,13,14]. After the release of the viral 

polycistronic RNA into the cytoplasm, the replicase gene 

comprising open reading frames (ORFs) 1a and 1ab is directly 

translated into either replicase polyprotein pp1a (~450 kDa, 

nsp1-11) or pp1ab (~750 kDa, nsp1-16) by a ribosomal -1 

frameshift near the 3′-end of ORF 1a and autoproteolytically 

cleaved into 16 non-structural proteins (nsp1-16) by two ORF1a-

encoded protease domains [15-21]. Furthermore, the main 

protease M
pro

 (also called 3CL
pro

) and papain-like protease 

(PL
pro

) participate in this extensive proteolytic cleavage. The 

large pp1ab polyprotein has no less than 11 conserved cleavage 

sites that are mediated by M
pro

, which cleaves at Leu-Gln↓(Ser, 

Ala, Gly) (arrow indicates the cleavage site) [22,23]. Positive-

strand RNA viruses usually form a cytoplasmic enzyme complex 

called replicase-transcriptase complex (RTC) that can mediate 

the synthesis of the full-length genome (replication) or 

discontinuous mRNAs (transcription) [24-26]. Structural and 

accessory proteins are subsequently translated from these 

transcripts, and new viruses assemble by budding into the lumen 

of the endoplasmic reticulum-Golgi intermediate compartment 

(ERGIC) and are eventually secreted [27,28]. 
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Figure 1: Viral life cycle of SARS-CoV-2. Interaction between the S protein of 

SARS-CoV-2 and hACE2 initiates SARS-CoV-2 infection. Following receptor 

binding, the virus enters the cell by acid-dependent proteolytic cleavage of S 

protein by TMPRSS2 or other proteases. Upon fusion of the viral and host cell 

membranes, viral genomic RNA is released in the cytoplasm. The viral RNA 

initiates translation of co-terminal polyproteins (pp1a/ab) by -1 frameshifting. 

These polyproteins are subsequently cleaved into nonstructural proteins (nsps) 

by Mpro and PLpro. Several nsp proteins interact with nsp12 (RdRp) to form the 

replicase-transcriptase complex (RTC), which is responsible for the synthesis 

of full-length viral genome (replication) and sub-genomic RNAs 

(transcription). The viral structural proteins are expressed and translocated into 

the endoplasmic reticulum (ER). The nucleocapsid (N) protein-encapsidated 

genomic RNA translocates with the structural proteins into the ER-Golgi 

intermediate compartment (ERGIC) for virion assembly. The newly 

synthesized virions are budded through the cell membrane and exocytosed. 

 

Antiviral Strategies against SARS-CoV-2 
 

Antivirals can be broadly divided into two categories: direct-

acting antivirals (DAA) and indirect-acting antivirals (IAA). 

DAAs directly target specific viral components such as viral 

polymerase or steps in the viral life cycle without affecting other 
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host cellular processes. The development of DAAs can facilitate 

the treatment of patients with COVID-19. In contrast, IAAs 

target host proviral factors and indirectly inhibit viral infection 

or replication by impeding the function or interaction of these 

factors. IAAs have an advantage over DAAs because they are 

not susceptible to viral mutations, which are frequently found in 

RNA viruses. However, IAAs can alter the host cellular system 

and are not considered safe. Therefore, DAAs targeting viral 

entry, proteases, and replication can serve as effective antivirals 

owing to their enhanced safety features. Drug repurposing of 

pre-existing antiviral agents is considered one of the most 

practical strategies because there is no available approved 

antiviral drug or vaccine for COVID-19. Furthermore, the de 

novo development of drugs typically requires over $1 billion 

USD and 10–17 years [6,7]. Drug repurposing of several 

approved antivirals against COVID-19 has progressed into 

clinical trials (Table 1). However, there is a potential risk of 

drug-resistant mutations with the use of DAA. A combination of 

repurposed drugs can reduce the time, cost of treatment, and risk 

of drug-resistance, and increase therapeutic efficacy to facilitate 

progression into clinical trials [29]. Moreover, due to the 

existence of crystal structures of viral and host cellular proteins 

associated with SARS-CoV-2 such as S protein, M
pro

, RdRp, and 

hACE2, structure-based drug design can be performed to 

develop more effective drugs with reduced off-target toxicity 

[30]. 
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Table 1: Current potential antiviral agents against SARS-CoV-2 

 

  Target Antiviral agent Type Status Reference 

Viral entry ACE2 HrsACE2 Recombinant protein - [74] 

S protein CR3022 Neutralizing antibody - [40] 

Endocytosis Umifenovir (Arbidol) Membrane fusion inhibitor Phase 4 [75,76] 

Endocytosis EK1C4 Pan-coronavirus fusion inhibitor - [77] 

TMPRSS2 Camostat Mesilate Serine protease inhibitor Phase 4 [10,76] 

TMPRSS2 Nafamostat Serine protease inhibitor Phase 2 [75,78] 

TMPRSS2 Bromhexine hydrochloride Mucolytic drug - [53] 

TMPRSS2 PAI-1 Serine protease inhibitor - [79] 

Virus/Cell fusion Chloroquine Drug for autoimmune disease Phase 4 [66] 

Viral proteases Mpro Lopinavir/Ritonavir Antiviral Phase 4 [76,80] 

Mpro Darunavir/covicistat Antiviral Phase 3 

Mpro ASC09F/Oseltamivir Antiviral Phase 3 [75,81,82] 

Mpro Nelfinavir Antiviral - [82] 

Mpro Baicalein Antibacterial - [83] 

Mpro a-ketoamide Antiviral - [58] 

Mpro Ebselen Anti-inflammatory - [57] 

Mpro Disulfiram Drug for chronic alcoholism - 

Mpro Tideglusib Kinase inhibitor - 

Mpro Carmofur Anticancer - 

Mpro Shikonin Natural prtoduct - 

Mpro PX-12 Anticancer - 

Mpro Compound 11a, 11b Antiviral - [56] 

Viral replication RdRp Remdesivir Antiviral Phase 3 [66,75,76] 

RdRp Ribavirin Antiviral Phase 2 

RdRp Favipiravir Antiviral Phase 4 

RdRp Galidesivir Antiviral Phase 1 [71] 

RdRp EIDD-1931 Antiviral - [72] 

RdRp EIDD-2801 Antiviral - 

RdRp Tenofovir disoproxil Antiviral Phase 3 [71] 
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Viral Entry  
 

The cryo-electron microscopy (CryoEM) structure of the 

extracellular domain of the S protein of SARS-CoV-2 revealed a 

homotrimeric conformation [31]. The binding of RBD—located 

in the S1 subunit—to hACE2 on the host cell surface initiates 

interaction between the virus and the host cell; therefore, the 

switching conformation of RBD is considered an important event 

for viral entry [32]. CryoEM studies revealed that the RBD in 

two out of three S proteins binds to the N-terminal domain 

(NTD) of the neighboring protomer of the S protein. These inter-

molecular interactions result in a down (closed) conformation, 

wherein the hACE2 interaction interfaces are buried inside the 

structure. Moreover, the RBD in the third S protein forms an up 

(open) conformation to facilitate binding with the N-terminal 

region of hACE2 (Figure 2a) [31]. The cryoEM study of SARS-

CoV-2 S showed that single RBD formed an open conformation 

in asymmetric trimer. The structural comparisons between S 

protein of SARS-CoV (PDB ID 6CRZ) and SARS-CoV2 (PDB 

ID 6VSB) showed that the major structural differences came 

from RBD in closed conformation. Although the RBD of S from 

SARS-CoV and SARS-CoV-2 were largely resembled, the 

SARS-CoV-2 RBD showed higher binding affinity toward 

hACE2 than SARS-CoV RBD [32,33]. The CyroEM structure of 

full-length hACE2 revealed a homodimeric conformation, with 

each monomer of hACE2 binding to one RBD of the SARS-

CoV-2 S protein (Figure 2b) [34]. The crystal structure of 

hACE2 in complex with SARS-CoV-2 RBD (PDB ID 6M0J and 

6VW1) showed that SARS-CoV-2 RBD binds to the N-terminal 

region of hACE2 via S19, Q24, T27, F28, D30, K31, H34, E35, 

E37, D38, Y41, Q42, L45, L79, M82, Y83, Q325, N330, K353, 

D355, and R357 residues of hACE2 and K417, V445, G446, 

Y449, Y453, L455, F456, Y473, A475, G476, E484, F486, 

N487, Y489, Q493, G496, Q489, T500, N501, G502, V503, and 

Y505 residues of SARS-CoV-2 RBD (Figure 2c) [31,32]. Most 

of these interactions are mediated by 1 of hACE2 (Figure 2c); 

moreover, an N-glycosylation chain at N90 of hACE2 interacts 

with SARS-CoV-2 S protein [32]. 

 



Prime Archives in Microbiology: 2
nd

 Edition 

10                                                                                www.videleaf.com 

As mentioned earlier, the S1/S2 junction and S2′ site of the S 

protein are cleaved by furin and TMPRSS2, to enable efficient 

entry of SARS-CoV-2 into the host cell (Figure 2a). In addition 

to trypsin, cathepsin L, and elastase, TMPRSS2 is known to 

activate the S protein and induce virus-cell membrane fusion 

[35]. A recent study reported that TMPRSS2 is also essential for 

SARS-CoV-2 entry into target cells [10,36]. 

 

Accordingly, targeting proteins that participate in SARS-CoV-2 

entry can be a potential therapeutic strategy. The use of 

neutralizing antibodies (NAbs) against SARS-CoV-2 S protein is 

thought to be promising for the treatment of patients with 

COVID-19 [37]. A Nab—CR3022—known to target SARS-CoV 

RBD and prevent lung pathology, can also bind to SARS-CoV-2 

RBD [38,39]. The crystal structure of SARS-CoV-2 RBD in 

complex with CR3022 revealed that CR3022 forms a distinct 

interaction interface with SARS-CoV-2 RBD, and does not 

overlap with the interaction interface between hACE2 and 

SARS-CoV-2 RBD (Figure 2d and 2e). Although CR3022 

binds to SARS-CoV RBD and SARS-CoV-2 RBD with binding 

affinities (Kd) of 1 nM and 115 nM, respectively, it is unable to 

neutralize SARS-CoV-2 in vitro largely due to its inability to 

form the interaction interface and low binding affinity [37,40]. 

However, continuous efforts being undertaken to identify potent 

NAbs by collecting plasma from infected individuals has been 

shown significant progress. The P2B-2F6 from SARS-CoV2 

infected patient have overlapping residues G446 and Y449 with 

higher RBD binding affinity than ACE2/RBD (5.14nM and 

4.70nM respectively) [41]. Furthermore, the interaction interface 

of C105/RBD overlapped with the ACE2 binding region, and 

B38 share similar binding structure with prominent neutralizing 

effect [42,43]. Also they showed recent concern of mutation in S 

(D614G) that might increase SARS-CoV-2 transmission has a 

rare chance to affect the RBD-binding Mab C105, because of 

distance between RBD region and D614 [42]. In addition to 

identifying NAbs targeting SARS-CoV-2 S protein, a pilot trial 

to use recombinant soluble human ACE2 in COVID-19 patients 

has been initiated (clinicaltrial.gov #NCT04287686). However, 

this trial was recently withdrawn as it was not approved by 

center for drug evaluation (CDE). Because ACE2 can counter 
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the activation of renin–angiotensin–aldosterone system (RAAS) 

treatment with ACE2 inhibitors can increase ACE2 expression in 

some patients to compensate for blocked ACE2 activity [44]. In 

some animal studies, treatment of RAAS inhibitor resulted in 

increased expression of ACE2 in specific tissues [45,46]. In this 

regards, some researchers hypothesized that treatment of RAAS 

inhibitor might enhance the accessibility of SARS-CoV-2 into 

cells and therefore increase the risk of severity in patient who 

carrying COVID-19 [47,48]. However, recent case population 

study showed that no correlation between use of RAAS 

inhibitors and increased risk of COVID-19 [49]. The Ramipril, 

ACE inhibitor showed cardiac protective effect without 

increased expression of ACE2 [50]. These contradictory results 

suggested that clinical validations of RAAS inhibitors are need 

to demonstrate its effectiveness toward COVD-19. The high-

resolution X-ray crystal structure of apo-hACE2 and hACE2 in 

complex with its enzymatic inhibitor MLN-4760 showed that 

inhibitor binding at the active site of hACE2 can cause large 

hinge-bending movement [51] (Figure 2f). Furthermore, a 

structure-based drug discovery study showed that an enzymatic 

hACE2 inhibitor can prevent SARS-CoV infection [52]. 

Therefore, hACE2 inhibitors can potentially prevent SARS-

CoV-2 infection. 

 

Although the structure of human TMPRSS2 is not available yet, 

homology modeling and in silico docking studies have 

demonstrated the molecular mechanisms of camostat mesylate, 

nafamostat, and bromhexine hydrochloride in inhibiting 

TMPRSS2 [53]. In this respect, active site-specific inhibitors of 

TMPRSS2 can be used as potential antiviral agents against 

SARS-CoV-2. 
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Figure 2: Structural characterization of the interface between ACE2 and 

SARS-CoV-2. (A) Overall structure of the spike glycoprotein (S) of SARS-

CoV-2 in its homotrimeric conformation. One up and open conformation of the 

trimer is shown; the up position of the receptor binding domain (RBD), shown 

in green, is indicated by the orange circle (PDB ID 6VXX). The N-terminal 

domain (NTD), RBD, HR1, CH, and C-terminal domain (CD) are shown in 

blue, green, yellow, orange, and purple, respectively. (B) CryoEM structure of 

human ACE2 in complex with the RBD of SARS-CoV-2 and B0AT1 (PDB ID 

6M17). The overall structure reveals that human ACE2 forms a homodimer 

(orange and light-yellow) with B0AT1 (dark and light grey), which is located 

in the transmembrane region. The two SARS-CoV-2 RBDs are shown as dark 

and light green surfaces. (C) The interaction interface between RBD and ACE2 

in shown (PDB ID 6M0J). The residues involved in the interaction between 

SARS-CoV-2 RBD and hACE2 are represented with stick models in green and 

orange, respectively. Alpha helix 1 (α1) of hACE2 is also labeled. (D) Overall 

structure of SARS-CoV-2 RBD in complex with its neutralizing antibody 

CR3022 (PDB ID 6W41). The Fab regions of the heavy and light chains are 

shown in hot pink and pink, respectively. SARS-CoV-2 RBD is shown in 

green. (E) Structural comparison of interfaces between SARS-CoV-2 RBD and 

Nab or hACE2. The interaction interfaces with the light chain of CR3022, 

heavy chain of CR3022, and hACE2 are shown in pink, hot pink, and orange, 

respectively. (F) Hinge movement of hACE2 upon binding of the enzyme 

inhibitor. The Apo form (PDB ID 1R42) and inhibitor-bound form (PDB ID 

1R4L) are superimposed and shown in blue and red, respectively.  
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Viral Proteases  
 

The crystal structure of SARS-CoV M
pro

—a cysteine protease—

consists of domains 1–3. The catalytic processes of M
pro

 are 

mediated by the non-canonical Cys-His catalytic dyad located 

between domains I and II [54,55]. The M
pro

 protein is highly 

conserved among SARS-CoV, MERS-CoV, and SARS-CoV-2, 

and it shares the common substrate recognition sequence 

consisting of LQ(S,A,G) [22,23,56]. Among them, the Gln in P1 

of the substrate is an important common feature required for 

their catalytic activity. Human proteases with similar substrate 

specificity to that of M
pro

 do not exist; therefore, development of 

M
pro

 inhibitors is one of the potential therapeutic strategies for 

targeting SARS-CoV-2. 

 

SARS-CoV-2 M
pro

 consists of three domains, analogous to that 

of M
pro

 from other CoVs (Figure 3a) [56-58]. The crystal 

structure of M
pro

 revealed that it forms homodimers (dimeric 

protomer) through interaction between domain II of protomer A 

and N-terminal residues of protomer B (Figure 3a) [58]. 

Homodimerization of M
pro

 is required for its enzymatic activity. 

Mutational studies on the dimeric interface, as well as crystal 

structure analysis revealed that the interaction between two 

protomers is required to form the S1 pocket at the substrate 

binding site (Figure 3b) [54,58,59]. The substrate binding site of 

SARS-CoV-2 consists of S1′-S1-S2-S4 pockets lined with , H41, 

S46, M49, Y54, F140, L141, N142, G143, C145, H163, H164, 

M165, E166, L167, H172, F185, D187, Q189, T190, A191 and 

Q192 residues (Figure 3b) [56-58]. Notably, the S2 pocket of 

CoVs is typically hydrophobic and can accommodate the bulky 

P2 fragment (Figure 3b). Several structure-based drug discovery 

studies have investigated the interaction of inhibitors in the 

substrate-binding pockets of SARS-CoV-2 M
pro

 (Figure 3c) [56-

58]. A previous study for developing broad spectrum inhibitors 

targeting CoV M
pro

 showed that inhibitors of SARS-CoV-2 

contain a (S)-γ-lactam ring at P1 position to mimic glutamine 

and occupy the S1 pocket of SARS-CoV-2 M
pro

 [60]. A total of 

103 structures of SARS-CoV-2 M
pro

 in both apo and inhibitor 

complex forms are available in the protein data bank (PDB) 

database (https://www.rcsb.org/) until 27 April 2020. Zhang et 
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al. [58] have developed a peptidomimetic α-ketoamide inhibitors 

targeting SARS-CoV-2 M
pro

. They also solved the crystal 

structure of M
pro

 in complex with α-ketoamide 13b (PDB ID 

6Y2G) and showed the presence of a γ-lactam ring at P1 position 

and cyclopropyl at P2 position (Figure 3d). The biochemical 

IC50 of SARS-CoV-2, SARS-CoV, and MERS-CoV M
pro

 were 

found to be 0.67, 0.90, and 0.58 μM, respectively [58]. 

Simultaneously, Dai et al. [56] developed inhibitors with 

aldehyde substituted compound at warhead for occupying S1 site 

and thus it covalently bonds catalytic cysteine of SARS-CoV-2 

M
pro

 (PDB ID 6LZE and 6MOK) [56] (Figure 3e). These 

compounds showed high inhibition activity with IC50 of 53 and 

40 nM in vitro and reduced SARS-CoV-2 infection with EC50 of 

0.53 and 0.72 M in plaque reduction assay [56]. The crystal 

structure of SARS-CoV-2 M
pro

 in complex with the inhibitor 

compound N3 (PDB ID 7BQY), previously designed to inhibit 

CoV M
pro

, revealed that N3 occupies the substrate binding 

pocket and forms a covalent bond with catalytic C145 of SARS-

CoV-2 M
pro

. Consistently, the lactam ring at P1 position of N3 

forms a hydrogen bond with H163 of SARS-CoV-2 M
pro

 (Figure 

3f) [57,61]. X77, a potential inhibitor of SARS-CoV-2 M
pro

, also 

occupies the substrate binding pocket; however, it does not form 

covalent bonds (PDB ID 6W63) (Figure 3g).  

 

In conclusion, M
pro

 of SARS-CoV-2 is a key protein that 

participates in proteolytic processing of polyproteins and shows 

no overlapping substrate specificity with any of the known 

human proteases. Several potent inhibitors share common 

structural features, including covalent bond formation with 

catalytic cysteine and a lactam ring at P1 position. Because most 

inhibitors occupy the substrate binding pocket of SARS-CoV-2 

M
pro

, targeting this pocket could be an efficient and a safe 

strategy in terms of toxicity. 
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Figure 3: Structure of SARS-CoV-2 viral Mpro and its complex with inhibitors. 

(A) Crystal structure of SARS-CoV-2 Mpro. Mpro is a cysteine protease that 

consists of three domains and two protomers. Protomer B is shown in darker 

colors than protomer A and each domain is shown in different colors (sky blue, 

split pea, and violet color represent domains 1, 2, and 3, respectively). (B) 

Substrate binding site of SARS-CoV-2 Mpro. The substrate binding site of Mpro 

is subdivided into S1, S1′, S2, and S4 (shown in bold orange). The inhibitors 

bind to 17 residues shown as yellow sticks (H41, S46, M49, Y56, F140, L141, 

N142, C145, H164, M165, E166, L167, H172, Q189, F185, T190, and Q192). 

The cysteine-histidine dyad (C145-H41) between domains 1 and 2 is shown in 

red. (C) SARS-CoV-2 Mpro in complex with its inhibitors. The structures of 

SARS-CoV-2 Mpro in complex with 13b (PDB ID 6Y2G, purple sticks), 11a 

(PDB ID 6LZ2, magenta sticks), N3 (PDB ID 7BQY, orange sticks), and x77 

(PDB ID 6W63, cyan sticks) are shown. The molecular interaction of each 

inhibitor in the active site is shown as a surface and stick complex (D, E, F, and 

G are 13b, 11a, N3 and x77). The ɤ-lactam ring that plays an important 

inhibitory role is shown in the yellow circle, and C-S covalent bonds with 

Cys145 are shown in the red circle.  
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Viral Replication  
 

Replication of SARS-CoV-2 genomic RNA is mediated by a 

multiprotein complex consisting of several non-structural 

proteins, such as nsp7, nsp8, nsp12, and nsp14. The functional 

core of this multiprotein complex consists of RNA-dependent 

RNA polymerase (RdRp, also called nsp12) [62]. SARS-CoV-2 

RdRp plays an important role in the replication and transcription 

of viral genomic RNA (Figure 1) and its catalytic residues are 

highly conserved among CoVs [62,63]. It is because of this 

reason that the nucleotide analog remdesivir (GS-5734, Gilead) 

was treated to target RdRp of MERS-CoV, SARS-CoV, and 

SARS-CoV-2 [64-66]. Although the viral RdRp is a core 

component of viral replication, nsp7 and nsp8 are still required 

for full-fill transcriptional activity of RdRp [63,67-69]. The 

cryoEM structure of nsp12 revealed an N-terminal β-hairpin (aa 

31–50), extended nidovirus RdRp-associated nucleotidyl-

transferase domain (NiRAN, aa 117–250), interface domain (aa 

251–365), and RdRp domain (aa 366–920) consisting of finger, 

palm, and thumb subdomains [69,70] (Figure 4a). Structural 

studies have demonstrated that nsp12 can recognize the RNA 

template in a sequence-independent manner, suggesting that the 

enzymatic activity of RdRp is largely sequence independent. The 

cryoEM structure of SARS-CoV-2 RdRp in complex with an 

RNA template or its small molecule inhibitor remdesivir (Figure 

4b) revealed the molecular inhibitory mechanism of remdesivir 

[70]. Remdesivir monophosphate interacts with the primer strand 

and uridine of the template strand by base stacking and hydrogen 

bonding, respectively, at the center of the catalytic active site of 

RdRp [70] (Figure 4c). The covalent incorporation of remdesivir 

monophosphate into the primer strand blocks the entry of 

nucleotide triphosphates to the active site, and terminates the 

transcriptional activity of RdRp [70] (Figure 4b). Other 

nucleotide analog compounds such as favipiravir, ribavirin, 

EIDD-1931, and EIDD-2801 may exhibit a similar mechanism 

of action as remdesivir to inhibit RdRp with non-obligate RNA 

chain termination [71-73]. Although the U.S Food and Drug 

Administration issued an emergency use authorization for 

remdesivir on May 1, 2020 for the treatment of suspected or 

laboratory-confirmed COVID-19 in adults and children 
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hospitalized with severe symptoms, the clinical efficacy of 

remdesivir against SARS-CoV-2 is not known yet. Moreover, no 

significant clinical benefits of remdesivir against SARS-CoV-2 

were observed in a recent randomized, double-blind, placebo-

controlled, multicenter clinical trial (ClinicalTrials.gov, 

NCT04257656) [73]. 

 

Taken together, compounds that target SARS-CoV-2 RdRp are 

largely nucleotide analogs because of their ability to form 

covalent bonds with the viral template RNA and block the 

catalytic active site of RdRp. 

 

 
 

Figure 4: CryoEM structure of RdRp in complex with cofactors (nsp7 and 

nsp8), RNA template, and remdesivir. (A) Surface representation of the 

CryoEM structure of SARS-CoV-2 RdRp in complex with its cofactors (two 

nsp8 and one nsp7) (PDB ID 6M71). nsp7 and nsp8 are shown in grey and 

pink, respectively. The β-hairpin, NiRAN, interface, thumb, palm, and finger of 

SARS-CoV-2 RdRp are shown in cyan, yellow, green, orange, purple, and 

blue, respectively. (B) A cartoon representation of the overall structure of 

SARS-CoV-2 RdRp in complex with the RNA template and its inhibitor 

remdesivir (PDB ID 7BV2). The RNA template and primer strand are shown in 

blue and red, respectively. The red arrow indicated the direction of NTP entry. 

(C) magnified view of remdesivir monophosphate binding region. Remdesivir 

covalently binds to the primer RNA strand and interacts with the template 

RNA. 

 

Conclusions  
 

Zoonotic coronavirus outbreaks such as COVID-19 can not only 

affect public health but also have a major impact on civil 

societies and the global economy. Therefore, global cooperation 

among academic institutions, governments, and pharmaceutical 

companies is necessary to overcome COVID-19. 
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Despite intensive worldwide efforts undertaken by researchers to 

contain the spread of SARS-CoV-2, COVID-19 has attained 

pandemic status. Considering that the development of an 

effective vaccine and new therapeutics are still in the early 

stages, repurposing FDA-approved and well-characterized drugs 

might be a pragmatic approach. Consequently, some of these 

drugs, such as remdesivir, have been approved for emergency 

use and some are being tested in clinical trials. In addition, 

combination treatment might be one of certain approaches to 

achieve synergistic effects and reduce the risk of drug-resistant 

mutation. 

 

A few studies have showed that some pre-existing drugs are 

effective for the treatment of patients with COVID-19. In this 

review, we described the ongoing therapeutic strategies targeting 

various components of the SARS-CoV-2 life cycle (Table 1). In 

addition, we provided structural insights into the mechanism of 

action of well-characterized drugs targeting the interaction 

between hACE2 and the spike protein of SARS-CoV-2 for viral 

entry, as well as M
pro

 and RdRp for viral replication. We believe 

that structural characterization can aid in developing an effective 

therapeutic strategy not only against COVID-19 but also other 

viral outbreaks in the future. 
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Abstract  
 

The fungi present during pile-fermentation of Sichuan dark tea 

play a pivotal role in the development of its aroma and physical 

characteristics. High-throughput sequencing of Sichuan dark tea 

during pile-fermentation revealed seven phyla, 22 classes, 41 

orders, 85 families, 128 genera, and 184 species of fungi. During 

fermentation, the fungal diversity index declined from the W1 to 

W3 stages and then increased exponentially at the W4 stage. A 

bar plot and heatmap revealed that Aspergillus, Thermomyces, 

Candida, Debaryomyces, Rasamsonia, Rhizomucor, and 

Thermoascus were abundant during piling, of which Aspergillus 

was the most abundant. Cluster analysis revealed that the W4 

stage of fermentation is critical for fungal growth, diversity, and 

the community structure in Sichuan dark tea. This study revealed 

the role of fungi during pile-fermentation in the development of 

the essence and physical characteristics of Sichuan dark tea. This 

study comes under one of the Sustainable Development Goals of 

United Nations Organization (UNO), to “Establish Good Health 

and Well-Being.” 

 

Keywords  
 

Sichuan Dark Tea; Pile-Fermentation; Fungal Community; High-

throughput sequencing; 16S rRNA (16S rDNA) 
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Introduction  
 

Sichuan dark tea is manufactured by processing a mixture of 

fresh leaves and mature branches collected from tea plants 

(Camellia sinensis) [1]. Dark tea is one of the six famous tea 

types produced along the northwest and southwest borders of 

China, and the production of this tea is a significant contributor 

to the livelihood of ethnic minorities in China [2]. Sichuan dark 

tea is a post-fermented tea with a unique flavor, can be stored for 

long time, and can be brewed multiple times. It has demonstrated 

health benefits, including anti-hyperglycemia, anti-hypertension, 

and anti-hyperlipidemia effects [1,2]. Dark tea is one of the 

richest sources of biologically active compounds, including 

vitamins, amino acids, organic acids, polyphenols, and trace 

elements [3,4]. It is also a widely used medicinal plant as a 

preventive, especially in traditional Chinese medicine [5,6]. 

However, the over-use of dark tea may have some negative 

health effects. 

 

The processing of dark tea comprises the following steps: 

fixation, rolling, piling, and drying [2]. During piling, the tea 

leaves are piled under warm, humid conditions, during which 

fermentation by associated microbes occurs, so called pile-

fermentation. The microorganisms involved in the pile-

fermentation process of dark tea are unique among tea types. 

Notably, although a considerable number of microbes in raw tea 

is killed after fixation, many microbes retained during 

subsequent processing [7]. Piling is a key determinant of the 

color, aroma, taste, and shape of dark tea. The unique flavor and 

essence of dark tea are predominantly developed through 

polyphenol oxidation, the metabolic activities of microbes, 

biochemical processes, such as those catalyzed by extracellular 

enzymes, and physicochemical properties, such as heat and 

humidity, during pile-fermentation [1,8]. For example, 

Penicillium can hydrolyze the fiber in the tea during piling, 

increase its sugar content, and contribute to the taste of dark tea. 

Aspergillus niger and yeasts produce a variety of hydrolytic 

enzymes that participate in mutual transformation reactions 

among the various substances in tea. In piling, the raw tea 

materials undergo enzymatic reactions and fermentation, which 
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are driven by a series of microorganisms to develop the 

characteristics of quality dark tea, that is a dark leaf color and 

pure aroma [2]. 

 

Recently, the processing techniques and technical equipment 

used in the Sichuan tea industry have improved substantially. 

However, the piling process used to develop the characteristic 

essence and flavor of dark tea are still based on traditional 

natural fermentation. Different successive microbial populations 

contribute to the process of natural fermentation of dark tea 

[9,10], and variations in environmental conditions can 

significantly alter the process that supports different populations 

in the microbial community. In short, the qualitative 

characteristics of dark tea, such as its essence and aroma, that 

develop during the pile-fermentation process are entirely 

dependent on the populations in the microbial community. 

 

Yibin city in Sichuan province is situated on the bank of the 

Yangzi River, and dark tea cultivated here retains a special 

aroma due to the characteristic environmental conditions, unique 

pile-fermentation techniques used, and microbial resources. 

Although dark tea has been extensively studied for its growth, 

bioactive ingredients, and health benefits, little is known about 

the microbes involved in its qualitative improvement [8,11-13]. 

To improve the unique qualities of dark tea, it is imperative to 

carefully analyze and effectively use these diverse microbial 

communities and their metabolic activities during pile-

fermentation. In this study, high-throughput sequencing was 

employed to investigate the composition of the diverse microbial 

communities present in Sichuan dark tea during pile-

fermentation to improve processing. 

 

Material and Methods  
Experimental Materials  
 

Samples of Sichuan dark tea raw ingredients prepared from fresh 

leaves were obtained from the Sichuan Tea Industry Group Co., 

Ltd. (http://www.scteag.com/). No specific permission was 

required for sample collection for academic research. During 

fermentation, the leaves were mixed to ensure homogeneity; tap 
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water was added as needed to maintain the solids content at 65–

75% (w/v), and the temperature was maintained at 45–71°C. 

Samples were collected on days 0 (YC), 8 (W1), 16 (W2), 24 

(W3), and 32 (W4) during fermentation. Three replicates were 

set up, and collected samples were subjected to microbial 

analysis. The temperature at the center of the fermented tea pile, 

at a depth of 40 cm, was measured each day. 

 

DNA Extraction  
 

For DNA extraction, 5 g of sample was weighed and 

immediately soaked in 25 mL of ddH2O. After stirring 

thoroughly, the sample was filtered through three layers of sterile 

gauze to remove large particles and then centrifuged at 12,298 × 

g for 10 min at 4°C. The supernatant was discarded, and the 

precipitate was used for genomic DNA (gDNA) extraction. We 

used the E.Z.N.A
™

 Fungal DNA Miniprep Kit (OMEGA, USA) 

according to the standard protocol to extract gDNA from the 

fungal tissues. The quality of the extracted gDNA was confirmed 

by running 2 µl of each sample on a 1% agarose gel, which was 

visualized under a UV light in a gel documentation system [14]. 

 

PCR Amplification and Sequencing Analysis  
 

The primer pair ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-

3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) was used 

to amplify the ITS1 region of the fungal ITS rDNA sequence 

[15] by PCR. Each reaction contained 4 μL of 5× FastPfu Buffer, 

2 μL of 2.5 mmol/L dNTPs, 0.8 μL each of 5 μmol/L forward 

and reverse primer, 0.4 μL of FastPfu Polymerase, 10 ng of 

DNA template, and ddH2O to 20 μL. The PCR conditions were 

as follows: an initial denaturation step at 95°C for 3 min, 

followed by 32 cycles of denaturation at 95°C for 30 s, annealing 

at 55°C for 45 s, and amplification at 72°C for 45 s, with a final 

amplification step at 72°C for 10 min, and storage at 10°C. To 

confirm amplification and amplicon size, 2 μL of each PCR 

product was separated by 2% agarose gel electrophoresis. The 

PCR product was used to construct a gDNA library, which was 

evaluated by high-fidelity Illumina MiSeq
™

 PE300 sequencing. 

Raw reads were trimed, duplicate reads were merged according 
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to PE read overlap, the quality of the reads was assessed, and 

splicing events were controlled. To distinguish samples, 

barcodes were assigned to each sample at the start and end of the 

sequencing based on the primer sequence. Finally, we obtained 

sufficient sequences, and their directions were corrected [16]. 

 

Sequencing and Phylogenetic Analysis  
 

Phylogenetic clustering analysis was conducted using the Uparse 

OTU clustering software tool (http://drive5.com/uparse/) at a 

97% identity threshold to identify representative sequences of 

operational taxonomic units (OTUs) [17,18]. The RDP classifier 

Bayesian algorithm was used to perform a taxonomic analysis of 

the OTUs at a 97% identity threshold. The community 

composition and scientific classifications of each sample were 

established at the kingdom, phylum, class, order, family, genus, 

and species levels [19]. We calculated the α-diversity of one 

sample of each using the Chao 1, ACE, Shannon, and Simpson 

indices to evaluate sequencing depth and coverage and to 

compare the abundance and diversity of the microbial 

communities in dark tea at different stages [20]. The number of 

common and unique OTUs in all samples was counted and a 

Venn diagram was constructed [21]. Variation in the 

composition of the OTUs in every sample was calculated using a 

97% identity threshold through principal component analysis 

(PCA) and principal coordinate analysis (PCoA) [22]. The 

taxonomic analyses of all samples were compared at each 

classification level, and the R tool was used to construct 

community structure diagrams and histograms as combined 

analysis diagrams [23,24]. 

 

Results  
Statistical Analysis of Sequencing Data  
 

Illumina next generation DNA sequencing (NGS) of all five 

samples of Sichuan dark tea was performed in triplicate, and the 

results were analyzed to identify the identity threshold level 

among the fungal populations present in each sample using ITS 

metagenomics. The ITS1F/ITS2R universal primer pair was used 

to amplify the genomes of the different populations of fungi 
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present in the microbial community of the dark tea 

(Supplemental Table S1). Incomplete and poor quality reads 

were eliminated. Ultimately, we obtained 334593 high-quality 

fungal genomic sequences, with read lengths ranging from 249 

to 278 bp (Supplemental Figure S1 and Table 1). 

 

Rarefaction curves reflect the richness and uniformity of the 

microbial species present in each sample of dark tea. The relative 

abundance curves of samples collected at W1 and W4 at the 97% 

identity threshold appeared to have a small span and a steep 

decline (Figure 1). These results showed that the relative 

abundances of the OTUs between samples were remarkably 

different, the uniformity was very low, the fungal composition 

was relatively single, and diverse fungal species were present. 

On the other hand, the relative abundance curves of the YC and 

W2 samples were wider, and the curves were flat with a gradual 

decline, indicating that the species composition of the YC and 

W2 samples is richer, and the uniformity among species was 

higher (Figure 1). Except for the W2 samples, the microbial 

strains were not obvious and were relatively concentrated. 

 

 
 
Figure 1: Rank abundance curves of all samples. The abscissa represents the 

rank of the number of OTUs at a certain taxonomic level, and the ordinate 

represents the relative percentage of the number of species at that classification 
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level. The position of the abscissa of the extension end point of the sample 

curve is the number of species in each sample. A smooth decline indicates 

higher species diversity in all samples, while a rapid and steep decline indicates 

a high proportion of the major bacterial strains and low diversity. 

 

Operational Taxonomic Unit (OTU) Cluster Analysis  
 

During the OTU analysis, all non-repetitive single sequences 

were separated from the optimized sequences, and redundant 

sequences were eliminated. Except for single sequences, OTU 

clustering analysis of non-repetitive sequences was performed at 

a 97% identity threshold. Subsequently, all chimeric sequences 

were removed, and only a single representative sequence for 

each OTU was included in the analysis. Clustering analysis of 

valid data yielded 270 fungal OTUs, which were classified into 

seven phyla, 22 classes, 41 orders, 85 families, 128 genera, and 

184 species (Supplemental Table S2). Only 11 fungal OTUs 

were common among all five groups, 14 OTUs were common 

between W1 and YC, 53 OTUs were common between W2 and 

YC, 23 OTUs were common between W3 and YC, and 34 OTUs 

were common between W4 and YC (Figure  2). 

 
 
Figure 2: Venn analysis of the OTUs. Different groups are shown in different 

colors, and the numbers in the overlapping portions represent the number of 

species common to all groups. 

 



Prime Archives in Microbiology: 2
nd

 Edition 

10                                                                                www.videleaf.com 

Microbial Diversity Analysis  
 

The coverage threshold for the sequences from the dark tea 

samples collected at all five time points was ˃99%, indicating 

that it represents the true fungal populations in the microbial 

community of each sample. To estimate the species richness or 

total number of microbial species in each sample, the sequencing 

results were analyzed using ACE and Chao 1 indices [25,26]. 

The samples with highest abundance levels, according to the 

ACE and Chao1 values (at 89.27% and 84.57%, respectively), 

were observed in the YC group (Table 2). In contrast, the 

samples with the lowest abundance levels, according to the ACE 

and Chao1 values (at 28.16% and 20.00%, respectively), were 

observed in group W1. The remaining groups had intermediate 

abundance levels according to the ACE and Chao 1 values, 

which were 45.03 and 44.43 in W2, 33.40 and 36.00 in W3, and 

49.53 and 46.27 in W4, respectively. The overall microbial 

species abundance in the Sichuan dark tea samples collected at 

the tested time points was in descending order: 

YC>W4>W2>W3>W1 (Table 2). 

 
Table 2: Indices of fungal community richness and diversity of Sichuan dark 

tea. 

 

Sample Shannon Simpson ACE Chao1 Coverage 

W1 0.84 0.49 28.16 20.00 0.999915 

W2 0.77 0.55 45.03 44.43 0.999928 

W3 0.60 0.70 33.40 36.00 0.999927 

W4 0.94 0.49 49.53 46.27 0.999825 

YC 1.09 0.46 89.27 84.57 0.999650 

 

Note: The first column is the sample names, and columns 2–4 are the Shannon, 

Simpson, ACE, and Chao 1 diversity index values of each sample. The last 

column is average coverage diversity index values. 
 

The Shannon and Simpson indices are comprehensive indicators 

that reflect the proportion of different species in a diverse 

community [25,26]. The Shannon-Weiner index is directly 

proportional to the richness and diversity of different populations 

in a community and is negatively correlated with the Simpson 

index. An Elevated Shannon-Weiner index value indicates 

higher species diversity in a microbial community, whereas an 
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elevated Simpson index value indicates low species diversity. 

The Shannon-Weiner values of the samples was, in descending 

order: YC˃W4˃W1˃W2˃W3. Similarly, the Simpson values of 

the samples were in descending order: W3˃W2˃W1˃ W4˃YC. 

The highest Shannon-Weiner index value and lowest Simpson 

index value of the YC samples showed both high fungal species 

richness and diversity. With continued piling time, the fungal 

diversity first decreased and then exponentially increased in YC 

samples, and the highest diversity was observed before piling. 
 

Fungal Community Structure Analysis  
 

Comprehensive qualitative or quantitative compositional 

analysis of the 40 most frequent populations in the microbial 

communities of Sichuan dark tea at the genus level were used to 

construct a histogram (Figure  3) and heatmap (Figure  4). The 

analysis showed that Aspergillus was the most abundant in all 

tested samples. The abundance of Aspergillus increased 

exponentially to 99.3% at W1 and then decreased over time. In 

addition to Aspergillus, four other genera, Thermomyces, 

Candida, Debaryomyces, and Rasamsonia, also displayed higher 

abundances in the YC group, at 19.1%, 16.9%, 12.4%, and 7.8%, 

respectively. In the W2 group, the genus with the highest 

abundance was also Aspergillus, although Rhizomucor (13.4%) 

and Thermomyces (3.1%) were also frequent (Figure 3). 

 

Other highly abundant fungal genera in W3 were Thermomyces, 

Rasamsonia, and Thermoascus, while the highly abundant fungal 

genera in group W4 were Rasamsonia and Thermomyces (Figure 

3). The highest abundance of Aspergillus species was obvious in 

the heat map (Figure 4). Notably, although information about 

unclassified Trichocomaceae and Ascomycota could not clearly 

be distinguished at the genus level, these likely are mostly 

Aspergillus cristatum. In addition, Candida and Debaryomyces 

were also detected in the dark tea samples after pile-

fermentation, but their abundance was less than 1% (Figure 4). 
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Figure 3: Fungal community structure bar plot at the genus level. Each 

ordinate is the sample name, and the abscissa is the proportion of each species 

in a sample. Different species are shown as columns of different colors, and the 

size and proportion of each species is represented by the length of the column. 

 

 

 
 
Figure 4: Community heatmap at the genus level. The abscissa represents the 

group name, and the ordinate represents the species name. The changes in the 

abundance of different species in each sample are displayed as a color gradient 

in a color block. The bar on the right side of the figure shows the abundance as 

a color gradient. 
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Fungal Community Structure  
 

The OTU composition of all Sichuan dark tea samples was 

analyzed via PCA and PCoA to undermine the Euclidean 

distances and dissimilarity index. The highly abundant fungal 

genera in all samples were used to generate PCA and PCoA 

maps (Figures 5 and 6). PC1 and PC2 were drawn along the x 

and y axes, respectively, and their combined total contribution to 

the PCA score was 98.07% (Figure 5) and that to the PCoA 

score was 95.42% (Figure 6). Notably, YC and W2 were closely 

clustered but distant from the rest of the samples collected at 

W1, W3, and W4. In contrast, the YC and W4 samples 

disintegrated along PC1 and PC2. These results showed obvious 

differences in the fungal communities of Sichuan dark tea at 

different stages of pile-fermentation. 

 

The fungal communities in the dark tea samples collected at pile-

fermentation stages YC, W1, W2, and W3 were remarkably 

similar, but quite different from those in sample collected at W4. 

The community at W4 was separate from the communities in the 

other samples. These results led us to conclude that the late stage 

of pile-fermentation (a critical stage of dark tea production; W4) 

contained prominent factors that affected the population 

structure in the fungal community of Sichuan dark tea. Note that 

the total number of samples and the unique results of individual 

samples have implications for the results of the entire analysis, 

which could be minimized by increasing the total number of 

samples. 
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Figure 5: Multiple sample principal component analysis (PCA) of the OTUs. 

Both selected principal component axes are represented by the x and y axes, 

and the percentage represents the difference in sample composition as 

determined by the principal component; the scales of the x and y axes represent 

the relative distances. Samples are shown as different color points or shapes in 

different groups. The closeness of two points or shapes represents the similarity 

between the species composition of two samples. 
 

 
Figure 6: Multiple sample principal coordinate analysis (PCoA) of OTUs. 

Both selected principal component axes are represented by the x and y axes, 

and the percentage represents the difference in sample composition as 

determined by the principal component; the scales of the x and y axes are the 

relative distances. Samples are shown as different color points or shapes in 
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different groups. The closeness of two points or shapes represents the similarity 

between the species composition of two samples. 
 

Functional Classification of the Fungi in Sichuan Dark 

Tea  
 

Guild/ecological guild refers to the relationship between closely 

or distantly related species inhabiting similar or different 

environments in similar ways [27]. FUNGuild [28] 

(http://www.funguild.org) is a sequencing and analysis platform-

independent Python-based tool that was employed for functional 

classification of the fungal OTUs in each sample of Sichuan dark 

tea. The relative abundance of two ecological guilds, undefined 

saprotrophs and endophytes/plant pathogens, inhabiting the 

Sichuan dark tea samples collected at 8-day intervals during 

piling obtained by FUNGuild was more than 99% (Figure 7). 

The population abundance information for each OTU was also 

obtained, which is a prerequisite for understanding the sources 

and pathways of different microbes. These results showed that a 

considerable portion of the fungal species was assimilated with 

the harvested raw materials for the piling of Sichuan dark tea. 

Herein, the detection of a higher number of endophytes/plant 

pathogens is an indicator of the existence of a wide range of 

fungal communities present in the raw material for dark tea 

(Figure 7). 

 
 

Figure 7: FUNGuild analysis of fungal functional groups. The relative 

abundance of the Guild in different groups or samples is on the x axis, and 
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groups or samples are on the y axis. According to the variation in functional 

groups, FUNGuild can calculate the abundance of each fungal specie and their 

functional classification in each sample. 

 

Discussion  
 

The length of the piling cycle required to develop the unique 

flavor of Sichuan dark tea depends predominantly on the 

composition of the microbial community in the pile. A variety of 

microorganisms are involved in the pile-fermentation of Sichuan 

dark tea. In the past, due to technical limitations, determining the 

composition of the microbial community responsible for the 

essence/flavor development of dark tea required traditional 

separation and culture-dependent methods, which are time-

consuming, laborious, costly, and ultimately non-robust, because 

of the failure to cultivate several microbes. Therefore, only fungi 

which can be cultured on growth medium were explored, and it 

was impossible to fully elucidate the unique role of microbes 

during pile-fermentation [15]. In this study, we used a robust 

high-throughput sequencing method and obtained 334593 high-

quality fungal sequences, with an average length of 269.12 bp, 

with an aim to determine the composition of the fungal 

community during pile-fermentation of dark tea (Table 1). All 

sequences were classified into OTUs at the 97% identity 

threshold, and 270 fungal OTUs were obtained by clustering 

valid data, which were divided into seven phyla, 22 classes, 41 

orders, 85 families, 128 genera, and 184 species. 

 
Table 1: Characteristics of the ITS sequences of the fungal populations in 

samples collected from Sichuan dark tea and the five timepoints during pile-

fermentation. 

 

Sample Reads Total bases Average length (bp) 

YC 69242 16428484 276.6316 

W1 65769 16436511 249.9127 

W2 71262 19845494 278.4863 

W3 65242 17154692 262.9394 

W4 63078 15839408 277.6428 

Note: Column 1 is the sample name, column 2 is the number of sequencing 

reads in each sample, column 3 is the total number of bases, and column 4 is 

the average length, in base pairs, of each run. 
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Based on diversity indices, the abundance of the fungal 

community changed during pie-fermentation, which first 

decreased and then increased. The highest fungal diversity was 

observed at the end of pile-fermentation, which was higher than 

that in the raw materials, indicating that the highest number of 

fungal species was present at the end of fermentation. A possible 

reason for this could be a higher rate of bacterial growth over 

fungal growth at the initial stage of pile-fermentation due to 

temperature conditions that were more suitable for bacteria. 

Bacterial growth appeared to be reduced at the middle and final 

stages due to the increase in temperature. Investigations on the 

possible role of bacteria during pile-fermentation are underway. 

Notably, at the final stages of pile-fermentation, a series of 

catabolic reactions, such as anaerobic bacterial respiration and 

decay of the vegetative parts of tea plants, provided a suitable 

temperature and essential nutrients to support the growth and 

reproduction of fungi. A gradual increase in piling time resulted 

in an increase in the diversity index of the fungal populations, 

indicating that piling time and fungal diversity are directly 

proportional; a similar result was obtained in a previous study 

[29]. 

 

The similarity of the fungal community structure was lower in 

the YC samples and then gradually increased in samples 

collected at stages W1–W3, which is consistent with previous 

findings [8] regarding the structural variations in the microbial 

community during the fermentation of Puer tea [11]. The 

abundance of the fungal community increased exponentially in 

all W4 samples when compared to that of the W1, W2, and W3 

samples, indicating that the W4 step of pile-fermentation is a key 

time point for flavor and quality development. The fungal 

population was relatively rich at the YC timepoint, indicating 

that the raw materials used in the pile-fermentation of dark tea is 

a secondary factor affecting the variation in fungal community 

structure [30]. 

 

During pile-fermentation of dark tea, the growth and 

reproduction of microbes are interdependent, and a balanced and 

stable mechanism will eventually develop to generate the 

conditions necessary for post-fermentation processing. This 
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study revealed that the most abundant fungal genera involved in 

pile-fermentation of Sichuan dark tea are Aspergillus, 

Thermomyces, Candida, Debaryomyces, Rasamsonia, 

Rhizomucor, and Thermoascus (Figures 3 and 4). Given their 

abundance, the abovementioned abundant fungal species likely 

play pivotal roles in development of the unique aroma and active 

ingredients of dark tea. Numerous Aspergillus species, such as 

Aspergillus cristatum (Eurotium cristatum) and Aspergillus 

carbonarius, are economically important and are widely 

employed in food biotechnology to enhance the nutritional value 

of food products, such as tea and coffee, due to the various 

metabolites they produce during fermentation [31,32]. Many 

Aspergillus species produce and secrete various enzymes, such 

as α-amylase, glucoamylase, cellulase, pectinase, xylanase, 

hemicellulase, and protease, which are applied on an industrial 

scale to improve the taste of food items by breaking down 

proteins or lipids and developing unique flavors [33]. 

Additionally, Aspergillus cristatum is widely used in making 

crimson soup from dark tea, and lovastatin, a chemical secreted 

by this genus, is a statin that lowers cholesterol levels [34,35]. 

Further studies are needed to explore the probiotic properties of 

individual fungal species and their role in nutrition enhancement. 

 

Some species of Candida, such as Candida etchellsii, Candida 

milleri, Candida rugosa, and Candida tropicalis, can grow on 

liquor waste and are used in the food and feed industries to 

improve nutritional value and taste and as cell factories for the 

production of single-cell proteins [36]. Debaryomyces hansenii 

(anamorph Candida famata) is also employed in the food 

industry for surface ripening of cheese and meat products, the 

production of riboflavin (vitamin B2), bioconversion of xylose 

into xylitol sweetener, and the biosynthesis of arabinitol and 

pyruvic acid [37]. During dark tea pile-fermentation, some fungi, 

such as Rhizomucor, can secrete antibacterial substances that 

inhibit the growth of bacteria, which makes the tea safer to drink. 

Rhizomucor is also involved in the degradation of bio-waste and 

carbon uptake for the biosynthesis of various useful enzymes, 

such as 1,4-β-xylosidase, endo 1,4-β-glucanase, phosphatase, 

chymosin, protease, and alcohol dehydrogenase, which are 

important for the flavor development of dark tea [38]. 
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Rasamsonia produces cellulase, hemicellulase, pectinase, and 

starch-degrading enzymes, and catalyzes various reactions, such 

as oxidation, oxidoreduction, and proteolysis, which are 

important for dark tea fermentation [39]. The 

unclassified_Trichocomaceae and unclassified_Ascomycota 

reads identified in this study are probably from Aspergillus 

cristatum, commonly known as “golden flower,” which has a 

major impact on the pile-fermentation process of dark tea [7,40]. 

Several indole alkaloids and indole diketopiperazine alkaloids 

can be extracted from a culture of Aspergillus cristatum, which 

possess brine shrimp killing activity, antibacterial activity 

against E. coli, radical scavenging activity against DPPH 

radicals, and marginal attenuation of 3T3L1 pre-adipocytes [41]. 

Therefore, artificial inoculation of dark tea with these fungi 

could improve its health benefits and could be used to produce 

probiotic dark tea. 

 

It is of immense interest to determine the functional 

classification, abundance, source, and metabolic pathways of the 

microbes involved in the flavor development of dark tea. The 

source of the external fungi was the spores present on the raw 

material, and their relative abundance was high in each pile-

fermentation. The high number of endophytes shows the broad 

range and diversity of the fungi in the raw materials of dark tea 

[42]. Our findings provide a scientific basis for the selection of 

adequate raw material for dark tea production, as precise, piling 

stage-specific fungal inoculation may improve the nutritional 

quality and esthetic value of dark tea (Bressani et al., 2021) to 

overcome the challenge of malnutrition, which is a key point for 

one of the “Sustainable Development Goals (SDGs)” of UNO, to 

“Establish Good Health and Well-Being.” 
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Abstract 
 

Bacteria and fungi present during pile-fermentation of Sichuan 

dark tea play a key role in development of its aesthetic properties 

such as color, taste and fragrance. In our previous study, high-

throughput sequencing of dark tea during fermentation revealed 

Aspergillus was abundant but scarce knowledge is available 

about bacterial communities during pile-fermentation. In this 

study, we rigorously explored bacterial diversity in Sichuan dark 

tea at each specific stage of piling. Analysis of cluster data 

revealed 2948 operational taxonomic units (OTUs), which were 

divided into 42 phyla, 98 classes, 247 orders, 461 families, 1052 

genera, and 1888 species. Certain members of the family 

Enterobacteriaceae were dominant at early stages of 

fermentation YC, W1 and W2, while Pseudomonas at middle 

stage W3, and highest bacterial diversity was observed at final 
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quality determining stage W4. Noticeably, probiotics such as 

Bacillus, Lactobacillus, Bifidobacterium and Saccharopolyspora 

were also significantly higher at quality determining stage W4. 

Our findings might help in precise bacterial inoculation for 

probiotic foods production by increasing health benefits of 

Sichuan dark tea. This research also falls under umbrella of 

“Establish Good Health and Well-Being” Sustainable 

Development Goals of United Nations Organization. 

 

Keywords  
 

Bacterial Diversity; High-Throughput Sequencing; Sichuan Dark 

Tea; Pile-Fermentation 

 

Introduction  
 

Tea can be considered a medicinal plant with a lot of health 

benefits and being consumed as beverage across the world. 

China is origin of tea plant (Camellia sinensis), and has great 

importance in Chinese culture. In China, plentiful tea products 

are found relying upon growth areas, processing techniques, and 

polyphenol oxidase contents [1,2]. Dark tea is one of the six 

major tea types found in China, and being cultivated in Sichuan, 

Yunnan, Guangxi, Hunan, and Hubei [3,4]. Dried green tea 

leaves are raw material which are processed to make dark tea via 

microbial fermentation and solid-state fermentation (SSF). So, 

growth of microbes such as bacteria and fungi is a key step in 

biosynthesis of dark tea during wet piling technique, which 

determine aesthetic value of dark tea such as stale taste, mellow 

taste and reddish brown wine [5]. 

 

Sichuan province is prominent dark tea production area due to its 

unique and favorable climatic conditions for the growth of raw 

material, and specialty of processing technology in pile-

fermentation. It is hypothesized that potential microbial 

resources of Sichuan region are entirely different as compared to 

other dark tea production areas. Traditional bacterial culture 

techniques have been employed for undermining structural 

variations among microbial communities in dark tea, in which 

only few bacterial strains can be isolated, because selective 
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bacterial strains can grow on available mediums [6]. So, the 

probability of fake results of microbial diversity in fermentation 

of dark tea is very significantly high by culturing techniques.  

 

Contrastingly, culture-independent methods have advantage over 

culture-dependent method because of its potential of microbial 

community structure detection in any kind of medium even with 

low-abundance. Recently, culture-independent methods is being 

widely used in food industry to undermine composition of 

microbes more accurately and comprehensively [5]. The 

principal of culture-independent methods is based on direct 

diversity analysis via sequencing of ribosomal RNA (rRNA) 

genes without any involvement of culture-medium step, that’s 

why it is robust, fast, cost effective and provides high-resolution 

of microbial communities. However, culture-independent 

methods are scarcely applied to investigate microbial community 

structure in dark tea [6-9].  

 

In this study, high-throughput sequencing was employed to 

undermine entire diverse bacterial community structure and to 

specifically reveal dominant bacterial taxa at each stage of pile-

fermentation present in Sichuan dark tea. Our study will provide 

preliminarily exploration of dynamic characteristics of bacterial 

community during piling process, and reveal actual modulator 

behind development of unique aesthetic values of Sichuan dark 

tea. A better understanding of microbial community structure 

and their abundance at each aesthetic value determinant stage 

will pave way to regulate their concentration and develop new 

techniques to precisely develop unique tastes and probiotic foods 

for human being. 

 

Materials and Methods  
Experimental Materials  
 

In order to conduct research, samples of Sichuan dark tea were 

provided by Sichuan Tea Industry Group Co., Ltd., which was 

prepared by fresh leaves of tea plants collected in summer and 

autumn. During fermentation process, leaves of tea plants were 

mixed thoroughly to ensure homogeneity and tap water was 

sprinkled in an adequate quantity to maintain 65-75 % (w/v) 
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solid contents, and temperature at 45-71℃. Samples were 

collected from tea piles with every 15 days interval and 

subjected to sensory evaluation as described by GB/T 23776-

2009 [10]. Fermentation process gets over as tea mass becomes 

reddish-brown and free of stringent taste. Samples were 

collected during fermentation process in triplicate manners and 

at following time intervals; days 0 (YC), 8 (W1), 16 (W2), 24 

(W3) and 32 (W4). Temperature of each fermentation tea pile 

was recorded from the center at the depth of 40 cm, and almost 

every day. 

 

DNA Extraction  
 

For DNA extraction, 5 g of each sample was suspended in 50 

mL sterile Tween-NaCl buffer [0.9% NaCl (w/v), 0.05% Tween 

20 (v/v), 2% polyvinylpolypyrrolidone (w/v)], and homogenized 

by mixing thoroughly for 30 min via sonication at 4℃. Solution 

was further passed through a sterile gauze and subsequently 

centrifuged at 2000 rpm for 2 min at 4℃ to remove course 

material. To collect microbial communities, supernatant was 

shifted in a new tube and centrifuged at 10,000 rpm for 10 min at 

4℃. Microbial genomic DNA was extracted from precipitate 

using E.Z.N.A.
TM

 HP Plant DNA Kit (Omega Bio-Tek Inc., GA, 

USA) according to the manufacturer’s protocol. Finally, DNA 

was purified using E.Z.N.A.
TM

 Soil DNA Kit to remove 

impurities such as polyphenol, that may have negative effect on 

PCR reaction. 

 

PCR Amplification and Sequencing Analysis  
 

Primer pair 338F: 5'-ACTCCTACGGGAGGCAGCAG-3' and 

806R: 5'-GGACTACHVGGGTWTCTAAT-3' was employed to 

amplify V3+V4 region of bacterial 16S rRNA gene [11,12]. PCR 

reaction conditions were as following; initial denaturation at 

95°C for 3 min; denaturation at 95°C for 30 s, annealing at 55°C 

for 30 s, extension at 72°C for 45 s, 30 cycles in total; final 

extension at 72 °C for 10 min; hold at 10°C for 10 min. Total 

PCR reaction system was 20 μL with following ingredients; 4 μL 

of 5×PCR buffer (with Mg
2+

); 2 μL of 2.5 mmol/L dNTP; 0.8 μL 

of 5μmol/L P1 (338F); 0.8 μL of 5 μmol/L P2 (806R); 0.4 μL of 
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5 U/μL Taq Enzyme; 2 μL of DNA template; 10 μL of ddH2O. 

PCR products of all same samples were mixed together and 

electrophoresed by running on 2% agarose gel. Gel cutting was 

performed with a sterile sharp edge blade and subsequently 

AxyPrepDNA Gel Recovery Kit (AXYGEN
®
) was used for gel 

elution to recover correct DNA band. Furthermore, PCR 

products with good quality were subjected to library construction 

and sequenced by using robust Illumina MiSeq
™

 PE300. Pair 

reads were merged into a single sequence by following overlap 

relationship between PE reads, and filtered for quality control to 

avoid splicing effect. Finally, reads obtained by sequencing were 

checked for their quality and sequence direction was corrected 

[13]. According to primer use, proper barcoding/labelling was 

performed on each step to avoid any error.  

 

Taxonomic Assessment and Data Analysis  
 

USEARCH manual version 7.1 (http://drive5.com/uparse/) was 

deployed to extract non-repetitive sequences from optimized 

sequences, which is very useful to remove redundant 

calculations during data analysis 

(http://drive5.com/usearch/manual/dereplication.html), and to 

remove non-repetitive single sequences 

(http://drive5.com/usearch/manual/singletons.html). Similarly, 

UPARSE software (http://www.drive5.com/uparse/) was 

deployed for clustering analysis at 97% similarity index in order 

to get representative sequences of operational taxonomic units 

(OTUs) [14]. RDP classifier Bayesian algorithm was deployed to 

perform taxonomic analysis of OTUs at 97% similar index. 

Bacterial community composition present in every dark tea 

sample was classified and counted at each level of phylogeny, 

such as; kingdom, phylum, class, order, family, genus, and 

species [15].  

 

To construct rarefaction curve, specific number of individuals 

from each sample were randomly selected to evaluate their 

OTUs, and number of individuals with their relevant OTUs were 

used to construct curve. Rarefaction curve is used to compare 

abundance of each specie in given samples with variable 

sequencing reads, and to validate amount of sequencing data. 
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Rarefaction analysis of OTUs at 97% similarity index obtained 

from 16S rRNA gene sequence reads via illumina MiSeq 

platform was performed art mothur website 

(https://mothur.org/wiki/miseq_sop/) and curve was made using 

R tool [16]. In order to evaluate sequencing depth index, α-

diversity such as Chao 1, ACE, Shannon, and Simpson of each 

sample were individually calculated, and abundance as well as 

diversity of microbial communities in dark tea were analyzed at 

different fermentation stages [17]. Venn diagram was 

constructed to count the number of common and unique OTUs in 

all samples [18]. According to taxonomic analysis results, single 

or multiple samples were compared at each classification level, 

and R tool was employed to construct community structure 

component diagrams, histogram combined analysis diagrams, 

and RDA principal coordinate analysis diagram [19,20]. 

 

Statistical Analysis  
 

All data was explained in mean values of standard deviation 

(SD) and analyzed by one-way analysis of variance (ANOVA). 

A Duncan multiple-comparison test was applied to detect 

variations among means of all samples at p-value <0.05 level of 

significance. All correlation and path coefficient analyses were 

performed with SPSS Statistics 20.0 (SPSS Inc., Chicago, IL, 

USA) and Excel 2019. 

 

Results  
Sequencing Data Analysis  
 

We analysed diverse bacterial communities found in Sichuan 

dark tea at 5 different stages during fermentation process by 

large scale sequencing based analysis of 16S rRNA gene 

sequences. The sequencing data of bacterial colonies found in all 

samples collected at five different stages of fermentation is given 

in Table 1. Total number of sequencing reads of sample YC are 

62,456, total number of nitrogenous bases are 26,118,006 bp, 

and average sequence length is 418.59 bp. Similarly, total 

number of effective sequencing reads of sample W1 are 46909, 

total numbers of nitrogenous bases are 19,638,346 bp, and 

average sequence length is 420.24 bp. Sequencing analysis 
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revealed 40,399 full length sequence reads in sample W2, total 

number of nitrogenous bases are 17,285,142 bp, and average 

read length is 427.75 bp. In sample W3; 43,362 full length 

sequencing reads were obtained, with total number of 

18,361,869 bp nitrogenous bases, and average read length is 

423.51 bp. Finally, after elimination of raw and incomplete reads 

60,400 total reads were obtained in sample W4, containing 

25,535,185 bp total number of nitrogenous bases, and average 

length of sequence reads was 422.57 bp (Table 1). 

 

Rarefaction curve was drawn to show sampling depth of each 

sample, which can be used to evaluate either sequencing date is 

sufficient to represent all bacterial strains present in each sample. 

The flatness of each rarefaction curve representing all 5 samples 

proved that sampling process had adequately collected 

experimental material (Figure 1). The bacterial diversity in 

amount of each randomly collected sample was enough to 

construct individual DNA library for each sample. The 

confidence level about amount of each bacterial community 

structure in Sichuan dark tea samples was very high to accurately 

reflect bacterial community. 

 
Table 1: Sequencing analysis of 16S rRNA gene of bacterial communities in 

all five samples. 

 

Sample Reads Total bases Average length 

YC 62,456 26,118,006 418.59 

W1 46,909 19,638,346 420.24 

W2 40,399 17,285,142 427.75 

W3 43,362 18,361,869 423.51 

W4 60,400 25,535,185 422.57 

 

Note: Column 1 represents sample name, column 2 represents reads obtained 

after elimination of raw and incomplete reads, column 3 is comprised of total 

number of nitrogenous bases, and column 4 represents average read length in 

base pair. 
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Figure 1: Rarefaction curves of all samples. The abscissa represents the 

amount of randomly selected sequencing data; the ordinate represents the 

number of species observed. Flat curve shows that the amount of sequencing 

data for this study is sufficient. 

 

OTUs Cluster Analysis  
 

The bioinformatics and statistical analysis were performed at 

OTU level with 97% similarity index. Furthermore, Venn 

diagram was constructed to display compositional similarity 

among different bacterial communities present in all samples and 

overlapping of different samples was intuitively displayed at 

different classification levels. A total number of OTUs obtained 

by clustering the valid data were 2,948, which were further 

divided into 42 phyla, 98 classes, 247 orders, 461 families, 1,052 

genera, and 1,888 species (Supplemental Table S1). Similarly, 

OTUs in each stage were 2,082, 2,116, 381, 399, and 580, 

respectively. Among all samples, YC and W1 samples shared 

highest 1,211 OTUs, YC and W2 samples shared 15 OTUs, YC 

and W3 samples shared 25 OUTs, and YC and W4 samples 

shared 50 OUTs. The unique OTUs which were not common or 

overlapping in each sample were; 360 in YC, 399 in W1, 70 in 

W2, 94 in W3, and 151 in W4, which were 17.3%, 18.9%, 

18.4%, 23.6%, and 26.0% of total OTUs, respectively (Figure 2). 

The total number of common OTUs among all 5 samples 

collected at 5 different stages of pile-fermentation were 103, 

which were 3.6% of total number of OTUs in all samples. These 

results indicated that the bacterial community structure of 
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Sichuan dark tea has undergone significant changes during pile-

fermentation. 

 
 
Figure 2: OTUs Venn analysis. Different groups are represented by different 

colors, and numbers in overlapping portions represent number of species 

common among all groups. 

 

Microbial Abundance and Diversity Analysis  
 

Bacterial community richness and diversity was explored of 

Sichuan dark tea samples collected at different stages of pile-

fermentation. Noticeably, sequencing coverage of all samples 

was higher than 0.9984, which represents actual conditions of 

bacterial communities present in Sichuan dark tea samples 

collected at different stages of fermentation (Table 2). In general, 

higher Shannon index and lower Simpson index represents 

higher bacterial community diversity index in a sample [21]. We 

observed highest bacterial community diversity in Sichuan dark 

tea samples collected at YC and W4 stages, followed by W1 

period, and lowest bacterial community diversity was observed 

in samples collected at W2 stage.  
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Table 2: Bacterial community richness and diversity indices of Sichuan dark 

tea. 

 

Sample Shannon Simpson ACE Chao Coverage 

W1 1.65 0.3649 287 284 0.9984 

W2 0.78 0.6875 242 214 0.9988 

W3 1.67 0.4025 260 267 0.9987 

W4 2.47 0.1857 289 293 0.9995 

YC 2.21 0.1854 329 315 0.9988 

 

Note: First column consists upon sample name, columns 2-4 represent 

Shannon, Simpson, ACE and Chao 1 values of diversity index in each sample. 

Last column contains average of values of diversity index. 

 

In order to investigate abundance of bacterial community 

structure in Sichuan dark tea collected at different stages of 

fermentation, Chao index and ACE index were measured. We 

observed highest bacterial community abundance in dark tea 

samples collected at YC and W4 stages, followed by samples 

collected at W1 stage, and lowest bacterial community 

abundance was observed in samples collected at W2 and W3 

stages. Our results showed that abundance and diversity of 

bacterial community present in Sichuan dark tea samples was 

quite different at different stages of fermentation. 

 

Bacterial Community Structure Analysis  
 

All Sichuan dark tea samples collected at different stages of pile-

fermentation were analyzed to disclose structure of bacterial 

communities. Bacterial communities with higher abundance 

were annotated and clearly classified into 18 genera, while 

bacterial communities with relatively low abundance were 

merged together into single category expressed by others (Figure 

3). For example, bacterial communities with relatively high 

abundance at the genus level were Pseudomonas, 

unclassified_f_Enterobacteriaceae, Bacillus, Kocuria, Ralstonia, 

Lactobacillus, Staphylococcus, etc (Figure 3). At YC stage of 

fermentation, the significantly higher bacterial communities 

were unclassified_Enterobacteriaceae (26.38%), and relatively 

high abundant bacterial communities at the genus level were 

Kocuria (15.72%), Streptomyces (5.92%), Pseudomonas 

(5.02%), Bacillus (4.73%), and Staphylococcus (4.19%). 
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Figure 3: Bacterial community structure barplot analysis at the genus level. 

Ordinate is sample name, and abscissa is proportion of different taxa at the 

genus level in a sample. Different taxa are represented by columns with 

different colors, size and proportion of species. 

 

At stage W1, the dominantly higher bacterial communities were 

unclassified_Enterobacteriaceae (26.38%), and relatively high 

abundant bacterial communities at the genus level were 

Pseudomonas (4.91%), Lactobacillus (3.18%), Bifidobacterium 

(2.90%), and Bacteroides (2.10%). Similarly, the highest 

abundance of bacterial community at stage W2 was unclassified_ 

Enterobacteriaceae (51.55%), followed by Pseudomonas 

(41.50%), unclassified_Bacteria (2.15%), and the relative 

abundance of other bacterial genera were all less than 1%. 

Pseudomonas (61.61%) was absolutely dominant bacterial strain 

at W3 stage, and relatively high abundance were unclassified_ 

Enterobacteriaceae (8.98%), Kocuria (6.86%), and 

unclassified_Bacteria (6.97%). At stage W4, the highest relative 

abundance was of Bacillus (33.20%), followed by Kocuria 

(18.63%), Lactobacillus (13.74%), Staphylococcus (7.92%), and 

Ralstonia (7.39%). We also observed that Pseudomonas and 

unclassified_Enterobacteriaceae displayed higher abundance at 

YC, W1, W2 and W3 stages, while Bacillus, Kocuria and 

Lactobacillus have higher abundance in W4 period (Figure 4). 

Our results showed that the bacterial diversity has obvious 

differences with different piling-fermentation stages of Sichuan 

dark tea. 
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Figure 4: Community heatmap analysis at the genus level. Abscissa represents 

group name and ordinate represents taxa name. Abundance changes of different 

taxa in each sample are displayed by color gradient of color block. Bar on the 

right side of figure represents abundance value by color gradient. 

 

Effect of Bacterial Community Composition on Active 

Ingredients  
 

Redundancy analysis (RDA) is a type of PCA analysis which are 

constrained by environmental factors. For pictorial 

representation of relationship between bacterial flora at genus 

level and environmental factors, samples and environmental 

factors were drawn on same 2D sequence diagram (Figure 5) 

[22]. Among four active compounds of Sichuan dark tea, 

polysaccharides have a positive correlation with total flavonoids, 

and caffeine has a positive correlation with amino acids. 

Furthermore, correlation was analyzed among active compounds 

of dark tea, bacterial taxa and different stages of pile-

fermentation. We observed effective formation of caffeine and 

amino acids predominantly exists at following stages of 

fermentation YC, W1, and W2.  
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Figure 5: RDA at the genus level. Points of different colors or shapes represent 

sample groups under different environments or conditions in the figure; taxa 

are represented by green arrows in the RDA diagram; quantitative 

environmental factors are represented by red arrows; The length of the 

environmental factor arrow can represent the degree of influence of the 

environmental factor on the taxa data; the angle between the environmental 

factor arrow represents the positive and negative correlation (acute angle: 

positive correlation; obtuse angle: negative correlation; right angle: no 

correlation). Projection from the sample point to the arrow of the quantitative 

environmental factor, the distance between the projection point and the origin 

represents the relative influence of the environmental factor on the distribution 

of the sample community. PO, polysaccharides; FL, flavonoids; CA, caffeine; 

AA, amino acids. 

 

Noticeably, the polysaccharides and total flavonoids contents 

were increased significantly during pile-fermentation stage W4. 

Similarly, following bacterial genus Bacillus, Ralstonia, and 

Saccharopolyspora were significantly correlated with total 

flavonoid contents, while Kocuria was closely related with 

formation of polysaccharides. The dominant bacterial genus at 

stage W3 was Pseudomonas, which displayed no any 

relationship any of above mentioned four active ingredients of 

dark tea. These results proved that the biosynthesis of active 

ingredients of Sichuan dark tea were significantly affected by the 

composition of bacterial community found in pile-fermentation. 
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Discussion  
 

Time required for accomplishment of pile-fermentation cycle of 

dark tea and development of flavor, color, fragrance and 

nutritional value are predominantly determined by the 

composition and fermentation stage specific variations in 

microbial community present in fermentation reaction [23]. So, 

better understanding of microbial community in piling process is 

a prerequisite for precise manipulation of microbial flora to 

improve aesthetic value of Sichuan dark tea. On the other hand, 

traditional culturing methods to explore microbial flora in dark 

tea samples is time consuming, labor intensive, and 

unsustainable because all bacterial species cannot be cultivated. 

We employed robust high-throughput Illumina Miseq
™

 

sequencing technology which revealed 253,526 high-quality 

bacterial sequence reads, with an average length of 422.53 bp. 

Furthermore, clustering of valid sequencing data revealed 2,948 

OTUs at 97% identity threshold of 16S rRNA, which were 

classified as; 42 phyla, 98 classes, 247 orders, 461 families, 

1,052 genera, and 1,888 species. These findings lead to 

conclude; bacterial flora present in fermentation process are 

result of inoculation from tea leaves (epiphytic and endophytic 

microbes) and surrounding environment.  

 

In recent years, only fungi are the focus of researchers to explore 

composition of the microbial community in dark tea, such as 

Eurotium cristatum, but the knowledge about bacterial 

community is scarce [24]. Bacterial flora displayed lagging 

growth phase at early flowering stage of Camellia sinensis due to 

exponential growth of E. cristatum, which transformed into 

bacterial exponential growth at late flowering stage to establish 

symbiotic relationship with E. cristatum [25]. Noticeably, 

bacterial flora present in dark tea of different regions is unique 

[26]. In Sichuan dark tea, two relatively abundant bacterial 

genera were unclassified_f_Enterobacteriaceae and 

Pseudomonas sequence analyzed during YC to W3 stages of 

fermentation. Certain members of Enterobacteriaceae family 

retain disease causing potential, encompassing beneficial 

commensal microbiota opportunistic pathogens that can inflict 

considerable morbidity and mortality on compromised hosts and 
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few are harmless, which are widely distributed in environment 

including soil, water, plants, insects and animals [27], that’s why 

members of this genus were abundantly found (51.55%) during 

early stages of pile-fermentation (W2). Pseudomonas, Vibrio, 

Staphylococcus are generally considered to be conditional 

pathogens in dark tea [28]. Comparatively, Pseudomonas was 

higher 61.61% in the dark tea samples collected at W3 stage, and 

further studies are invited to explore its specific role. 

 

The highest diversity in bacterial community was observed at 

quality determining W4 stage of Sichuan dark tea. For example, 

Bacillus was highest 33.20% at W4 stage probably due to 

decrease in temperature, which shows composition of bacterial 

community during pile-fermentation is temperature dependent 

[29]. So, we can control distribution of bacterial community by 

regulating temperature during dark tea pile-fermentation, and 

ultimately quality of dark tea. For example, quick drying of dark 

tea is performed at 50°C temperature during final stage W4, and 

at which abundance of Bacillus is also highest. The genus 

Bacillus are probiotics which have beneficial health effects on 

intestine of animals and humans, play role in frequency and 

characteristics of feces, and skin properties [29]. For example, B. 

coagulans is health beneficial food ingredient, included in 

Qualified Safety Presumption (QPS) list by the European Food 

Safety Agency (European Food Safety Agency, 2008), and 

approved by U.S. Food and Drug Administration (Ganeden 

Biotech, 2011) recognized safety standards (GRAS) [30]. 

Because, probiotic bacterial strain B. coagulans is dominant 

during pile-fermentation process of dark tea, so it can also be 

employed to improve flavor and shelf life of different foods. 

 

Other probiotic genera Lactobacillus and Bifidobacterium were 

also abundantly found at final stage W4, which are also found in 

human intestine, and being widely used in production of various 

types of fermented foods [31]. For example, the relative 

abundance of Lactobacillus was higher (13.74%) at final stage 

W4, which help in digestion, beneficial for human and animal 

intestine, and is being widely used biosynthesis of yogurt and 

sausage [32]. Lactobacillus is also beneficial for intestinal flora 

and health of mice present in black tea [33,34]. The share of 
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Saccharopolyspora was 2.85% at W4 stage, which is an anti-

tumor agent [35], therefore, it can be used in food processing to 

increase health benefits of dark tea. Additionally, Butenyl-

spinosyn is produced by Saccharopolyspora, which is a strong 

insecticidal agent with broad pesticidal spectrum [36].  

 

Biological active compounds present in Sichuan dark tea, such as 

polysaccharides, flavonoids, caffeine, and amino acids are highly 

correlated with the abundance of bacterial genus during pile-

fermentation. During the process of piling-fermentation, the 

concentration of these biologically active components was 

declined due to microbial metabolic activities, and our these 

findings are in accordance to Pu'er tea [37]. Similarly, cellulase, 

hemicellulase and protease enzymes secreted by microbes during 

metabolic activities also have catalytic effect on main 

metabolites [38]. Further studies are invited to unravel 

relationship between biologically active ingredients of dark tea 

and microbial diversity during pile-fermentation process of 

Sichuan dark tea, so that quality of dark tea can be improved. 

 

Conclusion  
 

The Sichuan dark tea is economically important due to its unique 

aroma and being prepared via pile-fermentation since decades. 

Microbes play crucial role in development of unique aroma, 

nutritional value and physical characteristics of dark tea. In depth 

knowledge about piling stage specific bacterial composition will 

provide bench for precise inoculation of probiotic bacteria for 

bio-fortification. High-throughput sequencing of bacterial 16S 

rRNA gene revealed that certain members of the family 

Enterobacteriaceae were dominantly present in early piling 

stages YC, W1 and W2, Pseudomonas was dominant at stage 

W3, and highest bacterial diversity at stage W4. We observed 

probiotic bacterial genera such as Bacillus, Lactobacillus, 

Bifidobacterium and Saccharopolyspora were in abundance at 

final piling stage W4. In conclusion, precise inoculation of 

members of these bacterial genera in dark tea might improve its 

nutritional value and health benefits.  
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Abstract  
 

An overuse of antibiotics both in human and animal health and 

as growth promoters in farming practices has increased the 

prevalence of antibiotic resistance in bacteria. Antibiotic 

resistant and multi-resistant bacteria are now considered a major 

and increasing threat by national health agencies, making the 

need for novel strategies to fight bugs and super bugs a first 

priority. In particular, Gram-negative bacteria are responsible for 

a high proportion of nosocomial infections attributable for a 

large part to Enterobacteriaceae, such as pathogenic Escherichia 

coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa. To 

cope with their highly competitive environments, bacteria have 

evolved various adaptive strategies, among which the production 

of narrow spectrum antimicrobial peptides called bacteriocins 

and specifically microcins in Gram-negative bacteria. They are 
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produced as precursor peptides that further undergo proteolytic 

cleavage and in many cases more or less complex 

posttranslational modifications, which contribute to improve 

their stability and efficiency. Many have a high stability in the 

gastrointestinal tract where they can target a single pathogen 

whilst only slightly perturbing the gut microbiota. Several 

microcins and antibiotics can bind to similar bacterial receptors 

and use similar pathways to cross the double-membrane of 

Gram-negative bacteria and reach their intracellular targets, 

which they also can share. Consequently, bacteria may use 

common mechanisms of resistance against microcins and 

antibiotics. This review describes both unmodified and modified 

microcins [lasso peptides, siderophore peptides, nucleotide 

peptides, linear azole(in)e-containing peptides], highlighting 

their potential as weapons to thwart bacterial resistance in Gram-

negative pathogens and discusses the possibility of cross-

resistance and co-resistance occurrence between antibiotics and 

microcins in Gram-negative bacteria. 

 

Keywords  
 

Bacteriocins; Microcins; Antibiotics; Resistance; Gram-Negative 

Bacteria; Enterobacteria 

 

Introduction  
 

Since their discovery antibiotics have been routinely used in 

human medicine and in livestock production as therapeutic 

agents or growth promoters. Use of antibiotics for livestock 

greatly exceeds that of uses for humans, with approximately 70–

80 percent of total consumption [1]. Furthermore, the global use 

of antibiotics would rise by 67% by 2030 in high-income 

countries and nearly double in Brazil, the Russian Federation, 

India, China and South Africa [2]. According to the World 

Health Organization [3] the overuse and misuse of antibiotics in 

human and animal, as well as the intrinsic capacity of antibiotics 

to induce broad spectrum killing [4] has led to the emergence of 

multidrug-resistant bacteria (MDR) that are rapidly increasing 

worldwide and have now become a serious public health 

problem. In 2016, the United Nations General Assembly 
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recognized the use of antibiotics in the livestock sector as one of 

the primary causes of antimicrobial resistance (AMR) [1]. 

Moreover, it has been shown that farm animal and human 

microbiota are reservoirs for AMR [5-8]. Currently, AMR is 

already killing 700,000 people a year, and it is predicted to cause 

10 million deaths per year by 2050 with a cumulative cost of 

US$ 100 trillion [9]. According to the Centers for Disease 

Control and Prevention (CDC) AMR challenge, 

Enterobacteriaceae, including Escherichia coli, Shigella, 

Salmonella, and Klebsiella spp. amongst others, present a serious 

and/or urgent threat to world health. Indeed, as Gram-negative 

bacteria, Enterobacteriaceae are notorious for their capacity to 

resist antimicrobial therapy [10-12]. Furthermore, even though 

Enterobacteriaceae represent only a small percentage of the host 

microbiota and are not all pathogens, they are still responsible 

for important morbidity [13,14], making them an important 

target for new drug development. 

 

The AMR crisis is exacerbated by the fact that resistances are 

emerging and disseminating faster than the development of new 

drugs. Indeed, over the past three decades the number of 

developed and approved antibiotics has more than halved [15], 

leading to an increasing demand for new antimicrobial agents or 

strategies. Genetically modified phages, antibacterial modified 

oligonucleotides, inhibitors of bacterial virulence and CRISPR-

Cas9 strategy are also discussed for extrapolating them to the 

field of antimicrobial therapeutics [16,17]. Meanwhile, other 

promising strategies, such as probiotics, lysins and antimicrobial 

peptides are in various stages of development [17]. Globally, 

although several alternatives exist in nature, the challenge still 

remains to demonstrate their efficacy and their use in human and 

animal. 

 

Bacteriocins form a large family of antimicrobial peptides 

(AMP) produced by bacteria [18]. Their biological 

characteristics and activities have been deeply described in a 

new web-accessible database named BACTIBASE, which is 

freely available at the http://bactibase.pfba-lab.org web-based 

platform. Bacteriocins can be either unmodified or 

posttranslationally modified peptides, the latter thus belonging to 
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the large family of ribosomally synthesized and 

posttranslationally modified peptides (RiPPs) [19,20]. Known as 

inhibitors of pathogens in vitro, many bacteriocins have a high 

specific activity against clinical strains including antibiotic-

resistant ones [21]. Their effectiveness as inhibitors of 

pathogenic and spoilage microorganisms has been largely 

explored [22,23]. It is thus widely believed that some could be 

usable for therapeutic purposes and as an alternative to 

conventional antibiotics [24,25]. 

 

Bacteriocins produced by enterobacteria are called microcins 

[26]. They form a restricted and underexplored group of 

bacteriocins compared to the hundreds members of those from 

lactic acid bacteria, with only some twenty members identified 

so far, among which only around fifteen have been more deeply 

characterized (Table 1 and Supplementary Figure S1). Microcins 

are less than 10 kDa modified or unmodified peptides [27] 

having key ecological functions, and particularly a role in 

microbial competitions [28,29]. They have potent activity with 

minimum inhibitory concentrations (MIC) ranging in the 

nanomolar to micromolar range and narrow spectra of 

antimicrobial activity directed essentially against Gram-negative 

bacterial congeners [27,29]. To exert their crucial roles in 

competition, microcins share a common strategy to penetrate 

into their bacterial targets. They piratize nutrient uptake 

pathways of phylogenetically close bacteria vying for the same 

resources. The iron import pathways is the most frequently 

attacked [27]. When inside bacteria, microcins interfere and 

perturb a variety of bacterial mechanisms, such as transcription 

[30], translation [31], DNA structure [32], mannose transport 

[33], energy production [34,35], or the cell envelope function 

[35-37]. Due to their specific characteristics and complex 

mechanisms of action, microcins are viewed as a possible 

alternative to conventional antibiotics, helping with the 

immediate AMR problem [21,38-40]. Because of their narrow 

spectrum of inhibition, they would potentially have less side 

effects than antibiotics, allowing preservation of the microbiota 

diversity and minimizing the risk of resistance dissemination. 
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Table 1: Structural characterization of microcins assembled into posttranslationally modified microcins (classes I and IIb) and unmodified microcins (class IIa) that 

contain or not disulfide bridges. 
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However, since there is a finite number of entry points and 

potential targets within a bacterium, microcins and antibiotics 

can share similar bacterial receptors and pathways to reach their 

intracellular targets. Moreover, as for antibiotics, the application 

of specific microcins might be curtailed by the development of 

resistance [21]. Thus, bacteria might evolve common 

mechanisms of resistance against microcins and antibiotics. This 

review will highlight the potential of microcins as an alternative 

to antibiotics to fight against bacterial resistance in Gram-

negative pathogens and discuss the possibilities of cross-

resistance and co-resistance occurrence in Gram-negative 

bacteria. 

 

Characteristics of Microcins  
 

Bacteriocins that are produced by both Gram-positive and Gram-

negative bacteria have been defined by James et al. [41] as 

ribosomally synthesized peptides capable of mediating inhibitory 

effects against bacteria. In Enterobacteriaceae and more 

specifically in E. coli, microcins (for extensive reviews see 

[26,29,42] have been shown to be produced along with colicins, 

which are large antibacterial proteins [43]. To distinguish them 

from colicins, the name “microcin” was coined since their first 

discovery [44], based on their smaller size of less than 10 kDa. 

Such as most bacteriocins, microcins are active against 

phylogenetically related bacteria including enteropathogenic 

Klebsiella, Shigella, Salmonella and E. coli, notorious for their 

capacity to develop antibiotic resistances, and considered serious 

and urgent threats by the CDC. These Gram-negative 

bacteriocins are ubiquitously distributed in Nature and their 

production is consistently observed in multiple genera. Those 

include Escherichia, Salmonella, Shigella, Klebsiella, 

Enterobacter, and Citrobacter [45-50]. The development of 

DNA sequencing methods and the availability of an increasing 

number of genomes revealed that clusters of genes orthologous 

to microcin biosynthesis and self-immunity genes are 

widespread in bacteria. Indeed, analogs of historically described 

microcins produced by Enterobacteriaceae, essentially in the 

RiPP family, have been predicted and most often deeply 
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characterized in other Gram-negative bacteria including human 

pathogens, Helicobacter [51], Burkholderia [52], Pseudomonas 

[53], Klebsiella [54-56], Acinetobacter [54], Citrobacter [50], or 

in the symbiotic nitrogen-fixing bacterium Rhizobium [56] 

(Supplementary Figure S1A). They were even predicted in 

Gram-positive bacteria and cyanobacteria [51]. This points that a 

sharp distinction between bacteriocins from Gram-positive and 

Gram-negative bacteria is artificial and that the chemical 

diversity of microcin-like peptides is intended to expand rapidly. 

 

The Two Classes of Microcins  
 

Compared to the huge number of Gram-positive bacteriocins, 

microcins are distinguished by a high structural heterogeneity 

inside a restricted number of identified and well-characterized 

representatives. A widely accepted classification was proposed 

by Duquesne et al. [43] based on both the peptide size and 

degree of posttranslational modification (PTM). The known 

microcins are grouped in two classes, class I with molecular 

masses below 5 kDa and the presence of extensive PTM and 

class II with molecular masses between 5 and 10 kDa that can be 

modified or not (Table 1). A brief description of the microcins 

from the two classes is provided below to help following the 

next sections. For more detailed overview of the microcins, see 

two recent reviews [28,29]). 

 

Class I assembles three plasmid-encoded microcins that have 

been well structurally characterized as RiPPs (Supplementary 

Figure S1A): microcin C (McC) a nucleotide peptide, microcin 

B17 (MccB17) a linear azol(in)e-containing peptide, and 

microcin J25 (MccJ25), a lasso peptide. McC is presently the 

only nucleotide member of the family. However, similar 

biosynthetic gene clusters are distributed within bacterial 

genomes [51], which suggests an unexplored diversity for such 

peptides. McC is produced by E. coli cells harboring the 

mccABCDEF gene cluster (Figure 1) under a mccA-encoded 

formylated heptapeptide precursor, which is further modified 

[57,58] and processed into a structural mimic of aspartyl 

adenylate which is the toxic entity [59] (Supplementary Figure 

S1A). MccB17 is produced as a 69 amino acid precursor by E. 



Prime Archives in Microbiology: 2
nd

 Edition 

9                                                                                www.videleaf.com 

coli strains bearing the mcbABCDEFG gene cluster (Figure 1). 

Mature MccB17 contains 43 amino acids that are structured into 

thiazole and oxazole heterocycles (4 thiazoles and 4 oxazoles 

rings either isolated or fused into oxazole/thiazole- and 

thiazole/oxazole-bis-heterocycles) by the PTM enzymes [60,61] 

(Supplementary Figure S1A). Such heterocycles are also found 

in hybrid non-ribosomal peptide-polyketide natural products 

such as the anti-tumor drug bleomycin, as well as in RiPPs such 

as cyanobactin [62] or streptolysin [63], forming the LAP [also 

termed thiazole/oxazole-modified microcin (TOMM)] peptide 

family [64]. Microcin B-like bacteriocins produced by 

Pseudomonas, Klebsiella and Rhizobium have been reported 

[55,56]. MccJ25 was isolated first from the E. coli strain AY25 

isolated from an infant feces bearing the mcjABCD gene cluster 

[65] (Figure 1). Its maturation from a 58 amino acid precursor 

into a 21 amino acid lasso peptide is ensured by two enzymes, 

McjB and McjC, encoded in the microcin gene cluster [66,67]. 

This unique lasso topology, which is characterized by threading 

of the C-terminal tail through a seven to nine lactam ring closed 

by an isopeptide bond, is locked in place with the two bulky side 

chains of Phe and Tyr aromatic amino acids for MccJ25 [68] 

(Supplementary Figure S1A). It is responsible for the sturdiness 

of MccJ25 and is required for its antibacterial activity [69,70]. 

Genome mining approaches have revealed a wide distribution of 

lasso peptides in Gram-positive and Gram-negative bacteria 

[50,71-73]. Many lasso peptides produced by proteobacteria do 

not show antibacterial activity [72]. This questions their 

ecological role or can be due to difficulty to decipher the reasons 

for their narrow activity spectrum. 
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Figure 1: A schematic representation of archetypical organization of microcin 

and microcin-like gene clusters. Arrows indicate individual microcin genes; 

arrows are not drown to scale and their direction does not necessarily indicate 

the direction of transcription that can change between homologous specific 

gene clusters. The A genes code for the precursors. Genes coding for microcin 

PTM enzymes and for export systems (efflux pumps, ABC exporters) that 

expel the microcins out of the producers are in blue and in violet, respectively. 

Genes whose products contribute to self-immunity of the producing strains 

(either immunity proteins or exporters/efflux pumps) are colored yellow. When 

genes code for proteins ensuring simultaneously two functions, they harbor the 

two corresponding colors. The gene coding for RRE, which ensures leader 

peptide recognition in MccJ25 and MccJ25-like peptides is shown as hatched 

motif. The functions of the different PTM enzymes are indicated as follows, 

taking McC, MccB17, MccJ25 and MccE492 as models. McC and analogs: 

mccB product ensures MccA adenylation, mccD- and mccE-encoded enzymes 

(MccD and MccE N-terminal domain) are required for phosphate modification 

with propylamine; MccB17 and analogs: mcbBCD-encoded three-component 

synthetase catalyzes dehydration and cyclization to form azolines, which are 

subsequently oxidized to azoles; MccJ25 and analogs: mcjC product acts as a 

lasso cyclase that closes the macrolactam ring through an isopeptide bond and 

mcjB product is a leader peptidase; MccE492 and siderophore peptides: 

mceCDIJ are required for PTM with mceC encoding a glycosyltransferase that 

ensures glycosylation of enterobactin and mceD an enterobactin esterase that 

cleaves the glycosylated enterobactin macrolactone ring into its linear 

derivatives. mceIJ are involved in attachment of the PTM to MccE492 C-

terminus. The function of mceE gene (gray) is undefined. 

 

Class II microcins form a more homogeneous group than their 

class I cousins (Table 1 and Supplementary Figures S1B,C), 

although they are subdivided into class IIa, encompassing MccL 

[74], MccN/24 [75], MccPDI [76], MccS [77] and MccV [79], 
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and class IIb (MccE492, MccH47, MccM, Vassiliadis et al., 

[79]). MccN was formely termed Mcc24 [80] and is termed 

MccN/24 in this review. What distinguishes class IIa from class 

IIb is the presence or not of a siderophore moiety derived from 

enterobactin anchored at the peptide C-terminal serine 

carboxylate (Supplementary Figures S1B,C). This catechol-type 

siderophore PTM sparked coining the name “siderophore 

microcins” to class IIb microcins [27]. Class II microcins result 

from a proteolytic processing of a precursor with a leader peptide 

extension, which occurs at a conserved double-glycine (or Gly-

Ala) cleavage site, concomitantly with secretion. They have 

molecular masses between 5 and 10 kDa and exhibit high amino 

acid sequence similarities, even between class IIa and IIb 

(Supplementary Figures S1B,C). For examples, the class IIa 

unmodified MccV and MccN/24 possess high sequence 

similarities with the class IIb MccH47 and MccE492, 

respectively, although they do not carry a C-terminal PTM 

[81,82]. It was suggested that the conserved C-terminal sequence 

of these microcins can direct the presence or not of the 

siderophore PTM and that the C-terminal regions of MccV and 

MccH47 can be interchanged [83]. It was further proposed that 

both class IIa and IIb microcins possess a modular structure 

[83,84]. 

 

Class IIa microcins have been characterized from E. coli strains 

from various origins. The MccN/24 producer is an uropathogenic 

E. coli [75] and the MccL producer comes from poultry intestine 

[85], while MccS is produced by a probiotic strain, E. coli G3/10 

(Symbioflor2
®
; DSM17252) [77]. The producing strains are in 

some cases multi-microcin producers, such as E. coli LR05 that 

secretes MccB17, MccJ25 and the uncharacterized MccD93 in 

addition to MccL [85]. Their gene cluster organization includes 

the four basic genes only, one structural gene encoding the 

precursor peptide, two export genes and one immunity gene [77] 

(Figure 1). If the five class IIa microcins are all devoid of PTMs, 

they are also all except MccN/24, stabilized by one (MccV) or 

two (MccL, MccPDI, MccS) disulfide bonds [37,77,84-86] 

(Table 1 and Supplementary Figure S1B). 
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Contrasting with class IIa and class I, class IIb microcins 

(Supplementary Figure S1C) are chromosome-encoded [87]. 

MccE492 is secreted by Klebsiella pneumoniae human fecal 

strain RYC492 [88] bearing the mceABCDEFGHIJ gene cluster 

[89-91] (Figure 1). It is the first siderophore microcin to be 

characterized (Thomas et al., 2004), although it was primarily 

described as an unmodified peptide [92]. Actually, it was shown 

further to be secreted under both modified and less active 

unmodified forms, due to its PTM process [90]. The MccE492 

PTM was identified as a glucosylated linear trimer of N-(2,3 

dihydroxybenzoyl)-L-serine (DHBS) linked to the C-terminal 

serine carboxylate (Supplementary Figure S1C). The functions 

of the enzymes involved in establishment of the MccE492 PTM, 

MceC, MceD, MceI/MceJ, were identified [90,91]. MccH47, 

initially isolated from the human fecal E. coli strain H47 [93] 

and MccM were both characterized as siderophore microcins 

produced by several E. coli strains, including the probiotic strain 

Nissle, 1917 (Mutaflor
®
) [79]. MccH47 and MccM carry the 

same PTM as MccE492 [79]. Siderophore microcins possess a 

modular structure, where the N-terminal region is responsible for 

their cytotoxicity and the C-terminal region, which carries the 

siderophore moiety, is involved in recognition and uptake. For 

an overview on siderophore microcins, see Massip and Oswald 

[94]. 

 

Biosynthesis of Microcins  
 

Microcin production takes place in the stationary phase [26] of 

bacterial growth, with the exceptions of MccE492 [88] and 

MccPDI [76]. They are encoded by gene clusters, which exhibit 

a conserved organization, but contain a variable number of genes 

ranging from four to ten, according to the presence or not of 

PTMs on the mature microcin (Figure 1). These gene clusters are 

generally plasmid-borne, except the chromosomally encoded 

class IIb microcins. The general biosynthetic pathway of 

microcins (which also applies to other bacteriocins) starts with 

the ribosomal synthesis of a precursor peptide that is typically 

composed of two regions, an N-terminal leader part and a core 

region. The core peptide of modified microcins, which belong to 

the wide RiPP family, is the region where the PTMs take place 
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[26]. In some cases, such as the siderophore microcins, the 

modifications may result from the non-ribosomal pathway, 

making these microcins a rare bridge spanning ribosomal and 

non-ribosomal biosynthesis pathways [95]. The leader is 

involved in binding to or activation of many of the PTM 

enzymes, but also maintains the maturing peptide inactive during 

the process [19], thus contributing to the protection of producing 

cells as regard their own toxic microcin. For many modified 

microcins (MccJ25, McC), this binding involves a peptide 

binding domain (RiPP precursor peptide recognition element, 

RRE), also present in a wide proportion of RiPP PTM enzymes 

and similar to a small protein involved in the biosynthesis of the 

RiPP pyrroloquinoline quinone (PQQ) [96,97]. Recently, the 

crystal structure of the McbBCD synthetase ensuring the 

extensive modifications in MccB17 was solved, deciphering the 

organization and functioning of such a multimeric heterocyclase-

dehydrogenase catalytic complex at the molecular level and 

affording the spatial relationships between the two distinct 

enzymatic activities and the leader peptide binding site [61]. 

 

In all but a few cases, and irrespective of if the microcin is 

modified or not, maturation requires removal of the leader region 

to give the active bacteriocin [98]. This proteolytic cleavage is 

performed either before and independently of (class I), or 

concomitantly with (class II) export of the mature microcin [99]. 

It can be ensured either (i)- concomitantly with the PTM 

establishment by one of the dedicated enzymes (MccJ25 leader 

is cleaved off by the McjB leader peptidase encoded in the 

microcin gene cluster [67], or (ii)- by a protease from the 

producer, which is not encoded in the microcin gene cluster 

(MccB17 leader is cleaved off before export by the conserved 

proteins TldD/TldE which assemble as a heterodimeric 

metalloprotease to ensure this function) [100], or (iii)- by a 

bifunctional ATP binding cassette (ABC) transporter of the 

peptidase-containing ATP-binding transporters (PCAT) family, 

which is encoded in the microcin gene cluster (cleavage of the 

class II microcin leader peptides is performed simultaneously 

with export of the maturated microcins by an ABC exporter 

endowed with an N-terminal protease extension) [94,101]. 
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Self-Immunity of Microcin Producers  
 

Microcin gene clusters vary in the number of genes contained 

and the presence of genes encoding PTM enzymes, and they all 

carry genes ensuring self-immunity (Figure 1). Each 

microcinogenic strain is protected against its arsenal of 

microcins and the self-immunity mechanisms differ from one 

microcin to another. For instance the self-immunity mechanism 

to McC is complex and relies on the products of three genes 

mccC, mccE, and mccF that ensure export of unprocessed 

microcin outside the cells (MccC pump) and modification of 

processed McC (MccE and MccF enzymes) (see section 

mechanisms of resistance) [102-104]. By contrast, the immunity 

mechanism to MccL depends on a single gene mclI that encodes 

an immunity protein [85]. Overall, self-immunity of the 

producers relies either on specific immunity proteins encoded in 

the gene clusters that bind to the toxic entities making them 

inefficient, or on efflux systems, mainly ABC transporters, 

which ensure export of the microcins to the external medium and 

simultaneously self-immunity of the producing bacteria. As 

examples, self-immunity to MccJ25 is provided exclusively by 

McjD, a highly specific ABC exporter which ensures 

simultaneously export of the microcin [99], while full self-

immunity to MccB17 requires both an immunity protein McbG 

and an ABC exporter McbEF [105]. 

 

Mechanisms of Action  
 

Comparison of the mechanisms used by antibiotics and 

microcins to kill sensitive bacteria shows that they may share 

different bacterial receptors, translocators and final targets 

(Table 2 and Figure 2). Thus, it is obvious that these two groups 

of antimicrobials may cross in several mechanisms of action. 

However, it is also expected that several mechanisms of action 

of microcins are very specific and are not involved in the 

inhibition activity of antibiotics. This characteristic is 

particularly relevant to address in terms of the risk of cross-

resistance between microcins and antibiotics. These similarities 

and differences are highlighted below. 
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Table 2: Comparison of the mechanisms involved in the antibacterial activity and the bacterial resistance for well characterized microcins and for conventional antibiotics sharing common targets 

with microcins. 
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(A) 

 
(B) 

 

Figure 2: Mechanisms of action of antibiotics (A) and microcins (B) against 

Gram-negative bacteria showing the membrane proteins involved in uptake into 

sensitive bacteria and the final targets. β-LAC, β-lactams; QNL, quinolones; 

TET, tetracycline; AMG, aminoglycosides; FOS, fosfomycin; CHL, 

chloramphenicol; CS, colistin; RIF, rifampicin; ALB, albomycin; P, pore; LPS, 

lipopolysaccharide. A letter and a number are assigned to each antibiotic and 

each microcin respectively, which are used in the scheme to identify the path 

they follow for their killing activity. 
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The Uptake Systems  
 

The first obstacle to be overcome by an antimicrobial compound 

to reach its final target is the bacterial cell envelope [106]. The 

extent of this barrier varies according to the target to be reached, 

the chemical structure of the antimicrobial compound and the 

bacterial species. For Gram-negative bacteria, antimicrobials 

have to pass first the outer membrane. Then, they can access the 

cytoplasmic membrane bilayer (inner membrane) and either 

insert inside or cross it for those antimicrobials having 

intracellular targets. Many antibiotics are hydrophilic 

compounds of low molecular mass and uptake across the outer 

membrane is ensured by passive diffusion using pores formed by 

specific β-barrel membrane proteins called porins. Porins are the 

most abundant proteins of the outer membrane in Gram-negative 

bacteria. They are classified as non-specific (general porins) and 

specific (selective porins), according to their threshold size and 

amino acids lining the aqueous channel [107]. The transport 

varies according to the size, charge and hydrophilicity of the 

molecule. Recently, the dual function of the porin OmpF both as 

receptor and translocator for the pore-forming colicin N, has 

been elegantly demonstrated [108]. However, more hydrophobic 

or higher molecular mass compounds above the porin threshold 

require other strategies, among which hijacking receptors or 

transporters required for vital functions is a major one. Indeed, 

Gram-negative bacteriocins, colicins and microcins, widely 

parasitize such receptors to enter the periplasmic space, and 

particularly those involved in iron import. This receptor 

hijacking qualifies many microcins as “Trojan horse” 

compounds, as they mimic vital compounds that require being 

imported in cells, to penetrate sensitive bacteria [42,58,91]. 

 

Iron acquisition is an essential factor for microbial life. 

However, under aerobic conditions, free iron availability is 

limited by the very low solubility of ferric iron, and especially 

within a host, where iron is competed for by both the microbial 

community and the host [109]. To secure iron, bacteria have 

evolved to develop efficient Fe(III)-chelating agents (Ka ranging 

from 10
23

 to 10
52

), termed siderophores, to scavenge iron from 

their surrounding environment and import it. A study by Lewis 



Prime Archives in Microbiology: 2
nd

 Edition 

18                                                                                www.videleaf.com 

et al. [110] showed that siderophores are sufficient for allowing 

the culture of bacteria previously unculturable in laboratory 

conditions. Siderophores are non-ribosomally synthesized [111] 

and are important for enteropathogen survival [112]. 

Concomitantly, iron availability has been observed to regulate 

MccE492 gene expression [113]. The resulting Fe(III)-

siderophore complex is then internalized by the producing strains 

via high affinity siderophore receptors anchored at the outer 

membrane, which are specifically involved in this function, but 

also ensure other strategic roles in microbial communities [114]. 

Siderophore receptors consist of a 22-stranded antiparallel β-

barrel with external loops serving as ligand binding sites and an 

N-terminal globular domain forming a plug that occludes the 

barrel [115]. They are specific to the different siderophore 

chemical types, such as FhuA for ferrichrome or Cir, Fiu, and 

FepA for catechol siderophores in enterobacteria. These 

receptors are coupled to the TonB-ExbB-ExbD three-component 

machinery anchored at the inner membrane (TonB system), 

which transfers the energy source from the proton motive force 

of the cytoplasmic membrane to the outer membrane [115], thus 

permitting active transport. 

 

All microcins, whatever they are of class I or II, use either the 

siderophore receptor or the porin path to reach their final target 

(Figure 2B). Siderophore microcins uptake requires the FepA-, 

Cir-, Fiu-TonB systems, with FepA having the most important 

role [79,83,89]. Unmodified microcins use the Cir-TonB system 

(MccV, MccL) [84,116], or the porin OmpF which screens 

incoming products in a non-specific manner [117,118] (MccPDI) 

[35], while class I microcins either use FhuA (MccJ25) 

[119,121], or OmpF (MccB17, McC) [122,123] to reach the 

periplasmic space (Figure 2B). In the case of loss of function of 

the TonB system, MccE492, MccH47, and MccM retain 

antimicrobial activity, suggesting the involvement of another 

translocator, such as the TolA-TolQ-TolC system known to 

mediate the import of certain colicins [124]. Similar observations 

were made for MccL and MccV [37,84], suggesting that the 

function of the ExbB protein could be replaced by its homolog 

TolQ in TonB-dependent microcin activity. However, although 

the presence of the siderophore PTM enhances its efficiency, the 
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non-modified form of MccE492 (without the C-terminal 

siderophore) is also able to kill sensitive bacteria, but at a 

significantly lower level. On their side, antibiotics, which are 

essentially low molecular mass hydrophobic compounds, are 

most often transported inside target bacteria via porin or iron 

siderophore receptor pathways (Table 2). 

 

Mechanisms of Action Common to Antibiotics and 

Microcins  
Disruption of the Cytoplasmic Membrane  

 

Permeabilization and/or disruption of the bacterial cytoplasmic 

membrane of Gram-negative bacteria is the main mechanism of 

action of the non-ribosomal peptide antibiotics polymyxins B 

and E (Table 2 and Figure 2A), which share a high degree of 

structural similarity [125]. Polymixin E (also called colistin) 

binds to the lipopolysaccharide (LPS) both in the bacterial outer 

membrane and in the cytoplasmic membrane and this interaction 

is essential for cytoplasmic membrane permeabilization, cell 

lysis and the bactericidal activity of this antibiotic [126]. It 

should be noted that all polymyxins are inactive against Gram-

positive bacteria, except few species such as Streptococcus 

pyogenes [127]. 

 

Several class II microcins target the inner membrane, by 

perturbing either its integrity using different mechanisms of 

peptide membrane interaction, or the proteins which are 

embedded. This constitutes at least the primary part of their 

mechanism of action (Table 2 and Figure 2B). Indeed, the final 

killing trajectory of MccE492 appears to stop at the inner 

membrane. MccE492 induces a rapid depolarization and 

permeabilization of E. coli cytoplasmic membrane, without 

provoking cell lysis [89,128]. It forms well-defined ion channels 

in planar phospholipid bilayers that are constituted of 

supramolecular peptide assemblies [89,128]. It also interacts 

with the mannose phosphotransferase system permease 

ManXYZ [129], associating specifically with its inner membrane 

components ManYZ. Therefore, MccE492 both perturbs the 

inner membrane permeability and interferes with the transport of 

mannose to kill sensitive congeners. Besides, MccE492 is known 



Prime Archives in Microbiology: 2
nd

 Edition 

20                                                                                www.videleaf.com 

to form amyloid fibrils [130-132] that play a role in modulating 

its antimicrobial activity. These aggregates have been observed 

more significantly with the unmodified form of MccE492, 

suggesting their formation is not only an additional mechanism 

of protection of the producer strain, but also may act as a toxin 

reservoir. MccV destabilizes the membrane potential [86] and 

further interacts with an inner membrane transporter, the serine 

permease SdaC [37], which is involved in serine transport and 

acts as a specific receptor for MccV. It can be suggested that a 

perturbation of serine transport in sensitive bacteria could result, 

or that SdaC could drive MccV to form channels in the inner 

membrane. MccE492 and MccV thus illustrate the combined use 

of two different mechanisms involving the inner membrane or its 

components to kill sensitive bacteria. MccL primary target is 

also the cytoplasmic membrane. It provokes disruption of 

membrane potential of E. coli cells, but without inducing 

permeabilization of the inner membrane [84]. A potential inner 

membrane target for MccL has not been identified. Finally, it has 

to be mentioned that at higher concentrations than the MIC, 

MccJ25 induces perturbations of the cytoplasmic membrane 

permeability and disruption of the cytoplasmic membrane 

gradient in Salmonella enterica [133,134], and perturbation of 

the respiratory chain enzymes in E. coli, accompanied with 

stimulation of the production of reactive oxygen species [135]. 

 

Inhibition of Protein Biosynthesis  

 

The bacterial 70S ribosome is composed of two 

ribonucleoprotein subunits forming the 30S and 50S subunits 

[136]. Aminoglycosides (AGs), such as streptomycin or 

gentamicin, and tetracyclines bind to the 16S ribosomal RNA of 

the 30S subunit [137,138]. AGs bind to the A-site of the 

ribosome, causing inhibition of translation of mRNA by codon 

misreading on delivery of the aminoacyl-tRNA (Table 2 and 

Figure 2A). For their part, tetracyclines prevent incoming 

aminoacyl-tRNA from binding to the A site of the mRNA 

translation complex. As well, chloramphenicol inhibits protein 

synthesis by preventing the binding of t-RNAs to the A site of 

the ribosome [139]. The bacterial ribosome is also the target for 
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other antibiotic classes, such as the macrolides and ketolides or 

the streptogramins. 

 

Contrasting with MccB17 and its Pseudomonas congeners which 

exert their antimicrobial activity by perturbing DNA topology 

setting up (see section below Inhibition of Nucleic Acid 

Biosynthesis), other MccB17-like bacteriocins perturb protein 

synthesis. Klebsazolicin from K. pneumoniae, which exhibits 

moderate antimicrobial activity against certain E. coli, Klebsiella 

and Yersinia strains [53] targets the 70S ribosome and interferes 

with translation elongation. Moreover, it binds to the peptide exit 

tunnel, overlapping with the binding sites of macrolides or 

streptogramin-B. Similar to klebsazolicin, the MccB17-like 

phazolicin produced by Rhizobium sp., which exhibits narrow-

spectrum antibacterial activity against some symbiotic bacteria 

of leguminous plants [140], also targets the 70S ribosome by 

obstructing the peptide exit tunnel, but through different binding 

mechanisms. 

 

Albomycin, which consists of an antibiotic part linked to a 

siderophore moiety, inhibits aminoacyl t-RNA synthetases 

(aaRSs) that are essential for protein synthesis [58] (Table 2 and 

Figure 2A). Similar, McC targets the aspartyl-tRNA synthetase 

[31], making it a translation inhibitor (Table 2 and Figure 2B). 

After having crossed the outer membrane thanks to the porin 

OmpF, McC requires the inner membrane ABC transporter 

YejABEF [123] for its translocation within the cytoplasm. A 

comprehensive analysis by Vondenhoff et al. [141] has shown 

that to mediate binding and translocation of substrates, the 

YejABEF transporter requires an N-terminal formyl-methionine 

and an arginine. These requirements are achieved with the 

formylated f-MRTGNAD heptapeptide part of the McC 

precursor. However, unlike other microcins, which are fully 

processed within the producing cells before export, further McC 

maturation is necessary within the target bacteria to attain its 

cytotoxic form. McC undergoes a double-step processing. First 

of which is the deformylation of the formylated heptapeptide 

precursor, essentially nullifying the detoxification process of its 

immunity protein mccE. This deformylation allows the second 

maturation step, which is ensured by broadly specific 
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endoproteases PepA, PepB, and PepN, which remove the peptide 

moiety of the microcin. This last processing step releases the 

toxic entity, which is a non-hydrolyzable analog of aspartyl-

adenylate (Asp-RS) that blocks aspartyl-tRNA synthetase and 

thus transcription [59]. This subtle cheating mechanism nicely 

exemplifies the Trojan horse strategy used by microcins. 

Moreover, Ran et al. [142] observed that when increasing the 

concentration until the mM level, McC was able to inhibit the 

activity of β-galactosidase, respiration chain dehydrogenases, 

and 6-phosphogluconate dehydrogenase without damaging the 

inner membrane, showing that McC develops a second 

mechanism of action that operates at higher concentrations. 

 

Inhibition of Nucleic Acid Biosynthesis  

 

Quinolone antibiotics (nalidixic acid, ciprofloxacin, …) inhibit 

DNA synthesis by targeting two essential type II topoisomerases, 

DNA gyrase and topoisomerase IV, and converting them into 

toxic enzymes that fragment the bacterial chromosome (Table 2 

and Figure 2A). These interactions result in erroneous unwinding 

of DNA, introduction of double strand breaks and cell death 

[143]. Besides, rifampicin inhibits DNA-dependent RNA 

polymerase (RNAP) activity by forming a stable complex with 

the enzyme. It binds in a pocket of the RNAP β subunit, deep 

within the DNA/RNA channel, while away from the active site. 

The inhibitor directly blocks the path of the elongating RNA 

when the transcript becomes two to three nucleotides in length. It 

thus suppresses the initiation of RNA synthesis [144]. 

 

The target of MccB17 is also a topoisomerase (Table 2 and 

Figure 2B). MccB17 enters sensitive bacteria using the OmpF 

porin, diffuses through the periplasmic space and binds to the 

inner membrane transporter SbmA to be delivered into the 

cytoplasm [122]. It induces gyrase-dependent formation of a 

stable cleavage complex instead of the transient break that 

normally happens during the catalytic cycle. It causes covalent 

links between DNA gyrase and double stranded DNA, hence 

blocking DNA replication and maintenance. Similar to 

fluoroquinolones, MccB17 targets the cleavage of both DNA 

strands, which is a critical step in the DNA gyrase supercoiling 
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cycle, but the MccB17-induced cleavage pattern is different from 

that of quinolones (for a review on MccB17 activity see Collin 

and Maxwell, [105]). The stringent role of the heterocycles in 

MccB17 activity has been evidenced [145]. Introduction of an 

extra oxazole ring at position Ser
52

 in MccB17 results in 40% 

higher antibacterial activity than that of wild-type MccB17 

[145]. Bis-heterocycles play a particularly essential role, with the 

central MccB17 region that contains two thiazoles and a 

thiazole/oxazole forming the critical core for DNA cleavage 

[105]. Moreover, the C-terminal part of MccB17 is crucial for 

both uptake by sensitive cells and DNA gyrase inhibition, while 

the N-terminal region is only moderately important for uptake 

[146]. Interestingly, MccB17 congeners that belong to the LAP 

family of RiPPs do not share all similar mechanisms, targeting 

either DNA gyrase or the 70S ribosome. Indeed, MccB17-like 

compounds from P. syringae are active against E. coli and 

essentially Pseudomonas species including P. aeruginosa, 

through DNA gyrase inhibition [53], while the other analogs do 

not (see section above “Inhibition of Protein Biosynthesis”). 

 

Such as rifampicin, the lasso peptide MccJ25 targets the RNAP 

(Table 2 and Figure 2B). To reach its intracellular target, MccJ25 

hijacks the ferrichrome receptor FhuA to cross the outer 

membrane [121] and is internalized into the cytoplam by the 

inner membrane protein SbmA. Finally, MccJ25 binds to the 

RNAP secondary channel, which connects the enzyme surface 

with the RNAP catalytic center, and through which nucleotide 

triphosphate substrates (NTP) migrate to the catalytic center 

[30,147], whereby inactivating transcription in a partial 

competitive manner. The loop is involved in recognition and 

uptake of MccJ25 by the iron-siderophore transporter FhuA, 

while the macrolactam ring and C-terminal tail are responsible 

for binding to the RNA polymerase target [148,149]. The crystal 

structure of MccJ25 bound to E. coli RNAP was determined and 

the residues critical for the interaction were identified [150]. 

MccJ25 binds deep within the secondary channel, such as to 

clash with NTP binding and explaining the partial competitive 

mechanism of inhibition with respect to NTPs previously 

proposed [147]. Besides, it was shown that at higher 

concentrations, MccJ25 induces perturbations of the cytoplasmic 
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membrane permeability and disruption of the cytoplasmic 

membrane gradient of S. enterica Newport [133]. At much 

higher concentrations, it can also stimulate the production of 

reactive oxygen species [135]. This shows once again the 

multiple mechanisms brought into play by a given microcin, 

which both explains their high efficiency and suggests lower 

risks of resistance acquisition. Several antibacterial lasso 

peptides, have been shown to also target RNAP through binding 

to the secondary channel, although their different antibacterial 

activity spectrum. This is the case for capistruin produced by 

Burkholderia thailandensis and active against Burkholderia and 

Pseudomonas species [52,151,152], ubonodin from B. ubonensis 

and active against pathogenic members of the B. cepacia 

complex [152], citrocin from Citrobacter sp., active against E. 

coli and Citrobacter sp. [153]. By contrast, acinetodin and 

klebsidin from human-associated strains of Acinetobacter and 

Klebsiella, display no activity or low activity against K. 

pneumoniae, while they bind RNAP [55], showing that the 

spectrum of activity of lasso peptide microcins appears to be 

driven by the uptake in target bacteria rather than the 

intracellular target. This is in agreement with the spectrum of 

activity of MccJ25 against a collection of Salmonella strains, 

which is associated mainly with differences in the FhuA 

sequences [134]. 

 

Mechanisms of Action Specific to Microcins  
 

MccH47 is bactericidal and targets the membrane bound F0 

proton channel subunits of ATP synthase [34,40,154], causing an 

unregulated influx of protons. It uses FepA-, Cir-, Fiu-TonB 

dependent receptors to reach its inner membrane target [155]. 

The mechanism of action of the class IIa MccPDI is poorly 

identified. It was told to require close bacterial proximity to be 

cytotoxic, hence the name PDI (Proximity Dependent Inhibition) 

[76], since co-cultures of producing and sensitive strains 

separated by a semi-permeable film inhibit its activity. Why 

proximity is required for activity is unknown, but it could be 

only a consequence of a concentration-dependence effect [39]. 

MccPDI that uses the porin OmpF to cross the outer membrane 

[35,39] was shown [35] to require a functional ATP synthase for 
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exerting its cytotoxic activity, while [39] proposed it would 

induce membrane damage. 

 

Mechanisms of Action Specific to Antibiotics  
Inhibition of Cell Wall Formation  
 

The cell envelope of Gram-negative bacteria consists of a 

phospholipid bilayer inner membrane that wraps the cytoplasm, 

and an asymetric outer membrane essentially composed of 

phospholipids at the inner leaflet and LPS at the outer leaflet, 

which protects the cell from the environment. In between is the 

periplasm that shelters a thin peptidoglycan layer [106]. This 

double-membrane complex system and in particular the 

peptidoglycan, often called the cell wall, is a main target for 

antibiotics and antimicrobials. β-lactam antibiotics, which 

include in particular penicillins, cephalosporins and 

carbapenems, harbor the β-lactam ring in their structure that 

mimics the D-alanyl D-alanine terminal amino acid residues of 

the precursor subunits of the peptidoglycan layer, and so far 

interacts with penicillin binding proteins (PBPs). This induces a 

disruption of the peptidoglycan layer leading to the lysis of the 

bacterium [139]. Besides, fosfomycin inhibits bacterial cell wall 

biosynthesis in an early stage; it integrates the cell and 

inactivates an essential enzyme in peptidoglycan synthesis [156]. 

β-lactams, mainly carpabenems and second, third and fourth 

generation of cephalosporins as well as fosfomycin have a broad 

spectrum antibacterial activity. 

 

Inhibition of Folic Acid Metabolism  
 

Trimethoprim and sulfonamides act at distinct steps in folic acid 

metabolism. Sulfonamides inhibit dihydropteroate synthase, 

which acts at an early step in folic acid biosynthesis in a 

competitive manner with higher affinity for the enzyme than the 

natural substrate, p-amino benzoic acid (PABA). For its part, 

trimethroprim inhibits dihydrofolate reductase, thus operating at 

a later stage of folic acid synthesis [136]. 
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Mechanisms of Resistance and Potential Cross- 

and Co-Resistance between Antibiotics and 

Microcins  
 

Various mechanisms of resistance to antibiotics and/or to 

microcins are reported including essentially modifications of the 

cellular target by mutations or protein interactions, changes in 

the structure of the antimicrobial molecule, perturbations of 

binding or penetration of the antibiotic into sensitive cells and 

specific cell wall modifications. Several mechanisms are 

specific, but bacteria may use common mechanisms of resistance 

against microcins and antibiotics that could induce cross-

resistance, which occurs when a single mechanism provides 

resistance to several antimicrobial molecules differing in their 

structures, simultaneously. In contrast, co-resistance occurs 

when two or more different resistance genes encoding several 

unrelated resistance mechanisms are located on the same genetic 

element (plasmid, transposon) [157]. In the following section, 

we describe different mechanisms of resistance and the possible 

occurrence of cross- and co-resistance between antibiotics and 

microcins (Table 2 and Figure 3). 

 

 
 

Figure 3: Mechanisms of cross-resistance and co-resistance of antibiotics and 

microcins in Gram-negative bacteria. β-LAC, β-lactams; QNL, quinolones; 

TET, tetracycline; AMG, aminoglycosides; FOS, fosfomycin; CHL, 

chloramphenicol; CS, colistin; RIF, rifampicin; ALB, albomycin. 
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Prevention of Intracellular Accumulation of the Toxic 

Entity: Efflux Pumps and Decreased Uptake  
 

On one side, outer membrane porins and inner membrane 

transporters, which are involved in the uptake of antibiotics and 

microcins into sensitive cells, and on the other side efflux 

pumps, which pump the toxic compounds out of the bacteria, 

both constitute a first line resistance strategy [158]. Porins, 

which ensure passive uptake of substrates across the outer 

membrane (see section mechanisms of action above), serve as 

the first gate for many antibiotics and several class I and II 

microcins. Furthermore, efflux pumps can be specific for a 

single substrate or can confer resistance to multiple 

antimicrobials by facilitating their extrusion before they can 

reach their intended targets [159]. In Gram-negative bacteria, 

overexpression of efflux pumps is one of the mechanisms of 

resistance to β-lactams [160] and to quinolones encoded by qepA 

and oqxAB genes [143]. Likewise, reduced porin levels, which 

induce decrease of antibiotic concentration inside sensitive cells, 

is another mechanism of resistance to β-lactams in Gram-

negative bacteria [161], including K. pneumoniae [162] and P. 

aeruginosa [163]. Besides, mutations and deletions of genes 

encoding porins induce resistance to antibiotics. Indeed, ompF 

mutant was resistant to several β-lactam antibiotics in some 

Gram-negative pathogens, including E. coli and the deletion of 

OmpA resulted in increased susceptibility to several antibiotics 

including β-lactams in A. baumannii [164]. 

 

For microcins, the E. coli ABC exporter of unknown function 

Yojl, mediates resistance to MccJ25 by pumping the microcin 

out of the cells with the help of TolC, maintaining its 

concentration below the toxic concentration [165]. Yojl is 

located at the inner membrane and is coupled to the TolC protein 

at the outer membrane which ensures the last export step, similar 

to the MccJ25 gene cluster-encoded ABC exporter McjD, which 

warrants both microcin export and self-immunity for the 

producing cells [99,166]. Similarly, McC is expelled from 

producing cells through a major facilitator superfamily (MFS) 

efflux pump [58]. Thus, the activation of several efflux pumps 
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simultaneously could induce a co-resistance to antibiotics and 

microcins. 

 

The iron-siderophore receptor FhuA is not only required for iron 

import, but it is also a target for bacteriocins (colicin M, 

MccJ25) and antibiotics (albomycin, rifamycin). Indeed, FhuA 

external loops L3, L4, L7, L8, and L11 are involved in the 

sensitivity to colicin M and the antibiotics albomycin and 

rifamycin. So far, a further mutation, insertion or deletion in the 

sequence encoding these loops may induce a cross-resistance 

between colicin M and these two antibiotics [167]. 

Concomitantly, MccJ25 was also shown to require a primary 

interaction with the FhuA external loops L5, L7, L8 and L11 for 

its recognition and further internalization via this receptor [148]. 

The level of sensitivity to MccJ25 also varies depending on the 

acquisition of specific FhuA, with a maximal sensitivity obtained 

with E. coli FhuA, while several Salmonella serovars are 

resistant due to a lack of efficiency of their FhuA receptor for 

MccJ25 uptake [134,168]. Similarly, various mutations in FhuA, 

especially in the cork domain, were reported to reduce the uptake 

and consequently the sensitivity to albomycin [169]. It could 

thus be hypothesized too that cross-resistance can occur between 

MccJ25 and albomycin. Besides, membrane permeabilization 

induced by a synthetic cationic peptide (KFF)3K was shown to 

induce the sensitivity of MccJ25 resistant clinical isolates, thus 

making the microcin entry independent of FhuA and SbmA 

proteins [170], and thus confirming that microcin uptake is the 

first source of resistance to MccJ25. Therefore, both uptake 

decrease of the toxic entity and pumping it out of the sensitive 

cells are efficient mechanisms to confer resistance to MccJ25. 

 

Resistance to siderophore microcins which carry a catechol 

siderophore PTM is also primarily induced by uptake 

impairment [94,171]. As seen before, MccE492, MccM and 

MccH47 are recognized and internalized in sensitive bacteria via 

the TonB-dependent FepA, Fiu and Cir iron-catecholate 

receptors. According to Thomas et al. [171], a fepA, fiu double 

mutation, the triple cir, fiu, fepA mutation and the tonB mutation 

induce complete resistance to MccE492, MccM, and MccH47, 

while deletion of exbB and exbD does not affect the sensitivity to 
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all three siderophore microcins [79]. Although it does not carry a 

siderophore PTM, MccL requires the TonB dependent 

catecholate receptor Cir for uptake. Mutations/deletions in Cir 

and TonB, or suppression of the proton motive force, which is 

required for the TonB function, afford MccL resistance in E. coli 

and Salmonella, while the proteins involved in serine or sugar 

transport are not involved [84]. On the other hand, a mutation in 

the energy transducer TonB was shown to reduce uptake and 

confer resistance to ceftazidime. Moreover, ceftazidime-resistant 

TonB mutants were shown to be cross-resistant to 

fluoroquinolones and lactivicin, a siderophore-conjugated non-β-

lactam antibiotic [172]. Thus, a high probability exists for a 

possible cross-resistance between these antibiotics and 

microcins. 

 

Resistance to MccN/24 is afforded by mutations in genes 

encoding the outer membrane porin OmpF [173], or the inner 

membrane transporter SdaC involved in serine uptake and used 

for MccV activity [37]. Resistance to MccPDI also involves 

OmpF and more precisely the K
47

G
48

N
49

 amino acid motif found 

in the predicted outer loop L1 of the porin [35,39]. In addition, 

mutations in DsbA and DsbB proteins, presumably involved in 

the formation of disulfide bonds in OmpF, induce resistance to 

MccPDI [35]. Mutations in ompF and ompR genes encoding 

OmpF induce a reduced sensitivity to MccB17. Moreover, a 

mutation in the sbmA gene encoding the inner membrane 

transporter SbmA, which translocates MccB17 from the inner 

membrane to the cytoplasm, induces high resistance to MccB17 

[122]. 

 

As regard the efflux systems involved in resistance to microcins, 

resistance to MccN/24 is controlled by the multiple antibiotic 

resistance (mar) operon [174], which modulates efflux pump and 

porin expression via two encoded transcription factors, MarR 

and MarA [175]. MarA plays an important role in antibiotic 

resistance by activating the expression of the acrAB-tolC 

encoded efflux pump [176] and also regulates biofilm formation 

[177]. Resistance to MccN/24 in Salmonella cells appears 

concomitantly with a multiple antibiotic resistance phenotype to 

ciprofloxacin, tetracycline, chloramphenicol and rifampicin 
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[174]. So far, cross-resistance between MccN/24 and antibiotics 

raised above is quite possible. 

 

Additional mechanisms involve specific cell wall modifications. 

Those include surexpression of capsule polysaccharides that can 

increase resistance to various antimicrobials including both 

antibiotics, in particular polymixins, and antimicrobial peptides 

[178]. Interestingly, capsule polysaccharides are not involved in 

MccJ25 resistance of the YojI deficient strain [165]. Alterations 

of the LPS resulting in truncated LPS structures promote, among 

other pleiotropic effects, resistance to antimicrobial peptides and 

hydrophobic antibiotics [179]. 

 

Changes in Target Sites  
 

To allow DNA supercoiling, bacteria use two type II 

topoisomerases, DNA gyrase and topoisomerase IV, which are 

both the targets of quinolones. They form a ternary cleavage 

complex gyrase/DNA/quinolone, thus blocking DNA replication. 

Mutations in genes encoding DNA gyrase (gyrA, gyrB) and 

topoisomerase IV (parC, parE) lead to quinolone resistance. 

Besides, a plasmid-mediated protection of DNA gyrase and 

topoisomerase IV from the action of quinolones is ensured in a 

non-specific manner by the gyrase interacting protein Qnr. Qnr is 

a 218 amino acid pentapeptide repeat protein (PRP) encoded by 

qnr genes, which blocks the action of quinolones on the DNA 

gyrase and topoisomerase IV in a lesser extent [143,180]. 

Indeed, one of these mutations is the well-known GyrB W
751

R 

mutation which induces resistance to quinolones and is also 

linked to resistance to MccB17 [32]. GyrB Trp
751

 is strongly 

implicated in the interaction of DNA gyrase with MccB17 [181] 

and gyrB point mutation changing Trp
751

 for Arg leads to a 

protein variant resistant to MccB17 [182]. Additionally, partial 

resistance to MccB17 is provided by mutations at position 83 in 

GyrA or 447 in GyrB [180]. Consequently, cross-resistance to 

MccB17 and quinolones could occur. Otherwise, it is well 

known that immunity genes are responsible for protecting the 

producing bacteria from their own bacteriocin. Indeed, three 

genes mcbE, mcbF, and mcbG are involved in cell protection 

from endogenous and exogenous MccB17. Interestingly strains 
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harboring these genes are shown to be highly resistant to 

fluoroquinolones [183]. These mechanisms seem to be 

responsible for co-resistance to MccB17 and quinolones. 

 

Mutation of the gene rpoB encoding the β′ subunit of RNAP (see 

section mechanisms of action above) induces resistance to 

rifampicin [144,184]. Likewise, alterations in the 30S or 50S 

subunit of the ribosome lead to resistance to antibiotics that act 

on these proteins, mainly tetracycline, chloramphenicol, 

streptolydigin and aminoglycosides [139]. Similarly, first studies 

performed to understand the mechanism of action of MccJ25 

have shown that a point mutation causing a substitution of Thr
931

 

for Ile in the conserved segment of the rpoC gene coding for the 

largest RNAP subunit β′ conferred resistance to MccJ25, 

suggesting a mechanism involving occlusion of the RNAP 

secondary channel [185,186]. It was shown further from the 

crystal structure of the MccJ25-RNAP complex that MccJ25 

binds within the RNAP secondary channel and interferes with 

the traffic of NTPs to the catalytic center [150]. Furthermore, 

additional rpoC mutations affecting amino acids in the conserved 

segments G, G′ and F and exposed into the RNAP secondary 

channel, also led to MccJ25 resistance in vivo and in vitro. While 

MccJ25 acts on the β′ subunit, and rifampicin on the β subunit, 

streptolydigin acts on both subunits. So far, a cross-resistance 

between MccJ25 and the above cited antibiotics mainly 

streptolydigin and rifampicin appears to be highly expected 

[187,188]. 

 

For other antibiotics and microcins, no specific cross-resistance 

appears to be predictable. Chromosomally mediated colistin 

resistance occurs mainly via the addition of cationic moieties 

onto the negatively charged lipid A, while the plasmid mediated 

colistin resistance (MCR) is acquired via a plasmid-borne copy 

of an mcr gene. MCR-1 is the most prevalent MCR enzyme 

reported for the first time in 2015 followed by nine homologs 

described to date [189]. MCR-1-mediated colistin resistance 

confers protection against this last resort antibiotic via the 

presence of modified LPS within the cytoplasmic membrane, 

rather than the outer membrane [126]. More precisely, the 

phosphoethanolamine transferase activity of MCR-1 adds a 
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cationic phosphoethanolamine moiety to the anionic lipid 

domain A of LPS, which results in a net negative charge 

decrease and thus a lower affinity for the polymyxins. 

 

Fosfomycin inhibits the bacterial cell wall synthesis at the early 

initiating step of the peptidoglycan synthesis. More specifically, 

it inhibits UDP-N-acetylglucosamine enolpyruvyl transferase (or 

MurA), the enzyme involved in transfer of the enolpyruvyl part 

of phosphoenolpyruvate to the 3′-hydroxyl group of UDP-N-

acetylglucosamine, which is the first step in the biosynthesis 

pathway of peptidoglycan. Mutations in the murA gene confer 

resistance to fosfomycin due to the replacement of cysteine with 

aspartate in the active site of MurA, which prevents fosfomycin 

binding [190]. Moreover, resistance to fosfomycin can occur 

from chromosomal mutations in the structural genes that encode 

the GlpT and UhpT membrane transporters. GlpT and UhpT 

transport glycerol-3-phosphate and glycerol-6-phosphate sugars 

in bacteria, respectively and are used by fosfomycin to facilitate 

its entry in bacteria. These mutations block fosfomycin cell 

penetration [190]. 

 

On the microcin side, the F1F0-ATP synthase has been shown to 

be the target of MccH47 [154] and MccPDI [35]. E. coli ATP 

synthase consists of a membrane-bound F0 sector, which ensures 

proton translocation, connected to a cytoplasmic F1 sector. They 

form a complex made up of eight different subunits, which are 

encoded by the atp operon, atpIBEFHAGDC. Three subunits 

form the F0 proton channel and five subunits the catalytic F1 

domain. Mutations on genes atpB, atpE, atpF encoding the three 

subunits F0a, F0c, F0b respectively, which constitute the F0 

proton channel, result in resistance to MccH47 [154]. 

Furthermore, deletion of genes encoding subunits in the F1 and 

F0 domains of ATP synthase (atpA and atpF encoding F1α and 

F0b subunits, or atpE and atpH encoding F0c and F1δ subunits), 

result in a loss of susceptibility to MccPDI simultaneously to the 

loss of ATP synthase function [35]. None of these mechanisms 

appears to be shared between antibiotics and microcins. 
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Inactivation of the Toxic Entity  
 

Several Gram-negative bacteria produce different enzymes that 

are able to modify antibiotics and thus induce resistance, such as 

the very well-known β-lactamases, which disrupt the specific 

structure of β-lactams [191]. β-lactamases are classified into four 

classes including group 1 (class C) cephalosporinases, group 2 

(classes A and D) broad-spectrum, inhibitor-resistant, and 

extended-spectrum β-lactamases as well as serine 

carbapenemases, and group 3 (class B) metallo-β-lactamases 

[192]. Other enzymes including aminoglycosides modifying 

enzymes, such as phosphotransferases (APHs), 

nucleotidyltranferases (ANTs) and acetyltransferases (AACs), 

which phosphorylate, adenylate and acetylate these compounds, 

respectively could also be involved in development of resistance 

[193]. 

 

Acetylation is a widespread and efficient mechanism of 

resistance against different antibiotics. Modification of the 

piperazine ring of the fluoroquinolones is induced by an 

acetylase AAC(6′)-Ib-cr, which provides one of the mechanisms 

of resistance of bacteria to quinolones [143]. Chloramphenicol is 

also inactivated by acetylation which is performed by 

chloramphenicol acetyltransferases (CATs) [194]. Acetylation is 

also a major mechanism of resistance to McC, then suggesting a 

high risk of cross-resistance between chloramphenicol and McC. 

Before its ultimate processing by non-specific aminopeptidases, 

which happens in sensitive cells to release the toxic non-

hydrolyzable analog of aspartyl-adenylate, McC is exported 

outside the producer by the MccC pump and uptaken by 

sensitive cells using the porin OmpF and the inner membrane 

transporter YejABEF (see section Mechanisms of action). 

However, although most of produced McC is efficiently 

exported, intracellular processing also occurs inside the 

producing cells that ineluctably leads to the accumulation of the 

toxic entity that cannot be exported by the MccC pump and 

results in self-poisoning. Therefore, E. coli mcc gene clusters 

include genes (mccE and mccF) that encode proteins ensuring 

the self-immunity of the producer. The MccE acetyltransferase 

acetylates the α-amino group of processed McC, making it 
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unable to bind to AspRS [103]. So far, MccE makes E. coli 

simultaneously resistant to albomycin and McC [102]. MccE 

belongs to the general control non-repressible 5-related N-

acetyltransferases (GNAT) superfamily, and shows high 

similarity with chromosomally encoded acetyltransferases RimI, 

RimJ, and RimL, which acetylate the N-termini of ribosomal 

proteins S18, S5, and L12 [195]. Indeed, E. coli RimL induces 

resistance to McC by acetylating the amino group of the 

processed McC aspartate by the same mechanism as MccE 

[196]. Similarly, when overproduced, RimL makes cells resistant 

to albomycin by acetylating processed albomycin, which 

contains a pyrimidine nucleotide instead of adenosine. 

Subsequently, a potential cross-resistance between McC and 

albomycin is quite possible [196]. The MccF serine protease 

hydrolyses the carboxamide bond between the C-terminal 

aspartamide and AMP of both intact and processed McC, thus 

inactivating the aspartyl-adenylate [104]. Moreover, McC 

inactivation is also ensured by phosphoramidases belonging to 

the histidine-triad (HIT) superfamily hydrolases that can either 

be encoded in certain mcc-like biosynthetic clusters or by genes 

located elsewhere in bacterial genomes [197]. Resistance to 

McC-like compounds produced by S. enterica, Nocardiopsis 

kunsanensis, P. fluorescens or Hyalangium minutum is conferred 

by hydrolysis of the phosphoramide bond in the toxic 

aspartamide-adenylate [197].Therefore, it appears that resistance 

to McC and McC-like microcins by toxin inactivation can occur 

via both enzymes encoded in the microcin biosynthesis clusters 

and more generalist and non-specific enzymes sharing structural 

similarities. 

 

Finally, impairment of the final three-dimensional structure of 

the antibacterial peptide, such as by preventing the formation of 

disulfide bridges, could be a last mechanism resulting in 

resistance to microcins. This has been poorly explored until now, 

but is however illustrated by MccPDI for which mutations in 

dsbA, dsbB genes induce resistance to MccPDI [35]. Genes 

dsbA, dsbB encode DsbA and DsbB thiol-redox enzymes that 

usually catalyze disulfide bond formation for proteins that are 

transported into the periplasm, and which would be possibly 
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involved in formation of the disulfide bond that stabilizes this 

microcin. 

 

Inhibitory Effect of Microcins against 

Antibiotic Resistant Gram-Negative Bacteria  
 

The spectrum of inhibitory activity of microcins includes a wide 

number of bacteria which are phylogenetically related to the 

producing strain including Salmonella, Shigella and E. coli. The 

inhibition activity of the different microcins against non-

multidrug-resistant strains has been reported in the literature. 

However, the potency of these microcins specifically against 

MDR bacteria has not been systematically described and only 

few studies have addressed this special issue. 

 

MccJ25 was shown to exhibit a high antimicrobial activity 

against MDR Salmonella and E. coli [198,199]. The 

antimicrobial activity of MccJ25 was also extensively studied 

against a collection of MDR strains of S. enterica spp. enterica 

[134]. Interestingly, this study has shown that Salmonella strains 

exhibit various sensitivity profiles to MccJ25 and that MIC 

values vary from 0.06 to 400 μg/mL (0.028–189 nM), 

independently of the resistance profiles to antibiotics or the 

serovars. Other studies have shown that MccJ25 displays a great 

inhibitory potential against Salmonella and E. coli 

[133,185,200,201]. MccPDI is known to inhibit foodborne 

pathogenic enterohemorrhagic E. coli serotypes O157:H7 and 

O26 [76] as well as Shigella strains and E. coli isolates that are 

MDR strains [39]. Likewise, MccH47 has demonstrated a potent 

effect against Enterobacteriaceae MDR strains including 

Salmonella and E. coli carbapenemase, extended spectrum β-

lactamase and metallo-β-lactamase producers. MccH47 has MIC 

values less than 75 μg/mL (13 μM) for all tested strains [40]. 

 

The remaining microcins revealed similar narrow spectra of 

activity against non-MDR Enterobacteriaceae, mainly 

Salmonella and E. coli. Indeed, MccE492 was shown to have 

inhibitory activity in vitro against a wide range of 

Enterobacteriaceae including Klebsiella, Enterobacter, E. coli 

and Salmonella while MccM was shown to inhibit Salmonella 
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and E. coli [79]. MccN/24 is active against E. coli and S. 

enterica Typhimurium, but not against L. monocytogenes or 

Campylobacter jejuni [202]. It was also reported by Kaur et al. 

[75] that MccN/24 exhibits a potent activity against Salmonella 

strains. Furthermore, MccV is active against some pathogenic E. 

coli with MIC values ranging from 7.7 × 10
–3

 to 13.25 μg/mL 

(0.89–1517.94 nM) [203]. MccS is lethal to virulent 

enterohemorrhagic and enteropathogenic E. coli through 

inhibiting the adherence of EPEC E. coli to intestinal epithelial 

cells in an in vitro adherence assay [77]. MccL exhibits a strong 

antibacterial activity against Enterobacteriaceae, including the S. 

enterica serovars Typhimurium and Enteritidis [84]. 

 

Only a few studies have systematically assessed the efficiency of 

microcins (and, more generally, of bacteriocins), for the 

inhibition of MDR bacteria, and/or the microcin/bacteriocin and 

antibiotic cross-resistance [134,204]. Although the activities 

reported so far are encouraging, more systematic studies on the 

inhibitory potential of microcins against MDR strains remain 

necessary to confirm the potential of microcins as alternatives to 

antibiotics against MDR and are thus of high research priority. 

Future directions of research should relate to both qualitative and 

quantitative in vitro characterization of the inhibitory activity of 

different microcins against a large panel of clinical isolates of 

MDR pathogenic bacteria of medical and veterinary interest, 

coming from well characterized reference collections. The 

development of resistance of these strains against the various 

microcins deserves being invertigated as well as studying the 

possible synergistic effects between microcins and certain 

antibiotics or biocides, as already started with Gram-positive 

bacteriocins [205]. Indeed, the identification of compounds with 

synergistic or additive effects could represent an effective 

strategy to limit the development of bacteria resistant to both 

microcins and antibiotics. Such an approach, and more widely 

combination treatment therapeutic strategies, could be facilitated 

by the development of optimized methods to quantify synergy 

effects more rapidly and efficiently [206]. 
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Microcins and the Immune System  
 

Inflammation is one of the key processes allowing the immune 

system being alerted of risks for the host, such as pathogen 

attacks. But its dysregulation results in chronic inflammation and 

subsequent diseases, pointing that inflammation results in both 

beneficial and adverse effects. In general, interactions of 

bacteriocins or microcins with the immune system have not been 

investigated deeply, which hampers evaluating previsible risks 

and benefits for all characterized microcins. MccE492 was 

reported to induce apoptosis against human cell lines without 

inducing an inflammatory response [207,208]. But most of all, 

two microcins, MccB17 and especially MccJ25, have been 

chiefly studied in this regard. 

 

A pionneer study showed that polyclonal antibodies were raised 

in rabbits against mature MccB17, indicating that it could induce 

immune reaction once introduced in host body [209]. In an in-

depth study on the effects of oxazole compounds on intestinal 

inflammation [210] have shown that, similar to environmental or 

synthetic ones, short-size oxazole compounds derived from 

MccB17 degradation were able to induce inflammation in mouse 

intestinal epithelial cells, while full-length MccB17 was not 

[105,210]. This effect was attributed to a cascade response where 

oxazole compounds activate IDO1, the rate-limiting enzyme in 

tryptophan catabolism, and in turn tryptophan-derived 

metabolites activate the aryl hydrocarbon receptor Ahr, which 

limits CD1d-restricted production of the anti-inflammatory 

cytokine IL-10 and results in natural killer T-cell mediated 

intestinal inflammation [210]. It was pointed that this oxazole-

induced intestinal inflammation is independent of the 

antimicrobial activity of the compounds. Moreover, it was 

proposed that the CD1d-dependent immunomodulatory effect is 

limited by the size of the compounds, explaining the absence of 

effect of native MccB17, although its content in oxazole rings. 

 

An in vitro study showed that MccJ25 protects IPEC-J2 cells 

against enterotoxigenic E. coli (ETEC) without raising 

cytotoxicity and alleviates the inflammatory responses through 

modulation of the levels of pro-inflammatory cytokines, 
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interleukins 6 (IL-6), IL-8 and tumor necrosis factor-α (TNF-α) 

[211]. An anti-inflammatory effect of MccJ25 associated with 

killing of the pathogen was shown in an ETEC-infected mouse 

model [212,213]. Similar to gentamicin treated mice, the levels 

of pro-inflammatory cytokines were significantly decreased in 

jejunum, ileum and colon tissues of mice administered MccJ25, 

compared to the control group, while the anti-inflammatory IL-

10 level increased. Inhibition of ETEC-induced expression of 

inflammatory cytokines in the jejunum was proposed to be due 

to down-regulation by MccJ25 of the NF-κB and mitogen-

activated protein kinase (MAPK) pathways [212]. Moreover, 

absence of immunomodulatory effect and toxicity of MccJ25 

was observed at the therapeutic dose (9 mg/kg), much higher 

doses only (18 mg/kg) being able to cause a low toxicity [214]. 

Furthermore, MccJ25 also decreases the serum concentration 

levels of the pro-inflammatory cytokines IL-6, IL-1β, and TNF-

α, together with an increase in anti-inflammatory IL-10 in 

weaned pigs [215] and in broiler chicken [216] fed with MccJ25-

supplemented diet. Taken together, these in vivo studies 

conducted in different animal models indicate that MccJ25 diet 

supplementation can lower inflammation together with affording 

protection against pathogens, providing interesting perspectives 

in inflammatory intestinal diseases. Therefore, it appears that 

none of the studied microcins appears to induce adverse 

inflammation imbalance and have a detrimental effect on the 

host. 

 

Potential Applications of Microcins and Future 

Prospect  
 

Microcins exhibit a number of advantages for potential 

applications, among which their absence of toxicity to eukaryotic 

cells and their chemical stability. Indeed, the three-dimensional 

structures or PTMs of most microcins increases their stability to 

harsh conditions, such as those that are encountered in the gut 

[217]. This favors their delivery to the gut without the help of 

specific formulations, if not for avoiding immunity response. 

However, unfortunately, the spectrum of inhibitory activity of 

the different microcins has not been deeply investigated, 

hampering significant development in veterinary or human 
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medical domains. The antimicrobial activity of most microcins 

(MccB17, McC and a few others) was determined in order to 

decipher their mechanism of action and the most tested 

bacterium was E. coli [31,58,181]. Thus, while for a few 

microcins the spectrum of inhibition is well known, for the 

remaining this information is still missing. A more systematic 

study involving a significant number of clinical and veterinary 

pathogens, including MDR strains, remains necessary to 

establish the exact spectrum of inhibition of each microcin. 

 

An important characteristic making microcins good candidates 

as alternatives to antibiotics is that they are prominent actors of 

competitions in microbiota and particularly in the gut 

microbiota, which is the most studied. Microcins play a 

significant role in niche competition (for a review see Li and 

Rebuffat, [28], essentially in interference competition, which 

involves the secretion of harmful molecules such as the 

microcins, for direct attack of competitors. But also in a lesser 

extent, they are involved in the indirect process of exploitative 

competition, as exemplified by siderophore microcins which are 

able to capture iron and thus deplete the surroundings of this 

essential element. Thereby, the siderophore microcins MccH47 

and MccM, both produced by the probiotic E. coli strain Nissle 

1917, have been shown to mediate competition among 

Enterobacteriaceae in mouse model and to impair the growth of 

the pathogen S. enterica serovar Typhimurium in the inflamed 

gut, where iron is scarce, without perturbing significantly the 

microbiota equilibrium [218]. Thanks to their natural role in their 

niche, which involves both high potency and narrow spectrum of 

activity, the molecules from microbiota, such as the microcins in 

the gut microbiota [219,220], or other bacteriocins in the rumen 

[221], are thus of high potential. However, exploration of the 

capacity of microorganisms belonging to various microbiota still 

remains underdeveloped so far. Its development in combination 

with genome mining approaches and innovative computational 

technologies should allow finding novel microcins, and possibly 

novel mechanisms of action. 

 

To explore the potential applications of microcins in animal and 

human health, in vivo studies have been conducted, although 
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they are still few and only concern a few microcins, essentially 

MccJ25. For instance, a significant decrease of S. Typhimurium 

was recorded in chicken, using an E. coli transformant strain 

producing MccN/24, although continuous administration of the 

transformant was needed to ensure colonization within the in 

vivo model [202]. MccJ25 has been shown to decrease S. 

enterica counts in the liver and spleen in mice [222] and in the 

gastrointestinal tract of turkeys [223], and to relieve diarrhea and 

systematic inflammation in weaned pigs [216]. Furthermore, 

MccJ25 was shown to improve performance, fecal microbiota 

composition and systematic inflammation of broilers [215]. 

Further studies are needed however to validate the potential of 

microcins as therapeutic agents in human or veterinary medicine. 

 

Finally, developing safe probiotics engineered to produce potent 

microcins is a complementary and efficient approach. It relies on 

previous studies of commercially available probiotics, E. coli 

Nissle 1917 (Mutaflor
®
) and E. coli G3/10 (Symbioflor2

®
), 

producers of microcins MccH47 and MccM [94,218] and MccS 

[77], respectively, which were shown to act in bacterial 

competition and kill pathogens in inflamed gut [218], or suppress 

adherence of enteropathogenic E. coli [77]. Thus, S. enterica 

carriage was significantly reduced in turkey gastrointestinal tract 

using E. coli Nissle engineered to produce MccJ25 [223]. 

Furthermore, E. coli Nissle was engineered to produce MccH47 

in response to tetrathionate, which is produced in gut 

inflammation conditions and is favorable to Salmonella growth 

[224]. In this system, MccH47 was produced in response to the 

tetrathionate environmental signal serving as an inducing 

molecule, and inhibited the pathogen S. Typhimurium, both in 

static inhibition assays and in ecological competition 

experiments. 

 

Conclusion  
 

As it can be seen through this review, microcins offer an 

attractive track for designing novel antimicrobial strategies and 

envisage alternatives to conventional antibiotics, despite the 

potential risks of resistance, cross-resistance and co-resistance 

that have been pointed. The microcin attractivity relies first on 
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their two-step mechanisms of action. The first step ensures 

uptake of the microcin and involves most often a Trojan horse 

strategy. It is exemplarily illustrated by MccC, for which the last 

processing step of the uptaken harmless nucleotide peptide is 

ensured in the targeted bacteria by common proteases. It is also 

exemplified by siderophore microcins (MccE492, MccM, 

MccH47) or the lasso microcin MccJ25 that mimic the natural 

ligands of siderophore receptors to hijack them. The second step 

implies either membrane perturbations or inhibition of critical 

enzymes, and therefore vital functions in bacteria. Indeed, in 

certain cases such strategies are shared by antibiotics, which can 

result in cross-resistance, as pointed in this review. These two 

steps can also constitute a drawback toward resistance 

development as inhibiting one of them could potentially confer 

resistance to microcin. However, a few microcins, such as McC 

and MccJ25, bring into play a second and independent 

mechanism that intervenes at higher concentrations. Such a 

secondary mechanism has not been brought to light for other 

microcins, but it must be said that it has not been thoroughly 

investigated. Such a succession of different mechanisms limits 

the emergence of bacterial resistance, as the energetic costs 

induced by setting up distinct resistance mechanisms 

simultaneously is hard to assume by the bacteria. 

 

Other characteristics, which have been underlined in the review, 

support their interesting potential: (i) a potent activity in the GI 

tract, (ii) a narrow spectrum of activity, which makes them active 

against pathogens while preserving host microbiota, (iii) an 

important role in microbial competitions, which makes them 

actors in maintaining microbiota equilibrium, (iv) an efficient 

activity in vivo in different animal models. Developing strategies 

based on Nature-derived mechanisms and molecules that are able 

to minimize both niche perturbations and resistance thus appears 

as a promising direction in the light of recent analysis of the 

frequency and mechanisms of resistance of antimicrobial 

peptides and antibiotics [225]. Finally, as the production costs of 

antimicrobial peptides and in particular of RiPPs remain high, a 

possible strategy to use microcins and simultaneously increase 

their potency could be to associate them to conventional 

antibiotics. This would take full advantage of the lower costs of 
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production of antibiotics, of an increased potency when 

synergistic effects are obtained, and of the possibility of 

combining distinct mechanisms of action. Therefore, relying on 

the current knowledge on the topology of microcins and their 

targets, the microcin biosynthesis pathways, and their 

mechanisms of action and of resistance, directions of research 

involving a more dynamic exploration of diverse microbiota 

associated with the development of microcin bioengineering 

would presumably accelerate the diversification of anti-AMR 

strategies. 
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Figure S1: Precursor sequences and structures of microcins and analogs.  

A) Amino acid sequence alignments of the precursors of class I microcins and 

analogs discovered by genome mining (only analogs with activity against 

Gram-negative bacteria and/or against the identified intracellular target are 

shown, independently of the producing strain) and representative structures of 

the mature peptides. For McC and analogs, the gene encoded C-terminal Asn 

residue is converted to Asp and linked to a nucleotide, represented as a black 

square. Both the structures of the McC heptapeptide nucleotide secreted by the 

producing strains and of the final toxic entity generated by proteolytic 

cleavages in sensitive strains are shown; B) Amino acid sequence alignments of 

the precursors of class IIa microcins; cysteines involved in disulfide bridges are 

boldfaced; C) Amino acid sequence alignments of the precursors of class IIb 

siderophore microcins. The siderophore moiety (linear trimer of DHBS) at the 

C-terminus is shown as a black circle; its structure is shown below the 

alignments. Alignments were generated using Muscle 

(https://www.ebi.ac.uk/Tools/msa/muscle). Conserved and semi-conserved 

amino acids are light grey and grey shaded, respectively. For modified 

microcins, the amino acids that undergo PTM are shown in bold red. Red bars 

indicate cleavage sites between the leader peptide and core sequence, observed 

during the maturation. Green bar indicates cleavage in the target bacteria 

yielding the toxic entity for McC and analogs. 
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Abstract  
 

Background: Urinary tract infections (UTIs) are one of the most 

common infections found in humans, with 

uropathogenic Escherichia coli (UPEC) being the most common 

cause. Prevention of UTI is a major global concern due to its 

recurrent nature, medical cost, and most importantly, the 

increased antimicrobial resistance among UPEC. The resistance 

in UPEC is mainly due to the Extended-Spectrum β-lactamases 

(ESBL), particularly the E. coli CTXM-15 type which is known 

for its rapid dissemination worldwide. Treatment options for E. 
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coli CTXM-15 have become limited over recent years because of 

their multi-drug resistance, hence anti-virulent strategies based 

on herbal remedies, have considered as a viable option. The 

cranberry product, Cysticlean® capsules, contain 240 mg of 

proanthocyanins (PACs), which have been shown to 

significantly inhibit E. coli adherence, both in vitro and ex vivo, 

to uroepithelial cells. 

 

Method: In this study, the cephalosporin-resistant E. coli isolate 

NCTC 1553 (E. coli CTXM-15) was analysed by qRT-PCR 

(quantitative Reverse Transcriptase -Polymerase Chain 

Reaction) for the expression of virulence factors after treatment 

with Cysticlean®. qRT-PCR was carried out to detect virulence 

determinants encoding for toxins SAT, and USP, the iron 

acquisition system ChuA, the protectins SoxS, KPSM, TraT and 

RecA, the antibiotic resistance gene CTX-M (encode β-

lactamases), and the transporters IdfB and HcaT. 

 

Results: Cysticlean® significantly reduced the expression of all 

ten selected genes encoding for virulence factors and β-

lactamases. 

 

Conclusion: Cranberry product Cysticlean® could represent a 

practicable alternative option for the prevention of recurrent UTI 

caused by multi-drug resistant E. coli CTXM-15, as the product 

acts on multiple bacterial targets. 

 

Introduction  
 

Urinary tract infections (UTIs) are among the most common 

infectious disease affecting humans and have been estimated to 

occur in at least 50% of women at some stage during their lives. 

They are responsible for more than 7 million visits to physicians 

annually and 15% of all prescribed antibiotics in the US and 

European countries [1]. Because of the highly prevalent nature of 

UTIs, they represent a public health and economic burden. In the 

United States, in 2010, the annual direct and indirect cost of 

UTIs was estimated at $2.3 billion [2], and in the UK it has been 

estimated that the NHS has spent £434 million in 2013/14 to 
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treat UTIs [3]; similarly, many other countries also incurred high 

medical costs in dealing with this common infection [2]. 

 

UTI are caused mainly by Uropathogenic E. coli (UPEC), which 

accounts for approximately 80% of all UTIs [4]. Common 

symptoms include painful, frequent and urgent need to urinate 

and can lead to irreversible kidney damage and even death [5]. 

Adjunctive treatment of UTI and prevention of recurrent UTI has 

become a global concern due to associated morbidity and 

increased medical cost associated with this infection [6]. UPEC 

associated with high levels of ESBL gene carriage [7] and the 

CTX-M β-lactamase family is the predominant ESBL type in 

many countries. Within this family, CTX-M-15 considered the 

most prevalent genotype worldwide [8]. It was demonstrated that 

CTX-M-15 is associated with an extensive pattern of 

antimicrobial resistance to a large number of antibiotics such as 

penicillins, cephalosporins, monobactams, and carbapenem [9]. 

Moreover, CTX-M-producing UPEC also exhibits coresistance 

to other large antimicrobial families such as aminoglycosides 

and fluoroquinolones [9]. Hence, this increasing level of UPEC 

multi-drug resistance is a great health and economic concern as it 

limits the therapeutic options available for the treatment of 

common bacterial infections such as UTIs. 

 

In 2018, the World Health Organisation (WHO) composed a 

global priority list of antibiotic resistant bacteria and categorised 

the third-generation cephalosporin-resistant Enterobacteriaceae, 

as a global priority one group of pathogens that needed urgent 

research and development of novel antibiotics [10]. CTX-M-

producing UPEC belongs to the third-generation cephalosporin-

resistant Enterobacteriaceae family, highlighted the importance 

of development of novel antibiotic for UTI associated with this 

pathogen. As a part of the therapeutic strategies designed to 

combat antimicrobial resistance among the UTI pathogens, the 

use of alternative methods such as anti-virulence strategies, 

which manipulates virulence factors of the bacteria rather than 

bacterial growth factors, are considered an effective tool as they 

have a lower risk of resistance development [11]. It is thought 

that the main reason for UPEC being so successful is their 

expression of a wide range of virulence factors [4]. Virulence 
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genes are commonly located on mobile genetic elements such as 

pathogenicity islands, transposons, bacteriophages or plasmids 

and are generally spread by DNA horizontal transfer [12]. 

Understanding the role of virulence factors and their expression 

enables research that aims to discover novel therapeutic 

mechanisms that can limit bacterial infection. Virulence factors 

important to UPEC infection of the urinary tract include 

adhesins, capsules, toxins and iron-acquisition systems [12]. 

These virulence factors contribute to the colonization and 

invasion of the urinary tract, leading to biofilm formation, tissue 

damage and ascension to the bladder and kidneys. Research 

suggests that adhesins, or fimbriae, are the most important 

determinant of virulence in the infection of the urinary tract and 

have therefore been studied extensively. 

 

It has been demonstrated that cranberries can decrease the 

virulence of UPEC, however little work has been completed on 

virulence factors other than for adhesins. Many in vivo and in 

vitro results have shown a significant inhibition of the adherence 

of E. coli to uroepithelial cells [13,14]. A significant 

improvement in symptoms has been seen, including the 

reduction in painful, frequent and urgent urination [15]. Most of 

the above studies were focused on considering the cranberries as 

a whole fruit than its active compound, PACs, hence for this 

study the cranberry capsule Cysticlean® was chosen, which 

contains 240 mg of PACs. This study focusses on the toxins 

SAT, and USP, the iron acquisition system ChuA, the protectins 

SoxS, KPSM, TraT and RecA, the antibiotic resistance gene 

CTX-M and the genes responsible for the normal function of the 

cell, IdfB and HcaT. In this study, the CTX-M producing E. 

coli isolate NCTC 1553 was analysed via qRT-PCR for the 

expression of virulence factors, both before and after treatment 

with the cranberry product Cysticlean®. The results reported 

herein show that cranberry treatment reduces the expression of 

multiple virulence factors. These data suggest that cranberry’s 

mechanism may be multifaceted. 
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Materials and Methods  
Bacterial Isolate and Cranberry Capsules  

 
Escherichia coli isolate NCTC 13353 (anti-microbial resistance 

resistant reference strain from Public Health England, UK) 

expressing the resistance gene CTX-M-15 was used in all parts 

of this study. Cysticlean® capsules were purchased from VITA 

GREEN Europe S. A, which contained 240 mg of PACs per 

capsule. 

 

Minimum Inhibitory Concentration  

 
In order to determine the concentration of cranberry required for 

use in the RT-qPCR experiment, the minimum inhibitory 

concentration was determined using the broth macro dilution 

method in triplicates. A 60 mg/ml PAC stock solution in 20 ml 

minimal medium (M9 Minimal Salts, 5X, Sigma Aldrich, 

Dorset, UK) was used for serial dilutions of the following 

concentrations of Cysticlean®: 30, 15, 7.5, 3.75, 1.88, 0.94, 0.47, 

0.23, 0.12, 0.059, 0.029 mg/ml. An overnight culture 

(10
8
 CFU/ml) of E. coli NCTC 1553 was diluted to 0.5 

McFarland standard in minimal medium, and 100 μl of this 

diluted culture was added to each concentration. Cultures were 

incubated at 37 °C with shaking overnight. The MIC was 

determined as the lowest concentration with no visible growth. A 

positive control, consisting of minimal medium and E. coli, and 

a negative control, consisting of minimal medium only, were 

included. 

 

RNA Extraction  
 

A 10 ml volume of the MIC concentration was prepared in 

minimal medium. An overnight culture of E. coli NCTC 1553 

was diluted to 0.5 McFarland standard 100 μl of which was 

added to the cranberry solution and incubated with shaking at 

37°C for 4h. A second untreated culture was also incubated as an 

untreated control. A negative control consisting of minimal 

medium only was also included. All cultures were then filtered 

with a Whatman 1 and 0.45 membrane (GE Healthcare Life 

Sciences, Buckinghamshire, UK) before RNA lysate was 
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extracted using the Cells-to-CT™ 1-Step TaqMan™ Kit 

(ThermoFisher Scientific, Loughborough, UK) following the 

manufacturer’s instructions, with the exception that the lysis + 

DNase time was doubled to 10 min. RNA concentration was 

measured using a Qubit 3 fluorometer (ThermoFisher Scientific, 

Paisley, UK). The quality of RNA and the presence of any DNA 

was assessed using agarose gel electrophoresis. 

 

Design of Primers and Probes for Reverse 

Transcriptase qPCR (RT-qPCR)  
 

Primers and Taqman probes were designed using the 

PrimerQuest Tool (Integrated DNA Technologies) using the 

custom design parameters listed in Table 1. Primers were 

designed to be 20–24 bp, with a melting temperature of 

approximately 60 °C. The GC content was designed to be 40–60. 

Taqman probes were designed to be 20–30 bp in length, with a 

melting temperature of 7–10 °C higher than that of the primers, 

and with a GC content of 35–65%. The OligoAnalyzer 3.1 

(Integrated DNA Technologies Inc., Illinois, 

USA, https://eu.idtdna.com/calc/analyzer) was used to identify 

and possibility of any secondary structure and primer dimers. 

Whilst non-specific products do not produce results in Taqman 

qPCR, and were avoided because they reduce the efficiency of 

the reaction. The FAM fluorophore was added to the 5′ end of 

the probe and the Black Hole Quencher®-1 was added to the 3′ 

end using the custom DNA oligo tool (Integrated DNA 

Technologies). Probes were ordered on a 100 nm scale and 

purified by high performance liquid chromatography (HPLC). 

Primers were ordered on a 25 nm scale by standard methods. 

Both primers and probes were ordered as “lab ready”, 100 μM in 

IDTE, PH 8.0. 
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Table 1: Sequences of primers and probes used in this study. 

 

  Forward Reverse Probe Amplicon size (bp) Reference 

16 s GGAGACTGCCAGTGATAAA GAGGTCGCTTCTCTTTGT CCTTACGACCAGGGCTACACACGT 113 This study 

kpsM GTTATATGGGACCGTCATATT GCCACACTCTTTCGTATC CCCAGAGCTTGCGGATTATCAATC 125 This study 

chuA CGATGGGCGAAATGTATAA GTTAGTTTCCGGACGTAAG TCTCGATTGGTCGCTTCTATACCA 98 This study 

CTX-M GAAAGCGAACCGAATCT GACATCGTCCCATTGAC ACCTTGTTAACTATAATCCGATTGCGG 101 This study 

sat AGAAATATGGCATCTGTCACC CAGACGATATAGTCGGTGTTTC CAGCAACCATTACTCTGGGACAGC 97 This study 

usp TGAGTTCTGGTATGAGGAAGA CCCGTATGAACACCATACAC TACTGCCTGCTAGTGCTTTCTGCC 126 This study 

soxS AGGGTTGATTACCAGTATCC AACATATCGCAACACATCAC ACAGCGGCAATCAGCGGCGATATA 70 This study 

recA GAGACAATTTGGTACTCCATC GATATCCAGTGAAAGCGAAC CGCCTGGGTGAAGACCGTTCCAT 90 This study 

traT AGATTGCAGAGCGTACTAAG ACACGGGTCTGGTATTTATG CAACGGATAATGTTGCCGCCCTGC 127 This study 

ihfB GACGGTTGAAGATGCAGTAA CGGTAGTGCAAAGAGAAACT AGCATATGGCCTCGACTCTTGCGC 108 This study 

hcaT GGCATTATGGGAGCAACTAC CTGGCGAGCAGCAATATAAC ACCACTATCAACCACGGCAACGCC 114 This study 

 

Primer and probe sets were designed using the PrimerQuest Tool (Integrated DNA Technologies). All probes contained a FAM fluorophore at the 5′ end and a black hole quencher at the 3′ end.
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Primer Specificity  
 

RT-qPCR primers were checked for specificity by end-point 

PCR using extracted DNA, as presented in Figure 1. Cycling 

parameters were as follows: initial denaturation at 95°C for 20 s, 

followed by 40 cycles of 95 °C for 15 s each and 60 °C for 1 min. 

 

 
 
Figure  1: The specificity of each primer pair investigated by qRT-PCR for this 

study. End amplified products of qPCR were visualised using agarose gel 

electrophoresis. All genes were detected at the expected bp size and single band 

was observed for each primer pair indicating primer specificity. M, Molecular 

Weight marker, GeneRuler 50 bp DNA Ladder (Thermofisher, UK). Products 

and ladder ran on 4% Agarose gel. 

 

Primer Efficiencies  
 

Primer efficiencies were calculated using serial dilutions of 

amplicons (diluted 1:1000) in triplicate and by plotting the 

resulting data to produce standard curves for each primer pair 

selected. The amplification efficiency = [10(−1/slope)] – 1. A 

correlation coefficient (R
2
) of 0.99 or greater was considered. An 

amplification efficiency of 80–120% was considered and the 

efficiencies of selected primers are presented in Table 2. 

 

 

 

 

 

 

 

 

https://aricjournal.biomedcentral.com/articles/10.1186/s13756-019-0637-9#Fig1
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Table 2: The efficiencies of the primers used in the development of the RT-

qPCR study. 

 
Primer Efficiency % 

16S (reference gene) 84.3 

recA 111.1 

CTX-M 99.7 

sat 111.6 

traT 94.3 

chuA 115.6 

kpsM 101.7 

soxS 103.0 

usp 90.2 

hcaT 118.9 

IhfB 115.3 

 

Primer efficiencies were calculated using serial dilutions of amplicons 1:1000. 

An efficiency of 80–120% was considered. 

RT-qPCR Method  
 

The Cells-to-CT™ 1-Step TaqMan™ Kit was used for RT-

qPCR. This kit allows for expression analysis from cultured cells 

without the requirement for extensive RNA purification. The 

mastermix contains a reverse transcriptase, allowing for a 1-step 

RT-qPCR. The Cells-to-CT™ mastermix contained the reverse 

transcriptase and allowed cDNA conversion during qPCR. qPCR 

reactions were carried out using the PikoReal® 96 well real-time 

PCR platform (ThermoFisher, Loughborough, UK). PCR 

amplification reactions were performed using three technical 

replicates, in a volume of 10 μl containing 2.5 μl TaqMan® 1-

Step qRT-PCR Mix (initial concentration not known), with final 

concentrations of 500 nM primers, 250 nM probe and 1 μl of 

RNA lysate. Cycling parameters for the RT-qPCR assay were, 

an initial reverse transcription step at 50 °C for 5 min, reverse 

transcriptase inactivation/initial denaturation at 95 °C for 20 s, 

followed by 40 cycles of 95 °C for 15 s and, finally, 60 °C for 

1 min. A no-reverse transcriptase control was implemented in 

triplicate by adding the mastermix containing reverse 

transcriptase after the reverse transcription step of the RT-qPCR 

assay. A no template control consisting of water instead of RNA 

was also added in triplicate. The experiment was performed 
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twice (using two biological replicates) and the representative 

values presented were the means of the triplicates. 

 

Statistical Analysis  
 

Quantification cycle (Cq) values were obtained after completion 

of the RT-qPCR. The relative abundance of the target gene in 

each sample (treated) and calibrator (untreated) was calculated 

using the Cq value of the internal reference gene 16SrRNA as a 

control and the relative expression level of the target gene = 2
-

ΔΔCq
 (where ΔCq = Cq(target gene) - Cq(reference gene), and 

ΔΔCq = ΔCq(test) - ΔCq(calibrator)) as described previously [16], 

with a modification to account for primer efficiencies using 

Microsoft Excel. Primer efficiencies were calculated using serial 

dilutions of amplicons (diluted 1:1000), and this efficiency was 

also used in the ∆∆Ct calculations. All statistical analyses were 

carried out using the GraphPad Prism software (version 5; 

GraphPad Software Inc.; La Jolla, CA, USA). To determine the 

significant differences between treated and untreated samples, 

the t-test was performed. A difference with a p-value of <0.05 

was considered statistically significant. 

 

Results  
Mic  

 
The MIC for E. coli strain NCTC 13353 was determined to be 

15 mg/ml, and this was used in all subsequent experiments. 

 

RT-qPCR  

 
In this study, RT-qPCR was used to evaluate the impact of 

exposure of E. coli NCTC 13353 cells to the commercial 

cranberry product Cysticlean® (at MIC; for 4 h) on the 

expression of ten genes that have been shown to be associated 

with the virulence of UPEC. The selected genes included the 

toxins SAT and USP, the iron acquisition system ChuA, the 

protectins SoxS, KPSM, TraT and RecA, the antibiotic 

resistance gene CTX-M, and the genes responsible for the 

normal function of the cell, IdfB and HcaT. Figure 2 shows the 

mean average Ct values as a measure of expression of these 10 
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genes in the absence or presence of cranberry treatment. There 

was a significant decrease (P < 0.05) in the Ct value for each 

gene in the presence of cranberry, indicating a decrease in 

expression. Figure 3 shows the decrease as a Double Delta Ct 

Value (ΔΔCt) -1. By presenting the data as (ΔΔCt) -1, a value of 

0 would indicate no change while a value between 0 and 1 

indicates a downregulation in expression. The t-test showed that 

all the genes tested were significantly downregulated (P < 0.05) 

following treatment with cranberry. 

 

 
 
Figure  2: Ct values as a measure of expression of the selected virulence genes. 

Genes for toxin production, iron acquisition, antibiotic resistance protectins and 

normal function of the cell were tested after exposure to Cysticlean® using RT-

qPCR all genes were significantly downregulated when tested using a t-test. 

* p = 0.01 to 0.05 ** p = 0.001 to 0.01 *** p = < 0.001 ns = not significant 

 

https://aricjournal.biomedcentral.com/articles/10.1186/s13756-019-0637-9/figures/3
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Figure  3: The expression fold change of genes antibiotic resistance, iron 

acquisition, toxins, protections and genes responsible for the normal function of 

the cell. The results of the expression fold change were normalized against the 

reference gene 16 s and then were taken away from one to show the genes were 

downregulated 

 

It is not possible to run melting curve analyses on Taqman 

assays due to the degenerative nature of Taqman probes. Non-

specific products do not produce results in Taqman assays; 

therefore, it is not necessary to run products on an agarose gel; 

however, non-specific products should in any case be avoided 

because they reduce the efficiency of the reaction. Taqman 

assays were checked for specificity before running qPCR. 

 

Discussion  
 

Reports have shown that numerous genes are implicated in the 

virulence and fitness of UPEC, therefore downregulating the 

expression of these genes could add to the efficiency of 

antibiotic treatment and could reduce the likelihood of treatment 

failure [17]. In this study, the selected ten genes playing 

significant roles in the normal function of the cell, such as iron 

acquisition, toxin production and stress survival in the third-

generation cephalosporin resistant E. coli, and their relative gene 

expression was determined after exposure to the cranberry 

product Cysticlean® using qRT-PCR. The results showed that 

Cysticlean® significantly reduces the expression of a wide 

variety of genes responsible for fitness and virulence. To the best 

of our knowledge, this is the first study to access the effect 
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PACs, the active compound of the cranberry on the expression of 

virulence and antibiotic resistance determinants. A reported 

mechanism of action the selected genes is represented in 

Figure 4. 

 

 
 
Figure 4:Reported mechanisms of action for 10 Virulence genes in Escherichia 

coli are downregulated by cranberry treatment. This study has shown that the 

following a selection of 10 genes, which encode for virulence factors with 

different mechanisms, were all downregulated when exposed for Cysticlean® 

for 4 h at MIC. 1) uropathogenic specific protein gene (usp) encode for 

bacteriocin that possesses DNase activity that can degrade plasmid DNA of 

competing uropathogens. 2) chuA encodes for outer membrane protein that 

plays a key role in heme uptake. 3) hcaT encodes for permease for the uptake 

of phenylpropionic acid (PP), an aromatic acid that can be utilised as a carbon 

and energy source. 4) kpsM encodes for protein that plays a role in group 2 

capsular polysaccharide synthesis. 5) ihfB encodes for specific DNA-binding 

protein that functions in genetic recombination as well as in transcriptional and 

translational control. 6) recA encodes for protein that catalysise ATP-driven 

homologous pairing and strand exchange of DNA molecules necessary for 

DNA recombinational repair. 7) soxS encode for a transcriptional activator of 

the superoxide response regulon of E. coli. 8) traT encodes for protein that 

prevents unproductive conjugation between bacteria carrying like plasmids. 

9) CTX-M produces beta-lactamases that can render beta-lactams inactive. 

https://aricjournal.biomedcentral.com/articles/10.1186/s13756-019-0637-9/figures/4
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10) sat encode for a secreted autotransporter toxin exhibits cytopathic activity 

and loosening of cellular junctions. These data suggested that cranberry’s 

antimicrobial action is multifaceted 

 

Reports have suggested that USP functions as a bacteriocin, 

targeting competing bacterial strains (depicted in Figure 4). It 

has also been shown to enhance infectivity in the urinary tract 

and play a role in UPEC pathogenesis [18,19]. In a study by 

Bauer et al. [20], it was shown that the usp gene was found in 

80% of cystitis isolates [20]. A reduction in the expression 

of usp could lead to this bacterium being outcompeted by other 

non-pathogenic bacteria and a reduction in its ability to cause 

pyelonephritis. It is especially advantageous for UPEC to be able 

to utilize haem and/or haemoglobin, as the urinary tract is 

naturally low in iron. UPEC secrete cytotoxins that can access 

the haem reservoir within cells. These two capacities combined 

could aid iron acquisition throughout the infection process 

[20,21]. ChuA is an outer membrane receptor responsible for the 

transport of haem into the cell for utilization as iron (see 

Figure 4) [22]. A reduction in iron transport into the cell could 

lead to reduced growth of the bacteria, or potentially even cell 

death. In a study, cranberry treatment resulted in the up-

regulation of genes that encode iron metabolism regulators (fur), 

transport protein (feoAB), genes involved in the biogenesis 

pathway of Fe-S clusters (iscAS) and iron storage (ftnA, acnA, 

sodB) [13]. This is the first study to investigate the expression of 

the chuA gene after exposure to a cranberry product. Combining 

the literature with the results of this study, cranberry can be said 

to cause the overexpression of iron-acquisition genes, but a 

downregulation of haem membrane receptors. It has been 

suggested that the expression of chuA is influenced by RfaH in 

UPEC [22]. Therefore, it may be that Cysticlean® has an effect 

on RfaH that requires further investigation. 

 

SAT is a serine protease which is found predominantly in 

uropathogenic strains of E. coli, and which has been shown to 

elicit a cytopathic effect on cultured epithelial cells (see 

Figure 4); it has also been shown to be associated with 

pyelonephritis [13]. A reduction in the expression of sat gene 

could lead to a reduction in the ability of UPEC to cause 

pyelonephritis. KpsM is responsible for capsule production, 
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protecting the bacterial cell from host defenses such as 

engulfment by phagocytes and the bactericidal effects produced 

by the complement system (see Figure 4). KpsM is commonly 

associated with pyelonephritis [13]. A downregulation in the 

expression of kpsM gene could lead to cell death by phagocytes 

and the complement system. 

 

SoxS increases tolerance to stress, as activated by cytotoxic 

weapons produced by the human immune system such as nitric 

oxide, and leads to direct activation of antibiotic resistance 

factors [23]. Reduction in the expression of soxS could lead to 

bacteria that are less tolerant to stress and generally less 

antibiotic resistant. In a study, cranberry treatment caused 

significant overexpression of genes involved in the stress 

response (arcA, rpoS, cpxR), periplasmic stress (rseAC) and 

oxidative stress (oxyR). This being said, they did not specifically 

report results on the soxS [23]. RecA plays a role in DNA 

recombination by catalysing the homologous pairing driven by 

ATP and the strand exchange of DNA molecules (Figure 4) [24]. 

A reduction in recombinational repair could lead to bacteria that 

are less able to survive. 

 

TraT is an outer membrane lipoprotein that is responsible for 

preventing unproductive conjugation between bacteria carrying 

like plasmids (Figure 4). It has also been shown to interfere with 

complement-mediated killing, imparting a mild amount of serum 

resistance [21]. A downregulation in the expression of traT gene 

could lead to an increase in unproductive conjugation and a 

decrease in serum resistance. The hcaT gene plays a role in the 

catabolism of 3-phenylpropionate and cinnamic acid, the 

products of which are fed into the mhp pathway (see Figure 4-

III). IhfB is responsible for the activation of transcription via 

sequence-specific DNA binding and for site-specific 

recombination. It is uncommon to see changes in expression of 

these genes; indeed, they have been recommended as suitable 

reference genes in transcriptional analysis of E. coli [25]. Even 

though it was the least downregulated gene, it could be stipulated 

that the most important downregulation was that of the CTX-

M gene that causes extended-spectrum β-lactamase (ESBL) 

production. ESBL-producing UTIs are a major problem in both 
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the community and the hospital. Hence the results indicated that 

the reduction in the expression of CTX-M gene could lead to the 

increased susceptibility of other known resistant isolates. 

This study suggests that the effects of Cysticlean® are 

multifactorial, effecting many different pathways. Other studies 

have shown that exposure of UPEC to cranberry PACs or 

cranberry powder results in the downregulation of the flagellin 

gene fliC, which results in impeded motility via swimming and 

swarming. Honey has also been shown to have a similar effect 

on virulence genes, though its ability to reach the urinary tract 

intact has been questioned [26]. 

 

Based on above literature and current findings, two 

complementary mechanisms have been suggested to explain the 

ability of the American cranberry to reduce urinary tract 

infections. The first mechanism has been credited to its biocidal 

activity, as enabled through the production of several elements 

that can damage bacteria. The second mechanism is attributed to 

its anti-virulence activity, through the downregulation and 

interference with multiple virulence factors associated with 

tolerance to stress and survival in the urinary tract. The latter 

could ultimately result in the weakening of bacterial survival 

abilities and its ability to cause infection [27]. 

 

Recurrent UTI is commonly treated with antibiotic prophylaxis, 

which has been attributed to bacterial resistance. Antibiotic 

resistance is a major concern worldwide, therefore a re-

evaluation of the treatment recommendations for UTI should be 

considered. An alternative to antibiotic prophylaxis could be 

treatment using cranberry products or a combination of cranberry 

and antibiotic treatment in an attempt to reduce resistance rates 

in UTIs. 

 

Future studies into analysing the effects of the active compound 

PACs on other virulence and antibiotic resistance determinants 

and in other bacterial species that cause UTI need to be carried 

out. This should involve testing other virulence and antibiotic 

resistance genes; a microarray analysis may be more useful in 

this regard. Moreover, these analyses also be combined with 

phenotypic and in vivo studies to give a broad overview of the 
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effects that cranberry treatment has. Other bacterial strains and 

species, as well those that are antibiotic resistant and non-

resistant, that cause UTI should be studied to see if the effect of 

cranberry is broad-spectrum in nature. In this study, only one 

reference gene could be used. Multiple reference genes increase 

the accuracy of relative expression normalization and allow for 

appropriate quality control on the stability of the reference gene 

expression. Therefore, the use of one reference gene represents a 

particular limitation to this study. 

 

Conclusions  
 

Taken together, the study showed that the cranberry active 

compound PACs has effective downregulation activity on the 

fitness, virulence and antibiotic resistance in the ESBL 

producing E. coli strain CTX-M 15, which is the most common 

bacterial pathogen associated with UTIs and that shows multi-

drug-resistant abilities. Hence, the study results indicated the 

cranberry compound PACs may represent a promising anti-

virulence strategy for the treatment and modulation of the UTIs 

caused by E. coli strain CTX-M 15. Based on the results of this 

study, PAC can be used as co adjunctive method to reduce 

antibiotic resistance rates in recurrent Urinary Tract Infection. 
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Abstract  
 
Acinetobacter baumannii is a Gram-negative opportunistic 

nosocomial pathogen, which can cause ventilator-related and 

blood infection in critically ill patients. The resistance of A. 

baumannii clinical isolates to common antimicrobials and their 
tolerance to desiccation have emerged as a serious problem to 

public health. In the process of pathogenesis, bacteria release 

signals, which regulate virulence and pathogenicity-related 
genes. Such bacteria coordinate their virulent behavior in a cell 

density-dependent phenomenon called quorum sensing (QS). In 

contrast, the two main approaches of QS interference, quorum 
sensing inhibitors (QSIs) and quorum quenching (QQ) enzymes, 

have been developed to reduce the virulence of bacteria, thus 

reducing the pressure to produce bacterial drug resistance. 

Therefore, QSIs or QQ enzymes, which interfere with these 
processes, might potentially inhibit bacterial QS and ultimately 

biofilm formation. In this review, we aim to describe the state-

of-art in the QS process in A. baumannii and elaborate on the use 
of QSIs or QQ enzymes as antimicrobial drugs in various 

potential sites of the QS pathway. 
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Introduction  
 

Antimicrobial resistance (AMR) has become one of the major 
global public health concerns, which results mostly from the 

selective pressure exerted by antibiotic abuse [1-3]. 

Worrisomely, a recent review estimates that the AMR-causing 

human deaths will reach 10 million by 2050 unless a global 
response to the problem of AMR is mounted [4]. However, this 

prediction has been challenged due to the lack of comprehensive 

data on the global burden of AMR [5]. Hence, understanding of 
the resistance mechanisms and the regulation of genes will help 

us to make a correct estimation of the situation in the future, and 

finally effectively prevent the rapid spread of AMR. 
 

Recent reports, based on hospital surveillance studies and data 

from the American Society of Infectious Diseases, have begun to 

refer to microbes that are mainly involved in AMR as “ESKAPE 
pathogens” [6,7]. The term “ESKAPE” encompasses six such 

pathogens (Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumoniae, Acinetobacter 
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) 

and are capable of “escaping” from common antibacterial 

treatments [8]. Acinetobacter baumannii, a non-fermenter Gram-

negative opportunistic pathogen, associated with nosocomial 
infection, such as pneumonia, bloodstream, and urinary tract 

infections [9,10]. Acinetobacter baumannii infections often 

occur in patients with prolonged hospitalization and with long-
term exposition to antimicrobials, so that its multi-drug 

resistance to most of the clinic antibiotics [11,12]. In recent 

decades, the emergence of multi- and even pan-drug resistant A. 
baumannii has brought a tremendous challenge to the infection 

control and treatment plans in clinical treatment [9,13]. 
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As previously stated, multi-drug resistance and biofilm of A. 

baumannii increase the difficulty of clinical treatment. Besides, 
bacteria can monitor the changes in the number of themselves or 

other bacteria in the surrounding microenvironment according to 

the concentration of specific signal molecules. Meanwhile, cells 

can communicate with each other to coordinate gene expression, 
so as to adapt to changing environmental conditions in the form 

of groups. This phenomenon is called as bacterial quorum 

sensing (QS) in many research reports [14,15]. Via secreting and 
receiving signal molecules, the QS system can regulate gene 

expression, biofilm formation, and extracellular polysaccharides, 

so that bacteria as a group can jointly cope with changes in the 
surrounding environment, resulting in adverse consequences 

such as drug resistance and virulence [16,17]. The expression of 

pathogenicity and virulence through the QS system roughly 

includes the following steps: (I) synthesizes QS signal 
molecules; (II) release of signal molecules to the environment; 

(III) sensing and binding of the signal molecules at high cell 

density to membrane receptors; (IV) retrieval of the receptor-
signal complex from the cell and its binding to the promoter 

region; and (V) transcription of pathogenicity-related genes 

[18,19]. 
 

In the case of Gram-positive bacteria, the signal molecules of the 

QS system are mainly oligopeptides acting as autoinducers 

(AIs), while, that of Gram-negative bacteria is interceded by N-
acyl-homoserine lactones (AHLs) acting as AIs [17,20]. 

Moreover, another kind of signal molecule is the furanosyl 

borate diester molecule named autoinducer 2 (AI-2), which is 
found in both Gram-positive bacteria and Gram-negative 

bacteria [21]. A variety of biological characteristics, including 

the release of virulence factors, are regulated by the QS system. 

The QS system can upregulate pathogenic genes, but QS 
interference also downregulates pathogenicity to help the 

immune system eradicate infected pathogens [22]. Recently, 

inhibitors of the QS process, also called as quorum quenching 
(QQ) enzymes or quorum sensing inhibitors (QSIs), have been 

developed to reduce the virulence of bacteria, thereby inhibiting 

bacterial virulence factors without interfering with bacterial 
growth, causing less Darwinian selection pressure for bacterial 
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resistance [23]. Therefore, the present review takes an attempt to 

summarize the QS system involved in the biofilm formation and 
other virulence of A. baumannii. Meanwhile, it also provides the 

latest development of QSIs or QQ enzymes as a possible strategy 

for the design of new antimicrobial agents. 

 

Mechanism of Quorum Sensing in Acinetobacter 

baumannii  
 

The typical AHL system of Gram-negative bacteria is regulated 

by LuxI and LuxR protein families. According to reports, the 
LuxI-LuxR type regulatory system binds to a specific promoter 

sequence called lux-box, which regulates the expression of QS 

target genes [24,25]. It has been reported that even though the 

AbaI promoter has not yet been identified, a putative lux-box 
(CTGTAAATTCTTACAG) for A. baumannii is located at the 

67 bp upstream of the putative ATG start for AbaI and may 

represent the binding site of AbaR [26]. Furthermore, there is a 
close similarity between AbaI protein and members of the LuxI 

family of V. fischeri [27]. The protein sequence of AbaI is 27.5% 

identical and 46% similar to LasI of P. aeruginosa [28]. 

Interestingly, the product of this abaI gene is the AHL, which 
has been demonstrated to be necessary for biofilm formation 

in A. baumannii [29]. 

 
QS system is mainly composed of AbaI, AbaR, and AHL in A. 

baumannii. The recently completed genomic sequence of A. 

baumannii ATCC17978 suggested that autoinduction synthase 
AbaI and acyltransferase may be the sole participants in the 

biosynthesis of AHL signals with different strand lengths [26]. 

Apart from this, in a recent report, nine acinetobacter strains 

from patients and hospital environment were analyzed for QS 
signal production, they found that all members of the so-

called A. calcoaceticus-A. baumannii complex could secret 

medium- to long-chain AHL (C6-C14), instead of short-chain 
AHL (C4-C6; Bitrian et al., [30]). Interestingly, there is evidence 

that 63% of Acinetobacter strains produced more than one AHL, 

but no AHL signal can be specifically assigned to specific 
species of the genus, indicating quorum sensors 
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in Acinetobacter are not homogenously distributed among 

species [31]. 
 

In A. baumannii, recent studies have linked biofilm development 

with QS [32-34]. A. baumannii encodes homologs genes 

(abaI and abaR) of Vibrio’s archetypal QS genes luxI and luxR, 
respectively. Deleting abaI reduces biofilm formation in A. 

baumannii [26]. Another significant factor that helps A. 

baumannii to produce biofilm is the production of the 
exopolysaccharide poly-β-1,6-N-acetylglucosamine (PNAG), 

which is essential for adhesion and aggregation [35]. Because of 

this, Raorane et al. [36] investigated the antibiofilm activities of 
12 flavonoids and showed that curcumin and other flavonoids 

have the potential to control biofilm formation and virulence 

in A. baumannii. Similarly, according to the latest research 

report, four FDA-approved drugs (erythromycin, levamisole, 
chloroquine, and propranolol) were studied for the first time as 

inhibitors for QS against clinical A. baumannii [37]. This study 

showed that antibiotics like erythromycin not only had 
antibacterial activity but also inhibited the formation of biofilm 

induced by QS. This suggests that the use of FDA-approved 

drugs to inhibit QS is a promising strategy that can inhibit 
virulence without affecting the growth of microorganisms and 

may help to reduce the selection pressure that leads to the 

development of antibiotic resistance. Fortunately, Liu et al. 

[38] found that after treatment with antimicrobial peptide Cec4, 
multiple metabolic pathways, two-component regulatory 

systems, quorum sensing, and antibiotic synthesis-related 

pathways in the biofilm of planktonic clinical carbapenem-
resistant A. baumannii (CRAB) were affected. However, there 

are great differences in biofilm formation of clinical CRAB. It is 

reported that, although drug-resistant strains produce fragile 

biofilms, they still have a high level of biofilm-specific 
resistance [39]. Therefore, deeper explorations of 

epidemiological studies (i.e., bacterial molecular typing, drug 

resistance, and virulence factor detection of clinical strains), 
would help us to better improve the understanding of their 

relationship. 
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Moreover, oxidative stress is also induced during the drying 

period in A. baumannii [10,40]. In fact, it has been reported that 
in response to oxidative stress, the emergence of A. 

baumannii contains an insertion sequence element, ISAba1, 

upstream of the catalase [G] gene, katG, which drives the 

expression of katG and enhances resistance to increased levels of 
hydrogen peroxide [41]. For this reason, Bhargava et al. studied 

the relationship between oxidative stress and QS and reported for 

the first time that catalase and superoxide dismutase in A. 
baumannii are regulated by the QS system. At the same time, 

under the co-infection of A. baumannii and P. aeruginosa, it was 

found that pyocyanin, produced by P. aeruginosa, could induce 
the protective mechanism of A. baumannii against oxidative 

stress and also increase its tolerance to antibiotics, and 

eventually lead to hold serious implications in disease 

management [42]. Therefore, future research will seek the 
combination of QQ and ROS generating agents like hydrogen 

peroxide, which may effectively control A. baumannii that can 

persist for a long time in the hospital environment. 

 

Quorum Sensing Inhibition in Acinetobacter 

baumannii  
 

As is known to all, QS is a form of cell-cell communication that 

regulates gene expression in response to population density to 
coordinate collective behaviors [43]. However, bacteria that can 

recognize this QS communication have developed the ability to 

interfere with it at different stages. It has been found that the QS 
system can be interfered in a variety of ways, roughly in the 

following four ways [1,44-48]: (I) suppression of the synthesis of 

signal molecules; (II) enzymatically degrading signal molecules; 

(III) competing with signal molecules for binding to receptor 
sites; and (IV) interfering with the binding of signal molecules to 

gene promoters and inhibiting gene expression. Recently, many 

types of QSIs have been reported, which can be synthetic or 
found in nature from terrestrial, marine, or freshwater 

ecosystems [49]. In nature, QSIs are produced by a wide range 

of living organisms, such as plants, animals, fungi, or bacteria 
[50-53]. Most known QSIs are mainly identified in plants and 
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bacteria. This may be due to more screening of these activities 

by plant extracts and bacteria [54-56]. 
 

At present, Saroj and Rather [57] found the QSIs potential of 

streptomycin at the subinhibitory concentration in A. baumannii, 

suggesting that the sub minimal inhibitory concentration (sub-
MIC) of streptomycin may act as an antagonist of 3-OH-C12-

HSL, interfering with the signal binding to AbaR protein. A 

library screening of AHLs analogs showed that non-natural 
ligands contained aromatic acyl groups that can block AbaR, 

thus inhibiting the formation of biofilm in A. baumannii [58]. 

Furthermore, Alves et al. [59] studied the effect of linalool on 
the plankton cells and biofilms of A. baumannii on different 

surfaces, as well as its effect on adhesion and QS was evaluated. 

The results showed that linalool could inhibit the formation of 

biofilm of A. baumannii, change the adhesion of A. baumannii to 
the surface, and interfere with the QS system. Therefore, linalool 

may be a promising antibacterial agent to inhibit the planktonic 

cells and biofilms of A. baumannii. Altogether, it can be seen 
that there is great room for development to deal with the problem 

of drug resistance and infection of A. baumannii via QSIs. 

 
In addition, there is evidence that some biological extracts or 

natural products may have the potential to inhibit biofilm 

formation and QS. The latest study found that a marine steroid 

Siphonocholin (Syph-1) isolated from siphonella can inhibit the 
biofilm and pellicle formation in A. baumannii and has anti-QS 

properties [60]. Further, detailed in vivo toxicological studies are 

needed for the potential target of Syph-1 as a therapeutic agent. 
Moreover, it has been reported that activity-guided partially 

purified fraction (F1) from Glycyrrhiza glabra led to a 

significant reduction in QS-mediated virulence of A. 

baumannii and reduced the levels of 3-OH-C12-HSL by 
downregulating the expression of abaI [61]. Similarly, Khan et 

al. [62] selected nine plants from the Sudhnoti 

ethnopharmacological tradition used for the treatment of 
infectious and inflammatory disease to evaluate the in vitro anti-

infective potential of extracts from these species against 

multidrug-resistant ESKAPE. The ethanolic extract of Martynia 
annua was the extract to exhibit an IC50 against A. 
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baumannii (CDC-33) and possessed a certain anti-QS activity. 

Unfortunately, none of the extracts inhibited biofilm formation at 
sub-inhibitory concentrations for growth. Further studies are 

warranted to determine the QSIs activity by pure compounds 

from biological extracts or natural products to realize their actual 

therapeutic potential. 
 

Quorum-Quenching Modulation 

in Acinetobacter baumannii  
 

To gain benefits and compete for space, nutrition, and ecological 
niches, microorganisms have developed many survival 

strategies. One of them, QS interruptions, is simple because 

bacteria that produce QQ enzymes can inhibit the QS regulatory 

behavior of competing species, thereby benefiting or avoiding 
being killed. Generally, QSIs (non-enzymatic methods) induce 

synthase or receptor inactivation via competitive binding, 

whereas QQ enzymes (enzymatic methods) switch off signal 
transduction through the degradation of signal molecules 

[63,64]. The QQ mechanism can effectively interfere with any 

key process in QS, which may be exploited to quench QS and 

prevent microbial infection (inhibition of motility and biofilm 
formation; Dong et al., [65]). 

 

The AHL synthase is the key enzyme in the synthesis of the 
signal molecules, AHLs. In A. baumannii, AHLs bind to receptor 

molecules on the cell surface and initiates the QS process. 

Targeting AHL synthase may be an effective QQ strategy. When 
the synthase is inhibited, the signal molecules are not 

synthesized, and hence the QS mechanism is ceased. Moreover, 

it may also affect biofilm formation and the virulence 

mechanism of cells [33,66]. In addition, as an AHL acylase, 
AmiE, which hydrolyzes the amide bond of AHL, has recently 

been identified in Acinetobacter sp. strain Ooi24. Furthermore, 

the QQ enzyme can also be achieved through the enzymatic 
hydrolysis of AHL molecules by AHL lactone. Microarray 

analysis showed that previously cultured Ab1 (A. baumannii ST-

2_clon_2010) in the presence of 3-oxo-C12-HSL (a QS signaling 
molecule) revealed a putative QQ enzyme (α/β hydrolase gene, 

AidA), could contribute in bacterial competition, as it is capable 
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of hydrolyzing the signaling molecules mediated between 

species [67]. The newly discovered QQ enzyme MomL can 
effectively degrade different AHLs of various Gram-negative 

bacteria. It has been proved that MomL reduced biofilm 

formation and increased biofilm susceptibility to different 

antibiotics in A. baumannii [68]. It is worth mentioning 
that, Mayer et al. [69] found that the combined action of QQ 

enzyme Aii20J and DNase could reduce the biofilm formation 

of A. baumannii ATCC® 17978™, indicating that QQ strategy 
combined with other enzyme treatment methods, such as DNase, 

could represent an alternative approach to prevent the 

colonization and survival of the pathogen on the surface and to 
treat of infections caused by this pathogen. 

 

As far as the QQ system is concerned, targeting the receptor by 

reducing the expression of regulatory genes or regulating the 
activity of abaR will eventually contribute to the invalid binding 

of AHLs, thus quenching the QS system. Recent a study has 

detected the anti-biofilm activity of monounsaturated chain fatty 
acids, palmitoleic acid (POA), and myristic acid (MOA) and 

found that 0.02 mg/ml POA and MOA can decrease A. 

baumannii ATCC 17978 biofilm formation up to 38 and 24%, 
respectively, presenting a biofilm dispersing effect and 

drastically reduced motility. These fatty acids decreased the 

expression of the regulator from the LuxIR-type QS 

communication system AbaIR, thereby reducing the production 
of AHL [70]. 

 

Conclusion  
 
Previous research has demonstrated that A. baumannii owned a 

strong ability to form biofilms and rapidly develop antibiotic 

resistance, thus it was difficult for clinicians and health care 

providers to treat and control its spread resulting in death 
[10,71,72]. In every case, the QS system confers on bacteria the 

ability to communicate and to change behavior in response to the 

presence of other bacteria. However, the evidence is 
accumulating that bacteria may become resistant to QSIs and QQ 

compounds, even without the use of QSIs and QQ compounds 

(i.e., when bacteria are faced with antibiotics and mutations in 
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efflux pumps; [23,73,74]). Therefore, it is necessary to adopt 

innovative and novel strategies to expand the range of QSIs and 
QQ compounds against multidrug-resistant organisms. 

Hopefully, even with resistance arising, QSIs and QQ 

compounds can be used in combination with other antimicrobials 

(Figure 1; Dobretsov et al., [75]). Moreover, such drugs also 
usually do not pose an unnecessary burden on the metabolic 

mechanism of bacteria. 

 

 
 

Figure 1: Mechanism diagram of quorum sensing inhibition or quenching 
through the QS system in A. baumannii. The QS system participates in the 

formation of biofilm and virulence of A. baumannii via various autoinducers, 
thus resulting in antimicrobial resistance. In contrast, the two main mechanisms 
of QS interference, quorum sensing inhibition and quorum quenching, have 
been developed to inhibit the virulence of bacteria, thus reducing the pressure 
to produce bacterial drug resistance. 

 

Inhibition of QS signals, which further regulates biofilm 

production and other possible virulence genes, has become the 
goal of many new therapies in recent years [20,34]. 

Misregulation or inhibition of QS can be achieved by plant 

extracts [76], synthetic compounds [77], or AHL-degrading 
enzymes [78]. However, most studies on QS inhibition are 

carried out in vitro and laboratory conditions using basically 

domesticated strains, which is a limitation. In order to counteract 
this effect, field investigations (in vivo studies) need to be carried 
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out under the condition of simulating “real” infection [22,79]. 

Besides, the lack of standardized methods for screening new 
QSIs candidates as well as the limited knowledge on the 

specificity of the identified QSIs continue to be a drawback, thus 

remaining to be explored. 

 
QQ enzymes can be achieved by the enzymatic hydrolysis of the 

quorum signal by an AHL lactonase (AHLase; Dong et al., [16] 

Although it has been proved that AHLases can reduce the 
expression level of virulence factors in P. aeruginosa, there is no 

evidence that QQ enzymes can effectively destroy the biofilm 

formation of bacterial pathogens [80]. A previous study has 
shown the application of recombinant QQ enzymes in the 

destruction of biofilm formation by A. baumannii [81]. These 

data suggest that illustrates the utility of QQ enzymes in 

addressing the increasing therapeutic needs of our generation. 
 

In summary, understanding the QS of A. baumannii and its 

possible role in virulence will help to discover new biomolecules 
targeting the QS network to control infection. At the same time, 

the future development of QSIs or QQ enzymes may delay or 

eliminate bacterial drug resistance, laying a clinical foundation 
for the treatment of bacterial diseases. 
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Abstract  
 

In Crohn‘s disease (CD) patients, intestinal dysbiosis with an 

overgrowth of Proteobacteria, mainly Escherichia coli, has been 

reported. A new pathotype of E. coli, the adherent-invasive 

Escherichia coli strain (AIEC), has been isolated from the 

mucosae of CD patients. AIEC strains play an important role in 

CD pathogenesis, increasing intestinal mucosa damage and 

inflammation. Several studies have been undertaken to find 

possible strategies/treatments aimed at AIEC strain 

reduction/elimination from CD patients‘ intestinal mucosae. To 

date, a truly effective strategy against AIEC overgrowth is not 

yet available, and as such, further investigations are warranted. 

Bdellovibrio bacteriovorus is a predator bacterium which lives 

by invading Gram-negative bacteria, and is usually present both 

in natural and human ecosystems. The aim of this study was to 

evaluate a novel possible strategy to treat CD patients‘ mucosae 

when colonized by AIEC strains, based on the utilization of the 

Gram-negative predatory bacteria, B. bacteriovorus. The overall 

results indicate that B. bacteriovorus is able to interfere with 

important steps in the dynamics of pathogenicity of AIEC strains 

by its predatory activity. We indicate, for the first time, the 

possibility of counteracting AIEC strain overgrowth by 

exploiting what naturally occurs in microbial ecosystems (i.e., 

predation). 

 

Keywords  
 

Microbiota; Predation; Crohn‘s disease; Escherichia coli; 

Bdellovibrio bacteriovorus 

 

Introduction  
 

Inflammatory bowel disease (IBD) includes a group of 

gastrointestinal tract diseases, of which the main types are 

Crohn‘s disease (CD) and ulcerative colitis (UC). The IBD 

etiology has not yet been completely explained; however, it is 
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now widely recognized that the intestinal microbiota is an 

effective factor, playing an important function in the triggering 

and development of CD [1]. CD patients have been shown to 

demonstrate a decrease of intestinal microbial biodiversity and 

a concomitant increase of the phylum Proteobacteria, mainly the 

Enterobacteriaceae family—particularly Escherichia coli species 

[2]. A new pathotype of E. coli, the adherent-invasive E. coli 

(AIEC), whose prototype is the strain LF82, has been isolated for 

the first time in active CD patients‘ intestinal mucosae [3–9]. 

AIEC strains, a favorite in the CD intestinal habitat, are able to 

adhere and invade the intestinal epithelial cells [10], and can 

persist and reproduce inside macrophages without stimulating 

apoptosis, but inducing tumour necrosis factor alpha release [11]. 

The presence of AIEC strains in subjects not affected by IBD has 

indicated the ―pathobiont‖ nature of these strains [12]. The 

growth level of AIEC strains colonizing healthy subjects is kept 

under control by the intestinal microbial ecosystem. Moreover, 

they are not able to translocate through the mucosal barrier, due 

to its perfect integrity [13]. When inflamed intestinal conditions 

take over, as is the case in CD patients, such genetic variants 

take advantage and become overgrown [12,14]. The presence of 

AIEC strains in CD patients‘ mucosae can increase inflammation 

and enhance mucosal damage [11,15,16]. Studies aimed at 

improving IBD patients‘ quality of life have been conducted 

with the purpose of devising new strategies to reduce or control 

the growth of AIEC strains. The pathogenicity mechanism of 

AIEC is linked to its adhesion and invasion ability, and to its 

ability to overgrow, taking advantage of inflamed mucosae 

where upregulation of CEACAM6 (carcinoembryonic antigen-

related cell-adhesion molecule) and of the chaperone Gp96 (the 

endoplasmic reticulum-stress response) occurs [17]. To date, all 

of the proposed strategies have aimed to block those steps [18–

20], but an effective approach to counteract AIEC overgrowth is 

not yet available, and additional research is needed. In the 

present work, we explore the possibility of neutralizing the 

overgrowth of AIEC strains by exploiting the predation 

phenomena that naturally occur in microbial ecosystems. 

Bacteria in their habitat are preyed upon by bacteriophages and 

prokaryotic predators [21]. B. bacteriovorus is a small (0.2–0.5 

µm × 0.5–2.5 µm) aerobic or facultative anaerobic Gram-
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negative bacterium belonging to the class of Delta-

Proteobacteria, and is a predator of other Gram-negative bacteria. 

B. bacteriovorus can be found in several habitats (terrestrial, 

marine, and biotic) where it plays the role of ―ecological 

balancer‖ that, through its predatory activity, preserves stability 

in the ecosystem. It has also recently been demonstrated to 

colonize the intestinal mucosae of healthy human subjects 

[22,23]. B. bacteriovorus has the natural ability to predate Gram-

negative bacteria; it swims using its long flagellum, collides with 

its prey, and invades its periplasmic space, where it undergoes a 

complex replication cycle culminating in killing the prey and 

releasing its progeny [24,25]. B. bacteriovorus is considered by 

many authors to be an amphibiotic microorganism which is able 

to perform a dual activity—that is, probiotic activity, ensuring a 

balance in the ecosystem in which it is present, and antibiotic 

activity, attacking and killing pathogenic Gram-negative bacteria 

species, both in planktonic and biofilm form [26]. 

 

The present study aimed to evaluate the use of the Gram-

negative predatory bacteria B. Bacteriovorus to control or 

eliminate adhesive AIEC strains by interfering with crucial 

aspects of their pathogenicity. Toward this aim, the predatory 

activity of B. bacteriovorus was first applied to AIEC strains, in 

both planktonic and biofilm forms. Subsequently, we assessed 

whether B. bacteriovorus could interfere with the 

adhesive/invasive capabilities of AIEC strains in an intestinal 

Caco-2 cell line. Further, the greater wax moth Galleria 

mellonella, recently introduced as an alternative and highly-

predictive model with which to study bacterial diseases, allowed 

us to evaluate the in vivo predatory capabilities of B. 

bacteriovorus on AIEC. Finally, we documented the predatory 

activity of B. bacteriovorus against AIEC using field emission 

scanning electron microscopy. 

 

Materials and Methods  
Bdellovibrio bacteriovorus Growth Conditions  
 

The Bdellovibrio bacteriovorus strain HD100 (DSM No.:50701), 

acquired from the Leibniz Institute DSMZ-German Collection of 

Microorganisms and Cell Cultures GmbH (Braunschweig, 
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Germany), was conserved at −80 
◦
C in glycerol stocks. The 

predatory bacterium was cultured and processed as previously 

described [27]. Briefly, 50 µL of glycerol stock was seeded onto 

a double-layered plate of YPSC medium (0.25 g/L Mg2SO4, 0.5 

g/L of sodium acetate, 1 g/L broad bean peptone, 1 g/L yeast 

extract, 0.25 g/L of CaCl2 × 2H2O) where 6 g/L of agar and 1 × 

10
8 CFU/mL of prey cells (E. coli LF82) was added to the top 

layer, and 10 g/L of agar was added to the bottom layer. The 

double-layer plates were incubated at 30 
◦
C for 3–4 days (until B. 

bacteriovorus growth was visible as clear plaque). 

 

Adherent-Invasive Escherichia coli (AIEC) Growth 

Conditions  
 

AIEC strain LF82, already present in our collection, was 

conserved at −80 
◦
C in glycerol stocks. It was directly seeded 

from glycerol stock LF82 on a Brain Heart Infusion (BHI) agar 

(Thermo Scientific Oxoid microbiology product, Basingstoke 

Hampshire, UK) plate and grown overnight at 37
 ◦

C. One-to-

three colonies of LF82 grown on the BHI agar plate were used to 

inoculate 10 mL of BHI broth (Thermo Scientific), and incubated 

overnight at 37 
◦
C with agitation (180 rpm). The growth was 

spectrophotometrically evaluated (BioPhotometer, Eppendorf, 

Hamburg, Germany). 

 

Predator Stock Lysates Preparation  
 

Predator stock lysates were made by coculturing the predator 

and the prey (E. coli LF82, 10
8 CFU/mL) inoculating pieces 

of YPSC medium double-layered plate in Diluted Nutrient Broth 

2× (DNB2×) (Bacto Nutrient Broth 1.6 g/L, yeast extract 0.1 

g/L, casaminoacids 0.5 g/L, CaCl2 × 2H2O 0.3 g/L, MgCl2 × 

6H2O 0.6 g/L) [28]. The coculture was then incubated at 30
 ◦
C 

on a rotary shaker for at least 72 h, until the cultures cleared. The 

fresh co-culture was filtered three times with 0.45-µm pore-size 

filters (Millex
®
, Merck KGaA, Darmstadt, Germany) to 

eliminate the prey cells. In order to ensure the effective 

elimination of the LF82, aliquots (10 µL) of the filtered co-

culture were plated onto BHI agar plates. Further, the filtrated 

co-culture was washed three times at 29,000× g for 45 min 
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(Sorvall LYNX 4000 centrifuge, Thermo Fisher Scientific Inc), 

re-suspending the pellet in 10 mL of phosphate-buffered saline 

(PBS) (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) for 

two cycles, and then in 2 mL of PBS after the last step. The 

predator concentration was then evaluated by counting the 

plaque-forming units (PFU) and seeding the B. bacteriovorus 

preparation onto a double-layered plate of YPSC medium as 

described above. We obtained a PFU count of between 5 × 10
8
 

and 5 × 10
9
 PFU/mL. The predator stock was prepared fresh for 

each experiment. 

 

Predation Assays on Planktonic Cultures  
 

Predation assays on planktonic cultures were carried out as 

previously described [29], with minor modifications. Briefly, 20 

mL of Ca/HEPES (5.9 g/L HEPES free acid; 0.28 g/L CaCl2 × 

2H2O) containing 1 × 10
8
 CFU/mL of LF82 and 2 mL of fresh 

predator B. bacteriovorus stock lysates suspension (1 × 10
8 

PFU/mL) in PBS were incubated for 48 h at 37
 ◦

C. A control 

culture of LF82 at 1 × 10
8
 CFU/mL, added with 2 mL of PBS, 

was prepared. Two control cultures of a nonpathogenic E. coli 

strain MG1655 (1 × 10
8
 CFU/mL) in 20 mL of Ca/HEPES, 

treated and not treated with 2 mL of fresh predator B. 

bacteriovorus stock lysates suspension (1 × 10
8
 PFU/mL) in 

PBS, were also evaluated. Aliquots (500 µL) of the cultures were 

collected at time 0, 30 min, 3 h, 6 h, 24 h, and 48 h. One hundred 

microliters were diluted and used for counting the viable cells of 

LF82 on the TSA plates (Thermo Scientific Oxoid, UK), and the 

rest (400 µL) was filtered three times with a 0.45-µm pore-size 

filter and plated onto a double-layered YPSC medium plate to 

determine the predator concentration. Predatory assays were 

performed in triplicate. The statistical significance of the results 

was assessed using GraphPad Prism software (version 5.03 for 

Windows, San Diego California USA, www.graphpad.com) 

(two-way ANOVA, Holm–Sidak‘s multiple comparison test), 

considering p-values < 0.05 as statistically significant. 
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Evaluation of B. bacteriovorus Impact on Preformed 

LF82 Biofilm  
 

Two hundred microliters of an overnight LF82 culture in BHI 

broth at OD600 = 1 were used to inoculate two 96-well microtiter 

plates. The plates were incubated at 37 
◦
C for 72 h. After the 

washing step with PBS, 200 µL per well of freshly-prepared B. 

bacteriovorus stock lysate was added to one plate, and a new 

incubation step of 24 h at 37 
◦
C was carried out. The second 

96-well plate was left as predator-free control, to which 200 µL 

of PBS were added, followed by incubation for 24 h at 37 
◦
C, to 

evaluate the amount of biofilm production without interferences. 

At the same time, the nonpathogenic E. coli MG1655 culture in 

BHI broth at OD600 = 1 was used to inoculate the other two 96-

well microtiter plates, which were treated as described for LF82 

strain. 

 

After incubation, both plates were washed with PBS, and then 

crystal violet staining was performed [28]. All experiments were 

conducted three times independently. LF82 was considered 

positive for biofilm formation at OD570 values ≥ 0.12. The 

statistical significance of the results was evaluated using 

GraphPad Prism software (nonparametric test, Mann–Whitney 

test), considering p-values < 0.05 as statistically significant. 

 

Evaluation of B. bacteriovorus Impact on LF82 Biofilm 

Formation  
 
Two 96-well plates were inoculated with 200 µL of a coculture 

of prey (10
8
 CFU/mL) and predator (10

8
 PFU/mL) in BHI broth. 

For a control of LF82 biofilm production, as predator-free 

control, two 96-wells plates were inoculated with an LF82 

culture (10
8
 CFU/mL) and added with 200 µL of PBS. At the 

same time, two 96-well plates were inoculated with 200 µL of a 

co-culture of MG1655 (10
8 CFU/mL) as prey, and predator (10

8
 

PFU/mL) in BHI broth and treated as described for LF82 strain. 

The plates were incubated at 37 ◦C, and the biofilm production 

was evaluated as described above, at 48 and 72 h. All experiments 

were conducted three times independently. The statistical 

significance of the results was evaluated using GraphPad Prism 
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software (nonparametric test, Mann–Whitney test), considering p-

values < 0.05 as statistically significant. 

 

Caco-2 Cell Line Cultivation  
 

The human colorectal adenocarcinoma Caco-2 epithelial cell line 

was obtained from the American Type Culture Collection 

(ATCC
®
 HTB-37 ™) and stored in liquid nitrogen. Caco-2 cells 

were cultured in Dulbecco‘s Modified Eagle Medium (DMEM, 

Corning
®
, New York, USA) supplemented with 10% fetal bovine 

serum (FBS), 1% nonessential amino acids, and antibiotics to a 

final concentration of 100 U/mL penicillin and 100 µg/mL 

streptomycin (Corning
®
, New York, NY, USA). Cultures were 

incubated at 37 
◦
C in a humidified 5% CO2 atmosphere. In the 

adhesion and invasion assays, cells were seeded in 24-well 

culture plates at a concentration of 2 × 10
5

 

cells/mL. Experiments 

were performed three days post seeding, to reach a Caco-2 

monolayer. The culture medium was replaced after two days 

and medium without antibiotics was used for the last medium 

change 

. 

Bacterial Adhesion Assay  
 

The suspension of the predator (50 µL per well, 108 PFU/mL in 

PBS), prepared as previously described, was used to treat Caco-2 

cells for 2 h at 37 
◦
C. After incubation, the cells were washed 

twice with sterile PBS and then infected with LF82 at a 

concentration of 2 × 10
7
 CFU/mL, corresponding to a multiplicity 

of infection (MOI) of 100:1 for Caco-2 cells, in DMEM medium 

without antibiotics, at 37 
◦
C. As positive control, the cells were 

infected with only LF82 (2 × 10
7
 CFU/mL), without 

pretreatment with the predator. At the same time, to have a 

negative control of adhesion and invasion assay, untreated Caco-

2 cells were infected with the nonpathogenic MG1655 at a 

concentration of 2 × 10
7 CFU/mL, corresponding to a 

multiplicity of infection of 100:1 [12]. After incubation, non-

adhered bacteria were removed by washing the cell cultures twice 

with PBS. Cells with adhered bacteria were detached with 250 µL 

of trypsin-EDTA (Corning
®
) per well for 5 min at 37 

◦
C, 

followed by addition of 750 µL culture medium containing FBS 
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to stop the trypsin reaction [30]. Serial 10-fold dilutions were 

prepared in PBS and plated onto brain heart infusion (BHI) agar 

(Thermo Scientific) at 37 
◦
C for 24 h to obtain the vital bacterial 

count. The colonies were counted and compared to the number 

of initial bacteria inoculated in the well and expressed as a 

percentage for statistical analysis. All statistical analyses were 

performed using GraphPad Prism statistical software (Mann–

Whitney test), considering p-values < 0.05 as statistically 

significant. 
 

Bacterial Invasion Assay  
 

The ability of B. bacteriovorus to interfere with LF82 capacity to 

invade Caco-2 cells was determined using the gentamicin-

protective assay [30]. Briefly, the Caco-2 cell layers—treated 

and untreated (as previously described in the adhesion assay)—

were infected for two hours with LF82 at an MOI of 100:1. At 

the same time, untreated Caco-2 cells were infected with the 

non-pathogenic MG1655 at a concentration of 2 × 10
7

 

CFU/mL, 

corresponding to an MOI of 100:1, in order to have an invasion 

negative control. Then, infected cells were washed twice with 

PBS before the addition of 500 µL/well DMEM containing 150 

µg/mL gentamicin (Sigma-Aldrich Chemie GmbH, Buchs, 

Switzerland) and incubated at 37 
◦
C for an additional hour in 

order to kill extracellular bacteria. After two washing steps with 

PBS, 250 µL of trypsin-EDTA was added, followed by another 

incubation step for 5 min at 37 
◦
C. Intestinal cells were then lysed 

by adding 250 µL 0.1% (v/v) Triton X-100 (Sigma) per well and 

incubated a 37 
◦
C for 10 min [30]. After incubation, samples 

were collected, adding 500 µL culture medium containing FBS, 

and seeded on BHI agar to determine the invasive LF82 count, as 

described above for the adhesion. The adhesion-invasion 

experiments were performed simultaneously and repeated three 

times. All statistical analyses were performed using GraphPad 

Prism statistical software (Mann–Whitney test), considering p-

values < 0.05 as statistically significant. To test the possible 

cytotoxicity of B. bacteriovorus on Caco-2 cell monolayer, a 

trypan blue dye exclusion assay of cells pretreated with B. 

bacteriovorus, and control cells that were not pretreated, was 

performed. Cells were counted and the viable cells percentage 

was calculated [31,32]. 
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In Vivo Evaluation of B. bacteriovorus Toxicity  
 

The mortality caused by B. bacteriovorus was assessed in vivo 

using G. mellonella wax-moth larvae. For each group, 20 larvae 

weighing 250–350 mg were injected using a Hamilton syringe 

(Sigma-Aldrich) directly into the hemocoel via the left proleg 

with 10 µL of a standardized inoculum (corresponding to 1.0 × 

10
5
 PFU/larva) prepared in PBS. Control larvae were inoculated 

with vehicle (PBS) only. Larvae were incubated into a Petri dish 

at 37
 ◦

C, and the number of dead caterpillars was counted daily 

until 96 h, considering as dead those unresponsive to touch and to 

gentle shaking of the Petri dish. 

 

In Vivo Protection Studies against E. coli Infection  
 

First, a dose–response curve was generated to determine the 

optimum inoculum for larval killing (i.e., LD50 at 24 h post 

inoculation). G. mellonella larvae (n = 20/group) were infected 

with E. coli LF82 at several infectious doses (10
4
, 10

5
, 10

6
, 10

7
, 5 

× 10
7
, 10

8
, and 5 × 10

8 CFU/larva) via a 10-µL injection into the 

left proleg. Larvae were then incubated at 37 
◦
C and scored for 

survival daily until 96 h. Control larvae were administrated with 

vehicle (PBS) only. Next, in the protection studies, larvae (n = 

20/group) were first administered with B. bacteriovorus at 1.0 × 

10
5
 PFU/larva, and after 30 min they were infected with E. coli 

LF82 at LD50 (5.0 × 10
7
 CFU/larva), corresponding to an MOI of 

1:500 (prey:predator), by a second injection into the hemocoel via 

the right proleg. Positive control larvae were first administered 

with 10 µL PBS into the left proleg, and after 30 min were 

infected with E. coli LF82. Negative control larvae, aimed at 

evaluating the injury caused by the double injection, were 

administered twice with 10 µL PBS, 30 min apart. Larvae were 

incubated at 37 
◦
C and scored for survival daily until 96 h. Data 

from duplicate experiments were pooled to give n = 40. These 

pooled survival data were plotted using the Kaplan–Meier 

method and differences in survival were calculated using the log-

rank (Mantel–Cox) test, with a p-value < 0.05 indicating 

statistical significance. All statistical analyses were performed 

using GraphPad Prism, version 7.0 (GraphPad Software Inc., San 

Diego, CA, USA). 
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Field Emission Scanning Electron Microscopy (FESEM)  
 

Preformed 72-h-old LF82 biofilm was allowed to form on two 

silicon slides. One was added with B. bacteriovorus suspension 

(10
8 PFU/mL) in PBS and incubated for 24 h at 37 

◦
C, and the 

other was treated with PBS. The silicon slides were 

subsequently rinsed with sterile saline solution (SS) and fixed 

with glutaraldehyde in SS (2% (v/v)) at 25 
◦
C for 5 h in the dark. 

After this step, silicon slides were washed first in SS, and 

subsequently in distilled water. A post-fixing step in 1% osmium 

tetroxide aqueous solution for 24 h at 4 
◦
C in the dark was then 

carried out. Samples were sequentially dehydrated using 

increasing concentrations of ethanol/water (30%, 50%, 70%, 

90%, 99% (v/v)) for 15 min, dried and observed by FESEM 

using the Zeiss Auriga 405 apparatus (Carl Zeiss AG, Germany) 

on random visual fields/slide at a magnification of 15,000× (field 

area 300 µm
2
). 

 

Results  
Predation Assays on Planktonic Cultures  
 

Predation assays carried out in LF82 planktonic growth showed 

a predatory activity of B. bacteriovorus against the E. coli LF82 

strain. 

 

The LF82 viability was evaluated at 30 min, 3 h, 6 h, 24 h, and 

48 h of prey and predator co-culture in Ca/HEPES broth and 

compared to LF82 viability grown alone in the same medium. 

As shown in Figure 1, a significant decrease of LF82 count was 

observed in the co-culture with the predator B. bacteriovorus at 

24 and 48 h (p = 0.0016 and p = 0.04, respectively), along with a 

significant increase of B. bacteriovorus concentration. Similar 

results were obtained with the nonpathogenic E. coli MG1655, 

indicating that the predator B. bacteriovorus is also able to attack 

the new pathotype AIEC LF82 strain. The fact that B. 

bacteriovorus is a predator of Gram-negative bacteria, regardless 

of the strain pathogenicity, is corroborated by this result. 
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Figure 1: Predation assay of Bdellovibrio bacteriovorus on Adherent-Invasive 

Escherichia coli (AIEC) strain LF82 broth culture. The graph displays the 

CFU/mL of LF82 in co-culture with B. bacteriovorus and of the control culture 

of LF82 at different time points. The PFU/mL of B. bacteriovorus at the same 

time points is also shown. All experiments were conducted three times 

independently. Statistical analysis performed using two-way ANOVA with 

Holm–Sidak‘s multiple comparison post-test showing a significant reduction of 

LF82 load at 24 and 48 h (* p = 0.0418; ** p = 0.0016). 

 

B. bacteriovorus Impact on Preformed LF82 Biofilm 

and on Biofilm Development 
 

The impact on preformed AIEC biofilm was evaluated by 

treating a 72-h-old biofilm with a suspension of B. 

bacteriovorus (108 PFU/mL) for 24 h. A significant biofilm 

biomass reduction (p = 0.00220) was observed when compared 

to untreated LF82 preformed (Figure 2, panel A). B. 

bacteriovorus was able to prevent the development of LF82 

biofilm when a co-culture of predator and prey was used to 

inoculate 96-well plates. LF82 biofilm formation was 

significantly lower, both at 48 and 72 h, compared to the 

untreated control (p < 0.0001, and p = 0.0012 respectively), as 

can be seen in Figure 2B,C. The strain MG1655 was not a 

biofilm producer. 
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Figure 2: B. bacteriovorus predation assay on LF82 biofilm. (A) 72-h-old 

preformed LF82 biofilm was treated with the predator (BD) for 24 h (grey bar); 

as a control, 72-h-old LF82 biofilm was not exposed to BD (white bar), (p = 

0.0022). (B) biofilm formation by LF82 after 48-h exposure to B. bacteriovorus 

(grey bar); LF82 control untreated biofilm (white bar), (p < 0.0001). (C) biofilm 

formation by LF82 after 72-h exposure to B. bacteriovorus (grey bar); LF82 

control untreated biofilm (white bar), (p = 0.0012). All experiments were 

conducted three times independently. Statistical analysis was performed using 

Mann–Whitney test. The amount of asterisks (*) obtained from GraphPad 

Prism software is directly related to statistical significance. 

 

B. bacteriovorus Impact on LF82 Adhesion/Invasion 

Ability on Caco-2 Cell Line  
 

The impact of B. bacteriovorus on the adhesiveness and 

invasiveness of LF82 was assessed on Caco-2 cells pre-treated 

with a suspension of the predator. A significant decrease of LF82 

adhesion and invasion on B. bacteriovorus pre-treated Caco-2 

cells was observed (p < 0.0001 for both) compared with LF82-

infected cells that were not pretreated (Figure 3A,B). As reported 

in [12], in untreated cells infected only with the non-adhesive and 

noninvasive strain MG1655, we observed that the mean adhesion 

rate was 0.4% that of the original inoculum. 

 

 
 
Figure 3: Evaluation of the cytotoxicity of B. bacteriovorus on Caco-2 cell line 

and the effect of B. bacteriovorus on LF82 adhesion and invasion into Caco-2 

cells. (A) Cell viability (%) of Caco-2 cell monolayer not pretreated (black bar) 

and pretreated with B. bacteriovorus (grey bar) after trypan blue dye exclusion 

assay (Mann–Whitney p = 0.0631). (B) LF82 adhesion level on Caco-2 cell 

line pre-treated with B. bacteriovorus (dark grey bar); LF82 adhesion level on 

untreated Caco-2 cell line (grey bar) (p < 0.0001, pre-treated vs. untreated). (C) 
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LF82 invasion level on Caco-2 cell line pre-treated with B. bacteriovorus (dark 

grey bar); LF82 invasion level on untreated Caco-2 cell line (grey bar) (p < 

0.0001, pre-treated vs. untreated). All experiments were conducted three times 

independently. Statistical analysis was performed using Mann–Whitney test. 

The amount of asterisks (*) obtained from GraphPad Prism software is directly 

related to statistical significance. 

 

In Vivo Predatory Activity of B. bacteriovorus on AIEC  
 

B. bacteriovorus is not toxic for G. mellonella. The positive 

correlation found between mammalian virulence factors to those 

isolated in G. mellonella wax moth makes this insect a suitable 

host model for studying microbial pathogenesis. In order to 

evaluate the toxicity of the predatory bacteria in G. mellonella, 

larvae were injected with B. bacteriovorus at 1.0 × 10
5 

PFU/larva, and the larval viability was monitored daily over 96 h 

(Figure 4). The viability rates of the worms were 80% at 24 and 

48 h, and decreased to 75% after 72 h post infection. No deaths 

were observed in any of the uninfected control larvae over 96 h. 

The log-rank (Mantel–Cox) test showed that no differences 

were found among survival rates. Pre-exposure to B. 

bacteriovorus had prophylactic activity against E. coli LF82 

infection in G. mellonella. The dose–effect curve showed that E. 

coli LF82 caused a dose-dependent larval killing; particularly, 

LD50 after 24 h was 5.0 × 10
7
 CFU/larva (Figure 5). The 

protection associated with a prophylactic B. bacteriovorus 

administration against E. coli LF82 infection was then evaluated 

in a G. mellonella model. Preliminary results indicated that pre-

exposure to B. bacteriovorus significantly prolonged the survival 

of G. mellonella larvae (p = 0.0283; Mantel–Cox test), compared 

with control larvae, by 25% (after 24, 72, and 96 h) and 35% 

(after 48 h) (Figure 6). 
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Figure 4: Effect of the injection of B. bacteriovorus (1.0 × 105 PFU/larva) on 

the survival of Galleria mellonella larvae. Control larvae were administered 

with the vehicle (PBS) alone. The larval survival over 96 h was not 

significantly different (p = 0.0738) compared with that observed in control 

larvae, as assessed by the log-rank (Mantel–Cox) test. Each group (n = 20 

larvae) was tested two times independently. 

 

 
 

Figure 5: Dose–effect curve. Each larva was administered with E. coli LF82 at 

several doses (104, 105, 106, 107, 5 × 107, 108, and 5 × 108 CFU/larva). Control 

larvae were administered with the vehicle (PBS) alone. The larva survival was 

monitored daily over 96 h. Each group (n = 20 larvae) was tested two times 

independently. 
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Figure 6: Protective effect of B. bacteriovorus against E. coli LF82G 

systemic infection in G. Mellonella larvae. Thirty minutes after infection of 

B. bacteriovorus at 1.0 × 105
 

PFU/larva, a lethal dose (LD50: 5.0 × 107 

CFU/larva) of E. coli LF82 was administered to each larva. Positive control 

larvae were injected with PBS and 30 min later with E. coli LF82. Negative 

control larvae were administered twice with the vehicle (PBS) alone, 30 min 

apart. The pre-exposure to B. bacteriovorus significantly protected G. 

mellonella from the E. coli infection, as assessed by the log-rank (Mantel–

Cox) test (p = 0.0283). Each group (n = 20 larvae) was tested two times 

independently. 

 

Field Emission Scanning Electron Microscopy  
 

FESEM allowed us to highlight B. bacteriovorus predatory 

activity on preformed LF82 biofilm. A 72-h-old LF82 biofilm, 

formed on two silicon slides (Figure 7A,B), was treated one with 

a suspension of B. bacteriovorus (10
8
 PFU/mL) in PBS for 24 h 

(Figure 7B), the other one with PBS for 24 h (Figure 7A). After 

treatment, a clear and significant reduction of biofilm was 

observed in the slide treated with B. bacteriovorus (Figure 7B). 

The images indicate a reduction of LF82 biofilm, corroborating 

the results obtained with the predation assay in sessile growth 

form (Figure 2). 
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Figure 7: FESEM images. (A) 72-h-old LF82 biofilm treated with PBS for 24 h; 

(B) 72-h-old LF82 biofilm treated with B. bacteriovorus in PBS for 24 h. 
 

Discussion  
 

In their natural environment, bacteria are subjected to predation 

by bacteriophages and prokaryotic predators [21]. B. 

bacteriovorus is a microorganism naturally present in 

environmental microbial ecosystems, where it exerts a control on 

the Gram-negative bacterial populations‘ growth rate. Due to the 

amphibiotic nature of B. bacteriovorus and to the difficulties 

connected to antibiotic resistance, this bacterial predator has 

mostly been investigated as a possible alternative to antibiotics 

[26,33]. Shatzkes and collaborators [34] demonstrated B. 

bacteriovorus’ ability to attenuate the bacterial burden of 

Klebsiella pneumoniae, an important human pathogen. The 

potential of B. bacteriovorus has mainly been evaluated as a 

biological antibacterial agent for periodontal [35], lung [28], and 

ocular infections [36]. Atterbury et al. demonstrated that orally 

administered Bdellovibrio species in young chickens are able to 

survive in gut conditions for long enough to have a beneficial 

therapeutic effect against Salmonella enteritidis infection [37]. 

However, resistance phenomena of the preys against the predator 

B. bacteriovorus should not be underestimated. Several studies 

showed that changes in the outer-membrane composition and the 

presence of the bacterial capsule do not completely avoid 

Bdellovibrio predation, but further investigations are required 

[38,39]. The study of Shemesh and Jurkevitch shows an 

increased prey resistance to predation after exposure to the 

predators. However, the resistance seems to be a phenotypic 

plastic response rather than the result of mutations—it seems to be 

a transient response of the population due to the presence of the 

stress (the predator) [40]. 
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The study from Atterbury [37] also showed that, although a 

temporary increase of Gram-positive bacteria in Bdellovibrio-

treated birds was detected, Bdellovibrio administration did not 

lead to detrimental effects on the health of noninfected birds. A 

recent study showed that, in intranasally and intravenously 

inoculated mice, there was a temporary increase in pro-

inflammatory cytokines and chemokines (IL-1β, IL-6, IL-23, 

CXCL-1/KC, IFN-γ, and TNF-α). However, their levels went 

back to baseline in 18–24 h, indicating that a strong or persistent 

immune response is not induced by the predator [34]. Our 

previous study [22] revealed the presence of B. bacteriovorus in 

the intestinal mucosae of healthy subjects, and its absence in CD 

patients‘ intestinal mucosae. B. bacteriovorus in healthy subjects 

would seem to play the same role it does in natural microbial 

ecosystems, by controlling Gram-negative bacterial growth. Its 

absence in CD patients could be one of the causes underlying the 

observed Gram-negative bacterial overgrowth, like the AIEC 

strain [41]. 

 

To date, several strategies focused on AIEC growth control and 

reduction on intestinal mucosae are under study, such as the use 

of antibiotics, the attempt to block AIEC‘s adhesion ability by 

preventing the interaction between FimH and CEACAM6 

[18,19], and the attempt to block AIEC‘s cell-invasion ability 

using the Gp96 chaperone or the OmpA trans-membrane proteins 

as targets [20,42–44]. 

 

In the present work we have evaluated the potentiality of the 

predator bacteria B. bacteriovorus as therapeutic candidate to 

counteract the growth of AIEC strains. Our results indicate a 

predatory activity of B. bacteriovorus against AIEC strain LF82, 

both in sessile and in planktonic growth forms. The ability of B. 

bacteriovorus to destroy bacterial biofilm could be of 

extraordinary therapeutic value, since most human infections are 

sustained by biofilm-associated pathogens [45]. We 

established the predatory activity against the new pathotype of E. 

coli, the AIEC strain. In natural habitats, the predator‘s role is to 

maintain balanced relationships among the different species that 

are part of complex ecosystems like the gut microbiota. When 

Gram-negative overgrowth takes place, as in the inflamed 
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intestinal mucosae of CD patients, B. bacteriovorus brings the 

ecosystem back to a balanced state, re-establishing the amount of 

prey. The prey–predator model of Lotka-Volterra shows how, in a 

balanced ecosystem, prey and predator populations are 

characterized by continuous oscillations, with a greater 

oscillation value for preys. The non-eradication of prey by 

Bdellovibrio-like organisms (BLOs) has been documented in 

several studies with different preys [40,46], therefore suggesting 

that killing the entire prey population would be disadvantageous 

for the predator. 

 

A significantly lower level of LF82 adhesion and invasion in the 

Caco-2 intestinal cell line pre-treated with suspension of B. 

bacteriovorus was obtained. The decreased adhesiveness and 

invasiveness detected could be caused by the predatory activity 

of B. bacteriovorus, although further investigations are required 

to confirm this. As can be seen in Figure 1, no predatory activity 

was observed after only two hours of co-culture (predator and 

prey), so the observed lowering of LF82 adhesion-invasion could 

also be due to a decrease of available epithelial cells adhesion 

sites to which B. bacteriovorus cells could be bound in the pre-

treatment phase. Results on the animal model G. mellonella seem 

to suggest that B. bacteriovorus is not toxic to the larvae, as 

observed in vitro in the Caco-2 cell monolayer, confirming 

previous findings [36]. Furthermore, pre-treatment of G. 

mellonella with the predator B. bacteriovorus seemed to have a 

protective effect against AIEC infection. 

 

Several published studies reported that  G. mellonella, although 

it does not replace well-established mammalian models, 

represents an attractive model organism for the study of microbial 

pathogenicity, due to its amenability to infection and its ability to 

mount an innate immune response. In fact, several studies have 

focused on various pathogenic bacteria, such as Burkholderia 

cepacia [47], Acinetobacter baumannii [48], Pseudomonas 

aeruginosa [49], and Enterococcus faecalis [50]. Although no 

data were published in this regard with adherent-invasive (AIEC) 

strains, recent works indicated that G. mellonella is a valuable 

model to study enteropathogenic (EPEC) and enteroaggregative 

(EAEC) E. coli virulence [51–53]. Several analogies were in fact 
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observed between the epithelial cells of insect larval midguts 

and intestinal cells of mammalian digestive systems [54]. 

Besides, the survival of G. mellonella at 37 ◦C allows the 

investigation of temperature-dependent virulence factors, and 

its immune system shares a high degree of structural and 

functional similarities to the innate immune system of 

vertebrates, since hemocytes are analogous to human phagocytes 

[52]. In addition to the hemocyte-mediated cellular immune 

response, G. mellonella also has a humoral immune response. 

The current limitation of the G. mellonella model is the lack of 

both universal larval genotypes and the standardization for the 

conditions used for feeding, reproduction, and maintenance of 

the animals that might lead to quantitative differences in the 

results. 

 

Finally, results from FESEM analysis substantiate the predatory 

activity of B. bacteriovorus towards preformed AIEC biofilm. 

Since the two FESEM slides underwent exactly the same 

preparatory procedure, including the treatment with PBS, even if 

a purely accidental detachment of the biofilm cannot be 

excluded, we believe that the observed biofilm reduction 

reported in Figure 7B is mainly due to the predatory activity of 

B. bacteriovorus. 

 

A feature that is constantly present in intestinal dysbiosis is the 

loss of microbiota diversity (LOMD) [55]. In CD patients, a 

dysbiosis status and a LOMD is reported [56,57]. The LOMD in 

CD could be the consequence of the reduction/loss of bacterial 

predation. When bacterial predators like B. bacteriovorus are 

missing, some species (e.g., ―pathobiont‖ bacteria, like AIEC 

strains) can speedily grow, replacing other species such as 

Faecalibacterium prausnitzii within the Firmicutes phylum and 

accessible resources would be limited [58]. 

 

Overall, our results clearly indicate that B. bacteriovorus could 

be a good candidate to control AIEC strains at the mucosal level 

and, consequently, to restore a ―healthy‖ gut microbial ecosystem 

in CD patients. 
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