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Abstract

According to the World Health Organization, foodborne diseases are a major
public health problem, particularly in developing countries including the Re-
public of Congo. They are responsible for several episodes of diarrhea, espe-
cially in children under five years old. There is no reliable epidemiological
data on the pathogenicity of the Shigella spp. strains circulating in the whole
Republic of Congo drafting this paper. The purpose of this study was to ex-
amine the Shigella spp strain pathogenicity close to an environment conta-
minated with faeces in the city of Brazzaville. As a result, 54 isolates have
been associated with Shigella spp. The gastric acid resistance test performed
on Shigella Environmental Strain (SES) and Shigella Clinical Strains (SCS)
resulted in 38.8% (21/54) and 100% acid resistant, respectively. Shigella spp.
Strains (SES and SCS) were ranged in a survival percentage from 11% to 93%.
By monitoring Biosurfactant-Like Molecule (BLM) production, we showed
that the BLM production of SES and SCS was highly dependent on bacterial
culture density involving the Quorum Sensing (QS). S. flexneri, S. boydii, and
S. sonnei and as well as SES and SCS were able to invade and contaminate
eggs by colonizing egg yolk. The counting bacteria were ranging from two to 5
x 10" CFU/mL after contamination. Concomitantly, BLM was secreted during
the post contamination of poultry eggs with 100% EI24. Further by trying to
show the pathogenicity by the hemolysis test, we have shown that SES and
SCS were able to show significant areas of lysis on blood agar. Finally, this
work has proposed an additional model of cell invasion including biosurfac-
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tants during the pre- and post-invasion phases.
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1. Introduction

Shigella is highly pathogenic bacteria specific to humans and some primates. This
group of bacteria belongs to the Enterobacteriaceae family, they are aero-anaerobic,
facultative, immobile, non-encapsulated, sporeless, Gram-negative with a size of 2
to 3 um long by 0.5 to 0.7 um wide [1]. Indeed, 10 to 180 bacteria are enough to
promote the disease steps [2]. In sub-Saharan Africa and Asia, this disease is re-
sponsible for 54,900 deaths per year, and nearly 164,300 worldwide. Children
under 5 years of age are the most vulnerable group to the disease [3]. Shigellosis
is a disease of poor hygiene and is carried by flies that contaminate food and
drink intended for human consumption, like enteropathogenic. Escherichia coli
and Brucella spp. Shigella is also able to withstand gastric acidity (pH 1 - 3),
which is characterized by invasion and inflammatory destruction of the human
colonic epithelium [4] [5]. The ability of Shigella spp to colonize the colon is
aided by a type 3 secretion apparatus (T3SA), which acts as an injectisome, al-
lowing translocation of virulence proteins from the bacterial cytosol to the cy-
toplasm of the host cell resulting in the invasion of the colonic epithelium by
Shigella spp [6] [7]. The genetic basis for Shigella invasion of epithelial cells is a
31 kb region carried by the virulence plasmid pWR100 called the “entry region”
which encodes two operons: the ipa-ipg operon which encodes Shigella effector
proteins and their chaperones; the mxi-spa operon which encodes structural
proteins of the T3SA [7].

A previous study conducted by our laboratory team showed that Shigella son-
nei, S. boydii, and S. flexneri had the ability to produce and secrete biosurfac-
tants in the extracellular environment. This study postulated that these biosur-
factants are involved in the invasion of epithelial cells by Shigella. Pseudomonas
aeruginosa, Proteus mirabilis, and Bacillus subtilis are also able to carry out mul-
ticellular phenomena such as swarming by using the production of biosurfac-
tants in the extracellular medium [8].

Several studies have reported that biosurfactant production, especially in 2.
aeruginosa or B. subtilis, is regulated by Quorum sensing [9] [10]. Moreover,
biosurfactants promote multicellular phenomena such as biofilm formation and
swarming motility. These observations have been made in many bacterial species
except for Shigella [11] [12]. From an epidemiological point of view, in the Re-
public of Congo, there are no data on the pathogenicity of the circulating strains
of Shigella spp., either in hospitals or in the environment. As a faecal peril dis-

ease, people living in the outskirts of Brazzaville and the Pool South region use
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wells and boreholes as a source of water. These practices are increasingly ex-
posed to Shigellosis. Thus, the present study aims to evaluate the pathogenicity
of Shigella spp strains isolated from wastewater and faecally contaminated soils
in the outskirts of Brazzaville.

2. Methods

Strains and Culture Conditions

Four (4) Shigella laboratory strains (S. flexneri, S. flexneri Spa40-, S. sonneli,
and S. boydii) were used as reference strains, four (4) E. coli strains transformed
with pGEX4T1 and its derivatives (pGEX4T1: ipaB, C, D), provided by the La-
boratory of Molecular Bacteriology at the Université Libre de Bruxelles (ULB),
three (3) pure culture strains were isolated from patients admitted to Hospital
University Center of Brazzaville to 2018 (provided by the Bacteriology Labora-
tory). A strain of P. aeruginosa has been used as a control [4]. By using waste-
water and soil contaminated with faeces, dilutions were done, and the bacterial
suspension was streaked on SS and Mac Conkey media as described by the man-
ufacturers. Petri dishes were incubated at 37°C for 24 h. After the first isolation
on Petri dishes, different colonies were obtained. Each Shigellas characteristic
colony from SS was separately isolated. Purification of the isolates was rigorously
done by successive and alternating subcultures. Purity was estimated by using a
microscope for morphological characterization. Gram status was determined by
using 3% KOH.

Study of the Pathogenicity of Shigella Strains Isolated from the Environ-
ment

S. flexneri, S. flexneri Spa40-, S. sonnei, S. boydii, Shigella Environmental
Strain (SES), and Shigella Clinical Strains (SCS) have been spread on Petri dishes
containing LB medium added to Congo red and containing the appropriate an-
tibiotics for 24 hours at 37°C. Then the colonies have been inoculated in 10 ml
of LB + antibiotic broth for 24 hours at 37°C. From 24 h culture, 1 mL of the
culture was inoculated in 50 mL of LB broth with a suitable antibiotic at 37°C
with shaking (250 rpm) for 24 hours until reaching an OD between 0.6 and 0.8
at 600 nm. 1 ml of this culture was stock and the rest was centrifuged at 13,000
rpm. The pellet was separated from the supernatant and stored at —20°C.

Acidic pH Resistance Test

The overnight culture was diluted at 1:100 in LB medium acidified with HCI,
Le, 10 uL of the overnight culture in 990 uL of LB at pH 2. The latter is incu-
bated at 37°C for 2 hours. A series of dilutions (up to 10~*) were then made from
the 2 H culture. A volume of 100 pL of each dilution was inoculated onto SS and
then incubated at 37°C for 15 h. A count was performed after incubation to as-
sess the viability of the strains at this pH.

Calculation of the Survival Rate of Bacterial Cells Grown at Acidic pH

The survival rate of bacterial cells is defined as the percentage of viable cells
after acid stress compared to the initial number of viable cells (neutral pH) in the

initial state.
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Number of viable cells at pH2
Number of viable cells at neutral pH

% survie =

Emulsification Test (E24)

The emulsion index (E24 or E48) was calculated as an indicator for biosurfac-
tants production. The medium was adjusted to pH 7.2 and supplemented with
gasoline or diesel fuel (1 mL for 300 mL of medium). This experiment was done
in triplicate. The E24 or E48 was investigated by adding crude oil to LB medium
in a 1:1 ratio (v/v). The solution was vortexed for 5 min and incubated for 24 h.
The emulsion rate was calculated through the height of the emulsion layer. In
addition, E24 was determined for gasoline and diesel fuel hydrocarbons. All ex-

periments were performed in triplicate.

E24 = height of emulsion layer /total height of solution x100

Shigella strains with positive emulsification have been assessed by using an
acid precipitation test. Briefly, overnight culture (OD about 0.6) was centrifuged
at 13,000 xg for 15 minutes. Once the supernatant was collected, it was acidified
by adding concentrated HCI to a pH of 2.0 using an instillator. We allowed the
precipitate to form at 4°C overnight. We then centrifuged the night mixture at
13,000 g for 15 minutes to obtain granules. The granules obtained were tested
(emulsification test) to evaluate their ability to emulsify the hydrocarbons.

Bacterial Swarming Assays

Swarming was studied for all Shigella strains and P. aeruginosa used in this
study. Using plate assays containing 0.5% noble agar and LB medium with 0.5%
dextrose. The mixture was heated at 121°C, for 15 min. After sterilization, the
medium was supplemented with adequate antibiotics including streptomycin
100 pg/mL and kanamycin 50 pg/mL for all Shigella strains. Approximately 6 h
after pouring the plates, they were inoculated using a sterilized platinum wire
with log-phase cells (optical density at 600 nm [OD600] 0.6) grown in their re-
spective media used for the swarm experiments. Swarming plates that were im-
aged only for their comparative endpoint swarming development (Ze., analysis
of different strains) were incubated at 30°C for 48 h prior to imaging [13].

Induction Test by Congo Red Reagent

From the 24 h culture, 1 mL of the culture has been inoculated into 49 mL of
LB broth with a suitable antibiotic at 37°C under agitation (250 rpm) for 24 h
until an OD between 0.6 and 0.8 was reached at 600 nm. 1 mL of this culture was
taken as stock and the rest was centrifuged at 13,000 rpm. To the pellet obtained
after centrifugation, we added 500 pl of sterile PBS and 10 ul of Congo Red (10
mg/mL) and then rapidly mixed in PBS without shaking the solution to avoid
damaging the “secretion”. The sample has been carefully put in an Eppendorf
tube and incubated at 37°C under agitation. After 30 minutes, we centrifuged
the solution at 15,000 rpm for 15 minutes. We carefully removed the superna-
tant which we used for the emulsification test.

Correlation of Quorum Sensing Activity and Biosurfactant Production
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To standardize the concentrations of salicylic acid and D-galactose during the
growth of the bacteria, viability testing of Shigella strains with salicylic acid and
D-galactose had been done first all. The S. flexneri 5a M90T strain was grown in
LB medium in the presence of a D-galactose concentration gradient ranging
from 10 uM to 100 mM and a Salicylic acid gradient ranging from 0.25 to 50
mg/mL. The strains were cultured under agitation (250 rpm) at 37°C and the
evolution of the optical density over time was monitored for 48 h. 20 uL of the
cultures with normal growth was spread out on plates and incubated at 37°C for
control.

Effect of D-Galactose and Salicylic Acid on Biosurfactant Production

From the overnight cultures of the Shigella strains tested, 1 mL of the culture
was inoculated into 49 mL of LB broth (with the appropriate concentrations of
D-galactose and Salicylic Acid) at 37°C under agitation (250 rpm) for 24 hours
until an OD of 0.6 to 0.8 was reached at 600 nm. The pellet was separated from
the supernatant by centrifugation at 15,000 rpm and then, using an emulsifica-
tion test, we evaluated the emulsifying index of the hydrocarbons. In addition,
20 uL of the culture have used to perform the swarming test to evaluate the abil-
ity of Shigella strains to move on a semisolid medium.

Egg Contamination Test or Bacterial Invasion Test

A 1 mL volume of an overnight bacterial culture (OD between 0.6 and 0.7)
was transferred to 49 mL of LB containing a poultry egg. The culture medium
was supplemented with selection antibiotics streptomycin 100 pug/mL for wild
type and strains. kanamycin 50 pg/mL for the mutant spa40-. This culture was
shaken (140 rpm) at 37°C for 72 hours. The contaminated eggs were previously
washed with ethanol 100%.

To characterize bacterial invasion, the eggs were assessed by the deterioration
of the shell, the morphology and the physicochemical quality of the eggs and the
counting of bacteria after 72 hours of contamination have been done.

Briefly, after 48 - 72 h of culture, eggs were aseptically removed from the cul-
ture medium and broken up using a heated platinum seeder. The egg contents
were poured into a glass vial (previously sterilized at 121°C for 2 H) and homo-
genized with a vortex. 1 mL of each contaminated sample was transferred sepa-
rately to a test tube containing 9 mL of sterile physiological water. After 1 min of
homogenization with a vortex mixer (VELP Scientifica, Advanced vortex mixer,
Italy), decimal dilutions were made from the stock solution of each sample. The
different dilutions (107" to 107°) constitute the inoculum from which we per-
formed the bacterial enumeration on the SS medium with the adequate antibiot-
ic, kanamycin 50 ug/mL, and Streptomycin 100 pg/mL as the final concentra-
tion. The production of the biosurfactant-like molecule (BLM) has been tested as
previously described.

Performing the Interaction between IpaB, C, and D by Using GST Pull-
down Assay

Plasmids pGEX4T1, expressing the fusion protein GST-IpaB, C, and D, were
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kindly provided by the molecular bacteriology lab of the Free University of
Brussel [7].

E. coli strain Topl0, harbouring pGEX4T1 or its derivatives and expressing
GST-IpaB, C, or D, was cultured in LB broth with ampicillin 100 pug/ml for 2 h at
37°C, then IPTG was added to a final concentration of 0.1 mM. After incubation
for 3 h at 30°C, bacteria were harvested and GST fusion proteins were purified as
described by the manufacturer by using Glutathion Sepharose 4B (Amersham
Pharmacia Biotech).

To highlight and assess the protein-biosurfactant interaction, the matrix was
mixed with the biosurfactant extract and then washed with PBS four times). Elu-
tion has been done with 50 puL of Glutathione. For the eluates, we performed
emulsification tests to demonstrate the interaction between the proteins of the
translocon, the Tip T3SS, and the biosurfactants produced.

Statistical Analysis

The data represent the arithmetical averages of at least three replicates. Data
were expressed as mean + SD and Student’s t-test was used to determine statis-
tical differences between strains and p < 0.05 was considered significant.
GraphPad Prism 7 software; Excel 2013 software was also used for the analysis

and graphing of results.

3. Results

Isolation, Characterization, and Identification of Shigella spp. Strains

A total of 63 strains were used in this study. 54 strains of Shigella spp were
isolated from soil and wastewater from the outskirts of Brazzaville South. These
strains were isolated from Mac Conkey medium and purified on SS medium.
Four (4) reference strains of Shigella, one reference strain of P. aeruginosa, and
one hospital strain of Sa/monella spp were used as controls. The E. coli Top 10
strains used in this study were constructed at the Laboratory of Molecular Bacte-
riology of the Free University Brussels. The Shigella strains were characterized
macroscopically, microscopically, and biochemically (data not shown). All iso-
lates with an appearance not typical of Shigella were not included in this study.
Strains were able to grow in the presence of streptomycin.

Study of the Pathogenicity of Shigella spp. Strains Isolated from the Envi-
ronment

The acid resistance test was used to select potentially pathogenic strains of
Shigella spp. Among fifty-four (54) strains of Shigella spp purified from SS with
streptomycin selection medium, twenty-one (21) strains were resistant to acidic
pH as shown in Figure 1. The percentage of survival was between 10% and 95%.
The wild-type strain of Shigella flexaneri MOOT, Shigella boydii, Shigella sonnei,
Salmonella spp. as well as the clinical strains of Shigel/a (SC1, 2, and 3) had the
highest percentages. Environmental strains of Shigella including SE4 and SE10
showed very high percentages of acid resistance. Some of them were about 40

and 60% of survival (Figure 1).
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Figure 1. Acid resistance profile of environmental and clinical strains of Shigella spp.
used in this study. S.flex: S. flexneri M90T; Sso: S. sonnei; Sboy: S. boydii; Sal: Salmonella
spp-; SC: clinical strains; SF: environmental strain isolated from soil contaminated with
faeces; S.E: environmental strains of Shigella spp. isolated from sewage.

Screening for Biosurfactant Production

Strains that were resistant to bacterial acidity were randomly selected to eva-
luate their ability to emulsify hydrocarbons. All strains tested emulsified hydro-
carbons with EI24 ranging from 33% to 100% after 24 hours (Figure 2(a)). 2.
aeruginosa, all reference strains of Shigella and Salmonella spp with emulsifica-
tion index of 100%. The S. flexneri 5a M90T Spa40-strain was used as negative
control (Figure 2(b)).

The Ability of Shigella spp. Strains to Swarm

Swarming is considered a virulence factor mediated by the production and
secretion of biosurfactants into the extracellular environment. To demonstrate
the ability of Shigella strains isolated from the environment to swarm, we per-
formed the swarming test. This study showed that all Shigel/a spp were able to
swarm on semisolid media as shown in Figure 3.

The Correlation between Emulsifying Capacity and Bacterial Density

The regulatory pathways of biosurfactant production in Shigella spp have not
yet been demonstrated. In this study, we monitored the evolution of emulsifying
capacity as a function of growth using the reference strain S. flexneri 5a M90T.
The growth was evaluated as a function of the optical density at 600 nm. Our
study showed that 8. flexneri 5a M90T is unable to emulsify hydrocarbons with
the OD down to 0.6. However, from the exponential growth phase onwards,
biosurfactants are produced and secreted into the extracellular medium with an
optical density (OD) up to 0.6 (Figure 4).

Quorum Sensing Inhibition Assay

Salicylic acid and D-galactose are molecules that can interfere with bacterial
growth at high concentrations. We examined the growth behaviour of S. flexneri
5a M90T in the presence of a range of concentrations of D-galactose and salicylic
acid. Our study showed that Shigella could normally grow in LB medium at
concentrations between 10 uM - 100 mM D-galactose (Figure 5(a)) and 1.25
mg/mL salicylic acid (Figure 5(b)).
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Figure 2. Emulsification test of some clinical and environmental strains of Shigella spp.
isolated in Brazzaville. (a): Range of hydrocarbon emulsification by Shigella bacteria used
in this study; (b): photo showing the result of the test for emulsification of hydrocarbons
by bacteria of the genus Shigella of clinical and environmental origin. Here we have
shown some of them for illustrative purposes. S.flex: S. flexneri M90T; SC: clinical strains;
SE: environmental strains isolated from soil contaminated with faeces; S.E: environmental
strains of Shigella spp. isolated from sewage. Colour code: blue (0% - 20%), brown (20% -
40%), grey (40% - 60%), yellow (60% - 80%), and light blue (80% - 100%).

Figure 3. Ability of Shigella spp. strains to swarm on semisolid medium or swarming
profile on soft agar. S. flex: S. flexneri M90T used as a positive control; SC: clinical strain
of Shigella spp.; SE: environmental strain of Shigella sp isolated from sewage; SF: strains
of Shigella spp. isolated from faecally contaminated soil.
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Figure 4. Monitoring the emulsifying capacity of S. flexneri M90T as a function of optical
density. % IE24: Emulsification index; OD: optical density.
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Figure 5. Viability of S. flexneri 5a M90T strains in the presence of different concentra-
tions of inhibitors. (a): this figure shows the ability of Shigel/a strains to tolerate or not
D-Galactose at different concentrations; (b): this figure shows the ability of Shigella
strains to tolerate or not D-Galactose at different Salicylic Acid concentrations. C+
represents the Shigella flexneri M90T strain tested in the absence of inhibitors (D-galactose
and Salicylic acid).

In terms of D-galactose, all concentrations used in this study were not lethal
for the bacteria. On the other hand, an interesting growth was observed at 10 pM
as the growth curve merged with that of the control (Figure 5(a)). In Figure 5(b),

bacteria were not able to grow between 2.5 and 3.25 mg/mL. At these concentra-
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tions, the bacteria are not viable. On the other hand, from 1.5 mg/mL the bacte-
ria are viable. However, optimal growth is observed at 1.25 mg/mL. The curve is
close to the positive control which was grown without an inhibitor.

Effect of Salicylic Acid and D-Galactose on the Ability to Produce Biosur-
factants

The ability of the strains to emulsify hydrocarbons in the presence of salicylic
acid and D-galactose was evaluated. Our study showed that at concentrations of
1.25 to 0.5 mg/mL salicylic acid, all Shigel/a strains tested lost their emulsifying
ability (Figure 6(a)). However, at 0.25 mg/mL salicylic of acid, these strains re-
covered their ability to emulsify hydrocarbons (Figure 6(a)). This study also
showed that at D-galactose concentrations between 10 pM and 100 mM, the
emulsifying capacity of hydrocarbons by bacteria of the genus Shigella was inhi-
bited (Figure 6(b)). Emulsification profiles of Shigella sp strains used in this
study are illustrated in Figure 6(c) and Figure 6(d)).

Effect of Salicylic Acid and D-Galactose on the Ability of Strains to Swarm
on Semisolid Media

We did not find any studies in the scientific papers showing the effect of these
molecules on multicellular phenomena such as swarming. Our work showed that
at concentrations of 1.25 mg/mL for salicylic acid and 10 pM of D-galactose, all
strains were unable to swarm on a semisolid surface. However, in the absence of
these molecules, the ability to swarm on a semisolid medium was restored
(Figure 7).

The Ability of Shigella Strains to Invade Epithelial Cells

Hemolysis Assay of Clinical and Environmental Shigella

To highlight the ability of Shigella sp strains isolated from the environment to
interact with biological membranes, we wanted to observe the behaviour of these
bacteria on a Poly (Blood Agar) medium. This work showed that except for S.
Hexneri 5a M90T spa40-, all strains showed beta haemolytic activity resulting in
the appearance of a clear halo of lysis around the colonies as illustrated in Figure
8 below.

Egg Contamination Test with Shigella spp. Isolated from the Environment

To assess the ability of environmentally isolated Shigella sp strains to invade
cells, the egg penetration or contamination test was performed. After 72 hours of
incubation at 37°C with agitation, the eggs submitted to this study showed ma-
croscopic rotting. The rotting was assessed by physicochemical changes in the
eggs compared to the fresh control egg, including a putrefying odour indicative
of rotting, abnormal coagulation of the yolk which had turned black, and fluidi-
fication of the albumen or egg white. The contaminated eggs were revealed mi-
croscopically after culture on SS + streptomycin medium, the appearance of typ-
ical Shigella sp colonies at variable densities after 72 h incubation at 37°C as illu-
strated in Figure 9(a).

As an internal control, colonies with the cultural characteristics of streptomy-

cin-resistant Shigella spp. were characterized by performing the GRAM test, the
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Figure 6. Ability of Shigella strains to emulsify hydrocarbons in the presence of salicylic
acid and D-galactose. (a): This figure shows the effect of salicylic acid on the ability of
strains to emulsify hydrocarbons at different concentrations; (b): effect of D-Galactose on
the ability of strains to emulsify hydrocarbons at different concentrations; (c): picture
showing the ability of Shigella to emulsify hydrocarbons in the presence or absence of
D-Galactose; (d): picture showing the ability of Shigella to emulsify hydrocarbons in the
presence or absence of Salicylic acid. Pae: P. aeruginosa; Sflex: S. flexneri M90T; Sflex-:
negative control (S. flexneri M90T spad0-); Sboy: S. boydii; Sso: S. sonnef, SC: Clinical
strain of Shigella spp.; SE: Environmental strain of Shigella spp. isolated from sewage;
SF1: strain of Shigella spp. isolated from faecal contaminated soil; SCI: clinical strain of
Shigella sp isolated from hospital environment.

{ WI Sflex PI WI SE1 PI

Figure 7. Swarming profile of Shigella sp strains in the presence of D-galactose or Sali-
cylic Acid inhibitors. WI: without inhibitor; PI: Presence of an inhibitor’s concentration;
Sflex: S. flexneri M90T; SE1: environmental strain of Shigel/a spp. isolated from sewage;
SF1: strain of Shigella spp. isolated from faecally contaminated soil; SC1: clinical strain of
Shigella spp. isolated from hospital.
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Figure 8. Appearance of Shigella colonies on chocolate medium + polyvitex. The pres-
ence of the clear halo reflects haemolysis around Sflex, Sboy cultures and the absence of
halo around Sflex- and Pae. Sflex: S. flexneri 5a M90T; Sflex-: S. flexneri 5a M90T spa40-;
Sboy: S. boydii. The profile was the same for all environmental strains tested.

15+
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.~°10-
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it 5 v SF1
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":"o-olAvoo o O Spad0-
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Figure 9. Egg contamination test with Shigella sp isolated from the environment; (a):
Bacterial enumeration of eggs contaminated with bacteria after 72 hours; (b): emulsifica-
tion profile appearance of egg emulsification ability of Shigella strains used in this study.
Sal: Salmonella spp. (positive control); Sflex: S. flexneri 5a M90T (reference strain); SE1:
environmental strain of Shigella spp. isolated from sewage; SF1: strain of Shigella spp.
isolated from faecally contaminated soil; SC1: clinical strain of Shigel/a spp.

oxidase test, and the ability of the strains to metabolize lactose, and microscopi-
cally by checking motility and biochemically.
To answer the question of whether biosurfactants are secreted during the in-

vasion of epithelial cells by Shigella spp., a hydrocarbon emulsification test was
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performed on the contents of eggs contaminated and uncontaminated by bacte-
ria. Indeed, we demonstrated that the contents of the uncontaminated eggs did
not emulsify the hydrocarbons, ie. the emulsification index was zero. On the
other hand, we obtained emulsification indices of 100% for the contaminated
egg tested. The S. flexneri 5a M90T spa40-mutant was unable to invade the cells
and therefore its contents were not emulsified (Figure 9(a)).

GST Pull-Down Assay and Biosurfactant-Protein Interaction Test

This test was carried out on the supernatants of cultures of Shigella spp that
were resistant to acidic pH. We observed the appearance of a precipitate due to
the action of hydrochloric acid. We collected the precipitate consisting of pellets
after centrifugation at 6000 rpm. To confirm the extraction of the emulsifying
agent (biosurfactant), we performed an emulsification test as an internal control.
The extracted biosurfactant residue was used to study the biosurfactant and pro-
tein interaction of the translocon and tip with the biosurfactant. This present
study showed that the emulsification test carried out on the GST-Ipa eluates (C,
D, and B) did not lead to the formation of an emulsion, reflecting the coexis-

tence of hydrophobic and hydrophilic phases.

4. Discussion

This work was carried out to evaluate the pathogenicity of Shigella spp isolated
from wastewater samples, soil, and material contaminated by faeces in the city of
Brazzaville. Fifty-four (54) of SES have been identified on the basis of classical
microbiology techniques as belonging to the genus Shige//a. A comparative study
has been conducted between four (4) reference strains including S. flexneri 5a
MOOT, S. boydii, S. sonnei, and S. flexneri 5a M90T spa40-, SES and SCS. SES
was identified on the basis of cultural characteristics of culture medium, cell
morphology after staining, Gram test, cell mobility, biochemical tests (catalase
and oxidase), and resistance to streptomycin. SCS were identified with API20E.
Resistance to gastric pH is an important barrier in the pathogenesis of enteric
bacteria like Shigella due to its acidity (pH 1 - 3), which generally eliminates
most bacteria that enter via the digestive tract [4]. The gastric acid resistance test
performed on Shigella Environmental Strain (SES) and Shigella Clinical Strains
(SCS) resulted in 38.8% (21/54) and 100% acid resistant, respectively. Shigella
spp. Strains (SES and SCS) were ranged in a survival percentage from 11% to
93%. Since acid resistance is the criterion for pathogenicities like Shigella and E.
coli. A strain of Shigella is supposed to be acid-resistant when the survival per-
centage is up to 10% [14] [15]. The SES was potentially considered pathogenic in
terms of their ability to reach the colon. 33/54 strains were sensitive to acid re-
sistance. This could be linked to the loss of the virulence plasmid pWR100 [16]
[17] [18] [19] [20], the noncontribution of the lipopolysaccharide to the resis-
tance of Shigella spp. to extreme acidity [21], or the absence of gene AdeA in-
volved in pH resistance. Bacteria like enteropathogenic E. coli, Shigella, and

Brucella, have been shown to possess the AdeA gene encoding the amphiphilic
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protein HdeA which plays an important role in resistance to gastric acidity. In-
deed, in E. coli, HdeA has, in its internal part, a hydrophobic region exposed on
the surface and positively charged residues in its C-terminal part which give it a
chaperone activity allowing it to resist low pH [22].

Our previous work has recently demonstrated that Shigel/a flexneri 5a M90T,
Shigella boydii, and Shigella sonnei have the ability to produce biosurfactant-like
Molecules (BLM). The secretion is depending on the Type Three Secretion Sys-
tem (T3SS). In addition, the study suggests that BLM has a bright role in the pa-
thogenesis mechanisms of Shige//a [8]. In bacteria like Sa/monella enteridis thy-
phimurium SE 86 biosurfactants play a role in the attachment of bacteria to
plant cells [23] and thus participate in its pathogenesis. The role of biosurfac-
tants has also been pointed out and highlighted in P. aeruginosa cystic fibrosis
[24]. The emulsification test (EI24) is allowed to demonstrate the ability of some
bacteria to secrete biosurfactants. This new work has shown confirmed that Shi-
gella spp isolated from the environment were all capable of emulsifying hydro-
carbons with an emulsification rate of around 100%. The same profile was ob-
served in S. flexneri 5a M90T, S. boydij, S. sonner, and P. aeruginosa [8] [25].

In P. aeruginosa, biosurfactant production including lipopeptide, and rham-
nolipid is under the control of three Quorum sensing (QS) regulatory pathways
(LasRI, RhIRI, and PQS) [12].

By monitoring BLM production, we showed that the BLM production of clin-
ical and environment Shige//a sp was highly dependent on bacterial culture den-
sity. This result suggests that BLM production in Shige//a sp could be under the
control of QS. The pathway uses autoinducers (Als) as molecular messengers.
To confirm this observation, we used molecules such as D-Galactose (DGal) and
Salicylic Acid (SA), which are recognized as chemical inhibitors of QS. DGal and
SA have been shown to systematically prevent QS in several bacterial species in-
cluding Vibrio harveyi, Yersinia ruckeri, Sodalis praecaptivus, P. aeruginosa and
Burkholderia glumae [26] [27] [28].

In this work, we showed that with DGal 10 uM - 100 mM the growth of Shi-
gella spp. was not affected. Similarly, in the presence of SA concentrations rang-
ing from 0.5 mg/mL to 1.5 mg/mL, the growth of bacteria was not also modified.
An optimum growth concentration could be seen at 1.25 mg/mL. At these stan-
dardized concentrations of D-Gal and SA, we showed that the environmental
Shigella sp strains as well as all reference ones lose their ability to emulsify hy-
drocarbons and to swarm on semisolid media. This phenotype was only restored
when these bacteria were grown in the absence of D-Gal and SA. Some studies
have shown that SA inhibits QS by binding to the Als receptor (LasR), thus pre-
venting Als to regulate the mechanisms of virulence factor expression and bio-
film formation in P. aeruginosa [27]. Although homolog genes responsible for
N-Acyl homoserine lactone (AHL) synthesis in Shigella spp. have not yet been
found, our results suggest that a similar type of mechanism for AHL production
could be possible. Since it has been shown that, some bacterial species that do
not synthesize AHLs regulate QS-dependent genes in the presence of exogenous
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Als due to the presence of receptor homologs of Als including AHLs in LuxR
and LasR pathways. SdiA is an orphan LuxR-type receptor found in Escherichia,
Shigella, Salmonella, Klebsiella, and Enterobacter genera that responds to AHL
signals produced by other species and regulates genes involved in several aspects
of host colonization. We believe this molecule could involve in this regulatory
mechanism. For the internalization of Al, several receptors have been described
including LsrB in E. coli and S. typhimurium, AgrC in S. aureus; TlpB in Heli-
cobacter pylori and LuxP in Vibrio [26]. Due to the similarity of its Al transport
receptors to receptors involved in sugar metabolism such as RsbB (ribose trans-
port). These receptors could be involved in AI transport [29]. This allows us to
suggest that D-galactose could competitively prevent the internalization of au-
toinducers (AI-2) in bacteria of the genus Shige//a.

Eun-Ju Ryu et al. [28] have shown that D-galactose inhibits QS involving AI-2
and biofilm formation. This sheds light on the link between the loss of emulsify-
ing and swarming capacity in Shigella spp. and the QS regulatory system.

A first approach to the involvement of QS in Shigella virulence had shown
that QS AI-2 positively influences the expression of the VirB [30]. Indeed, as-
suming that QS is strongly involved in the mechanism of BLM production in
bacteria of the genus Shigella, and that BLM is necessary for the infection pa-
thogenicity mechanisms. This has been demonstrated in P. aeruginosa [31]. The
communication phenomenon would lately regulate the BLM production during
the infection, Ze. after epithelial cell invasion and during cell colonization lead-
ing to necrosis. Therefore, these observations suggest that BLM production in
Shigella could be regulated by another mechanism dependent on the T3SS dur-
ing the pre-invasive phase. BLM could be secreted under leaky secretion appa-
ratus conditions. Later, in the pro-invasive phase, to maintain the infection, QS
would have a more pronounced impact on the production of its BLM as the
bacterial population increases dramatically within the colonic epithelium. Add-
ing the fact that QS depends on bacterial cultural density, this hypothesis seems
to be the most likely. However, some experimental aspects are on the way to be-
ing further demonstrated in our laboratory (Figure 10).

The pathogenicity of Shigella is determined by their ability to invade, colonize
and disseminate within the colonic epithelium [32] [33]. Our study showed that
after contamination of eggs, S. flexneri, S. boydiiand S. sonnei and the 21/54 en-
vironmental Shigella spp. strains can invade and contaminate eggs. The counting
bacteria was ranging from 2 to 5 x 10" CFU/mL after contamination. None CFU
was obtained by using the mutant spa40-. Previous studies have demonstrated
that the bacteria like Shigella and Salmonella could easily contaminate poultry
eggs [34] [35] [36].

A previous study conducted in our laboratory suggests that biosurfactants are
involved in epithelial cell adhesion and invasion [37]. We showed that the con-
tents of contaminated eggs were able to emulsify hydrocarbons in contrast to
eggs that were not contaminated with Shigel/a. This observation could confirm

that biosurfactants are also secreted during the pro-invasive phase. This result
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Figure 10. Model for the regulation of biosurfactant-like-molecule production by bacteria
of the genus Shigella, proposed in this study. This model suggests two possibilities, 1 sug-
gests the production of biosurfactants-like-molecule via the T3SS; the second way suggest
(2) the BLM-basolateral membrane interaction of epithelial cells.

allows us to propose an additional model of cell invasion that also involves bio-
surfactants-like molecules.

Ipa B and IpaC constitute a translocon of the secretory apparatus. Both effec-
tor protein has the property of interacting with the cytoplasmic membrane of
epithelial cells. IpaB is a cholesterol-binding protein [38] and binds to raft lipid
motifs and interacts with integrins and CD44 [39]. These characteristics suggest
that this molecule is responsible for the emulsifying capacity observed in all bac-
teria belonging to this genus. Moreover, in our previous study we showed that
this biosurfactant would be of a protein or lipopeptide features [37].

Furthermore, the cell extract containing Gst-IpaB, IpaC, and IpaD did not
emulsify the hydrocarbons either. This result allows us to rule out the hypothesis
that neither IpaB, IpaC, or IpaD is responsible for emulsifying capacity. Moreo-
ver, in Shigella pathogenicity, the secreted BLM only targets the membrane in-
terface, namely 1) the BLM reduces the tension at the membrane interfaces and
favours the insertion of the translocon into the epithelial cell membrane and
pore formation; 2) the BLM being secreted pre-invasion would also be involved
in the escape from phagocytosis because once phagocytosed, the secretory appa-
ratus emits signals that induce cell death of the macrophage as it has been re-
ported for rhamnolipids in P. aeruginosa [40]. We have shown that the BLM is
secreted in the pro-invasive period and at this time it is the late effectors of Shi-
gella that come into play. This aspect of pathogenesis also rules out the hypothe-
sis that translocon proteins are responsible for the emulsifying power. The Shi-

gella BLM is thought to be responsible for a number of phenotypes and we be-
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lieve that due to its ability to induce collective swarming movements, it is in-
volved in cell colonization (Figure 10).

We also wanted to verify whether bacteria of the genus Shigel/a secrete bio-
surfactants during dissemination within the cells or tissues of the colonic epithe-
lium. To this end, we experimentally demonstrated the secretion of BLM during
the contamination of poultry eggs by these bacteria. The emulsification test
showed that the contents of eggs contaminated with Shigella sp isolated from
sewage and faecal contaminated soils as well as all reference strains used in this
work emulsified hydrocarbons with indexes (IE24) of 100% except for the S.
Hexneri 5a M90T spa40-mutant. In contrast, the uncontaminated egg contents
did not emulsify hydrocarbons. This result suggests that during the invasion of
cells by Shigella, they produce and secrete biosurfactants into the extracellular
medium. These biosurfactants would therefore have a major role to play in the
pathogenicity of Shige//a. This ability seems to be common to all Shige//a species.
Although this work does not discriminate between the different Shigella species
isolated from the environment, we can say that our results confirm those ob-
tained in a previous study [37].

Our study showed that Shigella strains isolated from the environment had the
ability to lyse red blood cells, with the appearance of a yellow lysis hallo reflect-
ing alpha-type haemolysis. No other Shigella strain showed any other type of
haemolysis except the mutant which did not destroy blood cells. This can be ex-
plained by the fact that its secretory apparatus is not functional and that the ef-
fectors involved in this mechanism are not secreted into the extracellular me-
dium [41].

Shigella are immobile bacteria, they do not have a flagellum. The movement
of the bacteria within the cell is modulated by the IcsA (VirG) protein [42],
which recruits and activates, via its N-terminal domain, cellular factors includ-
ing the N-WASP (Wiskott-Aldrich Syndrome Protein) and the Arp2/3 complex
[43]. This multi-protein complex allows actin nucleation and catalyses the elon-
gation of an actin tail that propels Shigella through the cytoplasm of the host ep-
ithelial cell (Figure 11(a)). EPECs, S. flexneri, and Salmonella can alter the
phosphorylation status and distribution of occludin and zonula occludens
(201), allowing the bacteria to disrupt the function of the epithelial barrier [44].
Furthermore, the role of a specific effector has not been clearly identified. It will
be important to highlight this crucial interaction and to truly understand the
role of tight junction modifications during Shigella infection. Indeed, in the light
of our results, it seems more than obvious that this effector is none other than
the biosurfactant secreted by Shigella because, as mentioned above, the sur-
face-active properties of its molecules make them more capable of destabilising
the tight junctions of cells as demonstrated with P. aeruginosa Rhamnolipids.

In addition, we have shown in our work that all the bacteria of the genus Shi-
gella tested swarmed on a semi-solid medium, proof that these bacteria thanks to
the production of surfactants can move. This supports the fact that one of the

underlying mechanisms of Shigella’s intracellular spread would be the production
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Figure 11. Model of intra- and intercellular motility of Shigel/a. (a): Classical dissemination model of Shigel/a strain in epithelial
cells invasion; (b): Dissemination model involving biosurfactants-like-molecule proposed in this work.

of biosurfactants that accompany this movement. Indeed, IcsA mutants are able
to enter epithelial cells with the same efficiency as the wild type. However, they
are unable to move into the cell cytoplasm, form protrusions, or disseminate in a
cell monolayer. This observation sufficiently demonstrates that these mechan-
isms are interdependent. Indeed, the recruitment of actin filaments would be the
guide, the cytoskeleton the support, and the biosurfactant the sliding agent al-
lowing the bacteria to slide, on the one hand, form protrusions on the other, but
also destabilise the tight junctions/membrane, and favour the tissue diffusion of
the infection (Figure 11(b)).

Autophagy is an intracellular host defense process that results in the lysosom-
al degradation of large organelles and protein complexes [45]. It is induced dur-
ing stress, nutrient deprivation, bacterial or viral infection. In Shigella, the icsB
gene encodes an effector protein that plays an important role in the protection
mechanisms against autophagy [46] [47]. However, IcsB is not the only Shigella
effector to have a direct or indirect role in activating or protecting against this
process.

Kayath et al [47] have shown that the ability of the IcsB protein to bind to
cholesterol allows the bacterium to escape from the autophagosome formed by
the host cell to destroy the bacterium. Therefore, deletion of the Cholesterol
Biding Domain (CBD) significantly increases autophagosome formation. In ad-
dition, IcsB mutants were mostly unable to multiply within epithelial cells [17].

Autophagy, an intrinsic cellular catabolic system that mediates organelle
turnover and cell survival under nutrient-deficient conditions, is involved in a
variety of cellular biological processes, including embryonic development, cell
death, and survival decisions, and the shaping of the development of the im-

mune system. Kayath et al [47], also showed that the IcsB protein interacts with
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the IcsA protein to escape autophagy. It prevents the binding of Atg5, an auto-
phagy signalling protein, to IcsA and, secondly, has a cholesterol-binding do-
main that induces autophagosome destruction [47]. The LC3 and Atg5 signals in
the vicinity of the intracellular icsB mutant are occasionally distributed asym-
metrically and observed to have accumulated at one pole of the mutant bacteria.
The asymmetric distribution of the autophagic signals on the icsB mutant is re-
miniscent of the asymmetric distribution of VirG (IcsA) on Shigella that is es-
sential to mediating the actin-based motility of Shigella, and raises the possibility
that VirG is a target for autophagy. These observations suggest two possibilities:
1) the IcsB protein possesses a biosurfactant binding area or interaction domain
that potentiates the action of this protein in vivo, 2) IcsA possesses, in addition
to the IcsB interaction domain, a biosurfactant binding or interaction domain
that potentiates the escape of the bacterium from autophagy (by destabilising the
autophagosome) and concomitantly to the bacterial dissemination (Figure 12).
However, the mere fact that IcsB mutants are unable to disseminate suggests that
the biosurfactant is not directly responsible for autophagy escape, firstly because
it is established that both IcsB and Atg5 proteins have the same IcsA/VirG
binding domain, so this protective role would be paramount. Secondly, it seems
more obvious that this whole multiprotein complex is required to destabilise the
autophagosome (which remains to be demonstrated). However, when IcsB
competes with Atg5 to bind to IcsA/VirG, the whole Biosurfactant-IcsA/VirG-IcsB
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Figure 12. Modified Shigella autophagy escape model of Kayath et al [47] involving biosurfactants. This model proposes an es-
cape mechanism from autophagy in bacteria of the genus Shige//a. 1. Cholesterol-IcsB Interaction; 1: Direct interaction between
IcsB and other autophagy effectors; 2. Direct interaction between membrane, biosurfactant and other autophagy factors; 3. Cho-
lesterol-IcsB-VirG interaction; 3. Interaction Cholesterol-IcsB-VirG-Bsf; 4. Intra/Intercellular spread.
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complex interacts with the membrane via the CBD of IcsB and the biosurfactant
interface which results in the destabilisation of the membrane, and then the
biosurfactant assists in the dissemination as proposed above. It has recently been
shown that the Shigella surface protein IcsA, in addition to its role in actin-based
motility, acts as a host cell adhesin by one or more unknown mechanisms, which
the authors were unable to elucidate [48]. We believe that this would be an inte-
raction with a surfactant, which would be of a protein nature as demonstrated

during his thesis work.

5. Conclusion

The aim of the present study was to assess the pathogenicity of circulating Shi-
gella sp strains isolated from the environment from source points, wastewater,
and faecally contaminated soil and to contribute to the understanding of the
mechanism of invasion of epithelial cells. Shige/la Environmental strains were
able to produce and secrete BLM in the extracellular medium. BLM during the
pre-, pro-, and post-invasion phases, the production and secretion of biosurfac-
tants could be regulated by the T3SS assembly during the pre- and pro-invasion
phases. This work highlighted that during the post-invasion phase the produc-
tion and secretion of these molecules are regulated by Quorum sensing path-
ways. This study also showed that bacteria of the genus Shige//a isolated from the
environment possessed a beta-type haemolytic activity, indicating their capacity
to invade and colonize cells. This work resulted in the proposal of a model of cell

invasion by Shigella in light of the results obtained during our research work.
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