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ABSTRACT Shigella flexneri is an intracellular bacterial pathogen that invades epi-
thelial cells in the colonic mucosa, leading to bloody diarrhea. A previous study
showed that S. flexneri forms biofilms in the presence of bile salts, through an un-
known mechanism. Here, we investigated the potential role of adhesin-like auto-
transporter proteins in S. flexneri biofilm formation. BLAST search analysis revealed
that the S. flexneri 2457T genome harbors 4 genes, S1242, S1289, S2406, and icsA, en-
coding adhesin-like autotransporter proteins. Deletion mutants of the S1242, S1289,
S2406 and icsA genes were generated and tested for biofilm formation. Phenotypic
analysis of the mutant strains revealed that disruption of icsA abolished bile salt-
induced biofilm formation. IcsA is an outer membrane protein secreted at the bacte-
rial pole that is required for S. flexneri actin-based motility during intracellular infec-
tion. In extracellular biofilms, IcsA was also secreted at the bacterial pole and
mediated bacterial cell-cell contacts and aggregative growth in the presence of bile
salts. Dissecting individual roles of bile salts showed that deoxycholate is a robust
biofilm inducer compared to cholate. The release of the extracellular domain of IcsA
through IcsP-mediated cleavage was greater in the presence of cholate, suggesting
that the robustness of biofilm formation was inversely correlated with IcsA process-
ing. Accordingly, deletion of icsP abrogated IcsA processing in biofilms and en-
hanced biofilm formation.

KEYWORDS IcsA, Shigella flexneri, actin, autotransporter, bile, biofilm, cholic acid,
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A recent global estimation marks Shigella spp. as the second leading cause of
diarrheal deaths among all age groups, the leading cause of diarrheal deaths

among adults aged 15 to 99 years, and the main etiology, along with rotavirus and
Cryptosporidium spp., responsible for diarrheal deaths of children under 5 years of age
(1). Shigella species such as S. flexneri, S. sonnei, S. dysenteriae, and S. boydii are enteric
bacterial pathogens showing different epidemiologies worldwide (2). S. flexneri is
primarily responsible for infections in developing countries, while S. sonnei causes the
majority of infections in industrialized countries (3, 4). Shigella-associated diarrhea, also
known as bacillary dysentery or shigellosis, can occur after the ingestion of as few as 10
to 100 bacteria and is mostly spread via the fecal-oral route (5, 6). The characteristic
symptom of human shigellosis is the presence of blood and mucus in stool, which
correlates with acute destruction of the colonic epithelium and a massive immune
response (7).

Shigella spp. are intracellular pathogens that invade colonic epithelial cells, multiply
in the cytosol of these cells, and spread to adjacent cells (8). The pathogenic properties
of Shigella spp. rely on a large virulence plasmid that harbors genes encoding the
structural components of the type 3 secretion system (T3SS), effector proteins injected
into host cells by the T3SS, chaperones, and transcription factors controlling the
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expression of virulence genes (9, 10). Both bacterial and cellular factors involved in each
step of Shigella species pathogenesis have been extensively studied, especially using S.
flexneri as a model in different cell lines (11). However, it remains elusive how S. flexneri
withstands adverse conditions and colonizes specific niches along the intestinal tract.

Upon ingestion, S. flexneri encounters multiple hurdles before reaching the colonic
epithelium. Some of these challenges include high stomach acidity, gut microbiota,
physical mucus barrier, and host production of antimicrobial peptides, proteases, and
bile salts (12). Bile salts or sodium salts of bile acids are organic components of bile,
which is a host secretion produced in the liver and stored in the gallbladder. Following
food intake, bile is secreted into the small intestine and facilitates the absorption of
lipids and fat-soluble vitamins (13). Chenodeoxycholic acid and cholic acid are the
primary bile acids synthesized from cholesterol and subsequently conjugated to glycine
and taurine in humans (14). Bacterial hydrolases and dehydrogenases convert these
primary bile salts to secondary bile salts, which are predominantly deoxycholic acid and
lithocholic acid in the colon (15, 16).

The amphipathic structure of bile salts, which provides detergent-like properties,
confers antimicrobial activity by compromising bacterial membrane integrity and
permeability (13). However, certain bacterial pathogens, including Shigella spp., can
exploit bile salts as cues to adjust virulence traits (17, 18). Previous reports revealed that
bile salts modulate Shigella species interaction with its environment. Pope et al. first
reported that growth in the presence of the secondary bile salt deoxycholate (DOC)
enhanced S. flexneri and S. dysenteriae adhesion to HeLa cells, which relied on the
presence of the virulence plasmid (19). Subsequently, Faherty et al. reported that
exposure to bile salts increased S. flexneri adherence to polarized intestinal T84 cells
(20). Those authors proposed that the ospE1 and ospE2 genes are upregulated in the
presence of DOC and cholate (CA) and function as adhesins upon outer membrane
localization (20). IcsA is another factor found to promote hyperadhesiveness and
invasion upon DOC exposure in a T3SS-dependent manner (21). Furthermore, DOC was
shown to facilitate the association of IpaB-IpaD at the tip of the T3SS needle, which is
implicated in the maturation of the T3SS needle tip complex, by inducing a conforma-
tional change in IpaD (22, 23). A recent study by Nickerson et al. also indicated that
exposure to a mixture of DOC and CA stimulates biofilm formation by Shigella spp. (24),
similar to the effect of bile and bile salts (DOC and CA) on other Gram-negative enteric
pathogens, such as Salmonella (25, 26) and Vibrio cholerae (27).

Biofilms are surface-associated dynamic structures developed by single or multiple
microbial species embedded in a self-produced extracellular matrix (28). Biofilm for-
mation emerges as an adaptive trait of microorganisms under harsh conditions, as it
provides protection for the community from external threats such as antimicrobials and
host defense (29, 30). Here, we investigated the involvement of S. flexneri adhesin-like
autotransporter proteins in bile salt-mediated biofilm formation. We found that IcsA, an
essential factor for S. flexneri intracellular infection, is critical for extracellular biofilm
formation.

RESULTS
Search for potential Shigella flexneri biofilm components. Mature biofilms are

composed of an extracellular polymeric matrix and bacterial cells encased in the
complex matrix network (31). Extracellular DNA, exopolysaccharides, and extracellular
proteinaceous structures such as fimbrial surface appendages and nonfimbrial adhesins
are common matrix components (32). Nickerson et al. demonstrated that S. flexneri
displays aggregation and forms biofilms on glass coverslips in the rich medium tryptic
soy broth (TSB) when supplemented with bile salts (24). That study also showed an
increase in the level of extracellular polymeric substances in these biofilms by using a
fluorescein-conjugated lectin which specifically labels polysaccharides (24). We con-
ducted literature and BLAST searches to identify potential S. flexneri biofilm compo-
nents. Escherichia coli species are phylogenetically related to Shigella spp. (33, 34). Table
1 summarizes the common structures that serve critical functions in different types of
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biofilms developed by pathogenic and nonpathogenic E. coli strains. S. flexneri, as a
host-restricted bacterial pathogen, has undergone a reductive evolution process (also
known as pathoadaptation) leading to the inactivation of numerous genes present in
E. coli, thereby optimizing S. flexneri pathogenicity (35). Whether part of pathoadapta-
tion or not, Shigella genes involved in the synthesis of different biofilm components
(Table 1) are either absent or mutated by various mechanisms.

S. flexneri has lost flagellar motility due to mutations in structural and regulatory
genes supporting flagellum biosynthesis (36, 37). Type 1 fimbria biosynthesis was also
abolished by an insertion element and a specific nonsense mutation (36, 38). Similarly,
the production of curli, which is another fimbrial adhesin, was eliminated in Shigella
spp. predominantly by insertion elements (39). Employing distinct types of biosynthetic
machinery, certain bacterial pathogens synthesize and secrete sugar polymers or
exopolysaccharides like cellulose, alginate, poly-N-acetylglucosamine, and capsules
(40). S. flexneri possesses deletions that cause frameshifts in the cellulose synthase
genes bcsA and bcsC (41). Likewise, the large operon in the S. flexneri chromosome
responsible for colanic acid production also contains pseudogenes, including those
encoding colanic acid polymerase (wcaD) and glycosyltransferases (wcaACE). Moreover,
capsular O-antigen (OAg) polysaccharide is not produced by S. flexneri due to a
frameshift mutation in the corresponding operon, while S. sonnei was reported to be
capsulated (42). A BLAST search indicated that the operon of poly-N-acetylglucosamine
biosynthesis was absent in S. flexneri as well. Finally, S. flexneri lacks genes encoding
nonfimbrial biofilm-associated proteins (Baps) secreted by the type I secretion system
(43). Thus, we turned our attention to autotransporter proteins, which can operate as
nonfimbrial adhesins displayed on the bacterial surface (44).

Autotransporter proteins as potential components of Shigella biofilms. Auto-
transporter proteins, which constitute the type V secretion system, are ubiquitous
among bacteria (45). Type Va is the simplest subclass of autotransporter proteins that
bear a generic domain organization comprised of an N-terminal signal sequence, a
passenger domain, and a translocator domain (46). Following translocation to the
periplasm by the Sec machinery, autotransporter proteins interact with chaperones for
proper passage through the periplasmic space and then facilitate their own secretion

TABLE 1 Common biofilm components produced by E. coli but not S. flexneri

Component Function(s) (reference)

Exopolysaccharides
Cellulose Interaction with other biofilm components such as curli and flagella that leads to robust architecture and

tissue-like property of macrocolonies (70)
Integrity of pellicle-type biofilm at air-liquid interface (71)
Interaction with curli, encapsulating bacterial cells in a strong shell-like architecture (72)

Poly-N-acetylglucosamine Abiotic surface attachment, cell aggregation, and subsequent biofilm development (73)

Colanic acid Structural development at later stages of biofilm formation (74)

Capsule Aggregation leading to development of biofilm-like communities in host cells (75)

Proteinaceous structures
Flagella Initial surface contact and early expansion of biofilm (76)

Motility required for pellicle-type biofilm formation at air-liquid interface (71)

Curli fibers Essential structural element of pellicle-type biofilms at air-liquid interface (71)
Essential structural component of macrocolonies on agar surface (77)
Interaction with cellulose, encapsulating bacterial cells in a strong shell-like architecture (72)

Type 1 fimbriae Initial surface attachment (76)
Integrity of pellicle-type biofilm at air-liquid interface (71)
Formation of biofilm-like communities in host cells (78)

Type IV pilus Microcolony development on abiotic surface under static growth and bacterial aggregation under flow (79)

IcsA-Dependent Biofilm Formation by Shigella flexneri Infection and Immunity

July 2019 Volume 87 Issue 7 e00861-18 iai.asm.org 3

https://iai.asm.org


by a translocator or �-barrel domain to the bacterial cell surface with the assistance of
outer membrane protein complexes such as the Bam complex (47). Exposed on the
bacterial cell surface, the passenger domain of autotransporter proteins can perform
different functions, such as adhesion, proteolysis, and interaction with host factors (48).

A BLAST search using the �-barrel domains of homologs (i.e., Aida, antigen 43
[Ag43], TibA, and MisL) in E. coli and Salmonella species led to the identification of 13
potential autotransporter genes in S. flexneri (Table 2). The identified genes encode
adhesins and serine proteases, belonging to the Aida superfamily of adhesins and the
immunoglobulin A1 protease family, respectively (Table 2). In agreement with the
notion of pathoadaptation, 6 genes coding for adhesins in E. coli are pseudogenes in
S. flexneri (Table 2). Our analysis therefore reveals 4 genes, encoding S1242, S1289,
S2406, and IcsA, that belong to the Aida superfamily of adhesins and may support S.
flexneri biofilm formation.

Disruption of icsA abrogates bile salt-mediated biofilm formation. We further
tested the putative involvement of the identified autotransporters in biofilm formation.
We generated deletion mutant strains by inserting a chloramphenicol cassette in S1242,
S1289, S2406, or icsA, in the S. flexneri 2457T genetic background. Strains grew in TSB
medium with 0.4% bile salts (TSB-BS), as previously described (24). Biofilm formation
was assessed by confocal microscopy, measuring the thickness of biofilms that devel-
oped on glass coverslips. While the S1242, S1289, or S2406 strain did not show any
impairment in biofilm formation, the icsA mutant showed a significant decrease (Fig. 1).
The defect in biofilm formation observed with the icsA mutant was rescued by the
expression of a Myc-tagged version of IcsA (IcsA-Myc), which drastically increased
biofilm thickness with respect to the wild-type (WT) strain (Fig. 2). These results indicate
that IcsA expression is required for bile salt-induced biofilm formation.

IcsA promotes bacterial cell-cell interactions in biofilms. We next utilized the
icsA/pIcsA-Myc rescue strain to determine IcsA localization in biofilms. After growth in
TSB-BS and fixation steps, biofilms were stained with SYTOX and a Myc antibody to
visualize S. flexneri and IcsA, respectively. As expected, IcsA displayed a polar localiza-
tion when S. flexneri was grown in TSB medium (Fig. 3A, panel I, IcsA-Myc) (49). In the
presence of BS, IcsA appeared as large punctae that colocalized with bacterial poles
(Fig. 3A, panels II and III, IcsA-Myc). Interestingly, punctae appeared to colocalize with
several bacteria in biofilms (Fig. 3A, panels II and III, and see Fig. S1 in the supplemental
material). Quantification of these phenotypes indicated that the number of bacteria
around a single IcsA-Myc punctum was significantly increased in TSB-BS compared to
TSB (Fig. 3B). Collectively, these results suggest that polar IcsA may function as an
intercellular adhesin facilitating bacterial cell-cell interactions in bile salt-induced bio-
films.

Differential biofilm formation in the presence of DOC and CA. The composition
of bile salts varies along the intestinal tract. In healthy human subjects, the level of CA
is high in the small intestine, whereas DOC, the dehydroxylated form of CA, is the most
abundant bile salt component in the colon (16). We next evaluated the individual
contributions of bile salts to S. flexneri biofilm formation. The biofilm structures formed

TABLE 2 S. flexneri genes encoding type Va autotransporters

Function/passenger domain Gene Pseudogene

Adhesin/AIDA superfamily S1242 S3194 (flu)
S1289 S3195 (flu)
S2406 S2446 (yfaL)
icsA-virG S0261 (yaiT)

S0268 (yaiT)
S1246

Protease/immunoglobulin A1 protease family S6163 (sepA)
S4824 (sigA)
S3178 (pic)
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in the presence of CA displayed various thickness values across the samples (Fig. S2). To
account for this variability, we measured biofilm formation by calculating the total
volume of biofilm formed by the icsA/pIcsA-Myc rescue strain in TSB with 0.1% DOC
(TSB-DOC) or TSB with 0.1% CA (TSB-CA) (Fig. S3). Each bile salt made a significant
contribution to biofilm formation compared to TSB control medium (Fig. 4). However,
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FIG 1 Phenotypic comparison of the biofilms formed by WT and mutant strains. (A) xy, yz, and xz views
of the biofilms formed by the WT and mutant strains. Bars, 20 �m. (B) Quantification of biofilm thickness.
Symbols in the graph represent the average biofilm thicknesses in 25 fields of view for each biological
replicate. One-way ANOVA with Tukey’s multiple-comparison test was applied for statistical analysis
using GraphPad Prism 7.02. ****, P value of �0.0001. Error bars represent standard errors of the means
from three biological replicates.
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FIG 2 Complementation of the icsA mutant strain by IcsA-Myc expression. (A) xy, yz, and xz views from
a representative biofilm of each strain. Bars, 10 �m. (B) Quantification of biofilm thickness. Symbols in the
graph represent the average biofilm thicknesses in 25 fields of view for each biological replicate.
One-way ANOVA with Tukey’s multiple-comparison test was applied for statistical analysis using Graph-
Pad Prism 7.02. **, P value of �0.01; ****, P value of �0.0001. Error bars represent standard errors of the
means from three biological replicates.
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the volume of the biofilm formed in the presence of DOC was 3.5-fold higher than the
volume formed in the presence of CA (Fig. 4B). These results reveal that DOC, the main
bile salt component in the colon, is a potent inducer of S. flexneri biofilm formation.

Differential processing of IcsA in the presence of DOC and CA. Under normal
growth conditions, the passenger domain of IcsA is released into the extracellular
medium through proteolytic cleavage mediated by the serine protease IcsP (Fig. 5A)
(50). To examine the potential role of IcsA processing in biofilm formation, we deter-
mined IcsA-Myc levels in TSB-DOC and TSB-CA biofilms by Western blot analysis. In the
bacterial community that formed after TSB growth, IcsA-Myc appeared as a full-length

FIG 3 Characterization of IcsA-Myc localization in biofilms. (A) Right panels (bars, 2 �m) showing
high-magnification images of S. flexneri (green) and IcsA-Myc (red) corresponding to the framed area
(white squares) in the representative images of biofilms shown in the left and middle panels (bars,
10 �m). (I) IcsA-Myc polar localization in TSB (white arrows); (II and III) IcsA-Myc localization inside
representative TSB-BS biofilms showing polar IcsA-Myc-mediated interactions (white arrows) of two (II)
or multiple (III) bacterial cells. (B) Quantification of the number of bacterial cells interacting with IcsA-Myc
punctae. Two-way ANOVA was applied for statistical analysis using GraphPad Prism 7.02. NS, not
significant; *, P value of �0.05; **, P value of �0.01; ***, P value of �0.001. Error bars represent standard
errors of the means from three biological replicates.
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protein (120 kDa) or as a processed form corresponding to the cleaved passenger
domain (95 kDa) (Fig. 5B). Quantitative analysis showed that IcsA processing was
significantly increased in the TSB-CA biofilm (Fig. 5C). We also compared the total
amounts of IcsA-Myc species (intact IcsA-Myc plus cleaved IcsA-Myc) in these biofilms.
The results (normalized to the value for glyceraldehyde-3-phosphate dehydrogenase
[GAPDH]) indicated that total IcsA-Myc levels were similar in TSB, TSB-DOC, and TSB-CA
(Fig. 5D). Since biofilm formation was not as robust in TSB-CA (Fig. 4), these results
indicate an inverse correlation between IcsA processing and the robustness of biofilm
formation.

To rule out the possibility that the observed differential ratios of intact versus
cleaved IcsA-Myc in the biofilm may be due to a differential release of the cleaved form
in the medium, we also determined IcsA-Myc species in spent medium and floating
aggregates. While we did not detect any soluble IcsA-Myc species in the spent medium
after pelleting down the floating aggregates, the resulting pellet contained IcsA-Myc
species with a ratio similar to that for the corresponding biofilm (Fig. S4). These data
indicate that the processed form of IcsA-Myc is a component of the biofilms and
floating aggregates that is not released into the medium.
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FIG 4 Biofilm formation in the presence of individual bile salt components. (A) Representative three-
dimensional (3D) biofilm images. Bars, 30 �m. Green, Shigella; Red, IcsA-Myc. (B) Quantification of biofilm
volume. Symbols in the graph represent the summation of biofilm volume values in 25 fields of view for
each biological replicate. One-way ANOVA with Tukey’s multiple-comparison test was applied for
statistical analysis using GraphPad Prism 7.02. **, P value of �0.01. Error bars indicate standard errors of
the means from three biological replicates.
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To further assess the contribution of intact and processed IcsA-Myc species, we
examined the biofilm formed by the icsP mutant, which cannot process IcsA. We found
that the icsP strain formed a thicker biofilm than the WT strain (P value of 0.025) (Fig.
6A and B) and confirmed that it could not process IcsA in biofilms (Fig. 6C). Collectively,
these results indicate that full-length IcsA is sufficient for the formation of biofilms (Fig.
6), whose robustness is inversely correlated with the degree of IcsA processing (Fig. 5).

DISCUSSION

Various pathogens undergo biofilm formation in the presence of bile salts. Bile salt
components, including CA and DOC, were reported to induce V. cholerae biofilm
formation via stimulation of exopolysaccharide biosynthesis (27). Similarly, the primary
bile salt chenodeoxycholate promotes exopolysaccharide production in Pseudomonas
aeruginosa, which supports biofilm formation (51). Although physiological levels of bile
salts trigger S. flexneri biofilm formation (24), S. flexneri does not produce common
biofilm components such as exopolysaccharides or proteinaceous surface structures
(Table 1). Here, we investigated the potential involvement of adhesin-like autotrans-
porter proteins and identified a critical role for IcsA in S. flexneri biofilm formation in the
presence of bile salts (Fig. 1 and 2).

IcsA is a member of the autotransporter family (52), which is targeted to the
bacterial pole, where it is secreted and inserted into the outer membrane (50). The
protease IcsP maintains the polarization of full-length IcsA by processing the extracel-
lular domain of the IcsA molecules that diffuse from the pole to the lateral sides of the
bacterial cells (50, 53). IcsA polar localization is essential for S. flexneri intracellular
actin-based motility and cell-to-cell spread. IcsA recruits and activates host components
of the actin assembly machinery at the bacterial pole, which propel the bacteria
throughout the cytosol (54). Additionally, a recent study reported a role of IcsA
adhesion to mammalian cells upon DOC exposure (21). Our results indicate that, in
addition to promoting interaction with host cells, IcsA also promotes the development
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of biofilms by mediating bacterial cell-cell interactions in the presence of bile salts (Fig.
3 and 4). Performing cross-linking experiments and coexpression of mutant versions of
IcsA, May et al. demonstrated that IcsA molecules self-associate in the outer membrane
(55). IcsA-mediated cell-cell interaction in biofilms may thus reflect the self-association
properties of IcsA (Fig. 3). The self-association properties of autotransporter adhesins
such as Aida and Ag43 are well documented in E. coli (reviewed by Klemm et al. [56]).
Aida protein, originally discovered in enteropathogenic E. coli, mediates a phenotype of
diffuse attachment to HeLa cells by directly binding to an unknown structure(s) on the
cell surface (57, 58). In addition to attachment to host cells, Aida facilitates biofilm
formation on abiotic surfaces and bacterial autoaggregation under static conditions.
The autoaggregation phenotype was connected to intercellular Aida-Aida and Aida-
Ag43 interactions (59). Ag43 is another adhesin abundant in E. coli species (60). Similar
to Aida, Ag43 is also implicated in E. coli biofilm development, particularly in glucose-
minimal medium (61). Moreover, it can prompt intra- and interspecies bacterial auto-
aggregation, which stems from Ag43-Ag43 interactions (62, 63). While Aida and Ag43
adhesins do not require external stimuli for self-interactions, our results suggest that
bile salts, especially DOC, may stimulate IcsA-IcsA interactions, which lead to aggrega-
tive growth and biofilm formation. We speculate that the dependence on bile salts
prevents bacterial cell aggregation when bacteria are intracellular, which may interfere
with actin-based motility. Accordingly and in agreement with the concept of patho-
adaptation, the gene encoding Aida is not present in the S. flexneri genome, and flu
encoding Ag43 is a pseudogene (Table 2).

The exact mechanism(s) supporting IcsA-mediated biofilm formation in the pres-
ence of bile salts remains to be elucidated. We tested the effect of individual compo-
nents on biofilm formation and found that DOC is a more potent biofilm inducer than
CA (Fig. 4). DOC displays a higher hydrophobicity and a greater capacity to induce
protein aggregation than CA (64). Thus, the stimulatory effect of bile salts on biofilm
formation may be related to changes in the IcsA conformation. This is supported by
previous work by Brotcke Zumsteg et al. showing that DOC exposure modulates the
proteolysis of IcsA by neutrophil elastase (21), suggesting that, through modification of
the IcsA conformation, DOC may affect the susceptibility of IcsA to proteases. In
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Student’s t test was applied for statistical analysis using GraphPad Prism 7.02. *, P value of �0.05. Error
bars indicate the standard errors of the means from three biological replicates. (C) IcsA-Myc is not cleaved
in the icsP mutant background. Shown are representative data from Western blot analysis of IcsA-Myc
species in the biofilms formed by the WT/pIcsA-Myc (WTIcsA-Myc) and icsP/pIcsA-Myc (icsPIcsA-Myc) strains
in TSB-BS.
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agreement with this notion, our results indicate that IcsA processing by IcsP was
decreased in TSB-DOC biofilms compared to TSB-CA biofilms (Fig. 5B and C). We note
that the formation of a robust DOC-mediated biofilm in the colon may antagonize the
ability of S. flexneri to invade epithelial cells. Thus, the regulation of the IcsP-mediated
cleavage of IcsA may be critical for pathogenesis through the production of planktonic
cells that can readily invade the colonic epithelium. Alternatively, biofilm formation
may not contribute to pathogenesis but may facilitate asymptomatic colonization of
the human host. It is important to note that Shigella isolates from asymptomatic carriers
retain virulence traits (65, 66).

In conclusion, our studies reveal a novel extracellular role of IcsA in addition to its
roles in actin-based motility and host cell adhesion. These observations are reminiscent
of another bacterial factor that supports Listeria monocytogenes actin-based motility,
ActA, which also promotes bacterial aggregation and biofilm formation (67). We
propose that ActA and IcsA have undergone convergent evolution, endowing them
with dual functions supporting seemingly unrelated roles in bacterial cell-cell adhesion
and actin-based motility during the extracellular and intracellular phases of infection,
respectively.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The wild-type S. flexneri 2457T strain was used in this

study (68). Escherichia coli strains such as DH5�, SM10�pir, and Δnic35 were used for cloning, mainte-
nance of pSB890-based constructs, and transformation of S. flexneri with pSB890-based constructs by
conjugation, respectively. S. flexneri and E. coli strains were cultured in LB broth (Gentrox) at 37°C
overnight on a wheel rotating at 40 rpm. For phenotypic assays, S. flexneri frozen stocks (�80°C) were
streaked onto LB agar containing 10 �g/ml Congo red dye (Fisher Chemical) (LBCR) and incubated at
37°C overnight to obtain single colonies. When necessary, culture media were supplemented with
ampicillin (100 �g/ml), chloramphenicol (10 �g/ml), tetracycline (10 �g/ml), and 100 �g/ml 2,6-
diaminopimelic acid (DAP) (Sigma Life Sciences).

Genetic manipulations. Overlap PCRs were performed to construct deletion fragments harboring a
chloramphenicol cassette flanked by upstream and downstream regions of the target genes, using the
primers listed in Table 3. Deletion fragments and either the pSB890 or pSB890-CAT suicidal vector were
digested with the indicated restriction enzymes (New England Biolabs) (Table 3) and ligated with T4 DNA
ligase (New England Biolabs). The resulting deletion constructs were confirmed by DNA sequencing. The
S. flexneri 2457T strain was introduced with the deletion constructs by conjugation. Briefly, 900 �l of a
culture of the E. coli Δnic35 strain harboring a deletion construct grown overnight was mixed with 300 �l
of a culture of the Shigella WT strain grown overnight. The mixture was pelleted via centrifugation, and
the dense bacterial pellet was spotted onto an LB agar plate supplemented with DAP. The plate was
incubated at 30°C for 24 h. After the incubation period, the spot was collected in sterile phosphate-
buffered saline (PBS). Serial dilutions were plated onto LB agar supplemented with tetracycline and
incubated at 37°C. Colonies were streaked onto LB (without NaCl) agar supplemented with 10% sterile
sucrose (Fisher Bioreagents) and chloramphenicol. Finally, mutants were selected on these plates after
incubation at 30°C for 24 h.

A pIcsA-Myc construct was generated for phenotypic complementation and IcsA localization in
biofilms. We first constructed pBAD18::icsA harboring the icsA gene, including its promoter region, and
subsequently used pBAD::icsA as a template to generate the tagged version of IcsA, IcsA-Myc (primers
listed in Table 3). The c-Myc tag (EQKLISEEDL) was incorporated into the IcsA autochaperone domain
between amino acid residues Ser-748 and Asn-749 and cloned into pBAD18, resulting in pIcsA-Myc,
which does not require the addition of arabinose for expression in S. flexneri.

Biofilm formation. We used tryptic soy broth (TSB) (Bacto) with 0.4% (wt/vol) bile salts (Fisher
Science Education) (TSB-BS), which contains sodium salts of deoxycholic acid and cholic acid for biofilm
growth of individual strains. To test the effects of each bile salt on biofilm formation, we used TSB with
0.1% (wt/vol) sodium deoxycholate (catalog number C6750; Sigma-Aldrich) (TSB-DOC) and TSB with 0.1%
(wt/vol) sodium cholate (catalog number C6445; Sigma Life Sciences) (TSB-CA) as biofilm growth media.
To maintain the pIcsA-Myc construct, biofilm growth medium was supplemented with ampicillin. The
glass coverslips were coated with poly-D-lysine (Cultrex) overnight at room temperature in 24-well plates
prior to biofilm growth. Biofilms were formed at 37°C for 24 h on 12-mm microscope glass coverslips
(Fisherbrand) immersed in biofilm growth medium in 24-well plates. Briefly, fresh S. flexneri Congo
red-positive colonies grown on LBCR plates with appropriate antibiotics were transferred to LB medium
(50 to 150 �l), and these bacterial suspensions were then immediately diluted in biofilm growth medium
at a 1:100 ratio. Five hundred microliters of biofilm growth medium seeded with S. flexneri was
transferred to 24-well plates with poly-D-lysine-coated coverslips. The 24-well plates were sealed with
parafilm and incubated at 37°C for biofilm growth. After 24 h, an equal volume of an 8% paraformal-
dehyde (Electron Microscopy Sciences) solution was directly added to the cultures for overnight fixation
at 4°C. Fixed spent medium was aspirated gently, and the fixed biofilms on the coverslips were washed
twice with PBS. Then coverslips were incubated with unconjugated rabbit antibody against Shigella spp.
(ViroStat) and then with Alexa Fluor 594 (AF-594) goat anti-rabbit antibody (Life Technologies) at room
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temperature (each 75 min). The coverslips were mounted onto microscope slides with ProLong Gold
antifade reagent (Invitrogen). Biofilm images were acquired with a Leica DMI 8 spinning-disc 474
confocal microscope controlled by iQ software (Andor).

IcsA localization in biofilms. The icsA/pIcsA-Myc strain was used for biofilm growth in TSB, TSB-DOC,
TSB-CA, and TSB-BS, as mentioned above. Biofilms on the coverslips were incubated with PBS containing
the mouse monoclonal antibody for the Myc tag (Cell Signaling) (1:1,000 dilution) at room temperature
for 75 min. Coverslips were washed twice with PBS, and secondary staining was carried out with 1�
PBS– 0.1% Triton X-100 containing SYTOX green (Invitrogen) (1:10,000 dilution) and secondary goat
anti-mouse AF-594 antibody at room temperature for 75 min. The coverslips were mounted onto
microscope slides with ProLong Gold antifade reagent (Invitrogen) following the final wash with PBS.
Biofilm images were acquired with a Leica DMI 8 spinning-disc 474 confocal microscope controlled by
iQ software (Andor).

Biofilm measurements. Biofilms were quantified in two different ways, by measuring biofilm
thickness (micrometers) and the total biofilm volume on the glass surface (cubic micrometers). Quanti-
fication of biofilm thickness was performed by defining the bottom and the top layers of each biofilm
with the Slice tool of Imaris imaging software. Experiments were carried out in triplicate, and in each
replicate, 25 random fields (technical repeats) on a glass coverslip were acquired for biofilm thickness
measurements. Due to irregular biofilm structures formed in TSB-CA medium, we measured the volume
of biofilms instead of thickness. After fixation of biofilms formed by the icsA/pIcsA-Myc strain, 25 random
fields were acquired for each medium (TSB, TSB-DOC, and TSB-CA). Next, the biofilm volume values of 25

TABLE 3 Primers used in the study

DNA manipulation and
primer name Sequence (5=¡3=)a

S2406 deletion
5S2406 TGAGATCCAGCAAGATCACGTCG
3S2406 CTAAGGAGGATATTCATATGTTGATGCATTGAGCTTTCATCCTATG
5S2406-CAT CATAGGATGAAAGCTCAATGCATCAACATATGAATATCCTCCTTAG
3S2406-CAT CTGTTATCAGAACGTCCAGACCACGTGTAGGCTGGAGCTGCTTC
5CAT-S2406 GAAGCAGCTCCAGCCTACACGTGGTCTGGACGTTCTGATAACAG
3CAT-S2406 CGCAAGGTCAGGATTTGTTCAACC

S1242 deletion
5S1242_NotI AATTGCGGCCGCGACAGGATTGCCATTAGTAGCATG
3S1242_blunt AATTCATTGCGTTAACAGTCAATGACAC
5S1242-CAT GCAGGGTAAAAACACGATTGTCACCATATGAATATCCTCCTTAG
3S1242-CAT CTAAGGAGGATATTCATATGGTGACAATCGTGTTTTTACCCTGC
5CAT-S1242 CGAAGCAGCTCCAGCCTACACGGTGGGCCTGAAATATAAGTTC
3CAT-S1242 GAACTTATATTTCAGGCCCACCGTGTAGGCTGGAGCTGCTTCG

icsA deletion
5icsA-UP-SacI AATTGAGCTCCAGGGCGTGTTGATGTCCTGC
3icsA-UP-XhoI AATTCTCGAGGTAAGTGGTTGATAAACCCCTG
5icsA-DOWN-SacI AATTGAGCTCCAGGGCGTGTTGATGTCCTGC
3icsA-DOWN-BamHI AATTGGATCCCGACCCCGTACTGCTCACGCA

S1289 deletion
5S1289-UP-NotI AATTGCGGCCGCGGCTTTATCCGTGCACAAACC
3S1289-UP-XhoI AATTCTCGAGCCACTCCTATATAGTACCCAGG
5S1289-DOWN-SacI AATTGAGCTCCAACGGAGGATATCGCTTCAGC
3S1289-DOWN-PstI AATTCTGCAGCCTGTCCTGCTTTGTGGAGAAG

icsP deletion
5icsP-UP-NotI ATATGCGGCCGCGATTAGTCCTTAATCGGACAACCAC
3icsP-UP-XhoI ATATCTCGAGGATCTTCTTACTTTATAAGATAAACGTCAA
5icsP-DOWN-SacI GGGGAGCTCATTGGTTCACCGAGTTGATTACGTT
3icsP-DOWN-PstI GGGCTGCAGGTCCCTGATAGCACTGTTCCATCA

IcsA expression
FW-SmaI ATTACCCGGGGGTTAGTTATGTTTGATGTCTGC
REV-SalI ATTAGTCGACCCTCGTACAGAACTACTCAAGTCC

IcsA-Myc expression
5IcsA-UP-BplI GGCCATGCGTCTGGTATTACC
3IcsA-Myc-748aa AAGATCTTCTTCAGAAATAAGTTTTTGTTCGCTCATCTGTTTTGATTCTTGA
5IcsA-Myc-748aa GAACAAAAACTTATTTCTGAAGAAGATCTTAATCAAGAGTCTACTCAAAT
3IcsA-DOWN-BbsI CCATAAGCTCCCATAATACCC

aRestriction sites are in boldface type.
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fields were estimated using the Surface function of Imaris imaging software. We summed the estimated
values to obtain a total biofilm volume value that represents the biofilm formed in each medium.
One-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test and an unpaired Student
t test were performed for statistical analysis using GraphPad Prism 7.02.

Western blotting. In parallel to biofilm volume measurements, we also prepared samples from
another set of coverslips for assessment of IcsA-Myc levels in biofilms of the icsA/pIcsA-Myc strain that
developed during growth in TSB, TSB-DOC, and TSB-CA media. After biofilm growth, spent media were
removed from the wells, and coverslips were then washed gently with PBS twice. Samples were collected
from the surface of coverslips with 100 �l of sample buffer (2� SDS gel loading buffer with 100 mM
dithiothreitol [DTT]). To assess IcsA-Myc species in biofilm spent media, floating aggregates were
collected by centrifugation at 10,000 � g for 10 min at 4°C. Pellets were immediately treated with sample
buffer. Clear supernatants were filter sterilized with a 0.22-�m membrane filter unit (Millex-GS). Soluble
proteins were precipitated with 10% trichloroacetic acid (69). Protein samples were first separated by
SDS-PAGE and then transferred to nitrocellulose membranes (100 V for 1 h at 4°C). Membranes were
blocked with PBS containing 0.1% Tween 20 and 5% bovine serum albumin (BSA) at room temperature
for 1 h and then blotted with primary mouse monoclonal antibody for the Myc tag (Cell Signaling)
(overnight at 4°C) and horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:10,000) second-
ary antibody (Jackson) (1 h at room temperature). Protein bands were developed with Amersham ECL
Western blotting detection reagents. The exact same procedure was conducted to determine IcsA-Myc
species in the biofilms formed by the icsP/pIcsA-Myc and WT/pIcsA-Myc strains.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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