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Many bacteria successfully colonize animals by forming protective biofilms. Molecular processes that underlie the formation
and function of biofilms in pathogenic bacteria are well characterized. In contrast, the relationship between biofilms and host
colonization by symbiotic bacteria is less well understood. Tsetse flies (Glossina spp.) house 3 maternally transmitted symbionts,
one of which is a commensal (Sodalis glossinidius) found in several host tissues, including the gut. We determined that Sodalis
forms biofilms in the tsetse gut and that this process is influenced by the Sodalis outer membrane protein A (OmpA). Mutant
Sodalis strains that do not produce OmpA (Sodalis �OmpA mutants) fail to form biofilms in vitro and are unable to colonize the
tsetse gut unless endogenous symbiotic bacteria are present. Our data indicate that in the absence of biofilms, Sodalis �OmpA
mutant cells are exposed to and eliminated by tsetse’s innate immune system, suggesting that biofilms help Sodalis evade the
host immune system. Tsetse is the sole vector of pathogenic African trypanosomes, which also reside in the fly gut. Acquiring a
better understanding of the dynamics that promote Sodalis colonization of the tsetse gut may enhance the development of novel
disease control strategies.

The digestive tract of animals represents an environment that
houses a dense population of microbes (18, 28, 36, 52, 53).

With the advancement of molecular technologies, our awareness
of the diversity and abundance of microbes in this niche has in-
creased dramatically. It is now known that the vast majority of
bacteria present in the gut are commensals and thus positively
impact the physiology of their hosts (18, 28, 36, 53). However,
studies to further decipher the biological mechanisms that under-
lie digestive tract symbioses are impeded by the taxonomic com-
plexity of the animal microbiome, the presence of unculturable
microbes, and the inability to use standard molecular biological
tools to genetically manipulate many of these microorganisms.
Thus, identification of efficient model systems with less diverse
microbial communities can advance our understanding of host-
microbe interactions and their effect on pathogenic microbes.

One model system that can be used to study commensal symbio-
ses is the tsetse fly (Diptera: Glossinidae). This fly harbors three dis-
tinct bacterial symbionts, including the parasitic Wolbachia, obligate
Wigglesworthia, and commensal Sodalis. Tsetse flies are unique in that
they exhibit a viviparous mode of reproduction, during which juve-
nile larvae develop in an intrauterine environment and receive nour-
ishment from maternal milk gland secretions. Wigglesworthia and
Sodalis are maternally acquired by intrauterine larvae via milk secre-
tions, while Wolbachia is transmitted through the germ line (4). In
addition to residing extracellularly in the female milk gland, Wiggles-
worthia is also found intracellularly in the tsetse gut-associated bacte-
riome (3). As a result of the long coevolutionary history of Wiggles-
worthia and tsetse, this bacterium’s genome is reduced in size and
highly streamlined in composition (1, 7). Despite these genome re-
duction processes, Wigglesworthia has retained a number of vitamin
biosynthesis pathways, which may provision the tsetse host with me-
tabolites missing from its vertebrate blood-specific diet (2). Tsetse’s
association with commensal Sodalis is more recent. Sodalis is closely
related to several free-living enteric bacteria, including Yersinia and
Salmonella (44). Furthermore, phylogenetic analysis of Sodalis from
distant tsetse species suggests that these microbes recently descended
from a common ancestor and spread via horizontal transfer events

(49). Sodalis resides intra- and extracellularly throughout its host and
can be cultivated in vitro and genetically manipulated using conven-
tional techniques (8). Tsetse’s simple microbial community may en-
able us to study host-symbiont interactions, including gut coloniza-
tion processes, host mechanisms that enable tolerance to beneficial
microbes, and symbiont mechanisms that enable their persistence
against hostile host immune responses.

Functional studies have demonstrated a direct association be-
tween bacterial outer membrane protein A (OmpA) and micro-
bial phenotypes in the tsetse. Specifically, young adult flies (3 days
posteclosion) tolerate hemocoelic superinfection with Sodalis but
quickly perish following the same treatment with normally non-
pathogenic Escherichia coli K-12 (50). Analysis of the Sodalis ompA
gene sequence indicated that environmentally exposed loop do-
mains of the OmpA protein contain amino acid insertions and/or
substitutions compared to their counterparts from E. coli and
other closely related free-living and pathogenic bacteria (44, 50).
From a functional perspective, OmpA polymorphisms were de-
termined to modulate the infection outcome in tsetse when flies
were infected with either E. coli OmpA mutants (E. coli �OmpA)
or Sodalis that had been genetically modified to express E. coli
OmpA (Sodalis pIOE. coli). These infection experiments showed
that tsetse flies were able to tolerate E. coli�OmpA, while So-
dalis pIOE. coli exhibited a pathogenic phenotype that caused all
infected tsetse flies to perish. These findings suggest that mod-
ifications associated with Sodalis OmpA may promote tsetse’s
tolerance of Sodalis and reflect larger evolutionary adaptations
that facilitate bacterial/insect symbioses.
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OmpA is also involved in the formation of microbial biofilms
(5, 14, 27, 42), which are populations of microbes that adhere to
surfaces by producing a polysaccharide extracellular matrix. Bio-
films play a role in bacterial colonization dynamics of the mam-
malian and invertebrate gastrointestinal tracts (29). In E. coli,
OmpA influences bacterial colonization of host tissues by pro-
moting biofilm formation on hydrophobic surfaces (27, 41). In
fleas (Xenopsylla cheopsis), the causative agent of plague, Yersinia
pestis, forms a biofilm that blocks the passage of blood through its
host’s proboscis. This process starves the host and causes it to take
multiple blood meals, which in turn increases the chances of
pathogen transmission to the mammalian host (11). Additionally,
pathogenic Vibrio cholerae can form biofilms in the rectum of
Drosophila melanogaster and eventually kill its insect host (35). It
remains to be seen if OmpA also modulates the ability of Yersinia
and Vibrio to form biofilms in flea and Drosophila host tissues,
respectively.

To date, the role of biofilms with respect to symbiont coloni-
zation of the insect gut is poorly understood. In this study, we
investigated whether biofilm formation is required for commensal
Sodalis to colonize the tsetse gut and whether Sodalis OmpA plays
a role in the process of biofilm formation. We also discuss the
association between biofilms and symbiont evasion of hostile host
immune responses.

MATERIALS AND METHODS
Tsetse and bacterial cultures. Tsetse flies (Glossina morsitans morsitans)
were maintained in Yale University’s insectary at 24°C with 55% relative
humidity. Unless specifically indicated otherwise, flies received defi-
brinated bovine blood through an artificial membrane feeding system
every 48 h (32, 50). Aposymbiotic tsetse flies (GmmApo) were generated as
described previously (48). Sodalis-free tsetse flies (GmmSgm�) were gen-
erated by feeding 200 �g of ampicillin to flies two times before bacterial
inoculation. Sample sizes for all experiments are indicated in the appro-
priate figure legends.

All bacterial strains used in this study as described in Table S1 in the
supplemental material. Wild-type (WT) Sodalis strains were isolated from
tsetse pupae and subsequently maintained in liquid Mitsuhashi-Maramoro-
sch (MM) medium as described previously (50). Brain heart infusion agar
plus 10% defibrinated bovine blood (BHIB) was used when Sodalis strains
were plated on solid medium. E. coli OmpA mutants (E. coli �OmpA) and E.
coli OmpA mutants that express Sodalis ompA (E. coli �OmpA pIOSodalis)
were generated as described previously (50). E. coli strains were grown at 37°C
on LB agar plates or in liquid LB medium under the appropriate antibiotic
selection. The growth medium was supplemented with designated antibiot-
ics: ampicillin (Amp) (25 �g/ml for Sodalis and 100 �g/ml for E. coli), tetra-
cycline (Tet) (5 �g/ml for Sodalis), and kanamycin (Kan) (50 �g/ml for So-
dalis and 100 �g/ml for E. coli).

Construction of 16S clone library. Genomic DNA (gDNA) was ex-
tracted from six female fly guts and one male fly gut (all 8 days old) using
the MasterPure DNA purification kit (Epicentre). The 16S clone library
was constructed as previously described with the following modification
(51): 16S rRNA genes were amplified using the primer set 27F and 1492R.
The PCR amplification product was cloned into pGEM-T vector (Pro-
mega) and transformed into E. coli DH5� cells, and colony PCR was
performed on 320 recombinant clones in 96-well plates, using T7 and SP6
primers. The PCR product was digested with Taq�I and HaeIII (New
England BioLabs) restriction enzymes, and the generated profile was vi-
sualized on a 2.0% Metaphor agarose gel stained with ethidium bromide.
Multiple clones with represented restriction profiles were then sequenced
using T7 primer at the DNA analysis facility (Yale University) with BigDye
Terminator. Sequences were compared to the NCBI BLAST database and
the Ribosomal Database Project II (RDP) (http://rdp.cme.msu.edu/)

(10). All oligonucleotide primers and PCR amplification conditions used
in this study are summarized in Table S2 in the supplemental material.

Fluorescent in situ hybridization (FISH) and lectin staining. Guts
were microscopically dissected from 4-day-old GmmWT flies and subse-
quently subjected to FISH analysis and lectin staining as described previ-
ously (23, 34). In brief, a 5=-end rhodamine-labeled Sodalis-specific 16S
rRNA probe (5=-ACGAGACTCTAGCCTGCCAG-3=) was used for FISH
analysis (34). Dewaxed tissue sections, which were produced as described
previously (23), were stained in a blocking solution (containing 4
nmol/ml of DAPI [4=,6-diamidino-2-phenylindole]) containing 200 ng of
Sodalis-specific probe and 10 �g/ml of one of the following fluorescein-
labeled lectins: concanavalin A, Dolichos biflorus agglutinin, peanut agglu-
tinin, Ricinus communis agglutinin I, soybean agglutinin, Ulex europeaus
agglutinin, and wheat germ agglutinin (WGA) (lectin kit I, Vector Labo-
ratories, CA). Fluorescent signals were observed with a Zeiss epifluores-
cence microscope.

Generation of Sodalis ompA mutants. Sodalis mutants that do not
produce OmpA (hereafter referred to as Sodalis �OmpA mutants) were
generated using the TargeTron gene knockout system (Sigma-Aldrich)
according to the manufacturer’s protocol. In brief, the group II intron
encoded on expression plasmid pACD4K-C was retargeted to insert 540
bp from the ompA start codon. The resulting retargeting plasmid, desig-
nated pSOM, was electroporated into Sodalis PT, which harbors a helper
plasmid (pAR1219) that encodes the T7 RNA polymerase gene under
transcriptional control of the lac UV5 promoter (see Table S2 in the sup-
plemental material). Following electroporation, cells were pelleted and
resuspended in MM medium supplemented with chloramphenicol and
1% glucose. Following an overnight incubation, T7 RNA polymerase gene
expression was induced for 1 h with the addition of 200 mM IPTG (iso-
propyl-�-D-thiogalactopyranoside), and cells were pelleted and resus-
pended in MM medium containing 1% glucose. After 1 h incubation, the
cells were similarly pelleted and resuspended and mutant cells were se-
lected on BHIB�Kan plates. Insertion of the intron into the correct chro-
mosomal locus was confirmed by PCR using ompA gene primer pair Om-
pAF1 and OmpAR1. Amplification primers are listed in Table S3 in the
supplemental material. Recombinant OmpA protein production was
confirmed by Western blot analysis using an anti-E. coli OmpA antibody
at a dilution of 1:20,000 (50).

Sodalis in vitro blood growth assay. The mammalian complement
system was inactivated by heating blood for 1 h at 56°C. Sodalis PT or the
Sodalis �OmpA mutant at 500 CFU/ml was added to either regular or
heat-inactivated bovine blood. Inoculates were maintained at 24°C. Bac-
terial density was monitored every day for 7 days by serially diluting and
subsequently plating samples on BHIB plates. CFU were counted when
they became visible (�7 days after plating).

Biofilm formation assay. Sodalis PT or Sodalis �OmpA cells were
inoculated into 5 ml of MM medium and vigorously shaken at an angle in
a 15-ml Falcon tube for 7 days. Seven days later, liquid medium was
removed from the tubes and the “splash zone” was stained for 15 min with
crystal violet. Finally, tubes were gently rinsed with water (2�) and in-
spected for the presence of a biofilm.

Biofilm formation was also quantified using a previously described
microtiter plate biofilm assay (31). A 24-well microtiter plate (Corning
Life Science) with 500 �l of MM medium was inoculated with 500 �l of
log-phase culture of strains to be tested (at an optical density at 600 nm
[OD600] of 	0.5). The microtiter plate was incubated for 11 days at 25°C,
and the OD was measured at 600 nm. The relative biofilm formation was
calculated with the following formula: OD of crystal violet/OD of growth
yield.

Sodalis OmpA restores the E. coli biofilm formation defect. E. coli
strain MG1655 �ompA::Tn5Kan-2, which has an ompA transposon-gen-
erated mutation (21), was complemented by expressing Sodalis OmpA in
this mutant strain. Plasmid pIOSodalis was electroporated into MG1655
�ompA::Tn5Kan-2, thus generating E. coli strain �OmpA pIOSodalis (21).
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E. coli strain �OmpA pIOSodalis was subsequently monitored, as described
above, to determine its biofilm formation phenotype.

Per os colonization assay. To assess the ability of different bacteria to
colonize the tsetse gut, 500 CFU of each strain was added to 1 ml of
heat-inactivated bovine blood and provided to flies through an artificial
membrane system. Following per os inoculation with bacteria, flies were
maintained on heat-inactivated blood every 48 h. Gut tissue was micro-
scopically dissected at 1, 3, and 5 days postinoculation with bacteria.
Three guts from each group were dissected per time point, homogenized
in 0.85% NaCl, serially diluted, and plated on BHIB supplemented with
antibiotics. CFU per plate were manually counted. All bacterial strains,
tsetse lines, and antibiotics (including concentrations) used for these ex-

periments are indicated in the appropriate figure legends. All per os colo-
nization experiments were performed in duplicate.

Experimental induction of the tsetse immune response. Tsetse flies
were immunologically stimulated as described previously (17). In brief,
GmmWT flies were fed either lipopolysaccharide (LPS) and peptidoglycan
(PGN) (50 �g of each/ml of blood) or live E. coli (500 CFU/ml blood)
prior to inoculation with experimental bacteria. Flies were exposed to E.
coli once and LPS and PGN continuously throughout the course of the
colonization assay. Colonization assays were performed in duplicate as
described above.

RESULTS
Tsetse gut microbiome and bacterial biofilm formation in this
niche. In an effort to analyze the microbial composition of the
tsetse gut, we constructed 16S rRNA libraries from this tissue and
found that it houses only vertically transmitted Wigglesworthia
and Sodalis (Table 1). Gut-associated Wigglesworthia strains are
localized exclusively within a specialized organ called the bacteri-
ome. However, Sodalis is found both intra- and extracellularly in
several tsetse tissues, including the gut (8). As such, we set out to
determine if protective biofilms form the mechanistic basis that
underlies the ability of extracellular Sodalis to colonize the gut of
wild-type tsetse flies (here designated GmmWT). We used DAPI
(Fig. 1A) and fluorescent in situ hybridization (FISH) analysis
with Sodalis-specific 16S rRNA probes (Fig. 1B) to detect bacterial
clusters in this environment (Fig. 1C is a merged image of Fig. 1A
and B). Additionally, these images were enlarged to identify indi-
vidual bacteria (Fig. 1D to F). These data suggest that Sodalis re-
sides in microcolonies in the luminal fluid of the tsetse gut. Mi-
crocolonies, which are considered to be the basic structural unit of
a biofilm, were then investigated for the presence of a polysaccha-

TABLE 1 16S RNA clone libraries of tsetse fly gut

Source
No. of
clones Species

No. of
isolates

Female guts w/bacteriocyte
Gut 1 30 Wigglesworthia glossinidia 28

Sodalis glossinidius 2
Gut 2 30 Wigglesworthia glossinidia 27

Sodalis glossinidius 3
Gut 3 20 Wigglesworthia glossinidia 18

Sodalis glossinidius 2
Gut 4 18 Wigglesworthia glossinidia 16

Sodalis glossinidius 2

Female guts w/no bacteriocyte
Gut 1 120 Wigglesworthia glossinidia 0

Sodalis glossinidius 120
Gut 2 39 Wigglesworthia glossinidia 4

Sodalis glossinidius 35

FIG 1 In situ visualization of Sodalis clusters present in the tsetse gut. (A) Cross sections of tsetse gut tissue stained with DAPI. DNA from host epithelial tissue
and Sodalis cells all stains blue. Bar, 50 �m. (B) Visualization of Sodalis clusters in the lumen of the tsetse gut using fluorescent in situ hybridization. Tissues were
probed with a rhodamine-labeled oligonucleotide specific for Sodalis 16S rRNA (red). Bar, 50 �m. Autofluorescent blood meal-derived erythrocytes surround
Sodalis cells. Bars, 50 �m. (C) Panels A and B merged to better orient the position of Sodalis cell clusters in relation to tsetse gut epithelial tissues. In each of panels
A, B, and C, the most prominent cluster of Sodalis cells is indicated by a white arrow. (D to F) Enlarged views of the Sodalis clusters shown in panels A to C,
respectively. Bars, 10 �m.
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ride matrix using lectin staining. Lectins are carbohydrate-bind-
ing proteins or glycoproteins that contain at least two carbohy-
drate-binding sites (40). Out of the 7 different lectins we tested,
only wheat germ agglutinin (WGA) reacted positively to 100% of
the microcolonies found in the tsetse gut (Fig. 2). Furthermore,
DAPI staining revealed that these biofilms may contain DNA in
their extracellular matrix. A signal using WGA was detected along
the host gut epithelial tissue, indicating that the polysaccharides
could be host derived in nature (data not shown). WGA binds
specifically to N-acetylglucosamine, a major component of pepti-
doglycan (39). We also tested whether WGA binds to Sodalis
maintained in culture and detected staining in close proximity to
the individual Sodalis cells (see Fig. S2 in the supplemental mate-
rial). These findings suggest that WGA binds polysaccharides,
such as the peptidoglycan and/or lipopolysaccharides that are on
the bacterial cell membrane.

Generation of Sodalis OmpA mutants and characterization
of their growth phenotype. The process of biofilm formation in
bacteria, including E. coli, Acinetobacter baumannii, and Salmo-
nella enterica serovar Typhimurium, is influenced by OmpA (14,
26, 27). In an effort to determine if OmpA exhibits a homologous
function in Sodalis, we generated a mutant strain that does not
produce this protein. To do so, an intron was inserted in frame
within the Sodalis ompA gene, which is encoded on a single chro-
mosomally located operon. Intron insertion was verified by PCR
(Fig. 3A), and OmpA was subsequently undetectable in the mu-
tant strain (the Sodalis �OmpA mutant; Fig. 3B). We next char-
acterized the growth phenotype of the Sodalis �OmpA mutant in
comparison to its parent strain (Sodalis PT). When grown in MM
medium, the Sodalis �OmpA mutant exhibited no growth defect
(Fig. 3C). Tsetse flies feed exclusively on vertebrate blood, and
Sodalis resides in the tsetse gut where the blood meal accumulates
and undergoes digestion. We first examined the ability of Sodalis
PT to grow in vitro in complement-active and -inactive blood. Our
data show that vertebrate blood contains sufficient nutrients to
maintain Sodalis in vitro but that these bacterial cells are sensitive
to the complement system when inoculated into this medium (see
Fig. S3 in the supplemental material). We also found that Sodalis
�OmpA exhibits a similar growth curve when cultured in heat-
inactivated blood (Fig. 3D). Interestingly, Sodalis strains found
naturally in the tsetse gut are able to survive in the presence of

FIG 2 Lectin staining of a biofilm-associated polysaccharide matrix surrounding a cluster of Sodalis cells. (A) A cross section of the tsetse gut tissue stained with
a rhodamine-labeled oligonucleotide specific for Sodalis 16S rRNA. (B) A WGA lectin probe (green) bound to an extracellular polysaccharide matrix. (C) Panels
A and B merged. The presence of a polysaccharide matrix surrounding a Sodalis cluster in the lumen of the tsetse gut indicates that these bacterial cells have
formed a biofilm. Bars, 50 �m.

FIG 3 Generation of a Sodalis ompA mutant strain. (A) PCR amplification
of the ompA gene in the Sodalis parent strain (Sodalis PT; lane 2) and
Sodalis ompA mutants (Sodalis �OmpA; lane 3). The �1-kb band shift is
the result of intron insertion into the ompA locus of the Sodalis chromo-
some. (B) A Western blot showing OmpA expression in Sodalis PT cells
(lane 1) but not in their Sodalis �OmpA derivatives (lane 2). (C and D)
Sodalis PT and Sodalis �OmpA growth curves in MM medium and blood,
respectively. Sodalis �OmpA does not exhibit a growth defect when cul-
tured in either medium.
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vertebrate complement. This phenomenon suggests that verte-
brate complement may be inactivated prior to coming in contact
with endogenous Sodalis. Alternatively, Sodalis may utilize alter-
native mechanisms, such as the formation of protective biofilms,
to circumvent this antimicrobial system.

OmpA modulates Sodalis biofilm formation in vitro. The So-
dalis �OmpA mutant does not exhibit a growth defect in heat-
inactivated vertebrate blood and will thus serve as a robust strain
to characterize the relationship between OmpA and the ability of
this symbiont to colonize its tsetse host. We next set out to char-
acterize the biofilm-associated phenotype of the Sodalis �OmpA
mutant. To do so, an in vitro assay was performed where Sodalis
PT and Sodalis �OmpA cultures were placed in a 15-ml Falcon
tube at an angle and shaken for 7 days. Subsequently, the tube’s
splash zone was observed for the presence of a Sodalis biofilm (14,
26, 31). As shown in Fig. 4A, Sodalis PT cells form a distinct bio-
film while their Sodalis �OmpA counterparts do not. Addition-
ally, a crystal violet microtiter plate biofilm assay was used to
quantitate the biofilm formation defect presented by Sodalis
�OmpA cells. This assay indicated that the Sodalis �OmpA mu-
tant has a 91% decrease in biofilm formation compared to Sodalis
PT. These results indicate a role for OmpA in Sodalis biofilm for-
mation.

Sodalis OmpA reverses the biofilm defect of E. coli OmpA
mutants. Data from our experiments using symbiotic Sodalis, as
well as data from previous studies using free-living E. coli, suggest
a role for OmpA in the ability of these bacteria to form biofilms
(14, 27). To further validate the functional role of OmpA in bio-
film formation, we expressed the Sodalis OmpA protein in a mu-
tant strain of E. coli (E. coli �OmpA) that does not produce this
protein and thus is unable to form biofilms (27, 50). Strain E. coli
�OmpA pIOSodalis was previously generated by transforming E.
coli �OmpA cells with a construct (pIOSodalis) that encodes the
Sodalis ompA gene under transcriptional regulation of the consti-
tutively expressed insulinase promoter (50). We used a crystal
violet microtiter plate biofilm assay to monitor the biofilm forma-
tion phenotype of E. coli �OmpA pIOSodalis cells. We observed that
E. coli �OmpA pIOSodalis and WT E. coli are equally competent in
their ability to form biofilms in vitro, whereas E. coli �OmpA
mutants are not (Fig. 4D). The results of our complementation
assay further accentuate the role of Sodalis OmpA in biofilm for-
mation processes, as biofilm-deficient E. coli strains are able to
form these structures in vitro after they are genetically modified to
express this protein.

OmpA-mediated bacterial colonization of the tsetse gut. We
next developed a per os colonization assay and used it to examine
the role of OmpA in the ability of Sodalis to colonize the tsetse gut.
GmmWT and symbiont-cured (here referred to as aposymbiotic,
or GmmApo) flies were given a heat-inactivated blood meal sup-
plemented with Sodalis PT. Subsequently, all flies received sterile
heat-inactivated blood every other day for the entirety of the 5-day
experiment. At 1, 3, and 5 days after feeding with bacterial strains,
gut tissues were microscopically harvested from individual flies of
each group and the number of Sodalis isolates present was quan-
tified. We determined that Sodalis PT was able to colonize the gut
of both GmmWT and GmmApo flies and replicate to a density of
�106 CFU in this niche (Fig. 5A), a density which is comparable to
natural Sodalis levels present in GmmWT guts (see Fig. S1 in the
supplemental material). These data suggest that Sodalis PT can
survive in the presence of natural Sodalis present in the gut of

GmmWT flies and that these exogenous cells grow to densities sim-
ilar to those of their native counterparts. Sodalis PT can also re-
place natural infections when provided to aposymbiotic flies. We
next set out to determine if recombinant Sodalis strains can pro-
duce a biofilm in GmmWT and/or GmmApo flies. We recolonized
these tsetse lines per os with a green fluorescent protein (GFP)-
expressing strain of this bacterium (SodalispGFP) and then micro-
scopically examined gut fluid for the presence of Sodalis clusters,

FIG 4 OmpA regulates bacterial biofilm formation in vitro. (A) Sodalis PT and
Sodalis �OmpA cells were shaken vigorously at an angle for 7 days in 15-ml
Falcon tubes. The bacterial splash zone was subsequently stained with crystal
violet to visualize the presence or absence of a biofilm. These structures were
present in the tubes containing Sodalis PT cells (shown enlarged in the corre-
sponding box). Sodalis �OmpA cells failed to form a biofilm. This experiment
was performed in triplicate with 3 distinct clonal populations of each bacterial
strain. (B) Spectrophotometric quantification of relative biofilm formation
exhibited by Sodalis PT and Sodalis �OmpA cells. (C) E. coli �OmpA cells
exhibit a biofilm formation defect that is restored in their counterparts that
were genetically modified to express Sodalis ompA (E. coli �OmpA pIOSodalis

cells). In panels B, C and D, statistical significance was determined by the
Mann-Whitney test.
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similar to the procedure for Fig. 1. We discovered that 1 day post-
feeding, Sodalis begins to form small microcolonies in the gut of
GmmWT flies and that biofilms are present 3 days later. Further-
more, biofilms were also present in the gut of GmmApo flies by 3
days postinoculation (Fig. 5B). Results from a control experiment,
in which gut fluid from GmmWT flies (which contained no recom-
binant Sodalis) was also observed, indicated that natural popula-
tions of this symbiont do not autofluoresce (see Fig. S4 in the
supplemental material). Taken together, these data demonstrate
that our per os colonization assay can be exploited to study the
molecular mechanisms that underlie bacterial colonization of the
tsetse gut.

We next investigated whether OmpA regulates the ability of
Sodalis to colonize the tsetse gut by feeding GmmWT individuals
with either Sodalis �OmpA or Sodalis PT cells. In contrast to So-
dalis PT, Sodalis �OmpA cells exhibited a significant colonization
defect 1 and 3 days after being fed to wild-type flies, which still
retain their native microbiota. However, by 5 days postinocula-
tion, both Sodalis strains reached similar homeostatic densities in
the gut of GmmWT flies (Fig. 5C). These data suggest that OmpA is
most important during initial stages of Sodalis gut colonization, as

cells that lack this protein can reach normal densities over time.
Interestingly, previous studies using other model systems have
shown that mutant bacteria can “cheat” their colonization defect
by cross-feeding off relevant protein products produced by en-
dogenous bacteria also present in the system (30, 38, 45, 46). We
thus investigated whether Sodalis �OmpA cells are able to colo-
nize wild-type tsetse by cheating off the Sodalis naturally found in
these flies. This could explain the delay in the colonization process
we observed with the mutant strain. To do so, we generated Soda-
lis-free tsetse flies (GmmSgm�) by feeding GmmWT flies two blood
meals supplemented with 200 �g of ampicillin per ml of blood.
Prior to beginning the experiment, the absence of native Sodalis in
GmmSgm� flies was verified by dissecting 4 fly guts per group and
measuring the CFU by plating (data not shown). Subsequently,
GmmSgm� individuals were orally inoculated with either Sodalis
PT or Sodalis �OmpA cells. Sodalis PT effectively colonized
GmmSgm� flies (Fig. 5D). However, in contrast to what we ob-
served previously in GmmWT flies (which have their natural
microbiome), we found that Sodalis �OmpA cells exhibited a sig-
nificant colonization defect in GmmSgm� individuals over the
course of the entire 5-day experiment (Fig. 5D). These findings

FIG 5 OmpA modulates Sodalis biofilm formation in the tsetse gut. (A) A newly developed per os colonization assay was used to determine if Sodalis PT cells
could establish an infection in GmmWT and GmmApo fly guts. Five days postinoculation, Sodalis PT was found at a density of �106 cells in both host backgrounds.
(B) Biofilm formation in the tsetse gut was visualized by orally inoculating GmmWT and GmmApo flies with a strain of Sodalis (Sodalis pGFP) that expresses green
fluorescent protein. Fluorescing microcolonies, indicated by a white arrow, were present in GmmWT flies 1 day postinoculation with Sodalis pGFP. Three days
postinoculation, these microcolonies are more pronounced in GmmWT flies. Additionally, Sodalis pGFP colonies are also beginning to form at this time in
GmmApo flies. Bars, 50 �m. (C) Colonization of GmmWT fly guts by Sodalis PT and Sodalis �OmpA strains. Sodalis �OmpA cells exhibit an initial colonization
defect but, by 5 days postinoculation, reach a density similar to that of Sodalis PT cells. (D) Colonization of GmmSgm� fly guts by Sodalis PT and Sodalis �OmpA
strains. Sodalis �OmpA cells cannot colonize tsetse when their native counterparts are absent. In panel A, colonization assays were performed in duplicate and
data are presented as the means 
 standard deviations. In panels C and D, each symbol represents one fly gut, and the dotted line indicates the assay’s limit of
detection. Statistical significance in C and D was determined by the Mann-Whitney test.
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provide further confirmation that Sodalis requires OmpA to col-
onize the tsetse gut.

The Sodalis �OmpA mutant receives protection from host
immune responses in biofilms. We demonstrate that Sodalis
�OmpA cells cannot form a biofilm in vitro. Furthermore, while
these bacterial cells can readily colonize the gut of GmmWT flies,
they lack the ability to do so in tsetse that are missing their native
microbiota (GmmSgm�). Many bacteria evade host immunity by
forming biofilms (13, 22, 43). Thus, we speculated that the biofilm
formation defect presented by Sodalis �OmpA cells could leave
these cells susceptible to the tsetse’s innate immune system and
result in their elimination from the gut environment. To test this
theory, we assessed the ability of Sodalis �OmpA cells to colonize
tsetse that exhibit a state of heightened immunity. As done previ-
ously, we induced a local immune response in the gut of GmmWT

flies by feeding distinct groups of flies either lipopolysaccharide
(LPS) and peptidoglycan (PGN) or live E. coli. These treatments
induce an increase in the expression of a variety of immunity-
related effector molecules, including peptidoglycan recognition
protein (PGRP) LB and the antimicrobial peptides (AMPs) atta-
cin, defensin, and diptericin (17, 47). These flies were subse-
quently administered a heat-inactivated blood meal containing
either Sodalis PT or Sodalis �OmpA cells. We found that host
immune stimulation by either LPS and PGN or E. coli had no
effect on Sodalis PT, as these cells reached a density of 106 CFU
within 5 days (Fig. 6A and B, respectively). These findings con-
firmed previous results, which showed that Sodalis strains are re-
sistant to the actions of tsetse’s innate immune molecules in vitro
(16, 20) and in vivo (47). We next tested the ability of Sodalis
�OmpA cells to colonize GmmWT flies following host immune
activation with either LPS and PGN or E. coli. When introduced
per os into flies that were immune stimulated by LPS and PGN,
Sodalis �OmpA strains exhibited an initial colonization defect
that was significant compared to that of Sodalis PT. However, by 3
days postinoculation, the Sodalis �OmpA colonization defect was
less severe than on day 1 (Fig. 6A). These findings indicate that
Sodalis �OmpA proteins, acquired in the blood meal, are initially
susceptible to tsetse’s immune responses but can subsequently
survive as they incorporate into native biofilms. When host im-
mune challenge was achieved with live E. coli feeding, Sodalis
�OmpA proteins were not able to colonize wild-type tsetse (Fig.
6B). Administration of live E. coli likely induces a more robust
host immune response than LPS and PGN, and this response may
clear Sodalis �OmpA cells before they are afforded protection by
endogenous biofilms.

DISCUSSION

Congregation within biofilms is essential for bacterial coloniza-
tion of eukaryotic hosts. To date, most studies pertaining to this
subject have focused on biofilms as they relate to host colonization
by bacterial pathogens (33, 35). However, biofilms are gaining
increased recognition as modulators of beneficial symbiotic asso-
ciations. In this study, we investigated factors that mediate colo-
nization of the tsetse fly gut by its commensal symbiont, Sodalis.
We determined that Sodalis forms biofilms in the tsetse gut and
that this process is contingent upon the presence of surface-ex-
posed bacterial outer membrane protein A (OmpA). Further-
more, our results show that both the biofilms present in the tsetse
gut and the major surface coat OmpA may provide protection to
Sodalis against host innate immune responses. We propose that

the tsetse-Sodalis symbiosis may serve as a useful model for better
understanding the dynamics of symbiont colonization processes
in the more complex mammalian systems.

Most insects, including colony-reared individuals and those
captured in the field, harbor a taxonomically diverse assemblage
of bacteria in their digestive tracts (12). Tsetse flies reared in our
laboratory appear unique in that their guts are dominated by sym-
biotic Wigglesworthia and Sodalis strains. This finding implies that
biofilms present in the tsetse gut lumen do not harbor mixed
bacterial species like those found in other insects (24, 25). Instead,
the tsetse gut lumen harbors Sodalis exclusively, as Wigglesworthia
is found only intracellularly in the adjacent bacteriome. Tsetse is
the sole vector of pathogenic African trypanosomes, which cause
sleeping sickness in humans and nagana in domesticated animals.
Laboratory-reared tsetse flies that lack their symbiotic microbes
(GmmApo) are unusually susceptible to infection with trypano-
somes (47). Our recent investigations indicated that GmmApo flies
present a severely compromised immune system that is character-
ized by a significantly reduced population of phagocytic hemo-

FIG 6 Biofilms protect Sodalis from tsetse’s innate immune response. Sodalis
PT and Sodalis �OmpA cell colonization of immune-activated GmmWT fly
guts. LPS and PGN (A) or live E. coli (B) was fed to flies prior to bacterial
inoculation. Guts were dissected at 1 and 3 days postinoculation to determine
the number of CFU present. Each symbol represents one fly gut, and the dotted
line indicates the assay’s limit of detection. Statistical significance was deter-
mined by the Mann-Whitney test.
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cytes (48, 50). The increased parasite transmission ability of
GmmApo flies could be due to the lack of important host immune
gene expression or could result from the absence of microbial
biofilms in the gut. Interestingly, unlike their colony-reared coun-
terparts, guts from field-captured tsetse flies house a more diverse
bacterial population, although information on the densities of the
different microbes relative to the symbiotic fauna is lacking (15).
Similarly, field-based populations of other insect disease vectors
are associated with taxonomically complex gut commensals that
are intimately involved in their host’s ability to transmit mamma-
lian pathogens. For example, both Anopheles vectors of human
malaria and Aedes vectors of dengue fever harbor gut micro-
biomes that influence the dynamics of parasite transmission pro-
cesses (9, 37). Future studies using field-captured and laboratory-
reared tsetse flies are required to determine if interactions between
trypanosomes and bacterial biofilms influence this fly’s vector
competence.

In this study, we demonstrate that Sodalis colonizes the tsetse
gut by forming biofilms and biofilm production is modulated by
OmpA. These findings suggest that OmpA facilitates the tsetse-
Sodalis symbiosis by promoting this bacterium’s ability to reside
in its host’s gut. Interestingly, we demonstrated previously that
OmpA also mediates the ability of Sodalis to reside symbiotically
in tsetse hemocoel (50). This tolerance phenomenon was attrib-
uted to environmentally exposed OmpA loop domains. Specifi-
cally, the Sodalis OmpA strain was found to include amino acid
insertions and substitutions in these regions that were absent from
their homologs in E. coli. More so, exposed loop domains of
OmpA from other insect symbionts also exhibit polymorphisms
similar to those found in Sodalis. In tsetse, the distinct Sodalis and
E. coli OmpA phenotypes corresponded with infection outcomes,
as flies were found to be permissive of thoracic superinfection with
Sodalis and E. coli �OmpA pIOSodalis but highly susceptible to the
same treatment with WT E. coli. Exposed loop domain polymor-
phisms appeared to differentially regulate tsetse immunity, as
avirulent Sodalis activated a robust host immune response while
virulent E. coli did not. We speculate that E. coli replication pro-
ceeded without impediment and that tsetse perished due to their
inability to tolerate high densities of this bacterium in their hemo-
coel. In contrast, we suspect Sodalis was able to circumvent tsetse’s
hemocoelic immune response by residing within host hemocytes
(50). Taken together, our studies of Sodalis OmpA indicate that
this protein exhibits multiple functional roles that are critical to
the success of this bacterium’s symbiosis with its tsetse host.

Many pathogenic bacteria, including E. coli, Salmonella Typhi-
murium, and Acinetobacter baumannii, evade host immunity by
cloaking themselves within protective biofilms (14, 26, 27). One
way these structures function in this manner is by limiting bacte-
rial contact with host leukocytes (13, 22, 43). This process signif-
icantly reduces host antibody production and decreases the num-
ber of bacterial cells cleared via phagocytosis. An additional way
biofilms protect pathogens from their host’s immune system is by
shielding them from the bactericidal activity of antimicrobial pep-
tides (13, 22, 43). In fact, this phenomenon was recently observed
in Drosophila melanogaster following infection with Pseudomonas
aeruginosa. In this system, biofilm-encased bacteria within the
fly’s crop were more resistant to host AMPs than were planktoni-
cally grown cells (33). In the tsetse gut, the expression of several
potent AMPs increases significantly when flies are fed live E. coli
(17). These effector molecules function by punching pores in the

outer membrane of bacteria, which causes the cells to lyse and die
(6, 17). While previous experiments demonstrated that wild-type
Sodalis cells are resistant to host AMPs, we observed in this study
that Sodalis �OmpA mutant cells are cleared from tsetse flies that
exhibited heightened gut immunity (16, 20, 47). This finding sug-
gests that a correlation exists between the susceptibility of Sodalis
�OmpA cells to the tsetse immune system and this bacterial
strain’s inability to form biofilms. We suspect that biofilm forma-
tion-deficient Sodalis cells perish in the tsetse gut because they are
exposed to the bacteriolytic activity of host AMPs. Our findings
suggest that OmpA may provide protection to Sodalis cells in the
tsetse’s pernicious gut environment, thus allowing this bacterium
to reside symbiotically in this niche.

Blood-feeding insects such as tsetse flies and mosquitoes vector
highly virulent mammalian pathogens. Current methods used to
reduce vector populations, such as setting traps and applying pes-
ticides, are limited in their effectiveness (8). Thus, in addition to
traditional population suppression techniques, novel control
strategies that reduce the vector competence of these insects are
desirable. One such approach, called paratransgenesis, involves
genetically modifying midgut commensal symbionts so that they
produce antiparasitic compounds. These genetically modified
symbionts are subsequently passed on to future offspring (8). This
potential control strategy is promising in part because these re-
combinant symbionts colonize their host’s gut and subsequently
reside in close proximity to pathogenic microbes. This intimate
association suggests that effector molecules secreted by genetically
altered commensals will encounter and eliminate pathogens. Our
characterization of the molecular mechanisms that underlie Soda-
lis colonization of the tsetse gut will be applicable to other insect-
symbiont model systems. Additionally, the newly developed per os
colonization assay described herein accurately mimics the route
that many commensals utilize to naturally colonize their host.
These findings will be of fundamental importance for optimizing
the efficacy of paratransgenesis in blood-feeding arthropods.
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