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ABSTRACT A major challenge facing bacterial intestinal pathogens is competition for nutrient sources with the host microbiota.
Vibrio cholerae is an intestinal pathogen that causes cholera, which affects millions each year; however, our knowledge of its nu-
tritional requirements in the intestinal milieu is limited. In this study, we demonstrated that V. cholerae can grow efficiently on
intestinal mucus and its component sialic acids and that a tripartite ATP-independent periplasmic SiaPQM strain, transporter-
deficient mutant NC1777, was attenuated for colonization using a streptomycin-pretreated adult mouse model. In in vivo com-
petition assays, NC1777 was significantly outcompeted for up to 3 days postinfection. NC1777 was also significantly outcom-
peted in in vitro competition assays in M9 minimal medium supplemented with intestinal mucus, indicating that sialic acid
uptake is essential for fitness. Phylogenetic analyses demonstrated that the ability to utilize sialic acid was distributed among 452
bacterial species from eight phyla. The majority of species belonged to four phyla, Actinobacteria (members of Actinobacillus,
Corynebacterium, Mycoplasma, and Streptomyces), Bacteroidetes (mainly Bacteroides, Capnocytophaga, and Prevotella), Firmic-
utes (members of Streptococcus, Staphylococcus, Clostridium, and Lactobacillus), and Proteobacteria (including Escherichia, Shi-
gella, Salmonella, Citrobacter, Haemophilus, Klebsiella, Pasteurella, Photobacterium, Vibrio, and Yersinia species), mostly com-
mensals and/or pathogens. Overall, our data demonstrate that the ability to take up host-derived sugars and sialic acid
specifically allows V. cholerae a competitive advantage in intestinal colonization and that this is a trait that is sporadic in its oc-
currence and phylogenetic distribution and ancestral in some genera but horizontally acquired in others.

IMPORTANCE Sialic acids are nine carbon amino sugars that are abundant on all mucous surfaces. The deadly human pathogen
Vibrio cholerae contains the genes required for scavenging, transport, and catabolism of sialic acid. We determined that the
V. cholerae SiaPQM transporter is essential for sialic acid transport and that this trait allows the bacterium to outcompete non-
catabolizers in vivo. We also showed that the ability to take up and catabolize sialic acid is prevalent among both commensals
and pathogens that colonize the oral cavity and the respiratory, intestinal, and urogenital tracts. Phylogenetic analysis deter-
mined that the sialic acid catabolism phenotype is ancestral in some genera such as Yersinia, Streptococcus, and Staphylococcus
and is acquired by horizontal gene transfer in others such as Vibrio, Aeromonas, and Klebsiella. The data demonstrate that this
trait has evolved multiple times in different lineages, indicating the importance of specialized metabolism to niche expansion.
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Vibrio cholerae is the causative agent of cholera, the deadly di-
arrheal disease that affects millions each year. To date, there

have been seven cholera pandemics, the latest of which, the 7th
pandemic, began in 1961 (1–3). Pandemic cholera-causing iso-
lates of V. cholerae belong to the O1 serogroup, which is divided
into two biotypes: the classical biotype and the El Tor biotype. The
current 7th pandemic is of the El Tor biotype, and the classical
biotype strains are believed to have caused the first six pandemics
of cholera but have now disappeared from the regions of cholera
endemicity (1, 3). Additionally, in the early 1990s, a new sero-
group, O139, emerged as a leading cause of cholera in what was
believed at the time to be the beginning of the 8th pandemic;
however, within a few years, the El Tor biotype reemerged as the
predominant cause of cholera (1, 3, 4). Interestingly, O139 isolates
lack the sialic acid catabolism (SAC) gene cluster (5). Others have

speculated that one explanation of why the El Tor biotype was able
to dominate the classical biotype is that it was a consequence of
enhanced metabolic fitness (6, 7). They proposed that the ability
to produce a neutral fermentation end product rather than an acid
by-product from metabolized sugars improves fitness in a range of
environments.

With nearly 100 trillion commensal bacteria colonizing the
intestine, being highly efficient at scavenging for nutrients be-
comes essential for survival (8–10). Enhanced metabolic fitness is
especially important for gastroenteritis-causing intestinal patho-
gens, as these pathogens compete for nutrients with the already
established microbiota (11–15). The gastrointestinal (GI) tract is
lined with a mucus layer serving as a barrier between epithelial
cells and bacteria as well as protecting the epithelium from diges-
tive enzymes found in the lumen (16). The main components of
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mucus are mucins, which comprise a family of heavily glycosy-
lated proteins that are secreted from the epithelial tissue and
form the gel-like mucus layer that covers the cells (16). The
glycosylation of mucin is of particular importance for the gut
microbiota, as many commensal as well as pathogenic species
are able to cleave sugars from mucin in order to use them as
nutrients (17, 18). Some of the main sugars that are typically
found in mucus include ribose, mannose, hexuronates, galac-
tose, fucose, arabinose, N-acetylglucosamine (GlcNAc), and the
sialic acid N-acetylneuraminic acid (Neu5Ac) (19, 20). Sialic acid
is of particular interest because it is the most common terminal
carbohydrate present on N- and O-linked glycans, which are pre-
dominant in the mucus-covered oral, lung, intestinal, and vaginal
surfaces. Additionally, there have been over 50 structural sialic
acid derivatives that been characterized, the most abundant of
which is Neu5Ac.

Cholera-causing strains of V. cholerae carry genes necessary for
transport (siaPQM) and catabolism (nanA, nanEK) of sialic acid
as well as a gene encoding a scavenging enzyme, sialidase (nanH),
which can cleave the sialic acid residues from the glycan, allowing
them to be taken up into the bacterial cell (5). These genes are
contained within the 57-kb Vibrio pathogenicity island 2 (VPI-2)
region that integrates at a tRNA-serine locus (5). The canonical
VPI-2 region is present only in V. cholerae O1 serogroup strains;
however, the majority of the region has been deleted from O139
serogroup isolates (5, 21). Previously, we have shown that V. chol-
erae N16961, an O1 serogroup El Tor isolate, can utilize Neu5Ac
as a sole carbon source and that a mutant lacking the sialic acid
aldolase enzyme N-acetylneuraminic acid lyase (NanA) is defec-
tive in colonization of an infant mouse model compared to wild-
type V. cholerae (22). Additionally, it was demonstrated that
SiaPQM, the tripartite ATP-independent periplasmic (TRAP)
transporter within VPI-2, is solely responsible for the transport of
the Neu5Ac sialic acid (23). Four diverse families of sialic acid
transporters have been shown to be genetically linked with SAC
genes among bacteria: the TRAP transporter system, the type
present in most Vibrio species; the major facilitator superfamily
(MFS)-type NanT transporters; an ATP-binding cassette (ABC)-
type transporter; and the sodium solute symporter (SSS)-type
transporters (24–28).

In this study, we investigated the ability of V. cholerae to grow
in mouse intestinal mucus as well as in individual sugar compo-
nents of mucus as sole carbon sources. We investigated the ability
of V. cholerae to utilize sialic acid derivatives N-glycolyl-
neuraminic acid (Neu5Gc) and 2-keto-3-deoxy-D-glycero-D-
galacto-nononic acid (KDN) as sole carbon sources. We deter-
mined the significance of sialic acid transport in vivo using a
streptomycin (Sm)-pretreated adult mouse model of coloniza-
tion as well as competition persistence assays between the wild-
type strain and NC1777, a SiaPQM transporter-deficient mu-
tant strain. The results of the in vivo study as well as of in vitro
competition assays suggest that sialic acids are important nu-
trients that V. cholerae scavenges for during host colonization.
We determined the distribution of the ability to take up and
catabolize sialic acid and mapped the different types of sialic
acid transporters onto the phylogeny of the NanA protein
among bacteria to demonstrate that this phenotype evolved
multiple times.

RESULTS AND DISCUSSION
Vibrio cholerae utilizes intestinal mucus and its components as
sole carbon sources. During colonization in the GI tract, one of
the main sources of nutrients is mucus secreted from the epithelial
cells lining the lumen (16). Here, we assessed the ability of V. chol-
erae N16961 to grow in M9 minimal medium supplemented with
intestinal mucus (M9M) as the sole carbon source. We demon-
strated that V. cholerae is able to grow in intestinal mucus, show-
ing no observable lag phase (Fig. 1A). We next determined the
growth patterns on the main monosaccharides that are commonly
found as part of intestinal mucus: ribose, mannose, hexuronates
(gluconate and glucuronate), galactose, fucose, arabinose,
N-acetylglucosamine (GlcNAc), and Neu5Ac. We found that
V. cholerae N16961 achieved comparable levels of biomass (max-
imum optical density [OD]) when grown on glucose, ribose, man-
nose, gluconate, GlcNAc, or Neu5Ac as the sole carbon source.
Only moderate growth was shown with galactose as a sole carbon
source (Fig. 1B).

It is unknown whether V. cholerae can utilize additional sialic
acids such as Neu5Gc, which is a major component of all mam-
malian mucins, with the exception of mucins of humans, or KDN,
a recently identified sialic acid of lower-order vertebrates (29, 30).
Our growth analysis showed that N16961 can utilize Neu5Ac and
Neu5Gc but not KDN as a sole carbon source (Fig. 2A to C). To
determine whether the SiaPQM TRAP transporter was required
for Neu5Gc transport, we examined a SiaPQM-deficient strain,
NC1777, for Neu5Gc uptake and found that the mutant did not
grow on either Neu5Ac or Neu5Gc (Fig. 2A and B). Interestingly,
the growth pattern of V. cholerae showed a shorter lag phase on
Neu5Ac and Neu5Gc than that seen with Escherichia coli, which
had an extended lag phase. This suggests that V. cholerae SiaPQM
transports both of these substrates with greater efficiency than
E. coli BW25113, which is consistent with TRAP transporters be-
ing high-affinity transporters for their respective solutes. To fur-
ther examine the ability of Vibrio species to utilize KDN and to
ensure that our phenotype was not strain specific, we examined
the growth patterns of Vibrio vulnificus, a species distantly related
to V. cholerae and containing an identical sialic acid transport and
catabolism region (26, 31). Similarly to what we showed for
V. cholerae, V. vulnificus CMCP6 can utilize Neu5Ac and Neu5Gc
but not KDN as a sole carbon source (see Fig. S1 in the supple-
mental material). To determine whether SiaPQM was required for
Neu5Gc transport, we examined a SiaPQM-deficient strain,
JJK0731, for Neu5Gc uptake and also demonstrated that the mu-
tant cannot grow on either Neu5Ac or Neu5Gc (see Fig. S1).

A recent study by Hopkins and colleagues demonstrated the
ability of E. coli to catabolize both Neu5Gc and KDN (32). In their
study, they found that the E. coli permease NanT was required for
transport of these substrates. They also demonstrated that com-
plementation of a NanT mutant with the SiaPQM transporter
from Haemophilus influenzae also resulted in uptake of both
Neu5Gc and KDN but that the affinity for KDN was 50-fold lower
than for Neu5Ac (32). We complemented an E. coli nanT mutant
with siaPQM, strain NDM3193C, and showed that in the E. coli
background, both Neu5Ac and Neu5Gc were transported but not
KDN, suggesting that SiaPQM is not a transporter for KDN
(Fig. 2D). In addition, we also complemented the V. cholerae
NC1777 mutant with siaPQM and showed that Neu5Ac and
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Neu5Gc were transported and catabolized in the complemented
mutant (see Fig. S1 in the supplemental material).

The ability to transport sialic acid is essential for V. cholerae
fitness in vivo. To address whether the ability to take up sialic
acids is a significant attribute of V. cholerae in vivo, we performed
in vivo competition and persistence assays using a V. cholerae
streptomycin-pretreated adult mouse model of colonization (33).

Conventionally reared mice contain diverse microbiotas of more
than 500 species predominantly from two phyla, Firmicutes and
Bacteroidetes, that prevent infection by many enteric pathogens
(reviewed in reference 12). Pretreatment of mice with streptomy-
cin to allow pathogen colonization has been utilized to study the
mechanisms of pathogenesis as well as the host response to these
pathogens in many studies (34–42). The antibiotic treatment does
not change the overall number of bacteria but favors expansion of
Proteobacteria at the expense of Bacteroidetes, with the total num-
ber of Firmicutes remaining the same (12, 43). Several studies have
used this model to examine the role of metabolism, and some have
suggested that the initial colonization of a pathogen is depen-
dent on nonlimiting nutrients that are available due to the
removal of facultative anaerobes; however, during persistence
in the gut, the pathogen must compete for the limiting nutri-
ents (13–15, 44–50). For these reasons, the streptomycin-
treated mouse model was used to investigate the competition
between wild-type V. cholerae and a knock-out strain that cannot
transport sialic acid. To accomplish this, we compared NC1777
(�siaM) and a �-galactosidase N16961 mutant strain, SAM2338
(�lacZ), which allows a blue/white colony screen. First, to confirm
that NC1777 and SAM2338 grow similarly to wild-type N16961,
we determined growth in LB and M9M at 37°C overnight and
found no difference in growth patterns between the two strains
(Fig. 1). In addition, we performed in vitro competition assays
between SAM2338 and N16961 grown overnight in LB at 37°C
and found no difference in the CFU counts between the strains
(data not shown). Streptomycin-pretreated mice were inoculated
with a 1:1 ratio mix of equal amounts of SAM2338 and NC1777,
resulting in a final concentration of 1 � 1010 CFU/ml. Following
inoculation, at 6, 12, 24, 48, and 72 h postinfection, fecal pellets
were collected from each of the mice, the CFU were enumerated,
and the competitive index (CI) was calculated. First, we compared
SAM2338 and N16961 in coculture in vivo and confirmed that,
similarly to the in vitro assays, there was no competition between
the strains, with a CI not significantly different from 1 (data not
shown). Then, we examined a coculture of SAM2338 and NC1777
(�siaM) and determined that the �siaM strain had a CI close to 1
after 6 h postinfection. However, at 12 h postinfection, the �siaM
strain was outcompeted 1.7-fold (P � 0.001) by SAM2338 (mean
CI of 0.58) (Fig. 3A). This trend continued at time points 24 h,
48 h, and 72 h, with the �siaM strain significantly (P � 0.001)
outcompeted, with mean CIs of 0.39, 0.37, and 0.33, respectively
(Fig. 3A). These data indicate that at the early stages of coloniza-
tion, sialic acid may not be a limiting nutrient; however, as colo-
nization persists, sialic acid represents a carbon source that strains
must compete for and that contributes to fitness. On day 3 of the
colonization persistence assay, mice were sacrificed, and the gas-
trointestinal tracts were removed, sectioned into the small intes-
tine, cecum, and large intestine, homogenized in phosphate-
buffered saline (PBS), serially diluted, and plated on LB X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside). It was de-
termined that the �siaM strain was significantly outcompeted in
the small intestine, cecum, and large intestine by SAM2338, cor-
roborating the fecal pellet data (Fig. 3B). SAM2338 showed the
greatest fitness advantage over the �siaM strain in the small intes-
tine, with a CI of 0.30, followed by the cecum (CI � 0.49) and,
finally, the large intestine (CI � 0.59) (Fig. 3B).

Loss of SiaPQM is detrimental in vitro. An in vitro competi-
tion assay was performed using the same inoculum mix for the in

FIG 1 Growth analysis of V. cholerae N16961 on mouse intestinal mucus and
mucus sugars. (A) V. cholerae growth in M9 minimal medium supplemented
with mucus (M9M). (B) Maximum density (OD595) of V. cholerae grown in
M9 supplemented with glucose, N-acetylglucosamine (GlcNAc), galactose,
gluconate, mannose, ribose, or Neu5Ac. (C) V. cholerae growth in LB media.
Data are presented as averages of results of two biological replicates with three
technical replicates. Error bars represent standard errors of the means (SEM).
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vivo assays containing equal amounts of NC1777 and SAM2338.
The strains were competed against each other in either LB or M9
plus glucose (M9G) (Fig. 4A). The coinoculated cultures were
incubated for 24 h, serially diluted, and plated on LB X-Gal. The
CI in M9G was 1.06, indicating that neither strain exhibits any
growth advantage over the other in this medium; however; in LB,
the CI was 0.04 (Fig. 4A). Thus, the siaM mutant has a significant
defect in competition assays in LB. In order to further investigate
the significant defect of the siaM mutant cocultured in LB, a time
course competition assay was performed in LB and LB supple-
mented with 20 mM glucose. The CI was calculated at 3, 6, 9, 12,
and 24 h postcoinoculation. In LB, at up to 24 h, there was no
significant competition between SAM2338 and NC1777; how-
ever, at the 24-h time point, the siaM mutant was again signifi-
cantly outcompeted by SAM2338 with a CI that was below the
limit of detection of 8.1 � 10�8 CFU/ml (Fig. 4B). When glucose
was supplied to the LB media, there was no competition between
the strains over the course of the assay (Fig. 4B).

To investigate additional substrates that could require SiaPQM
for transport, we examined growth of N16961 and NC1777 on 190
different carbon sources, 62 of which were utilized by both strains

under the conditions examined (see Fig. S2 in the supplemental
material). There were six substrates in the presence of which
NC1777 either showed no growth (Neu5Ac) or reached a lower
OD than N16961 (D-glucosamine, L-proline, L-lactic acid, methyl
pyruvate, and �-keto-valeric acid). With the exception of
D-glucosamine, all of these substrates are structurally similar, be-
ing carboxylic acids or carboxylic acid derivatives. Additionally,
previous studies have shown evidence of TRAP substrate bind-
ing proteins able to bind each of these compounds except
D-glucosamine (51, 52). The main components of LB are tryptone
and yeast extract; the former is composed of peptides of casein,
which contain a high number of proline residues and sialic acid.
Our data suggest that SiaPQM may play a secondary role in the
transport of additional substrates, which may explain the signifi-
cant defect in in vitro competitions assays in LB.

In an attempt to more closely mimic an in vivo nutrient envi-
ronment, strains were competed against one another in mouse
mucus isolated from the small intestine, large intestine, and ce-
cum. In vitro competition assays in M9M were performed as pre-
viously described. The cultures were incubated for 24 h, serially
diluted, and plated on LB X-Gal plates. The CI values for the small

FIG 2 Growth analysis of V. cholerae N16961 with sialic acid derivatives as sole carbon sources. V. cholerae N16961, V. cholerae NC1777 (�siaM), E. coli
BW25113, and E. coli JW3193 (�nanT) in M9 Neu5Ac (A), M9 Neu5Gc (B), or M9 KDN (C) or E. coli JW3193 in M9 Neu5Ac, M9 Neu5Gc, or M9 KDN (D) were
complemented with siaPQM and tested for restored growth on sialic acid derivatives. Growth curves represent results of at least two biological replicates
performed in triplicate. Error bars represent SEM.
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intestine, large intestine, and cecum were 0.61, 0.58, and 0.67,
respectively (Fig. 4A). These results showed that the sialic acid
transporter mutant was less fit in each of the three mucus samples
and that the ability to transport and catabolize sialic acids is essen-
tial for the optimal fitness of choleragenic V. cholerae in mucosal
environments.

Distribution and phylogenetic analysis of N-acetylneuraminic
acid lyase (NanA) among bacteria. Since we and others have
shown how significant sialic acid utilization is in vivo among a
number of pathogens (22, 26, 28), we next determined the preva-
lence of sialic acid utilization genes in all available completed bac-
terial genomes. We identified 452 bacterial species with the poten-
tial to utilize sialic acid as a carbon source from ~7,400 species
representing 23 major bacterial groups, nearly a 10-fold increase

from our previous study (26). These 452 species were comprised
of primarily commensal and pathogen species and encompassed
eight phyla: Actinobacteria, with 83 representatives; Bacteroidetes,
with 70 representatives; Firmicutes, with 134 representatives; Fu-
sobacteria; with 9 representatives; Planctomycetes, with 6 represen-
tatives; Proteobacteria, with 142 representatives; Spirochaetes,
with 5 representatives; and Verrucomicrobia, with 3 represen-
tatives. Of the 300 species representing Crenarchaeota, Cyano-
bacteria, Deinococcus-Thermus, and Euryarchaeota from environ-
mental samples, none contained NanA; similarly, of the 188
representatives of the Bacillus genus, predominantly soil organ-
isms, only one species had the ability to utilize sialic acid. Within
some species, SAC is present in all strains; in other species, it is
present in only a subset of strains. The 452 species are comprised
of Gram-positive and Gram-negative species, and a few species
from divergent phyla are within each of these major groups. These
data demonstrate that SAC is phylogenetically widespread but is
sporadic in its occurrence within phyla, families, genera, and even

FIG 3 Vibrio cholerae in vivo competition assays. In vivo competition assays
were performed using streptomycin-pretreated mice which were orally inoc-
ulated with an equal amounts of SAM2338 (�lacZ) and NC1777 (�siaM). (A)
Competitive index data were determined by homogenizing fecal pellets col-
lected at 6, 12, 24, 48, and 72 h postinoculation followed by plating on LB
X-Gal for a blue/white screen. The competitive index is calculated as follows:
CI � ratio out(NC1777 / SAM2338)/ratio in(NC1777/SAM2338). (B) Upon completion
of the in vivo persistence assay (72 h), mice were sacrificed, gastrointestinal
tracts were removed and sectioned into small intestine (SI), large intestine
(LI), and cecum (CE), and CFU values were calculated. In vivo assays were
performed with two biological replicates and n � 10 mice. Error bars represent
SEM. Statistics were calculated using a one-sample t test with the means com-
pared to the hypothetical CI of 1. Asterisks represent the following: ***, P �
0.01.

FIG 4 In vitro competition assays. Results of assays of in vitro competition
between V. cholerae strain SAM2338 (�lacZ) and the sialic acid transporter
mutant NC1777 (�siaM) are presented. (A) Competition assays were per-
formed in M9G, LB, or M9 supplemented with small-intestine (SI), large-
intestine (LI), or cecum mucus. (B) Time course in vitro competition assays
were performed at 3, 6, 9, 12, and 24 h postinoculation in either LB or LB
supplemented with glucose (0.4% [wt/vol]). In vitro data represent averages of
results of two biological replicates, and error bars represent SEM. Statistics
were calculated using an unpaired Student’s t test with a 95% confidence
interval. All samples were compared to M9G to determine statistical signifi-
cance. Asterisks represent the following: **, P � 0.05.
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species. The data suggest that the ability to utilize sialic acid as a
carbon source was acquired by a select group of species that are
colonizers.

In order to examine the evolutionary history of this trait more
closely, we constructed a phylogenetic tree of NanA among the
452 species and examined the branching patterns among these
species (Fig. 5). In addition, we mapped the different types of
transporters associated with the sialic acid catabolism genes from
each species onto this tree. For ease of analysis, we have divided the
tree into 20 major clusters designated A to T on the tree (Fig. 5).
What is immediately apparent from this analysis is that represen-
tatives of each of the eight major phyla do not cluster together,
indicating different evolutionary histories of NanA among the
groups (Fig. 5).

For example, species from the phylum Proteobacteria that con-
tain a NanA homologue are found in 6 highly divergent clusters
designated A, G, H, I, O, and P, indicating that this trait has
evolved several times in this phylum (Fig. 5). Cluster A is a tight
group of closely related NanA alleles from the family Pasteurel-

laceae represented by Aggregatibacter, Haemophilus, and Pas-
turella species, and all encode a TRAP-type sialic acid transporter,
with the exception of H. ducreyi, which contains an ABC sialic acid
transporter (53) (see Fig. S3A in the supplemental material). Sialic
acid transport and catabolism was demonstrated in H. influenzae,
H. ducreyi, and P. multocida (24, 53–57). Nested within cluster A
are species of the phylum Actinobacteria, which suggests that
NanA in these species may have been acquired from Proteobacteria
(see Fig. S3A). Branching separately within cluster A are 8 Fuso-
bacteria representatives, which all also have a sialic acid TRAP
transporter system.

The second Proteobacteria group is cluster G and is comprised
of Enterobacteriaceae species, E. coli, Shigella spp., Salmonella spp.,
Citrobacter spp., and Klebsiella spp., all of which form a tight
group with short branch lengths and contain species that are
known pathogens, and many have been shown to utilize sialic acid
as a carbon source (see Fig. S3B in the supplemental material) (25,
26, 58–60).

We identified 31 species of Aliivibrio, Photobacterium, and

FIG 5 NanA phylogeny. A phylogenetic tree of NanA is shown. The tree was constructed using the neighbor-joining tree method and the p-distance model of
evolutionary distances as parameters and MEGA6 (75–77). Letters indicate major bacterial phyla present in the corresponding NanA clade. Colors indicate the
major phylogenetic groups that contain nanA. Red, Actinobacteria; purple, Bacteroidetes; lime green, Firmicutes; dark green, Fusobacteria; dark red, Planctomy-
cetes; blue, Proteobacteria; yellow, eukaryotes; gray, Spirochaetes.
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Vibrio that can putatively transport and catabolize sialic acid.
Three species, Vibrio nigripulchritudo, V. sinaloensis, and V. orien-
talis, contained two copies of NanA which share �30% amino
acid identity. One NanA copy clustered with all NanA proteins
from all other Vibrio species (cluster O), whereas the second copy
branched in a distant lineage with members of the Enterobacteri-
aceae (cluster I) (see Fig. S3C in the supplemental material). Clus-
ter O is comprised solely of 23 Vibrio species, and all contain a
TRAP transporter (see Fig. S3D in the supplemental material).
Cluster P is comprised mainly of Aliivibrio, Photobacterium, En-
terobacteria, Psychromonas, Pseudoalteromonas, and Yersinia spe-
cies. Subgroup P1 is comprised of all 12 Yersinia species, and
NanA is present in all strains of each species, indicating that this is
an ancestral trait within the genus. Subgroup P2 contains Ple-
siomonas shigelloides, Aeromonas hydrophila, and A. veronii iso-
lates, human and fish pathogens. Five A. hydrophila strains from
among the 31 sequenced and 2 A. veronii strains from among 12
sequenced contained NanA. The gene orders of the A. hydrophila
and A. veronii SAC clusters differed, and both integrase and trans-
posase genes were associated with both regions, suggesting that
the SAC cluster represents a horizontally acquired trait in this
genus. Indeed, in A. hydrophila strain ML09-119, the sialic acid
region is on a genomic island that also contains the genes for
fucose utilization, indicating the acquisition of a metabolic island.
It is of interest that A. hydrophila ML09-119 represents an invasive
species from Asia that caused serious disease epidemics in United
States catfish farms. The island region is absent from indigenous
strains, suggesting that acquisition by the Asian strain may be one
of the factors that make them so deadly. These species branched
with NanA from three Photobacterium species, and all contained
an SSS-type transporter. Subgroup P4 represented mainly Pseu-
doalteromonas species, and P5 contained Klebsiella, Edwardsiella,
and Proteus species (see Fig. S3D). In Klebsiella oxytoca, a second
divergent copy of NanA is found within cluster P4. Our growth
curve analysis of Aeromonas hydrophila, Enterobacter aerogenes,
Klebsiella oxytoca, and Providencia rettgeri on Neu5Ac demon-
strated that all four species can utilize sialic acid as a sole carbon
source (see Fig. S4).

The phylum Firmicutes is represented by 5 divergent clusters,
and either an SSS transporter (clusters B, C, D, and E) or an ABC
transporter (cluster J) is associated with the SAC genes in these
groups (Fig. 5). Cluster B contains 13 Clostridium species, and
within cluster C is a sole representative of the genus Bacillus,
B. aquimaris, along with 3 Planococcus species, all of which contain
a TRAP transporter, which is highly unusual for Gram-positive
bacteria (see Fig. S5A in the supplemental material). Cluster D
represents all Staphylococcus species, and most Lactobacillus spe-
cies are present in cluster E (see Fig. S5B). NanA appears to be
present in all sequenced representatives of Staphylococcus, indicat-
ing that SAC represents an ancestral trait. Both Staphylococcus
aureus and Lactobacillus plantarum have been shown to utilize
sialic acid (61, 62). Cluster J, which is related to clusters B, D, and
E only distantly, contains 29 Streptococcus species (see Fig. S5C).

The phylum Bacteroidetes is represented by 72 species, which
are found on three divergent clusters, K, N, and M, on the NanA
tree (Fig. 5; also Fig. S6 in the supplemental material). Cluster K is
a highly divergent group with long-branch lengths and is com-
prised of members of the phyla Planctomycetes and Bacteroidetes.
Branching divergently from this group in cluster L are represen-
tatives of the phylum Verrucomicrobia (see Fig. S6A in the supple-

mental material). Cluster M consists of closely related NanA al-
leles from Bacteroides, Prevotella, and Tannerella species, many of
which are human gut commensals, and all contain a NanT-type
transporter (see Fig. S6B). Tannerella forsythiae and Bacteroides
fragilis were shown to utilize sialic acid as a sole carbon source
(63, 64).

The phylum Actinobacteria is represented by 83 species, the
majority of which are present on the most divergent branches of
the NanA tree, clusters Q, R, S, and T (Fig. 5; also Fig. S7 in the
supplemental material). These cluster present mainly Corynebac-
terium, Arthrobacter, and Bifidobacterium species; nested within
cluster S was a NanA from Garderella vaginalis, which suggests
that it may have been acquired from a Bifidobacterium (see
Fig. S7A in the supplemental material). All members of clusters Q,
R, S, and T had an ABC type putative sialic acid transporter. Ex-
perimental evidence for sialic acid utilization was shown for Gard-
nerella vaginalis, Corynebacterium diphtheriae, C. glutamicum, and
Bifidobacterium breve (65–68).

Conclusions. The adaptability to new nutritional sources is
crucial for a species to switch between different environments.
Adaptation to host environments requires the ability to switch
from nutrient-poor to nutrient-rich and from free-living to host-
associated conditions, including competing with the resident mi-
crobiota for both space and nutrients. Some of the major nutrient
capabilities of V. cholerae are mucus associated, and pathogenic
V. cholerae bacteria specifically scavenge and utilize sialic acids to
allow niche expansion. Similarly, a recent study has proposed that
the ability of Salmonella enterica and Clostridium difficile to colo-
nize antibiotic-treated mice is due to the disruption of intestinal
microbiota that allows these species to scavenge and utilize host
sialic acids (69). It is of interest that, although the members of the
TRAP family of transporters have a high affinity for sialic acid,
their distribution is limited, being confined mainly to the genus
Vibrio and the family Pasteurellaceae. Among other Gram-
negative bacteria, NanT is the predominant sialic acid transporter,
whereas the predominant types in Gram-positive bacteria are the
SSS and ABC transporters. As the transporter distribution and
phylogenetic tree suggest, sialic acid catabolism has evolved mul-
tiple times and is an ancestral trait in some species and newly
acquired in others.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains
and plasmids used in this study are listed in Table S1 in the supplemental
material. All V. cholerae strains were grown aerobically with aeration
(225 rpm) at 37°C in Luria Bertani (LB) broth (Fisher Scientific,
Waltham, MA) with a 1% NaCl concentration. For growth analysis on
intestinal mucus, mucus sugars, and sialic acid derivatives as sole carbon
sources, M9 minimal medium was supplemented with 0.02 mM MgSO4

and 0.1 mM CaCl2. M9 minimal medium supplemented with intestinal
mucus (M9M) (30 �g/ml) or glucose (M9G) was used or
N-acetylglucosamine, D-ribose, D-mannose, D-gluconate, or D-galactose
(all 10 mM), or Neu5Ac (3 mM), 2-keto-3-deoxy-D-glycero-D-galacto-
nononic acid (KDN) (4 mM), or N-glycolylneuraminic acid (Neu5Gc)
(3 mM) (Sigma-Aldrich) was added to M9 to serve as the carbon source.
Antibiotics were used at the following concentrations: streptomycin (Sm)
at 200 �g/ml, ampicillin (Amp) at 100 �g/ml, chloramphenicol (Cm) at
25 �g/ml, and kanamycin at 50 �g/ml.

Bacterial growth assays. Strains (diluted 1:100) were grown aerobi-
cally in LB broth at 37°C overnight and incubated for 3 h to reach mid-
exponential-phase growth, and cells were pelleted by centrifugation,
washed with M9 media, and resuspended in M9 media. The cultures were
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then diluted 1:40 in M9 media supplemented with each carbon source and
incubated at 37°C with intermittent shaking for 24 h. The optical density
at 595 nm (OD595) was taken hourly using a Tecan Sunrise microplate
reader (Tecan Group, Ltd.) and Magellan plate reader software. High-
throughput screens of carbon utilization abilities were performed using
Biolog PM1 and PM2A plates as described above. Each experiment was
performed with at least two biological replicates.

Complementation of the E. coli sialic acid transporter mutant.
Genomic DNA from V. cholerae N16961 was used as a template for PCR
amplification of siaPQM (VC1777-VC1779) transporter genes using
primer pair VcsiaPQMF (TCTAGATGCTAAGCCATCAACATCTG) and
VcsiaPQMR (GAGCTCTCAACTACTGTCCGTATCCG), which in-
cluded XbaI and SacI restriction enzyme sites (underlined), respectively.
The product was subcloned into pJET1.2 and transformed into E. coli
DH5�. Recombinant pJET1.2 plasmids were ligated into pBAD33 and
were used to transform into E. coli JW3193, resulting in strain
NDM3193C, which was used for the functional complementation assays
described below. Strain NDM3193C was examined for growth in M9 me-
dia supplemented with arabinose (0.05% [wt/vol]) and with Neu5Ac,
Neu5Gc, or KDN at 37°C. This construct was also used to complement
NC1777 and demonstrate function complementation. Each strain and
condition was tested using at least two biological replicates and in tripli-
cate.

Mucus extraction. The intestinal mucus used in in vitro competition
assays and growth analyses was isolated from mouse gastrointestinal tracts
as previously described (70, 71). Briefly, mice gastrointestinal tracts were
collected and the small intestine, cecum, and large intestine were first
flushed with PBS followed by gentle scraping of the walls of the intestine to
remove the mucus. The mucus was processed by homogenizing 200 mg of
mucus in 5 ml of sterile PBS with streptomycin and centrifuged at 500 �
g to pellet out tissue and fecal material. The protein content of the mucus
was determined using a Bradford assay. Competition assays and growth
analyses were performed in M9 media supplemented with mucus (final
concentration of 30 �g/ml of protein) (M9M).

In vivo and in vitro competition assays. All experiments involving
mice were approved by the University of Delaware Institutional Animal
Care and Use Committee. Male C57BL/6 mice between 6 and 10 weeks of
age were treated with streptomycin and inoculated as described previously
(33, 70, 72). In short, the mice (n � 10) were fasted for 4 h before being
orogastrically administered streptomycin and were then resupplied with
food and water, supplemented with streptomycin (2.5 g/500 ml). At 20 h
after antibiotic treatment, the mice were again fasted for 4 h and orogas-
trically inoculated with 100 �l of bacterial suspension in PBS with a final
concentration of 1 � 1010 CFU/ml. Vibrio cholerae strain SAM2338
(�lacZ) was used as a surrogate wild-type strain in competition experi-
ments as it allows white/blue colony selection with the NC1777 strain
(�siaM) when grown on X-Gal LB plates.

For in vitro competition assays, an aliquot of the in vivo inoculum was
used to inoculate M9G, M9M, or LB. Cultures were incubated at 37°C for
24 h, serially diluted and plated on LB X-Gal plates, and then incubated
overnight at 37°C. CFU were counted as either blue (N16961 or NC1777)
or white (SAM2338), and the ratio between the strains was determined.
The competitive index (CI) was determined as follows: CI � ratio
out

(NC1777 / SAM2338)
/ratio in(NC1777 / SAM2338). A CI of �1 indicated that the

wild-type strain outcompeted the mutant strain; a CI of �1 indicated the
mutant strain outcompeted the wild-type strain. For the in vivo persis-
tence competition assay, fecal pellets were collected (2 to 4 per animal) at
daily time intervals from coinfected mice. The fecal pellets were weighed
and then mechanically homogenized in 2 ml of sterile PBS, serially diluted
and plated on LB Sm X-Gal agar, and incubated at 37°C overnight. The
ratio of NC1777 colonies to SAM2338 colonies was termed the “ratio out”
at each time point. After the last time point of the persistence assay, the
mice were sacrificed and the entire gastrointestinal tract was harvested
from each mouse and separated into samples of the small intestine, ce-
cum, and large intestine. Each sample was homogenized in 4 ml of PBS,

serially diluted in PBS, plated on LB X-Gal plates, and incubated overnight
at 37°C, and a blue/white colony screen was performed as described
above.

Phylogenetic analysis. We queried using pBLAST with NanA of
V. cholerae N16961 (VC1776) and Staphylococcus aureus N315 (SA0304)
as seeds, and all completed and draft bacterial genomes (~7,400 genomes)
were published on the National Center for Biotechnology Information
(NCBI) website (73). In addition to a putative NanA, candidate species
were determined by the presence of homologues to a sialic acid trans-
porter, a putative nanE or nanK gene, or a gene encoding sialidase in
proximity to the NanA-encoding gene on the genome. Sequences were
aligned using ClustalW (see Table S2 in the supplemental material) (74).
Aligned sequences were manually checked, and phylogenetic analysis was
conducted with MEGA6 using the neighbor-joining (NJ) tree-building
method and p distance and Poisson correction models for estimating evo-
lutionary distances (75, 76).
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