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Summary

The Gram-negative bacteria Vibrio cholerae poses significant public health concerns by causing
an acute intestinal infection afflicting millions of people each year. V. cholerae motility, as well as
virulence factor expression and outer membrane protein production, have been shown to be
affected by bile (Childers & Klose, 2007). The current study examines the effects of bile on V.
cholerae phospholipids. Bile exposure caused significant alterations to the phospholipid profile of
V. cholerae but not of other enteric pathogens. These changes consisted of a quantitative increase
and migratory difference in cardiolipin, decreases in phosphatidylglycerol and
phosphatidylethanolamine, and the dramatic appearance of an unknown phospholipid determined
to be lyso-phosphatidylethanolamine. Major components of bile were not responsible for the
observed changes, but long chain polyunsaturated fatty acids, which are minor components of bile,
were shown to be incorporated into phospholipids of V. cholerae. Although the bile-induced
phospholipid profile was independent of the V. cholerae virulence cascade, we identified another
relevant environment in which V. cholerae assimilates unique fatty acids into its membrane
phospholipids—marine sediment. Our results suggest that Vibrio species possess unique
machinery conferring the ability to take up a wider range of exogenous fatty acids than other
enteric bacteria.

Introduction

The EIl Tor biotype of Vibrio cholerae is responsible for the longest and most widespread
cholera pandemic in history, dating from 1961 to the present and causing outbreaks in
Southeast Asia, the Asia mainland, the Middle East, Africa and Central and South America.
Considered an “emerging and reemerging infection,” cholera constantly threatens
developing countries, is particularly deadly for children and has been categorized as a
bioterrorism watchlist agent (Department of Health and Human Services, National Institutes
of Health, NIAID). A highly adaptive organism, V. cholerae normally inhabits freshwater,
estuarine and oceanic environments, often associated with sea life such as oysters, plankton,
crabs and copepods (Colwell, 1996, Hugq et al., 2006). Recently, fish were also identified as
being significant reservoirs and vectors of V. cholerae (Senderovich et al., 2010). Human
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consumption of contaminated food or water introduces the bacteria to the gastrointestinal
tract, where it can survive the extreme acidity of the stomach and subsequently colonize the
small intestine. During the incubation period (1-5 days), V. cholerae multiplication and
regulated expression of virulence factors initiates the onset of the rapidly debilitating and
dehydrating disease cholera.

The small intestine, specifically the duodenum, is the site where voluminous amounts (400-
800ml) of bile are secreted to aid in the digestion of fats. The composition of bile is
complex, mainly consisting of bile acids and other lipid molecules such as cholesterol and
phospholipids. Bile acids, with their amphipathic nature, act as a detergent that not only
facilitates the breakdown of ingested lipids, but also exerts potent antimicrobial activity.
Bile exposure causes bacterial membrane and DNA damage, yet the exact mechanisms of
action remain unknown (Prieto et al., 2004, Merritt & Donaldson, 2009). However, enteric
pathogens such as E. coli and V. cholerae have evolved to resist these diverse antimicrobial
effects by both preventing entrance of and extruding bile acids. In addition to possessing an
outer membrane which functions as an effective hydrophobic barrier, Gram-negative
bacteria also activate efflux systems for rapid removal of bile acids and Tol proteins for
outer membrane stabilization (Gunn, 2000, Bina & Mekalanos, 2001, Prouty et al., 2002,
Rosenberg et al., 2003). Fatty acids, although minor components of bile (Blomstrand &
Ekdahl, 1960, Nakayama & Johnston, 1962, Nakayama et al., 1964, Nakayama, 1967,
Mingrone et al., 1983), are prevalent within the intestinal tract and are specifically generated
from triacylglycerols and phospholipids prior to absorption by the intestinal epithelia (Igbal
& Hussain, 2009). Importantly, the intestinal epithelial cell surface is the site of colonization
for V. cholerae.

Studies have shown that V. cholerae can sense and respond to bile as a signal for initiation
of pathogenesis-related processes. Upon exposure to the concentration of bile found in the
intestinal lumen, V. cholerae enhances motility and represses expression of the toxR-
dependent major virulence factors cholera toxin (CT) and the toxin-coregulated pilus (TCP)
(Gupta & Chowdhury, 1997). A recent study attributed the inhibition of virulence factors to
the unsaturated fatty acid content in bile, while both unsaturated fatty acids and cholesterol
caused enhanced motility (Chatterjee et al., 2007). However, exposure of V. cholerae to low
bile concentrations found at the mucosal surface results in the reverse phenotype, with
repression of motility and increased expression of CT and TCP (Schuhmacher & Klose,
1999). Bile also activates several efflux pumps, induces biofilm formation and affects
production of the outer membrane proteins OmpU and OmpT (Provenzano & Klose, 2000,
Chatterjee et al., 2004, Hung et al., 2006, Cerda-Maira et al., 2008). Considering that
bacteria maintain lipid homeostasis when faced with varying environmental conditions such
as solvent stress and changes in temperature and pH (Zhang & Rock, 2008), we
hypothesized that bile may trigger a similar type of homeoviscous adaptation that would be
reflected in the V. cholerae phospholipids. We report herein that V. cholerae, as well as
several other Vibrio species, significantly alters its phospholipid profile in response to bile
and that these changes are partly due to differential uptake and utilization of the exogenous
fatty acids available in bile. We further demonstrate that V. cholerae can also assimilate
fatty acids accessible in marine sediment, a relevant environment harboring V. cholerae.

Bile exposure results in an altered phospholipid profile of Vibrio species, but not E. coli or

S. enterica

To test the effect of bile on bacterial phospholipids, bacteria (see Table S1 for list of strains)
were grown in the presence and absence of 0.4% bile, which is both a concentration
documented to induce virulence effects in V. cholerae (Gupta & Chowdhury,
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1997,Schuhmacher & Klose, 1999,Hung et al., 2005,Hung et al., 2006) and a concentration
within the range of bile in the intestines of healthy individuals (Hofmann, 1993). 32P; was
included in the growth media and the radiolabeled phospholipids were extracted and
examined by thin-layer chromatography (TLC). The major phospholipids found in Vibrio,
Escherichia and Salmonella species are phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and cardiolipin (CL) (Fig. 1). Initial examination of the
phospholipid profiles of E. coli and V. cholerae grown in the presence of 0.4% bile revealed
substantial differences in both amounts of these phospholipids and R¢ values following TLC
separation. Fig. 2A shows a comparison of the phospholipids isolated from multiple E. coli
strains, a S. enterica serovar Typhimurium and a V. cholerae O1 El Tor strain grown in the
absence and presence of 0.4% bile. Densitometry analysis revealed that exposure to bile did
not significantly alter the phospholipid profiles of E. coli and S. enterica. In the absence of
bile, V. cholerae has 83.9% PE, 10.1% PG, 4.0% CL, and 1.9% of an unknown
phospholipid; however, growth in 0.4% bile resulted in 56.9% PE, 5.0% PG, 8.7% CL and
29.6% of an unknown phospholipid (detailed densitometry data can be found in Table S2).
This effect was also observed when commercially available ox, porcine, or ovine bile
preparations were used (data not shown).

Analysis of several other Vibrio species grown with and without bile yielded similar
phospholipid profiles in both migrational patterns and percentages of phospholipids (Fig.
2B). This effect on phospholipids was examined with regard to bile concentration by
growing the bacteria to mid-log (Aggg of ~0.5) in concentrations of bile ranging from 0.01%
to 0.4% in the presence of 32P;. The phospholipid changes were observed at a concentration
as low as 0.01%, with the phenotype becoming more pronounced with increasing bile
concentration (Fig. 3A, densitometry data in Table S3). To test the temporal response to
bile, bacteria were grown to mid-log, pelleted and suspended in LB containing 0.4% bile
and 32p;. Samples were taken at the indicated times and lipids were extracted and analyzed.
Within 15 minutes of bile exposure the migratory phenotype was observed and became
stronger the longer the bacterium was grown in the presence of bile (Fig. 3B, densitometry
data in Table S3). To further explore the pertinence of these observations, E. coli and V.
cholerae were grown in the presence and absence of bile under several conditions: minimal
media growth, microaerobic growth and anaerobic growth. Phospholipid analysis revealed
that V. cholerae continues to alter its phospholipids in these environments while E. coli does
not (Fig. S1). Interestingly, V. cholerae converts all PG to CL when grown in anaerobic
conditions. We then used antibiotic-mediated inhibition to determine whether the changes in
phospholipids are dependent upon protein and/or fatty acid synthesis. Protein synthesis was
inhibited with chloramphenicol, whereas fatty acid biosynthesis was inhibited with
cerulenin, which binds p-keto-acyl-ACP preventing its interaction with malonyl-CoA, thus
effectively stalling the initiation stage of fatty acid biosynthesis (D'Agnolo et al., 1973).
When either protein synthesis or fatty acid synthesis is inhibited, V. cholerae still adopts the
bile-induced phospholipid profile (Fig. S2). In conclusion, Vibrio species, but not E. coli or
S. enterica, obtain an altered phospholipid profile during growth in bile and these changes
are not dependent on fatty acid or protein synthesis.

The bile-induced phospholipid profile is not dependent on the V. cholerae virulence

cascade

Virulence in V. cholerae is triggered by environmental signals, such as bile, and mediates
virulence factor expression conducive for colonization of the intestine. Expression of toxin
coregulated pilus and cholera toxin is controlled by the ToxR regulon, which consists of a
set of over 20 genes (Childers & Klose, 2007). ToxR is a transmembrane DNA binding
protein that controls virulence gene expression by activating ToxT, a second transcriptional
activator that directly activates transcription of the virulence genes tcpH, encoding TCP, and
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CtxAB, encoding CTX (Shakhnovich et al., 2007). In vitro activation of the ToxR regulon in
strains of the EIl Tor biotype is accomplished by growing the bacteria at 37°C in a
bicarbonate-containing medium (AKI medium) (Iwanaga & Yamamoto, 1985). To test
whether the altered phospholipid profile is dependent upon this major virulence pathway,
both gene deletion and chemical inhibition were used to disable the virulence cascade during
growth with and without bile. Virstatin is a small molecule inhibitor that blocks dimerization
of ToxT, thus disallowing ToxR-dependent transcription of virulence factors (Hung et al.,
2005). Following TLC analysis of isolated phospholipids, neither a toxR knockout nor
chemical inhibition of ToxT abrogated the change in phospholipids (Fig. S3). Taken
together, this suggests that the bile-induced phospholipid profile is not dependent on the V.
cholerae virulence cascade.

The altered phospholipid profile cannot be attributed to individual major bile acids, lecithin

or bilirubin

To elucidate what, specifically, in bile caused the effect on phospholipids, we grew both E.
coli and V. cholerae in the presence of the major individual components of bile. The six
major bile acids present in humans (chenodeoxycholic acid, cholic acid, deoxycholic acid,
lithocholic acid, taurocholic acid and glycocholic acid) and lecithin (L-o-
phosphatidylcholine) were added individually to the growth medium at a concentration
(500uM) known to be both subinhibitory and physiologically relevant (Hofmann, 1993,
Cerda-Maira et al., 2008). Bilirubin was added at the physiological concentration of 0.4mg/
dL. E. coli phospholipids were identical regardless of growth with individual bile
components (Fig. S4-A). Likewise, V. cholerae phospholipids displayed a similar profile
among the individual components (Fig. S4-B); PE and PG remained relatively constant
throughout, whereas the only significant difference was an increase (50% by densitometry)
in CL for V. cholerae grown in the presence of chenodeoxycholic acid, cholic acid and
deoxycholic acid. Similar results were obtained in experiments in which the concentration of
individual bile acids was increased to 2mM (data not shown). It was concluded that none of
these individual bile components significantly contributed to the altered migratory
phenotype seen in the phospholipid profile of V. cholerae grown, which was chosen for
continued study.

V. cholerae grown in bile produces new phospholipid species containing long chain
polyunsaturated fatty acids

The observed migratory differences in phospholipids could be explained by either
modification to the head group and/or changes in the fatty acyl chains. For determination of
these structural changes, we performed both GC/MS and LC/ESI-MS/MS on CL species that
were isolated by preparative TLC following bacterial growth in the presence and absence of
bile. Both analyses identified new fatty acid constituents in the bile-grown sample. The GC/
MS chromatograms shown in Fig. 4 indicate that palmitic acid (C16:0), palmitoleic acid
(C16:1) and vaccenic acid (C18:1) represent the predominant fatty acids of cardiolipin
species, which corresponds to the normal fatty acid makeup of E. coli and V. cholerae
(Raziuddin, 1976, Yokota et al., 1980). Growth in bile resulted in a significant decrease in
palmitoleic acid (C16:1) and the appearance of several new fatty acids including linoleic
acid (C18:2), arachidonic acid (20:4), and others (Fig. 4). Some of the additional fatty acids
detected by GC/MS were identified by MS/MS in CL species unique to the bile-grown
sample. The two most predominant [M-2H]2~ ion peaks (m/z 712.525 and 725.546) within
each newly identified cluster were chosen for MS/MS analysis (Fig. 5A). The carboxylic
anions of the released fatty acids from the dissociation of the m/z 712.525 ion revealed CL
species containing acyl chains of C16:0/C16:0/C20:4/C18:2 (predicted [M-2H]%~ at m/z
712.45 as determined by using the cardiolipin structure generation tool on the Lipid Maps
website: http://www.lipidmaps.org (Fig. 5B). The MS/MS spectrum of the [M-2H]2™ ion at
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m/z 725.546 predicted two CL species with the fatty acyl compositions of: C16:0/C16:0/
C18:2/C22:5 (predicted [M-2H]?~ at m/z 725.47) and C16:0/C18:1/C18:2/C20:4 (predicted
[M-2H]2™ at m/z 725.47) (Fig. 5B). Although we only selected two peaks, it is expected that
analysis of other peaks unique to the spectra of CL from growth in bile would reveal
additional fatty acids detected by GC/MS. Since we expected that these fatty acids
originated from bile, we performed ESI-MS on crude bile. Indeed, several of the unique
fatty acids present in bile-exposed V. cholerae CL were reflected by the fatty acids detected
in crude bile (Fig. 6).

Incorporation of these longer chain polyunsaturated fatty acids was not limited to CL, since
ESI-MS of both PE and PG from bile-exposed V. cholerae also identified unique species
(Fig. 7A and B). Fragmentation of newly detected [M-H]™ ions from bile-exposed V.
cholerae PG revealed species containing the bile-specific fatty acids C20:3, C20:4, C20:5,
C22:5and C22:6 (Fig. 7C). MS/MS of the PG [M-H] ™ ion peak at m/z 771.561 reveals that
it is a mixture of PG (C16:0/C20:3) and PG (C18:1/C18:2) (predicted m/z of 772.53). MS/
MS of the PG [M-H]™ ion peak at m/z 793.561 predicts three PG species: C16:0/C22:6,
C18:2/C20:4 and C18:1/C20:5 (predicted m/z of 794.51). MS/MS of the PG [M-H]™ ion
peak at m/z 795.561 shows that it is a mixture of PG (C16:0/C22:5) and PG (C18:1/C20:4)
(predicted m/z of 796.53). MS/MS of the PE [M-H]™ ion peak at m/z 712.536 predicted a PE
species containing C16:0/C18:3 (predicted m/z of 713.50) (Fig. 7D), identifying yet another
newly incorporated fatty acid, C18:3. Some of these new fatty acyl constituents were also
found in the precursor to phospholipid synthesis, phosphatidic acid (PA) (data not shown).
In summary, V. cholerae acquires fatty acids from bile and assimilates them into its
phospholipids. Importantly, when the same LC-MS/MS analysis was employed for E. coli,
no new phospholipid species were identified (Fig. S5).

Identification of the unknown phospholipid

Although several minor unknown phospholipids were apparent following growth in bile, we
chose to further analyze the unknown phospholipid that appeared most frequently and most
abundantly among Vibrio species. This unknown V. cholerae phospholipid was isolated by
preparative TLC and analyzed by ESI-MS/MS. The phospholipid was determined to be two
species of lyso-phosphatidylethanolamine (lyso-PE), one harboring C18:1 and the other
containing C16:0 (Fig. 8). Neither of these acyl chains represents fatty acids detected only in
bile. None of the individual bile components used in this study induced the production of
lyso-PE to the level observed with crude bile (Fig. S4). However, regardless of growth
media or conditions, lyso-PE was consistently produced to 25-30% of total lipids when
0.4% bile was included.

V. cholerae also acquires fatty acids from the sediment

Known to inhabit the pelagic zone, V. cholerae was also recently found naturally occurring
in the benthic zone, particularly in the upper surface layer (sediment) of the ocean (Vezzulli
et al., 2009). To determine if this utilization of unique fatty acids translates to the aquatic
environment, V. cholerae was grown in the presence of sediment obtained from a salt marsh
in the Gulf of Mexico. After growth with sediment, LC-MS/MS analysis of V. cholerae
phospholipids uncovered new species of PE and PG not seen with growth in LB alone or in
bile (Fig. 9A-D). These species were shown to contain C17:1, C19:1 and C20:1, unique
fatty acids not identified in bile. MS/MS of the PE [M-H]™ ion peak at m/z 742.52 predicts
PE species of C16:1/C20:1 and C18:1/C18:1 (predicted m/z of 743.55). MS/MS of the PG
[M-H] ™ ion peak at m/z 759.50 predicts PG species of C17:1/C18:1 and C16:1/C19:1
(predicted m/z of 760.53). MS/MS of the PG [M-H] ™ ion peak at m/z 773.51 predicts PG
species of C16:1/C20:1 and C18:1/C18:1 (predicted m/z of 774.54), the same fatty acid
constituents as identified in PE. Eicosenoic acid (C20:1) and odd chain C17:1 and C19:1
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represent monounsaturated fatty acids not present in V. cholerae phospholipids grown under
normal conditions. Fatty acid analysis confirmed sediment as the source of these fatty acids
(Fig. 9E). CL was also found to contain the new fatty acids (Fig. S6). Thus, sediment serves
as another environmentally relevant source of fatty acids that V. cholerae acquires and uses
in its own phospholipids. Growth in sediment also caused V. cholerae to produce the same
two species of lyso-PE identified in Fig. 7 (data not shown).

V. cholerae can assimilate a variety of long chain polyunsaturated fatty acids

Having identified fatty acids in bile that were subsequently incorporated into V. cholerae,
but not E. coli, phospholipids, we sought to examine the exogenous utilization of these fatty
acids when supplemented individually. The unique, long chain polyunsaturated fatty acids
C18:3, C20:4, C22:4, C22:5 and C22:6 were added individually to LB at a final
concentration of 500uM prior to inoculation with V. cholerae. TLC analysis of isolated
phospholipids revealed that V. cholerae phospholipids migrated faster, implying the
presence of more hydrophobic species and therefore incorporation of the exogenously added
long chain polyunsaturated fatty acids (Fig. 10). The V. cholerae phospholipid profile also
reveals the presence of two distinct species of PE, PG and CL, suggesting that the bacteria is
producing both a de novo species and an exogenously-derived species. Furthermore, all of
these fatty acids except for adrenic acid (22:4) induced formation of lyso-PE in V. cholerae.

Discussion

The current study clearly demonstrates that V. cholerae assimilates fatty acids from the
surrounding environment. It is unknown what advantage this observed remodeling of V.
cholerae phospholipids confers. Bacteria modify their membrane lipid composition upon
exposure to environmental changes, such as temperature, osmolarity and salinity (Cronan &
Gelmann, 1975, Denich et al., 2003, Janmey & Kinnunen, 2006, Zhang & Rock, 2008). Our
results indicate that incorporation of exogenous fatty acids may represent another
environmental factor that can induce homeoviscous adaptation in V. cholerae. Although the
ratio of anionic to zwitterionic lipids remained constant in bile-exposed V. cholerae, the
observed increase in CL, decrease in PG, decrease in PE, increase in lyso-PE and adoption
of long chain polyunsaturated fatty acids could bestow varied characteristics for the bacterial
membrane bilayer.

In E. coli, osmotic stress and growth in high salinity result in an increased CL to PE ratio
(Romantsov et al., 2009). However, this adaptation was not observed when V. cholerae was
grown in varying osmotic and salt conditions (data not shown), indicating a bile-specific
response with regard to phospholipid fluctuations. An intriguing property of CL is its ability
to interact with a wide variety of proteins in the energy-transducing membranes of both
eukaryotes and prokaryotes (Mileykovskaya et al., 2005, Mileykovskaya & Dowhan, 2009).
Bacterial proteins that interact with CL include the Paracoccus denitrificans cytochrome ¢
oxidase, the Rhodobacter sphaeroides reaction center, and both the E. coli succinate
dehydrogenase and osmosensory transporter ProP (lwata et al., 1995, McAuley et al., 1999,
Yankovskaya et al., 2003, Romantsov et al., 2007, Romantsov et al., 2008). In V. cholerae,
CL binds the EpsE/cyto-EpsL complex, a type Il secretion complex that supports secretion
of cholera toxin (Camberg et al., 2007). Although bile (0.2-0.4%) has been shown to
decrease production of cholera toxin, the bile-induced increase in CL may support secretion
of cholera toxin following colonization at the intestinal mucosae, where bile concentration is
expected to be much lower (Hofmann, 1993).

The production of lyso-PE at such high an amount (~30%) is somewhat perplexing,
especially considering that V. cholerae does not possess a homolog for outer membrane
phospholipase A (OMPLA), a widespread protein among Gram-negative bacteria involved
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in organic solvent tolerance and bacteriocin secretion (Pugsley & Schwartz, 1984, Pedrotta
& Witholt, 1999, Dekker, 2000). Production of the two lyso-PE species (Fig. 8) could be a
result of the following: the activity of a single phospholipase that is active at both the sn-1
and sn-2 position, the activity of a single phospholipase that is active on two species of PE,
or the participation of two separate enzymes. Owing to the aquatic nature of Vibrio, the
significant presence of lyso-PE may not be surprising considering that this lysophospholipid
has been identified in significant quantities among numerous Gram-negative marine bacteria
(Oliver & Colwell, 1973, Bhakoo & Herbert, 1979). Lyso-PE was documented as the third
most abundant phospholipid found in several Vibrio species, including V. cholerae, grown in
artificial seawater medium, mirroring the results obtained during growth in bile (Oliver &
Colwell, 1973).

The bacterial utilization of fatty acids has been extensively, yet incompletely, studied. As
defined in E. coli, long-chain fatty acids are bound and transported through the outer
membrane by FadL, ferried through the periplasm by an unknown mechanism, traverse the
inner membrane via a proton electrochemical gradient-dependent process, and are converted
to acyl-CoA thioesters by FadD at the inner membrane (DiRusso & Black, 1999). The long-
chain fatty acyl-CoA is then targeted for B-oxidation, phospholipid synthesis or participates
in transcriptional regulation. Using the clusters of orthologous groups (COG) and basic local
alignment search tool (BLAST) databases, V. cholerae was found to encode 3 homologs for
FadL and 3 predicted genes encoding FadD, whereas E. coli only has one copy of each.
Furthermore, V. cholerae possesses homologs to all of the known Gram-negative and Gram-
positive acyltransferases (PIsB, PIsC, PIsX and PlIsY) that are involved in forming
precursors to phospholipids from exogenous and/or de novo fatty acids. The possession of
such machinery not only may explain the broader capability of V. cholerae to take up and
assimilate the PUFAs, but also may introduce a more efficient mechanism that confers
versatility for surviving in marine and host environments. Our data suggests that V. cholerae
converts exogenous fatty acids into acyl-CoAs that are used by acyltransferases for
incorporation into PA, the precursor for phospholipid synthesis. Accordingly, we observed
these exogenous fatty acids in each of the major bacterial phospholipids. The assimilation of
exogenous linoleic and arachidonic acid was recently demonstrated in S. agalactiae,
illustrating that Gram-positive bacteria possess a mechanism for uptake and utilization of
diverse fatty acids (Brinster et al., 2009). Interestingly, V. cholerae possesses a homolog for
the cis-trans isomerase, an enzyme found only in some aquatic organisms and Pseudomonas
sp. (Pedrotta & Witholt, 1999). This enzyme would be critical for the insertion of PUFAS
into the membrane since the cis conformation would introduce significant kinks, ergo more
fluidity, into the membrane.

PUFAs, particularly eicosapentaenoic (EPA) (C22:5) and docosahexaenoic acid (DHA)
(22:6), are ubiquitous in marine environments (Berge & Barnathan, 2005). EPA and DHA
are synthesized by some marine bacteria and have been shown to provide antioxidative
properties, even when incorporated into the membrane of a genetically modified mutant of
E. coli (Nichols et al., 1997, Methe et al., 2005, Nishida et al., 2006, Okuyama et al., 2008).
Oxidative stress in the ocean originates from the prevalence of hydrogen peroxide (H,05)
and other reactive oxygen species produced photochemically by the adsorption of solar
radiation by dissolved organic matter in seawater. H,O5 is relatively stable in seawater and
can pass readily through biological membranes, thus making it a constant threat to marine
microorganisms (Lesser, 2006). Nitric oxide (NO), another source of oxidative stress, is
produced during human V. cholerae infection, and both LPS and cholera toxin have been
implicated in NO release in animal models (Janoff et al., 1997, Paulovicova et al., 2010).
The incorporation of PUFAs may allow V. cholerae to resist toxic reactive oxygen species
encountered in both aquatic and host environments.
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Based on our results, V. cholerae may adopt a phospholipid profile that reflects the fatty acid
composition of its surrounding environment, perhaps as a mechanism of homeoviscous
adaptation to survive membrane stress. Interestingly, bile phospholipids contain fair
amounts of PUFAS as compared with other mammalian lipids (Hay et al., 1993, Tazuma et
al., 1994, Braun et al., 2009). In the host environment, V. cholerae may utilize PUFAs that
are intrinsically present or generated in the intestine. V. cholerae has been shown to secrete a
lecithinase that hydrolyzes lecithin (L-a-phosphatidylcholine), a major component of bile,
which would liberate a fatty acid from lecithin or lysolecithin (Esselmann & Liu, 1961,
Fiore et al., 1997). In the aquatic environment, V. fischeri has been shown to adopt different
fatty acid profiles depending upon its symbiotic location within the squid (Wier et al., 2010).
Our results strengthen the potential importance of exogenous fatty acid utilization for Vibrio
species, especially between environmental reservoirs. Vibrio may have evolved this
adaptation as an efficient means for both maintenance of the membrane and carbon source
acquisition. The exogenous fatty acid utilization machinery and possible membrane
attributes conferred by the inherited phospholipid profile are under current investigation.

Experimental procedures

Bacterial strains and growth conditions

The bacterial strains used in this study are summarized in Table S1. Bacteria were typically
grown at 37°C in Luria-Bertani broth (EMD Chemicals). For V. parahaemolyticus, the
media was supplemented with 3% NaCl. V. fischeri was grown in marine broth (Becton
Dickinson). Some experiments were performed at 37°C in AKI medium as described
previously (Iwanaga & Yamamoto, 1985). G56 minimal media (pH 7.5) with 0.3mM
potassium phosphate was used (Ganong et al., 1980). Growth was also achieved within
chambers containing microaerobic atmosphere (5% O, 10% CO,, and 85% N,) or
anaerobic atmosphere (2% H,) (Coy Laboratory Products). Inhibition of protein and fatty
acid synthesis was achieved by administering the appropriate inhibitor (chloramphenicol:
150ug/ml; cerulenin: 20ug/ml) prior to addition of the 32P; and subsequent incubation for 10
minutes.

Isolation and analysis of phospholipid species from 32P;-labeled cells

Cultures were labeled uniformly with 2.5 uCi/ml 32P; and grown to an OD of 0.7-1.0 prior
to harvesting using a clinical centrifuge and washing with 5 ml of phosphate-buffered saline
(pH 7.4). Lipids were extracted by the method of Bligh and Dyer (Bligh & Dyer, 1959) and
spotted onto a Silica Gel 60 TLC plate (25,000 or 50,000 cpm/lane). Lipids were separated
using a solvent system consisting of chloroform, methanol, and acetic acid (65:25:10, vol/
vol). The TLC plates were exposed overnight to a Phosphorimager screen, and product
formation was detected and analyzed using a Bio-Rad Molecular Imager Phosphorlmager
equipped with Quantity One software. Densitometry was calculated for the major
phospholipids observed by TLC. For percentage calculations, the density of CL was halved
for normalization to the other single phosphate-containing lipids.

Gas Chromatography/Mass Spectrometry

Fatty acid methyl esters were prepared from mild acid treatment by methanolysis in 1M HCI
in methanol at 80°C (16 hours). GC/MS analysis of the fatty acid methyl esters was
performed on an AT 6890N GC interfaced to a 5975B MSD, using a Supelco EC-1 fused
silica capillary column (30m x 0.25 mm ID). Relative percentages were calculated by
measuring the peak areas of each fatty acid, except for instances of multiple C18:1 and
C16:1, of which the peak areas were combined.
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Liquid Chromatography/ESI-Mass Spectrometry

Normal phase LC-ESI/MS of lipids was performed using an Agilent 1200 Quaternary LC
system coupled to a QSTAR XL quadrupole time-of-flight tandem mass spectrometer
(Applied Biosystems, Foster City, CA). An Ascentis® Si HPLC column (5 pm, 25 cm x 2.1
mm) was used. Mobile phase A consisted of chloroform/methanol/aqueous ammonium
hydroxide (800:195:5, v/v/v). Moabile phase B consisted of chloroform/methanol/water/
aqueous ammonium hydroxide (600:340:50:5, v/v/v/v). Mobile phase C consisted of
chloroform/methanol/water/aqueous ammonium hydroxide (450:450:95:5, v/v/viv). The
elution program consisted of the following: 100% mobile phase A was held isocratically for
2 min and then linearly increased to 100% mobile phase B over 14 min and held at 100% B
for 11 min. The LC gradient was then changed to 100% mobile phase C over 3 min and held
at 100% C for 3 min, and finally returned to 100% A over 0.5 min and held at 100% A for 5
min. The total LC flow rate was 3 pl/min. The post-column splitter diverted ~10% of the LC
flow to the ESI source of the Q-Star XL mass spectrometer, with MS settings as follows: IS
= —4500 V, CUR =20 psi, GS1 =20 psi, DP = —55 V, and FP = =150 V. Nitrogen was used
as the collision gas for MS/MS experiments. Data acquisition and analysis were performed
using the instrument’s Analyst QS software.

Purification of cardiolipin and the unknown phospholipids

Materials

200ml cultures were grown with and without 0.4% bile to an Aggg of ~1.0 prior to
harvesting and washing with PBS. Large-scale lipid extraction by the method of Bligh and
Dyer (Bligh & Dyer, 1959) was followed by spotting the total phospholipid fraction onto
Silica Gel 60 TLC plates and separation using a solvent system consisting of chloroform,
methanol and acetic acid (65:25:10, v/v). The plates were sprayed with water to visualize the
lipid bands and the silica containing CL and the unknown phospholipid was scraped from
the plate. Pure lipid was extracted from the silica by using the method of Bligh and Dyer
(Bligh & Dyer, 1959). The individual lipids were dried under nitrogen and weighed prior to
subsequent analyses.

Bovine bile, ox bile, porcine bile, bovine/ovine bile, bile acids, lecithin and bilirubin were
obtained from Sigma. Also purchased from Sigma were cerulenin, y-linolenic acid,
arachidonic acid and docosahexaenoic acid. a-linolenic acid, adrenic acid and
docosapentaenoic acid were obtained from Cayman Chemical Company. 32P; was purchased
from PerkinElmer Life Sciences and Silica gel 60 (0.25 mm) thin layer plates were
purchased from EM Separation Technology (Merck). Virstatin was purchased from Alexis
Biochemicals. All other chemicals were reagent grade and were purchased from Fisher. The
2-inch plug of sediment used in this study was taken from a salt marsh that is part of the
Wetlands Education Center at the University of Texas Marine Science Institute in Port
Aransas, TX.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The major bacterial phospholipids found in E. coli, S. enterica and V. cholerae are
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL).
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Fig. 2. Comparison of the phospholipid profiles of E. coli, S. enterica and Vibrio species grown in
the presence and absence of bile

A. V. cholerae exhibits a different phospholipid profile than three E. coli strains and S.
enterica serovar Typhimurium when grown in the presence of bile. ETEC, enterotoxigenic
E. coli; EHEC, enterohaemorrhagic E. coli. Density analysis (Quantity One) indicated no
significant quantitative change between the levels of the three major PLs in E. coli and
Salmonella, whereas the same analysis for V. cholerae El Tor revealed significant increases
(two-fold) in CL, decreases in PG and increases in two minor PLs. Densitometry data can be
found in Table S2.

B. The altered phospholipid profile following bile exposure is observed in several Vibrio
species.
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Fig. 3. The observed bile-induced phospholipid changes in V. cholerae occur at very low bile

concentrations and within 15m of bile exposure

A. The migratory shift of phospholipids occurs over a range of bile concentrations. Bacteria
were grown to mid-log phase in media with the indicated bile concentrations and 32P; prior

to lipid extraction. Densitometry data can be found in Table S3.

B. The altered phospholipid profile is observed just 15m after bile exposure and is sustained
at least 2 hours when constitutively grown in bile. Bacteria were grown to an Aggg of ~ 0.5
(Om) prior to pelleting of the bacteria and resuspension in LB supplemented with 0.4% bile
containing 32P;. Samples were taken at the indicated times post bile exposure. Densitometry

data can be found in Table S3.
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Fig. 4. GC/MS analysis of the methyl esters of the fatty acids hydrolyzed from CL in V. cholerae
grown in the presence and absence of bile

The CL of V. cholerae grown in bile is composed of different percentages and a wider
variety of fatty acids than those found in the absence of bile. Fatty acids unique to the bile-
adapted CL are labeled in red.
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Fig. 5. Mass spectrometric analysis of CL extracted from V. cholerae grown in the presence and
absence of bile

A. Negative-ion ESI-MS of [M-2H]2~ ions of V. cholerae CL isolated from cultures grown
in the presence and absence of bile. Selected peaks (*) found only in the presence of bile
were subsequently analyzed by MS/MS.

B. Negative-ion MS/MS analysis of the [M-2H]?~ ions at m/z 712.525 and 725.546 detected
only in the presence of bile. The product-ion spectra show that these CL species contain
longer, polyunsaturated fatty acyl chains (18:2, 20:4 and 22:5).
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Fig. 6. Negative-ion ESI-MS analysis of the fatty acid content in crude bile
Various long chain polyunsaturated fatty acids (18:2, 18:3, 20:3, 20:4, 20:5, 22:4, 22:5 and
22:6) were identified as constituents of bile.
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Fig. 7. Mass spectrometric analysis of PG and PE extracted from V. cholerae grown in the
presence and absence of bile

A and B. Negative-ion ESI-MS of [M-H]™ ions of V. cholerae PG (A) and PE (B) isolated
from cultures grown in the presence and absence of bile. Selected peaks (*) found only in
the presence of bile were subsequently analyzed by MS/MS.

C. Negative-ion MS/MS of the PG [M-H]™ ions at m/z 771.561, 793.561 and 795.585
detected only in the presence of bile. These product-ion spectra revealed the presence of
numerous long chain polyunsaturated fatty acids (18:2, 20:3, 20:4, 22:5 and 22:6) as
constituent of PG.

D. Negative-ion MS/MS of the PE [M-H]™ ion at m/z 712.536 detected only in the presence
of bile. This product-ion spectrum revealed the presence of a fatty acid (18:3) unique to bile.
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Lyso-PE (16:0)

Fig. 8. Mass spectrometry identification of the unknown phospholipids

The unknown phospholipid was purified by preparative TLC. The lipid was identified as
lyso-phosphatidylethanolamine by ESI-MS, revealing two different acyl chain constituents,
16:0 and 18:1. The structures displayed are speculative since the acyl chain could be at
either the sn-1 or sn-2 position.
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Fig. 9. Mass spectrometric analysis of PG and PE extracted from V. cholerae grown in the
presence and absence of sediment indicates assimilation of fatty acids present in ocean sediment
A and B. Negative-ion ESI mass spectra of [M-H]™ ions of V. cholerae PE (A) and PG (B)
isolated from cultures grown in the presence and absence of sediment. Selected peaks (*)
found only in the presence of sediment were subsequently analyzed by MS/MS.

C. Negative-ion MS/MS of the PE [M-H]™ ion at m/z 742.52 detected only in the presence
of sediment. This product-ion spectra revealed the presence of the monounsaturated fatty
acid 20:1 as a constituent of PE.

D. Negative-ion MS/MS analysis of the product-ion spectra of the PG [M-H]™ ions at m/z
759.5 and 773.51 detected only in the presence of sediment. These [M-H]™ ions revealed the
presence of the monounsaturated fatty acids 17:1, 19:1 and 20:1 as constituents of PG.

E. Negative-ion ESI-MS analysis of the fatty acid content in sediment identified unique fatty
acids (17:1, 19:1 and 20:1) found in V. cholerae PLs following growth in sediment.
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Fig. 10. Phospholipid profiles of V. cholerae grown in media supplemented with individual long
chain PUFAs

Long chain PUFAs are incorporated into V. cholerae phospholipids that reflect
incorporation of each exogenous fatty acid. In some profiles, two distinct species of
phospholipids can be distinguished, indicating usage of both endogenous and exogenous
pools of fatty acids for phospholipid synthesis. 18:3n3, a-linolenic acid; 18:3n6, y-linolenic
acid; 20:4, arachidonic acid; 22:4, adrenic acid; 22:5, Docosapentaenoic acid; 22:6,
Docosahexaenoic acid.
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