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Abstract

L-ascorbic acid, commonly known as vitamin C, is a ubiquitous 6-carbon
carbohydrate characterized by its ability to scavenge free radicals. In enteric bacteria, L-
ascorbate can be utilized as a nutrient using the UlaABCDEF and UlaG-UlaRpathway
under anaerobic conditions. In this study, we identified homologs of the Ula system
within Vibrio cholerae and showed that V. cholerae is able to utilize L-ascorbate as an
energy source. Growth pattern assays of a ulaG in-frame deletion mutant demonstrated
that ulaG is essential for L-ascorbate fermentation. Expression analysis showed that ula
catabolism and transport genes were significantly induced in cells grown in the
presence of L-ascorbate compared to glucose and these genes were also highly induced
during growth on intestinal mucus. In in vitro growth competition assays, the ulaG
mutant was outcompeted by wild type when grown in intestinal mucus suggesting the
Ula system could be important for fitness. Within the ula operon in V. cholerae and all
Vibrio species a homology of ORF VCA(243 is present that encodes a pyridoxal
phosphate (PLP) phosphatase. This enzyme in E. coli, converts the active form of
vitamin Bs PLP to its inactive form pyridoxal (PL). In V. splendidus and related species,
the aerobic and anaerobic L-ascorbate pathway genes cluster together and both systems
contain a PLP phosphatase. An in-frame deletion mutant of vca0243 resulted in a

growth defect in L-ascorbate fermentation as well as additional carbon and amino acid
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sources indicating a role in cellular metabolism. Phylogenetic analysis of UlaG and

UlaD suggested the region was acquired by horizontal gene transfer.

Importance

L-ascorbate is a carbohydrate present in the human intestine, available for microbial
consumption and several enteric species have been shown to utilize this compound as
an energy source. We demonstrated that L-ascorbate fermentation genes are also
present among marine bacteria from the family Vibrionaceae and that the human
pathogen V. cholerae can ferment L-ascorbate as an energy source. Within the Ula
operon in all Vibrionaceae, a putative pyridoxal phosphate phosphatase was present that
was required for L-ascorbate fermentation and cellular metabolism in general. The Ula
system was present among a limited number of genera within Vibrionaceae; Vibrio,
Aliivibrio and Photobacterium and showed an evolutionary history consistent with

horizontal transfer between genera and species.
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Introduction

L-Ascorbic acid is a ubiquitous six-carbon carbohydrate known for its role as an
antioxidant. It is also an essential nutrient, found within GI tissues, gastric juices as well
as the mucosa, required for enzyme function and tissue repair in humans and other
animals (1-3). Some higher order eukaryotes, such as humans, have lost the ability to
biosynthesize ascorbate (4-6). In these species, the requirement for ascorbate is met

through dietary intake(4, 5).

It is known that enteric bacteria are capable of utilizing L-ascorbate as a carbon
and energy source (7-12). In E. coli, two systems exist for the catabolism of L-ascorbate,
the Ula system and the YiaK-YiaS system. The Ula system is required for the
fermentation of L-ascorbate under anaerobic conditions, whereas under aerobic
conditions, both the Ula system and the YiaK-YiaS system are required. Studies in E. coli
and Klebsiella pneumoniae show neither can aerobically catabolize L-ascorbate as a sole
carbon source due to the reactivity of this molecule, and the generation of oxidative
stress (7-12). Thus, aerobic catabolism of L-ascorbate requires the presence of specific
amino acids (proline, threonine, or glutamine) in the culture medium that are proposed

to decrease L-ascorbate oxidation (9, 10).

The gene cluster in E. coli responsible for L-ascorbate fermentation consists of the

ulaABCDEF operon, and divergently transcribed genes ulaG and ulaR (7, 11, 13) (Fig.
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1A). The ulaABC genes encode a phosphotransferase system (PTS) transporter for L-
ascorbate uptake during both anaerobic and aerobic growth (9, 10, 12). The ulaDEF and
ulaG genes are required for catabolism and ulaR encodes a regulator that acts as a
repressor (7, 11, 13). L-ascorbate is converted to D-xylulose-5P, which can be further
catabolized via the pentose phosphate pathway (7, 11, 13) (Fig. 1B). Regulation of the
Ula system in E. coli is under the control of UlaR, cAMP-receptor protein (CRP), as well
as integration host factor (IHF) (9, 10). Both IHF and UlaR act as repressors, while CRP
is an activator of the ulaABCDEF operon (13). The Yia system shares three paralogous
proteins with the Ula system, UlaD/YiaQ, UlaE/YiaR and UlaF/YiaS, which share less

than 60% protein homology (Fig. 1B).

Vibrio cholerae is a ubiquitous marine bacterium that is also an enteric pathogen of
humans, and the causative agent of the deadly diarrheal disease, cholera. V. cholerae can
colonize the small intestine of humans, where it produces cholera toxin that causes the
secretory rice watery diarrhea, characteristic of cholera (14-17). Within the small
intestine V. cholerae competes with the indigenous microbiota for nutrients and has to
overcome many antagonistic interactions with the host microbiome (18-22). The
nutrients V. cholerae utilize in vivo are poorly understood, but it was shown that this
bacterium utilizes sialic acid, a component of intestinal mucus, as a sole carbon source

and this ability has a significant fitness advantage in vivo (23-25). Additionally, V.
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92 cholerae was shown to use citrate fermentation in vivo, proposed to be an important

93  phenotype for long-term carriage of V. cholerae (18).

94 In this study, we identified L-ascorbate fermentation ula gene clusters amongst

95  Vibrio species, and demonstrated that V. cholerae can ferment L-ascorbate as a carbon

96 and energy source. An in-frame deletion of ulaG (locus tag VCA0248) in V. cholerae was

97 examined for growth on L-ascorbate. The expression pattern of ula genes in cells grown

98 in the presence of L-ascorbate or intestinal mucus was determined. Additionally, we

99 investigated whether L-ascorbate utilization resulted in a competitive advantage for
100  cells grown in intestinal mucus. In Aliivibrio fischeri, Vibrio and Photobacterium species,
101 within the ula operon, a gene (vca0243) that encodes a pyridoxal phosphate phosphatase
102 homologous to YbhA from Escherichia coli is present. YbhA is an enzyme that converts
103  pyridoxal phosphate (active vitamin C) to pyridoxal (inactive vitamin C). An in-frame
104  deletion of vca0243 in V. cholerae was examined to determine its effect on L-ascorbate
105  catabolism and cellular metabolism in general. The role of CRP in L-ascorbate
106  utilization was also investigated. Phylogenetic and genomic comparative analyses of
107  UlaG, UlaD and the Ula cluster suggested that the region was acquired multiple times

108  among Vibrionaceae and has a polyphyletic history.

109

110 Results
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111 Ascorbate metabolism genes present in Vibrio species. The YiaQ protein from the

112 YiaKLMNOPQRS cluster and UlaG from the Ula cluster of E. coli K-12 were used as

113 seeds for BLASTp and psiBLAST analysis to identify L-ascorbate catabolism gene

114  clusters in V. cholerae N16961. No proteins were identified with similarity to YiaQ or any
115  other Yia protein within the V. cholerae N16961 genome. However, within chromosome
116 Il of V. cholerae N16961, we identified a homolog of UlaG (VCA0248), which is an L-

117  ascorbic acid lactonase responsible for the first step in the catabolic pathway of L-

118  ascorbate. Adjacent to ulaG was a ulaR homolog, which encoded a transcriptional

119  repressor (7, 11, 13) (Fig. 1A). In V. cholerae, transcribed divergently from ulaR-ulaG was
120  aset of seven ORFs, VCA(0240-VCA(246, in a predicted operon, which shared

121 homology with ulaABCDEF from E. coli (Fig. 1A). The first ORF VCA0246, was

122 annotated as UlaA and was a fusion of the ulaA and ulaB genes from E. coli, which

123 encoded components IIC and IIB of a phosphotransferase (PTS) system (Fig. 1A).

124 VCAO0245 shared homology with UlaC, the IIA component of the PTS system. VCA0242
125  and VCA0241 encoded homologs of UlaD and UlaE, respectively. In E. coli, UlaD is a
126  putative decarboxylase that converts 3-keto-L-gulonate-6-P to L-xylulose-5P and UlaE is
127  an epimerase that converts L-xylulose-5P to L-ribulose-5P (Fig. 1B) (7, 11). VCA0244 is a
128  homolog of UlaF from E. coli, a 4-epimerase that converts L-ribulose-5P to D-xylulose-5-
129 P (Fig. 1B). In V. cholerae, the Ula system contains an additional ORF, VCA0243 that is

130  absent from the Ula system in enteric species. VCA0243 shares 40.44% percent identity,
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131 with 98% query cover and an E-value of 6e-62 to YbhA, a pyridoxal phosphate
132 phosphatase in E. coli. A VCA0243 homolog was present within the Ula cluster in all

133 Vibrio species examined.

134 Vibrio cholerae and V. vulnificus utilization of L-ascorbate. Next, we determined

135  whether L-ascorbate can be used as an alternative carbon and energy source by Vibrio
136  species. To accomplish this, V. cholerae N16961, V. vulnificus CMCP6, V. parahaemolyticus
137  RIMD2210633 and E. coli BW25113 were grown in microaerophilic conditions for 48

138 hours in M9 minimal media supplemented with casamino acids (M9CAS), M9CAS

139 supplemented with 20mM glucose (MICAS-Glucose), or MI9CAS supplemented with
140  20mM L-ascorbate (M9CAS-Ascorbate). Casamino acids were added to growth media to
141  alleviate the effects of L-ascorbate oxidation, which results in the production of reactive
142 oxygen species (ROS) that are damaging to the cell (10). Escherichia coli, V. cholerae and
143 V. vulnificus all grew significantly better in MOCAS-Ascorbate than MICAS, indicating
144  they can utilize L-ascorbate as an energy source (Fig 2A-C). As expected, V.

145  parahaemolyticus, showed no difference between growth in MOCAS and M9CAS-

146  Ascorbate as it does not contain the Ula gene cluster (Fig. 2D).

147  The ulaG gene is essential for L-ascorbate fermentation. We constructed an in-frame
148  deletion of ulaG (VCA0247) in V. cholerae N16961 to investigate its requirement in L-

149  ascorbate fermentation. The ulaG gene encodes an L-ascorbic acid lactonase, which is

150  responsible for the first step in the L-ascorbate catabolic pathway. The wild type and
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151 AulaG grown in LB 1%NaCl aerobically showed a similar pattern, indicating that the
152 mutant had no overall growth defect (Fig. S1). Next, AulaG and wild type were grown
153  anaerobically for 48 hours in MOCAS, MICAS-Glucose or MICAS-Ascorbate. No

154  growth defects were observed for AulaG when grown in MOCAS or M9CAS-Glucose
155  showing a similar growth pattern on both media (Fig. S1). However, AulaG had a

156  growth defect compared to wild type when grown in MOCAS-Ascorbate, with a

157  significantly lower OD. These data show that ulaG is required for L-ascorbate

158  fermentation in V. cholerae (Fig. 3).

159  The ula genes are induced in the presence of L-ascorbate and when grown on

160  intestinal mucus. Expression of ulaA (VCA0246), ulaR (VCA0247) and ulaG (VCA0248)
161  was analyzed in V. cholerae cells grown in MICAS-Ascorbate, MO9CAS-Glucose, MI9CAS
162  and M9-Mucus. In M9CAS-Ascorbate versus MICAS-Glucose expression of ulaA was
163  upregulated 788-fold, expression of ulaR was upregulated 568-fold, and ulaG was

164  upregulated 1100-fold (Fig. 4A). To determine whether this induction was specific to L-
165  ascorbate, and not due to catabolic repression by glucose, gene expression of cells

166  grown in M9CAS-Ascorbate was also compared to cells grown in M9CAS without any
167  additional carbohydrate supplementation. Under these conditions, the ulaA, ulaR and
168  ulaG genes were significantly upregulated in MO9CAS-Ascorbate compared to cells

169  grown in MICAS (Fig. 4B). Taken together, this data shows that the ula genes are highly

170  induced in the presence of L-ascorbate.
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171 Previous studies have shown that Vibrio species can utilize intestinal mucus as a
172 carbon and energy source (25-28). Therefore, we examined the expression pattern of the
173 ula genes in V. cholerae cells growth in M9-Mucus. The expression of ulaA, ulaR, and

174 ulaG genes were significantly upregulated in cells grown in M9-mucus compared to

175  M9CAS-glucose (Fig. 4C). Specifically, ulaA is upregulated 66-fold, ulaR is upregulated
176  34-fold and ulaG is upregulated 99-fold (Fig. 4C).

177 Next, we determined whether L-ascorbate fermentation provides a competitive
178  advantage for V. cholerae. Fitness of the ulaG mutant relative to wild type was evaluated
179  in in vitro competition assays in MICAS-Ascorbate and MICAS-mucus. Competitive
180 indices (CI) for growth on MICAS-Ascorbate was less than 0.1 indicating that the wild
181  type outcompeted the ulaG mutant. Similarly, the CI in M9CAS-mucus was 0.55

182  demonstrating that the u/aG mutant was outcompeted by wild type suggesting that L-

183  ascorbate fermentation may be an important in vivo phenotype (Fig. 5).

184  VCAO0243 a pyridoxal 5" phosphate (PLP) phosphatase homolog. In V. cholerae, vca0243
185  (AAF96154.1) encodes a 272 amino acid protein that shows 40.44% homology with 98%
186  query cover to YbhA (VWQO01556.1) from E. coli. We constructed an in-frame deletion of
187  wvca0243 in V. cholerae N16961 and examined growth in LB 1%NaCl. The mutant grew
188  similar to wild type demonstrating no overall growth defect (Fig. S2). Next, we

189  examined growth in M9CAS, M9CAS-Glucose and M9CAS-Ascorbate under anaerobic

190  conditions. In MICAS and M9CAS-glucose, the wild type and the mutant strains grew
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191  similar to one another (data not shown). In M9CAS-Ascorbate, the mutant had a growth
192  defect compared to wild type with a significantly lower final OD (Fig. 6A) and in M9-
193  Ascorbate, the mutant was unable to grow in the absence of CAS (Fig. 6B). These data
194  indicates that vca0243 is required for efficient L-ascorbate fermentation.

195 Deletion of ybhA in E. coli disrupted PLP homeostasis, causing growth inhibition
196  and the presence of casamino acids was shown to alleviate this inhibition (29). Thus, we
197  examined whether deletion of vca0243 resulted in a growth defect in the absence of

198  casamino acids when grown aerobically in glucose (Fig. 6C and 6D). In MO9CAS-

199  Glucose both wild type and the mutant grew similar, but in M9-Glucose, the mutant
200 had a growth defect demonstrated by a longer lag phase and a reduced final OD (Fig.
201 6D). Overall, these data suggest that the VCA0243 is an required for optimal growth in
202 the absence of casamino acids.

203 Next, we determined whether vca0243 was important for growth on other carbon
204  sources in general. To accomplish this, we used PM1 Biolog phenotype microarray

205  growth assays to examine the utilization of 95 different carbon and energy sources by V.
206  cholerae wild type and Avca0243. We found there were significant differences between
207  wild type and Avca0243 in 26 different carbon sources, which included amino acids or
208  amino acid derivatives (Fig. S3). The area under the curve (AUC) of wild type growth
209  was significantly higher than that of Avca0243 in six of these amino acids, but

210  significantly greater than wild type in L-threonine (Fig. S3). Differences in growth were
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211 also observed in 19 other carbon sources, with the wild-type strain utilizing these
212 compounds significantly better than Avca0243 (Fig. S3). Overall, the data indicate that

213 VCAO0243 has an important role in cellular metabolism.

214  CRP is required for L-ascorbate fermentation in V. cholerae. It is known that cAMP-
215  receptor protein (CRP) is a global regulator of alternative carbon metabolism in a

216  variety of bacterial species (30-32). CRP was shown to be a regulator of the both the Yia
217  and Ula system in E. coli and K. pneumoniae (9, 13). We constructed an in-frame deletion
218 of crp (VC2614) and examined growth in MOCAS-Glucose. The crp mutant grew similar
219  to wild type indicting no overall growth defect (Fig. 7A). Next, we examined growth
220 inM9CAS-Ascorbate and show that Acrp had a significant growth defect compared to
221 wild type indicating that the mutant is unable to utilize L-ascorbate for growth (Fig.

222 7B).

223 Phylogenetic analysis of UlaG and UlaD among Vibrionaceae. To decipher the

224  evolutionary history of ascorbate fermentation genes within the Vibrionaceae, we

225  constructed a phylogenetic tree based on the UlaG and UlaD proteins. In addition, we
226  constructed a tree based on the housekeeping protein RpoB from the same set of strains,
227  as an indicator of the ancestral relationships among these species (33) (Fig. S4). On the
228  UlaG tree, UlaG proteins that are present in members of the Vibrionaceae clustered

229  within three major groups, which we designated A, B, and C, and encompassed 39
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230  Vibrio species, Aliivibrio fischeri and 7 Photobacterium species (Fig. 8). Cluster A consists
231 of UlaG from V. cholerae and its sister species, V. mimicus and V. metoecus. Also, within
232 cluster A is UlaG from four members of the Campbellii clade, V. harveyi, V. campbellii V.
233 jasicida and V. owensii, while UlaG is absent from all other members of this clade, which
234 includes V. parahaemolyticus and V. alginolyticus.

235 Branching within cluster A, but divergently from V. cholerae, V. mimicus and V.
236  metoecus, is UlaG from four Providencia species, members of the family Morganellaceae.
237  However, the bootstrap value is low so this is likely not the origin of Ula from

238 Providencia, but does suggest a close relationship with Vibrio. Of the four Providencia
239 species that carry Ula, only P. rettgeri contained a ybhA homology within the ula cluster
240  ulaABybhAulaD, and is present in all 30 P. rettgeri genomes in the database. In P.

241 alcalifaciens, P. rustigianii, and P. heimbachae, the ula cluster consists of ulaABD with no
242 ybhA homolog. In all four Providencia species the ulaE and ulaF homologs were present
243 elsewhere on the genome (Fig. S4). The phylogenetic tree based on a housekeeping

244 protein RpoB showed that the Providencia species clustered together divergent from
245  Vibrio species, and are not closely related to Vibrio (Fig S4).

246 Within cluster B are Vibrio species belonging to the Splendidus clade, which

247  cluster closely together; within this group is UlaG from Aliivibrio fischeri and

248  Photobacterium damselae strains (Fig. 8). The positioning of UlaG from these species,

249  nested within UlaG from Vibrio species, suggest the region has an origin in Vibrio. This
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250  is further evidenced by the RpoB tree showing that species from these genera cluster
251  separately and distantly from Vibrio species (Fig. S4). Cluster C contained three groups
252 of Vibrio species interspersed with UlaG from five Photobacterium species. The bootstrap
253  values associated with Photobacterium species branching are extremely low indicating
254  that the precise relationship with Vibrio species cannot be determined but does indicate
255  a Vibrio origin for UlaG. Branching divergently from clusters A, B, and C is a single

256 UlaG from V. tritonius.

257 The nearest relative to UlaG from Vibrio outside of cluster A, B and C is UlaG

258  from Yersinia ruckerii and Y. nurmii, which branched together but divergently from

259  Vibrio species. The next most closely related UlaG protein is from Gilliamella apicola and
260  G. apis, gut symbionts of honeybees. Gilliamella is member of the Orbaceae family, a sister
261  taxon to the order Enterobacteriales (34). In these species, the ula cluster is similar to

262 Vibrio in terms of gene order but does not contain a ybhA homolog. The last group of
263  UlaG proteins to cluster with UlaG from Vibrio, are UlaG from Dickeya zeae, Yersinia

264  intermedia and five Aeromonas species. The ula genes are present in two divergently

265  transcribed operons ulaABFD and ulaGybhAER in Y. intermedia and Aeromonas species,
266  whereas in D. zeae, the ula genes are arranged ulaABD and ulaGER (Fig. S4). These are
267  the only Yersinia and Aeromonas species, of the 12 described within Yersinia and the 14

268  within Aeromonas that contain the ascorbate fermentation gene cluster.
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269 Given that ulaG and ulaR are divergently transcribed from the Ula transport and
270  catabolism operon, we constructed a phylogenetic tree based on UlaD to determine

271 whether the operon has a similar evolutionary history to UlaG. The UlaD tree showed
272 some congruence among the genera in terms of their location within the tree (Fig. S5).
273 However, the UlaD protein among Vibrio species showed low bootstrap values making
274  comparisons among Vibrio species unreliable. UlaD from five Photobacterium species
275  branched with the Vibrio UlaD proteins, but clustered at different locations with low
276  bootstrap values. In addition, two Photobacterium species branched with UlaD from

277  Yersinia and Gilliamella species but again the bootstrap value was very low indicating
278  the exact placement of UlaD within the tree is hard to define. However, the placement
279  of UlaD and UlaG proteins from Photobacterium species at different locations within the
280 treesis in direct contrast to their branching together within the RpoB tree. Aliivibrio
281  fischeri UlaD clustered with UlaD from the Splendidus clade, similar to UlaG and again
282  this is in contrastto RpoB a locus ancestral to the species (Fig. S4 and S5). UlaD from V.
283 scophthalmi was the most divergent protein examined in Vibrio and branched distantly
284  from all other species. The UlaG protein from this species also branched divergently.
285  Examination of the genome context of the Ula region in V. scophthalmi showed that the
286  region was present on a plasmid pVS53 and thus was likely acquired by horizontal gene

287  transfer.
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288 Interestingly, analysis of L-ascorbate catabolism genes among members of the
289  Splendidus clade identified a second YbhA homolog in these species (Fig. S6). This

290  ybhA gene clustered with yia genes required for aerobic respiration of L-ascorbate and
291 these genes were contiguous with the ula gene cluster (Fig. $6). This is a unique

292 grouping of the aerobic and anaerobic L-ascorbate catabolism genes in these species and
293 the presence of a YbhA homolog within each cluster suggests a critical role for YbhA in

294  the L-ascorbate catabolism pathways.

295  Discussion

296 In this study, we identified homologs of the Ula L-ascorbate fermentation cluster
297  in V. cholerae and other Vibrio species. Growth pattern analysis revealed that V. cholerae
298  and V. vulnificus could utilize L-ascorbate as an alternative nutrient source. In V.

299  cholerae, we demonstrated that the ulaG gene is required for L-ascorbate fermentation
300 and that the ula genes are induced in the presence of L-ascorbate. Our in vitro

301  competition assays showed that AulaG was outcompeted by wild type in M9CAS-

302  Mucus indicting that L-ascorbate catabolism provides a fitness advantage. We also

303 demonstrated that deletion of crp in V. cholerae resulted in a defect in growth, indicating
304 that L-ascorbate fermentation is also under the control of CRP in this species.

305 Overall, out data suggest that L-ascorbate utilization is likely an important

306  phenotype that may provide a fitness advantage in vivo. Previous studies in two human

307 pathogens have suggested that ascorbate catabolism may be important for host
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308  colonization. Recent proteomics analysis of enterohemorrhagic E. coli (EHEC) in

309 gnotobiotic piglets showed that some of the most differentially abundant proteins

310  during infection were involved in L-ascorbate metabolism (35). Additionally, dual

311  RNA-seq, RT-qPCR and metabolomics analysis of H. ducreyi in a human infection

312 model demonstrated that genes associated with L-ascorbate recycling are upregulated
313  in human hosts, while the most upregulated genes in H. ducreyi are the ula genes

314  required for L-ascorbate fermentation (36).

315 We identified a homologue of a PLP phosphatase within the ula operon, encoded
316 by VCA0243, that we showed is essential for growth on L-ascorbate in the absence of
317  casamino acids, and also was required for efficient growth on several amino acids and
318 sugars. PLP is a cofactor for many proteins and enzymes involved in a variety of

319  cellular processes, including amino acid biosynthesis and degradation, as well as carbon
320 metabolism (29, 37-39). It is widely known that PLP-dependent enzymes are associated
321 with biochemical pathways that involve amino acids (39). A recent study in E. coli

322 demonstrated that excess accumulation of either PL and PLP results in inhibition of

323 growth initiation and changes in amino acid profiles (29). Growth initiation inhibition
324  caused by PL or PLP accumulation was alleviated by addition of exogenous casamino
325  acids to growth media (29). In V. cholerae, VCA0243 is likely a PLP phosphatase

326  responsible for the dephosphorylation and inactivation of PLP, which could explain the

327  growth defects of Avca0243 in the absence of casamino acids. The remarkable clustering
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328  of both aerobic and anaerobic L-ascorbate catabolism genes in V. splendidus and

329  related species and the presence of a YbhA homolog, which we named UlaP within

330  each cluster, suggests the importance of PLP phosphatase in these pathways.

331 Our phylogenetic analysis showed that L-ascorbate fermentation genes are

332 present in a subset of Vibrio species, a single Aliivibrio species, and seven Photobacterium
333 species. For Aliivibrio fischeri and Photobacterium species, the UlaG and UlaD proteins
334  clustered with Vibrio species suggests horizontal transfer among these groups.

335  Similarly, UlaG and UlaD proteins from Providencia species clustered with those from
336  Vibrio species but the gene order is very different, indicating that this relationship is

337 ancient. It is of interest to note that the ula genes from A. fischeri and Providencia species
338  are located close to the gImS locus, which is the site of insertion of the transposon Tn7 in
339 E. coli. In Pr. heimbachae, adjacent to the ula genes inserted at the glmS locus, is a Tn7

340 operon tnsABCDE. This may suggest a mode of acquisition of the ula genes in this

341  species. In Ph. damselae strains that contain the ula cluster, the region is flanked on one
342  side by a phage-like tyrosine recombinase integrase and the other end is flanked by

343  phage genes and a restriction modification system. These genes are also present in Ph.
344 phosphoreum strains that contain ula genes. In Y. intermedia directly adjacent to ulaD is a
345  CRISPR repeat region and a type I-F CRISPR-Cas gene cluster followed by an integrase.
346 In A. veronii, adjacent to ulaD is a tyrosine recombinase integrase. Finally, in V.

347  scophthalmi, the ula genes were present on a plasmid again suggesting a mode of
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348  acquisition. Thus, along with our phylogenetic analysis, these signatures of horizontal
349  gene transfer strongly suggest a polyphyletic origin for Ula and multiple acquisition

350 events among species.

351 Material and Methods

352 Bacterial strains. Vibrio cholerae and E. coli were cultured aerobically with shaking

353  (225rpm) in Luria Bertaini (LB) broth (Fisher Scientific, Waltham, MA) containing 1%
354  NaCl at 37°C. V. vulnificus and V. parahaemolyticus were similarly cultured in LB

355  containing a final concentration of 2% and 3% NaCl, respectively. Where indicated, M9
356  minimal media was utilized and supplemented with 0.02 mM MgSOs, and 0.1 mM

357  CaClz.. Additionally, media was supplemented with 25 ug/mL of chloramphenicol (Cm)

358  when required during mutant construction.

359  Growth pattern analysis. Vibrio cholerae N16961 wild type and mutant strains were
360 grown overnight at 37°C in LB 1% NaCl (LB 1%) with aeration, pelleted by

361  centrifugation, washed with 1xPBS, and then resuspended in 1xPBS. Aerobic growth
362  assays conducted in M9 minimal media containing 1% NaCl (M9) supplemented with
363  20mM glucose (M9-Glucose) or M9 containing 2% (w/v) casamino acids (M9CAS) (MP
364 Biomedicals, LLC. Solon, OH) supplemented with 20mM glucose (M9CAS-Glucose) or
365  with 20mM L-ascorbate (M9CAS-Ascorbate). Cultures were incubated at 37°C for 24

366  hours with intermittent shaking. ODsesnm was measured every hour utilizing a Tecan
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367  Sunrise (Tecan Group Ltd., Mannedorf, Switzerland) microplate reader. A minimum of
368 2 biological replicates were performed for each condition. The mean ODs9snm and

369 standard deviation of biological replicates was calculated for each assay. To create a

370  microaerophilic environment, the cultures were aliquoted into fully filled snap-cap

371  tubes and incubated statically at 37°C. At each time point, a sample was taken,

372 centrifuged and resuspended in 1xPBS prior to measuring ODsoonm. The concentration of
373 NaCl was adjusted to 1% for E. coli, 2% for V. cholerae and V. vulnificus, and 3% for V.
374  parahaemolyticus in each respective media. All microaerophilic growth assays included a
375 minimum of three biological replicates. Anaerobic conditions were created by

376  incubating microplates in airtight containers containing GasPak EZ Anaerobe sachets
377  (BD Diagnostics, Sparks, MD). The ODsosnm of cultures was measured every 12 hours
378  using a Tecan Sunrise spectrophotometric microplate reader. All assays were performed
379  with a minimum of two biological replicates. The mean and standard deviation of

380 biological replicates were calculated for each growth condition. End-point biomass

381  comparisons were performed using an unpaired Students t-test with 95% confidence

382 interval.

383  Real time quantitative PCR (qQPCR). RNA was extracted from wild-type V. cholerae
384 N16961 in M9 media supplemented with 0.02% (w/v) casamino acids (M9CAS),
385  MI9CAS+20 mM glucose (MICAS-Glucose), or MI9CAS+20 mM L-ascorbic acid (M9CAS-

386  Ascorbate) and M9 supplemented with 20 mM glucose (M9-Glucose) or mouse
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387 intestinal mucus (M9-Mucus). Following 90 minutes of static growth at 37°C, RNA was
388 isolated using TRIzol RNA extraction protocol according to the manufacturer’s

389  instructions, and subsequently treated with Turbo DNase (Invitrogen). Purified RNA
390  was quantified via Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA)
391 and 500 ng was used as a template for cDNA synthesis using Superscript III reverse
392  transcriptase (Invitrogen). A 1:25 dilution of each cDNA sample was used for

393  quantitative real-time PCR (qPCR). qPCR was carried out on a QuantStudio™ 6 Flex
394  System with cycling parameters of a hold stage of 95°C for 20 s followed by a cycling
395  stage of 95°C for 1 s and 60°C for 20 s. Relative gene expression was determined with
396  Quantstudio Real-Time PCR Software v1.2 following the comparative Cr (AACr)

397  method (40). The qPCR primers for vca0246, vca0247, and vca0248 are listed in Table S1.
398  Gene expression was normalized to the housekeeping gene for topoisomerase I (topl)
399 listed in Table S1. RNA was isolated from two independent biological replicates and
400 qPCR was performed in duplicate. Statistical analysis was performed comparing mean

401 ACr for a given target gene using a Student’s t-test with a 95% confidence interval

402  In-frame deletion of vca0243, ulaG and crp (VC2614) construction. An in-frame

403  vca0243 deletion mutant was constructed via splicing by overlap-extension (SOE) and

404  homologous recombination (41). The genome sequence of V. cholerae N16961 was used
405  to design primers to create a 225-bp truncated vca0243 PCR product. Gene fragments

406  were amplified using primer pairs VCA0243_A/VCA0243_B and
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407  VCA0243_C/VCAO0243_D, then digested via Sacl and Xbal. The digested fragments were
408 ligated with Sacl and Xbal linearized pDS132, then transformed into E. coli DHS5oApir.
409  Plasmid DNA was isolated from DH5a using the Nucleospin Plasmid kit

410 (MACHEREY-NAGEL Inc., Bethlehem, PA) and transformed into the DAP-auxotroph
411 donor strain E. coli 32155\pir. The donor strain was conjugated overnight with the

412 recipient strain V. cholerae N16961 on LB 1% plates. Selection of V. cholerae strains that
413  had integrated deletion vectors into the genome was performed by plating conjugations
414  on LB 1% plates containing Cm and confirmed by PCR. Colonies were then grown

415  overnight without selection in LB 1% and plated on LB 1% supplemented with 10%

416  sucrose (w/v) to select for strains that had undergone a second homologous

417  recombination event. The genome sequence of V. cholerae N16961 was utilized to design
418  primers for generation of a 110-bp truncated ulaG PCR product, and a 30-bp truncated
419  crp PCR product. In-frame deletions of ulaG (VCA0248) and crp (VC2614) were

420  constructed using a Gibson assembly protocol and HiFi DNA assembly master mix

421 (New England Biolabs, Ipswich, MA). Gene fragments were amplified using primer

422 pairs VC_ulaG_A/VC_ulaG_B and VC_ulaG_C/VC_ulaG_D or VC_CRP_A/VC_CRP_B
423  and VC_CRP_C/VC_CRP_D. The resulting products were ligated and cloned into Sacl
424 linearized suicide-vector pDS132, then transformed into E. coli DH5a. Conjugation and
425  selection of AulaG and Acrp mutants was performed in the same manner as described

426  for the Avca0243 mutant. Primers used for construction of deletion mutants are listed in
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427  Table S1. Restriction enzyme cut sites of SOE PCR primers are indicated by lowercase,
428  italicized letters. Complementary regions for Gibson assembly and SOE PCR are

429  represented by lowercase letters in each primer sequence. All primers utilized in this
430  study were purchased from IDT (Integrated DNA Technologies, Coralville, IA).

431 Deletion mutants were confirmed via PCR and DNA sequencing.

432 In vitro competition assays. A V. cholerae AlacZ strain was utilized as a surrogate for
433 wild-type, as deletion of lacZ allows for subsequent blue/white colony selection when
434  plated on X-gal LB 1% plates. This mutant was shown to have no other defect compared
435  to wild type (23). V. cholerae AlacZ and genetic mutants were grown aerobically in LB 1%
436  for 24 hours, pelleted by centrifugation, washed and resuspended in PBS at a

437  concentration of 1x10'° CFU/mL. Cultures were then diluted in a 1:1 ratio

438  (mutant:AlacZ) and inoculated 1:50 into fully-filled and parafilmed 15mL conical tubes
439  containing M9CAS-Ascorbate or M9-CAS supplemented with 30 ng/mL mouse

440  intestinal mucus. Cultures were incubated anaerobically at 37°C in airtight containers
441  with GasPak EZ anaerobe sachets for 24 hours, then serially diluted and plated on X-gal
442 LB 1% plates. The competitive index (CI) of each strain was calculated using the

443  formula: CI = output ratio Mutant/Ni6v61aacz) / input ratio Mutant/N16961a1acz). The ratio of mutant
444  strain to AlacZ in the inoculum was referred to as the “input ratio”, while the ratio of

445  mutant colonies to AlacZ colonies observed after competition was referred to as the


https://doi.org/10.1101/2020.09.08.288738

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.288738; this version posted September 9, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

446  “output ratio”. If an assay resulted in a CI > 1.0, the mutant outcompeted the wild-type;

447  while a CI < 1.0 indicated that the wild-type strain outcompeted the mutant.

448  Bioinformatics analysis. The YiaS and UlaG proteins of E. coli K-12 (NP_418613.2) were
449  used as seeds for BLASTp analysis against V. cholerae to identify putative L-ascorbate
450  catabolism proteins. The identified V. cholerae UlaG homolog VCA0248 (AWA79938.1)
451  was subsequently seeded for BLASTp analysis against other Vibrionaceae species.

452 Additionally, BLASTp analysis of the UlaA homolog VCA0246 (NP_232644.1) from V.
453 cholerae was performed against Vibrionaceae representative species in the NCBI genome
454  database. Analysis of VCA0243 (AAF96154.1, AWB75675.1) was also conducted using
455  BLASTp against Vibrionaceae and non-Vibrio species. Identified genomic regions were
456  downloaded from the National Center for Biotechnology Information (NCBI) database.
457  Figures representing amino acid similarity and gene cluster arrangement were

458  generated from genome sequences using tBLASTx in Easyfig 2.2.3 (42). Structural

459  analysis of VCA0243 by HHpred (43) was conducted using the protein FASTA sequence

460 (AAF96154.1) from NCBIL

461  Growth phenotype assays. Growth characteristics of V. cholerae N16961 and Avca0243
462  strains were examined on various carbon sources via a PM1 phenotype microarray
463  (Biolog, Inc., Hayward, CA). Briefly, aerobically grown LB 1% overnight cultures were
464  pelleted by centrifugation, washed with 1xPBS and resuspended in M9 minimal

465  containing 1% NaCl (M9). Cultures were then diluted 1:100 in M9, and 100uL was
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466  inoculated into each well of a PM1 Biolog phenotype microarray. Cultures were

467  incubated at 37°C for 24 hours with intermittent shaking and the ODsssnm was measured
468  every hour utilizing a Tecan Sunrise microplate reader. Following assay completion, the
469  area under the curve (AUC) of each strain was calculated using Origin 2019 (OriginLab

470  Corporation, Northampton, MA). The AUC of the negative control (blank) was

471  subtracted from the AUC in each respective media, and the mean AUC of wild-type

472 and Avca0243 were compared using an unpaired Student’s t-test with 95% confidence

473  interval. A minimum of two biological replicates was performed for each strain.

474  Phylogenetic analyses. Phylogenetic analysis was conducted using UlaG (VCA0246)
475  and UlaD (VCA0240) protein as a seed to identity all homologs within the family

476  Vibrionaceae and their closest relatives. Unique protein sequences that had >95%

477  sequence coverage and >70% amino acid identity with UlaG and UalD were obtained
478  from NCBI database and aligned using the ClustalW (44). The housekeeping protein
479  RpoB was used to show the evolutionary relationships among all the species examined
480  in the UlaG and UlaD trees. The evolutionary history of each protein was inferred by
481  using the Maximum Likelihood method and Le_Gascuel_2008 model as determine by
482  Dbest fit model selection in MEGAX (45, 46). The trees are drawn to scale, with branch
483  lengths measured in the number of substitutions per site. UlaG analysis involved 68,
484  UlaD 63 and RpoB 64 amino acid sequences. All positions with less than 95% site

485  coverage were eliminated, i.e., fewer than 5% alignment gaps, missing data, and
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486  ambiguous bases were allowed at any position (partial deletion option). There were a
487  total of 354 positions for UlaG, 214 positions for UlaD, 1341 positions for RpoB in the

488  final dataset. Evolutionary analyses were conducted in MEGA (46).

489
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Table 1. Bacterial strain and plasmids used in this study

Strain or Plasmid

Description

Source or
Reference

Escherichia coli 32155Apir

Transformation and plasmid isolation

Lab collection

Escherichia coli DH5aApir

Dap auxotroph; donor for bacterial
conjugation

Lab collection

Escherichia coli BW25113

lacly, rrnBris, AlacZwye, hsdR514,
ArhaBADip7s

Lab collection

Vibrio cholerae N16961 O1, El Tor Sm* (47)
Vibrio cholerae SAM?2338 [N16961 AlacZ, gfp, Sm* (23)
o N16961; in-frame deletion of L-ascorbate )
Vibrio cholerae JPRA0248 This study
lactonase vca0248 (ulaG)
IN16961; in-f deleti f pyridoxal
Vibrio cholerae JPRA0243 Hrirame Geieton Of PYHEOXA M his study
phosphatase vca0243
o N16961; in-frame deletion of cAMP .
Vibrio cholerae JPR2614 ) This study
receptor protein vc2614 (crp)
Vibrio vulnificus CMCP6  [Clinical Isolate (48)
Vibri h lyti
1Mo pATAMACTIOYICS i nical Tsolate (49)
RIMD2210633
pDS132 Suicide vector; Cm’, sacB (50)
VCA0248 knockout vector (VC_ulaG .
pDS132AulaG . This study
Gibson Product)
V. cholerae VCA0243 deletion vector .
pDS132Avca0243 This study
(VCA0243 SOE Product)
V(2614 knockout vector (VC Gib
pDS132Acrp nockout vector (VC_crp Gibson This study

Product)



https://doi.org/10.1101/2020.09.08.288738

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.288738; this version posted September 9, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

502 Table 2. Primers

Primer Name Sequence (5' - 3") Prf)duc

t size
SOE Primers
VCA0243_A cacgagctcGATGCCTAAATCGACCCATGC
VCAO0243_B GCGATGGCCAATGCCGATGAC 2oobp
VCA0243_C gteatcggeattggecatcgc AAGCACATGACAATGCTGCTG
VCA0243_D ggatctagaGCTCAAGCGGGCATTGATATT b
VCA0243_FF GTCCGGCAATAAAGGTTTTG
VCA0243_FR CAAAGTGGTGGAAGGCAAAT e
Gibson Assembly Primers

accgcatgcgatatcgagctGAAGATCACGATGATGTGAT

VC_ulaG_A C 501-bp
VC_ulaG_B aaaaggctttATTCACTTTACTCATAACAACACC
VC_ulaG_C taaagtgaatAAAGCCTTTITGTAAGGATGAATG
VC_ulaG_D gtggaattcccgggagagct TCCTTTGGCGTGCTGATC 0P
VC_ulaG_Flank FW
D GTGACCAACTATTTTCCGITG 2145-bp
VC_ulaG_Flank_REV [ ATCGGAGCCTATCTATCCGAC
ulaG_A GAAGATCACGATGTGATC

2040-bp
ulaG_D TCCTTTGGCGTGCTGATC
VC_CRP_A accgcatgcgatatcgagctGTTCCTACGGTCGATACTTCT
VC_CRP_B tgccgtaaacACCTAGAACCATAATAATCTCAC P
VC_CRP_C gettctaggtGTTTACGGCACTCGCTAAGTG 501-bp



https://doi.org/10.1101/2020.09.08.288738

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.288738; this version posted September 9, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

VC_CRP_D gtggaattcccgggagagctGGCGGTCGCTTATGGAGC
VC_CRP_FWD ATTGGTATGGTGCCGATTGT

1850-bp
VC_CRP_REV CTGCAAGCGATTGTTGAAAA
CRP_A GTTCCTACGGTCGATACTTCT

1608-bp
CRP_D GGCGGTCGCTTATGGAGC
qPCR Primers
VCA0246QF ATGATGCCGAAGAACACCGT

138-bp
VCA0246QR GATCGCCACCAAAATCGCTC
VCA0247QF AAAGTGCGTAATGGGGCAGA

143-bp
VCA0247QR ACCACACTATCGCCTGGTTG
VCA0248QF GATGAGCGAGCCGTCAACTA

139-bp
VCA0248QR TCTCACCGTACGACAGCAAC
VC1730QF ACTTTCACATAGCCACGGTC

151-bp
VC1730QR TCAGCCTAGATCCGAAACAG

503
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504 Figure Legends

505 Fig. 1. Pathways of L-ascorbate catabolism genes and pathways. A. Ula system gene
506 orderin E. coli K-12 and V. cholerae N16961. Gray bars indicate amino acid similarity via
507 tBLASTx. B. In anaerobic catabolism the transport and phosphorylation of L-ascorbate
508 to L-ascorbate-6-phosphate occurs via ulaABC, which encodes a PTS-type transporter.
509  L-ascorbate-6P is first converted to 3-keto-L-gulonate-6-P by the lactonase UlaG.

510 Subsequent conversion to D-xylulose-5-P occurs via UlaDEF, which can be further

511  catabolized by the Pentose Phosphate Pathway (PPP). In aerobic catabolism L-ascorbate
512  is also transported into the cell via UlaABC. 2,3-diketogulonate is produced from L-

513  ascorbate in the presence of oxygen and YiaK and YiaP can convert this to 3-keto-L-

514  gulonate-6-P. YiaQRS are paralogs of UlaDEF.

515  Fig. 2. Growth of Vibrio strains on L-ascorbate. (A) E. coli BW25113, (B) V. cholerae

516  N16961, (C) V. vulnificus CMCP6 and (D) V. parahaemolyticus RIMD2210633 were grown
517  in either M9CAS (squares), MICAS-Glucose (circles), or MI9CAS-ascorbate (triangles).
518  Cells were grown statically under microaerophilic conditions for 48 hours. Error bars

519 indicate standard deviation of the mean of two biological replicates.

520 Fig. 3. Growth of V. cholerae wild type and AulaG. Wild type and AulaG (Avca0248)
521  were grown in M9CAS-Ascorbate statically under anaerobic conditions for 48 hours.

522 Error bars indicate standard deviation of the mean of two biological replicates.
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523  Fig. 4. Expression analysis of L-ascorbate utilization genes. Expression analysis of

524  ulaA (vca0246), ulaR (vca0247), and ulaG (vca0248) were performed from cells grown

525 microaerophilically in (A) MICAS-Ascorbate relative to MICAS-Glucose (B) MICAS-
526  Ascorbate relative to MICAS and (C) M9-Mucus relative to cells MICAS-Glucose. Data
527  represent the mean fold change of two independent biological replicates. Error bars

528 indicate standard deviation. Expression was normalized to the house keeping gene topl.
529 A Student’s t-test was used to compare mean ACr values between given conditions. *

530  p<0.05, ** p<0.01, *** p<0.001.

531  Fig. 5. In vitro Competition assays. V. cholerae AlacZ and AulaG strains were grown in
532 1:1 ratio in M9-Ascorbate or MO9CAS-Mucus overnight and cells counted from a
533  blue/white screen. Competitive Index (CI) was calculated using the formula: CI = output

534 ratio uic/ alacz) [ input ratio @uiaG/ atacz).

535  Fig. 6. Growth analysis of V. cholerae N16961and Avca0243. Wild type or Avca0243

536  were grown in A. M9CAS-Ascorbate or B. M9-Ascorbate under anaerobic conditions for
537 48 hours at 37°C. Wild type and Avca0243 were grown in C. M9CAS-Glucose or D. M9-
538  Glucose under aerobic conditions for 24 hours at 37°C. Error bars indicate standard

539  deviation of the mean of two biological replicates. End-point biomass comparisons

540  were performed using an unpaired Student’s t-test with a 95% confidence interval.

541 *p<0.05 **p<0.001
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542  Fig. 7. Growth analysis of V. cholerae N16961 and Acrp on L-ascorbate. Wild type and
543  Acrp were grown in A. M9CAS-Glucose or B. M9CAS-Ascorbic acid. Cells were grown
544  statically under anaerobic conditions for 24 hours. Error bars indicate standard

545  deviation of the mean of two biological replicates.

546  Fig. 8. Evolutionary analysis of UlaG. The UlaG Maximum Likelihood tree with the
547  highest log likelihood (-5835.54) is shown. The percentage of trees in which the

548  associated taxa clustered together is shown next to the branches. Initial tree(s) for the
549  heuristic search were obtained automatically by applying Neighbor-Join and BioN]J
550  algorithms to a matrix of pairwise distances estimated using a JTT model, and then
551  selecting the topology with superior log likelihood value. A discrete Gamma

552 distribution was used to model evolutionary rate differences among sites (3 categories

553  (+G, parameter = 0.3678)).

554  Supplemental Data

555  Fig. S1. A. Growth of V. cholerae wild type and AulaG. A. Growth in LB 1%NaCl. for
556 24 hours. Growth in B. M9CAS or C. M9CAS-Glucose anaerobically for 48 hours. Error

557  bars indicate standard deviation of the mean of two biological replicates.

558  Fig. S2. Growth of V. cholerae wild type and Avca0243 in LB aerobically Cells were
559  grown 24 hours. Error bars indicate standard deviation of the mean of two biological

560 replicates.
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561  Fig. S3. Growth of V. cholerae N16961 and Avca0243 on various carbon sources. V.

562  cholerae N16961 (black bars) and Avca0243 (white bars) were diluted in M9 minimal

563 media and grown aerobically for 24 hours on various carbon sources in a PM1 Biolog
564  Phenotype Microarray. Carbon utilization results of non-amino acid sources are

565 included in A-C. Use of amino acids and derivatives are displayed in D. Mean AUC
566  was calculated for each carbon source in Origin 2019. Error bars indicate standard error
567  of the mean of two biological replicates. Mean AUC comparison was performed

568 utilizing an unpaired Students t-test with 95% confidence interval. *p<0.05, **p<0.01,

569  ***p<0.001. (N-A-G: N-acetylglucosamine).

570  Fig. S4. A. Vibrionaceae housekeeping tree based on RpoB using the Neighbor-

571  Joining method. The optimal tree with the sum of branch length = 1.18 is shown. The
572 bootstrap test (500 replicates) values are shown next to the branches. The evolutionary
573  distances were computed using the JTT matrix-based method and are in the units of the
574 number of amino acid substitutions per site. The rate variation among sites was

575 modeled with a gamma distribution (shape parameter = 5). This analysis involved 64
576  amino acid sequences. There were a total of 1341 positions in the final dataset. Bacterial
577  families to which each species belongs are labelled and major clades of Vibrio species are
578 named in orange. B. The ula gene clusters present among the strains examined. Arrows
579  indicate ORFs and the direction of transcription and black lines indicate genes are

580 contiguous. Homologous genes are colored similarly.
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581  Fig. S5. Evolutionary analysis of UlaD among Vibrionaceae. UlaD Neighbor-joining tree.
582  The optimal tree with the sum of branch length = 3.8 is shown. Bootstrap test (500 replicates)
583  values are shown next to the branches. The evolutionary distances were computed using the
584  JTT matrix-based method and are in the units of the number of amino acid substitutions per
585  site. The rate variation among sites was modeled with a gamma distribution (shape parameter =
586  5). This analysis involved 63 amino acid sequences. There were a total of 214 positions in the

587 final dataset.

588  Fig. S6. Unique clustering of aerobic and anaerobic L-ascorbate catabolism operons.

589  The Yia/Ula gene clusters group together on the genomes of species from the Spendidus clade.
590  Arrow depict ORFs and direction of arrows indicate direction of transcription. Purple arrows

591 labelled YbhA indicate the two copies of the pyroxidal phosphatase.
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Fig. 1. Pathways of L-ascorbate catabolism genes and pathways. A. Ula system gene
order in E. coli K-12 and V. cholerae N16961. Gray bars indicate amino acid similarity via
tBLASTx B. In anaerobic catabolism the transport and phosphorylation of L-ascorbate to L-
ascorbate-6-phosphate occurs via ulaABC, which encodes a PTS-type transporter. L-
ascorbate-6P is first converted to 3-keto-L-gulonate-6-P by the lactonase UlaG. Subsequent
conversion to D-xylulose-5-P occurs via UlaDEF, which can be further catabolized by the
Pentose Phosphate Pathway (PPP). In aerobic catabolism L-ascorbate is also transported
into the cell via UlaABC. 2,3-diketogulonate is produced from L-ascorbate in the presence
of oxygen and YiaK and YiaP can convert this to 3-keto-L-gulonate-6-P. YiaQRS are
paralogs of UlaDEF.
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Fig. 2. Growth analysis of Vibrio strains on L-ascorbate. (A) E. coli BW25113, (B) V.
cholerae N16961, (C) V. vulnificus CMCP6 and (D) V. parahaemolyticus RIMD2210633 were
grown in either MICAS (squares), MOCAS-Glucose (circles), or MO9CAS-ascorbate
(triangles). Cells were grown statically under microaerophilic conditions for 48 hours.
Error bars indicate standard deviation of the mean of two biological replicates.
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Fig. 3. Growth analysis of V. cholerae N16961 and
AulaG. Wild type and AulaG (Avca0248) were grown
in M9CAS-Ascorbate statically under anaerobic
conditions for 48 hours. Error bars indicate standard
deviation of the mean of two biological replicates.
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Fig. 4. Expression analysis of L-ascorbate utilization genes. Expression analysis of
ulaA (vca0246), ulaR (vca0247), and ulaG (vca0248) were performed from cells grown
microaerophilically in A. M9CAS-Ascorbate relative to MICAS-Glucose B. MI9CAS-
Ascorbate relative to MICAS and C. M9-Mucus relative to cells MOCAS-Glucose.
Data represent the mean fold change of two independent biological replicates. Error
bars indicate standard deviation. Expression was normalized to the house keeping
gene topl. A Student’s t-test was used to compare mean AC; values between given
conditions. * p<0.05, ** p<0.01, *** p<0.001.
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Fig. 5. In vitro Competition assays. V. cholerae AlacZ and
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M9CAS-Mucus overnight and cells counted from a blue/white
screen. Competitive Index (Cl) was calculated using the
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Fig. 6. Growth analysis of V. cholerae N16961and Avca0243. Wild type and Avca0243
were grown in A. MICAS-Ascorbate or B. M9-Ascorbate under anaerobic conditions
for 48 hours at 37°C. Wild type and Avca0243 were grown in C. M9CAS-Glucose or D.
M9-Glucose under aerobic conditions for 24 hours at 37°C. Error bars indicate
standard deviation of the mean of two biological replicates. End-point biomass
comparisons were performed using an unpaired Student’s t-test with a 95%
confidence interval. *p<0.05 ***p<0.001
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Fig. 7. Growth analysis of V. cholerae N16961 and Acrp on L-ascorbate.
Wild type and Acrp were grown in either A. M9CAS-Glucose or B.
M9CAS-Ascorbic acid Cells were grown statically under anaerobic
conditions for 24 hours. Error bars indicate standard deviation of the
mean of two biological replicates.
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