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Differential Requirement for PBP1a and PBP1b in In Vivo and
In Vitro Fitness of Vibrio cholerae

Tobias Dörr,a Andrea Möll,a Michael C. Chao,a Felipe Cava,b Hubert Lam,c Brigid M. Davis,a Matthew K. Waldora

Division of Infectious Diseases, Brigham & Women’s Hospital and Department of Microbiology and Immunobiology, Harvard Medical School and HHMI, Boston,
Massachusetts, USAa; Laboratory for Molecular Infection Medicine Sweden, Department of Molecular Biology, Umeå University, Umeå, Swedenb; Discovery Research,
Sanofi Pasteur, Cambridge, Massachusetts, USAc

We investigated the roles of the Vibrio cholerae high-molecular-weight bifunctional penicillin binding proteins, PBP1a and
PBP1b, in the fitness of this enteric pathogen. Using a screen for synthetic lethality, we found that the V. cholerae PBP1a and
PBP1b proteins, like their Escherichia coli homologues, are each essential in the absence of the other and in the absence of the
other’s putative activator, the outer membrane lipoproteins LpoA and LpoB, respectively. Comparative analyses of V. cholerae
mutants suggest that PBP1a/LpoA of V. cholerae play a more prominent role in generating and/or maintaining the pathogen’s
cell wall than PBP1b/LpoB. V. cholerae lacking PBP1b or LpoB exhibited wild-type growth under all conditions tested. In con-
trast, V. cholerae lacking PBP1a or LpoA exhibited growth deficiencies in minimal medium, in the presence of deoxycholate and
bile, and in competition assays with wild-type cells both in vitro and in the infant mouse small intestine. PBP1a pathway mu-
tants are particularly impaired in stationary phase, which renders them sensitive to a product(s) present in supernatants from
stationary-phase wild-type cells. The marked competitive defect of the PBP1a pathway mutants in vivo was largely absent when
exponential-phase cells rather than stationary-phase cells were used to inoculate suckling mice. Thus, at least for V. cholerae
PBP1a pathway mutants, the growth phase of the inoculum is a key modulator of infectivity.

The main component of the bacterial cell wall, peptidoglycan
(PG), is an intricate mesh of polysaccharide chains cross-

linked by short peptide bridges. The periplasmic assembly of this
complex polymer from [N-acetylglucosamine–N-acetylmuramic
acid]pentapeptide subunits is facilitated by extracytoplasmic en-
zymes known as penicillin binding proteins (PBPs). These en-
zymes carry out two main reactions: transglycosylation (i.e.,
polymerization of glycan subunits) and transpeptidation (i.e.,
cross-linking the peptide side chains between polymerized gly-
can strands). In Escherichia coli—the focus of most studies of
Gram-negative cell wall synthesis—two principal high-molecu-
lar-weight (HMW) PBPs with both transglycosylase and trans-
peptidase activity play a pivotal role in PG synthesis. E. coli PBP1a
and PBP1b appear to be largely interchangeable, and mutants
lacking one of the two proteins have at most mild phenotypes
under standard growth conditions (1–3). However, cells lacking
both proteins are not viable, and PBP1a and PBP1b are termed
synthetically lethal. The activity of each PBP1 enzyme is strictly
dependent on the presence of a specific outer membrane activator,
either LpoA (for PBP1a) or LpoB (for PBP1b), and mutations in
either lpo locus are consequently also synthetically lethal with a
mutation of the noncognate pbp1 locus (4, 5). It has been pro-
posed that PBP1a may contribute preferentially to cell elongation
whereas PBP1b may play a more prominent role in cell division (3,
6); however, the viability of the individual mutants clearly dem-
onstrates that each enzyme can contribute to both processes.

We have previously shown that disruption of the PBP1a-en-
coding locus (mrcA) of Vibrio cholerae causes the bacteria to lose
their characteristic rod shape in stationary phase and that the ab-
errant morphology of V. cholerae �mrcA is due at least in part to
accumulation of noncanonical D-amino acids (DAA) in culture
supernatants (7). Notably, DAA do not induce morphological
changes in V. cholerae lacking mrcB, suggesting that in V. cholerae,

PBP1a and PBP1b may have distinct roles. However, the physio-
logical roles for these two enzymes remain largely undefined.

Here, we have investigated the contribution of these bifunc-
tional PBPs to V. cholerae fitness, both in vitro and in an animal
model of infection. As in E. coli, the activity of V. cholerae PBP1a
and PBP1b appears to depend upon specific outer membrane li-
poproteins. Additionally, our analyses revealed that the absence of
PBP1a/LpoA impairs V. cholerae growth/survival under a variety
of conditions, whereas the absence of PBP1b/LpoB does not have
notable effects. PBP1a-deficient cells appear to be particularly vul-
nerable in stationary phase at high densities, and stationary-phase
mutant cells (but not exponentially growing cultures) displayed
marked attenuation in the infant mouse model of infection.

MATERIALS AND METHODS
Media and growth conditions. Cells were grown in 3 ml LB broth sup-
plemented with streptomycin at 37°C unless otherwise indicated. Growth
curve analyses were conducted in a Biotek growth plate reader using
200-�l cultures in 100-well honeycomb plates, and growth curves were
analyzed using the program GrowthRates (8).

All antibiotics and bile/deoxycholate were purchased from Sigma-
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Aldrich. Antibiotics and supplements were routinely used at the fol-
lowing concentrations: carbenicillin, 50 �g/ml; D-methionine, 5 mM;
and streptomycin, 200 �g/ml.

Strain construction. All Vibrio cholerae strains are derivatives of El
Tor N16961. All cloning procedures were conducted using isothermal
assembly (9). Deletion mutants were generated utilizing the sacB-contain-
ing suicide vector pCVD442 (10). In short, homology regions flanking the
gene of interest were cloned into a suicide vector (pCVD442). Single-
crossover mutants were generated by mating E. coli SM10�pir carrying
pCVD442 containing the relevant flanking regions with a V. cholerae
(streptomycin-resistant) recipient for 6 h on agar plates at 37°C and
subsequent selection on streptomycin/carbenicillin plates. The suicide
vector was then counterselected by streaking on agar plates containing
10% sucrose and incubating at 30°C overnight.

The E. coli ponA and ponB mutants were constructed using a lambda
red system as described previously (11). All V. cholerae deletions are com-
plete (start codon to stop codon) deletions without antibiotic resistance
replacement, except for �mrcB, which is a replacement of the mrcB orf
with a kanamycin resistance cassette.

TnSeq. Transposon insertion sequencing (TnSeq) was performed as
described previously (12). Briefly, V. cholerae was subjected to saturating
transposon mutagenesis to generate duplicate libraries of �200,000 trans-
poson insertion mutants for each strain. Genomic DNA was harvested
from these mutants using a Promega genomic DNA extraction kit and
fragmented to 200 to 800 bp using NEB fragmentase. Fragments were then
blunted (NEB blunting enzyme mix), A-tailed (using Taq polymerase),
and ligated to adaptors. Fragments with adaptors were PCR amplified
with primers targeting the transposon and the adaptor sequence to enrich
for transposon junctions. Illumina barcode sequences were then added via
a second PCR, and the resulting 200- to 400-bp product was gel purified
and sequenced on an Illumina Miseq benchtop sequencer. Data analysis
was performed as described previously (12).

MIC assays. MIC assays were conducted using an adaptation of a
standard methodology with exponential-phase cultures (13). In short, 2�
dilution series of the antimicrobial agents were generated in 50 �l of LB in
96-well plates. Then, to each well was added 50 �l of a culture prepared by
diluting an overnight culture 1,000-fold into fresh LB broth, growing it for
1 h at 37°C, and again diluting it 1,000-fold into fresh medium. The plates
were then incubated standing for 24 h at 37°C.

Competition experiments. Mutant strains were competed against a
lacZ-negative derivative of wild-type (wt) V. cholerae N16961. For in vivo
competitions, 5-day-old suckling mice (Charles River) were orally inoc-
ulated with 50 �l of a culture (either an overnight culture or a culture first
grown to an optical density at 600 nm [OD600] of 0.1; see Results for
details) diluted to OD600 � 0.002, corresponding to a total inoculum of
�2 � 105 CFU. Mice were sacrificed after 24 h, and the small intestine was
homogenized using a tissue grinder. Dilutions of the homogenate were
then plated on agar plates containing streptomycin and X-Gal (5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside) to distinguish lacZ-negative
wild-type and lacZ-positive (lacZ	) mutant strains. For in vitro competi-
tions, the inoculum used for the in vivo assay was added to 3 ml of LB
broth and the mixture was incubated for 24 h shaking at 37°C.

Plasmolysis assay. Plasmolysis analysis as a proxy for cell fraction-
ation was carried out as described previously (14). In short, cells carrying
plasmids encoding IPTG (isopropyl-�-D-thiogalactopyranoside)-induc-
ible, C-terminal mCherry fusions to LpoA and LpoB were grown in LB
supplemented with kanamycin and 200 �M IPTG to an OD600 of �0.6,
pelleted, resuspended at a 10� concentration in 20 mM Tris–15% su-
crose– 0.02% sodium azide, incubated at room temperature for 15 min,
and then imaged.

Imaging and analysis. Cells were grown to exponential phase (OD600

of �0.3) and imaged on 0.8% agarose pads–10% LB–phosphate-buffered
saline (PBS). Cell length was determined using MicrobeTracker (15).

Phylogenetic trees. Phylogenetic analysis was conducted using Clust-
alW and Treeview (16, 17).

RESULTS
PBP1a and PBP1b appear to act in concert with lipoproteins.
Bioinformatic analysis revealed that V. cholerae encodes homo-
logues of two principal bifunctional HMW PBPs of E. coli, PBP1a
and PBP1b, and that homologous pairs group together in a phy-
logenetic tree (see Fig. S1A in the supplemental material). All four
enzymes contain predicted transmembrane helices as well as
transglycosylase and transpeptidase domains. The V. cholerae
PBP1a and PBP1b sequences, like the corresponding E. coli se-
quences, also contain ODD (PBP1a) or UB2H (PBP1b) domains
(Fig. 1A). These ODD and UB2H domains are the sites of interac-
tions between E. coli PBP1a and PBP1b and their respective lipo-
protein activators, LpoA and LpoB (4, 18), suggesting that V. chol-
erae also encodes homologues of LpoA and LpoB. BLAST searches
identified fairly distant V. cholerae homologues: VC0581 (32%
identical to LpoA over the entire protein sequence, bit score 157)
and VC1894 (29% identical to LpoB over the entire protein se-
quence, bit score 64) (see Fig. S1A and B). Like their putative E. coli
homologues, both VC0581 and VC1894 are predicted to be lipo-
proteins (http://www.lipopredict.cdac.in/jsp/index.jsp) and con-
tain an outer membrane sorting signal (cys-ser [19]), and both
appear (based on a plasmolysis assay) to localize to the outer
membrane (see Fig. S2).

To begin to assess functional and genetic relationships between
the V. cholerae PBP1s and their putative lipoprotein activators, we
carried out transposon mutagenesis-based screens for mutations
that are synthetically lethal in the �mrcA (coding for PBP1a) and
�VC0581 backgrounds. We recently determined that transposon
insertion mutants in mrcA, mrcB (coding for PBP1b), VC0581,
and VC1894 are present with the expected frequency in an inser-
tion library derived from wild-type V. cholerae (12), indicating
that these genes are not individually essential for V. cholerae
growth, at least under the conditions used for library construction
(LB agar). In marked contrast, almost no mutants with insertions
in mrcB or VC1894 were apparent when transposon insertion li-
braries were constructed in either the �mrcA or �VC0581 back-
ground (Fig. 1B), suggesting that both mrcB and VC1894 are re-
quired for V. cholerae growth in the absence of mrcA or VC0581.
Thus, our data are consistent with the supposition that V. cholerae
PBP1a/VC0581 and PBP1b/VC1894 pairs operate in parallel,
functionally redundant pathways and that, as in E. coli, VC0581
(henceforth LpoA) and VC1894 (henceforth LpoB) act as PBP1a
and PBP1b activators, respectively.

PBP1a and PBP1b are not entirely redundant. To further ex-
plore the contributions of PPB1a/LpoA- and PBP1b/LpoB-de-
pendent processes to V. cholerae growth, we monitored the growth
of the four mutants in three different media (LB medium, M9
minimal medium with glucose, and M9 minimal medium with
glucose and Casamino Acids). Under all three conditions, growth
of the �mrcB and �lpoB mutants was indistinguishable from that
of the wild-type strain (Fig. 2A and B). In contrast, while the
�mrcA and �lpoA mutants grew at a rate very similar to that of the
wild type in LB, they exhibited reduced growth rates in minimal
media, suggesting that PBP1a/LpoA play a more prominent role
in V. cholerae cell wall synthesis than do PBP1b/LpoB, at least
under a subset of growth conditions. We sometimes also observed
a longer lag phase for the �mrcA and �lpoA mutants (e.g., in Fig.
2, LB); however, the lag times differed considerably between ex-
periments, and their biological significance is unknown. The re-
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FIG 1 Genetic wiring of bifunctional PBPs in V. cholerae. (A) Schematic and partial alignment of bifunctional PBPs of V. cholerae and E. coli. TMH �
transmembrane helix, TG � transglycosylase domain, TP � transpeptidase domain, UB2H � LpoB binding domain, ODD � LpoA binding domain. (B)
Artemis screenshots of transposon insertion sequencing (TnSeq) results. Red and green bars represent histograms of read depth; the two colors represent the two
different transposon orientations. TA sites (shown in black) are potential transposon insertion sites.
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duced growth rate of V. cholerae PBP1a pathway mutants is not
evident in equivalent E. coli mutants; instead, mutants lacking
either PBP1a (ponA) or PBP1b (ponB) grew as well as wild-type E.
coli in minimal media with or without Casamino Acids (Fig. 2A
and B). Thus, there may be more functional equivalence of PBP1a
and PBP1b pathways in E. coli than in V. cholerae.

Finally, we measured the length and width distributions of cells
grown in LB medium in exponential phase. While the cell widths
were the same in the wild type and all mutants (data not shown),
the length distributions differed significantly. �mrcA and �lpoA
mutant cells were significantly shorter than wild-type cells, sug-
gesting a slight elongation defect, while �mrcB and �lpoB cells
were slightly longer than the wild-type cells (Fig. 2C), pointing to
a division defect. These findings imply that PBP1a may be more

important for cell elongation whereas PBP1b may be more impor-
tant for cell division and are consistent with the proposed different
functions of PBP1a (interacts with PBP2, which is essential for
elongation) and PBP1B (interacts with PBP3, which is essential for
division) in E. coli (2).

Mutations in penicillin binding proteins are often associated
with an altered susceptibility to antibiotics that target cell wall
synthesis (1, 20). Consequently, we measured MICs of select an-
tibiotics for wild-type and PBP1-deficient V. cholerae. MICs of
penicillin G and ticarcillin (beta-lactam antibiotics that inhibit all
PBPs) were markedly lower for the �mrcA and �lpoA mutants
than for the wild-type strain and the �mrcB and �lpoB mutants,
which displayed equivalent levels of sensitivity to these agents
(Fig. 3A and B). Additionally, the �mrcA and �lpoA mutants were

FIG 2 Growth phenotypes of PBP mutants in vitro. (A) Growth curves of PBP mutants in rich medium, minimal medium (MM), and minimal medium
supplemented with 0.02% Casamino Acids (CAA). Data are means of triplicates and representative of the results of at least three different experiments. WT or
wt, wild type. (B) Doubling times 
 standard deviations for different growth conditions were calculated using the program GrowthRates. Values represent means
of the results of two experiments done in biological triplicates. ND � not determined. (C) The cell length distribution was measured from levels in LB in
exponential phase using MicrobeTracker (** � P � 0.01, two-tailed t test).
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highly susceptible to the cephalosporin cefsulodin (Fig. 3C), while
the wild-type, �mrcB, and �lpoB strains were resistant (up to at
least 200 �g/ml cefsulodin). These results suggest that cefsulodin
exclusively inhibits PBP1b in V. cholerae. In contrast, for E. coli,
the cefsulodin MIC was the same for wild-type and �ponA strains
but was drastically reduced in the �ponB mutant (Fig. 3C) (similar
to the observations in reference 21), suggesting that low concen-
trations of cefsulodin preferentially inhibit PBP1a in E. coli but
that additional enzymes are inhibited at higher concentrations of
the drug.

We also tested the susceptibility of the PBP1a/LpoA and
PBP1b/LpoB mutants to bile, a membrane-acting agent that V.
cholerae encounters during growth in the host intestine (Fig. 3D
and E). Notably, MICs of crude bile were 5- to 10-fold lower for

the PBP1a pathway mutants than for wild-type cells or PBP1b
pathway mutants. An even greater reduction was observed in the
MIC of deoxycholate (Fig. 3F), a secondary bile acid that is gen-
erated in the intestinal tract. These data suggest that disruption of
the PBP1a pathway, but not the PBP1b pathway, results in a com-
promised cell envelope that is more susceptible to cell stressors.

PBP1a and LpoA mutants are strongly outcompeted by the
wild type in vitro and in vivo. We also investigated the impor-
tance of PBP1a- and PBP1b-mediated processes for V. cholerae
survival/growth in the suckling mouse intestine, a well-established
animal model of V. cholerae infection (22). For these experiments,
each PBP1a/PBP1b or LpoA/LpoB mutant was coinoculated along
with the wild-type strain into infant mice, and the relative abun-
dances of the wild-type and mutant strains within the intestines of

FIG 3 PBP1a pathway mutants exhibit enhanced sensitivity to bile and antibiotics targeting cell wall synthesis. Exponential-phase cells of the indicated V.
cholerae (Vc) strains were used to determine MICs for the indicated substances. All assays were done at least 3 times, and the error bars represent standard
deviations; absence of an error bar indicates that the exact same value was obtained in three repetitions. The growth curves in 10% bile represent the means of the
results from 4 biological replicates. LOD � limit of detection.
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infected animals were analyzed �24 h postinfection. For compar-
ison, complementary competitive analyses were performed in
vitro (in LB) for each inoculum. For the PBP1b- and LpoB-defi-
cient strains, no difference between the mutant and wt strains with
respect to intestinal colonization or in vitro growth was detected;
mutants had competitive indices (C.I.) (mutant/wt output ratio
divided by input ratio) of �1 both in vivo and in vitro (Fig. 4A and
B). In contrast, the �mrcA and �lpoA strains were markedly
(�50� to �1,000�) outcompeted in vivo (Fig. 4A). However,
this relative growth deficiency was matched by a comparable de-
ficiency in vitro (Fig. 4B), which could be partially complemented
by ectopic expression of the deleted orf (Fig. 4C). The latter find-
ing confirms the importance of PBP1a/LpoA deficiency as the ba-
sis for the reduced competitive indices of the mutants and suggests
that optimal fitness is likely dependent upon expression of PBP1a/
LpoA at proper physiological levels.

The competitive defects for the �mrcA and �lpoA strains in
vitro were not expected, given our observation that the wt and
mutant strains exhibited comparable growth kinetics in LB (Fig.
2). This result suggested the possibility that competitive analyses
might provide additional insight into the roles and significance of
PBP1a/LpoA and prompted additional in vitro analyses of the
growth of PBP1a pathway mutants.

The competitive disadvantage of PBP1a mutants is most se-
vere in the stationary phase of growth. As noted above, V. chol-
erae bacteria lacking PBP1a were previously found to lose their rod
shape (becoming spherical) in stationary phase but not in log
phase, raising the possibility that the observed competitive defect
of these mutants might not be manifested during all stages of
growth. To explore this possibility, we performed time course
competitive assays for the �mrcA mutant versus the wild-type
strain under normal growth conditions and also monitored the
fitness of these strains in cocultures that were repeatedly diluted
and thereby maintained in exponential-phase growth. As ob-
served in growth studies of individual strains (Fig. 2), in exponen-
tial-phase cocultures, the growth of the �mrcA mutant was similar
to that of the wild-type strain. A slight growth deficiency was evi-
dent over the course of the 12-h experiment (Fig. 5A); however,
this subtle defect was insufficient to account for the results ob-
served in overnight cultures and in vivo competition assays (Fig.
4A and B). In contrast, in cocultures that were allowed to proceed
into stationary phase, the �mrcA mutant showed a strikingly dif-
ferent pattern of survival. It exhibited a mild (�5- to �10-fold)
competitive disadvantage as cells entered stationary phase (�2 to
10 h) and a �10,000-fold relative deficiency in viable cells after 24
h (Fig. 5B). For most of this period (4 to 24 h), the number of wt
cells in cocultures remained static (Fig. 5B). In parallel analyses of
individually cultured wt and �mrcA cells, a dramatic decline in the
abundance of the mutant strain was not observed, although after
24 h mutant cells were �5-fold less abundant than wt cells (Fig.
5B). Collectively, these analyses suggest that PBP1a has some in-
fluence on stationary-phase survival even in the absence of com-
petition but that the stationary-phase survival of PBP1a-deficient
cells is particularly impaired by the presence of wild-type cells.

Wild-type stationary-phase culture supernatants inhibit the
growth and viability of �mrcA V. cholerae. PBP1a pathway mu-
tants are highly susceptible to growth inhibition caused by
D-amino acids, which induce sphere formation in these mutants
(7) (see Fig. S3 in the supplemental material). D-Amino acids ac-
cumulate in V. cholerae culture media as cells enter stationary

phase, largely due to the activity of a periplasmic amino acid race-
mase, BsrV (7, 23). Therefore, we assessed whether BsrV is re-
quired for the �mrcA mutant’s reduced viability in stationary-
phase competition assays. In competition assays with a �bsrV

FIG 4 PBP1a pathway mutants are outcompeted in vivo and in vitro. (A and B)
Diluted stationary-phase cultures of the indicated mutants were competed
against a lacZ-negative derivative of the wild-type strain in suckling mice (A, in
vivo) or LB (B, in vitro). Competitive index data represent the output ratio
(mutant CFU/wild-type CFU) divided by the input ratio. The horizontal lines
represent geometric means; asterisks indicate significance levels (* � P � 0.05,
** � P � 0.01, Wilcoxon signed-rank test); open circles represent cases where
no CFU were recovered and indicate the lower limit of detection. (C) Com-
plementation of PBP1A pathway competitive defect. Cells carrying empty vec-
tor or ectopically expressing the deleted orf were treated as described above.
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mutant, a �mrcA �bsrV strain had a competitive index of 0.001
(Fig. 5C), which was indistinguishable from that of the �mrcA
mutant grown with the wild-type strain. Thus, the absence of BsrV
did not restore the viability of the �mrcA mutant in competition
assays allowed to reach stationary phase. The absence of BsrV also
had no effect on the survival of the �lpoA mutant in the in vitro
competition assay (Fig. 5C) or in in vivo competition (see Fig. S4).
These data suggest that the impaired growth/survival of PBP1a
pathway mutants during stationary phase is not due to the prod-
ucts of BsrV and, thus, that additional attributes of stationary-
phase cultures likely impair the viability of these mutants.

To further explore whether culture supernatants contain a fac-
tor(s) that inhibits the growth or viability of the PBP1a pathway
mutants, we tested whether mutants could grow in spent media
(filtered stationary-phase culture supernatants) from either wt or
BsrV-deficient V. cholerae. Cells from stationary-phase cell cul-
tures were pelleted and then resuspended at a lower cell density in
spent media supplemented with glucose. These analyses revealed
that glucose-fortified spent media from wt or �bsrV cultures per-
mitted growth (i.e., an increase in culture density) of wt, �mrcB,
and �lpoB cells but not growth of �mrcA cells (see Fig. S5 in the
supplemental material). Growth was also markedly impaired for

�lpoA cells, although some increase in culture OD600 was ob-
served. Like their BsrV	 counterparts, �bsrV derivatives of
PBP1A pathway mutants also became spherical in prolonged sta-
tionary phase (see Fig. S6). These data provide support for the
hypothesis that spent medium contains a factor(s) other than
DAA produced by BsrV that can disrupt the growth and morphol-
ogy of PBP1a pathway mutants. Finally, we observed that resus-
pension of stationary-phase �mrcA V. cholerae at high density in
spent media from wt cells resulted in a dramatic (�1,000-fold)
loss of viability after 12 h (Fig. 5D). In contrast, no loss of viability
was observed for wt cells assayed in parallel. Thus, it appears that
wt cells release a factor into culture supernatants that markedly
reduces the survival of PBP1a-deficient cells at high cell densities.
The identity of this factor(s), as well as the parameters that govern
its activity, remains to be determined.

The in vivo competitive disadvantage of PBP1a pathway mu-
tants depends on the growth phase of the inoculum. Since the in
vitro competitive disadvantage of PBP1a pathway mutants was
largely restricted to stationary phase, we investigated whether the
competitive deficiency of this strain in vivo was linked to use of
stationary-phase (overnight) cultures as inocula (which is our
standard protocol for such assays). We repeated the in vivo com-

FIG 5 Growth-phase-dependent competitive defect of PBP1a pathway mutants. (A) Time course competition of the �mrcA mutant versus wild-type (lacZ-
negative) V. cholerae in exponential phase. Mutant and wild-type strains were inoculated into LB at equal numbers and maintained at an OD600 ranging from
�0.1 to �0.2 through hourly redilution (0 to 12 h). (B) Time course competition of the �mrcA mutant versus wild-type (lacZ-negative) V. cholerae in stationary
phase. The mutant and the wild type were grown separately to OD600 � 0.1, rediluted to OD600 � 0.002, grown for an additional 2 h (T0), and then grown to
stationary phase either alone or in competition. LOD � limit of detection. (C) In vitro competition between the �bsrV mutant and its strain �mrcA and �lpoA
derivatives. (D) Survival of the wild-type and �mrcA strains in spent medium. Cultures were grown overnight in LB and pelleted. Supernatants were removed and
filter sterilized (� spent medium). Cells were then resuspended in a volume to achieve stationary-phase cell density (�2 � 109 CFU/ml) and incubated for 12 h.
Log percent survival values represent CFU/ml after 12 h divided by CFU/ml at t0.
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petitions using inocula derived from early exponential-phase cul-
tures (OD600 of �0.1) and found that the competitive index for
the �mrcA mutant was markedly higher using log-phase inocula
(�101, rather than �103 with inocula from overnight cultures)
(Fig. 6A). Use of log-phase cultures also increased the competitive
index for the �lpoA mutant to �101. These relatively small de-
ficiencies may be more indicative of the slightly reduced growth
rates of these mutants than of a specific requirement for the PBP1a
pathway in in vivo growth. In support of this idea, we observed
that mice infected with log-phase cultures of the �mrcA and
�lpoA mutants were colonized to the same extent as were mice
infected with wt bacteria (106 to 107 CFU) (Fig. 6B). In contrast,
when overnight cultures were used to infect mice, colonization by
the mutants was 30- to 100-fold lower than that by the wt strain
(Fig. 6C). Collectively, these results suggest that the absence of the
PBP1a pathway in vivo is not particularly detrimental to V. chol-
erae growth in this environment; however, its absence likely im-
pairs initial survival within the infant mice of stationary-phase
cells, since PBP1a-deficient cells appear to be particularly vulner-
able during this phase of their growth cycle.

DISCUSSION

Our study of the roles of the two V. cholerae high-molecular-
weight bifunctional penicillin binding proteins, PBP1a and
PBP1b, in the fitness of this enteric pathogen yielded several un-
expected findings. Like E. coli PBP1a and PBP1b, V. cholerae
PBP1a and PBP1b work in concert with lipoproteins LpoA and
LpoB, respectively, and the phenotypes of PBP1a and PBP1b mu-
tants generally mirrored those of the cognate lipoprotein mutants.
PBP1a/LpoA proteins appear to play a more prominent role in
generating or maintaining the cell wall of V. cholerae. We found
that mutants lacking PBP1b or LpoB exhibited wild-type growth
under all conditions tested. In contrast, mutants lacking PBP1a or
LpoA exhibited growth deficiencies in minimal medium, in the
presence of bile, and in competition assays with wild-type cells
(both in vitro and in the infant mouse small intestine). The vul-
nerability of the PBP1a pathway mutants is particularly promi-
nent in stationary-phase cells, which are sensitive to a product(s)
present in stationary-phase supernatants from wt cells. The
marked competitive defect of the PBP1a pathway mutants in vivo
was mostly eliminated when exponential-phase cells rather than
stationary-phase cells were used to inoculate suckling mice. Thus,
at least for V. cholerae PBP1a pathway mutants, growth phase is a
key modulator of infectivity.

The two bifunctional PBPs of E. coli are often referred to as
functionally redundant, although some differences in the roles of
the two enzymes have been described (2). PBP1a is thought to be
mainly involved in cell wall synthesis during elongation (3), while
PBP1b localizes to the septum, where it interacts with the division-
specific PBP3 and is thought to mediate septal PG synthesis (6,
18). E. coli lacking PBP1b (but not lacking PBP1a) is deficient in
long-term (several-day) stationary-phase survival in rich medium
under conditions of competition against wt cells (24) and in bio-
film formation (25) and is hypersensitive to cefsulodin (26) and
D-amino acids (our unpublished observations). Intriguingly, all of
these phenotypes are similar to those we observed for the V. chol-
erae �mrcA mutant (this study and our unpublished results for
biofilm formation). Thus, although V. cholerae seems to rely more
heavily on its PBP1a pathway than E. coli relies on its PBP1b path-
way, the biological roles of V. cholerae PBP1a and E. coli PBP1b

appear to be similar. It is possible that differences in the relative
expression levels of PBP1a and PBP1b pathway proteins in the two
organisms account for these observations; however, there is cur-
rently limited knowledge regarding the expression and regulation
of these proteins in either organism.

Beta-lactam antibiotics and cephalosporins inhibit bifunc-

FIG 6 The competitive defect of PBP1a pathway mutants depends on the
growth phase of the inoculum. (A) Strains were grown separately to OD600 �
�0.1 and then rediluted to OD600 � 0.002 and competed against a likewise-
treated lacZ-negative derivative of the wild type in suckling mice. Competitive
index data represent the output ratio (mutant strain CFU/wild-type strain
CFU) divided by the input ratio. Horizontal lines are geometric means. The
difference between strain �mrcA and strain �lpoA is not statistically signifi-
cant. (B and C) Wild-type and PBP1a pathway mutant strains were inoculated
noncompetitively from cultures pregrown to OD600 � 0.002 (B) or from sta-
tionary-phase cultures directly diluted to OD600 � 0.002 (C).
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tional PBPs by covalently binding to the active site within the
enzymes’ transpeptidase domains, which these drugs can enter as
a consequence of their structural similarity to the natural PBP
substrate (27). V. cholerae N16961 is resistant to cefsulodin (our
unpublished observations), but the molecular basis for this resis-
tance is not known. We found that PBP1a pathway mutants are
highly susceptible to this cephalosporin antibiotic, suggesting that
it inhibits PBP1b exclusively. Though it is well established that
beta-lactam and cephalosporin antibiotics have differing affinities
for different PBPs (28–30), such a stark difference is unusual. Sim-
ilarly, we found that penicillin G and ticarcillin, broad-spectrum
inhibitors of PBPs, were effective against PBP1a pathway mutants
at lower concentrations than those that are effective against the
wild type or the PBP1b pathway mutants. PBP transpeptidase ar-
chitecture is necessarily highly conserved, since these enzymes
process similar substrates (31). However, our results suggest that
V. cholerae PBP1a and PBP1b might have inherent differences in
their abilities to recognize/bind to their substrates, which might
explain some of the apparent differences between their roles.

In addition to their heightened sensitivity to antibiotics that
disrupt cell wall synthesis, PBP1a pathway mutants are also hyper-
sensitive to bile and to deoxycholate (a secondary bile acid that is
typically generated in the intestine). Bile acids act as natural de-
tergents which can solubilize fats and disrupt cell membranes, and
most bile-sensitive mutants have been found to have deficits in
membrane integrity (32). Bile can also induce oxidative stress,
protein denaturation, and DNA damage (32, 33), and previous
analyses have suggested that bile regulates V. cholerae motility in
vivo and that it modulates temporal and spatial expression of V.
cholerae virulence factors during infection (34, 35). It is not en-
tirely clear why disruption of the PBP1a pathway reduces the re-
sistance of V. cholerae to bile. Analyses of LpoA and LpoB activity
in E. coli revealed that targeting of LpoA (but not LpoB) to the
outer membrane is critical for its activity (4); thus, we might ex-
pect that cells relying on LpoA (i.e., PBP1b pathway mutants)
would be more sensitive to outer membrane disruption. Results
from our in vivo assays suggest that the levels of intraintestinal bile
are insufficient to restrict growth of PBP1a/LpoA-deficient V.
cholerae, although it is possible that bile contributes to the poor
survival of stationary-phase mutants in vivo.

Our analyses also revealed that the PBP1a pathway of V. chol-
erae is particularly important to the survival of the bacterium in
stationary phase. In addition to the previously reported station-
ary-phase cell shape defect, mutants exhibit a slight reduction in
stationary-phase culture densities (�5� fewer CFU) and have
restricted survival and growth in spent medium. Our data suggest
that spent medium contains a factor(s) that is specifically toxic to
the PBP1a pathway mutants. It is possible that this factor (e.g., an
inhibitor of the PBP1b pathway) accumulates in stationary-phase
culture supernatants and is absent during exponential-phase
growth; alternatively, it may be present throughout the growth
cycle but detrimental only under a subset of conditions (e.g., in the
absence of cell division). We presume that factors released into the
media of stationary-phase wt cells account for the reduced fitness
of the �mrcA mutant in competitive assays. Characterization of
the factor(s) impairing growth and survival of the �mrcA mutant
in stationary phase will be the subject of future investigations.

The magnitude of the colonization defect of the PBP1a mutant
was dependent on the growth phase of the culture used as the
inoculum. When stationary-phase cultures were used to inoculate

suckling mice, the mutant was highly attenuated in its capacity to
colonize the small intestine (C.I. � �0.001). In contrast, when
exponential-phase cultures were used to inoculate the mice, there
was only a modest colonization defect in competition assays ver-
sus the wt (C.I. �0.2) and there was no discernible defect in single-
infection assays. The absence of a severe colonization defect with
the exponential-phase mrcA mutant inocula suggests that V. chol-
erae does not have sustained exposure to concentrations of bile
that exceed the MIC of the mutant (�10% for crude bile). In
addition, the relatively minor colonization defect of the mrcA mu-
tant may also suggest that the infant mouse gut is not limiting for
nutrients (since the growth of this mutant is attenuated in mini-
mal medium). However, the latter conclusion must be tempered
by our limited knowledge of V. cholerae metabolism during its
growth in the host intestine. Finally, the precise reasons why the
stationary-phase mutant cells are particularly defective at surviv-
al/growth in the host environment are not known but may include
enhanced susceptibility to killing by host factors. Additional pro-
cesses required for emergence from stationary phase by PBP1a
pathway mutants (e.g., recovery of normal cell morphology) may
also contribute to the reduced fitness of the mutants. Regardless of
the reasons for the pronounced colonization defect of the station-
ary-phase PPB1a-deficient cells, the growth-phase-dependent dif-
ferences in the outcomes of the intestinal colonization experi-
ments provide an important cautionary tale regarding the
profound influence that growth-phase-dependent effects can ex-
ert on infectivity.

ACKNOWLEDGMENTS

Research in the Waldor laboratory is supported by Howard Hughes Med-
ical Institute (HHMI) and NIH grant R37 AI-042347. Research in the
Cava laboratory is supported by the Knut and Alice Wallenberg Founda-
tion (KAW), and T.D. and A.M. hold postdoctoral fellowships DO 1684/
1-1 and MO 2640/1-1 from the Deutsche Forschungsgemeinschaft
(DFG). M.C.C. is supported by a postdoctoral fellowship from the Na-
tional Institute of General Medical Sciences (NIGMS) (grant F32
GM108355-01).

REFERENCES
1. Yousif SY, Broome-Smith JK, Spratt BG. 1985. Lysis of Escherichia coli

by beta-lactam antibiotics: deletion analysis of the role of penicillin-
binding proteins 1A and 1B. J. Gen. Microbiol. 131:2839 –2845.

2. Vollmer W, Bertsche U. 2008. Murein (peptidoglycan) structure, archi-
tecture and biosynthesis in Escherichia coli. Biochim. Biophys. Acta 1778:
1714 –1734. http://dx.doi.org/10.1016/j.bbamem.2007.06.007.

3. Banzhaf M, van den Berg van Saparoea B, Terrak M, Fraipont C, Egan
A, Philippe J, Zapun A, Breukink E, Nguyen-Disteche M, den Blaauwen
T, Vollmer W. 2012. Cooperativity of peptidoglycan synthases active in
bacterial cell elongation. Mol. Microbiol. 85:179 –194. http://dx.doi.org
/10.1111/j.1365-2958.2012.08103.x.

4. Paradis-Bleau C, Markovski M, Uehara T, Lupoli TJ, Walker S, Kahne
DE, Bernhardt TG. 2010. Lipoprotein cofactors located in the outer
membrane activate bacterial cell wall polymerases. Cell 143:1110 –1120.
http://dx.doi.org/10.1016/j.cell.2010.11.037.

5. Typas A, Banzhaf M, Gross CA, Vollmer W. 2011. From the regulation
of peptidoglycan synthesis to bacterial growth and morphology. Nat. Rev.
Microbiol. 10:123–136. http://dx.doi.org/10.1038/nrmicro2677.

6. Bertsche U, Kast T, Wolf B, Fraipont C, Aarsman ME, Kannenberg K,
von Rechenberg M, Nguyen-Disteche M, den Blaauwen T, Holtje JV,
Vollmer W. 2006. Interaction between two murein (peptidoglycan) syn-
thases, PBP3 and PBP1B, in Escherichia coli. Mol. Microbiol. 61:675– 690.
http://dx.doi.org/10.1111/j.1365-2958.2006.05280.x.

7. Lam H, Oh DC, Cava F, Takacs CN, Clardy J, de Pedro MA, Waldor
MK. 2009. D-amino acids govern stationary phase cell wall remodeling
in bacteria. Science 325:1552–1555. http://dx.doi.org/10.1126/science
.1178123.

Requirement of PBPs in V. cholerae Fitness

May 2014 Volume 82 Number 5 iai.asm.org 2123

http://dx.doi.org/10.1016/j.bbamem.2007.06.007
http://dx.doi.org/10.1111/j.1365-2958.2012.08103.x
http://dx.doi.org/10.1111/j.1365-2958.2012.08103.x
http://dx.doi.org/10.1016/j.cell.2010.11.037
http://dx.doi.org/10.1038/nrmicro2677
http://dx.doi.org/10.1111/j.1365-2958.2006.05280.x
http://dx.doi.org/10.1126/science.1178123
http://dx.doi.org/10.1126/science.1178123
http://iai.asm.org


8. Hall BG, Acar H, Nandipati A, Barlow M. 2014. Growth rates made easy.
Mol. Biol. Evol. 31:232–238. http://dx.doi.org/10.1093/molbev/mst187.

9. Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, III, Smith
HO. 2009. Enzymatic assembly of DNA molecules up to several hundred
kilobases. Nat. Methods 6:343–345. http://dx.doi.org/10.1038/nmeth
.1318.

10. Donnenberg MS, Kaper JB. 1991. Construction of an eae deletion mutant
of enteropathogenic Escherichia coli by using a positive-selection suicide
vector. Infect. Immun. 59:4310 – 4317.

11. Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci.
U. S. A. 97:6640 – 6645. http://dx.doi.org/10.1073/pnas.120163297.

12. Chao MC, Pritchard JR, Zhang YJ, Rubin EJ, Livny J, Davis BM,
Waldor MK. 2013. High-resolution definition of the Vibrio cholerae es-
sential gene set with hidden Markov model-based analyses of transposon-
insertion sequencing data. Nucleic Acids Res. 41:9033–9048. http://dx.doi
.org/10.1093/nar/gkt654.

13. CLSI. 2012. Methods for dilution antimicrobial susceptibility tests for
bacteria that grow aerobically. Clinical and Laboratory Standards Insti-
tute, Wayne, PA.

14. Lewenza S, Vidal-Ingigliardi D, Pugsley AP. 2006. Direct visualization of
red fluorescent lipoproteins indicates conservation of the membrane sort-
ing rules in the family Enterobacteriaceae. J. Bacteriol. 188:3516 –3524.
http://dx.doi.org/10.1128/JB.188.10.3516-3524.2006.

15. Sliusarenko O, Heinritz J, Emonet T, Jacobs-Wagner C. 2011. High-
throughput, subpixel precision analysis of bacterial morphogenesis and
intracellular spatio-temporal dynamics. Mol. Microbiol. 80:612– 627.
http://dx.doi.org/10.1111/j.1365-2958.2011.07579.x.

16. McWilliam H, Li W, Uludag M, Squizzato S, Park YM, Buso N, Cowley
AP, Lopez R. 2013. Analysis Tool Web Services from the EMBL-EBI. Nucleic
Acids Res. 41:W597–W600. http://dx.doi.org/10.1093/nar/gkt376.

17. Page RD. 1996. TreeView: an application to display phylogenetic trees on
personal computers. Comput. Appl. Biosci. 12:357–358.

18. Typas A, Banzhaf M, van den Berg van Saparoea B, Verheul J, Biboy J,
Nichols RJ, Zietek M, Beilharz K, Kannenberg K, von Rechenberg M,
Breukink E, den Blaauwen T, Gross CA, Vollmer W. 2010. Regulation
of peptidoglycan synthesis by outer-membrane proteins. Cell 143:1097–
1109. http://dx.doi.org/10.1016/j.cell.2010.11.038.

19. Okuda S, Tokuda H. 2011. Lipoprotein sorting in bacteria. Annu. Rev.
Microbiol. 65:239 –259. http://dx.doi.org/10.1146/annurev-micro
-090110-102859.

20. Denome SA, Elf PK, Henderson TA, Nelson DE, Young KD. 1999.
Escherichia coli mutants lacking all possible combinations of eight peni-
cillin binding proteins: viability, characteristics, and implications for pep-
tidoglycan synthesis. J. Bacteriol. 181:3981–3993.

21. van Teeffelen S, Wang S, Furchtgott L, Huang KC, Wingreen NS,
Shaevitz JW, Gitai Z. 2011. The bacterial actin MreB rotates, and rotation
depends on cell-wall assembly. Proc. Natl. Acad. Sci. U. S. A. 108:15822–
15827. http://dx.doi.org/10.1073/pnas.1108999108.

22. Ritchie JM, Waldor MK. 2009. Vibrio cholerae interactions with the
gastrointestinal tract: lessons from animal studies. Curr. Top. Microbiol.
Immunol. 337:37–59.

23. Cava F, de Pedro MA, Lam H, Davis BM, Waldor MK. 2011. Distinct
pathways for modification of the bacterial cell wall by non-canonical D-
amino acids. EMBO J. 30:3442–3453. http://dx.doi.org/10.1038/emboj
.2011.246.

24. Pepper ED, Farrell MJ, Finkel SE. 2006. Role of penicillin-binding pro-
tein 1b in competitive stationary-phase survival of Escherichia coli. FEMS
Microbiol. Lett. 263:61– 67. http://dx.doi.org/10.1111/j.1574-6968.2006
.00418.x.

25. Kumar A, Sarkar SK, Ghosh D, Ghosh AS. 2012. Deletion of penicillin-
binding protein 1b impairs biofilm formation and motility in Escherichia
coli. Res. Microbiol. 163:254 –257. http://dx.doi.org/10.1016/j.resmic
.2012.01.006.

26. Sarkar SK, Dutta M, Kumar A, Mallik D, Ghosh AS. 2012. Sub-
inhibitory cefsulodin sensitization of E. coli to beta-lactams is mediated by
PBP1b inhibition. PLoS One 7:e48598. http://dx.doi.org/10.1371/journal
.pone.0048598.

27. Waxman DJ, Strominger JL. 1983. Penicillin-binding proteins and the
mechanism of action of beta-lactam antibiotics. Annu. Rev. Biochem.
52:825– 869. http://dx.doi.org/10.1146/annurev.bi.52.070183.004141.

28. Storey C, Chopra I. 2001. Affinities of beta-lactams for penicillin binding
proteins of Chlamydia trachomatis and their antichlamydial activities.
Antimicrob. Agents Chemother. 45:303–305. http://dx.doi.org/10.1128
/AAC.45.1.303-305.2001.

29. Curtis NA, Orr D, Ross GW, Boulton MG. 1979. Affinities of penicillins
and cephalosporins for the penicillin-binding proteins of Escherichia coli
K-12 and their antibacterial activity. Antimicrob. Agents Chemother. 16:
533–539. http://dx.doi.org/10.1128/AAC.16.5.533.

30. Chambers HF, Sachdeva M. 1990. Binding of beta-lactam antibiotics to
penicillin-binding proteins in methicillin-resistant Staphylococcus au-
reus. J. Infect. Dis. 161:1170 –1176. http://dx.doi.org/10.1093/infdis/161.6
.1170.

31. Sauvage E, Kerff F, Terrak M, Ayala JA, Charlier P. 2008. The penicillin-
binding proteins: structure and role in peptidoglycan biosynthesis. FEMS
Microbiol. Rev. 32:234 –258. http://dx.doi.org/10.1111/j.1574-6976.2008
.00105.x.

32. Begley M, Gahan CG, Hill C. 2005. The interaction between bacteria and
bile. FEMS Microbiol. Rev. 29:625– 651. http://dx.doi.org/10.1016/j
.femsre.2004.09.003.

33. Merritt ME, Donaldson JR. 2009. Effect of bile salts on the DNA and
membrane integrity of enteric bacteria. J. Med. Microbiol. 58:1533–1541.
http://dx.doi.org/10.1099/jmm.0.014092-0.

34. Gupta S, Chowdhury R. 1997. Bile affects production of virulence factors
and motility of Vibrio cholerae. Infect. Immun. 65:1131–1134.

35. Schuhmacher DA, Klose KE. 1999. Environmental signals modulate
ToxT-dependent virulence factor expression in Vibrio cholerae. J. Bacte-
riol. 181:1508 –1514.

Dörr et al.

2124 iai.asm.org Infection and Immunity

http://dx.doi.org/10.1093/molbev/mst187
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.1073/pnas.120163297
http://dx.doi.org/10.1093/nar/gkt654
http://dx.doi.org/10.1093/nar/gkt654
http://dx.doi.org/10.1128/JB.188.10.3516-3524.2006
http://dx.doi.org/10.1111/j.1365-2958.2011.07579.x
http://dx.doi.org/10.1093/nar/gkt376
http://dx.doi.org/10.1016/j.cell.2010.11.038
http://dx.doi.org/10.1146/annurev-micro-090110-102859
http://dx.doi.org/10.1146/annurev-micro-090110-102859
http://dx.doi.org/10.1073/pnas.1108999108
http://dx.doi.org/10.1038/emboj.2011.246
http://dx.doi.org/10.1038/emboj.2011.246
http://dx.doi.org/10.1111/j.1574-6968.2006.00418.x
http://dx.doi.org/10.1111/j.1574-6968.2006.00418.x
http://dx.doi.org/10.1016/j.resmic.2012.01.006
http://dx.doi.org/10.1016/j.resmic.2012.01.006
http://dx.doi.org/10.1371/journal.pone.0048598
http://dx.doi.org/10.1371/journal.pone.0048598
http://dx.doi.org/10.1146/annurev.bi.52.070183.004141
http://dx.doi.org/10.1128/AAC.45.1.303-305.2001
http://dx.doi.org/10.1128/AAC.45.1.303-305.2001
http://dx.doi.org/10.1128/AAC.16.5.533
http://dx.doi.org/10.1093/infdis/161.6.1170
http://dx.doi.org/10.1093/infdis/161.6.1170
http://dx.doi.org/10.1111/j.1574-6976.2008.00105.x
http://dx.doi.org/10.1111/j.1574-6976.2008.00105.x
http://dx.doi.org/10.1016/j.femsre.2004.09.003
http://dx.doi.org/10.1016/j.femsre.2004.09.003
http://dx.doi.org/10.1099/jmm.0.014092-0
http://iai.asm.org

	Differential Requirement for PBP1a and PBP1b in In Vivo and In Vitro Fitness of Vibrio cholerae
	MATERIALS AND METHODS
	Media and growth conditions.
	Strain construction.
	TnSeq.
	MIC assays.
	Competition experiments.
	Plasmolysis assay.
	Imaging and analysis.
	Phylogenetic trees.

	RESULTS
	PBP1a and PBP1b appear to act in concert with lipoproteins.
	PBP1a and PBP1b are not entirely redundant.
	PBP1a and LpoA mutants are strongly outcompeted by the wild type in vitro and in vivo.
	The competitive disadvantage of PBP1a mutants is most severe in the stationary phase of growth.
	Wild-type stationary-phase culture supernatants inhibit the growth and viability of mrcA V. cholerae.
	The in vivo competitive disadvantage of PBP1a pathway mutants depends on the growth phase of the inoculum.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


