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Bacterial secretion of D-arginine controls
environmental microbial biodiversity
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Bacteria face tough competition in polymicrobial communities. To persist in a specific niche, many
species produce toxic extracellular effectors to interfere with the growth of nearby microbes. These
effectors include the recently reported non-canonical D-amino acids (NCDAAs). In Vibrio cholerae,
the causative agent of cholera, NCDAAs control cell wall integrity in stationary phase. Here, an
analysis of the composition of the extracellular medium of V. cholerae revealed the unprecedented
presence of D-Arg. Compared with other D-amino acids, D-Arg displayed higher potency and broader
toxicity in terms of the number of bacterial species affected. Tolerance to D-Arg was associated with
mutations in the phosphate transport and chaperone systems, whereas D-Met lethality was
suppressed by mutations in cell wall determinants. These observations suggest that NCDAAs target
different cellular processes. Finally, even though virtually all Vibrio species are tolerant to D-Arg, only
a few can produce this D-amino acid. Indeed, we demonstrate that D-Arg may function as part of a
cooperative strategy in vibrio communities to protect non-producing members from competing
bacteria. Because NCDAA production is widespread in bacteria, we anticipate that D-Arg is a relevant
modulator of microbial subpopulations in diverse ecosystems.
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Introduction

Bacteria live in polymicrobial communities charac-
terized by a great diversity of co-existing species and
competition for available resources. Unearthing the
molecular mechanisms that shape microbial com-
munities and their dynamics is a major challenge of
the post-genomic era. One bacterial strategy for
persisting in a specific niche is the production of
toxic extracellular factors that interfere with the
growth and/or viability of nearby microbes. These
‘bacteriocins’ disrupt the equilibrium among bacter-
ial populations in a phenomenon known as dysbio-
sis, which can ultimately alter the homeostasis of
different host ecosystems, such as humans and
plants (Riley and Wertz, 2002). In the 1940s and
1950s, naturally occurring D-amino acids were first
identified. Studies revealed that the addition of high
concentrations of D-amino acids to bacterial cultures
had a powerful effect on morphogenesis and ulti-
mately caused lysis (Fox et al., 1944; Kobayashi
et al., 1948; Yaw and Kakavas, 1952; Lark and Lark,

1959; Grula, 1960; Tuttle and Gest, 1960; Bopp,
1965). The effect of D-amino acids on bacterial shape
was fundamental in elucidating their mode of action
in the peptidoglycan (PG) polymer (also called
murein), a specific bacterial structure with a crucial
role in preserving bacterial morphology and cell
integrity (Caparros et al., 1992). However, these
studies recently gained new physiological meaning
when it was reported that many taxonomically
unrelated bacteria release millimolar concentrations
of non-canonical D-amino acids (NCDAAs) into the
environment (Lam et al., 2009). In Vibrio cholerae,
the causative agent of the diarrheal disease cholera,
the periplasmic broad-spectrum racemase BsrV
produces mainly D-Met and D-Leu in stationary
phase (Lam et al., 2009; Cava et al., 2011). Remark-
ably, these NCDAAs are incorporated into the PG by
replacing the 4th and/or 5th residue of the dis-
accharide subunit N-acetylglucosamine-(β1-4)-N-
acetylmuramic acid-L-Ala-D-Glu-(γ)-di-amino acid-
D-Ala-D-Ala, depending on the bacterial species.
Cell wall editing via the incorporation of NCDAAs
downregulates PG synthesis, thereby permitting
synchronization of cell wall metabolism and growth
arrest in stationary phase, which preserves cell wall
integrity (Lam et al., 2009; Cava et al., 2011).
However, incorporation of NCDAAs is also observed
in bacteria that do not produce these molecules.
‘Paracrine’ incorporation of NCDAAs causes
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morphological aberrations and impairs growth in
multiple species.

Although virtually all D-amino acids can poten-
tially modify the cell wall, it is unclear why some
bacteria produce distinct sets of NCDAAs (Lam et al.,
2009; Cava et al., 2011). Here, we report the
extracellular production of D-Arg by V. cholerae.
Like D-Met and D-Leu, D-Arg is produced by BsrV.
However, compared with other D-amino acids, D-
Arg exhibits significantly higher inhibitory activity
against a wide diversity of bacterial species, suggest-
ing a role of D-Arg as a fitness modulator of bacterial
communities in the natural environment. Based on
biochemical analyses of PG, microscopy and trans-
poson sequencing, we demonstrate that in contrast to
D-Met, which has a major modulatory role in cell
wall biosynthesis, the inhibition of growth by D-Arg
appears to be cell wall-independent. D-Arginine
toxicity is suppressed by mutations in the DnaJ
chaperone system and in the Pst phosphate uptake
machinery, strongly supporting different roles for
NCDAAs in bacterial physiology.

Finally, we analyze the distribution of BsrVs
among the Vibrionaceae family and confirm that
although highly conserved, production of D-amino
acids is not a hallmark of all vibrios. Synteny and
racemase activity-based studies confirmed that BsrV
orthologues are absent in a number of Vibrionaceae
species. In co-cultivation experiments, V. cholerae
outcompeted Caulobacter crescentus by D-Arg pro-
duction. Thus, NCDAAs production by multi-
specific racemases might be a strategy employed by
vibrios and, potentially, other species to prevail in
competitive environments.

Materials and methods

Bacterial strains and culture conditions
Strains are listed in Supplementary Table S1. All
strains were grown under optimal conditions (media
and temperature) recommended by the DSMZ,
ATCC and CECT bacterial collections as indicated
in Supplementary Table S1. V. cholerae strains were
grown in LB (Luria Bertani broth) media at 37 °C
(Dziejman et al., 2002). The Vibrionaceae species
were grown in diluted Marine Broth (Difco) at 22 ºC.
Defined V. cholerae transposon mutants were taken
from an ordered transposon insertion library
(Cameron et al., 2008). For stalk length analyses,
C. crescentus strains were grown in Hutner base-
imidazole-buffered-glucose-glutamate minimal med-
ium supplemented with 10 or 0.03mM phosphate
(Gonin et al., 2000). Agar 1.5% (w/v) was used in
solid plates. When required, antibiotics were added
to liquid or solid media: Streptomycin (V. cholerae:
200 μgml− 1), Kanamycin (Escherichia coli and
V. cholerae: 50 μgml− 1; Agrobacterium tumefaciens:
300 μgml−1) and Ampicillin (E. coli: 100 μgml− 1).
Media was supplemented with L- or D-amino acid at
the indicated concentration when needed.

For growth curves, at least three replicates per
strain and condition tested were grown in two
independent experiments in 200 μl medium in a
96-well plate inoculated 1:1000 from exponentially
growing precultures. Optical density at 600 nm
(OD600) was monitored using an Eon Biotek plate
reader (Biotek, Winooski, VT, USA) at 10min
intervals and the optimal growth temperature.

Viability assays
Overnight cultures were normalized to 1 unit of
optical density at 600 nm (OD600) and subjected to
serial 10-fold dilution. Five-microliter drops of the
100 through 10− 7 dilutions were then spotted onto
the indicated agar plates and incubated at the
appropriate temperature for 24–48 h prior to image
acquisition.

Bacterial competition assay
A NCDAA producer (V. cholerae) and a NCDAA-
sensitive bacteria (C. crescentus) were inoculated in
compartments A and B respectively of a Stericup
system separated by a 0.22 μm membrane. Both
compartments were filled with peptone yeast extract
(PYE) media, for optimal growth of C. crescentus,
and supplemented or not (control) with 5mM L-Arg.
Compartment A was inoculated with V. cholerae
wild-type (lacZ+), ΔbsrV mutant (lacZ−), a 1:1 mix of
both or none (-). Compartment B was inoculated with
C. crescentus. Devices were incubated at 28 °C with
mild-agitation (100 rpm). The 0.22 μm filter avoids
bacterial contact while allowing free diffusion of
small molecules such as amino acids. Both viability
and D-amino acid concentration were measured at
different time points (0, 24, 48 and 72 h). Viability
was assessed by CFUml− 1 counting on LB (V.
cholerae) or PYE (C. crescentus) agar plates. The
ratio WT/ΔbsrV in V. cholerae mix was assessed by
plating on LB plates containing X-gal 40 μgml−1, to
distinguish between WT (lacZ+, blue) and ΔbsrV
(lacZ−, white) colonies. D-amino acid concentration
was determined using a D-amino acid oxidase assay
(see below). The competition assay was performed
twice in triplicates.

PG analysis
PG was isolated and analyzed following previously
described methods (Desmarais et al., 2013; Alvarez
et al., 2016). In brief, PG sacculi were prepared by
boiling bacterial cells in SDS 5%. After SDS removal
by ultracentrifugation, the insoluble material was
further digested with muramidase (Cellosyl). Soluble
muropeptides were separated by liquid chromato-
graphy (high-performance liquid chromatography
and/or ultra high-pressure liquid chromatography)
and identified by MALDI-TOF and electrospray-ion
trap MS. A detailed protocol is described in
Extended Experimental Procedures.
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Total PG amount was determined by quantifica-
tion of total intensities of the PG profile from three
biological replicas normalized to the same
OD600 ml− 1. Quantification of relative abundances
of muropeptides was calculated as the relative area
of the corresponding peak compared to the total area
of the normalized chromatogram.

D-amino acid analysis and quantification
D-amino acids in the supernatant were derivatized
with Marfey’s reagent (Bhushan and Bruckner, 2004)
and analyzed by high-performance liquid chromato-
graphy as described previously (Espaillat et al.,
2014). Total D-amino acid concentration was deter-
mined by D-amino acid oxidase assay coupled to
peroxidase and 2,3 diaminophenazine (Espaillat
et al., 2014). Detailed protocols are described in
Extended Experimental Procedures.

Microscopy
Bacteria were immobilized on LB or PYE pads
containing 1% agarose. Phase contrast microscopy
was performed using a Zeiss Axio Imager.Z2 micro-
scope (Zeiss, Oberkochen, Germany) equipped with
a Plan-Apochromat × 63 phase contrast objective
lens and an ORCA-Flash 4.0 LT digital CMOS
camera (Hamamatsu Photonics, Shizuoka, Japan),
using the Zeiss Zen Blue software. Image analysis
and processing were performed using Fiji and the
MicrobeJ plugin (Schindelin et al., 2012; Ducret
et al., 2016). Sphere-inducing activity of D-amino
acids was analyzed by cell shape analysis of 380–480
cells per condition.

Transposon insertion sequencing
For the identification of essential genes, transposon
insertion sequencing (TnSeq) was performed as
described previously (Chao et al., 2013). In brief,
3 × 105–4×105 transposon mutants were generated
for each library by conjugation of V. cholerae with
E. coli SM10λPIR carrying pSC189 (transposon
donor plasmid) (Chiang and Rubin, 2002). Mutant
libraries were selected under three conditions (con-
trol, 5 mM D-Arg and 5mM D-Met) and pooled
genomic DNA fragments were analyzed using a
MiSeq sequencer (Illumina, San Diego, CA, USA).
Insertion sites were identified and significance was
determined using ConArtist simulation-based nor-
malization as described (Chao et al., 2013; Pritchard
et al., 2014).

Suppressor mutants
To obtain suppressor mutants, C. crescentus was
grown in 2ml PYE supplemented with 0.5 mM either
D-Arg or D-Met. Cultures were grown for 24 h at 28 °
C and reinoculated in fresh media containing the
corresponding D-amino acid during 12 days (80
generations). After this preadaptation process, 0.1 ml

aliquots (~1× 108 cells) were inoculated onto PYE
agar plates containing 1–10mM D-amino acid. Plates
were incubated at 28 °C until suppressor mutant
colonies arose. For confirmation of the resistance,
the selected derivatives were grown in presence and
absence of the corresponding D-amino acid during
several generations as described above, prior to
viability testing in presence of D-amino acid.

Suppressor mutants of A. tumefaciens were
obtained likewise by preadaptation in LB 0.5mM D-
Arg media during 12 days (80 generations) and
selection of resistant derivatives on 10mM D-Arg
containing plates.

Whole-genome sequencing and single-nucleotide
polymorphism analysis
Genomic DNA samples from suppressor mutants and
parental strain were prepared. Indexed paired-end
libraries were constructed and sequenced in a
MiSeq sequencer (Illumina), following the manufac-
turer’s instructions. The sequences were analyzed
using the Galaxy server tools (https://usegalaxy.org/,
(Afgan et al., 2016)) for identification of variants
(single-nucleotide polymorphisms). A detailed
protocol is described in Extended Experimental
Procedures.

Reconstruction of suppressor mutant pstBM108T in
A. tumefaciens
For reconstruction of the point mutation pstBM108T in
A. tumefaciens, a 1000 bp fragment containing the
mutation site was amplified from purified genomic
DNA with primers FCP2041 (5'-AAAAAAGCTTTCC
GACAACGCCGATGGA-3') and FCP2044 (5'-AAAA
AAGCTTGAGGCACCAGTCTTGTTC-3') and cloned
into plasmid pNPTS139 (Fischer et al., 2002). E. coli
DH5α λPIR was used in the cloning step and the
resulting plasmid pNPTS139pstBM108T was verified
by sequencing.

Nucleotide substitution in A. tumefaciens pstB
gene (Atu0423) was performed following an estab-
lished allelic-replacement protocol (Morton and
Fuqua, 2012). In short, exconjugants obtained by
conjugation with E. coli S17-1 λPIR cells as a donor
of pNPTS139pstBM108T were selected on ATGN
plates containing Kanamycin 300 μg/ml. Exconju-
gants were grown in ATGN medium overnight and
then plated on ATSN plates containing 5% (w/v)
sucrose. Colonies sensitive to kanamycin were
streak-purified twice on ATSN plates and checked
by sequencing.

Results
V. cholerae releases high concentrations of D-arginine
to the extracellular medium
An exhaustive chemical analysis of the stationary-
phase extracellular medium of V. cholerae revealed
that this bacterium releases a greater diversity of
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D-amino acids than previously reported (Figure 1a).
In addition to D-Met and D-Leu (Lam et al., 2009), we
detected D-Gln, D-Cys, D-Lys and D-Arg, whose
identities were confirmed by supplementing the
samples with pure D-amino acid standards (for
example, D-Arg, Supplementary Figure S1a). Using
a D-amino acid oxidase activity-based assay, we
determined that V. cholerae releases approximately

2.5mM of D-amino acids (Figure 1b), including
~0.7 mM D-Arg.

D-Met production by V. cholerae relies on the
broad-spectrum racemase BsrV (Lam et al., 2009;
Espaillat et al., 2014). To determine whether this
enzyme is also responsible for D-Arg production
in vivo, we analyzed the D-amino acid composition of
the extracellular medium of ΔbsrV (Figures 1c and d,
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Figure 2 D-arginine does not regulate cell wall synthesis in V. cholerae. (a) Growth curves of wild-type V. cholerae in LB in the absence
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are considered significantly underrepresented. (e) Validation of plating defects of selected V. choleraemutants identified in the transposon
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concentrations of D-Arg or D-Met. Relative abundance (%) of D-Arg or D-Met modified muropeptides is represented.
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Supplementary Figure S1b). D-Arg was not detected
in the ΔbsrV supernatant, thus confirming the role of
BsrV in extracellular D-Arg accumulation. As
expected, deletion of bsrV impaired production of
not only D-Arg but also other D-amino acids (for
example, D-Leu) (Figure 1b, Supplementary
Figure S1b).

Incorporation of D-arginine in the PG of V. cholerae
We previously reported that incorporation of
NCDAAs into the muropeptides can modulate PG
biogenesis (Lam et al., 2009; Cava et al., 2011).
Indeed, high-performance liquid chromatography
analysis of the PG of E. coli grown in V. cholerae
stationary-phase preconditioned medium (Figure 1e)
revealed an additional peak identified by MALDI-
TOF as a disaccharide-pentapeptide ending in D-Arg
(M5R: N-acetylglucosamine-(β1-4)-N-acetylmuramic
acid-L-Ala-D-Glu-(γ)-mesoDAP-D-Ala-D-Arg)
(Supplementary Figure S2a, b). To further confirm
the incorporation of D-Arg into the cell wall, we
spiked bacterial cultures with exogenous L- or D-Arg
(5mM) and monitored M5R levels. As shown in
Figure 1f and Supplementary Figure 2c, supplemen-
tation with either enantiomer increased M5R 3.5-fold
in wild-type V. cholerae. However, in non-producers
(that is, V. cholerae ΔbsrV, E. coli or B. subtilis), M5R

was only detected upon supplementation with D-Arg
(Figure 1f, Supplementary Figure S2c) confirming
that only the D-form of arginine can be used as
substrate to edit the cell wall.

D-arginine does not regulate cell wall synthesis in
V. cholerae
To determine whether, similar to D-Met, D-Arg down-
regulates cell wall biosynthesis in V. cholerae (Lam
et al., 2009), we compared the effects of these D-amino
acids on the growth and PG density of V. cholerae.
Supra-physiological concentrations of D-Met but not
D-Arg affected growth (Figures 2a and b), and this
effect was fully specific for the D-enantiomer
(Supplementary Figure S3a). The genes involved in
the tolerance to sublethal concentrations of D-Arg and/
or D-Met in V. cholerae were then identified by a
transposon sequencing-based strategy. Although single
mutations in the cell wall-associated loci mrcA, lpoA
and csiV were lethal in the presence of D-Met, no
mutations conferring sensitivity to D-Arg were
observed (Figures 2c–e). These data support our
previous findings (Dorr et al., 2014) and also add the
DD-carboxypeptidase dacA1 and the aspartate kinase
vc0547, the first enzyme in the branched biosynthetic
pathway of methionine, lysine and threonine, as
genetic determinants of D-Met tolerance in
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V. cholerae. In agreement with these data, D-Met
treated cultures contained less PG than non-treated
samples, whereas the PG density of D-Arg treated cells
did not differ from that of the control (Figure 2f).

Consistent with these observations, D-Met but not D-
Arg triggered a morphological transition from curved
rod-to-sphere in the mrcA strain, a PG synthesis
mutant with reduced PG density compared with
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wild-type (Lam et al., 2009) (Supplementary
Figure S3b, c). Indeed, the higher cell wall inhibitory
activity of D-Met compared with D-Arg in V. cholerae
correlated with its higher incorporation into the PG
(Figure 2g,Supplementary Figure S4). Collectively,
these data suggest that the inability of D-Arg to affect
cell wall synthesis is owing to its reduced prevalence
in the PG.

D-arginine inhibits the growth of a wide diversity of
bacteria
Our findings demonstrate that V. cholerae releases a
cocktail of diverse D-amino acids whose specific
functions remain to be elucidated. To determine
whether D-amino acids have distinct effects, we
compared the effects of D-Arg and other D-amino acids
on the growth of a number of representative species
belonging to the Firmicutes and Proteobacteria phyla.
Final concentrations of 20, 10 and 5mM provided a
good range of responses, even in closely related
species. Interestingly, distinct sensitivity profiles were
observed, as shown in Figure 3. In general, Alphapro-
teobacteria were the most sensitive Proteobacteria
species: Caulobacterales, Rhizobiales and Rhodobac-
terales were sensitive to all D-amino acids tested.
Conversely, Burkholderia species were fairly resistant
even at the highest concentrations used. Although
growth inhibition was clearly dependent on the species
and the type of D-amino acid, D-Arg exhibited the
greatest inhibition in terms of specific activity and
range of species affected (Figure 3, Supplementary
Figure S5). Remarkably, even bacteria highly resistant
to antibiotics, such as Burkholderia, were sensitive to
D-Arg. These results suggest that different D-amino
acids either have different molecular targets or
significantly different potencies on the same target.

Mutations in the phosphate uptake and DnaJ chaperone
systems suppress D-Arg lethality
To identify and compare the molecular targets of
D-Arg and D-Met, we screened suppressor mutants of
C. crescentus, a bacterium sensitive to these D-amino
acids (Figures 4a and b). Seven derivatives resistant to
each D-amino acid were selected for whole-genome
sequencing and single-nucleotide polymorphism

analyses (Figure 4c). The mutations that suppressed
lethality differed for each D-amino acid (Figures 4d
and e, Supplementary Table S2, S3). As expected, D-
Met-resistant derivatives exhibited mutations in cell
wall enzymes such as PG lytic transglycosylases,
endopeptidases and a putative beta-lactamase
(Figure 4d, Supplementary Table S2). Notably, muta-
tions in the slt gene (CCNA_01393) were observed in
four of the seven derivatives analyzed, whereas
mutations in two putative membrane lytic transglyco-
sylases (MltA-like and MltG-like) were detected in two
other derivatives, underscoring the importance of PG
turnover in D-Met tolerance (Figure 4d). Conversely,
D-Arg-resistant derivatives exhibited mutations in
either the dnaJ chaperone or the phosphate uptake
system (pstCAB operon) (Figure 4e, Supplementary
Table S3). D-Arg promoted filamentation in C.
crescentus (Supplementary Figure S6a), but the D-
Arg-resistant mutants retained the filamentous pheno-
type while recovering fitness (Figure 4c), further
supporting that D-Arg targets pathways other than
cell wall metabolism. Consistently, the D-Arg-resistant
mutants and the control contained similar amounts of
modified muropeptides, whereas the D-Met-resistant
mutants contained significantly fewer modified mur-
opeptides (Supplementary Figure S6b, c). Finally, as
no suppressor mutations conferring resistance to D-
Arg were detected in cell wall-related genes, these
results collectively demonstrate that different D-amino
acids target distinct cellular processes.

To explore whether these mechanisms of resistance
to D-Arg are specific to C. crescentus, we performed
similar experiments with Agrobacterium tumefaciens,
which is also sensitive to D-Arg. Remarkably, the
phosphate transport system was also mutated in A.
tumefaciens derivatives resistant to D-Arg. We recon-
structed the pstB M108T point mutation and con-
firmed that it was sufficient to restore the growth of A.
tumefaciens on both liquid and solid media containing
10mM D-Arg (Figures 4f and g). These data confirm the
role of phosphate uptake in D-Arg sensitivity.

Extracellular D-arginine promotes interspecies
altruistic cooperation in vibrio communities
The broad toxicity of D-Arg suggests that this D-amino
acid might function as an effector to allow vibrios to

Figure 4 Mutations in the Pi uptake and protein folding systems suppress D-arginine lethality in sensitive bacteria. (a, b) Growth curves
of wild-type C. crescentus in PYE in the absence (control) and presence of 2.5 or 5 mM D-Met (a) or D-Arg (b). (c) Relative growth of
C. crescentus suppressor mutants isolated from D-Met containing plates (left, M1–M7) and from D-Arg containing plates (right, R1-R7).
Bacteria were grown in PYE media without D-amino acid (control, white bars) or supplemented with 5 mM D-Met (dark gray bars) or 3 mM

D-Arg (light gray bars). (d) COG classification of the mutations found in the genomes of D-Met-resistant derivatives of C. crescentus.
Mutations conferring resistance to D-Met map to the lytic transglycosylases slt (CCNA_01393), mltA-like (CCNA_01181) and mltG-like
(CCNA_01751) genes. (e) COG classification of the mutations found in the genomes of D-Arg-resistant derivatives of C. crescentus.
Mutations conferring resistance to D-Arg mapped to the dnaJ gene (CCNA_00011) or the pstCAB operon (CCNA_00292-00294.
(f) Suppressor mutation of pstB gene (atu0423) in a D-Arg-resistant A. tumefaciens derivative. (g) A. tumefaciens growth defect in the
presence of 10 mM D-Arg is alleviated by a point mutation in PstB (pstBM108T) both in liquid and solid media. COG groups: P: inorganic ion
transport and metabolism; O: post-translational modification, protein turnover, chaperone functions; H: coenzyme metabolism and
transport; J: translation; E: amino acid metabolism and transport; M: cell wall/membrane/envelope biogenesis; S: unknown function;
K: transcription; G: carbohydrate metabolism and transport; C: energy production and conversion; L: replication and repair; N: cell
motility.
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outcompete other bacteria in the environment. To
determine whether resistance to high concentrations
of D-Arg is a specific trait of V. cholerae or common to
all vibrios, we monitored the relative growth of
representative species belonging to different clades
of the Vibrionaceae family in the presence of 10mM

D-Arg, D-Met or D-Ala (as a canonical D-amino acid
control). All species tested were able to grow normally
in the presence of these D-amino acids (Figure 5a).
However, resistance to D-amino acids was not linked
to D-amino acid production. Comparative genome
analysis confirmed that a number of vibrios do not
encode BsrV homologs, which was correlated with an
absence of detectable concentrations of D-amino acids
(Figure 5a).

Because: (i) D-Arg is highly toxic to a wide variety
of species; (ii) vibrios are tolerant to D-Arg; (iii) only
a few species can produce this D-amino acid; and (iv)
diverse vibrio species normally co-exist in the same
niche (Tanaka et al., 2004), we hypothesized that
D-Arg functions as a protective molecule in vibrio
communities. To assess the potential fitness benefit
of D-Arg production (by BsrV+ vibrios such as
V. cholerae) for BsrV− vibrios, we performed
competition experiments in which C. crescentus
was co-cultured with either wild-type V. cholerae
or the ΔbsrV mutant (Figure 5b). After 48 h, wild-
type V. cholerae dramatically interfered with C.
crescentus growth (Figure 5c). This result was
dependent on the activity of BsrV as no growth
inhibition was observed when C. crescentus was co-
cultured with the ΔbsrV mutant (Figure 5c). To
determine whether BsrV− species could benefit
from paracrine D-Arg production, we performed
another co-culture experiment in which a mixed
population of wild-type and ΔbsrV V. cholerae cells
competed with C. crescentus as above (Figure 5c).
The subpopulation of BsrV+ vibrios again interfered
with the growth of C. crescentus, and the relative
proportions of the wild-type and ΔbsrV subpopula-
tions remained fairly constant throughout the experi-
ment (Supplementary Figure S7).

Collectively, these data highlight the potential of
D-Arg to shape the biodiversity of an ecological
niche by affecting the fitness and survival of co-
existing microbial subpopulations (Figure 6).

Discussion

Microbes interact with the surrounding environment
by releasing metabolites. The identification of these
important bioactive effectors often relies on func-
tional screenings. In 2009, we determined that
V. cholerae produces diverse D-amino acids (mainly
D-Met and D-Leu) that modulate cell wall biosynth-
esis via incorporation into the PG (Lam et al., 2009).
These NCDAAs were identified in stationary-phase
supernatant active fractions that induced a rod-to-
sphere morphological transition of a cell wall-
sensitive mutant (that is, mrcA) (Lam et al., 2009).
Here, using a non-biased chemical analysis we
detected the accumulation of D-Arg at high concen-
trations in the extracellular medium of V. cholerae.
This D-amino acid was not detected in sphere-
inducing fractions previously, raising a fundamental
question: do all D-amino acids have the same
biological role? To address this question, we per-
formed transposon-sequencing experiments to
uncover mutants sensitive to D-Met or D-Arg. The
experiments with D-Met confirmed our previous
data (Dorr et al., 2014) and identified two additional
genetic determinants of the tolerance of V. cholerae
tolerance to this D-amino acid: dacA1 and aspartate
kinase vc0547. DacA1 is a DD-carboxypeptidase
responsible for removing the fifth amino-acid resi-
due of the muropeptide. In a dacA1 mutant,
pentapeptides accumulate in the PG, resulting in
severe growth impairment and altered morphology
(Moll et al., 2015). Therefore, the toxicity of D-Met in
the dacA1 mutant might be explained by a high
accumulation of non-canonical D-Met-pentapeptides
that inhibit PG-transpeptidase activities (that is,
PBPs), thus further damaging the already weak cell
wall of the dacA1 mutant. Accordingly, the innoc-
uous effect of D-Arg on the cell wall may be owing to
its lower prevalence in the murein sacculus com-
pared with D-Met (Figure 2). However, we cannot
discard the possibility that D-Arg muropeptides are
better substrates (less inhibitory) for V. cholerae
PBPs than muropeptides containing D-Met, even if
these are present at similar levels. The sensitivity of
the aspartate kinase mutant to D-Met is somewhat
expected because this enzyme catalyzes the first step

NCDAA non-producer NCDAA producer
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bsr-
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NUTRIENTS

Figure 6 Model illustrating the impact of extracellular D-arginine in shaping the environmental microbial biodiversity. NCDAAs
production (that is, D-Arg), by Bsr+ bacteria works as a powerful bactericidal effector against competing microbes inhabiting the same
niche. The inhibitory effect of D-Arg on bacterial growth bias the microbial biodiversity towards the proliferation of tolerant species, even
when these organisms do not encode broad-spectrum racemases (Bsr− ), establishing new relationships within the community.
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in the biosynthetic pathway for several amino acids
in which diaminopimelic acid (mesoDAP), a con-
stituent of the PG in most gram-negative bacteria, is
an intermediate (Viola, 2001).

No conditional lethality was observed in the
presence of D-Arg in V. cholerae, indicating that
this D-amino acid has no inhibitory effect on the cell
wall and, consequently, that different D-amino acids
(that is, D-Arg and D-Met) can have distinct
functions. In fact, D-Arg acts as a potent bactericidal
molecule in many bacterial species (Figure 3). We
compared suppressor mutants of C. crescentus that
were resistant to either D-Met or D-Arg to obtain
deeper insights on the different mechanisms of
action of these D-amino acids. Suppression of D-
Met inhibition mainly targeted cell wall lytic
transglycosylases (Figure 4d, Supplementary Table
S2), consistent with the regulatory role of D-Met in
cell wall biogenesis. Cell wall growth and integrity
rely on carefully coordinated PG synthesis and
turnover (Johnson et al., 2013). Alteration of this
equilibrium ultimately causes lysis and death. As
incorporation of D-Met probably interferes with the
synthetic activities of PBPs, it is likely that mutations
inactivating the lytic transglycosylases alleviate this
effect by decreasing the turnover rate. Conversely,
the suppressor mutations against D-Arg lethality in
C. crescentus targeted the phosphate uptake and
protein folding systems (Figure 4e, Supplementary
Table S3). Phosphorus is an essential element for all
living organisms, and inorganic phosphate (Pi) is its
preferential source. It is unclear why mutations in
the Pi transport machinery confer resistance to D-Arg
because Pi is central in diverse metabolic and
regulatory networks. Inactivating mutations in the
pst genes induce a state of continuous Pi starvation.
Under these conditions, C. crescentus elongates its
stalks to optimize the surface/volume ratio and in
turn facilitate Pi uptake (Gonin et al., 2000). Indeed,
the Caulobacter suppressors with mutations in the
pst genes exhibited longer stalks than the wild-type
strain in high-phosphate media, suggesting that these
mutations impair Pi transport (Supplementary
Figure S6d, e). Unexpectedly, wild-type cells in
low-phosphate media did not develop resistance to
D-Arg. Therefore, we hypothesize that Pi starvation
signaling is not responsible for the prevention of
D-Arg toxicity. Although more research is needed to
answer this question, the identification of suppres-
sors in this pathway in both C. crescentus and
A. tumefaciens strongly supports the role of Pi
transport in D-Arg resistance.

The presence of suppressor mutations against
D-Arg in dnaJ suggests that D-Arg might target
protein synthesis. In proteins, D-amino acids can
cause misfolding, aggregation and, ultimately, loss of
function (Leiman et al., 2013, 2015). Chaperone
systems might help refold or degrade toxic misfolded
proteins. Many bacteria possess two main chaperone
systems with distinct roles in stress responses:
GroES/GroEL and DnaK/DnaJ (Susin et al., 2006).

When one system is missing, the accumulation of
partially denatured proteins induces an increase in
the expression of the other system (Susin et al.,
2006). Thus, dnaJ suppressor mutants might lead to
an increase in GroES/GroEL to specifically deal with
the potential accumulation of misfolded D-Arg-
containing proteins. Future research should directly
assess the presence of D-Arg in proteins, its effects on
protein stability and activity, and whether resistant
bacteria (for example, V. cholerae) are less permis-
sive toward the incorporation of D-amino acids in
proteins.

The broad-spectrum toxicity of D-Arg makes this
amino acid a powerful chemical weapon against
microbes inhabiting the same niche. Accordingly, we
demonstrated that D-Arg can be used by certain
vibrios to outcompete other bacteria. Surprisingly,
although all members of the Vibrionaceae family are
highly resistant to NCDAAs, broad-spectrum race-
mases are not widely conserved in this family. Our
data suggest that D-Arg could be a public good
shared in vibrio communities to promote interspe-
cies altruistic cooperation in challenging polymicro-
bial environments (Figure 6). This type of alliance, in
which certain individuals (cheaters) benefit from the
specialization of a few group members, is reminis-
cent of the phenomenon of bistability (Hibbing et al.,
2010; Norman et al., 2015). However, in contrast to
bistability, in which a genetically identical subpo-
pulation of the same species exhibits distinct gene
expression, interspecies cooperation is based on
stable relationships between partner species that
are well adapted to the same niche. Vibrio species
co-inhabit diverse marine and fresh water niches
(Urakawa and Rivera, 2006) and thus can potentially
profit from the production of D-Arg. Moreover,
production of D-Arg is feasible even when a small
proportion of producers is present, and BsrV’s are
highly resilient proteins (Espaillat et al., 2014) that
retain activity even when added to the extracellular
medium after cellular lysis. High concentrations of
D-Arg can potentially be produced in the natural
environment as L-Arg is abundant in a number of
animal and plant sources (Li et al., 2011). Further-
more, although millimolar amounts of D-Arg are
readily toxic, micromolar concentrations can influ-
ence the growth rate. The effect of D-Arg on fitness/
survival can strongly shape the microbial biodiver-
sity and increase the resistance of established
communities against invaders. As there are diverse
Bsr-producing bacterial species other than vibrios,
we anticipate that D-Arg could govern additional
microbial social interactions in other environments.
The ability of some bacteria to efficiently generate
suppressor mutations to circumvent the deleterious
effects of D-Arg might explain the production of
distinct sets of NCDAAs to target different cellular
processes and minimize the emergence of competing
microbes. Whether the bactericidal activities of
certain NCDAAs can be applied in combinatory
antimicrobial therapies remains to be determined.
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Finally, the effects of D-Arg suggest that the cell
wall might act as bait for environmental chemical
prospecting to reveal novel D-amino acid-like meta-
bolites in microbial communities. Further research
into the role of NCDAAs in other processes, such as
signaling, development and metabolic interference,
using controlled multi-species microcosm commu-
nities would provide valuable mechanistic insights
on the evolution of microbial ecosystems.
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