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ABSTRACT 

 D-amino acids are ubiquitous in nature and their function in microorganisms is an 

ongoing area of interest. In bacteria, D-Glu and D-Ala are associated with peptidoglycan cell 

wall, while other non-canonical D-amino acids (NCDAAs) are implicated in a variety of 

processes. Vibrio cholerae’s broad-spectrum racemase, BsrV, produces NCDAAs that affect 

peptidoglycan structure and strength in stationary phase. Orthologs of BsrV are found in several 

members of the Vibrionaceae, and I investigated the role of BsrV in Vibrio fischeri. A V. fischeri 

bsrV mutant had reduced D-amino acid production, attenuated growth in low-salt media, and 

subtly altered peptidoglycan structure. The bsrV mutant was unaffected in its symbiosis with 

Euprymna scolopes but out-competed the wild type when cultured in a high-salt medium, 

revealing a fitness cost to harboring bsrV. This study illustrates distinct functions for BsrV 

between similar organisms and provides a foundation for additional research on BsrV-produced 

D-amino acids.  

INDEX WORDS: D-Amino Acids, BsrV, peptidoglycan, Vibrio fischeri, Euprymna 

scolopes, 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

OVERVIEW  

Amino Acids, both D- and L- enantiomer forms, are ubiquitous in nature and essential in 

biological systems. L- amino acids are the building blocks for proteins and therefore serve as a 

foundation for life on earth. D-amino acids also serve a fundamental role in biology: D-Glu and 

D-Ala are incorporated into peptidoglycan (PG), the mesh-like polymer that provides strength to 

bacterial cell walls (1). PG is a dynamic structure that is continuously remodeling during growth 

and development. Its relatively conserved structure makes it an ideal target for antibiotics and for 

the bacteria-surveillance systems in plants and animals. It is therefore important to understand the 

regulation of, and structural deviations in, PG composition (2). Non-canonical D-amino acids 

(NCDAAs), or those that are not constituents of archetypal PG, can be found in PG, where they 

modulate its function, and have roles in other microbial process. Such processes for NCDAAs 

include using them as carbon and nitrogen sources (3, 4), and producing them to aid in competitive 

inhibition (5), biofilm dispersal (6-11), and growth-phase transitions (12-14). Interestingly, the 

antimicrobial properties of D-Arg, which is produced by some bacteria, can be overcome by 

mutations in a conserved phosphate-transport system, suggesting a role for D-Arg either in the 

regulation of phosphate uptake or in microbial competition for this resource (5). 

BsrV, a  broad-spectrum racemase originally identified in V. cholerae, is hypothesized to 

be the primary producer of microbial NCDAAs in many members of the Vibrionaceae (13, 15).  I 

have focused on the BsrV ortholog in the model organism Vibrio fischeri, a species that participates 

in a bacterial-animal mutualism within the light organ of the Hawaiian bobtail squid, Euprymna 
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scolopes.  Advantages of this model include its safety as a non-pathogen, its parallels to important 

pathogens such as V. cholerae, and its ability to colonize E. scolopes as a monoculture, enabling 

controlled experiments under natural (i.e., symbiotic) conditions (16). 

 

D-AMINO ACIDS 

 Every amino acid, excluding glycine, occurs in two different stereoisomers, D- and L-, 

around the α-carbon. All known living organisms use L-amino acids as the building blocks for 

proteins. The uses of less common D-isomers are more mysterious, but they do have known 

biological roles. Some are found in microbial cell walls as key constituents of the PG peptide 

chain, while others are produced for yet unknown functions (2, 12). D-amino acid production 

typically occurs through the racemization of an L-enantiomer counterpart. Two types of racemases 

have been described: Pyridoxyl-5-Phosphate (PLP)-dependent and PLP-independent racemases. 

PLP-dependent racemases include the highly specific racemases of alanine, serine, and lysine (17). 

Of these highly specific racemases, alanine racemases have been described in almost all 

peptidoglycan-producing bacteria (17). Also falling into the category of PLP-dependent racemases 

is the newly described family of  broad-spectrum racemases (Bsr) contained primarily within the 

phylum Proteobacteria (18). In contrast to the highly specific amino acid racemases, the Bsr’s can 

use up to nineteen natural chiral amino acids as substrates (15).  The PLP-independent racemases 

that have been described include aspartic acid, proline, and glutamic acid racemases, the latter 

being the most abundant within this group due to D-Glu’s role in PG (19-21). 

D-amino acids are found ubiquitously in nature and can originate from a variety of sources 

other than bacterial cell walls. They are prevalent in soil and are derived from antibiotics, synthetic 

insecticides, feces, plants, and animals, in addition to microbes (22). Moreover, L-amino acids in 
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the environment are subject to both the biotic and abiotic racemization to their D-enantiomers. 

Abiotic racemization is influenced by factors such as pH, heat, presence of aldehydes, salts, and 

radiation, while racemases are the biotic catalysts of racemization (23).  Free D-amino acids in the 

marine environment may be of particular interest as many D-amino acids, such as D-Ala and D-

Asp, are both released and catabolized by marine Bacteria and Archaea (24). 

In the sections below I will briefly summarize what is known about D-amino acids in the 

biosphere, and I will focus on a relatively recently discovered class of broad-spectrum racemases 

capable of interconverting a number of D-amino acids.  I will then describe the model symbiosis 

between V. fischeri and E. scolopes, which I used to explore potential roles for one such broad-

spectrum racemase. 

 

ROLES OF D-AMINO ACIDS IN BIOLOGICAL SYSTEMS 

D-amino acids in peptidoglycan (PG) 

PG is a robust and dynamic polymer that comprises the main constituent of most bacterial 

cell walls. PG is responsible for maintaining cell shape and size, supporting osmotolerance in 

changing environments, and it serves to anchor cell envelope components such as proteins and 

lipoteichoic acids (25-27).  PG must be strong enough to withstand environmental pressures yet 

elastic enough to adapt to cellular growth and division (2).  
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Figure 1.1. Peptidoglycan structure. Shown is the ß-(1,4) linked NAG and NAM dissaccharide 
bound to the pentapeptide (residue identities in bold text) common to most Gram-negative 
organisms inlcuding V. fischeri.  
 

The PG polymer in most bacteria is made up of alternating residues of ß-(1,4) linked N-

acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). NAM residues are connected to a 

pentapeptide chain (Figure 1.1). In V. fischeri and most Gram-negative bacteria, the pentapeptide 

chain consists of L-alanyl-D-γ-glutamyl-meso-diaminopimelyl-D-alanyl-D-alanine (L-Ala- γ-D-

Glu-mDAP-D-Ala-D-Ala). PG monomers are cross linked together through mDAP residues or 

mDAP and D-Ala residues and the terminal D-Ala residue is lost in the mature macromolecule (2, 

28). Although this structure is well conserved among Prokaryotes, variations in the PG peptide 

chain have been observed (Table 1.1). For example, D-Ala in the 4th position has been substituted 

for Glycine and D-serine in Microbispora and D-Met in Vibrio cholerae (2). The presence of D-

amino acids in bacterial cell walls protect the peptidoglycan from proteases, which have evolved 

to cleave between L-amino acids (23). It is possible that the presence of some D-amino acids may 

impact the organism’s resistance to radiation and/or extreme heat, such as the L-Orn-containing 

PG in Deinococcus radiodurans or Thermus thermophilis (2, 29, 30).  
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Table 1.1. Modifications to peptidoglycan pentapeptidea  

Position 
Amino acid 

(in V. 
fischeri) 

Substitutions Examples 

1 L-Ala 
Gly Mycobacterium leprae 

L-Ser Butyribacterium rettgeri 

2 D-Glu 
D-Gln Many G+b, Mycobacteria 

3-OH-Glu Microbacterium lacticum 

3 meso-DAP 

L-Lys Most G+ 
Lanthionine Fusobacterium nucleatum 

L-Orn 
Spirochetes, Dinococcus 
radiodurans, Thermus 

thermophilis 
L-homoserine Corynebacterium poinsettiae 

4 D-Ala 

Gly 
Microbispora 

D-Ser 

D-Met Vibrio cholerae, E. coli  
(13, 31) 

5 D-Ala 

D-Ser Enterococcus gallinarum 

D-Lacc 
Lactobacillus casei, 

Vancomycin-resistant 
Enterococci 

a Modified from Vollmer et al (2) with modifications based on (13, 31). 
b G+ indicates Gram-positive bacteria 
c D-Lactate is found in the 5th position of PG monomers in strains with natural or acquired 
resistance to vancomycin (32).  
 

D-amino acids as growth substrates 

 Given their use in proteins, it is not surprising that L-amino acids are often readily used as 

growth substrates; however, some microorganisms have evolved the ability to utilize both L- and 

D-amino acids as nutrient sources. Although typically less abundant than their L- counterparts, D-

amino acids can nonetheless provide important resources, especially when other nutrients are 

scarce or when competition favors niche diversification and/or resource-use diversification. In the 

environment, microbes may encounter D-amino acids as nutrients in deep-sea and aquatic 
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environments, within plant and animal tissues, and from microbially sourced PG fragments (24, 

33-36). Although the biological fates of environmental D-amino acids are not fully understood, 

there are known examples of D-amino acid use by specific bacteria. 

One example is Pseudomonas aeruginosa, which is able to metabolize many D-amino 

acids. D-Ala, D-His, D-Phe, D-Ser, D-Thr, and D-Val are catabolized by a D-amino acid 

dehydrogenase (DadA) with  broad substrate specificity and the amino acid racemase DadX, both 

of which are encoded by the dadAX operon (3). P. aeruginosa also catabolizes D-Glu and D-Gln 

via  the proteins encoded by the dguRABC locus (3, 4). Other microorganisms including 

Escherichia coli, Helicobacter pylori, Proteus mirabilis, Sinorhizobium meliloti, Candida boidinii, 

and recently isolated organisms from deep-sea sediments also have been shown to hold similar 

catabolic pathways for D-amino acids (34, 37-43).  

In at least two cases, bacteria use LysR-type transcriptional regulators (LTTR) to 

efficiently respond to the presence of D-amino acids and induce catabolic pathways. One such 

LTTR, DguR, is encoded within the dguRABC operon of P. aeruginosa PAO1 and directs the 

catabolism of D-Glu when this amino acid is present (4). As D-Glu is a constituent of microbial 

PG, it is possible that this pathway serves as a mechanism for scavenging environmental PG. V. 

fischeri, the model organism that is the focus of this thesis, possesses a D-Asp-responsive LTTR, 

DarR, which is responsible for the transcriptional induction of an Asp racemase (44), thereby 

allowing D-Asp to be used as a carbon and/or nitrogen source.  The specificity of these 

transcriptional regulators for certain D-amino acids suggests that D-amino acids are the natural 

targets for their respective catabolic loci. 
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D-amino acid-containing products of nonribosomal peptide synthetases (NRPSs) 

 Investigation of bioactive natural products has been a topic of considerable interest since 

1929, when Alexander Fleming uncovered the antibacterial activity of penicillin, a peptide 

derivative produced by Penicillium notatum (45). Many of these bioactive products and peptides 

contain D-amino acids and are generated by large enzymes called nonribosomal peptide 

synthetases (NRPSs) (46). To produce these D-amino acid-containing peptides, NRPSs activate 

and convert L-amino acid substrates to the D-forms before coupling it to the peptidyl intermediate 

(47). NRPS products that contain a D-amino acid moiety are endowed with unique activities 

compared to peptides comprising only L-amino acids (47). For example, the D-amino acid-

containing dipeptide cyclo(D-Tyr-D-Phe) accumulates in the supernatant of Bacillus sp. strain N, 

isolated from certain entomopathogenic nematodes. This dipeptide inhibits the growth of 

Staphyloccocus epidermidis and Proteus mirabilis significantly more than the dipeptides 

containing only the L-forms (47, 48). It is hypothesized that the incorporation of D-amino acids 

into NRPS products increases stability against proteolytic digest and favors unique conformations 

important for biological activity (46). 

 

D-amino acids in Eukaryotes 

 D-Asp and D-Ser are suggested to be the only two D-amino acids originating directly 

from racemization of L-amino acids within human tissues, and considerable research has focused 

on the role of these D-amino acids in human physiology (49).  It is now well established that 

these D-amino acids contribute to multiple processes in the human central nervous system. For 

example, serine racemases are expressed in neurons in the forebrain and hippocampus (50, 51). 

The fundamental role of D-Ser in the brain is as a co-agonist/binding substrate at the N-methyl-
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D-Aspartate Receptor (NMDAR) that is involved in synaptic plasticity, which controls neuronal 

communication (52, 53). Abnormal D-Ser levels in the brain have been linked to neurological 

health problems related to aging, Alzheimer’s disease, and amyotrophic lateral sclerosis (54-56). 

D-Asp also plays fundamental roles in neurotransmission in addition to having roles in the 

neuroendocrine system in both humans and rodents (19, 57). Notably, D-Asp is implicated in the 

development and neurogenesis of the brain, while also being involved in multiple endocrine 

processes, such as synthesis of hormones in the pituitary gland and the regulation of testosterone 

release (57, 58). 

 

D-amino acids as interkingdom signaling molecules 

Recent research suggests that D-amino acids could act as signaling molecules between 

Eukaryotes and Bacteria, in both mutualistic and pathogenic contexts. An example of this 

interkingdom signaling can be found inside the mammalian intestinal tract, where prokaryotes are 

both diverse and abundant (59). In one study, specific pathogen-free (but not germ-free) mice 

contained large quantities (200 to 500 nanomole per gram intestinal tissue) of free D-amino acids 

derived from their gut microbiota. The microbially-derived D-amino acid pool induced the 

production of D-amino acid oxidase (DAO) by intestinal epithelium cells (40). This microbiota-

regulated enzyme catalyzes the oxidative deamination of D-amino acids to produce H2O2, an 

antimicrobial product as part of a host innate immune response (60). This example illustrates how 

microbiota-derived D-amino acids act as important regulators of bacterial-animal homeostasis. 

Additionally, accumulating evidence suggests that the production of H2O2 by DAO leads to 

apoptosis of tumor cells, and this mechanism has recently been implicated as a potential cancer 

treatment and detection strategy. Theoretically, this DAO-mediated process can be regulated by 
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the administration of D-amino acids, such as D-Ala, which are not endogenously present in human 

tissues at high levels (19, 61).  

Eukaryote-derived D-amino acids can also act to regulate colonization of pathogenic 

prokaryotes within the host tissues (62). Host-derived D-Serine, which is antimicrobial, selectively 

suppresses the expression of the Escherichia coli O157:H7 (enterohaemorrhagic intestinal E. coli) 

Type-III secretion system, thereby preventing the injection of effectors that facilitate E. coli’s 

attachment to host cells and efficient colonization (63, 64). Thus, just as host cells recognize and 

respond to microbially produced D-amino acids, so too do bacteria detect and respond to host-

generated D-amino acids. This two-way detection of D-amino acids in symbiotic systems could 

represent a subtle but important aspect of these associations and merits further investigation. 

 

Microbial community regulation by D-amino acids 

D-amino acids can act not only as interkingdom cues, but also as signals within bacterial 

communities. The effects of microbially produced D-amino acids on various behaviors in diverse 

bacterial species have been explored, albeit with mixed results. For example, D-Tyr inhibits 

growth and indirectly decreases biofilm formation in both Bacillus subtilis and Pseudomonas 

aeruginosa at low, sublethal concentrations. However, when the mechanism of biofilm inhibition 

was investigated further, opposing effects of D-amino acids were observed with respect to 

exopolysaccharide (EPS) production. In B. subtilis, EPS increased with respect to the biofilm while 

it decreased in P. aeruginosa (7). In a particularly broad study, the activity of eighteen different 

D-amino acids toward Acinetobacter baumannii and P. aeruginosa was evaluated. In A. 

baumannii, D-Cys, D-Trp and D-His decreased biofilm formation, reduced attachment to A549 

human alveolar epithelial cells, and inhibited growth. In contrast, D-amino acids seemed to have 



 

10 

no toxic effects on P. aeruginosa, and D-alanine and D-glycine instead induced biofilm production 

and enhanced growth by acting as a nutrient source (8). D-amino acids appear to exhibit 

differential effects on bacterial biofilm formation, with the outcome being highly dependent on the 

experimental setup (6, 8-11).  

 There is some evidence to suggest that D-Arg production by a broad-spectrum racemase, 

BsrV, in V. cholerae can control growth dynamics of neighboring microorganisms in synthetic 

bacterial communities. The growth of Caulobacter crescentus, a particularly D-Arg sensitive 

microbe, was inhibited by the BsrV-dependent production of D-Arg, while a V. cholerae strain 

that was unable to produce D-Arg had no effect on the community growth dynamics. The 

community control via D-amino acids hypothetically offers a fitness advantage to both the 

generator of the effectors and to organisms that are resistant to D-amino acids  (5).  

BsrV-produced NCDAAs can also trigger changes in PG structure. When grown in 

exogenous D-Met, which is also produced by BsrV, many organisms (e.g., V. cholerae, C. 

crescentus, Enterococcus faecalis, and B. subtilis) can incorporate this D-amino acid into the 4th 

position of the peptide side chain, replacing D-Ala in a fraction of the stationary phase PG (13, 14, 

31). If many bacterial species are able to incorporate NCDAAs into their muropeptides whether or 

not they produce them, it is possible that D-amino acid production by BsrV-containing organisms 

could influence the PG structure of nearby cells in microbial communities. BsrV is implicated as 

the originator of D-Met as well as many other NCDAAs, and these PG alterations are hypothesized 

to provide fitness in stationary phase conditions (12, 13). Combined, this research highlights how 

D-amino acids exhibit differential roles in bacterial species and confer varying fitness advantages 

depending on the organism. 
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D-amino acids’ role in regulating growth phase transitions in bacteria 

 Microbes are seldom presented with ideal conditions for supporting continuous growth. 

During stationary phase, microbes are forced to adapt quickly to changing situations and compete 

in nutrient scarcity (65). D-amino acids are one type of cue to regulate the growth phase transitions 

of the bacterial cells that produce them. For example, D-amino acids appear to regulate spore 

germination. Bacterial sporulation is the highly regulated process where cells become 

metabolically latent and resistant to conditions that are harsh or lacking nutrients (66). D-Ala was 

found to inhibit spore germination in many Bacillus species, and later investigation revealed that 

Bacillus species use D-Ala as an auto-inhibitor at high spore density when L-Ala (a spore 

germinant) is converted to D-Ala (an anti-germinant) by an alanine racemase (67, 68). 

PG structure is continuously remodeled to change cell size during growth and division, to 

accommodate structures that span the PG,  to provide the appropriate strength and flexibility in  

changing environments, and to control cell shape. Wild-type V. cholerae typically displays a 

curved-rod cell morphology, although the degree of curvature is dependent on cell density and 

environmental factors (69). Investigation of this cell curvature led to the discovery of a role for 

NCDAAs and BsrV.  Specifically, a mrcA mutant found in a screen for cell-shape defects showed 

no difference from the parent in exponential phase but had coccoidal cell morphology upon the 

transition to stationary phase. The mrcA gene encodes the inner-membrane-anchored enzyme 

PBP1A that is involved in the synthesis of cross-linked PG (2, 70). Surprisingly, the rod-to-sphere 

transition of ∆mrcA cells could be triggered at any growth phase by the addition of extracellular 

NCDAAs, D-Met, D-Leu, D-Val, and D-Ile, which were present in the stationary phase 

supernatants. The aforementioned broad-spectrum racemase BsrV was shown to generate these 

NCDAAs (13).  
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V. cholerae strains lacking bsrV, and therefore lacking the ability to produce NCDAAs, 

had twice the amount of PG within their cell walls during stationary phase, reduced length in PG 

glycan chains (~80% relative to wild-type), and were twenty fold more sensitive to lysis during 

osmotic challenge (13). Growth of the bsrV mutant in exogenous D-Met and D-Leu returned PG 

quantity and length of glycan chains to wild-type levels, indicating that these BsrV-dependent 

NCDAAs are responsible for the PG alterations observed in stationary phase bsrV mutants. D-Met 

was also incorporated into the PG itself.  Thus, these D-Amino acids initiated stationary phase PG 

remodeling in wild-type cells and thereby controlled the quantity and strength of PG. The 

expression of BsrV in V. cholerae is triggered by the alternative sigma factor RpoS, which 

becomes activated upon entry to stationary phase (14, 71). All aforementioned phenotypes 

associated with BsrV thus far are dependent on stationary phase growth, suggesting its role in 

stationary phase transitions and adaptations to the stresses of environmental changes during 

stationary phase. 

 

Broad-spectrum racemase, BsrV 

As described above, the broad-spectrum racemase BsrV from V. cholereae has generated 

considerable interest. While some racemases like MurI and Alr have a high degree of substrate 

specificity for interconverting D- and L-forms of glutamate and alanine, respectively, Bsr’s are 

able to produce D-amino acids from both proteinogenic and non-proteinogenic L-amino acids (15, 

72). Bsr’s are found in many bacterial species associated with various environments (water, soil, 

host-associated). Interestingly, of the seventy-four racemases bioinformatically grouped into the 

Bsr family, all known are found within the phylum Proteobacteria and most are found in marine 

organisms, with just over half belonging in the Vibrionaceae family (15).  
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     Racemases with similar enzymatic properties have been reported in V. cholerae, Proteus 

mirabilis, Oenococcus oeni, Pseudomonas taetrolens, and Pseudomonas putida (13, 15, 73-76). 

The seminal and most extensive preceding work on Bsr’s have been done in the V. cholerae model 

on the archetype, BsrV. BsrV is similar to Alr, the primary and substrate-specific alanine racemase 

required for PG biosynthesis in many bacteria (15). BsrV is a PLP-dependent racemase that forms 

a dimer and can act on nineteen different natural chiral amino acids in vitro. Notably, Alr’s are 

cytoplasmic proteins while all BsrV orthologs contain signal peptides to direct them to the 

periplasm (15).  

The preceding work on BsrV and NCDAA production has been almost entirely explored 

within pathogenic V. cholerae. The study of BsrV in Vibrio fischeri, a BSL-1 organism, offers two 

main advantages. First, V. fischeri participates in a model bacterial-animal symbiosis. If BsrV or 

its NCDAA production plays an important role during colonization of animal hosts by Vibrios, the 

V. fischeri-E. scolopes mutualism (described below) is an ideal, tractable, and natural model to 

explore how and why this might be the case. Second, if BsrV plays a role outside of the mutualism, 

it is safer and easier to work with a BSL-1 non-pathogen.  

 

MODEL VIBRIO-EUPRYMNA SYMBIOSIS 

Many Vibrio species have been isolated from animal hosts, either as enteric commensals 

or as pathogens, but the monospecific light-organ symbiosis between V. fischeri, a bioluminescent 

marine microbe, and the Hawaiian Bobtail Squid, Euprymna scolopes provides a uniquely 

tractable experimental model for bacterial-animal associations (16, 77, 78). The V. fischeri wild-

type strain that is most commonly used in the laboratory is ES114, which was isolated from wild 

squid (79, 80). It is easily cultured; its genome has been sequenced, it is genetically tractable, and 
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it readily infects the light organ of E. scolopes hatched in captivity (81-83). The squid readily breed 

and lay eggs in the laboratory (16, 84). Given these reasons and many others, this model microbe-

animal association proves amenable to laboratory investigation with a great deal of experimental 

control. Prior research into the Vibrio-Euprymna mutualism has provided insights into the 

evolutionary underpinnings and physiological mechanisms of persistent, symbiotic relationships 

(85-87).  Therefore, it should likewise be a good model for testing whether BsrV’s and NCDAAs 

play an important role in Vibrio-host interactions. 

V. fischeri exists as both as a free-living and host-associated marine microbe. V. fischeri 

monospecifically infects the ventrally located light organ of E. scolopes (78, 88). The juvenile 

squid are aposymbiotic when they emerge from the egg, and infection by environmental V. fischeri 

cells occurs within hours of hatching (89). In the light organ of the squid, the symbiont provides 

its host with bioluminescence in exchange for a growth-promoting environment (90).  The 

bioluminescence is thought to aid the host by providing counterillumination that E. scolopes 

individuals use to camouflage themselves; by matching the intensity of bacterial bioluminescence 

emitted from their light organ with the down-welling moonlight and starlight, they can reduce the 

appearance of their silhouette to predators or prey beneath them in the water column (90). 

The E. scolopes light organ contains three sacculate crypts, each with a pore on the surface 

connected to a ciliated duct (Figure 1.2). Infection of the light organ is initiated when the V. fischeri 

cells present in the seawater are propelled by ciliated epithelial appendages (CEAs) to accumulate 

and congregate in a host-derived field of mucus near the pores (91). Here, V. fischeri cells 

aggregate and are enriched relative to other Gram-negative bacteria that also adhered to the mucus 

(92). After 2-3 h of congregation, V. fischeri cells, propelled by flagella, swim through the pores, 

migrate up the ducts, and colonize the antechambers and crypts (88). The V. fischeri cells grow in 
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the crypts and establish a persistent symbiosis with an initial doubling time of approximately 20 

min (89, 93, 94).  The colonization by V. fischeri triggers the regression and disappearance of the 

CEAs, and the monospecific culture of V. fischeri persists for the remainder of the squid’s life (86, 

95-97). The squid are nocturnally active and are found buried under the sand during daylight hours 

(80, 98). At dawn, light cues the E. scolopes to vent 90% of the V. fischeri cells into the 

environment, and the remaining microbes re-grow a fresh culture to support counterillumination 

in the evening (80, 86, 90, 98, 99). 

 

Figure 1.2. Diagram of the juvenile squid light organ. (Right) Juvenile squid. (Left) Schematic 
representation of one lobe (one half) of a juvenile E. scolopes squid light organ. Three pores are 
located at the base of the ciliated epithelial appendages (CEAs). These pores lead through ducts, 
to antechambers, and eventually crypt spaces (numbered 1-3). The crypts house most of the V. 
fischeri culture. Figure courtesy of Eric Stabb. 

 

SUMMARY 

 D-amino acids are widespread in the environment and produced by many biological 

systems, including microorganisms.  In addition to their potential uses as nutrient sources, several 

roles have been proposed for D-amino acids in bacteria, including potential functions as structural 

or signaling molecules.  The periplasmic broad-spectrum racemase, BsrV, of V. cholerae has been 

the subject of particular interest, given its ability to produce NCDAAs that are incorporated into 
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PG and/or inhibitory toward other microbes.  In the remainder of this thesis, I will describe my 

studies of BsrV in V. fischeri.  My goals were to compare and contrast the function of BsrV’s from 

V. fischeri and V. cholerae, to test whether BsrV plays a role in V. fischeri’s symbiosis with E. 

scolopes, and to lay the foundation for using V. fischeri as a model for studying BsrV. 
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CHAPTER 2 

CHARACTERIZATION OF BSRV IN VIBRIO FISCHERI1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Laramore, K.A., Stabb, E.V. To be submitted to Journal of Bacteriology. 
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ABSTRACT 

D-amino acids are ubiquitous in nature, and there is growing interest in microbial sources 

and uses for these enantiomers of their proteinogenic L-amino acid counterparts. In bacteria, D-

Glu and D-Ala are associated with the archetypal structure of peptidoglycan (PG), while other D-

amino acids, termed non-canonical D-amino acids (NCDAAs) have been implicated in 

competitive inhibition, nutrient scavenging, and cell wall remodeling. For example, Vibrio 

cholerae’s broad-spectrum racemase, BsrV, produces NCDAAs in stationary phase that affect cell-

wall structure and increase resistance to low-salt osmotic stress. Orthologs of BsrV are found in 

several members of the Vibrionaceae family, and we investigated the roles of BsrV in the 

bacterium Vibrio fischeri. We found that wild-type V. fischeri releases D-amino acids into the 

medium during growth, whereas a bsrV mutant did not. Consistent with BsrV’s contribution to PG 

structure and osmotolerance in V. cholerae, the V. fischeri bsrV mutant had subtle alterations in its 

PG, and its growth was inhibited relative to the wild type in low-salt media. Interestingly, the bsrV 

mutant out-competed wild-type in a high-salt medium, revealing a previously undescribed fitness 

cost to bsrV. Finally, the bsrV mutant was unaffected in initiating V. fischeri’s symbiosis with the 

Hawaiian bobtail squid, Euprymna scolopes. This study illustrates distinct functions for BsrV 

between similar organisms and lays a foundation for additional study on the roles of BsrV-

produced D-amino acids. 

 

INTRODUCTION 

With the exception of glycine, all amino acids have four unique functional groups and can 

exist as one of two enantiomer forms (L- and D-), which as mirror images can serve different 

biological purposes. L-amino acids act as the fundamental components of proteins while D-amino 
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acids, predominantly D-Ala and D-Glu, are key constituents of the peptidoglycan (PG) component 

of bacterial cell walls (2).  PG is a glycan polymer that forms a strong network within the cell wall, 

thereby reinforcing the cell to withstand environmental changes and stress (2, 70). To serve this 

function, PG needs to be both elastic and resilient in order to retain proteins anchored to the cell 

envelope, maintain osmotolerance, and modulate cell size and shape to adapt to cellular growth 

and division (1, 2, 70).  

Though the most well-known D-amino acids are the D-Ala and D-Glu constituents of PG, 

recent observations indicate that diverse bacterial species produce also other D-amino acids, which 

are collectively known as Non-canonical D-amino acids (NCDAAs).  Bacterially produced 

NCDAAs can accumulate to low millimolar concentrations in stationary phase cultures (5, 13) and 

have recently gained attention for their roles in varying processes such as competitive inhibition 

(5), biofilm formation (6-11), and stationary phase PG remodeling (12-14). Environmental 

NCDAAs, produced through both biological and abiotic process, also serve as growth-supporting 

sources of carbon and nitrogen (3, 4). 

Biological production of D-amino acids usually is dependent on the racemization of their 

L-enantiomer counterparts (17, 18). For the most abundant PG-associated D-amino acids, D-Ala 

and D-Glu, racemization of L-Ala and L-Glu is catalyzed by highly specific, Pyrodoxyl-5-

phosphate (PLP)-dependent racemases Alr and MurI, respectively (15, 17, 72). In contrast, the 

production of NCDAAs often appears to be dependent on a family of broad-spectrum racemases 

(Bsr) (30). BsrV of V. cholerae has been the most studied of the Bsr’s, serving as an archetypal 

NCDAA-producing enzyme. BsrV is a periplasmic, PLP-dependent racemase that catalyzes the 

reversible racemization of nineteen natural chiral amino acids (30). Early research demonstrated 

that BsrV produces D-Met and D-Leu, which are incorporated into PG and accumulate in the 
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supernatants of stationary phase V. cholerae cultures (13). This incorporation of unusual D-amino 

acids appears to affect osmotolerance and quantity of PG during stationary phase (13, 31).  

These structural changes to PG have been hypothesized to regulate the strength and 

quantity of the polymer, which could attenuate stationary phase stresses in culture such as the need 

for decreased synthesis of PG in the face of nutrient scarcity and adaptations to maintain turgor 

pressure (2, 13, 65, 100). This line of thought is supported by the fact that expression of BsrV in 

V. cholerae is triggered as cells enter stationary phase, controlled by the stress-associated 

alternative sigma factor, RpoS (14, 71).  

In this study, we investigate BsrV’s role in a different model organism, Vibrio fischeri. 

This model offers us two unique opportunities. First, V. fischeri allows us to study the roles of 

NCDAAs in a safe, non-pathogenic, BSL-1 organism. Additionally, V. fischeri allows us to study 

roles NCDAAs may play in the model bacterial-animal symbiosis between V. fischeri and its host, 

the Hawaiian Bobtail Squid (Euprymna scolopes). We demonstrate that like the archetypal BsrV 

in V. cholerae, BsrV in V. fischeri functions to produce D-amino acids, alter PG structure, and 

confer osmotolerance to low salinity environments. We establish that BsrV is not essential nor 

does it offer a competitive advantage when colonizing E. scolopes and describe a previously 

unknown fitness burden of NCDAA-production by BsrV.  

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions. The strains used in this study are listed in Table 

2.1. V. fischeri strain ES114, an isolate from the light organ of E. scolopes, was used as the wild 

type and parent for strain construction (79). E. coli strains DH5α or DH5αλpir were used as hosts 

for plasmids, with the latter used to replicate plasmids with the R6K origin of replication (101, 
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102). Plasmids were transferred from E. coli to V. fischeri using a previously described triparental 

mating method and conjugative helper plasmid CC118𝜆𝑝𝑖𝑟	(pEVS104) (82). 

E. coli was grown in lysogeny broth (LB)  at 37°C (103). V. fischeri was grown at 28°C in 

either lysogeny broth salt (LBS) medium (104), seawater tryptone (SWT) medium where seawater 

was replaced by Instant Ocean (105), or a minimal defined medium which consisted of 10 mM 

CaCl2, 2 µM FeSO4, 2 mM glyceraldehyde-3-phosphate (G3P), 5 mM ribose, 20 mM N-

acetylglucosamine, 100 mM Tris buffer (pH 7.5), 400 mM NaCl, 10 mM KCl, and 50 mM MgSO4.  

Solid media was prepared with the addition of 15 g/L agar. For the selection of plasmids in E. coli, 

kanamycin or chloramphenicol was added to LB at final concentrations of 40 or 20 µg/mL, 

respectively. To maintain plasmids in V. fischeri, chloramphenicol was added to LBS at 2 µg/mL.  

 

DNA and plasmid manipulations. Standard cloning methods were used to generate 

plasmids, and key constructs are listed in Table 2.1. Restriction enzymes and DNA ligase were 

obtained from New England Biolabs (Ipswich, MA). Plasmids were isolated using ZymoPURE 

plasmid miniprep kits (Zymo Research, Tustin, CA). The Zero Blunt TOPO PCR cloning kit was 

used to clone PCR products into pCR-BluntII-TOPO (Invitrogen). DNA fragments were cleaned 

using a DNA Clean & Concentrator kit (Zymo Research, Tustin, CA). PCR was performed using 

Phusion High Fidelity PCR Master Mix with HF Buffer or OneTaq Hot Start 2X Master Mix (New 

England Biolabs, Ipswich, MA) following manufacturer’s recommendations for cycle programs 

based on predicted DNA-product size. Oligonucleotides were obtained from Integrated DNA 

Technologies (Coralville, IA). PCR was performed using a C1000 Touch Thermal Cycler (BioRad, 

Hercules, CA). Sequencing was conducted at the University of Michigan Advanced Genomics 

core (Ann Arbor, MI).  
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Construction of mutants and complementation of plasmids. The ~2-kb region upstream 

of bsrV was PCR amplified using primers RJ14 and RJ28, and the ~1.5-kb region downstream of 

bsrV was PCR amplified using primers RJ29 and RJ30. The upstream and downstream fragments 

were digested with SalI, ligated, gel purified, and cloned into pCR-BluntII-TOPO (Invitrogen). 

The resulting plasmid, pRMJ13, was sequenced to confirm the ∆bsrV allele. To generate a plasmid 

that could be mobilized by conjugation, the oriT-containing plasmid pEVS118 was fused with 

pRMJ13 by digesting each plasmid with KpnI and ligating them together. The ∆bsrV allele on the 

resulting plasmid, pRMJ14, was mobilized into ES114, and the bsrV mutant KL3 was generated 

by a two-step process of allelic exchange.  First clones were identified with pRMJ14 recombined 

into the chromosome, and then mutants where the ∆bsrV allele had replaced bsrV were identified 

based on screening for the loss of antibiotic resistance conferred by the integrated pRMJ14, which 

could either result in allelic replacement or reversion to wild type. The second step of allelic 

replacement of bsrV with ∆bsrV was performed with exogenous D-Ala added to the LBS medium 

at 40 µg/mL. Allelic exchange was confirmed in the ∆bsrV mutant, KL3, by PCR with primers 

MNC22 and MNC23. 

 To generate a complementation vector, bsrV was PCR amplified using primers KAL1 and 

KAL2, and the fragment was cloned into pCR-BluntII-TOPO (Invitrogen). Digestion of the 

resulting plasmid with NheI removed the bsrV fragment, which was ligated into NheI-linearized 

pVSV105, a low-copy shuttle vector derived from a native V. fischeri plasmid. Sequencing 

confirmed the bsrV sequence in the resulting plasmid, pKAL6, which was then mobilized into KL3 

(∆bsrV) and ES114 (wild type).  
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Table 2.1. Bacterial strains, plasmids, and oligonucleotides 

Strain or 
Plasmid 

Genotypea Source 

Escherichia coli 
DH5α φ80dlacZ∆M15∆ (lacZYA-ARGF)U169 deoR supE44 

hsdR17recA1 endA1 gyrA96 thi-1 relA1 
(102) 

DH5α λpir λpir derivative of DH5α (101) 
Vibrio fischeri 
ES114 Wild-type isolate from Euprymna scolopes light organ (79) 
KL3 ES114 ∆bsrV This study 
AKD200 ES114 mini-Tn7 insertion; camR (28, 106) 
Select Plasmidsb 

pCR-BluntII-
TOPO 

oriVColE1, kanR Invitrogen 

pEVS104 CC118 𝜆 pir conjugative helper plasmid, oriVR6Kλ, 
oriTRP4, kanR, lacZα 

(83) 

pVSV105 Conjugative helper plasmid, oriVR6Kλ, oriVpES213, 
oriTRP4, camR, lacZα 

(83) 

pEVS118 oriVR6Kλ, oriTRP4, camR (101) 
pRMJ13 Downstream region and upstream region of Vf_0735 

(bsrV) cloned into Blunt-II-TOPO. 
R.M. Jones 

pRMJ14 Fusion of pRMJ13 and pEVS118 to form ∆bsrV allele R.M. Jones 
pKAL4 bsrV from ES114 cloned into pCR-Blunt II-TOPO This study 
pKAL6 bsrV from ES114 subcloned into pVSV105 This study 
Oligonucleotidesc 

RJ14 GGGTCATCATGCAGTAGCGA R.M. Jones 
RJ28 AATGTCGACCATAAACAACCGTTTTTATATAAT

AATTATTTCG 
R.M. Jones 

RJ29 ATTGTCGACTAGACGTCGGGTTGCACCAATTTA R.M. Jones 
RJ30 TAAAAACCGTTTTCATAAAGGAGATTCTTG R.M. Jones 
MNC22 GGTTAAAAAAACGACGATATATAATTCCC M. Coppinger 
MNC23 GTACCTAATTATTCTTACTTAAATTGGTGC M. Coppinger 
KAL1 CATGCTAGCGGTTAAAAAAACGACGATATATA

ATTCCC 
 This study 

KAL2 CATGCTAGCGTACCTAATTATTCTTACTTAAAT
TGGTGC 

 This study 

aDrug resistance abbreviations used: camR, chloramphenicol resistance (cat); kanR, kanamycin 
resistance (aph). 
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bStrain ES114 was the source of sequences cloned from V. fischeri. Replication origin(s) (oriV) on 
each vector are listed as R6Kγ, ColE1, and/or pES213. Plasmids based on pES213 are stable in V. 
fischeri and do not require antibiotic selection for maintenance (Dunn 2006). 
cAll oligonucleotides are shown in the 5’ to 3’ orientation. Underlined regions highlight restriction 
enzyme recognition sites added to facilitate cloning.  
 

Bioinformatic analysis of BsrV. Gene sequences for bsrV and alr in different bacteria 

were found by querying the sequences for BsrVVc (VC1312) and/or BsrVVf (Vf_0735) against the 

KEGG genome database, and also by using keywords “Bsr” and “Alr” to search annotations within 

that database (107, 108). Potential inverted repeats and terminators were investigated using either 

TransTermHP predictions based on whole genomes or with Pattern Locator (109, 110). Signal 

peptide predictions were made using SignalP-5.0 (111). Geneious 10.2.6 was used to generate a 

phylogenetic tree of BsrV and Alr homologs as well as to determine percent similarity from 

sequence alignments (www.geneious.com). SyntTax was used to assess conserved gene location 

of BsrV orthologs (112). 

Assay for D-amino acids. The strains ES114 (wild type) and KL3 (bsrV mutant) along 

with both strains containing plasmids pVSV105 (control vector) and pKAL6 (bsrV in pVSV105) 

were grown in 25 mL of LBS or minimal medium in 125 mL flasks shaking (200 RPM) at 28°C. 

Samples were collected at 0 h, 3-6 h (mid-log phase), and 27 h (stationary phase), pelleted, and 

supernatants were filtered using 0.22 µM filters. These filtrates were assayed for concentration of 

D-amino acids using the Total D-amino acid assay kit using manufacturer instructions (BioVision, 

Milpitas, CA). The assay uses D-amino acid oxidase, which produces H2O2 upon oxidizing D-

amino acids, and fluorogenic detection of H2O2 to indirectly quantify D-amino acids. 

Growth measurements.  Bacterial growth was assessed by adjusting dense cultures to an 

optical density of 1.0 at 600 nm (OD600) and subculturing (1:100 or 1:1000) into 200 µL of fresh 

medium in 96-well plates. Cultures were grown shaking (200 RPM) at 28°C, and the OD600 was 
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measured every hour using a BioTek Synergy 2 plate reader (BioTek, Winooski, VT).  To assess 

growth in low-salt media, strains were grown first in LBS, then subcultured into LBS modified to 

contain the designated concentration of NaCl ranging from 30 mM to 400 mM. Unmodified LBS 

contains 342 mM NaCl.   

PG preparation and analysis. Strains were grown to stationary phase overnight (~20-24 

h) with shaking (200 RPM) at 28°C in 400 mL of media in 2L flasks. The samples were then 

chilled on ice for 10 min and centrifuged at 4°C at 10,000 x g for 15 minutes. Pellets were 

resuspended in 4 mL of cold water, cell suspensions were dripped into 50 mL boiling 4% SDS 

with continuous stirring, boiled for 30 min, and the resulting solution allowed to cool to room 

temperature. Samples were then centrifuged at 130,000 x g for 60 min at room temperature, 

superanatants discarded, and the pellet resuspended in 15 mL water. Centrifugation at 130,000 x 

g for 60 min and washing in 15 mL water was repeated until SDS was undetectable. Detection of 

SDS in the supernatant was assayed using methylene blue and chloroform (113). The final 

peptidoglycan pellet was resuspended in 1 mL of water and stored at -20°C. Amino acid and 

muropeptide analyses were performed by our collaborator Dr. David Popham (Virginia Tech) 

using HPLC as previously described (114).  

Squid colonization. E. scolopes juvenile squid were inoculated with individual V. fischeri 

strains, ES114 (wild-type) or KL3 (∆bsrV), within 4 h of hatching as previously described (94). 

The V. fischeri strains were grown in ASWT to an OD600 of 0.3-0.7 and diluted in Instant Ocean 

(United Pet Group Inc., Cincinnati, OH) to achieve between ~1000-2000 CFU/mL, then was plated 

on LBS to determine the actual inoculum density, which was similar for each strain in each 

experiment. Between 4 and 20 squid were added to 100 mL of filter-sterilized Instant Ocean® and 

then inoculated with either a strain of interest or no bacteria as an aposybiotic control. Water was 
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replaced with fresh filter-sterilized Instant Ocean every 12-24 h.  After 48 h post-inoculation, squid 

were homogenized and the homogenates were serially diluted and plated to determine CFU per 

squid.  

Mutant competitiveness was tested using competitive colonization assays where squid that 

had hatched between 4 h – 24 h were exposed to a ~1:1 ratio of AKD200 (ES114 with a 

chloramphenicol marker that does not appear to affect fitness) and KL3 (∆bsrV) which each had 

been grown to an OD600 between 0.3 and 0.7. Water was replaced with fresh filter-sterilized every 

12-24 h, and the squid were collected after 48 h infection. Squid were then homogenized, serially 

diluted, plated, and finally patched to LBS plates supplemented with chloramphenicol to determine 

the ratio of AKD200 to KL3. The relative competitiveness index (RCI) was determined by dividing 

KL3 to AKD200 ratio in each individual squid by the ratio of these strains in initial inoculum. 

Average RCI and statistical significance were calculated using log-transformed data. An RCI < 1 

indicates the mutant strain was outcompeted by the wild-type, an RCI > 1 indicates the wild-type 

was outcompeted by the mutant, and an RCI = 1 indicates no competitive difference between the 

strains. 

Competition in mixed cultures. KL3 (∆bsrV) was competed against the camR-marked 

strain AKD200 (see competitiveness assays in squid above). Individual strains were grown to mid-

log phase (OD600= 1.5), mixed ~1:1, and the culture was dilution plated and patched onto plates 

with chloramphenicol to determine the starting ratio of KL3 and AKD200. The mixed co-culture 

was subcultured 210-fold and regrown to a similar OD600 to achieve ten generations of growth.  An 

aliquot of the culture was then serially diluted and plated on LBS. The following day colonies were 

patched to LBS plates with and without chloramphenicol supplementation to determine the strain 

ratio after ten generations. The process of subculturing, regrowth, plating, and patching was 
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repeated for later generations. The RCI of the mutant strain was calculated as described above. 

ES114, the unmarked wild-type strain, was also competed against AKD200 using this method as 

a control to test whether the camR marker in AKD200 affected fitness. 

 

RESULTS 

Bioinformatic analysis of BsrV homologs in Vibrio species.  Previous studies indicated 

bsrV is found in other bacteria (15), and our query of updated databases confirmed and extended 

those results. Vibrio mimicus, a closely related species to V. cholerae, contains a BsrVVc homolog 

with 99% protein similarity to BsrVVc, while the BsrV encoded by V. fischeri, BsrVVf, exhibits 

only 85% protein similarity to BsrVVc. Many Vibrio species have protein sequence similarity 

between 90 to 99% to BsrVVc, including V. alginolyticus, V. antiquaries, V. diabolicus, V. furnissii, 

V. vulnificus, and V. coralliilyticus. When presented in a tree constructed based on protein 

sequence, the BsrV homologs from these organisms cluster more closely to the archetypal BsrV 

of V. cholerae than to BsrVVf  (Figure 2.1). The BsrV homologs that most closely align with BsrVVf 

are encoded in the genomes of V. wodanis, V. logei, and V. finisterrensis, each of which have a 

BsrV ortholog with 90 to 99% sequence similarity to BsrVVf (Figure 2.1). This analysis indicates 

that there are two distinct lineages of BsrV orthologs and these genetic differences may confer 

differences is function and cellular role.   

BsrV belongs to the alanine racemase protein family, and one might expect homology 

searches with BsrV to return proteins that are alanine-specific racemases (Alr), which are 

widespread and used for the D-Ala biosynthesis required in PG biosynthesis.  To gain perspective 

into the degree of relatedness between the putative broad-spectrum racemases (BsrVs) above 

relative to BsrVVc or to the more common alanine racemases, we included Alr sequences in our 
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analysis. As reported previously, the protein identity between BsrVVc and this bacterium’s Alr 

racemase is around 28%. This trend is consistent with small differences in all Vibrio species that 

contain both a BsrV ortholog and Alr (15). Moreover, despite belonging to the same family of 

racemases, the proteins annotated as Alr and BsrV clearly cluster distinctly from each (Figure 2.1).   

Enzymatically similar broad-spectrum racemases from bacteria outside the Vibrionaceae 

were also included in this analysis. The Bsr’s from P. mirabilis, P. putida, and P. taetrolens cluster 

together and appear distinct from the Bsr’s found in the Vibrionaceae (Figure 2.1) and are no more 

closely related to BsrVVc or BsrVVf. The two racemases with broad substrate specificity in the 

Gram-positive bacterium O. oeni appear as their own cluster and were as related to the 

enzymatically specific Alr’s as to the other Bsr’s investigated (Figure 2.1).  
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Figure 2.1. Phylogenetic tree of BsrV and Alr homologs within the Vibrionaceae family and 
other organisms. (Top) Alr homologs from various species. (Bottom) Bsr and BsrV homologs 
from various species. Alr and BsrV homologs from V. fischeri and V. cholerae are distinguished 
in bold text (BsrV.vfi and BsrV.vch respectively). The scale bar indicates 0.1 amino acid 
substitutions per site. Proteins marked with an asterisk are Bsr’s enzymatically similar to BsrV and 
contained within non-Vibrio-related species. Species are abbreviated as V. fischeri ES114 (Vfi), 
V. wodanis (Awd), V. cholerae (Vch), V. parahaemolyticus (Vpa), V. alginolyticus (Vag), V. 
antiquaries (Vex), V. diabolicus (Vdb), V. furnissii, (Vfu), V. nigripulchritudo (Vni), V. 
anguillarum (Van), V. coralliilyticus (Vcy), V. mimicus (Vmi), V. qinghaiensis (Vqi), V. 
neocaledonicus (Vnl), V. vulnificus (Vvu),V. fluvialis (Vfl), Photobacterium profundum (Ppr), V. 
logei (Vlo), V. finisterrensis (Vfn), V. sifiae (Vsi), V. EL58 (Vel), Photobacterium aquae (Paq), 
Photobacterium marinum (Pma), P. mirabilis (Pmr), O. oeni (Ooe), P. putida (Ppu), P. taetrolens 
(Pstr). 
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In V. cholerae, BsrVVc was reported to be a periplasmic protein, and we used SignalP-5.0 

(111) to predict whether other BsrVs contained signal peptides that would direct their export. With 

one exception, all Vibrionaceae BsrV orthologs including BsrVVf have predicted signal peptides, 

suggesting export from the cytoplasm using the Sec translocon and cleavage by Signal Peptidase 

I. The one exception was the BsrV encoded by P. profundum, which lacked a predicted signal 

peptide to direct secretion. Like the Bsr orthologs from most Vibrio species, the Bsr-like proteins 

from the non-Vibrio species P. taetrolens, P. putida, and P. mirabilis also have predicted signal 

peptides, with the latter using a lipoprotein signal peptide to direct transport by the Sec translocon 

and cleavage by Signal Peptidase II. Neither of the two Gram-positive O. oeni Bsr orthologs nor 

Vibrionaceae Alr’s contain predicted signal peptides.  

Interestingly some notable Vibrio species do not encode BsrV homologs at all within their 

respective genomes, while other members of the Vibrionaceae encode two putative BsrV proteins. 

Examples of Vibrio species that do not possess functional BsrV orthologs include V. salmonicida, 

where a transposon interrupts the CDS 290 bp into the gene (Figure 2.2), as well as those that do 

not contain any evidence of a BsrV ortholog including V. harveyi, V. profundi, and V. campbellii. 

On the other hand, species that contain more than one BsrV homolog include V. parahaemolyticus 

and Photobacterium profundum, and in these bacteria one BsrV more closely clusters with BsrVVc 

and the other more closely resembles BsrVVf (Figure 2.1).  

Because gene location and context can provide clues for function and evolutionary 

relationships, we investigated the synteny of bsrV within Vibrio species. bsrVVf is located between 

dinB and pepD, which encode DNA polymerase IV and an aminoacyl-histidine dipeptidase, 

respectively. This arrangement of genes around bsrVVf (Figure 2.2) is only conserved among the 

species that encode BsrV orthologs with the highest identity to BsrVVf, and its context does not 
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suggest a functional role (Figure 2.1). An alternate genetic configuration was seen for V. cholerae 

and the bacteria encoding the most similar orthologs to BsrV. These bacteria share an arrangement 

with a gene encoding a methyl-accepting chemotaxis protein upstream of bsrV and some variation 

of an amino acid transport gene downstream (Figure 2.3). The genes encoding methyl-accepting 

chemotaxis proteins found upstream of bsrV’s in BsrVVc-like organisms appear to contain a Tar-

/Tsr- domain which, in related chemoreceptors in E. coli allows for chemotaxis towards Asp and 

Ser, respectively (115).  The transporters encoded downstream of bsrVVc appear to be permeases 

involved in amino acid transport. This co-localization of bsrV with proteins involved in amino acid 

transport and chemotaxis may be clues into BsrV’s functional role for the cells. Further 

downstream of V. cholerae-like bsrV’s, is a TyrR-type transcriptional regulator. While BsrV is 

unable to act in vitro on Tyr or other aromatic amino acids (15), this putative regulator may control 

the transcriptional regulation of either bsrV or nearby genes related to amino acid transport and 

chemotaxis. P. profundum and V. fluvialis contain bsrV in distinct genetic arrangements (data not 

shown).  

During this study, we had significant difficulty PCR amplifying across bsrVVf in order to 

distinguish clones with the ∆bsrV allele. Upon investigating the genome sequence for insight into 

this obstacle, we found a pair of 37-bp inverted repeats (74 bp total) located 44 bp after the stop 

codon of bsrV where the reverse primers we initially tried for confirmatory PCR would bind 

(109). After changing the PCR protocol to include a reverse primer that binds between the BsrV 

CDS and the inverted repeat, we were able to successfully amplify bsrV with colony PCR or 

purified genomic DNA as template to confirm allelic exchange during strain construction (see 

Materials and Methods). We then sought to determine if this genomic feature is unique to bsrVVf 

or if it is conserved in other Vibrio species. We found that some other Vibrio species, including 
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V. cholerae, V. furnissi and V. vulnificus contain inverted repeats at least 55-bp in length either 

before or after bsrV, such as V. furnissi and V. vulnificus.  In V. cholerae, each repeat is 36 bp, 

which is approximately the same length as those found in V. fischeri, but its location is 

immediately before the CDS of bsrV and shares no apparent sequence identity with the repeat 

found in V. fischeri (Figure 2.2 & 2.3).  

 

Figure 2.2. Synteny of V. fischeri-like bsrV homologs. bsrV homologs (yellow arrows) in V. 
fischeri (bold, VF_0735), V. wodanis (AWOD_I_0706), and V. salmonocida (VSAL_IO971) are 
contained between dinB (green arrows) and pepD (blue arrows), which encode DNA polymerase 
IV and peptidase D, respectively. The bsrV homolog in V. salmonocida (VSAL_IO971) is 
interrupted by a transposase insertion (VSAL_IO972). The gene which encodes ProB, a glutamate 
kinase (light blue arrows), is found downstream of these bsrV homologs. A large inverted repeat 
(boxed sequence) was discovered downstream of bsrV in V. fischeri using TransTermHP and 
Pattern Locator. 
 

 

bsrVDNA polymerase IV Peptidase D Glutamate 5-kinase

Vibrio fischeri

Vibrio wodanis

Vibrio salmonocida a
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TTAAATTATAATTGC GTAAATAAAAAACGGTCAGC ATGT GCTGACCGTTTATTATTTAG TTAGATAGCATTATT
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Figure 2.3. Synteny of V. cholerae-like bsrV homologs. bsrV homologs (yellow arrows) in V. 
cholerae (bold, VC_1312), V. mimicus (AL543_15915), V. anguilarum (VAA_01439), V. 
qinhaiensis (CCZ37_06780), and V. diabolicus (AL552_7650) are contained between a Tar-/Tsr-
type chemotaxis protein (gray arrows) and an amino acid permease (green arrows). bsrV homologs 
in V. cholerae, V. mimicus, V. anguilarum, V. qinqhaiensis, and V. parahaemolyticus are all 
upstream of a Tyr-type transcriptional regulator (purple arrows) while V. alginolyticus, V. 
diabolicus, V. furnisii (Vfu_B00460), and V. vulnificus (VV2_0478) are all upstream of a LysR-
type transcriptional regulator (blue arrows). Large inverted repeats (boxed sequences) were 
discovered V. cholerae (upstream of bsrV) and V. vulnificus (downstream of bsrV) using 
TransTermHP and Pattern Locator. 
 

BsrV is responsible for the production of D-amino acids in V. fischeri supernatants. 

To determine if BsrV is responsible for D-amino acid production in V. fischeri, the concentration 

of D-amino acids was assayed in the supernatants of the wild type and the bsrV mutant along with 

both strains containing plasmids pVSV105 (control vector) and pKAL6 (bsrV in pVSV105). The 

assay relies on D-amino acid oxidase, which produces H2O2 upon oxidizing D-amino acids, and 

fluorogenic detection of H2O2 to indirectly quantify D-amino acids. First, we assayed supernatants 

Vibrio cholerae
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after 20 h of growth in LBS medium and found that D-amino acid content in supernatants of the 

bsrV mutant contained an amount of D-amino acids three orders of magnitude lower than 

supernatants of the wild-type parent and not significantly above background (data not shown) 

(Figure 2.4). When bsrV is provided in trans on a plasmid in the bsrV mutant, D-amino acid 

production was restored to wild-type levels (Figure 2.4, solid bars). However, when the wild-type 

and bsrV mutant were grown to similar densities for 24 h in minimal medium, which does not 

contain any exogenous L- or D-amino acids, accumulation of D-amino acids in the culture was not 

significantly above background for either the wild-type or the bsrV mutant (Figure 2.4, Striped 

bars). 

To determine how growth phase influenced D-amino acid production, we tested the amount 

of D-amino acid in the spent media of the wild type and the bsrV mutant over the course of growing 

a batch culture. Although the standard error was large in these experiments, the results indicate 

that V. fischeri produced D-amino acids throughout growth, rather than being restricted  to 

stationary phase, as was the case in V. cholerae (13).   Consistent with the results in Figure 2.4, 

the bsrV mutant produced significantly less D-amino acids than the wild-type (Table 2.2).  
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Figure 2.4. bsrV-dependent production of D-amino acids in V. fischeri. (Solid bars) D-amino 
acids were measured in culture supernatants of ES114 (wild-type) and KL3 (∆bsrV) along with 
both strains containing plasmids pVSV105 (control vector) and pKAL6 (bsrV in pVSV105) grown 
in LBS for 20 h at 28°C. (Striped bars) D-amino acids were measured in culture supernatants of 
ES114 (wild type) and KL3 (∆bsrV) grown in a defined minimal medium for 24 h at 28°C. Values 
shown are the averages of three experiments. Error bars indicate standard error. Values marked 
with asterisks indicates a significant difference relative to ES114 grown under the same conditions 
as determined by a Student’s T-test (Student’s T Test - p<0.0002). 

 

Table 2.2. bsrV-dependent D-amino acid production in V. fischeri during active growth 

  ES114 (wild type) KL3 (∆bsrV) 
Time (hr) OD600 [D-amino acid] µMa OD6002 [D-amino acid] µM 

0 0.0 10 [+/- 8] 0.0 0 [+/- 4] 
3 0.3 189 [+/- 99] 0.3 1 [+/- 5] 
5 1.7 451 [+/- 360] 1.6 5 [+/- 4] 
6 3.2 258 [+/- 70] 2.9 18* [+/- 15] 
27 9.3 110 [+/- 27] 9.8 0* [+/- 3] 
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a[D-amino acid] was measured in the supernatant of growing cultures using the fluorogenic total 
D-amino acid assay kit (BioVision, see Materials and Methods). Data represent the combined 
results of three independent assays, standard deviation is represented within brackets. Values 
marked with an asterisk indicate the concentration of D-amino acids was significantly different 
than that of the wild-type (p<0.05). 
  

 Altered PG observed in V. fischeri mutants lacking bsrV. Next, we investigated the PG 

structure in the bsrV mutant. PG from stationary phase cultures of ES114 (wild type) and KL3 

(bsrV mutant) and the mutant containing bsrV in trans (pKAL6) was isolated and analyzed via 

Reverse Phase HPLC. Analysis of muramidase-digested PG yielded two peaks (p1 & p2) in the 

wild type and the complemented strain that were absent in the bsrV mutant (Figure 2.5A-C). The 

compounds associated with these fractions were then analyzed by mass spectrometry (MS). 

Notably, many of the muropeptides contain anhydroNAM, which is a product of lytic 

transglycosylases that digest PG during changes in cell shape (116). This prevalence of 

anhydroNAM may be due to the PG being from stationary phase cultures, which have been 

undergoing reductive division to yield smaller cell size. Peak p2, which is absent in the bsrV 

mutant, gives a mass that is expected for a muropeptide containing Met in place of Ala (Figure 

2.5D and F). This substitution was observed previously in both V. cholerae and Escherichia coli 

wild-type stationary phase PG when cells were grown in the presence of exogenous D-Met (13, 

31). Usually, additional fragmentation of the muropeptides will cause a loss and separation of D-

Ala from the muropeptide, which can be observed through MS analysis. Curiously, additional 

fragmentation of p2 did not result in an analogous loss of D-Met, which may indicate that D-Met, 

or whatever has been substituted at this position, is not as subject to loss as is D-Ala.  

MS data for p1, which is also absent in the bsrV mutant, appears as a shoulder on a peak 

corresponding to a normal muropeptide that has a very similar retention time to peaks present in 

all three strains. However, p1 has a mass 106 Daltons greater than the adjacent conserved peak, 
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and this mass fragments with the m-DAP residue, indicating it is attached to the third position of 

the peptide (Figure 2.5D and E). Additional fragmentation of peaks and MS analysis is necessary 

to determine the identities of these muropeptide modifications in p1.  

 

Figure 2.5. Altered peptidoglycan structure in bsrV mutant in V. fischeri. (A-C) Reverse 
Phase-HPLC analysis of stationary phase peptidoglycan from ES114 (wild-type), KL3 (∆bsrV), 
and KL3 + pKAL6 (∆bsrV with wild-type bsrV on a low-copy plasmid in trans). (D) Peak 11, a 
canonical muropeptide found in stationary phase peptidoglycan of all strains. It’s predicted 
structure is NAG-NAMOH ~ Ala-Glu-m-DAP-Ala ~ Ala-Glu-m-DAP-Ala ~ NAG-NAMOH. (E) 
Peak 10, an altered muropeptide absent in the bsrV mutant and found only in stationary phase 
peptidoglycan of ES114 and KL3 + pKAL6. The predicted structure is NAG-NAMOH ~ Ala-Glu-
m-DAP-Ala ~ Ala-Glu-m-DAP-R ~ anhydro-N-acetylmuramic acid, where R is an unknown 177-
Dalton moiety (dashed box). (F) Peak 19, an altered muropeptide absent in the bsrV mutant and 
found only in stationary phase peptidoglycan of ES114 and KL3 + pKAL6. The predicted structure 
is NAG-NAMOH ~ Ala-Glu-m-DAP-Ala ~ Ala-Glu-m-DAP-Met ~ anhydro-N-acetylmuramic 
acid. All predicted structures (D-F) based on mass spectrometry analysis courtesy of collaborator 
Dr. David Popham. 
 

V. fischeri mutant lacking bsrV is less tolerant to low-salt conditions. A V. cholerae 

bsrV mutant was three-fold more sensitive to osmotic challenge, and we tested if this effect 
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occurred in V. fischeri (13). The V. fischeri strains ES114 (wild type) and KL3 (bsrV mutant) along 

with both strains containing plasmids pVSV105 (control vector) and pKAL6 (bsrV in pVSV105) 

were grown in rich medium (LBS) with variable salt concentrations for 24 h. At low NaCl 

concentrations, between 30-50 mM NaCl, the bsrV mutant showed decreased growth compared to 

the wild type, and the presence of bsrV in trans restored growth approximately to wild-type levels 

(Figure 2.6). Above 60 mM NaCl, there were no observable differences between the mutant and 

the wild type. This result is consistent with the low-salt sensitivity of a V. cholerae bsrV mutant, 

although in that study osmotolerance was measured as survival after an osmotic challenge only in 

stationary phase (13).  

 

Figure 2.6. bsrV mutant exhibits decreased tolerance to low-salt media compared to wild-
type. ES114 (wild-type, black), KL3 (∆bsrV, yellow), KL3 + pKAL6 (∆bsrV + pbsrV, blue), and 
KL3 + pVSV105 (∆bsrV + control vector, brown) were grown in LBS with varying [NaCl] to test 
tolerance in low salt environments. (A) Growth of strains in 30 mM NaCl LBS, (B) Growth of 
strains in 40 mM NaCl LBS, (C) Growth of strains in 60 mM NaCl LBS, and (D) 400 mM NaCl 
LBS. Strains were grown for 6 h, and sub-cultured into 200 uL of indicated LBS medium in a 96-
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well plate, grown for 24 h shaking (200 RPM) at 28°C, and OD600 was measured every hour. 
Values shown are averages of three experiments and error bars indicate standard error.  

 

BsrV is not essential for light-organ colonization in the Vibrio-Euprymna symbiosis. 

We tested whether BsrV contributes to ES114’s ability to establish symbiotic infection and found 

that the bsrV mutant had no obvious defect in colonization of the squid for the first 48 h of infection 

(Figure 2.7A). Some subtle colonization defects are only evident during competition, and 

competition experiments have the advantages that strains colonize the same animals, eliminating 

error due to animal to animal variability (117, 118). To test the mutant’s competitiveness, it and a 

chloramphenicol-resistant derivative of ES114 (AKD200) were mixed ~1:1 and exposed to the 

squid over 48 h. The marker in AKD200 is convenient for determining strain ratios but does not 

appear to affect symbiotic fitness (117).  The ratio of the strains within the E. scolopes light organ 

was determined on the second day after the infection. We found that like the single-strain 

inoculation, the colonization competitiveness was similar for both AKD200 and the bsrV mutant 

(Figure 2.7B). These findings illustrate that BsrV is not necessary to infect E. scolopes and does 

not play an apparent role during the first 48 hours of colonization. 
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Figure 2.7. Colonization of E. scolopes by bsrV mutant and wild type. (A) Average colonization 
levels in CFU V. fischeri per squid 48 h after inoculation with wild-type (ES114; solid triangles, 
left bar) and ∆bsrV (KL3; open triangles, right bar). Treatments are not significantly different 
(p=0.427). Bars indicate the standard deviation (n= 30 for wild-type and 29 for ∆bsrV). (B) 
Relative competitiveness between AKD200 (a camR-marked ES114) and bsrV mutant (KL3) 
during colonization of E. scolopes. Juvenile squid exposed to a mixed (~1:1) inoculum of wild-
type and mutant, and the relative competitiveness was determined after 48 h infection. Circles 
represent the relative competitiveness index (RCI) in each infected animal (n=89).  Open circles 
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represent animals that were singly infected by one strain with the other below the limit of detection. 
The red triangle represents the average RCI (0.7675). 
 

 The V. fischeri bsrV mutant out-competes wild type in culture. We also investigated 

the competitive fitness of the bsrV mutant in culture. We competed KL3 (bsrV mutant) against the 

marked-competitor strain AKD200 starting from a ~1:1 inoculum ratio in LBS medium and found 

that over time, the bsrV mutant consistently outcompeted AKD200 with the average RCI greater 

than 1 and a 6.06% fitness advantage per generation (Figure 2.8, solid triangles). This surprising 

result prompted us to test if AKD200 (mini-Tn7 CmR) was outcompeted due to the resistance 

marker. To test this possibility, we competed the wild-type strain ES114, which was the parent for 

both KL3 and AKD200, against AKD200. We found that over 50 generations ES114 did not have 

any fitness advantage over AKD200 (Figure 2.8, open circles). This validates our finding that the 

bsrV mutant outcompetes wild type in culture. 

 

Figure 2.8. V. fischeri bsrV mutant outcompetes wild type in culture. (Triangles) To determine 
the relative fitness of KL3 (∆bsrV) compared to wild-type, KL3 was co-cultured with AKD200 
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(wild-type, mini-Tn7 CmR) with an initial ~1:1 ratio. Every 10 generations the relative competitive 
index was determined through the ratio KL3 to AKD200. Values represent averages of three 
experiments and error bars are standard error. (Open circles) ES114 (laboratory wild-type strain) 
was competed against AKD200 (mini-Tn7 CmR) to determine validity of using AKD200 as a 
wild-type strain. Strains were initially co-inoculated in a ~1:1 ratio, and every 10 generations the 
relative competitive index was determined through the ratio of ES114 to AKD200. Values 
represent averages of biological replicates in one experiment and error bars are standard error. A 
linear regression on logarithmic data yields a slope 1.0602, indicating a 6% fitness advantage per 
generation with an R2 = 0.99.  
 

DISCUSSION 

Over the past two decades, NCDAA production by BsrV has been of considerable interest 

in the pathogenic organism, V. cholerae (5, 13-15). As many Vibrio species contain BsrV 

orthologs, we sought to investigate the roles of the racemase in a closely related organism, V. 

fischeri. V. fischeri is a model organism that is not only safer to study as a BSL-1 organism, but 

also participates in a unique, mutualistic relationship; the light-organ symbiosis between V. fischeri 

and E. scolopes (86). Here, we show that BsrV orthologs are found in the genomes of diverse 

Vibrio species and report the physiological similarities and differences between the role of BsrV 

in V. fischeri and the more extensively studied BsrVVc in V. cholerae. In addition to previously 

reported functions of BsrV in increased resistance to osmotic stress, we found that it played no 

discernible role during establishment of the Vibrio-Euprymna mutualism, and it carried some 

fitness cost during growth in LBS medium.  

Because diverse organisms produce NCDAAs and contain BsrV homologs (13, 15), we 

sought to more closely investigate the relatedness of orthologs, gene context, and gene structure 

of bsrV’s within Vibrio species. Our findings suggest that BsrV is conserved among many but not 

all Vibrios. Based on protein similarity, the BsrV orthologs within the Vibrionanceae can be 

divided into two main groups, one represented by V. cholerae BsrV and the other by V. fischeri 
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BsrV (Figure 2.1-2.3). Many of the bsrV’s that are more similar to the V. cholerae ortholog are 

localized near amino acid transporters and chemotaxis proteins, providing some clue into BsrV’s 

role with respect to D-amino acid production (Figure 2.3). Interestingly, V. parahaemolyticus 

(vpa), Photobacterium profundum (ppr) contain two BsrV homologs, one in each of these protein 

clusters (Figure 2.1). The enzymatically similar Bsr’s from non-Vibrio species such as P. mirabilis, 

P. putida, and P. taetrolens appear to be more related to the orthologs of each other than to those 

contained within Vibrio species. We suspect that the sequence differences between BsrVs may be 

reflected by functional differences and contribute to the subtly distinct roles we observed for 

BsrVVf and BsrVVc. 

In V. cholerae, BsrV is the primary producer of NCDAAs, such as D-Met and D-Leu, 

during stationary phase. These are incorporated into the PG of stationary phase cells (13). Here, 

we report that BsrV in V. fischeri is similarly responsible for D-amino acid accumulation in 

supernatants of stationary phase cultures (Figure 2.4). However, we observed that D-amino acid 

production is not a uniquely stationary phase phenomenon.  Rather, we report evidence that BsrV 

produces D-amino acids during active growth (Table 2.2). We also found that neither the wild type 

nor bsrV mutant produced D-amino acids above background levels when grown to similar densities 

in minimally defined medium, suggesting the presence of a necessary substrate or induction 

molecule for BsrV in rich medium (LBS). Further work is necessary to elucidate the identity of 

this unknown and necessary component of LBS for BsrV’s function. Future work in V. fischeri 

requires an investigation into the identities of the NCDAAs produced by BsrV during exponential 

and stationary phase, and a comparison to that of other organisms with bsrV orthologs.  

Previously, it was hypothesized that the incorporation of BsrV-produced D-amino acids 

regulates the quantity and strength of the peptidoglycan to ameliorate the stresses that arise during 
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the transition to stationary phase (13). When previously tested in V. cholerae, a bsrV mutant was 

more sensitive to osmotic challenge than the wild type. Osmotolerance was measured through 

survivability after challenging stationary-phase cells to low-salt conditions, because in V. cholerae 

BsrV expression appeared restricted to stationary phase. We attempted this method for testing 

osmotolerance in V. fischeri but found it yielded inconsistent results (data not shown). Instead, we 

tested osmotolerance in V. fischeri by comparing growth in media with varying salt concentrations. 

We demonstrated that low-salt conditions caused attenuated growth in the bsrV mutant at all 

growth stages of batch culture (Figure 2.6). The bsrV mutant showed growth deficiencies in 30, 

40, and 50 mM NaCl but no difference to wild type in >60 mM NaCl. Thus, in both V. cholerae 

and V. fischeri, BsrV appears to play a role in tolerance to osmotic stress, but in V. fischeri this 

phenomenon is not unique to stationary phase (4). 

One way that D-amino acids might contribute to cell wall strength is by their incorporation 

into PG. Here, we report that as in V. cholerae (13), stationary phase PG of wild-type cells has 

subtly altered muropeptides  (Figure 2.5). Two peaks observed in wild-type peptidoglycan are 

missing from the bsrV mutant. Based on fragmentation and mass spectrometry data of these peaks, 

we hypothesize that one of the peaks (p2, Figure 2.5F) represents a muropeptide with D-Met 

incorporated into the peptide chain in place of D-Ala. The other peak missing from the bsrV mutant 

(p1, Figure 2.5) gives less conclusive fragmentation/MS data. The peak’s retention time and mass 

is very similar to a canonical muropeptide with an additional mass of 106 Daltons. During MS 

analysis, the unknown, additional 106-Dalton mass fragments with m-DAP, indicating that the 

additional mass is attached to this residue in the peptide (Figure 2.5E). Additional fragmentation 

does not yield the loss of Ala (70 Daltons), which is common with normal muropeptides. This 

indicates that the substituted moiety is not as subject to loss as Ala is in a canonical peptide and is 
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approximately 177 Daltons. The 177-Dalton moiety does not correspond to any known 

proteinogenic amino acid. It is possible that the incorporation of a non-proteinogenic amino acid 

or more than one amino acid into the muropeptide occurs in strains that have BsrV, and further 

investigation is warranted to test this possibility. Growing cells in exogenous L-amino acids such 

as L-Met or L-Leu may concentrate D-amino acids produced through BsrV, enhancing 

incorporation into muropeptides. In theory, this approach would make these non-canonical PG 

peaks easier to observe by HPLC and mass spectrometry. Given that BsrV functions to produce 

D-amino acids and maintain osmotolerance in all active growth stages, (Figure 2.4 & Figure 2.6), 

further work is warranted to analyze PG structure of exponentially growing wild-type and bsrV 

mutant cells.   

Members of the Vibrionaceae are well known for their associations with animals, and we 

sought to use the symbiotic relationship between V. fischeri and E. scolopes to test for a role of 

BsrV in one of the bacteria-host interactions. We were unable to observe any attenuation in 

colonization by the mutant in either individual or competitive contexts (Figure 2.7), therefore 

BsrV’s role in V. fischeri appears to lie outside of the mutualism, or at least the first 48 hours of 

its establishment. NCDAAs have previously been implicated in their role to regulate microbial 

community dynamics through D-Arg inhibition of Caulobacter crescentus in a synthetic 

community. Alvarez et al. found that V. cholerae cells lacking bsrV were unable to inhibit C. 

crescentus in the same way that wild-type cells could, and this effect was attributed to D-Arg (5).  

Future work should explore how BsrV-produced D-amino acids may benefit V. fischeri in 

microbial communities even though we find no evidence of an influence on the microbe-animal 

mutualism.    
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 When competing the bsrV mutant against the wild type in culture, we find the wild-type 

strain has a competitive deficiency and the bsrV mutant demonstrates a 6% fitness advantage per 

generation. This work establishes a previously unknown fitness cost to producing BsrV and/or 

NCDAAs (Figure 2.8). Our bioinformatic analysis also uncovered that the BsrV homolog in V. 

salmonocida is interrupted by a transposon (Figure 2.2). This disruption of bsrV may eliminate a 

fitness disadvantage like the one we observed for V. fischeri in Figure 2.8. This fitness cost of bsrV 

in V. fischeri (Figure 2.8) could be related to the conversion of usable L-Amino acids into less 

directly useful D-forms, the depletion of PLP, which is a common coenzyme for many proteins, 

or the alteration of PG by the incorporation of  NCDAAs. Competing a V. fischeri mutant with a 

largely intact but enzymatically inactive BsrV against the wild type would allow us to determine 

if transcription and/or translation is related to this fitness cost, or if an active enzyme is required. 

The co-culture experiment required cells to compete in a rich, oxygenated environment through 

mid-log phase growth, where resources are plentiful. Competing wild type against the bsrV mutant 

in minimally defined medium would give more clues as to which environments make BsrV most 

costly (or most beneficial). Further investigation into this fitness cost in other Vibrio’s with BsrV 

orthologs, such as V. cholerae, is also necessary to determine if this cost is unique to V. fischeri or 

if it is conserved.   

Regulation may be a key factor influencing the differences between V. fischeri and V. 

cholerae BsrV enzymes. The absence of D-amino acid production by the wild type in minimally 

defined medium indicates the absence of a necessary substrate or inductor for BsrV’s function. 

Additionally, our observations that BsrV’s role extends beyond stationary phase indicates that 

expression of BsrV in V. fischeri may not be regulated through RpoS as it is in V. cholerae. qRT-

PCR could be used to test if BsrV is, in fact, regulated by RpoS by measuring the relative 
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transcription of bsrV over time in strains that contain and lack RpoS. Finally, further exploration 

into the role of the large inverted repeat after the CDS of bsrV is necessary to determine its 

contribution to regulation of bsrV (Figure 2.2 & 2.3). The inverted repeat’s regulatory role could 

be explored by removing the repeat from the genome of both wild-type and bsrV mutant strains 

and indirectly tested through assessing previously observed phenotypes (e.g. D-amino acid 

production and/or structural changes to PG) or directly through measuring bsrV mRNA via qRT-

PCR.  

The similarities and differences between the previously studied BsrV of V. cholerae and 

that of V. fischeri illuminate the importance of studying the varying biological roles of NCDAAs. 

Continued research elucidating novel roles for D-amino acids will shed light on many complex 

processes of the world that prokaryotes and eukaryotes evolved in. This study illustrates that BsrV 

orthologs between similar organisms can have distinct functions and provides a foundation for 

more comprehensive research on BsrV-produced D-amino acids.  
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CHAPTER 3 

CONCLUSIONS AND FUTURE DIRECTIONS 

 The goal of this research was to gain a better understanding of the diverse roles D-amino 

acids serve in the context of prokaryotes. Many diverse microbial species contain BsrV orthologs 

that have the capability to produce abundant and diverse D-amino acids for varying biological 

purposes (5, 12, 13, 15). Production of these racemases and/or the roles for the D-amino acids 

they produce elicit a significant fitness cost, and the scope of their roles has yet to be thoroughly 

defined. This research expands on the current understanding of BsrV, which has primarily been 

explored in V. cholerae, by elucidating the similarities and differences between its homolog in V. 

fischeri.  

Bioinformatic analysis revealed that numerous Vibrio species contain BsrV orthologs. 

Based on both phylogenetic analysis and on gene synteny, we found that Vibrio BsrV’s fall into 

one of two clusters, aligning more closely with either BsrVVc or BsrVVf. We hypothesize that the 

differences between these orthologs likely reflect somewhat divergent functions and may 

contribute to the differences we observe between BsrV’s from V. fischeri and V. cholerae.  

We found that as in V. cholerae, a V. fischeri bsrV mutant cannot produce wild-type 

levels of D-amino acids. We also found that wild-type V. fischeri was unable to produce D-

amino acids in minimal medium that contained no L- or D-amino acids, indicating that the 

production of D-amino acids by BsrV is dependent on the presence of exogenous L-amino acids 

in the environment. Determination of the identities and abundances of such BsrV-produced 

NCDAAs produced by V. fischeri’s BsrV is an essential next step in this investigation. Amino 

acid chirality can be analyzed using LC-MS and HPLC using columns designed to separate 
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based on chirality (119).  This approach will allow us to compare the specific products of BsrV 

from V. fischeri and previously reported D-amino acids produced by V. cholerae. I predict that 

the abundances of NCDAAs will be directly correlated to the corresponding exogenous L-amino 

acids present in the media. 

The bsrV mutant also suffers from growth defects in low-salt environments which was 

similarly observed in a V. cholerae bsrV mutant.  Collectively these observations reinforce the 

theory that that the production of D-amino acids contributes to the strength of the cell wall. 

Notably different from previous observations, is that the D-amino acid production and the low-

salt growth defect was not observed in only stationary phase, but also early in mid-log growth as 

well. There is no reported data on NCDAA production in mid-log growth in V. cholerae. 

Therefore, a more thorough investigation into growth-dependent production of D-amino acids in 

V. cholerae is an essential next step in determining if the mid-log BsrV phenotype is unique to V. 

fischeri. 

In both organisms, bsrV mutants have subtly altered PG structure compared to wild-type 

V. fischeri. Though we believe one of these alterations to be the incorporation of D-Met into the 

peptidoglycan peptide chain, there is an unidentified muropeptide that could be elucidated by 

further investigation. One such experiment that may shed light on these subtle PG alterations is 

to grow both the wild type and the bsrV mutant with large quantities of exogenous D-amino 

acids that we believe are produced, such as D-Met or D-Leu. This would allow us to see a larger 

percentage of muropeptides with the incorporation of specific and expected NCDAAs into the 

peptide chain. Additionally, it was previously demonstrated that there is a larger quantity of PG 

per cell in a V. cholerae bsrV mutant. Quantification of amount of PG per cell using ninhydrin 

(as described previously) (13) proved to be inconsistent in V. fischeri. This observation could be 
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explored more fully in V. fischeri to validate if in fact D-amino acids are governing both strength 

and quantity of PG during stationary phase. Additionally, investigation of muropeptides from 

pre-stationary phase wild-type and bsrV mutant cultures would clarify whether BsrV functions 

are unique to particular growth phases, and whether the differences seen in osmotolerance and 

D-AA production between V. fischeri and V. cholerae are reinforced with respect to PG 

alterations. 

Though hopeful to find a role for BsrV within a unique symbiotic model, we found that 

the benefit for such a fitness cost must exist outside the V. fischeri-E. scolopes mutualism as our 

data suggests BsrV is not essential for light organ infection. Surprisingly, we found that in 

culture the bsrV mutant outcompetes the wild type. This unexpected and previously unidentified 

phenomenon suggests a fitness cost for D-amino acid production by BsrV which may be related 

to the depletion of the usable L-Amino acid pool for protein synthesis, limited free PLP, or 

through the process of altering PG structure. 

Differences in regulation and expression of BsrV between V. cholerae and V. fischeri has 

not been explored. This is a necessary next step to illuminate the causes of the physiological 

differences we observe, such as the stationary phase versus mid-log phase D-amino acid 

production, of V. cholerae and V. fischeri orthologs, respectively. It is possible that V. fischeri’s 

BsrV is not regulated by RpoS, or that the large inverted repeat after the CDS of bsrV contributes 

to its expression.  

It is important to study the production of D-amino acids given their presence in the 

environment and the distinct activities they perform in the contexts of both prokaryotes and 

eukaryotes. While we expanded on the current understanding of D-amino acid production by 

BsrV, further research is required to reveal additional unique regulatory roles they serve. For 
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example, investigations into the mechanisms by which D-amino acids alter PG and confer 

osmotolerance are essential next steps to expand this body of knowledge. Understanding the 

nuanced regulatory roles of D-amino acids could have promising applications in medicine and 

environmental research. 
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