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Abstract

Yersinia pestis has evolved as a clonal variant of Yersinia pseudotuberculosis to cause flea-
borne biofilm—mediated transmission of the bubonic plague. The LysR-type transcriptional
regulator, RovM, is highly induced only during Y. pestis infection of the flea host. RovM
homologs in other pathogens regulate biofilm formation, nutrient sensing, and virulence;
including in Y. pseudotuberculosis, where RovM represses the major virulence factor,
RovA. Here the role that RovM plays during flea infection was investigated using a Y. pestis
KIM6+ strain deleted of rovM, ArovM. The ArovM mutant strain was not affected in charac-
teristic biofilm gut blockage, growth, or survival during single infection of fleas. Nonetheless,
during a co-infection of fleas, the ArovM mutant exhibited a significant competitive fitness
defect relative to the wild type strain. This competitive fithess defect was restored as a fit-
ness advantage relative to the wild type in a ArovM mutant complemented in trans to over-
express rovM. Consistent with this, Y. pestis strains, producing elevated transcriptional lev-
els of rovM, displayed higher growth rates, and differential ability to form biofilm in response
to specific nutrients in comparison to the wild type. In addition, we demonstrated that rovA
was not repressed by RovM in fleas, but that elevated transcriptional levels of rovM in vitro
correlated with repression of rovA under specific nutritional conditions. Collectively, these
findings suggest that RovM likely senses specific nutrient cues in the flea gut environment,
and accordingly directs metabolic adaptation to enhance flea gut colonization by Y. pestis.

Introduction

The bubonic plague causing bacillus, Yersinia pestis can be efficiently transmitted to a mamma-
lian host through the formation of a robust biofilm in the foregut proventriculus of its flea vec-
tor. To understand the molecular mechanisms that direct biofilm blockage in the flea, the
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transcriptional response of Y. pestis from blocked fleas in comparison to Y. pestis grown at tem-
perature-matched in vitro culture conditions was previously characterized [1]. It was observed
that the rovM gene encoding a LysR-type transcriptional regulator (LTTR), was highly upregu-
lated in the flea gut only [1].

The LTTRs comprise a large family in prokaryotes and regulate diverse sets of genes
involved in virulence, metabolism, motility and quorum sensing [2]. The Y. pestis RovM pro-
tein shares >65% overall identity with homologous LTTRs, LrhA/HexS/PecT/HexA, which
regulate biofilm formation, synthesis of adhesins, extracellular polysaccharide, motility, exoen-
zymes, and exolipids, amongst other essential virulence factors in pathogenic Escherichia coli,
Serratia spp., Erwinia spp. and entomopathogens, Photorhabdus temperata and Xenorhabdus
nematophila [3-8]. Unlike the entomopathogens P. temperata and X. nematophila however, Y.
pestis is avirulent to fleas [9].

Heroven et al. [10] determined that the RovM transcriptional regulator of Y. pseudotubercu-
losis, in response to specific environmental nutritional cues, is a key virulence regulator whose
elevated protein levels causes hypermotililty and an inability to disseminate to deeper tissues
during infection in mice [10]. Importantly, Y. pseudotuberculosis RovM is able to modulate the
activity of rovA, that encodes another major virulence transcriptional regulator that indirectly
controls cell invasion in gut tissues [10]. The RovM protein was able to repress rovA in mini-
mal medium [10], and this was mediated through the global metabolic regulatory protein,
CsrA and its associated regulatory non-coding RNAs [11]. Overall, the role of RovA in regulat-
ing virulence has been well defined in Y. pseudotuberculosis [10, 12], Y. enterocolitica [13, 14]
and Y. pestis [15]. Specifically, in Y. pestis, RovA has been shown to activate the pH 6 antigen
locus (psaEFABC), responsible for the synthesis and transport of the PsaA fimbriae that
enhance resistance to phagocytosis by macrophages; and both RovA and PsaA are required for
full virulence in a mouse model of bubonic plague [15]. Consistent with these findings, upregu-
lation of rovM in the flea was accompanied by significant downregulation of rovA and psaE
[1]. Conversely, rovA is >5 fold up-regulated while rovM is down-regulated during bubonic
plague [1].

Given the significance of RovM and its homologs in bacterial pathogenicity, we predicted
that that Y. pestis RovM maintains conserved roles in regulating biofilm formation, repressing
rovA and/or its mammalian virulence regulon, and/or nutrient sensing to enhance Y. pestis
infection of the flea host. To test this we constructed a Y. pestis KIM6+ ArovM mutant and
characterized its role, in vitro, using assays that assessed its growth, biofilm formation and tran-
scription of both rovM and rovA, as well as, in vivo during flea gut infection to assess its bio-
film-mediated gut blockage and survival abilities. Our results indicate that the transcriptional
regulator RovM can regulate biofilm in response to specific nutritional cues, e.g. arginine, but
does not control rovA expression in the flea gut. Significantly, RovM expression appears to be
correlated with nutrient sensing and acquisition, and is important for efficient adaptation of Y.
pestis to the flea gut environment.

Materials and Methods

Bacterial strains, media and growth conditions

The bacterial strain used in this study was Y. pestis KIM6+, which lacks the 70-kb virulence
plasmid that encodes the T3SS [16]. All growth studies were performed at ~23°C using a Biosc-
reen C (Growth Curves USA, Piscataway, NJ) shaking incubator, following a prior successive
conditioning growth step in the chosen medium used in the study. In this study, besides the
rich complex LB medium, two chemically defined media for specific culture of Y. pestis were
used. The one is a complex defined medium called TMH [17] and the other is a minimal
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medium, which we refer to as Sebbane minimal media (SMM) [18]. Both of the Y. pestis
defined media serve as a base medium to which a novel carbon or nitrogen source can be
added. The TMH medium promotes biofilm formation in Y. pestis and is supplemented with
0.2% galactose and 1yg/mL hemin [19]. TMH media not containing arginine (arg) was also
used. To simplify reference to the TMH medium supplemented with 0.2% galactose and 1ug/
mL hemin containing or lacking arg, we refer to them as TMH-gal” or TMH-gal arg’.

The SMM medium contains the minimal basic metabolites that are necessary for Y. pestis
growth, including the five amino acids for which it is auxotrophic (isoleucine, valine, phenylal-
anine, methionine and glycine) [18]. For growth studies to determine the effect of the novel
nutrient on Y. pestis growth, the SMM medium, was supplemented with the sugars, glucose,
galactose, maltose, arabinose and N,N’-diacetylchitobiose (Sigma) at a concentration of 0.2%
(w/v). Alternately, the amino acids, glutamine (gln), arg and histidine (his) that are not nor-
mally contained in SMM were supplemented into SMM at concentrations at which they are
found in TMH medium, which are 100mM, 24mM and 2mM respectively. The growth studies
were performed for 3-4 independent biological replicates. Growth rate was calculated using
linear regression analysis of the exponential phase of growth.

Biofilm assays

To determine ability to form biofilm in LB medium, bacteria were grown in LB broth supple-
mented with 4 mM CaCl, and 4 mM MgCl, for 18 h at room temperature and diluted to
Agoonm 0.02 in the same medium. To determine ability to form biofilm in TMH-gal™ or TMH-
gal"arg” medium, bacteria were grown in TMH supplemented with 0.2% galactose only for 18h
at room temperature. These cultures were then first diluted 1:10 in phosphate-buffered-saline
(PBS) and subsequently to 1:400 in either TMH-gal” or TMH-gal arg” medium. Aliquots of
100 pl were added to wells of 96-well polystyrene dishes, and incubated with shaking at 250
rpm for 48h at ambient room temperature. Wells were washed three times with water to
remove media and planktonic cells and the adherent biofilm was stained with 200 ul of 0.05%
safranin for 20 min. Wells were washed three times with water and plates were left to dry for
48h. The bound safranin dye was solubilized with 200 ul of 30% acetic acid for 30mins and the
Ay50nm Was measured immediately. The assays were performed using 3-4 independent biologi-
cal replicates with three technical replicates each.

Y. pestis mutagenesis and complementation

The Y. pestis ArovM mutant strain was created using the pPKOBEG method [20] in which the
entire target gene was replaced by a Tn703 kanamycin cassette from pUC4K (Amersham). The
primer pairs, IxmarovMf/IxbarovMr and rxbarovMf/rhindrovMr (Table 1) were used to gener-
ate the left and right flanking regions of the rovM gene from Y. pestis KIM6+ genomic DNA by
PCR. These two PCR fragments were cloned into the Xmal/Xbal and Xbal/HindIII sites of
pUCI19 respectively. The kanamycin cassette was amplified using the kanxbaf and kanxbar
primers (Table 1) and cloned into the Xbal site of the pUC19 plasmid containing the rovM
flanking regions. The new plasmid pUC19rovM500flanking was used as the template to gener-
ate the linear PCR fragment using primers IxmarovMf and rhindrovMr, for mutation using the
pKOBEG method [20]. Mutations were verified by DNA sequencing. The ArovM::kan mutant
is referred to as just ArovM here. Primers IxmarovMf and rhindrovMr were used to generate a
fragment containing the rovM gene and native promoter region from Y. pestis KIM6+ genomic
DNA and this fragment was cloned into a high copy number plasmid TOPO-pCR2.1
(pCR_rovM). The fragment containing the rovM gene and native promoter region was then
isolated after digesting the pCR_rovM plasmid with BamHI and Xhol and was cloned into the
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Table 1. Oligonucleotides, plasmids and strains used in this study.

A. Cloning and mutagenesis primers

gene target primer sequence (5’- 3’)
rovM Ixmarovi GTT AGC CCG GGA AAA TCC TGT AAA T (F)
IxbarovM CGA GGT CTA GAT TAA TTA TCG GAC G (R)
rxbarovM GAT TAA GTA GIC TAG ATT TAA TTC ATC ATC AC (F)
rhindrovM ACT AAA GCT TAA TTT ACA AAC ATG C (R)
kan cassette kanxba F GCA GGT CTA GAG GGG AAA GCC ACG TTG TGT C (F)
kanxba R GGG GGT CTA GAC TGA GGT CTG CCT CGT GAA GAA (R)
B. Tagman primers-probe sets
gene target primer sequence (5'- 3’)
Crr primers GCC CTC TGG CAA TAA AAT GG (F) ; AGC ATG GTT GGT CTC
GRAAAAT T (R)
probe CTC CTG TTG ACG GCA TCG GT
rovM primers CTCAGGCGGGTGTTCCAT (F) ; GCTCTTACTGCCGCTCGAAT
(R)
probe CGTATTGCCTACGTGGCCTCTTCACTTTCT
rovA primers GCA CGA TTA GTT CGC GTT TG (F); TTT GAG TCA GTT CCA
ACG GTT TC (R)
probe CGC GCA TTA ATT GAC CAT CGG
C. plasmids
Plasmid description source encoded antibiotic
resistance
pUC4K Contains Tn703 Kanamycin casette, pUC ~ Amersham Biosciences carbenicillin,
ori kanamycin
pACYC177 p15A ori, low copy number plasmid New England Biolabs carbenicillin,
kanamycin
pCR2.1 Topo cloning vector, high copy number, Invitrogen-Life Technologies carbenicillin,
pUC ori kanamycin
pCR_rovM pCR2.1 derivative with rovM gene and This study carbenicillin,
native promoter region kanamycin
pACrovM pACYC177 derivative with rovM gene and  This study carbenicillin
native promoter region
D. Yersinia pestis KIM6+ strains
Strain description source
KIM6+ wild type wild type strain
(WT)
ArovM rovM gene (y1629) replaced by kanamycin  This study
gene cassette
WT (pCR2.1) wild type strain harboring pCR2.1 This study
Strain description source
WT (pACYC177)  wild type KIM6+ strain harboring empty This study
vector pACYC177
plasmid description source
WT (pCR_rovM)  wild type KIM6+ strain harboring This study
pCR_rovM plasmid
ArovM mutant in rovM gene harboring empty This study
(PACYC177) vector pACYC177
ArovM mutant in rovM gene harboring pACrovM This study
(pACrovM)
ArovM mutant in rovM gene harboring pCR_rovM  This study
(pCR_rovM)
doi:10.1371/journal.pone.0137508.t001
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corresponding sites on the low copy number plasmid pACYC177 (pACrovM). Constructs
were verified by DNA sequencing. The ArovM mutant was transformed by electroporation,
independently with either pACrovM or pCR_rovM to achieve in trans complementation of the
rovM mutation. The Y. pestis ArovM mutant and wild type strains were transformed with an
empty pACYC177 plasmid and a wild type strain was transformed with pCR_rovM construct
to use in comparative rovM over-expression experiments. All experiments were subsequently
performed with the strains harboring plasmids, unless otherwise indicated. All strains and
primers used in this study are listed in Table 1.

Flea infections

Y. pestis KIM6+ (pACYC177), ArovM mutant (pACYC177) and ArovM (pACrovM) strains
used for flea infections were grown in Brain Heart Infusion (BHI) broth overnight twice in suc-
cession, first at 28°C and then at 37°C without aeration. Bacterial cultures were centrifuged,
and the bacterial pellet was resuspended in 0.5 ml PBS and added to 5 ml of fresh heparinized
mouse blood at a concentration of approximately 1X10° cells/mL. Xenopsylla cheopis fleas were
then allowed to feed on the infected blood using a previously described artificial feeding cham-
ber [21, 22]. Fleas that took a blood meal were maintained at 21°C and 75% relative humidity,
fed twice weekly on uninfected mice and monitored for proventricular blockage for 28 days as
previously described [21]. The infection rate was determined by cfu count of the bacterial load
in samples of 20 infected fleas collected immediately after the infectious blood meal, 7 days and
28 days post-infection [21, 23].

Co-infections were performed similarly to single infections as previously reported [19, 24].
The fleas were allowed to feed on blood containing an approximate 1:1 ratio of either the
ArovM mutant or the ArovM (pACrovM) with the wild-type strain. Bacterial loads of 16-20
infected fleas were determined at 0 and 28 days post-infection, by plating on Yersinia selective
agar base (Thermo) supplemented with 1ug/pL irgasan only (YSAB-irg) to determine total
cfuY. pestis per flea. Simultaneously, plating was carried out on YSAB-irg plus 50pg/mL kana-
mycin, or 100pg/mL carbenicillin, to select for the ArovM mutant or ArovM (pACrovM)
respectively. Two independent co-infection assays were performed.

Ethics statement

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol
(#04001) was approved by the Committee on the Ethics of Animal Experiments of Washington
State University.

RT-gPCR

RNA was isolated from three independent exponential phase cultures and from fleas using the
RNeasy RNA isolation kit (Qiagen) and was treated with rDnase I (Ambion) to remove con-
taminating genomic DNA. For RNA isolation from fleas, triplicate independent pools of ~35
flea guts from fleas infected with the ArovM or wild-type strain was processed two weeks post-
infection as previously described [1]. RNA quality was assessed using an Agilent Bioanalyzer
2100 (Agilent Technologies) and only samples with RIN values of >8 and A,40/A,go ratios of
~2.0 were used. To confirm that the samples were free of genomic DNA real time PCR of RNA
was performed. cDNA was synthesized from 2-5 ugs total RNA using the Superscript I1I
reverse transcriptase (Invitrogen) as per manufacturer’s instructions. Each 25uL quantitative
PCR reaction was carried out using 20ngs of cDNA per sample, in triplicate and the Taqman
Universal PCR Master Mix (Life Technologies) on an ABI Prism 7900 sequence detection
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system (Applied Biosystems) using the following conditions: 95°C for 10 min, followed by 40
cycles of 95°C for 15s and 60°C for 1min. The Tagman primer and probes sets were designed
using Primer Express version 2.0 software (Life Technologies) and are listed in Table 1. Primers
and probes sets for all three genes, were used at 500nM and 250nM final concentration, respec-
tively. For each primer-probe set assay, a standard curve was prepared using known concentra-
tions of Y. pestis KIM6+ genomic DNA. Standard curves were used to transform Cr values into
relative DNA quantity. The quantity of cDNA for each experimental gene was normalized rela-
tive to the quantity of the reference gene crr (y1485), whose expression is not affected by in
vivo or in vitro growth conditions [1, 25, 26]. The S1 Dataset contains raw data from the RT-
qPCR using SMM medium conditions for which RT-qPCR has not previously been performed
using the crr normalization control gene. Each assay was performed in triplicate for the three
independent biological samples. To calculate fold change we used a ratio of the normalized val-
ues calculated for the gene of interest/crr between two strains e.g fold change in gene of interest
transcript between strain A and strain B will be calculated by deriving a ratio from (gene of
interest /CrT)rain A/ (gene of interest /crr) grain B

Statistical analysis

The GraphPad Prism 5 software was used to statistically analyze the data. A One Way
ANOVA with a Tukey’s multiple comparison post-test was used to determine any significant
differences in biofilm formation, growth rates and transcript levels. For flea co-infection assays,
a Student’s t-test was used to determine significant difference between the mean percentage
infection per strain at days 0 and 28, post-infection. Linear regression analysis of the exponen-
tial phase of growth was performed to determine the growth rate (u) of each strain.

Results

Y. pestis strains harboring multiple plasmid-encoded copies of roviM
show differential biofilm formation in response to nutritional cues

Homologs of RovM in E. coli (LthA) and Erwinia chrysanthemi (PecT) have been implicated
in the regulation of genes required for aggregation and biofilm production [3, 5]. Over-expres-
sion associated with the rovM homolog cloned on a multicopy plasmid have been implicated in
aberrant phenotypes, while the wild type and mutant strains exhibit equivalent phenotypes e.g
over-expression of IrhA from a low copy number plasmid resulted in loss of motility in E. coli
while the AlrhA mutant and wild type remained motile. [3].

Therefore the ability of a ArovM mutant strain to successfully produce a biofilm on polysty-
rene microtiter plates in comparison to the wild type, and wild type and ArovM mutant strains
transformed with a plasmid harboring the rovM gene (wild type (pCR_rovM), ArovM
(pACrovM), and ArovM (pCR_rovM)) was assessed (Fig 1). The ArovM mutant, produced
similar quantities of adherent biofilm relative to the wild type strains containing either high or
low copy number empty plasmids, in LB (4mM MgCl,, 4mM CaCl,) medium (Fig 1A). Inter-
estingly, both wild type and ArovM strains, transformed with pCR_rovM or pACrovM, such
that they contained multiple copies of the rovM gene, appeared to produce equally reduced bio-
film, but this was due to less adherent biofilm easily washing away. Growth analyses in LB
medium and TMH medium (supplemented with 0.2% galactose), demonstrated that wild type
(pCR_rovM), ArovM (pCR_rovM) and ArovM (pACrovM) grew at significantly faster rates
than wild type and the rovM mutant (Fig 2).

When cultured in TMH-gal” medium, biofilm was produced in larger amounts by the wild
type (pCR_rovM) and ArovM (pACrovM) strains relative to the comparable biofilm formed by
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Fig 1. Y. pestis strains with multiple plasmid-encoded copies of roviM show differential ability to form biofilm in varying nutritional conditions.
Biofilm formation of Y. pestis KIM6+ strains in LB medium supplemented with 4mM MgCl, and 4mM CaCl, (A) and TMH-gal* medium (B). Error bars are the
mean+SD of four independent biological replicates. A One Way ANOVA combined with a Tukey’s test was used to test significant differences in the biofilm
formation between strains. The overall P-value for the ANOVA was P<0.0001. *** represents P<0.001 and indicates a significant difference in biofilm formed
between the strains. Horizontal lines mark a groups of bars that are being compared.

doi:10.1371/journal.pone.0137508.g001

the wild type and ArovM mutant strains containing empty plasmids (Fig 2B). Dissimilarly, less
adherent biofilm was not observed to be the reason for this difference in TMH-gal” medium.

A ArovM mutant has a competitive fithess disadvantage in the flea

The RovM homologs LrhA and HexA of the insect pathogens, P. temperata and X. nemato-
phila, regulate expression of virulence factors, immuno-suppression and metabolic usage dur-
ing infection of their respective insect hosts [6, 8]. We observed differential biofilm formation
in rovM over-expressing strains in different nutritional environments. We therefore predicted
that if Y. pestis RovM maintained similar roles during flea infection, then its absence may
impact growth, survival, and/or biofilm-mediated gut blockage.

Therefore, the ability of a ArovM mutant strain of Y. pestis to successfully infect and produce
biofilm blockage in fleas was assessed (Fig 3). During flea infection the wild type, ArovM
mutant and complemented mutant ArovM (pACrovM) strain displayed comparable biofilm
blockage (Fig 3A), infection rates (Fig 3B), average bacterial loads per flea (Fig 3C), and flea
mortality (data not shown).

If Y. pestis is deleted of a gene whose product is important for adaptation in the flea gut, a
fitness defect could result from its competitive interactions, leading to a less transmissible
infection. Therefore to investigate if any potential liability was imposed by a mutation of
RovM, a competitive co-infection of this mutant with its isogenic wild type strains was per-
formed. A cohort of fleas was co-infected in a 1:1 ratio with the wild type and ArovM mutant
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Fig 2. Y. pestis strains with multiple plasmid-encoded copies of rovM grow at a faster rate. Growth of Y. pestis strains in LB medium (A) and TMH
supplemented with 0.2% galactose (B). Growth curves are the mean+SD of four independent biological replicates. The mean mean+SD of the growth rate ()
is given in parentheses. All closed symbol growth curves represent strains containing multiple copies of rovM. A One Way ANOVA combined with a Tukey’s
test was used to test significant differences in the growth rate between strains. The overall P-value for the ANOVA was P<0.0001. Significant differences in y
between strains are indicated by *** for P<0.001, ** for P<0.01 and * for P<0.05. Curly brackets group together strains that do not have significant
differences. Capped bars indicate strains that are being compared.

doi:10.1371/journal.pone.0137508.g002

or ArovM (pACrovM) strain (Fig 4). During co-infection with the wild type a significant
decrease in the ArovM mutant flea infection load was observed at day 28 post-infection, despite
its apparent significantly increased infection load at day 0 post-infection. In converse, during a
co-infection with the wild type strain, the ArovM pACrovM strain showed a significantly
increased infection load at 28 days co-infection.
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doi:10.1371/journal.pone.0137508.9003

RovM regulates growth in response to nutrients

LrhA mutants of X. nematophila exhibit metabolic defects that affect its ability to infect its insect
host, foretelling that this regulator senses nutritional composition of its host environment [27].
To determine if Y. pestis RovM is similarly involved in metabolic processes, growth analysis of
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doi:10.1371/journal.pone.0137508.9004
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doi:10.1371/journal.pone.0137508.9005

wild type, ArovM mutant and complemented mutant ArovM (pACrovM) in a very minimal
medium, SMM, was performed following supplementation with sugars and amino acids that are
not normally contained within SMM. Supplementing the media with glucose and galactose,
resulted in no observable difference in growth rate among the strains (Fig 5A), however, diace-
tylchitobiose supplementation resulted in significantly higher growth rate for the ArovM
(pACrovM) strain as compared to the rovM mutant and the wild type strains. Maltose and arab-
inose supplementation revealed no growth rate differences between strains (data not shown).

Predominant usage of the L-glutamate group of amino acids (pro, his, arg, gln) is predicted
to support Y. pestis growth in the flea gut, therefore his, arg, and gln were tested for their ability
to support improved growth of Y. pestis in SMM (Fig 5B). Interestingly, while the ArovM
mutant and wild type grew similarly in gln and arg, the ArovM (pACrovM) strain appeared to
have a significantly enhanced growth rate when supplemented with these amino acids. Histi-
dine addition however supported equivalent growth rates for all the strains.

Specific nutritional environments direct induction of roviM and RovM-
associated repression of rovA

In Y. pseudotuberculosis, the RovM regulator, represses rovA specifically in a minimal nutri-
tional environment [10], and in Y. pestis, rovM is highly induced, while rovA is highly
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Fig 6. Transcription of rovA and rovM in distinct nutritive media. Quantitative transcript levels of (A) rovM and (B) rovA genes from exponential phase
planktonic cultures of WT (pACYC177), ArovM (pACYC177) mutant and ArovM (pACrovM) complemented mutant strains in fleas (light grey bars), LB, and
Sebbane minimal medium supplemented with 0.2% glucose. Error bars indicate the meanz SD of three independent experiments. A One Way ANOVA
combined with a Tukey’s test was used to test significant differences in transcript levels between strains. The overall P-value for (A) and (B) is P<0.0001.
Significant differences in gene transcript levels between stains is indicated by *for P<0.05 and *** for P<0.001. Average fold increased expression+SD of
rovM and rovA is indicated in parentheses. WT = wild type, ns = not significant.

doi:10.1371/journal.pone.0137508.9006

repressed in fleas [1]. We hypothesized that in Y. pestis similar and specific nutritional envi-
ronments would cause repression of rovA by RovM, and that this included the flea gut. How-
ever, gene expression analysis of flea infections of a ArovM mutant strain, showed no
significant difference in rovA expression between the wild type and ArovM mutant (Fig 6A
and 6B). Following this finding, in vitro transcriptional levels of Y. pestis rovA and rovM in
response to differing nutritional environments was also determined. This was performed to
establish the inducing environments of rovM and rovA, and whether a reciprocal modulatory
association between the 2 regulators in certain nutritional environments does indeed occur.
In Y. pestis, the rovM gene had lower transcriptional levels in minimal SMM media versus
rich LB in the wild type strain (Fig 6A). The rovA transcript levels were ~3-fold higher than
rovM and no difference in rovA levels was present between the wild type and ArovM mutant
in both media (Fig 6B).

However, the ArovM (pACrovM) strain exhibited ~49 and ~22-fold increases in rovM gene
expression in LB and SMM glucose, respectively, relative to the wild type growing in the same
medium. Simultaneously, expression of rovA was repressed ~ 3-fold in the rovM over-express-
ing strain, ArovM (pACrovM) in LB medium but no difference in expression of rovA was
noted in SMM glucose. The levels of rovA was however not affected by rovM in minimal SMM
medium supplemented with glucose.
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Arginine is sensed by RovM to regulate growth fitness and biofilm
production

Supplementation of SMM with arg as the novel nitrogen source led to increased growth rate of
the ArovM (pACrovM) strain (Fig 5B). Arg is predicted to be catabolized by Y. pestis in the flea
gut, therefore the ability of the wild type, ArovM mutant and complemented mutant, ArovM
(pACrovM) to respond to arg in the context of biofilm production was tested (Fig 7A, S1 Data-
set). Lack of arg in TMH-gal*arg” medium, resulted in significant decreases in biofilm forma-
tion in strains with multiple copies of rovM, ArovM (pACrovM) and wild type (pCR_rovM)
(Fig 7A). However, the wild type and ArovM mutant strains were able to make comparable
amounts of biofilm independent of the presence of arg in TMH medium (Figs 1B and 7A). The
growth rate of strains harboring multiple copies of rovM was higher than the wildtype and
ArovM mutant in TMH-gal"arg” medium (Fig 7B), similar to growth in TMH-gal* (Fig 2B). To
assess if any differences in rovM transcription occurs in the presence of arg, the rovM expres-
sion levels in SMM medium supplemented with arg was determined. Arg addition did not
result in induction of rovM expression as noted by the similar expression levels of rovM in the
wild type strain in SMM plus glucose and SMM plus arg (Figs 6A and 8). However, in SMM
arg, over-expression of rovM occurs in the ArovM (pACrovM) and wild type (pCR_rovM)
strains with concomitant rovA repression in keeping with what occurs in LB medium.
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Fig 7. Arginine is sensed by RovM to control biofilm production. (A) Biofilm formation of Y. pestis KIM6+ strains in TMH-gal*arg". Error bars are the
mean+SD of four independent biological replicates. A One Way ANOVA combined with a Tukey’s test was used to test significant differences in biofilm
formation between strains. The overall P-value for the ANOVA was P<0.0001. Significant differences in biofilm formation are indicated by * for P<0.05 and
*** for P<0.001. (B) Growth of Y. pestis strains in TMH-gal*arg". Error bars are the mean+SD of four independent biological replicates. The mean mean+SD
of the growth rate (p) is given in parentheses. All closed symbol growth curves represent strains containing multiple copies of rovM. A One Way ANOVA
combined with a Tukey’s test was used to test significant differences in the growth rate between strains. The overall P-value was P<0.0001. Significant

difference in growth rates is indicated by *** for a P-value of 0.0001. Horizontal lines group a set of bars together. Capped lines mark the two bars (or groups
of bars) that are being compared.

doi:10.1371/journal.pone.0137508.9007
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Fig 8. RT-gPCR of rovM and rovA in minimal medium containing arginine. Quantitative transcript levels of (A) rovM and (B) rovA genes from exponential
phase planktonic cultures of wild type (pPACYC177), ArovM (pACYC177) mutant, wild type (pCRrovM) and ArovM (pACrovM) complemented mutant in
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combined with a Tukey’s post-test was used to test significant differences in transcript level. The overall P-value for the ANOVAs was 0.0003 for (A) and
0.0173 for (B). Significant differences in gene transcript levels between strains is indicated by *for P<0.05 and *** for P<0.001 Average fold increase in
expression+SD of rovM and rovA is indicated in parentheses. WT = wild type, ns = not significant.

doi:10.1371/journal.pone.0137508.9008

Discussion

To understand which Y. pestis genes were essential for flea gut colonization and adaptation to
produce a biofilm blockage-mediated transmissible infection we defined the unique transcrip-
tome of Y. pestis in blocked fleas relative to LB in vitro growth conditions previously [1]. Genes
that were uniquely highly induced in the flea gut environment were assumed to be prioritized
for flea adaptation and transmission, urging a functional understanding of their roles during Y.
pestis flea infection. This study aimed to characterize the functional role of one such gene,
rovM that encodes a LTTR.

Our data from this study suggests that rovM may be induced in Y. pestis during flea infection
by available carbons and nitrogen sources or perhaps other environmental factors. The competi-
tive fitness defect exhibited by the rovM mutant during co-infection with the wild type suggests
that lack of RovM leads to a deficiency at acquiring available nutrients in the flea gut. We previ-
ously showed that Y. pestis has a distinctive metabolism in the flea gut which is characterized
mainly by predominant usage of peptides and amino acids along with lipid and some pentose
carbohydrate utilization [1]. Specifically induction of genes involved in the uptake and catabo-
lism of diacetylchitobiose (chbBC, chbF), arg (artQ), and gln (glnQPH), occurred alongside
induced rovM expression in fleas [1]. In this study we demonstrated that these three metabolites
support a growth fitness advantage of Y. pestis overexpressing rovM in vitro. Alternately,
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catabolism of hexose sugars is not thought to be significant in the flea gut [1, 28] and we observe
that rovM over-expression does not impact growth fitness of Y. pestis in the presence of the hex-
ose sugars, glucose, galactose or maltose. The flea blood meal and its catabolic by-products pro-
duced from digestion by the flea and its inherent gut microbiota serve as the nutritional source
for Y. pestis survival and growth in the flea gut [28-31]. Therefore Y. pestis may not only be in
competition with the flea and its resident microbiota for the blood meal, but it may need to be
capable of utilizing by-products of bloodmeal digestion produced by the flea and its microbiota.
The transcriptional regulator, RovM likely directs more efficient utilization of some available
nutrients in the flea gut to support Y. pestis adaptation to this environment. Certainly the
improved fitness during co-infection with the wild type displayed by the, ArovM pACrovM
strain that over-expresses rovM, supports this notion. This ability to respond to nutritional cues
is a function that has been attributed to homologs of RovM. For example, LrhA in E. coli, nega-
tively regulates galactose and aspartate chemoreceptors thereby controlling bacterial motility in
response to acquisition of these nutrients [3]; Y. pseudotuberculosis RovM is induced when cul-
tured in minimal medium, [10]; LrhA of X. nematophila supports propagation of this insect
pathogen in a minimal medium containing specific amino acids [27], whereas an AlrhA mutant
shows no growth differences relative to the wild type strain in LB medium. Richards and Good-
rich-Blair [27] suggest that metabolites can act as transition signals that might enable pathogen
switching from virulence to metabolic activities, or that consumption of specific nutrients dur-
ing infection may serve as a signal to express genes required for transmission.

Our results indicate that augmented expression of rovM in a complex rich LB medium,
leads to less adherent biofilm formation, whereas in the nutritionally defined TMH medium
containing arg, more biofilm is produced. Furthermore, rovM over-expression correlates with
a faster growth rate in the presence of arg in minimal medium. Together this implies that
RovM influences biofilm formation via integration of nutritional cues and that arg may be cen-
tral to this signaling. This is in line with the idea that metabolites may act as transition signals.
Formation of biofilm in Y. pestis occurs in the flea host only, and is important for biofilm-
mediated transmission of plague and to maintain persistent colonization of the flea gut [21,
22]. The hms group of genes, comprising the hmsHFRS gene locus and single genes, hmsT and
hmsP are responsible for synthesis and regulation of the extracellular polysaccharide matrix
(ECM) that is fundamental to biofilm formation [22, 32]. The ECM facilitates biofilm-medi-
ated transmission and persistence in the flea gut [21, 22]. Polyamines are also necessary for for-
mation of Y. pestis biofilm through their modulation of HmsR and HmsT protein translation.
Interestingly arg is required as a precursor in the first step of polyamine biosynthesis where it is
converted by the arginine decarboxylase to agmatine.

Only elevated transcript levels of rovM, occurring through in trans over-expression of the
rovM gene (e.g. pACrovM and pCR_rovM here) in ArovM mutant and wild type bacteria
resulted in notable alterations in biofilm, flea infection and growth fitness. This is consistent
with studies focused on Y. pseudotuberculosis [10] and E. coli [3] RovM homologs wherein
only elevated levels of RovM could be correlated with notably distinct aberrant phenotypes
when no difference occurred in the wild type and RovM-homolog mutant strains. For instance
elevated levels of RovM in Y. pseudotuberculosis resulted in hypermotility and virulence attenu-
ation in mice while there were no apparent differences between the wild type and ArovM
mutant strains [10]. Furthermore, in the case of plasmid-mediated over-expression of IrhA in
E. coli, motility was decreased when compared to motility in an IrhA mutant carrying an empty
plasmid [3]. The crystallographic structure of Y. pseudotuberculosis RovM reveals a potential
requirement for a metabolic inducer molecule to mediate its folding [33] into an active tetra-
meric unit. Formation of the tetrameric unit is thus essential for RovM regulatory function,
which is consistent with the function of other LTTRs. It can then be assumed that in trans
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over-expression of rovM will result in more functionally active units of RovM, as compared to
the wild type and ArovM which synthesize few to no transcripts of rovM. Another hallmark of
LTTRs is autoregulation [10, 34], and explains that induced RovM synthesis leads to further
induction of rovM expression. Between 2-15 copies of the rovM gene is expected to be present
in the ArovM (pACrovM) strain, based on the copy number of the pACYC177 plasmid [35].
Induction of rovM expression in pACrovM transformed strains, may therefore lead to further
induction of rovM, accounting for the strident differences in rovM expression between these
strains and the wild type and ArovM strain in LB and SMM media (Fig 6).

In conditions when rovM is induced, or over-expressed, as observed in the pACrovM and
pPCR_rovM transformed strains, or naturally during flea infection, more functional RovM units
are present to mediate repression of rovA or regulation of metabolic processes. The nutritional
specificity for RovM induction and for RovM-dependent repression of rovA are different in Y.
pestis and Y. pseudotuberculosis. The induction of rovM and its repression of rovA during growth
of Y. pestis in the flea matches what occurs with in vitro grown Y. pseudotuberculosis in minimal
medium at low temperatures [10]. However, a Y. pestis ArovM mutant sustains low rovA tran-
scription while growing in the insect host, which is in contrast to Y. pseudotuberculosis RovM
mediated repression of rovA [10]. It appears that Y. pestis rovA regulation in the flea gut and in
SMM glucose is not mediated through RovM, and probably requires other regulatory factors, sim-
ilar to temperature and growth phase dependent rovA expression in Y. pseudotuberculosis [10].

Y. pestis has diverged from Y. pseudotuberculosis to lose motility, flagella synthesis [36] and
production of invasin, which are all RovM-regulated virulence factors that enhance the inva-
siveness of Y. pseudotuberculosis. The role of RovM in regulating motility independent of
RovA [10] is a conserved regulatory function of RovM homologs across a variety of pathogenic
bacterial species e.g., LrthA of the nematode pathogen, X. nematophila [8], LrhA of E. coli [3]
and HexA of the phytopathogen, E. carotovora [37]. These functions are absent in Y. pestis and
thus no longer constitute the Y. pestis RovM regulon. During the clonal evolution of Y. pestis
from Y. pseudotuberculosis, besides gains and losses of gene function through horizontal gene
transfer and inactivation [36, 38], remodeling of gene regulation and global regulatory net-
works [39-41] has occurred. This has likely been a contributing aspect to adaptation of Y. pestis
to its ability to colonize and be transmitted by fleas.

We conclude that the RovM protein may play a role in nutritional sensing and regulating
physiological processes for advantageous adaptation and colonization of Y. pestis to the flea
gut. This role of RovM may be particularly significant for flea-borne transmission during natu-
ral plague cycles when competitive colonization of the flea gut is more prevalent.

Supporting Information

S1 Dataset. Raw data from RT-qPCR using SMM medium.
(XLSX)

Acknowledgments

We are indebted to Clayton Jarrett for his assistance with single flea infections. We thank Kelly
Brayton and Anders Omsland and the reviewers for valuable comments to help improve this
manuscript.

Author Contributions

Conceived and designed the experiments: VV. Performed the experiments: VV AKH. Analyzed
the data: VV. Wrote the paper: VV.

PLOS ONE | DOI:10.1371/journal.pone.0137508 September 8,2015 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137508.s001

@’PLOS ‘ ONE

Adaptation of Yersinia pestis to the Flea Gut

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Vadyvaloo V, Jarrett C, Sturdevant DE, Sebbane F, Hinnebusch BJ. Transit through the Flea Vector
Induces a Pretransmission Innate Immunity Resistance Phenotype in Yersinia pestis. PLoS Pathog.
2010; 6(2):e1000783. PMID: 20195507. doi: 10.1371/journal.ppat.1000783

Maddocks SE, Oyston PC. Structure and function of the LysR-type transcriptional regulator (LTTR)
family proteins. Microbiology. 2008; 154(Pt 12):3609—-23. Epub 2008/12/03. doi: 10.1099/mic.0.2008/
022772-0 PMID: 19047729.

Lehnen D, Blumer C, Polen T, Wackwitz B, Wendisch VF, Unden G. LrhA as a new transcriptional key
regulator of flagella, motility and chemotaxis genes in Escherichia coli. Mol Microbiol. 2002; 45(2):521—
32. PMID: 12123461.

Tanikawa T, Nakagawa Y, Matsuyama T. Transcriptional downregulator hexS controlling prodigiosin
and serrawettin W1 biosynthesis in Serratia marcescens. Microbiol Immunol. 2006; 50(8):587—96.
PMID: 16924143.

Surgey N, Robert-Baudouy J, Condemine G. The Erwinia chrysanthemi pecT gene regulates pectinase
gene expression. J Bacteriol. 1996; 178(6):1593-9. PMID: 8626286.

Joyce SA, Clarke DJ. A hexA homologue from Photorhabdus regulates pathogenicity, symbiosis and
phenotypic variation. Mol Microbiol. 2003; 47(5):1445-57. PMID: 12603747.

Blumer C, Kleefeld A, Lehnen D, Heintz M, Dobrindt U, Nagy G, et al. Regulation of type 1 fimbriae syn-
thesis and biofilm formation by the transcriptional regulator LrhA of Escherichia coli. Microbiology.
2005; 151(Pt 10):3287-98. PMID: 16207912.

Richards GR, Herbert EE, Park Y, Goodrich-Blair H. Xenorhabdus nematophila IrhA is necessary for
motility, lipase activity, toxin expression, and virulence in Manduca sexta insects. J Bacteriol. 2008; 190
(14):4870-9. PMID: 18502863. doi: 10.1128/JB.00358-08

Erickson DL, Waterfield NR, Vadyvaloo V, Long D, Fischer ER, Ffrench-Constant R, et al. Acute oral
toxicity of Yersinia pseudotuberculosis to fleas: implications for the evolution of vector-borne transmis-
sion of plague. Cellular microbiology. 2007; 9(11):2658—66. Epub 2007/06/26. doi: 10.1111/j.1462-
5822.2007.00986.x PMID: 17587333.

Heroven AK, Dersch P. RovM, a novel LysR-type regulator of the virulence activator gene rovA, con-
trols cell invasion, virulence and motility of Yersinia pseudotuberculosis. Mol Microbiol. 2006; 62
(5):1469-83. PMID: 17074075.

Heroven AK, Bohme K, Rohde M, Dersch P. A Csr-type regulatory system, including small non-coding
RNAs, regulates the global virulence regulator RovA of Yersinia pseudotuberculosis through RovM.
Mol Microbiol. 2008; 68(5):1179-95. PMID: 18430141. doi: 10.1111/j.1365-2958.2008.06218.x

Heroven AK, Bohme K, Tran-Winkler H, Dersch P. Regulatory elements implicated in the environmen-
tal control of invasin expression in enteropathogenic Yersinia. Adv Exp Med Biol. 2007; 603:156—66.
PMID: 17966412.

Cathelyn JS, Ellison DW, Hinchliffe SJ, Wren BW, Miller VL. The RovA regulons of Yersinia enterocoli-
tica and Yersinia pestis are distinct: evidence that many RovA-regulated genes were acquired more
recently than the core genome. Mol Microbiol. 2007; 66(1):189—205. PMID: 17784909.

Lawrenz MB, Miller VL. Comparative analysis of the regulation of rovA from the pathogenic Yersiniae. J
Bacteriol. 2007; 189(16):5963-75. PMID: 17573476.

Cathelyn JS, Crosby SD, Lathem WW, Goldman WE, Miller VL. RovA, a global regulator of Yersinia
pestis, specifically required for bubonic plague. Proc Natl Acad Sci U S A. 2006; 103(36):13514-9.
PMID: 16938880.

Hinnebusch BJ, Fischer ER, Schwan TG. Evaluation of the role of the Yersinia pestis plasminogen acti-
vator and other plasmid-encoded factors in temperature-dependent blockage of the flea. J Infect Dis.
1998; 178(5):1406—15. PMID: 9780262.

Straley SC, Bowmer WS. Virulence genes regulated at the transcriptional level by Ca2+ in Yersinia pes-
tis include structural genes for outer membrane proteins. Infect Immun. 1986; 51(2):445-54. Epub
1986/02/01. PMID: 3002984; PubMed Central PMCID: PMC262351.

Sebbane F, Jarrett CO, Linkenhoker JR, Hinnebusch BJ. Evaluation of the role of constitutive isocitrate
lyase activity in Yersinia pestis infection of the flea vector and mammalian host. Infect Immun. 2004; 72
(12):7334—7. PMID: 15557663.

Rempe KA, Hinz AK, Vadyvaloo V. Hfq regulates biofilm gut blockage that facilitates flea-borne trans-
mission of Yersinia pestis. J Bacteriol. 2012; 194(8):2036—40. Epub 2012/02/14. doi: 10.1128/JB.
06568-11 PMID: 22328669; PubMed Central PMCID: PMC3318476.

Derbise A, Lesic B, Dacheux D, Ghigo JM, Carniel E. A rapid and simple method for inactivating chro-
mosomal genes in Yersinia. FEMS Immunol Med Microbiol. 2003; 38(2):113—-6. PMID: 13129645.

PLOS ONE | DOI:10.1371/journal.pone.0137508 September 8,2015 16/18


http://www.ncbi.nlm.nih.gov/pubmed/20195507
http://dx.doi.org/10.1371/journal.ppat.1000783
http://dx.doi.org/10.1099/mic.0.2008/022772-0
http://dx.doi.org/10.1099/mic.0.2008/022772-0
http://www.ncbi.nlm.nih.gov/pubmed/19047729
http://www.ncbi.nlm.nih.gov/pubmed/12123461
http://www.ncbi.nlm.nih.gov/pubmed/16924143
http://www.ncbi.nlm.nih.gov/pubmed/8626286
http://www.ncbi.nlm.nih.gov/pubmed/12603747
http://www.ncbi.nlm.nih.gov/pubmed/16207912
http://www.ncbi.nlm.nih.gov/pubmed/18502863
http://dx.doi.org/10.1128/JB.00358-08
http://dx.doi.org/10.1111/j.1462-5822.2007.00986.x
http://dx.doi.org/10.1111/j.1462-5822.2007.00986.x
http://www.ncbi.nlm.nih.gov/pubmed/17587333
http://www.ncbi.nlm.nih.gov/pubmed/17074075
http://www.ncbi.nlm.nih.gov/pubmed/18430141
http://dx.doi.org/10.1111/j.1365-2958.2008.06218.x
http://www.ncbi.nlm.nih.gov/pubmed/17966412
http://www.ncbi.nlm.nih.gov/pubmed/17784909
http://www.ncbi.nlm.nih.gov/pubmed/17573476
http://www.ncbi.nlm.nih.gov/pubmed/16938880
http://www.ncbi.nlm.nih.gov/pubmed/9780262
http://www.ncbi.nlm.nih.gov/pubmed/3002984
http://www.ncbi.nlm.nih.gov/pubmed/15557663
http://dx.doi.org/10.1128/JB.06568-11
http://dx.doi.org/10.1128/JB.06568-11
http://www.ncbi.nlm.nih.gov/pubmed/22328669
http://www.ncbi.nlm.nih.gov/pubmed/13129645

@’PLOS ‘ ONE

Adaptation of Yersinia pestis to the Flea Gut

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hinnebusch BJ, Perry RD, Schwan TG. Role of the Yersinia pestis hemin storage (hms) locus in the
transmission of plague by fleas. Science. 1996; 273(5273):367—70. PMID: 8662526.

Jarrett CO, Deak E, Isherwood KE, Oyston PC, Fischer ER, Whitney AR, et al. Transmission of Yersinia
pestis from an infectious biofilm in the flea vector. J Infect Dis. 2004; 190(4):783-92. PMID: 15272407.

Erickson DL, Jarrett CO, Wren BW, Hinnebusch BJ. Serotype differences and lack of biofilm formation
characterize Yersinia pseudotuberculosis infection of the Xenopsylla cheopis flea vector of Yersinia
pestis. J Bacteriol. 2006; 188(3):1113-9. PMID: 16428415.

Spinner JL, Carmody AB, Jarrett CO, Hinnebusch BJ. Role of Yersinia pestis toxin complex family pro-
teins in resistance to phagocytosis by polymorphonuclear leukocytes. Infect Immun. 2013; 81
(11):4041-52. Epub 2013/08/21. doi: 10.1128/IA1.00648-13 PMID: 23959716; PubMed Central
PMCID: PMC3811843.

Vadyvaloo V, Viall AK, Jarrett CO, Hinz AK, Sturdevant DE, Hinnebusch BJ. Role of the PhoP-PhoQ
Gene Regulatory System in Adaptation of Yersinia pestis to Environmental Stress in the Flea Digestive
Tract. Microbiology. 2015. Epub 2015/03/26. doi: 10.1099/mic.0.000082 PMID: 25804213.

Sebbane F, Lemaitre N, Sturdevant DE, Rebeil R, Virtaneva K, Porcella SF, et al. Adaptive response of
Yersinia pestis to extracellular effectors of innate immunity during bubonic plague. Proc Natl Acad Sci U
S A.2006; 103(31):11766—71. Epub 2006/07/26. doi: 10.1073/pnas.0601182103 PMID: 16864791;
PubMed Central PMCID: PMC1518801.

Richards GR, Goodrich-Blair H. Masters of conquest and pillage: Xenorhabdus nematophila global reg-
ulators control transitions from virulence to nutrient acquisition. Cellular microbiology. 2009; 11
(7):1025-33. PMID: 19374654. doi: 10.1111/j.1462-5822.2009.01322.x

Hinnebusch BJ, Sebbane F, Vadyvaloo V. In: Carniel E, Hinnebusch BJ, editors. Yersinia: Systems
Biology and Control. Norfolk, UK: Caister Academic Press; 2012. p. 1-19.

Jones RT, Bernhardt SA, Martin AP, Gage KL. Interactions among symbionts of Oropsylla spp. (Sipho-
noptera: Ceratophyllidae). Journal of medical entomology. 2012; 49(3):492—6. Epub 2012/06/12.
PMID: 22679855.

Jones RT, Vetter SM, Montenieiri J, Holmes J, Bernhardt SA, Gage KL. Yersinia pestis infection and
laboratory conditions alter flea-associated bacterial communities. The ISME journal. 2013; 7(1):224-8.
Epub 2012/08/17. doi: 10.1038/ismej}.2012.95 PMID: 22895162; PubMed Central PMCID:
PMC3526169.

Chouikha I, Hinnebusch BJ. Yersinia—flea interactions and the evolution of the arthropod-borne trans-
mission route of plague. Current opinion in microbiology. 2012; 15(3):239-46. Epub 2012/03/13. doi:
10.1016/j.mib.2012.02.003 PMID: 22406208; PubMed Central PMCID: PMC3386424.

Perry RD, Bobrov AG, Kirillina O, Jones HA, Pedersen L, Abney J, et al. Temperature regulation of the
hemin storage (Hms+) phenotype of Yersinia pestis is posttranscriptional. J Bacteriol. 2004; 186
(6):1638—47. Epub 2004/03/05. PMID: 14996794; PubMed Central PMCID: PMC355957.

Quade N, Dieckmann M, Haffke M, Heroven AK, Dersch P, Heinz DW. Structure of the effector-binding
domain of the LysR-type transcription factor RovM from Yersinia pseudotuberculosis. Acta Crystallogr
D Biol Crystallogr. 2011; 67(Pt 2):81-90. PMID: 21245528. doi: 10.1107/S0907444910049681

Schell MA. Molecular biology of the LysR family of transcriptional regulators. Annual review of microbi-
ology. 1993; 47:597-626. Epub 1993/01/01. doi: 10.1146/annurev.mi.47.100193.003121 PMID:
8257110.

Selzer G, Som T, Itoh T, Tomizawa J. The origin of replication of plasmid p15A and comparative studies
on the nucleotide sequences around the origin of related plasmids. Cell. 1983; 32(1):119-29. Epub
1983/01/01. PMID: 6186390.

Achtman M, Zurth K, Morelli G, Torrea G, Guiyoule A, Carniel E. Yersinia pestis, the cause of plague, is
a recently emerged clone of Yersinia pseudotuberculosis. Proc Natl Acad Sci U S A. 1999; 96
(24):14043-8. PMID: 10570195.

Harris SJ, Shih YL, Bentley SD, Salmond GP. The hexA gene of Erwinia carotovora encodes a LysR
homologue and regulates motility and the expression of multiple virulence determinants. Mol Microbiol.
1998; 28(4):705-17. PMID: 9643539.

Chain PS, Carniel E, Larimer FW, Lamerdin J, Stoutland PO, Regala WM, et al. Insights into the evolu-
tion of Yersinia pestis through whole-genome comparison with Yersinia pseudotuberculosis. Proc Natl
Acad Sci U S A. 2004; 101(38):13826-31. PMID: 15358858.

Perez JC, Groisman EA. Transcription factor function and promoter architecture govern the evolution of
bacterial regulons. Proc Natl Acad Sci U S A. 2009; 106(11):4319-24. PMID: 19251636. doi: 10.1073/
pnas.0810343106

PLOS ONE | DOI:10.1371/journal.pone.0137508 September 8,2015 17/18


http://www.ncbi.nlm.nih.gov/pubmed/8662526
http://www.ncbi.nlm.nih.gov/pubmed/15272407
http://www.ncbi.nlm.nih.gov/pubmed/16428415
http://dx.doi.org/10.1128/IAI.00648-13
http://www.ncbi.nlm.nih.gov/pubmed/23959716
http://dx.doi.org/10.1099/mic.0.000082
http://www.ncbi.nlm.nih.gov/pubmed/25804213
http://dx.doi.org/10.1073/pnas.0601182103
http://www.ncbi.nlm.nih.gov/pubmed/16864791
http://www.ncbi.nlm.nih.gov/pubmed/19374654
http://dx.doi.org/10.1111/j.1462-5822.2009.01322.x
http://www.ncbi.nlm.nih.gov/pubmed/22679855
http://dx.doi.org/10.1038/ismej.2012.95
http://www.ncbi.nlm.nih.gov/pubmed/22895162
http://dx.doi.org/10.1016/j.mib.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22406208
http://www.ncbi.nlm.nih.gov/pubmed/14996794
http://www.ncbi.nlm.nih.gov/pubmed/21245528
http://dx.doi.org/10.1107/S0907444910049681
http://dx.doi.org/10.1146/annurev.mi.47.100193.003121
http://www.ncbi.nlm.nih.gov/pubmed/8257110
http://www.ncbi.nlm.nih.gov/pubmed/6186390
http://www.ncbi.nlm.nih.gov/pubmed/10570195
http://www.ncbi.nlm.nih.gov/pubmed/9643539
http://www.ncbi.nlm.nih.gov/pubmed/15358858
http://www.ncbi.nlm.nih.gov/pubmed/19251636
http://dx.doi.org/10.1073/pnas.0810343106
http://dx.doi.org/10.1073/pnas.0810343106

el e
@ : PLOS ‘ ONE Adaptation of Yersinia pestis to the Flea Gut

40. Perez JC, Shin D, Zwir |, Latifi T, Hadley TJ, Groisman EA. Evolution of a bacterial regulon controlling
virulence and Mg(2+) homeostasis. PLoS Genet. 2009; 5(3):e1000428. PMID: 19300486. doi: 10.
1371/journal.pgen.1000428

41. Osborne SE, Walthers D, Tomljenovic AM, Mulder DT, Silphaduang U, Duong N, et al. Pathogenic
adaptation of intracellular bacteria by rewiring a cis-regulatory input function. Proc Natl Acad Sci U S A.
2009; 106(10):3982—7. PMID: 19234126. doi: 10.1073/pnas.0811669106

PLOS ONE | DOI:10.1371/journal.pone.0137508 September 8,2015 18/18


http://www.ncbi.nlm.nih.gov/pubmed/19300486
http://dx.doi.org/10.1371/journal.pgen.1000428
http://dx.doi.org/10.1371/journal.pgen.1000428
http://www.ncbi.nlm.nih.gov/pubmed/19234126
http://dx.doi.org/10.1073/pnas.0811669106

