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Abstract
The natural transmission of Yersinia pestis is reliant upon biofilm blockage of the flea vector.

However, the environmentally-responsive adaptive regulators which facilitate Y. pestis bio-
film production in accordance with the flea midgut milieu are not well understood. We seek

to establish the impact of available carbon source metabolism and storage upon Y. pestis
biofilm production. Our findings demonstrate that Y. pestis biofilm production is subject to

carbon catabolite regulation in which the presence of glucose impairs biofilm production;

whereas, the sole metabolism of alternate carbon sources promotes robust biofilm forma-

tion. This observation is facilitated by the cAMP receptor protein, CRP. In accordance with a

stark growth defect, deletion of crp in both CO92 and KIM6+ Y. pestis strains significantly
impaired biofilm production when solely utilizing alternate carbon sources. Media supple-

mentation with cAMP, a small-molecule activator of CRP, did not significantly alter Y. pestis
biofilm production. Furthermore, CRP did not alter mRNA abundance of previously-charac-

terized hms biofilm synthesis and regulation factors. Therefore, our findings indicate CRP

does not confer a direct stimulatory effect, but may indirectly promote Y. pestis biofilm pro-

duction by facilitating the alternate carbon source expression profile. Additionally, we

assessed the impact of the carbon storage regulator protein, CsrA, upon Y. pestis biofilm
production. Contrary to what has been described for E. coli, Y. pestis biofilm formation was

found to be enhanced by CsrA. Regardless of media composition and available carbon

source, deletion of csrA significantly impaired Y. pestis biofilm production. CsrA was found

to promote Y. pestis biofilm production independent of glycogen regulation. Loss of csrA did

not significantly alter relative hmsH, hmsP, or hmsTmRNA abundance. However, deletion

of hmsP in the csrA-deficient mutant enabled excessive biofilm production, suggesting

CsrA enables potent Y. pestis biofilm production through cyclic diguanylate regulation.
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Introduction
Yersinia pestis, the etiological agent of plague, is a historically profound pathogen responsible
for three pandemics [1]. With a global distribution of endemic foci, plague remains an issue
today and is considered to be a re-emerging infectious disease [2]. Y. pestis naturally circulates
amongst rodent reservoir hosts and flea vectors. There are two accepted modes of Y. pestis flea-
borne transmission: 1) early-phase transmission and 2) biofilm-mediated proventricular block-
age. Early-phase transmission of plague, through an undetermined mechanical and/or biologi-
cal process, enables rapid biofilm-independent dissemination which is suggested to contribute
toward epizootic spread [3, 4]. Alternately, the zoonotic maintenance of plague may be facili-
tated through biofilm-mediated proventricular blockage [5, 6, 7]. Upon consumption of an
infected mammalian blood meal by a naïve flea, Y. pestis forms a biofilm in association with
the flea proventriculus. The biofilm prevents the passage of blood during subsequent feeding
attempts and enhances regurgitation of Y. pestis into the mammalian dermis, thereby promot-
ing the transmission of plague [8].

The Y. pestis biofilm is comprised of poly-β-1,6-N-acetyl-D-glucosamine (PNAG) synthe-
sized by protein products of the hmsHFRS operon [9, 10]. The catalytic activity of the
HmsHFRS system is subject to post-translational regulation in response to the bis-(30,50)-cyclic
dimeric GMP (cyclic diguanylate/c-di-GMP) second messenger [11]. Cyclic diguanylate, syn-
thesized by HmsT and HmsD diguanylate cyclases, stimulates HmsR activity [12, 13]. Con-
versely, c-di-GMP is degraded by the HmsP phosphodiesterase [14, 15]. However, the adaptive
mechanisms which enable Y. pestis biofilm formation in response to the flea midgut milieu are
not well understood.

During infection of the flea vector, components of the Y. pestis phosphoenolpyruvate (PEP):
carbohydrate phosphotransferase system (PTS) (primary) carbon source metabolic pathways
are notably down-regulated; whereas, the expression of non-PTS (alternate) carbon source
metabolic pathways are induced [16]. The cAMP receptor protein (CRP), a central mediator of
carbon catabolite repression, facilitates the metabolism of alternate carbon sources when avail-
able glucose is scarce [17]. Moreover, CRP is a global regulator which differentially modulates
more than 6% of Y. pestis total protein-encoding capacity [18]. CRP functions as a DNA-bind-
ing transcription factor capable of directly promoting gene transcription. Alternately, CRP
indirectly regulates gene expression via differential modulation of small, non-coding RNA
(sRNA) species.

CRP has been characterized to control the expression of two competitive carbon storage sys-
tem sRNA regulators, CsrB and CsrC. Studies with Y. pseudotuberculosis crp-deficient mutants
demonstrate that CRP represses CsrB whilst enhancing CsrC expression [19]. Both CsrB and
CsrC sRNA species bind and sequester the RNA-associating carbon storage regulator protein,
CsrA [20, 21]. Through association with mRNA 5’ UTR GGAmotifs, CsrA regulates gene
expression by controlling transcript stability and/or translation of target transcripts [22]. CsrA
has been well-documented to regulate E. coli biofilm formation through a variety of modes.

Foremost, CsrA represses E. coli glycogen synthesis which has been suggested to confer dual
roles upon biofilm regulation [23, 24, 25]. Glycogen may serve as a stationary phase energy
source, thereby enhancing biofilm production [26]. Alternately, through competition for com-
mon metabolic intermediates, glycogen synthesis may repress biofilm formation [27]. CsrA
has also been shown to impair biofilm production by inhibiting translation of the Y. pestis
hmsHFRS homolog, pgaABCD [28]. Moreover, CsrA disrupts mRNA transcript stability of the
E. coli diguanylate cyclase ycdT as well as the c-di-GMP-specific phosphodiesterase yliE [29].
Finally, CsrA has been shown to enhance transcript stability and activate flhDC expression,
encoding a master regulator of flagellum biosynthesis, thereby promoting motility [30]. In Y.
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pestis, csrA has been shown to be highly expressed during infection of the flea vector [16]. How-
ever, in accordance with the objective of this study, the impact of carbon metabolism and stor-
age upon Y. pestis biofilm formation has not been ascertained.

Our findings reveal that Y. pestis biofilm formation is differentially modulated by available
carbon sources: glucose inhibits biofilm formation; whereas, the metabolism of alternate car-
bon sources enables robust biofilm production. Scarless deletion of crp in both KIM6+ and
CO92 Y. pestis strains significantly reduced biofilm formation relative to the respective isogenic
controls. Media supplementation with cAMP, an allosteric activator of CRP, had no significant
impact upon biofilm formation of either the crp-deficient mutants or the parental strains. Rela-
tive mRNA abundance of previously characterized Hms system biofilm-related genes were not
affected by crp. Thus, we conclude that CRP indirectly enhances Y. pestis biofilm production
by facilitating the alternate carbon source metabolism expression profile.

Contrary to what has been described for E. coli, our findings demonstrate that Y. pestis bio-
film formation is enhanced by CsrA. Deletion of csrA in both KIM6+ and CO92 Y. pestis
strains significantly impaired Y. pestis biofilm production and Congo red assimilation. The
mechanism by which CsrA promotes Y. pestis biofilm production was found to be independent
of glycogen regulation. Rather, deletion of hmsP, encoding a cyclic diguanylate phosphodiester-
ase, restored excessive biofilm production of the Y. pestis csrA-deficient mutant. Deletion of
csrA did not alter hmsP or hmsTmRNA abundance relative to the respective parental strains.
Nonetheless, CsrA may promote Y. pestis biofilm production through post-transcriptional
maintenance of the cyclic diguanylate small molecule activator of Y. pestis biofilm synthesis.

Materials and Methods

Bacterial Strains, Plasmids, and Primers
Bacterial strains and plasmids used in this study are described in Table 1. Oligonucleotides are
detailed in S1 Table.

Scarless Gene Deletion
The crp and csrA genes were excised from Y. pestis KIM6+ and CO92 backgrounds in a scarless
fashion (S1 Fig) [31, 32, 33]. To do so, the counter-selective sacB gene was incorporated along-
side the kanamycin resistance kan gene in pKD4 to obtain pKD4_Km-sacB plasmid [33]. The
target gene was replaced with the combined kanamycin-resistance and sucrose sensitivity
(KmR/SucS) deletion construct via Lambda Red Recombinase mediated crossover recombina-
tion in electrocompetent Y. pestis expressing the pKD46 helper plasmid. A secondary recombi-
nation event was employed to expel the deletion construct with a customized commercial
gBlock (IDT, San Jose, CA) comprised of the upstream/downstream sequences directly flank-
ing the gene of interest, thereby scarlessly excising the gene of interest. Additional recombina-
tion events were utilized to chromosomally restore the csrA gene via electroporation of a PCR
fragment derived by the gBlock amplification primers using CO92 DNA as a template. Verifi-
cation of gene deletion was afforded by sequencing. For all mutants, retention of the pgm locus
was confirmed via PCR of the hmsHFRS operon. Plasmid complementation of crp was afforded
by incorporation into the pBluescript II SK(+) expression vector.

Growth Kinetics
Bacteria from glycerol stocks were cultured on Heart Infusion Agar (HIA) plates for 18–24
hours at 26°C. Bacteria were sub-cultured in 25 ml Hearth Infusion Broth (HIB) at 26°C for
12–18 hours shaking at 250 rpm. 70 ml of fresh HIB was inoculated with OD600 = 0.2 and
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grown for 3 hours at 26°C whilst shaking at 250 rpm to obtain actively growing bacteria. Cul-
tures were centrifuged at 1.8K x g for 15 min at 26°C. Residual media was aspirated and the
bacteria were washed in potassium (K)-phosphate buffer (pH = 7.2). Bacteria were re-sus-
pended to an OD600 = 1.0 in K-phosphate buffer. Twenty-five milliliters of either HIB or chem-
ically defined Best Case Scenario (BCS) media supplemented with 0.2% of designated carbon
sources were inoculated to an OD600 = 0.1 and incubated at 26°C whilst shaking at 250 rpm
[34]. One milliliter aliquots were extracted at 0, 2, 6, 12, 24, 48, and 72 hours post-inoculation
for optical density determination. Statistical significance was determined by repeated measures
ANOVA post-hoc analysis (Tukey’s HSD P< 0.05).

Crystal Violet Biofilm Quantification Assay
Biofilm formation was quantified via crystal violet assay [33]. Bacterial suspensions of OD600 =
1.0 in K-phosphate buffer were performed as previously described for the growth kinetic exper-
iments. 24-well polystyrene plates were inoculated with 4–6 replicates of 0.75 ml of HIB or
BCS supplemented with 0.2% of designated carbon sources containing OD600 = 0.1 bacteria.
Plates were incubated at 26°C for 24 or 72 hours whilst shaking at 250 rpm. Media was

Table 1. Bacterial Strains and Plasmids.

Y. pestis strains Characteristics* Reference

CO92 Pgm+ pCD+ [48]

CO92 pgm- Pgm- pCD+ Motin collection

CO92Δcrp Scarless deletion of the crp gene This study

CO92ΔcsrA 5a Scarless deletion of the csrA gene clone 5a This study

CO92ΔcsrA 3b Scarless deletion of the csrA gene clone 3b This study

CO92ΔcsrA csrA’ 5a Scarless Restoration of the csrA gene of clone 5a This study

CO92ΔcsrA csrA’ 3b Scarless Restoration of the csrA gene of clone 3b This study

CO92ΔglgCAP Scarless deletion of the glgCAP gene This study

CO92ΔcsrA
ΔglgCAP

Scarless deletion of the glgCAP gene from CO92ΔcsrA 5a This study

CO92ΔhmsP Scarless deletion of the hmsP gene This study

CO92ΔcsrA ΔhmsP Scarless deletion of the hmsP gene from CO92ΔcsrA 5a This study

KIM6+ Pgm+ pCD− Brubaker collection

KIM6+ pgm- Pgm- pCD− Motin collection

KIM6+Δcrp Scarless deletion of the crp gene This study

KIM6+ΔcsrA 2:14 Scarless deletion of the csrA gene clone 2:14 This study

KIM6+ΔcsrA 4:12 Scarless deletion of the csrA gene clone 4:12 This study

KIM6+ΔcsrA csrA’
2:6

Scarless restoration of the csrA gene in clone 2:14 This study

E. coli strains Characteristics Reference

DH5α F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, mk+) gal- phoA supE44 λ- thi-1
gyrA96 relA1

Invitrogen (Carlsbad,
CA)

Plasmids Characteristics Reference

pKD46 Mutagenesis helper plasmid, source of Lambda Red Recombinase, ApR [31]

pKD4_Km-sacB Cloned sacB from pCVD442 in NgoMIV site of pKD4, source of kan-sacB cassette, KmR, ApR, SucS [33]

pBluescript SK+ Cloning vector, ApR Stratagene (La Jolla,
CA)

pBluescript/crp Cloned crp gene derived from KIM6+ into pBluescript SK+, ApR This study

* All Y. pestis strains contained the pMT1 and pPCP plasmids.

doi:10.1371/journal.pone.0135481.t001
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aspirated, wells were washed with dH2O, and bacteria retained in the biofilms were stained
with 0.01% crystal violet for 20 min. Crystal violet dye was aspirated and wells were washed
three times with dH2O. Bound crystal violet was solubilized with 1.5 ml of 33% acetic acid
while shaking at 150 rpm for 15 min. Absorbance was measured utilizing a BioTek Synergy HT
(BioTek, Winooski, VT) at 570 nm. In order to augment CRP activity, either BCS medium uti-
lizing 0.2% glucose as the sole carbon sources or HIB medium were supplemented with 3 mM
cAMP. In all cases, error bars reflect standard deviation from the mean of two independent
experiments, each consisting of 4–6 technical replicates. Statistical significance was determined
by one-way ANOVA (Tukey’s HSD P<0.05).

Due to the excessive biofilm production of the hmsP-deficient mutants, accurate optical
density readings could not be obtained during growth at 26°C. Since Y. pestis does not synthe-
size biofilms at temperatures>34°C, experimental pre-growth conditions were increased to
37°C in order to obtain accurate inoculums [35].

Congo Red Binding Assay
Bacteria derived from glycerol stocks were cultured on HIA plates for 24–48 hours at 26°C.
The bacteria were transferred to fresh HIA and incubated at 26°C for an additional 18–24
hours. Thereafter, 50 μL of fresh HIB was suspended to OD600 = 0.3. Four microliters of this
suspension was spotted on Congo red plates containing either 0.2% galactose or 0.2% potas-
sium (K)-gluconate [36]. After 48 hours or 72 hours of incubation at 26°C, Congo red assimila-
tion was phenotypically determined.

Semi-Quantitative Reverse Transcriptase PCR (RT-PCR)
The Access RT-PCR System (Promega, Madison, WI) was utilized to compare the mRNA
abundance of previously characterized biofilm-related genes amongst CO92 and CO92Δcrp
during growth in HIB medium as well as between CO92 cultured in chemically defined media
supplemented with either 0.2% glucose or 0.2% K-gluconate. Cultures were pre-grown as previ-
ously described. 300 ml of the appropriate media was inoculated with OD600 = 0.075 of bacteria
in 1 L flask. The culture was incubated at 26°C while shaking at 250 rpm for 6 hours. At this
time, 4.0x109 cells per sample as determined by optical density were added to an equal volume
of RNA later (Ambion, Austin, TX). RNA was isolated via the RNAeasy midi column kit (Qia-
gen, Hilden, Germany) in accordance with manufacturer guidelines and processed by the
TURBO DNA-free kit (Ambion) for DNase treatment. RNA concentration was determined
through application of the Synergy HT Take3 Multi-Volume Plate (BioTek). RT-PCR reactions
were performed in accordance with manufacturer guidelines using 25 ng of total RNA for 25
PCR cycles. Three microliter aliquots of the RT-PCR reactions were visualized on 2% agarose
gels infused with ethidium bromide. Semi-quantitative analyses were performed by ImageJ
software with normalization to the gyrB gene [33, 37, 38].

Quantitative Real-Time PCR (qPCR)
The iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) was utilized to assess relative transcript
levels of hmsH, hmsP, and hmsT among the csrA-deficient mutants and the respective isogenic
controls. Cultures were pre-grown in BCS medium supplemented with 0.2% K-gluconate for
18 hours incubating at 26°C while shaking at 250 rpm. Bacteria were inoculated in fresh BCS
medium containing 0.2% K-gluconate and grown to logarithmic phase. Fifty milliliters of BCS
medium supplemented with 0.2% K-gluconate was inoculated to an OD600 = 0.2. Following 6
hours of incubation at 26°C while shaking at 250 rpm, approximately 5 x 108 cells per sample
as determined by optical density were added to an equal volume of RNA later (Ambion). RNA
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was isolated via the RNAeasy midi column kit (Qiagen) in accordance with manufacturer
guidelines and processed by the TURBO DNA-free kit (Ambion) for DNase treatment. For
each sample, two cDNA samples were prepared by iScript cDNA Synthesis Kit (Bio-Rad) from
200 ng of total RNA as determined by Synergy HT Take3 Multi-Volume Plate (BioTek). Real-
time qPCR was performed with the CFX96 Real-Time System in conjunction with the C1000
Thermal Cycler (Bio-Rad). Relative mRNA abundance was calculated by the ΔΔCT Method
with normalization to the gyrB reference gene [39]. Statistical significance was determined by
one-way ANOVA comparing the average of the 2 independent cDNA samples per strain, each
consisting of 3 technical replicates per optimal input concentration as dictated by prior
validation.

Whole Genome Sequencing
Whole-genome sequences of the KIM6+ and CO92 csrA-deficient mutants were determined
(accession numbers SRS872074 and SRS872077, respectively). Bacteria derived from glycerol
stocks were cultured on HIA plates for 24–48 hours at 26°C. The bacteria were transferred to
fresh HIA and incubated at 26°C for an additional 18–24 hours. Genomic DNA was isolated
via QIAmp DNAMini kit (Qiagen) in accordance with manufacturer guidelines. Illumina
MiSeq sequencing performed at Los Alamos National Laboratory yielded 7156350 and
8122124 respective 251 bp reads for the aforementioned strains. The Illumina reads were de
novo assembled by IDBA_UD (v1.1.1) with parameter “—mink 27—maxk 127—step 20—
pre_correction”. The assembled contigs were aligned to corresponding reference genomes (Y.
pestis CO92, NC_003143 and Y.pestis KIM 10, NC_004088) by MUMmer (v3.23) with parame-
ters “—maxmatch” and the uncovered reference regions were extract out using custom Perl
script. Moreover, Illumina paired reads were aligned to the corresponding reference genome
(Y.pestis CO92 and Y.pestis KIM 10) by BWA (v0.7.10) aln algorithm with default parameters.
The average depth of coverage and percent contig recovery were calculated from alignment
results and the uncovered reference regions were extract out using custom Perl script. Popula-
tion variation was judged from mapping result using SAMtools (v1.1) for conversion of BWA
output format to BAM format and to perform SNP and Indel analysis. The SNP calls were fil-
tered further by vcffilter.pl of SAMtools with following criteria: (i) minimum RMS mapping
quality for SNPs [10]; (ii) minimum read depth [10]; (iii) maximum read depth [10000]; (iv)
minimum number of alternate bases [3]; (v) SNP within INT bp around a gap to be filtered [3];
(vi) window size for filtering adjacent gaps [10]; (vii) min P-value for strand bias (given PV4)
[0.0001]; (viii) min P-value for end distance bias [0.0001]; (x) variants in the repeats region of
the reference are filtered.

Results

Growth Kinetics of the Y. pestis crp and csrA Deletion Mutants
Growth kinetics of the KIM6+Δcrp and CO92Δcrp scarless deletion mutants were determined
during growth at 26°C in either HIB peptide-rich medium or BCS chemically-defined medium
supplemented with primary and/or alternate carbon sources (Fig 1). Growth kinetics of the
KIM6+Δcrp and CO92Δcrp scarless deletion mutants were consistent with the respective iso-
genic controls during growth at 26°C in BCS medium supplemented with glucose. However,
the Δcrpmutants demonstrated a stark growth defect when inoculated in BCS medium solely
supplemented with alternate carbon sources, demonstrating stringent CRP-mediated carbon
catabolite repression in Y. pestis. Growth of the crp-deficient mutants resumed approximately
24 hours post-inoculation in BCS media solely supplemented with alternate carbon sources.
After 72 hours post-inoculation, the bacterial density of the KIM6+Δcrp and CO92Δcrp

Carbon Regulation of Yersinia pestis Biofilm Production

PLOS ONE | DOI:10.1371/journal.pone.0135481 August 25, 2015 6 / 20



mutants cultured in BCS media solely supplemented with alternate carbon sources were
approximately 1.9-fold and 1.8-fold less than the respective isogenic controls. Growth kinetics
of the crp-deficient mutants demonstrated an approximate 2-fold reduction in bacterial density
following 24 hours of growth in HIB medium.

Fig 1. Y. pestis crp-deficient Mutant 26°C Growth Kinetics. (A) Growth curves of CO92, CO92Δcrp, and
plasmid complemented CO92Δcrp: pBluescript/crpwhen grown in BCSmedium supplemented with 0.2%
glucose or 0.2% K-gluconate. Growth of the CO92 crp-deficient mutant when cultured in medium
supplemented with 0.2% K-gluconate was significantly impaired relative to all other bacterial strain and media
conditions (Tukey’s HSD P < 0.05). (B) Growth curves of KIM6+ and KIM6+Δcrpwhen cultured in BCS
medium supplemented with either 0.2% glucose, 0.2% glycerol, or a combination of both 0.2% glucose and
0.2% glycerol. Growth of the KIM6+ crp-deficient mutant when cultured in medium solely supplemented with
0.2% glycerol was significantly impaired relative to all other bacterial strain and media conditions (Tukey’s
HSD P < 0.05). (C) Growth kinetics of the CO92 and KIM6+ crp-deficient mutants and respective isogenic
controls when grown in HIB medium at 26°C.

doi:10.1371/journal.pone.0135481.g001
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Deletion of csrA did not yield a significant alteration in 26°C growth kinetics when grown in
peptide-rich HIB or chemically defined BCS medium solely supplemented with either glucose
or K-gluconate (Fig 2).

CRP Facilitates Carbon Catabolite Regulation of Y. pestis Biofilm
Formation
CO92 and KIM6+ biofilm production was quantified by crystal violet assay during growth in
BCS media utilizing either 0.2% glucose or 0.2% alternate carbon sources (Fig 3). After 24
hours post-inoculation, growth of Y. pestis in BCS medium solely supplemented with alternate
carbon sources yielded greater than 2-fold enhanced biofilm production relative to the biofilm
production in media containing glucose. Moreover, the biofilm production during growth in
BCS medium containing a combination of both primary and alternate carbon sources was sig-
nificantly impaired relative to the biofilm formation when grown in media solely supplemented
with alternate carbon sources, indicative of a carbon catabolite repression effect. No change in
growth rate was observed for either Y. pestis strain during culture in BCS medium regardless of
primary or alternate carbon source supplementation. Therefore, the catabolite regulation of Y.
pestis biofilm formation is independent of growth discrepancies.

Fig 2. Y. pestis csrA-deficient Mutant 26°C Growth Kinetics. (A) Growth of CO92, CO92ΔcsrA, and the
chromosomal restoration mutant CO92ΔcsrA csrA’ in BCSmedium supplemented with either 0.2% glucose
or 0.2% K-gluconate during incubation at 26°C. (B) Growth kinetics of the CO92 and KIM6+ csrA-deficient
mutants and respective controls when cultured in HIB medium at 26°C. No significant alteration in growth
kinetics as determined by repeated measures ANOVA was calculated among the csrA-deficient mutants and
the respective controls, regardless of media type or available carbon source.

doi:10.1371/journal.pone.0135481.g002
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The metabolism of alternate carbon sources is facilitated by CRP. Thus, the biofilm produc-
tion of scarless crp deletion mutants constructed in both CO92 and KIM6+ backgrounds was
characterized (Fig 4 and S2 Fig). When grown in the presence of glucose, deletion of crp had no
impact upon Y. pestis biofilm production. However, biofilm formation of the crp-deficient
mutant was significantly reduced after 24 hours post-inoculation in BCS medium solely sup-
plemented with alternate carbon sources (Fig 4A). In order to account for the aforementioned
growth defect of the crp-deficient mutants, biofilm production was determined at 72 hours
post-inoculation biofilm production (Fig 4B). The biofilm formation of the crp deletion mutant
was significantly impaired after 72 hours of growth in BCS medium solely supplemented with
alternate carbon sources.

We sought to assess if cAMP-dependent CRP activation is the determinant factor defining
carbon catabolite regulation of robust Y. pestis biofilm production. Supplementation of BCS
media containing 0.2% glucose as the sole carbon source with 3 mM cAMP did not signifi-
cantly alter biofilm formation of the crp-deficient mutants or the respective isogenic controls
(Fig 5). Therefore, cAMP availability is not solely responsible for the potent biofilm production
observed during the metabolism of alternate carbon sources. Rather, CRP-mediated metabo-
lism of alternate carbon sources enables robust Y. pestis biofilm production.

CRP, a global regulator of transcription, may alter mRNA abundance of previously charac-
terized biofilm-related genes. Transcript levels were compared among CO92 and the
CO92Δcrpmutant during growth in HIB. Moreover, mRNA abundance was analyzed during
growth of CO92 in chemically defined media utilizing either glucose or K-gluconate as the sole
carbon source. Following normalization to the gyrB gene, semi-quantitative analyses via ImageJ
software did not reveal any significant changes in relative transcript levels (Fig 6 and S3 Fig).
Thus, CRP-mediated carbon catabolite modulation of biofilm formation does not alter mRNA
abundance of Y. pestis hms biofilm-related genes.

Carbon Storage Regulator Protein, CsrA, Promotes Y. pestis Biofilm
Formation
To assess the impact of CsrA upon Y. pestis carbon catabolite regulation of biofilm formation,
the csrA gene was scarlessly deleted in both the KIM6+ and CO92 Y. pestis strains. Comple-
mentation of csrA was afforded by scarless gene restoration in both genetic backgrounds. Bio-
film formation as quantified by crystal violet assay indicated a significant reduction in biofilm
formation of the csrA-deficient mutants relative to the isogenic control and csrA restoration
mutant, regardless of media composition or available carbon source (Fig 7). After 24 hours
post-inoculation, the relative biofilm production of the csrA-deficient mutant when cultured in
BCS supplemented with 0.2% K-gluconate were reduced by approximately 2-fold relative to
the respective control strains. Moreover, the csrA deletion mutants do not readily bind Congo
red, indicative of severely impaired PNAG production (Fig 7C and S4 Fig). To discount poten-
tial aberrant mutations, the whole genome sequences of both the KIM6+ and CO92 csrA-defi-
cient mutants were determined. Whole genome sequencing confirmed the deletion of csrA in
both genetic backgrounds. Moreover, sequencing revealed complete retention of the pigmenta-
tion locus, including the hmsHFRS biofilm synthesis operon. Genomic integrity was main-
tained for previously characterized biofilm regulatory factors, including hmsP, hmsT, hmsB,
hmsC/N, hmsD, hmsE/A, and fur. No conserved gaps or mutations were identified amongst the
csrA-deficient strains (S2, S3 and S4 Tables). Considering no significant alteration in growth
kinetics among the csrA-deficient mutants and the isogenic controls, the defect in biofilm pro-
duction is independent of growth rate. Therefore, our findings demonstrate CsrA is positive
regulator of Y. pestis biofilm formation.
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CsrA Enhances Y. pestis Biofilm Formation Independent of Glycogen
Regulation
We sought to determine if CsrA promotes Y. pestis biofilm production through regulation of
glycogen formation. Our findings demonstrate that sole deletion of glgCAP operon does not
significantly alter Y. pestis biofilm formation (Table 2). Moreover, loss of glgCAP in the csrA-
deficient background was insufficient to restore wild-type biofilm production. Similarly, dele-
tion of glgCAP did not affect Congo red binding of the csrA deletion mutant or the parent
strain (S5 Fig). These findings demonstrate that glycogen synthesis is dispensable for Y. pestis
biofilm production. Therefore, the mechanism by which CsrA enhances Y. pestis biofilm pro-
duction does not transpire through negative regulation of glycogen formation.

Deletion of hmsP Restores Biofilm Production of the csrA-deficient
Mutant
CsrA has been shown to alter the transcript stability of factors which regulate the cyclic digua-
nylate small molecule activator of PNAG biofilm production in E. coli; and therefore, may

Fig 3. Carbon Catabolite Regulation of Y. pestis Biofilm Production. Crystal violet biofilm quantification
assay of KIM6+ and CO92 when cultured in BCSmedium supplemented with primary (glucose) and/or
alternate (glycerol or K-gluconate) carbon sources. Error bars reflect standard deviation from the mean
derived from two independent experiments, each consisting of 6 technical replicates. * P-value <0.005
determined by Tukey’s HSD post-hoc analysis.

doi:10.1371/journal.pone.0135481.g003

Fig 4. CRP Enables Robust Y. pestisBiofilm Production. Relative biofilm production of CO92, CO92Δcrp,
and plasmid complemented CO92Δcrp: pBluescript/crpwhen cultured in HIB medium or BCSmedium
supplemented with either 0.2% K-gluconate or 0.2% glucose. (A) Following 24 hours post-inoculation. (B)
After 72 hours post-inoculation. Error bars reflect standard deviation from the mean derived from two
independent experiments, each consisting of 6 technical replicates. * P-value <0.005 determined by Tukey’s
HSD post-hoc analysis.

doi:10.1371/journal.pone.0135481.g004
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stimulate Y. pestis biofilm production via a similar mode of action. To assess this hypothesis,
relative mRNA abundance of hmsP, encoding a diguanylate phosphodiesterase, and hmsT,
encoding a diguanylate cyclase, was compared among the csrA-deficient mutants and parental
strains. Our findings did not indicate any significant alteration in transcript levels amongst the
csrA-deficient mutants and the respective isogenic controls (Fig 8). However, deletion of the
hmsP gene from both wild-type CO92 and the CO92 csrA-deficient mutant enabled excessive
biofilm production (Fig 9). Deletion of hmsP significantly enhanced biofilm production of the
csrA-deficient mutant by>2.5 fold relative to the isogenic control after 24 hours of growth in
HIB. Furthermore, Congo red pigmentation of the csrA-deficient mutant was restored upon
deletion of hmsP (S6 Fig). Taken together, these observations suggest that CsrA may enhance

Fig 5. Y. pestisBiofilm Production is not Influenced by Exogenous cAMP. (A) Relative biofilm
production of KIM6+ and KIM6+Δcrpwhen grown in BCSmedium supplemented with 0.2% glucose
containing either 3 mM cAMP prepared in K-phosphate buffer or an equal volume of plain K-phosphate
buffer. (B) Relative biofilm production of CO92 and CO92Δcrpwhen grown in BCSmedium supplemented
with 0.2% glucose containing either 3 mM cAMP prepared in K-phosphate buffer or an equal volume of plain
K-phosphate buffer. Identical source inoculum per strain was utilized for each media type. Error bars reflect
standard deviation from the mean derived from two independent experiments, each consisting of 6 technical
replicates. No statistically significant change in crystal violet absorption as determined by one-way ANOVA
was calculated for both the crp-deficient mutants and the respective parental controls when cultured in media
containing 3mM cAMP or an equal volume of K-phosphate buffer.

doi:10.1371/journal.pone.0135481.g005

Fig 6. Semi-quantitative RT-PCR of the Y. pestis Hms System.Depiction of semi-quantitative RT-PCR
fold changes in expression of the Y. pestis Hms biofilm formation/regulation system following normalization to
the gyrB gene. “OM” reflects the bacterial outer membrane; whereas, “IM” indicates the inner membrane.
Factors highlighted in green represent characterized pro-biofilm factors. Factors colored in red have been
shown to impair biofilm production. I. Fold changes in mRNA abundance amongst CO92 grown in BCS
medium supplemented with 0.2% glucose to CO92 cultured in BCS supplemented with 0.2% K-gluconate. II.
Fold changes in mRNA abundance of CO92 to CO92Δcrpwhen grown in HIB medium.

doi:10.1371/journal.pone.0135481.g006
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Fig 7. CsrA is a Positive Regulator of Y. pestis Biofilm Production. Relative biofilm production of the
csrA-deficient mutants after 24 hours inoculation of BCSmedium supplemented with 0.2% K-gluconate, HIB
medium, or BCSmedium supplemented with 0.2% glucose. (A) CO92, CO92ΔcsrA, and the chromosomal
restoration mutant CO92ΔcsrA csrA’. (B) KIM6+, KIM6+ΔcsrA, and the chromosomal restoration mutant
KIM6+ΔcsrA csrA’. Results reflect the average of two independently derived csrA-deficient mutants (CO92
clones 5a and 3b, and KIM6+ clones 2:14 and 4:12). Two biological replicates were assessed per mutant,
each consisting of 6 technical replicates. Error bars reflect standard deviation from the mean among
biological replicates. * P-value < 0.005 as determined by Tukey’s HSD post-hoc analysis. (C) Impaired
Congo red assimilation of the Y. pestis csrA-deficient mutants. Phenotypic evaluation of Congo red binding of
the CO92 and KIM6+ csrA-deficient mutants, chromosomal csrA restoration mutants, parental isogenic
controls, and pigmentation locus negative (biofilm-deficient) mutants after 48 hours post-inoculation of Congo
red plates supplemented with 0.2% K-gluconate.

doi:10.1371/journal.pone.0135481.g007
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Y. pestis biofilm formation through post-transcriptional regulation of cyclic diguanylate syn-
thesis or degradation factors.

Discussion
Within this study, our findings demonstrate that Y. pestis biofilm formation is subject to car-
bon catabolite regulation. The metabolism of alternate carbon sources promotes robust biofilm
formation; whereas, the presence of glucose significantly impairs Y. pestis biofilm production.
Considering the Y. pestis transcriptional profile during infection of the flea vector is associated
with enhanced expression of alternate carbon source metabolic pathways, our findings corre-
spond with the natural maintenance of plague in the flea midgut [16].

The metabolism of alternate carbon sources is primarily facilitated by the global transcrip-
tional regulator, CRP. Deletion of crp was found to significantly impair Y. pestis growth kinetics
and biofilm formation upon sole utilization of alternate carbon sources. However, media sup-
plementation with cAMP, an activator of CRP, did not significantly alter biofilm production of
the crp-deficient mutants or the isogenic controls. Furthermore, in accordance with findings by
other investigators, CRP-mediated carbon catabolite regulation of Y. pestis biofilm formation
was not associated with altered mRNA abundance of previously characterized Hms biofilm-
related factors [18, 19]. Taken together, these findings suggest that CRP primarily enhances Y.
pestis biofilm production by enabling the metabolism of alternate carbon sources and

Table 2. Relative Crystal Violet Absorption of the CO92 Glycogen-deficient Mutants.

BCS 0.2% K-gluconate

CO92 CO92ΔcsrA CO92ΔglgCAP CO92ΔcsrAΔglgCAP

1 ± 0.074 0.65 ± 0.051* 1.02 ± 0.186 0.66 ± 0.039*

HIB

CO92 CO92ΔcsrA CO92ΔglgCAP CO92ΔcsrAΔglgCAP

0.21 ± 0.007 0.13 ± 0.005* 0.18 ± 0.007 0.13 ± 0.016*

BCS 0.2% Glucose

CO92 CO92ΔcsrA CO92ΔglgCAP CO92ΔcsrAΔglgCAP

0.61 ± 0.026 0.37 ± 0.037* 0.6 ± 0.056 0.42 ± 0.08*

* P-value < 0.05 as determined by Tukey’s HSD post-hoc analysis comparing two independent experiments, each consisting of 6 technical replicates.

doi:10.1371/journal.pone.0135481.t002

Fig 8. CsrA does not alter Y. pestis hmsH, hmsP, and hmsT Transcript Levels. Relative mRNA
abundance of hmsH, hmsP, and hmsT among the csrA-deficient mutants and the respective parental strains
calculated via the ΔΔCT method in reference to the gyrB gene. Dashed lines reflect two-fold thresholds for
alterations in relative transcript levels. No significant change in relative mRNA abundance among the deletion
mutants and the respective controls were determined by one-way ANOVA comparing the average of 2
independent cDNA samples per strain, each consisting of 3 technical replicates per target.

doi:10.1371/journal.pone.0135481.g008
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influencing the associated metabolic profile. CRP has been shown to stimulate ribose catabo-
lism whilst repressing glycolysis and glycogen formation in Y. pseudotuberculosis [19]. Thus,
through enhanced metabolic shunting of ribose toward PNAG or c-di-GMP biosynthesis, CRP
may indirectly promote Y. pestis biofilm production (S7 Fig).

In E. coli, CsrA is known to post-transcriptionally inhibit biofilm formation via multiple
modes of action. Our findings reveal that Y. pestis biofilm formation, contrary to what has been
described for other E. coli, is enhanced by CsrA. Y. pestismutants deficient in csrA demonstrate
significantly impaired biofilm formation, irrespective of media composition or available carbon
sources. Moreover, phenotypic Congo red assimilation of the csrA deletion mutants is drasti-
cally impaired. In fact, Congo red binding of the csrA-deficient mutants are comparable to the
biofilm-deficient pigmentation locus negative (hmsHFRS negative) Y. pestis, indicative of con-
siderable impairment of PNAG production.

A position weight matrix was derived from experimentally-characterized CsrA binding sites
of E. coli [23, 28, 40, 41] (S5 Table). Utilizing the Matrix-Scan public domain software, a
threshold weight score (4.0) was established through assessment of E. coli pgaA 5’UTR which
provides empirical support for predicting putative CsrA-binding sites [28]. With this strategy,
putative CsrA binding sites in the Y. pestis hmsH 5’ UTR were assessed; however, only one pre-
dicted binding site was identified with an associated weight score which did not surpass the
pre-determined confidence threshold (S8 Fig) [42, 43]. Therefore, dissimilar to the E. coli pgaA
5’ UTR, the Y. pestis hmsH 5’UTR does not contain an abundance of predicted CsrA binding
motifs (S8 Fig). This observation suggests CsrA may not readily associate with and impair
hmsHFRS translation; however, does not address the mechanism by which CsrA enhances Y.
pestis biofilm formation. To provide insight regarding the mechanism by which CsrA promotes
Y. pestis biofilm production, we determined the impact of glycogen formation—a csrA-regu-
lated process in E. coli which has been suggested to confer dual roles upon biofilm production
[26, 27]. Deletion of the glgCAP operon from Y. pestis strain CO92 did not significantly alter
crystal violet absorption and resulted in no discernable change in Congo red assimilation. Fur-
thermore, deletion of the glgCAP glycogen synthesis operon from the csrA-deficient mutant
did not restore wild-type biofilm production. Taken together, these findings demonstrate

Fig 9. Deletion of hmsP Enables Excessive Biofilm Production in the csrA-deficient Mutant. Relative
biofilm production of CO92, CO92ΔcsrA, CO92ΔhmsP, and CO92ΔcsrAΔhmsP following 24 hours post-
inoculation in HIB medium. Error bars reflect standard deviation from the mean of 2 independent
experiments, each consisting of 6 technical replicates. * P-value < 0.005 as determined by Tukey’s HSD
post-hoc analysis.

doi:10.1371/journal.pone.0135481.g009
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glycogen formation does not influence Y. pestis biofilm formation, indicating CsrA promotes
Y. pestis biofilm formation through an alternate mode of action.

Y. pestis PNAG production is dependent upon the cyclic diguanylate small molecule activa-
tor. There are two characterized inhibitors of Y. pestis biofilm production which function
through conserved mode of cyclic diguanylate regulation: 1) the Fur regulator which impairs
transcription of hmsT encoding a diguanylate cyclase and 2) the HmsP phosphodiesterase
which degrades cyclic diguanylate [14, 15, 44]. Interestingly, the 5’UTR of Y. pestis hmsP con-
tains multiple putative CsrA binding sites with predictive weight scores surpassing the calcu-
lated cutoff threshold, suggestive of potential CsrA interplay. (S9 Fig) [39, 44]. Comparison of
hmsP and hmsTmRNA abundance among the csrA-deficient mutants and the respective con-
trol strains did not indicate any significant changes in transcript levels. This observation pro-
vides evidence against potential CsrA regulation of Fur. CsrA may post-transcriptionally
regulate hmsP and/or hmsT expression to promote Y. pestis biofilm formation. In support of
this notion, deletion of hmsP from a csrA-deficient background enabled excessive biofilm pro-
duction and restored Congo red assimilation. However, further studies are necessary to con-
firm the role of CsrA upon Y. pestis cyclic diguanylate regulation.

Regardless of the precise mode of action, our findings establish a unique adaptation of Y.
pestis CsrA regulatory cascades which enhances biofilm formation by stimulating PNAG pro-
duction. It is important to note that Y. pestis is non-motile as a consequence of a frameshift
mutation in the flhDmaster regulator of flagellum biosynthesis [45, 46]. Studies in E. coli and
Y. enterocolitica have demonstrated that CsrA promotes motility by activating expression of
the FlhDC regulators [30, 47]. Thus, through concerted ablation of motility and adaptation of
PNAG synthesis regulatory cascades, the Y. pestis CsrA network has evolved to support potent
biofilm production.

Conclusions
CRP facilitates carbon catabolite regulation of Y. pestis biofilm production in which the sole
metabolism of alternate carbon sources promotes robust biofilm formation; whereas, the pres-
ence of glucose impairs biofilm production. CRP does not directly control hms biofilm synthe-
sis and regulation factors. Rather, we postulate CRP indirectly modulates Y. pestis biofilm
production through induction of the alternate carbon source expression profile and metabolic
shunting. Unlike what has been documented for E. coli, CsrA stimulates Y. pestis biofilm pro-
duction. CsrA enhances Y. pestis biofilm independent of glycogen formation which has been
shown to be a dispensable factor. CsrA does not alter the mRNA abundance of hmsP or hmsT
regulators of cyclic diguanylate production. However, deletion of hmsP in the csrA-deficient
mutant enables excessive biofilm formation. Therefore, we conclude that CsrA may enable Y.
pestis biofilm production by promoting biosynthesis or preventing degradation of the cyclic
diguanylate small molecule activator of PNAG production.

Supporting Information
S1 Fig. Scarless Deletion and Chromosomal Restoration Procedure. Step 1. A dual selection
kanamycin-resistance (KmR) and sucrose-sensitivity (SucS) cassette incorporated in pKD4 was
amplified with primers containing overhangs homologous to the target gene upstream/down-
stream flanking sequences [33]. A gBlock DNA fragment (IDT) comprised of target gene flank-
ing regions (scarless deletion) or the gene of interest (chromosomal restoration) was amplified
in an analogous fashion. Step 2.Via λ-Red recombination afforded by pKD46 induction, the
target gene was replaced with the KmR- SucS deletion cassette. Step 3. A secondary recombina-
tion event was utilized to either replace the deletion cassette with the gBlock fragment, thus
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excising the target gene (scarless deletion). Through additional recombination events the excised
gene can be chromosomally restored through re-introduction of the selection cassette and sub-
sequent expulsion with the gene of interest, thereby circumventing plasmid complementation.
(TIF)

S2 Fig. KIM6+ crp-deficient Mutant Biofilm Production. Relative crystal violet absorption of
KIM6+, KIM6+Δcrp, and plasmid complemented KIM6+Δcrp: pBluescript/crp following 24
hours post-inoculation of HIB medium or BCS medium supplemented with either 0.2% K-glu-
conate or 0.2% glucose incubated at 26°C. Error bars reflect standard deviation from the mean
derived from two independent experiments, each consisting of 6 technical replicates. � P-value
<0.005 determined by Tukey’s HSD post-hoc analysis.
(TIF)

S3 Fig. Semi-Quantitative RT-PCR 2% Agarose Gels. RT-PCR of Y. pestisHms system bio-
film regulation genes visualized by EtBR.

A. Comparison of CO92 grown in BCS medium supplemented with either 0.2% K-gluconate
or 0.2% glucose:

I. Row: 1 = 0.2% glucose; 2 = 0.2% K-gluconateColumns: A = gyrB; C = hmsH; E =
hmsF; G = hmsR; I = hmsS(Directly flanked to the right by RT negative controls)

II. 0.2% glucose: A = gyrB; E = hmsP; I = hmsT; M = hmsN; Q = hmsD0.2% K-gluconate:
C = gyrB; G = hsmP; K = hmsT; O = hmsN; S = hmsD(Directly flanked to the right
by RT negative controls)

B. Comparison of CO92 and CO92Δcrp when grown in HIB medium:

I. A, E, I, M, Q = CO92 gyrB, hmsH, hmsF, hmsR, hmsS;C, G, K, O, S = CO92Δcrp gyrB,
hmsH, hmsF, hmsR, hmsS(Directly flanked to the right by RT negative controls)

II. A, E, I, M, Q = CO92 gyrB, hmsP, hmsT, hmsN, hmsD;C, G, K, O, S = CO92Δcrp gyrB,
hmsP, hmsT, hmsN, hmsD(Directly flanked to the right by RT negative controls)

III. A, E = CO92 gyrB, pla; C, G = CO92Δcrp gyrB, pla(Directly flanked to the right by
RT negative controls).
(TIF)

S4 Fig. Single Colony csrA-deficient Congo Red Binding Comparison. Phenotypic assess-
ment of Congo red assimilation of KIM6+ (shown on left) and the KIM6+ΔcsrAmutant
(shown on right) single colonies after 48 hours post-inoculation of Congo red plates supple-
mented with 0.2% galactose incubated at 26°C.
(TIF)

S5 Fig. Glycogen-deficient Mutant Congo Red Binding. Congo red binding phenotypic
assessment of the ΔglgCAPmutants constructed in the CO92 background after 48 hours post-
inoculation of Congo red plates supplemented with 0.2% K-gluconate incubated at 26°C.
(TIF)

S6 Fig. hmsP-deficient Mutant Congo Red Binding. Congo red binding phenotypic assess-
ment of the ΔhmsPmutants constructed in the CO92 background after 48 hours post-inocula-
tion of Congo red plates supplemented with 0.2% K-gluconate incubated at 26°C.
(TIF)
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S7 Fig. Putative CRP Metabolic Influence upon Yersinia Biofilm Production. Schematic
depicting the metabolic influence of CRP in Y. pseudotuberculosis [19]. Factors in green reflect
CRP-induced metabolites and/or associated metabolic pathways; whereas, factors highlighted
in red are impaired by CRP. CRP promotes ribose catabolism which may contribute to purine
synthesis, potentially enhancing c-di-GMP production and the activation of biofilm formation.
Alternately, as a concerted consequence of impaired glycogen production and glycolysis, ribose
catabolism may stimulate the biosynthesis of PNAG.
(TIF)

S8 Fig. E. coli and Y. pestis PNAG Biosynthesis Operon 5’ UTR Comparison. Comparison
of E. coli pgaA 5’UTR and the homologous Y. pestis hmsH 5’UTR [28, 41]. Numerals I-VI
indicate experimentally characterized CsrA interaction sites [28]. Yellow highlights reflect
putative “GGA” CsrA binding motifs. Parenthetical values indicate Matrix-Scan weight scores
upon assessment of the CsrA position weight matrix derived in S5 Table [42]. Assessment of
experimentally-characterized CsrA-binding sites in pgaA 5’ UTR established a weight score
confidence threshold of 4.0. Dissimilar to the E. coli pgaA 5’UTR, the Y. pestis hmsH 5’ UTR
does not encompass an abundance of putative CsrA binding motifs.
(TIF)

S9 Fig. Y. pestis hmsP and hmsT 5’ UTR Predicted CsrA-binding sites. Analysis of Y. pestis
hmsP and hmsT 5’UTRs [38, 43]. Yellow highlights reflect putative “GGA” CsrA binding
motifs. Parenthetical values indicate Matrix-Scan weight scores upon assessment of the CsrA
position weight matrix derived in S5 Table [42]. The hmsP 5’UTR contains multiple putative
CsrA-binding sites which surpass the weight score confidence threshold of 4.0 obtained
through assessment of the experimentally characterized E. coli pgaA 5’ UTR.
(TIF)

S1 Table. List of Oligonucleotides. Detailed list of oligonucleotides utilized in this study.
(XLSX)

S2 Table. Whole Genome Sequencing Coverage. Reference recovery statistics of the Y. pestis
csrA-deficient mutant whole genome sequences.
(DOCX)

S3 Table. Whole Genome Sequencing Mapping Gaps. Gap regions identified in the Y. pestis
csrA-deficient mutant whole genome sequences.
(DOCX)

S4 Table. Whole Genome Sequencing Genetic Variants. Nucleotide variants detected in the
Y. pestis csrA-deficient mutant whole genome sequences.
(DOCX)

S5 Table. CsrA Position Frequency Weight Matrix. Predicted CsrA binding motif derived
from experimentally-characterized E. coli 5’UTR CsrA binding sites [23, 28, 40, 41].
(DOCX)
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