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SUMMARY

The second messenger molecule cyclic diguanylate (c-di-GMP) is essential for Y. pestis biofilm
formation that is important for blockage-dependent plague transmission from fleas to mammals.
Two diguanylate cyclases (DGCs) HmsT and Y3730 (HmsD) are responsible for biofilm
formation in vitro and biofilm-dependent blockage in the oriental rat flea Xenopsylla cheopis,
respectively. Here, we have identified a tripartite signaling system encoded by the y3729-y3731
operon that is responsible for regulation of biofilm formation in different environments. We
present genetic evidence that a putative inner membrane-anchored protein with a large periplasmic
domain Y3729 (HmsC) inhibits HmsD DGC activity in vitro while an outer membrane Pal-like
putative lipoprotein Y3731 (HmsE) counteracts HmsC to activate HmsD in the gut of X. cheopis.
We propose that HmsE is a critical element in transduction of environmental signal(s) required for
HmsD-dependent biofilm formation.

INTRODUCTION

The gram-negative bacterium Yersinia pestis, infamous for causing plague pandemics,
remains a serious problem with epidemic outbreaks occurring worldwide. Y. pestis is a
successful zoonotic pathogen with large established sylvatic foci in Asia, Africa and the
Americas. Y. pestis causes zoonotic disease that primarily involves rodents and associated
fleas where fleas serve as a transmission vector to spread plague from animal to animal
(Perry and Fetherston, 1997; Hinnebusch and Erickson, 2008; Stenseth et al., 2008). In the
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oriental rat flea Xenopsylla cheopis, a primary Y. pestis vector in many plague endemic areas
throughout the world, Y. pestis grows as a biofilm in the midgut and eventually colonizes the
proventriculus (a valve between the midgut and esophagus) causing partial or complete
blockage. In completely blocked fleas, fresh blood cannot reach the midgut (stomach).
Consequently blocked fleas increase their feeding attempts causing bacteria to dislodge from
the biofilm; regurgitation of the now contaminated blood into the bite site infects the
mammal. In partially blocked fleas, there is a small open channel in the proventriculus that
allows some of the bloodmeal to enter the midgut of the flea. Partial blockage is also able to
mediate efficient biofilm-dependent transmission of Y. pestis (Bacot and Martin, 1914;
Bacot, 1915; Jarrett et al., 2004; Hinnebusch and Erickson, 2008; Hinnebusch, 2012). This
blockage- or biofilm-dependent mechanism of transmission has been shown for many flea
species that are established plague vectors in the majority of endemic plague areas (Bibikova
and Klassovskii, 1974; Vatschenok, 1988; Anisimov et al., 2004; Krasnov et al., 2006).

Y. pestis biofilm formation requires a poly-p-1,6-N-acetyl-D-glucosamine exopolysaccharide
(EPS) that is produced by the hmsHFRS gene products (Perry et al., 1990; Lillard et al.,
1997; Bobrov et al., 2008; Erickson et al., 2008). The levels of Hms-dependent EPS in Y.
pestis KIM6+ are regulated by enzymes involved in synthesis and degradation of the second
messenger molecule cyclic di-GMP (c-di-GMP) (Kirillina et al., 2004; Romling et al.,
2013). Although 10 genes encoding diguanylate cyclases (DGCs) and phosphodiesterases
(PDEs) are present in the Y. pestis genome, only three produce enzymatically functional
proteins. Under in vitro conditions, the DGC HmsT synthesizes c-di-GMP and activates
production of the EPS polymer while the PDE HmsP degrades c-di-GMP and lowers EPS
synthesis. The second functional DGC identified in Y. pestis KIM6+, Y3730 (HmsD), is
responsible for a small fraction of cellular c-di-GMP and is not required for biofilm
formation under in vitro conditions (Kirillina et al., 2004; Bobrov et al., 2005; Simm et al.,
2005; Bobrov et al., 2008; Bobrov et al., 2011). In contrast, HmsD, not HmsT, is critical for
the development of biofilm-dependent blockage in X. cheopis. The mechanism for
differential regulation of biofilm formation by HmsT and HmsD in these two environments
has not been identified. However, equivalent levels of transcription of hmsD and hmsT in
vitro and in the flea have been demonstrated, suggesting a post-transcriptional mechanism
for this regulation (Sun et al., 2011).

In this study, we show that the DGC HmsD is controlled by two linked genes, y3729 (hmsC)
and y3731 (hmsE), which likely encode inner membrane (IM) —anchored and outer
membrane (OM) proteins, respectively. A deletion of hmsC or overexpression of hmsE
resulted in increased c-di-GMP production by HmsD and hyper-biofilm formation in vitro.
In X. cheopis, an hmsE mutant had lower blockage rates — similar to an hmsD mutant.
Although the hmsC mutant exhibits robust EPS production in vitro at 37°C similar to an
hmsP mutant, unlike the hmsP mutant it does not have a virulence defect in mouse model of
bubonic plague. We also show that the HmsCDE regulatory pathway is functional in Y.
pestis strains representative of all biovars and subspecies.

While this manuscript was under revision, a manuscript by Ren et al showing regulation of
HmsD by HmsC alone was accepted for publication (Ren et al., 2013). Consequently, we
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have adopted their terminology for the y3729-y3731 locus (hmsCDE). In our discussion, we
include differences and similarities between the two studies.

HmsC and HmsE inversely regulate Hms-dependent biofilm formation in Y. pestis via
control of c-di-GMP production by the DGC HmsD

The hmsD gene is part of a three gene operon (hmsCDE), with the two flanking genes, hmsC
and hmsE, predicted to encode an IM protein and a peptidoglycan associated lipoprotein
(PAL) - like OM protein, respectively. All three gene products are orthologous to YfiRNB
proteins from Escherichia coli and Pseudomonas species where YfiR (the HmsC
orthologue) represses the function of the DGC YfiN (the HmsD orthologue) (Girgis et al.,
2007; McDonald et al., 2009; Malone et al., 2010). We show here that deletion of hmsC in
Y. pestis KIM6+ resulted in a drastic increase in biofilm formation in vitro while
overexpression of this gene from an arabinose-inducible promoter complemented this
mutant phenotype (Fig. 1A and 1B). Moreover, an hmsCD double mutant showed an ~ 3-
fold reduction in biofilm formation compared to the hmsC mutant (Fig. 1A) indicating that
the DGC HmsD is negatively regulated by HmsC. Curiously, biofilm formation by the
hmsCD mutant was significantly higher than that of the parent strain or hmsD mutant
suggesting that HmsC may regulate additional protein(s) that directly or indirectly influence
biofilm development, at least under these growth conditions. These results independently
confirm those of Ren et al (Ren et al., 2013) and suggest that HmsD does not contribute to in
vitro biofilm formation because it is inhibited by HmsC. Therefore, HmsT is the dominant
DGC controlling in vitro biofilm development, as previously shown (Kirillina et al., 2004).

An hmsE mutation showed a subtle reduction of biofilm production, similar to that observed
in an hmsD mutant (Fig. 1A). Alternatively, overexpression of hmsE in the parent strain
greatly increased biofilm formation (Fig. 1C). In contrast, overexpression of hmsE in the
hmsD mutant did not cause increased biofilm formation (Fig. 1C), indicating that HmsE
specifically activates HmsD. Furthermore, inactivation of hmsC or overexpression of hmsE
in an hmsT~ background caused robust biofilm formation (Fig. 2) further supporting our
conclusion that HmsC and HmsE control Y. pestis biofilm formation via the DGC HmsD.
The effects of HmsE and HmsC are specific to Hms-dependent biofilm formation, since
deletion of hmsR, encoding a putative glycosyltransferase essential for Hms EPS
biosynthesis, negates the phenotypes of the hmsC mutant and the hmsE overexpressing
strain (Fig. 1A and data not shown).

To demonstrate that HmsC and HmsE affect biofilm formation by modulating HmsD-
dependent c-di-GMP levels in Y. pestis, the intracellular concentrations of ¢c-di-GMP in an
hmsT mutant were compared to those in a double hmsT hmsC mutant and an hmsT mutant
overexpressing hmsk. Both deletion of hmsC or overexpression of hmsE resulted in
increased levels of c-di-GMP compared to the hmsT mutant where c-di-GMP levels were
undetectable (Fig. 3). Thus, HmsC inhibits and HmsE promotes the HmsD-dependent
production of c-di-GMP in Y. pestis KIM6+.
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To provide genetic evidence that HmsE affects HmsD function via HmsC, we inactivated
hmsE in the hyper-biofilm-forming double hmsT hmsC mutant. The level of biofilm
formation in a triple hmsT hmsC hmsE mutant was not significantly different from the
double hmsT hmsC mutant. Additionally, overexpression of hmsE in the hmsT hmsC double
mutant did not significantly increase biofilm formation. In contrast, overexpression of hmsE
in the hmsT mutant results in increased biofilm formation (Fig. 2). This suggests that HmsE
acts indirectly to activate the DGC activity of HmsD by counteracting HmsC.

Topology of proteins encoded by the hmsCDE operon

We used bioinformatics to predict the cellular localizations and topologies of HmsCDE
proteins. To confirm the bioinformatics predictions, we performed enzymatic assays with
translational fusions of HmsD and HmsC to -galactosidase (3-Gal) or alkaline phosphatase
A (PhoA), which provides topological information about the subcellular location of these
translational fusions. p-Gal exhibits enzymatic activity in the cytoplasm and PhoA becomes
active after its translocation into the periplasm (van Geest and Lolkema, 2000).

HmsCDE proteins are orthologous to components of the YfiBNR signal transduction system
that modulates c-di-GMP levels in P. aeruginosa (Malone et al., 2010; Malone et al., 2012).
However, HmsCDE have only modest similarities to the YfiRNB proteins - 42-56% identity
over 79-99% of the Y. pestis ORFs. Bioinformatics analyses predict that a large periplasmic
domain of HmsC, an orthologue of YfiR, is anchored to the IM via a single transmembrane
domain while YfiR is a periplasmic protein. In contrast to YfiR, neither the Philius nor
Phobius programs predicted the presence of a signal peptide in HmsC. Instead the Philius,
Phobius and TMHMM programs predict that HmsC is an IM protein with one
transmembrane domain with its N- and C-termini located in the cytoplasm and periplasm,
respectively. Using B-Gal and PhoA translational fusions to the C-terminus of the hmsC
ORF, PhoA but not -Gal activity was detected in an hmsC mutant (Fig S1). This supports
the bioinformatics analyses that the C-terminus of HmsC is located in the periplasm (Fig.
4A).

HmsD was consistently predicted as an IM protein with two transmembrane domains
separating a central periplasmic region from cytoplasmic N- and C-termini. We confirmed
these bioinformatics predictions using translational fusions to the C-terminus and the central
putative periplasmic loop of HmsD (at position of R156). For unknown reasons, we were
unable to obtain a B-Gal fusion at R156. C-terminal HmsD fusions showed high 3-Gal and
low PhoA activities in an hmsD mutant indicating a cytoplasmic location for its C-terminus.
Conversely, the high PhoA activity of the R156 fusion supports a periplasmic location for
this central region of HmsD (Fig. 4B and Fig. S1).

For HmsE, the Philius and Phobius programs predicted the presence of a signal peptide and
the LipoP program predicted a lipoprotein signal sequence. Additionally, HmsE does not
have an aspartate residue at the +2 position that has been determined to be necessary for
localization of processed lipoproteins to the IM (Okuda and Tokuda, 2011). Moreover,
HmsE is predicted to have a PAL-like peptidoglycan binding domain shown to be critical
for the function of the orthologous protein YfiB in P. aeruginosa (Malone, 2012).
Consequently, HmsE is expected to be sorted to the periplasmic face of the OM. The OM
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location of HmsE is supported by data on localization of protein YPTB0591 (>99% identity
with HmsE), in the OM fraction of Yersinia pseudutoberculosis cells (Thein et al., 2010).

Thus, bioinformatics and our data suggest that HmsD is an IM protein with the DGC domain
located in the cytoplasm and a central domain in the periplasm, that HmsC is an IM-
anchored (or possibly a periplasmic) protein with an extensive C-terminal periplasmic
domain and that HmsE is an OM lipoprotein with the C-terminus likely facing the
periplasm.

HmsC and HmsE regulate biofilm formation in epidemic and endemic Y. pestis strains

To date, the c-di-GMP-dependent mechanism of Y. pestis biofilm regulation has been
studied primarily in the KIM6+ and CO92 strains. Despite 99% identity among sequenced Y.
pestis genomes, we identified significant variations in a number of the c-di-GMP metabolic
enzymes among epidemic Y. pestis strains or “main subspecies” (phylogenetically divided
into biovars: Antiqua, Medievalis, and Orientalis) and the more ancient endemic Pestoides
strains (non-main subspecies). Pestoides strains are reported to be avirulent for humans and
are thought to be intermediates between the Y. pestis ancestor, Y. pseudotuberculosis, and
epidemic Y. pestis strains (Anisimov et al., 2004; Cui et al., 2008; Bearden et al., 2009;
Bobrov et al., 2011). In addition, there is evidence in the literature of different degrees of
biofilm-dependent blockage in a Caenorhabditis elegans model and some flea species by
epidemic and endemic Y. pestis strains (Vatschenok, 1988; Anisimov, 2002; Eroshenko et
al., 2010). To address whether the HmsCDE system may play a role in biofilm regulation
inY. pestis strains other than KIM6+, we examined strains from our collection that represent
all the main phylogenetic branches of Y. pestis — the 3 epidemic biovars and 2 clades of
endemic strains. Biofilm formation by these strains varied greatly under the in vitro
conditions tested, with Antiqua strains (particularly Kuma) exhibiting very robust biofilms
and the endemic strains as well as KIM6+ forming the smallest biofilms (Fig. S2). However,
all strains showed similar patterns in the regulation of in vitro biofilm formation by HmsC
and HmsE. Like in KIM6+, deletion of hmsC or overexpression of hmsE resulted in hyper-
biofilm formation in vitro indicating their roles as negative and positive regulators,
respectively, of biofilm formation (Fig. 5A and 5B) in all strains tested. Although the
KIM6+ hmsE region was overexpressed in all of these strains, the nucleotide sequence of the
cloned region is 100% identical in all Y. pestis strains tested. Thus, HmsC and HmsE appear
to be functional in epidemic and endemic strains of Y. pestis and likely act on HmsD as
shown in KIM6+ (Fig. 1) indicating that this locus has a conserved role in biofilm
formation.

Strain Kuma had increased biofilm formation relative to the other Y. pestis strains we tested
(Fig. S2). This could be due to a defect in HmsC in this strain. However, overexpression of
the cloned KIM6+ hmsC gene caused a significant reduction in biofilm formation in the
Kuma hmsC mutant but had no effect in the parent Kuma strain (Fig. 5C). This suggests that
hyper-biofilm formation under in vitro conditions by Y. pestis Kuma is not due to an HmsC
defect but occurs via other regulatory mechanisms.
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An hmsC mutation does not affect virulence in a mouse model of bubonic plague

Previously we have shown that Y. pestis KIM strains unable to produce the Hms biofilm
(hmsH and hmsR mutants) are fully virulent in mouse models of bubonic and pneumonic
plague (Lillard et al., 1999; Abu Khweek et al., 2010; Bobrov et al., 2011). On the other
hand, a hyper-biofilm producer (an hmsP mutant) that had increased Hms EPS production at
37°C compared to the parent strain, showed a >1,350-fold loss of virulence (LDgg > 1.35 x
10%) in the bubonic plague model and a delay in time-to-death in the pneumonic plague
model. Virulence was restored in an hmsR hmsP double mutant that was unable to express
Hms EPS. (Bobrov et al., 2011).

We found that the hmsC mutant had increased levels of Hms EPS production at 37°C similar
to those of the hmsP mutant (Fig. 6) suggesting that this strain might have a defect in
virulence similar to that of the hmsP mutant. However, in subcutaneous infections of mice,
the hmsC mutant carrying the virulence plasmid encoding the Yersiniae type I11 secretion
system was highly virulent (LDsqg < 118 cells, the lowest dose tested). The parental hmsC*
strain had an LDsgq of <12 cells. Thus, despite similar EPS overproduction in vitro at 37°C,
the hmsC mutant was, at least, 100-fold more virulent than the hmsP mutant.

The HmsCDE system regulates blockage of Xenopsylla cheopis

The rat flea X. cheopis is an efficient plague vector and a paradigm for studying the
interaction of Y. pestis with the flea. Y. pestis KIM6+ produced a biofilm in the
proventriculus and the midgut of X. cheopis with the proventricular biofilm eventually
causing complete or partial blockage of the flea. Classically flea blockage is defined as the
inability of a fresh blood meal to reach the midgut (Jarrett et al., 2004). The DGC HmsD is
critical for the proventricular blockage in X. cheopis (Sun et al., 2011). Our data indicate that
c-di-GMP production by HmsD is inhibited by HmsC and activated by HmsE. If HmsD
function is stimulated by HmsE in the flea environment then inactivation of hmsE should
significantly reduce biofilm-dependent blockage of X. cheopis. Indeed, two independent
experiments showed greatly decreased proventricular blockage of X. cheopis by an hmsE
mutant compared to the parent KIM6+ strain (Table 1). In the first experiment, the hmskE
mutant showed an ~ 3-fold reduction in the number of infected fleas that became blocked.
Moreover, about 1/3 of these blocked fleas were only partially blocked. We observed in
partially blocked hmsE-mutant-infected fleas that the biofilm in the flea midgut appeared
fragmented unlike the sticky coherent biofilm extending in its entirety from the
proventriculus into the midgut formed by the parent KIM6+ strain (Fig 7; Table 1). In the
second experiment, no infected fleas were blocked by the hmsE mutant. An hmsD mutant
showed a 6.5-fold lower blockage rate than the parent strain (Table 1), confirming the
original observation of Sun et al. (2011) that blockage development in X. cheopis is
primarily controlled by HmsD. An ~ 66% of fleas determined as blocked by the hmsD
mutant were only partially blocked (Table 1). Thus, our results show that efficient HmsD-
dependent proventricular blockage of X. cheopis requires HmsE activity. However, when
HmsD is absent or not stimulated by HmsE, HmsT activity may be responsible for biofilm
formation which appears to cause a high percentage of partial blockage of X. cheopis fleas.
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DISCUSSION

The global second messenger signaling molecule c-di-GMP plays a critical role in
controlling biofilm development in Y. pestis and life style switches during its obligate flea-
rodent-flea cycle. At ambient temperatures, c-di-GMP is essential for Y. pestis Hms-
dependent biofilm formation causing proventricular blockage that is critical for sustaining
infections in fleas and for plague transmission to mammals by individual fleas such as X.
cheopis. In contrast, high c-di-GMP levels and the resulting hyperbiofilm formation
interferes with development of disease in mammals. However, most of the environmental
signals and molecular mechanisms causing differential c-di-GMP fluctuations in Y. pestis
cells remain unknown (Burroughs, 1947; Bibikova and Klassovskii, 1974; Perry and
Bobrov, 2010; Wortham et al., 2010; Bobrov et al., 2011; Sun et al., 2011; Hinnebusch,
2012).

In this work, we identify that the HmsCDE c-di-GMP signaling system modulates Y. pestis
biofilm formation in different environments. Our in vitro data indicate that the HmsCDE
system is similar in function to the orthologous YfiBNR system of P. aeruginosa (Malone et
al., 2010; Malone et al., 2012). We demonstrated that HmsC (a YfiR orthologue) inhibits
HmsD (a YfiN orthologue)-dependent c-di-GMP synthesis and biofilm formation in vitro.
(Fig. 1 and 3). This independently confirms the recently published findings of Ren et al.
(Ren et al., 2013). However, we went one step further than Ren et al. to demonstrate that
HmsE (a YfiB orthologue) counteracts HmsC to promote the activity of the DGC HmsD.
Overexpression of HmsE on a low copy plasmid from an arabinose-inducible promoter
increased biofilm formation and cellular c-di-GMP levels via HmsD (Fig. 1, 2, and 3). Using
an IPTG-inducible promoter on a low-copy-number expression vector, Ren et al. failed to
demonstrate a role for HmsE in vitro. Since no evidence of expression levels was provided
to support this negative result (Ren et al., 2013), perhaps, little or no expression of HmsE
accounts for their observation.

Similar to the YfiBNR system, bioinformatics and our data suggest that HmsE is a
lipoprotein located in the OM and HmsD is an IM protein with its DGC domain located in
the cytoplasm. In contrast to the periplasmic location of YfiR, HmsC may be an IM-
anchored protein with a single transmembrane domain and a large periplasmic domain; all of
the bioinformatics algorithms that we used showed the presence of a transmembrane domain
typical for IM proteins and the absence of an N-terminal signal peptide in HmsC. Ren et al.,
using cell fractionation and an overexpressed HmsC-Flags-Hisg construct, concluded that
the transmembrane domain of HmsC is cleaved with the remainder of HmsC in the
periplasm (Ren et al., 2013). However, overexpression and the Flags-Hisg tag in the fusion
protein may affect fractionation and cleavage/degradation. To determine an IM versus a
periplasmic location, cell fractionation studies using the native HmsC protein expressed
from the Y. pestis genome will need to be performed.

Based on the data presented in our manuscript, in Ren et al. (2013), and in Malone at al.
(2010, 2012), the Pfam domain PF13689 (formerly Domain of unknown function
DUF4154), which includes the YfiR/HmsC-like proteins from various bacteria, can be now
annotated "Periplasmic domain, a negative regulator of diguanylate cyclase activity".
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YfiR has been shown to directly interact with the DGC YfiN, while YfiB is strongly
suggested to sequester YTiR to activate YfiN. Genetic analyses suggest that conserved
hydrophaobic patches in the YfiBNR proteins are needed for these protein-protein
interactions (Malone et al., 2012). For the HmsCDE proteins, T-coffee analysis indicated the
presence of identical or similar amino acid residues in analogous hydrophobic patches (data
not shown) suggesting that HmsCDE proteins may be involved in protein-protein
interactions. Biochemical data on the interaction of periplasmic domains of HmsC and
HmsD supports this model (Ren at al., 2013). Thus, under in vitro conditions, the
periplasmic domain of HmsC may interact with the periplasmic loop of HmsD disrupting its
function. Therefore, the DGC HmsT is primarily responsible for in vitro biofilm formation
(Fig. 8).

A key finding of our study is that HmsE is required for blockage development in the flea X.
cheopis. Similarly to the hmsD mutant, the hmsE mutant showed drastically reduced
blockage compared to the parent KIM6+ strain (Table 1). We propose that, in the gut of X.
cheopis, the OM protein HmsE is affected by an unknown environmental cue and then
interacts with periplasmic domain of HmsC. This HmsE-HmsC interaction would effectively
counteract HmsC and lead to increased c-di-GMP synthesis by HmsD, increased biofilm
formation and proventricular blockage (Fig. 8).

We showed that HmsC-dependent inhibition and HmsE-dependent activation of HmsD is
present in all biovars and subspecies of Y. pestis (Fig. 5) implying that all diverse Y. pestis
strains could use the same mechanism for blockage development in fleas. While we
demonstrated that this signaling mechanism is functional in X. cheopis, a common plague
vector worldwide, it is possible that HmsE is critical for induction of biofilm formation in
the other fleas that become blocked with high frequency. Such fleas include Xenopsylla
skrjabini, Xenopsylla conformus, and Neopsylla setosa reported to be the major vectors for
transmission of Y. pestis to rodents in multiple sylvatic foci (Bibikova and Klassovskii,
1974; Vatschenok, 1988; Anisimov et al., 2004). However, there are known or potential
plague flea vectors with low rates of blockage including Oropsylla montana, Nosopsyllus
laeviceps, and Cetanophilus tesquorum (Burroughs, 1947; Bibikova and Klassovskii, 1974;
Vatschenok, 1988; Gage and Kosoy, 2005). The blockage rates for these fleas are
comparable to the blockage rates in X. cheopis caused by the hmsD and hmsE mutants. (Sun
etal., 2011; Table 1). The activity of HmsT may be responsible for biofilm formation that is
sufficient for this low blockage rate especially since an hmsT mutation reduces blockage to
an intermediate level (Sun et al., 2011) indicating that HmsT is still active in the flea.
Perhaps, fleas with low blocking capability may lack the environmental cue(s) that activate
HmsE, leaving HmsD inhibited by HmsC.

Intriguingly, 33% to 66% of the relatively few X. cheopis fleas that become blocked by the
hmsD and hmsE mutants were largely partially blocked (Table 1). Partially blocked fleas are
thought to be better transmitters of Y. pestis than completely blocked fleas since the bacterial
biofilm prevents the proventricular valve from closing allowing the bacterial masses not
only from the proventriculus but also from the midgut to be regurgitated, infecting the
mammal. Additionally, partially blocked fleas can ingest blood and therefore likely survive
longer than blocked fleas (Bacot, 1915; Hinnebusch, 2012). It has been reported that some
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fleas that demonstrate low or intermediate blockage, including Nosopsyllus fasciatus,
Megabothris abantis, O. montana and Malaraeus telchinum, showed 25-100% transmission
by fleas with partial blockage (Burroughs, 1947). It would be interesting to investigate if
HmsT-dependent biofilm formation results in increases in partial blockage rates in fleas to
properly understand the mechanism of transmission by some flea species with low blockage
rates.

While c-di-GMP production is critical for biofilm formation and blockage in X. cheopis and
likely other fleas, c-di-GMP-dependent biofilm formation in mammals appears to be
detrimental for the development of bubonic plague. The phosphodiesterase HmsP has been
shown to be essential for the progression of lethal infection in mice by down-regulating c-di-
GMP-dependent Hms EPS production (Bobrov et al., 2011). Degradation of the DGC HmsT
and other Hms proteins at mammalian temperatures may also contribute to this process
(Perry et al., 2004). We show here that despite similar increased EPS production by the
hmsC and hmsP mutants in vitro during growth at 37°C (Fig. 6) the hmsC mutant was 100-
fold more virulent than the hmsP mutant and is likely fully virulent in the bubonic plague
mouse model. The reason for this difference is unknown. Perhaps in the mouse, HmsP is
able to counteract the increased c-di-GMP synthesis caused by the hmsC mutation.
Alternatively, HmsD might not be an active DGC during mammalian infection regardless of
the presence HmsC. Nevertheless, HmsC-dependent inhibiton of HmsD may still contribute
to decreased c-di-GMP production in Y. pestis after transmission from X. cheopis to the
mammalian host.

In this study, we identified a putative signal transduction system HmsCDE that modulates
cellular c-di-GMP and Y. pestis biofilm levels under different environmental conditions. In
vitro, in a variety of growth media, the DGC HmsD is inhibited by HmsC, leaving biofilm
development under the control of the only other DGC in Y. pestis KIM6+, HmsT. In X.
cheopis, HmsE promotes HmsD function leading to hyper-biofilm formation and efficient
blockage of the flea proventriculus. Our findings provide new insights into the regulation of
Y. pestis c-di-GMP modulation and biofilm formation in different environments. Future
studies are needed to identify the environmental cue(s) that allow c-di-GMP synthesis by
HmsD in the oriental rat flea.

EXPERIMENTAL PROCEDURES

Bacterial strains, plasmids, primers and growth conditions

Bacterial strains and plasmids used and constructed in this study are listed in Table S1. The
primers used are listed in Table S2. E. coli DH5a or DH5a (A-pir) was used for construction
and maintenance of recombinant plasmids and were grown in Luria broth (LB) or on LB
agar at 28-37°C. Y. pestis avirulent strains lacking the pCD1 virulence plasmid were used
for construction of all mutants. The Y. pestis strains were grown in Heart Infusion Broth
(HIB) or Tryptose Blood Agar (TBA) (Difco) at 30-33°C. To test the Hms phenotype,
Congo red (CR) agar was used (Surgalla and Beesley, 1969). To induce expression of genes
encoded on pBAD vectors, arabinose was added to a final concentration 0.05% (w/v).
Where necessary, ampicillin (Ap), chloramphenicol (Cm) and kanamycin (Km) were used at
final concentrations of 100, 30 and 50 mg ml~1, respectively. For lambda Red recombinase
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mutant selection, Km and Cm were used at final concentrations of 25 mg ml~1 and 8 mg
ml~1, respectively. TBA medium supplemented with 5% sucrose (TBAS) was used to cure
suicide vectors.

Bioinformatics

The NCBI BLAST server was used to search for nucleotide and protein sequences in
bacterial genomes. To predict protein transmembrane domains, signal peptides and
subcellular localization, Philius (based on dynamic Bayesian networks), Phobius (based on
Hidden Markov models [HMMs]) and TMHMM 2.0 (based on HMMS) programs were used
(Krogh et al., 2001; Kall et al., 2004; Reynolds et al., 2008). The LipoP 1.0 program was
used to predict lipoprotein signal peptides (Juncker et al., 2003). T-coffee alignment
program was used to compare amino acid sequences of HmsCDE and YfiNBR (Notredame
et al., 2000)

Construction of mutations

Deletions in hmsC, hmskE, hmsCE and hmsCDE were constructed in Y. pestis strains carrying
pKD46 or pWL204 by gene inactivation using the lambda Red recombinase system
(Datsenko and Wanner, 2000; Lathem et al., 2007). PCR products for replacement of hmsC
with a kan cassette in KIM6+ and a cat cassette in the other four Y. pestis strains tested
(C0O92, Kuma, PestoidesF and PestoidesD) were amplified using primer pairs: Y3729
RED-1 and Y3729 RED-2, and Y3729 RED-1 and Y3729 RED-2-pKD3, respectively
(Table S2). To generate hmsE deletions, primers Y3731 RED-1 and Y3731 RED-2 were
used. For hmsCD deletion, pimers Y3729 RED-1 and Y3730 RED-2 were used. To
eliminate kan or cat cassettes, flippase expressing plasmids pCP20 (Cherepanov and
Wackernagel, 1995) or pSkippy (Price et al., 2012) were transformed into relevant mutants.
The suicide plasmids pKNG-AhmsR2118 and pKNG-AhmsT-Ascar were used as previously
described to generate in-frame deletions (Forman et al., 2006; Bobrov et al., 2011). All
mutations and loss of antibiotic resistance cassettes were confirmed by PCR.

Construction of plasmids

The DNA fragments including the hmsC and hmsE ORFs and their upstream regions with
putative Shine-Dalgarno sequence were amplified from Y. pestis KIM10+ genomic DNA
using primers Y3729-1 and Y3729-Xbal-2, and Y3731pBAD-EcoRI and Y3731-down,
respectively. The DNA fragment corresponding to hmsC was cloned into the Xbal and Smal
sites of pBAD30 generating pPBAD-hmsC. The hmsE fragment was cloned using the EcoRl
and Smal sites of pPBAD30 generating pBAD-hmsE. Both genes were cloned behind the
arabinose inducible promoter.

To generate PhoA and B-Gal fusions with full-length HmsC and HmsD proteins for topology
analyses, the entire DNA coding regions were amplified with primers Y3729-SD-fus-Xbal
and Y3729-R207-Pstl (for HmsC) and Y 3730-SD-fus-Xbal and Y 3730-G425-Pstl (for
HmsD) and cloned into vectors pRMCD28-T5 and pPRMCD70-T5 (Bobrov et al., 2008),
respectively, using Xbal and Pstl sites. To construct C-end truncated fusions of HmsD with
PhoA and B-Gal at position R156, Y3730-SD-fus-Xbal and Y3730-R156-Pstl primers were
used.
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Sequencing of hmsE regions from Y. pestis Kuma and Pestoides D

For PCR amplification of an ~ 1.2 kb region that included the hmsE ORF from genomic
DNA of Y. pestis Kuma and Pestoides F, high fidelity Phusion DNA polymerase and
primers hmsA_region_F and hmsA_region_R were used (y3729-y3731 operon was
originally designated hmsNDA but was changed to hmsCDE as in Ren et al.). For
sequencing of the ~ 0.8 kb DNA fragment of the PCR amplicons by ACGT Inc, primers
hmsA_region_Seq_F and hmsA_region_Seq_R were used. 611 bp Kuma and Pestoides D
sequences were determined to be 100% identical to the KIM6+ hmsE region cloned in
pBAD-hmsE.

Crystal violet assays

Cells attached to polystyrene 24 well plates were detected with crystal violet (CV) staining
essentially as described by Bobrov et al. (2011). Briefly, cells were grown at 30-33°C
overnight on TBA slants and used to inoculate HIB to an ODgyq of 0.3. Cultures were grown
for 16-18 hours with shaking at 21-23°C, washed once with water and then exposed to
0.01% CV for 15-20 min. The wells were washed three times with distilled water. The CV
bound to the cells was solubilized with 33% acetic acid and the absorbance was measured at
570 nm using a Spectronics Genesys 5 spectrophotometer.

Determination of intracellular c-di-GMP levels

Overnight HIB cultures of Y. pestis, KIM6-2051+ carrying either pBAD30 or pBAD-hmsE
and KIM6-2173.3+ carrying pBAD30 were diluted to an ODgyg of ~ 0.1 and grown in TMH
(Straley and Bowmer, 1986) at 30°C to an ODgyq of ~ 0.8. The cultures were centrifuged
and the samples were processed as previously described (Bobrov et al., 2011). Cyclic di-
GMP was quantified using an Acquity Ultra performance liquid chromatography system
(Waters) coupled with a Quattro Premier XE tandem mass spectrometer (Waters) as
previously described (Massie et al., 2012). The concentration of c-di-GMP was determined
by quantifying an 8-point standard curve of chemically synthesized c-di-GMP (Biolog)
ranging from 1.9 nM to 250 nM.

PhoA and B-Gal assays

PhoA and B-Gal activities were quantified as previously described (Manoil, 1991; Miller,
1992). Y. pestis strains carrying reporter plasmids were cultivated in HIB medium at 30°C
until an ODgyq of ~ 0.3-0.4 was reached. Cells were permeabilized with chloroform and
SDS and assayed for their PhoA and B-Gal activities using p-nitrophenyl phosphate (PNPP)
and o-nitrophenyl galactopyranoside (ONPG) as substrates, respectively.

Immunodetection of the poly-B-1,6-GIcNAc-like polysaccharide in Y. pestis

Crude polysaccharide extracts were prepared essentially as previously described with the
following modifications: Y. pestis strains were cultivated on solidified HIB medium
supplemented with 0.2% galactose at 37°C or 21°C. Cells were collected with a plastic loop
and resuspended in 18.9 ul of 0.5 M EDTA (pH 8.0) per 1 mg of wet cell weight. Sample
preparation and detection proceeded as previously described (Bobrov et al., 2008).
Densitometry analysis of the spots was performed using ImageJ software.
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Congo red binding assay

The original CR-binding assay at 37°C (Kirillina et al., 2004) was modified slightly. Briefly,
Y. pestis cells grown overnight in HIB at 37°C were pelleted and wet weights determined.
The cells were resuspended in HIB/CR medium [1% (w/v) HIB containing 0.2% galactose
and 15 pg CR ml~1] at concentration of 20 mg wet weight ml~1 and incubated for 3 hours on
a rocking platform at 37°C. CR bound by the cells was determined by measuring the
absorbance of cell-free supernatants at 500 nm with a Spectronic Genesys5
spectrophotometer and subtracting the values from the reading obtained with uninoculated
HIB/CR medium.

Virulence testing

For virulence testing in mice, pPCD1Ap was electroporated into various Y. pestis strains in
the CDC-approved University of Kentucky BSL3/ABSLS3 facility. The Lcr* phenotype was
confirmed by growth restriction at 37°C on TBA plates supplemented with 20 mM sodium
oxalate and 20 mM MgCl, and by a Western blot analysis with antisera against LcrV. For
subcutaneous infections, the strains were grown overnight at 33°C, in HIB supplemented
with Ap (50 pg/ml), CaCl, (2.5 mM) and xylose (0.2%) and then inoculated to an ODgyq of
~ 0.1 in the same medium and grown to ODgyq of ~ 0.35-0.5. Six- to eight-week-old female
Swiss Webster mice (Hsd::ND4) were injected subcutaneously with 100 pl of 10-fold serial
dilutions of the bacterial suspensions in mouse isotonic phosphate-buffered saline (149 mM
NaCl, 16 mM NayHPO4, 4 mM NaH,PO4 [pH 7.0]). For the hmsC mutant
[KIM5-2371.2(pCD1Ap)], infectious doses of ~102,10%,10% and 10° were used in two
independent trials, while infectious doses of ~10 and 102 were used for the HmsC* parent
(KIM5(pCD1Ap+) The number of cells injected was determined by plating serial dilutions
on TBA-Ap plates. Four mice were used for each infectious dose. Mice were monitored
daily for a period of 2 weeks and LDs values were calculated.

All animal care and experimental procedures were conducted in accordance with the Animal
Welfare Act, Guide for the Care and Use of Laboratory Animals, PHS Policy and the U.S.
Government Principals for the Utilization of and Care for Vertebrate Animals in Teaching,
Research, and Training and approved by the University of Kentucky Institutional Animal
Care and Use Committee and University of Kentucky Institutional Biosafety Committee.
The University of Kentucky Animal Care Program is accreditated by the Association for the
Assessment and Accreditation of Laboratory Animal Care, Inc.

Infection and assessment of fleas

X. cheopis fleas were reared on CD-1 mouse neonates. Cohorts of X. cheopis fleas were
infected with Y. pestis KIM6+ or the mutant strain using a previously described artificial
feeding system (Hinnebusch et al., 1996; Hinnebusch et al., 2002). The infectious blood
meal was prepared by growing the bacteria at 37°C in BHI medium, without aeration. A cell
pellet containing 108-10° bacterial cells was resuspended in 1 ml PBS and added to 5 ml of
heparinized CD-1 mouse blood (Bioreclamation, NY). The infected blood was added to the
water-jacketed feeding chamber which was maintained at 37°C. The fleas were allowed to
feed for 60-90 min through the mouse skin secured over the chamber. Fleas that took a
blood meal were maintained at 21°C and 75% relative humidity, fed twice weekly on
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uninfected CD-1 neonate mice, and monitored as previously described (Hinnebusch et al.,
1996). To determine the percent of bacterial survival and percent of infected fleas, 20
infected females were collected and processed as previously described (Erickson et al.,
2006) to determine bacterial colony forming units (cfu) per flea at 1 hour, and 28 days post-
infection. At the indicated times, biofilm blockage of the proventriculus was determined
immediately following flea feeding on a neonatal mouse. Fleas were scored as blocked when
fresh red blood was observed in the esophagus only and not in the midgut of the flea. A
separate cohort of uninfected fleas was handled identically as a control for normal feeding
and viability. Experiments were repeated to independently confirm phenotypes. The
infection with the Y. pestis hmsD mutant (KIM6-2159.1+) was however performed only
once to confirm previously reported findings (Sun et al., 2011). Dissected flea midguts were
in PBS and visualized on an AMG EVOS xlI core light microscope at 10x magnification.
The use of mouse neonates for experiments and flea breeding and maintenance was
approved by the Institutional Animal Care and Use Committee at Washington State
University, USA, in accordance with institutional guidelines based on the U.S. National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. HmsC and HmsE inversely modulate Hms-dependent biofilm formation in vitro via HmsD
A crystal violet (CV) staining assay was used to assess Hms biofilm formation in the

following strains: KIM6+ (Parent), KIM6-2159.1+ (hmsD™), KIM6-2174+ (hmsE™),
KIM6-2173.1+ (hmsC™), KIM6-2198+ (hmsCD™) and KIM6-2173.2 (hmsC™ hmsR™) (panel
A). Panel B shows the results of complementation with hmsC expressed from plasmid
pBAD-hmsC. Panel C demonstrates the effect of hmsE expressed from pBAD-hmsE on
biofilm formation in the parent and hmsD mutant strains. Results are from duplicate assays
on two independent cultures (4 biological samples) (in A and B) and from triplicate assays
on three independent cultures (9 biological samples) (in C). Error bars indicate standard
deviations. The asterisks indicate statistically significant differences between the parent
strains and mutants by the Student’s T-test (*P<0.05, **P<0.005 *** P<0.001). The
asterisks with the bracket indicate a statistically significant difference between the two
indicated strains.
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Fig. 2. HmsE counteracts HmsC to activate HmsD function
The following strains were compared in a CV staining assay: KIM6-2051.1+ (hmsT™),

KIM6-2173.3+ (hmsT~ hmsC™), KIM6-2173.4+ (hmsT~ hmsC™ hmsE™) as well as
KIM6-2051.1+ and KIM6-2173.3+ carrying pBAD30 or pPBAD30-hmsE. Results are
averages of triplicate assays from three independent cultures. Error bars indicate standard
deviations. The asterisks indicate a statistically significant difference between the indicated
strains by the Student’s T-test (*** P<0.001).
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Fig. 3. HmsC and HmsE respectively reduce and increase cellular levels of c-di-GMP through
HmsD

Relative cellular concentrations of c-di-GMP in KIM6-2051+ (hmsT~) and KIM6-2173.3+
(hmsT~ hmsC™) carrying either pBAD30 or pBAD-hmsE are shown. Results are from
duplicate assays from two independent cultures. Error bars indicate standard deviations.
Statistical significance was not calculated because the c-di-GMP concentration in the parent
hmsT™ strain was below detection limits.

Environ Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bobrov et al. Page 20

A B-Gal (3)
PhoA (41)

-# R207

HmsC

B PhoA (32)
R156

G425

B-Gal (21)
HmsD PhoA (3)

Fig. 4. Topology models of HmsC and HmsD
Both topologies are computer predictions supported by analysis of strains expressing -

galactosidase (B-Gal) or alkaline phosphatase (PhoA) fusion proteins. HmsC and HmsD
fusions were expressed in KIM6-2173.1+ (hmsC™), and KIM6-2159.1+ (hmsD™) strains,
respectively. The positions of fusions are indicated by amino acid residue number; assay
values are indicated in parentheses and statistical analyses are shown in Fig. S1. The
periplasm (P) cytoplasm (C), inner and outer membrane (IM and OM) are labeled for
orientation.
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Fig. 5. HmsC and HmsE respectively reduce and increase in vitro biofilm formation in epidemic
and endemic strains of Y. pestis

A crystal violet staining assay was used to assess Hms biofilm formation in: A) parent
strains and their hmsC mutants (hmsC~™); B) strains carrying pBAD30 or pBAD-hmsE; C)
Kuma strains carrying pBAD30 or pBAD-hmsC. Results are from duplicate assays from two
independent cultures. Error bars indicate standard deviations. The asterisks indicate
statistically significant differences in biofilm formation between parent strains and their
respective hmsC mutants (A) or between strains carrying pBAD-hmsE versus the pBAD30
vector (B) by Student’s T-test (*P<0.05, **P<0.005 *** P<0.001). The asterisks with
brackets indicate statistically significant differences between the two indicated strains.
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Fig. 6. The hmsP and hmsC mutants show similar increases in Hms exopolysaccharide (EPS)
production at 37°C

(A) Dot-blot analysis of the production of the poly-B-1,6-GIcNAc-like EPS by Y. pestis
strains. Aliquots of undiluted (UD) samples and serial dilutions of crude cell extracts were
spotted onto a nitrocellulose membrane and EPS was detected with antisera against purified
PI1A from S. epidermidis. (B) Congo red binding assays on Y. pestis strains. Results are from
duplicate assays on two independent cultures. Strains: KIM6+ (Parent); KIM6-2118
(hmsR™); KIM6-2090.1+ (hmsP™), KIM6-2173.1+ (hmsC™). Error bars indicate standard
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deviations. The asterisks indicate statistically significant difference in Congo red binding by
the parent strain and the mutants by Student’s T-test (**P<0.005 *** P<0.001). The values
for the hmsP versus hmsC mutants were not statistically significant in both assays.
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Fig. 7. Complete and partial blockage of the X. cheopis proventriculus by Y. pestis strains
The digestive tracts dissected from X. cheopis infected with Y. pestis KIM6+ (parent strain)

(A) and Y. pestis KIM6-2174.1+ (hmsE™) (B). Arrows indicate complete and partial
blockage by the parent strain and the hmsE mutant, respectively.
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Fig. 8. A proposed model for regulation of the DGC HmsD in different environments
In vitro HmsD function is inhibited by interaction with HmsC (right panel). However, in the

oriential rat flea X. cheopis, the OM protein HmsE that is affected by an unknown signal
interacts with HmsC which prevents inhibition of HmsD function causing increased
production of c-di-GMP. OM and IM — outer and inner membranes, P — periplasm; the
proposed interactions between proteins are highlighted by dotted ovals. HmsC is represented
as an IM-anchored protein with a large periplasmic domain although Ren et al. (Ren et al.,
2013) suggest it is a periplasmic protein.
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