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Abstract

The flea’s lumen gut is a poorly documented environment where the agent of flea-borne plague,
Yersinia pestfs, must replicate to produce a transmissible infection. Here, we report that both the
acidic pH and osmolarity of the lumen’s contents display simple harmonic oscillations with
different periods. Since an acidic pH and osmolarity are two of the three known stimuli of the
OmpR-EnvZ two-component system in bacteria, we investigated the role and function of this Y/
pestis system in fleas. By monitoring the /n7 vivo expression pattern of three OmpR-EnvZ-
regulated genes, we concluded that the flea gut environment triggers OmpR-EnvZ. This activation
was not, however, correlated with changes in pH and osmolarity but matched the pattern of
nutrient depletion (the third known stimulus for OmpR-EnvZ). Lastly, we found that OmpR-EnvZ
and the OmpF porin are needed to produce the biofilm that ultimately obstructs the flea’s gut and
thus hastens the flea-borne transmission of plague. Taken as a whole, our data suggest that the flea
gut is a complex, fluctuating environment in which Y, pestis senses nutrient depletion via OmpR-
EnvZ. Once activated, the latter triggers a molecular program (including at least OmpF) that
produces the biofilm required for efficient plague transmission.
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The flea gut is a complex, fluctuating environment in which Y, pestis may sense nutrient depletion
via OmpR-EnvZ. Once activated, the latter triggers a molecular program (including at least OmpF)
that produces the biofilm required for efficient plague transmission.
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INTRODUCTION

Yersinia pestis is the bacillus responsible for plague, a disease that circulates among
mammalian hosts via their associated fleas (Simond, 1898, Butler, 1983, Yersin, 1894). The
hematophagous insect ingests Y. pestis during a blood meal on a bacteremic host (Ogata,
1897, Simond, 1898). During ingestion, the bacillus passes successively through the flea’s
esophagus, proventriculus (a valve covered with spines and that opens rhythmically during
feeding) and midgut (Bacot & Martin, 1914). Throughout the period of infection, Y. pestis
remains confined to the lumen of the flea’s digestive tract, where it replicates and adapts to
the insect’s physiology and defenses (Hinnebusch et a/., 2002, Vadyvaloo et al., 2007,
Vadyvaloo et al., 2010, Vadyvaloo et al., 2015, Tam et al., 2014, Zhou et al., 2012, Rempe et
al., 2012, Rebeil et al., 2013). In some flea species, the bacterium starts to produce a biofilm
after a few days or weeks of incubation; this biofilm ultimately blocks the proventriculus
(Bacot & Martin, 1914, Hinnebusch et al., 1996, Jarrett et al., 2004, Bobrov et al., 2015, Sun
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etal, 2011, Eisen et al.,, 2012). This blockage of the flea’s foregut does not prevent the flea
from biting the host and drawing a fresh blood sample. However, the incoming blood only
reaches the blocked proventriculus, where it is contaminated by Y. pestis, and is regurgitated
into the fleabite site (Bacot & Martin, 1914).

From Y. pestis’ point of view, the flea gut is probably a very dynamic, changing
environment. More specifically, the passage from the host’s bloodstream to the flea’s gut is
the first abrupt environmental change encountered by Y. pestis. Next, the bacterium is
exposed to the sudden entry of several waves of fresh blood into the flea’s gut, followed by a
digestion process initiated soon after the blood meal ingestion. Within six hours of feeding,
the flea hemolyzes the blood and almost certainly uses a variety of digestive enzymes to
rapidly absorb the nutrients required for survival (Vaughan & Azad, 1993, Terra & Ferreira,
1994, Hinnebusch, 2004). At the end of the digestive process, the processed meal consists of
a viscous, thick, dark, nutrient-depleted mass that the flea defecates. In other words, the flea
gut is an active environment for Y, pestis where the viscosity and amount of available
nutrients fluctuate with the blood meal ingestion and digestion cycles. It is not known
whether fundamental parameters other than nutrient concentrations oscillate with blood
meals. Indeed, our knowledge of the physiology of the flea gut and the associated
environment is very limited. In the literature, a pH of 6 to 7 has been cited (Wigglesworth,
1972), along with a MgZ* concentration of ~0.1 mM, a Ca2* concentration of ~0.1 to 0.3
mM, and an Fe concentration of ~2 to 4 mM (Rebeil et al., 2013).

Even though we have little knowledge on the composition and the physicochemical
parameters of the flea’s gut after blood meals, it is clear that Y, pestis must face and adapt to
rapid changes in this environment to produce a transmissible infection in the flea. In
bacteria, two-component regulatory systems (2CSs) are key factors for detecting the absence
or presence of environmental stimuli and appropriately controlling the transcription of genes
whose products enable adaptation to environmental cues (Krell et al,, 2010). These systems
are canonically composed of an inner membrane receptor (the sensor) and a cytoplasmic
effector (the response regulator) (Jung et al., 2012). In response to specific environmental
cues, the sensor self-phosphorylates and then transfers the phosphoryl group to its cognate
cytoplasmic regulator, which controls gene expression and thus adaptation.

To date, the PhoP-PhoQ system is the only 2CS with a proven role in Y/ pestis’ adaptation to
the flea (Rebeil et al., 2013, Vadyvaloo et al., 2015, Fukuto et al., 2018). Furthermore, this
system and the regulatory system OmpR-EnvZ, are the only two of Y. pestis’ 23 2CSs
required for virulence in rodent models of plague (Reboul et a/., 2014, Qyston et al., 2000,
Marceau, 2005). In other words, the same 2CS can be involved in both host and vector
colonization - presumably because it can sense and respond to various stimuli encountered
in specific environments (Clarke & Voigt, 2011). Like PhoP-PhoQ, the OmpR-EnvZ 2CS
senses and responds to a variety of stimuli, including osmolarity, pH, and starvation (Yuan et
al., 2017, Vescovi et al., 1997, Garcia Vescovi et al., 1996, Bader et al., 2005, Prost et al.,
2007, Mizuno & Mizushima, 1990, Liu & Ferenci, 1998, Chakraborty et al., 2017, Foster &
Hall, 1990). However, only the role of osmolarity has been studied in ¥/ pestis to date (Gao
et al., 2011b, Gao et al., 2011a). In both Y. pestisand E. coli, the OmpR-EnvZ system
modulates the expression of many genes, including ompFand ompC. These genes encode
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two major outer membrane porins involved in the diffusion of low-molecular-weight
nutrients (Chopra & Eccles, 1978, Mortimer & Piddock, 1993, Nikaido, 1994, Nikaido,
2003, Yoshimura & Nikaido, 1985, Gao et al., 2011a, Gao et al., 2011b, Gao et al., 2011c,
Liu et al., 2015, Cowan et al., 1992). Interestingly, when the osmolarity of the medium
increases, OmpR-EnvZ upregulates ompFand ompCin Y. pestis but downregulates them in
E. coli (Forst et al., 1988, Mizuno & Mizushima, 1990, Pratt ef al., 1996, Gao et al., 20113,
Gao et al., 2011b) - indicating a differing role for the porins and the regulatory network in
the two species.

Here, we first sought to study the pH and osmolarity of the flea gut lumen during ingestion/
digestion cycles, in order to (i) provide physiologic reference data, and (ii) determine (using
the OmpR-EnvZ system as a biological reporter) whether Y. pestis senses the pH and
osmolarity in the flea gut. Lastly, we investigated the role of the OmpR-EnvZ system in the
production of a transmissible infection in fleas, since at least one stimulus known to trigger
this 2CS in E. coli (starvation) (Liu & Ferenci, 1998) is also present in the flea gut.

The osmolarity and pH of the flea gut lumen fluctuate with the blood meal.

The flea gut environment has not been extensively characterized (Hinnebusch, 2004). Hence,
We sought to study the osmolarity and the pH before and after a blood meal because these
two basic parameters are known to (i) fluctuate with meals in the tick and mosquito guts
(Bontemps-Gallo et al., 2016, Yang et al., 2000, Nepomuceno et al., 2017, Santos et al.,
2011, Ramsay, 1950, Grandjean, 1983) and (ii) trigger bacterial two-component systems like
PhoP-PhoQ and OmpR-EnvZ (Yuan et al., 2017, Chakraborty et al., 2017, Chakraborty &
Kenney, 2018, Hall & Silhavy, 1981, Garcia Vescovi et al., 1996). We found that both
osmolarity and pH displayed a biphasic profile within 24 hours of meal ingestion (Fig. 1).
More specifically, the osmolarity in the flea’s gut fell from ~500 to ~300 mOsM (a value
similar to that of the blood used to feed the insects) immediately after the meal had been
ingested. By 12 hours post-feeding, the osmolarity had returned to its initial value, whereas
the pH rose up to 6 hours, fell slightly (to 6.3) by hour 12, and then returned to its initial
value within the next 12 hours. Lastly, by 24-h post-feeding, the osmolarity and pH were
stable and had returned to their pre-feed values.

Nutrient depletion (but neither osmolarity nor pH) may trigger the OmpR-EnvZ system in

the flea gut.

The data reported above and the fact that mouse blood is digested by X. c/eopisin less than
12 hours suggest that in the flea gut, Y. pestis encounters change in osmolarity, pH, and
starvation during the first 24 hours after blood ingestion. In other words, Y. pestis might
sense and respond to variations in osmolarity and pH to establish an infection. Since the
OmpR-EnvZ system senses osmolarity, pH, and starvation in bacteria (Chakraborty et al.,
2017, Hall & Silhavy, 1981, Liu & Ferenci, 1998), we assessed the activation of this system
in the flea gut at different time points post-infection and in the blood used to infect fleas. To
this end, we quantified the relative expression of three OmpR-activated Y. pestis genes:
ompF, ompC, and ompX (Fig. 2) (Gao et al., 2011a). We found that all three were activated
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in the flea but that only the activation of ompF transcription was statistically significant -
presumably due to the variation between the two independent biological samples used.
Interestingly, the omp genes were transcribed to a greater extent 6 hours after feeding and
remained active 24 hours later. This expression profile did not match the osmolarity or pH
oscillations (Fig. 1B). Hence, the results of our analysis of flea physiology and Y. pestis
gene transcription suggested that the EnvZ-OmpR system senses and responds to nutrient
depletion (rather than osmolarity and pH) in the flea gut from 6 hours post-feeding onwards.

maximizes colonization of the proventriculus but not colonization of the

Since OmpR-EnvZ is activated in fleas, we sought to determine the 2CS’s role in the
production of a transmissible infection in the flea. To this end, we generated a AompR-env.z
mutant and monitored the latter’s ability, relative to the wild-type (WT) strain, to block fleas
over the 4-week period following an infected blood meal. We found that Y, pestis lacking
ompR-env.Z blocked half the number of fleas blocked by the WT strain. However, the
mutant could be rescued by transformation with a high-copy-number plasmid bearing the
ompR-env.Z operon under the control of its own promoter (Fig. 3A). The impaired blockage
by the AompR-env.Z strain does not mean that it was unable to colonize the flea gut. Indeed,
the numbers of AompR-env.Zand WT Y. pestis per flea were similar at both 6 and 27 days
post-infection (Fig. 3B). Our data suggest that OmpR-EnvZ is specifically needed to
obstruct the proventriculus. To confirm this hypothesis, we used GFP-expressing Y. pestis
strains to quantify the relative amount of AompR-env.Z mutant and WT bacteria in the
proventriculus on the first day and up to 13 days post-infection. Like the WT strain, the
AompR-env.Z mutant colonized most of the proventriculus, regardless of the day of infection
(Fig. 4). However, by the second day after infection, the density of the mutant bacteria in the
proventriculus was always significantly lower than that of the WT strain. In fact, the density
of AompR-env.Z bacteria remained stable over time. Overall, our data show that OmpR-
EnvZ is essential for producing a dense bacterial mass that blocks the foregut and not for
colonizing the gut.

is required for biofilm formation under conditions mimicking a nutrient-limited

environment.

The data on flea infection highlighted the role of OmpR-EnvZ in the blockage of the
proventriculus (Fig. 4). Our assessment of the flea’s physiology and transcription suggests
that the flea gut is predominantly a nutrient-depleted environment where Y. pestis uses
EnvZ-OmpR to sense and respond to starvation (Fig. 1 and 2). Hence, we hypothesized that
OmpR-EnvZ is required for proventriculus blockage because it is needed for bacterial
growth and/or biofilm formation in a nutrient-limited environment. To test this hypothesis,
we compared the growth and biofilm formation of the WT and AompR-envZ strains in
minimal medium (used here as surrogate for a nutrient-depleted environment). We found
that the lack of OmpR-EnvZ did not impact bacterial growth (Fig. S1); this observation
agrees with the fact that the mutant colonized the flea to the same extent as the WT (Fig.
3B). In contrast, the lack of ompR-env.Z partially reduced the mutant’s ability to form a
biofilm (Fig. 5), which is reminiscent of its partial loss of the ability to block fleas (Fig. 3A).
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OmpkF (but neither OmpC nor OmpX) is required for flea blockage but has no obvious role
in biofilm formation in vitro.

To further study the role of OmpR-EnvZ in flea blockage, we sought to identify the genes in
its regulon that were needed to block fleas. To this end, we assessed the ability of Y. pestis
strains lacking one, two or all three of the porin genes activated by the system (i.e. ompF,
ompC and ompX) in flea infection (Fig. 6). We found that ompC and ompX were
dispensable for flea blockage, even when the Y. pestis strain lacked both genes (i.e. a
AompC AompX mutant). In contrast, the mutation of ompF alone was associated with a
significantly lower blockage rate. This reduction was not accentuated by the absence of
ompC and/or ompX (i.e. in a AompF AompC or AompF AompX double mutant or the
AompF AompC AompX triple mutant). Lastly, the triple AompF AompC AompX mutant
blocked fleas normally when it expressed a WT copy of ompF. Taken as a whole, these data
suggest that OmpF is involved in flea blockage. However, OmpF alone does not reflect the
entire role of OmpR-EnvZ /n vivo. Indeed, strains lacking ompFhad a lower blockage rate
(25% of the WT value) than the AompR-env.Z mutant (50% of the WT value). Lastly, we
found that deletion of ompF did not impact biofilm formation /in vitro (Fig. 5), which
indicates that OmpR-EnvZ regulates several genes involved in biofilm formation but also
that ompFis probably more important for biofilm formation /n vivothan it appeared to be in
our (imperfect) /n vitro conditions.

DISCUSSION

Arthropod-borne pathogens are often perceived as replicating in a stable environment,
relative to those replicating outside a host. However, this does not prevent pathogens from
experiencing sudden and sometimes challenging changes in their environment. This is the
case for Y. pestis, which is quickly ingested when a flea takes a blood meal on a bacteremic
host, and which then remains confined in the luminal part of the flea’s digestive tract until it
is quickly transmitted to a new host (Bacot & Martin, 1914). Following ingestion, Y. pestis
in slightly alkaline blood (pH 7.4) becomes suddenly exposed to a slightly acidic medium
(pH 6.8) in the gut and remains so until the pathogen is transmitted to a new host.
Furthermore, the pH oscillates, with an amplitude of 0.5 units during blood digestion (Fig.
1A). Like the pH, the luminal osmolarity slightly oscillates (from ~300 to 500 mOsM) but
this variation is driven by the cycles of meal ingestion and digestion (Fig. 1B). It is
interesting to note that pH and osmolarity variations occur successively and within the first
24 hours post-feeding (Fig. 1). This indicates that X. cheopis (the flea species used in this
study) digests the mouse blood very quickly in two distinct steps. This concept is consistent
with a report that X. cheopis digests mouse blood in less than 12 hours (Vashchenok ef al.,
1976). Hence, given that X. chegpis feeds every 2 to 4 days, it appears that Y. pestis would
perceive the flea’s digestive tract to be a nutrient-limited environment for most of the time.
Overall, the data indicate that Y. pestis replicates in a weakly acidic, nutrient-poor
environment in the flea gut, where the osmolarity oscillates slightly with the ingestion and
digestion of a food bolus.

It is noteworthy that the osmolarity profile encountered by Y. pestisin the flea gut is similar
to that encountered by Borrelia burgdorferiin the tick gut (Bontemps-Gallo et al., 2016). In
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contrast, the gut pH is respectively acidic and alkaline (Yang et a/., 2000). It is also
noteworthy that as in the tick, alkalinization of the digestive tract after a blood meal has been
reported in the Angpheles mosquito (Nepomuceno ef al., 2017, Billker et al., 2000). Hence,
it appears that nutrient depletion and variations in pH and osmolarity are common
environmental variations experienced by arthropod-borne pathogens during colonization of
their vector. It is probable that most of these pathogens sense and respond to these variations
so that the infection is successfully transmitted by the vector. In the case of Y. pestis, we
found that the bacterium uses its OmpR-EnvZ regulatory system to infect fleas; this bacterial
2CS is known to be involved in sensing and adapting to acidic pH, osmolarity, and nutrient
starvation (Chakraborty & Kenney, 2018, Chakraborty et al., 2017, Gao et al., 2011b, Gao et
al., 2011c, Liu et al., 2015, Mizuno & Mizushima, 1990). Our comparative analysis showed
that the activation of OmpR-EnvZ system is not associated with variations in acidity or
osmolarity in the gut — indicating that the third known stimulus of OmpR-EnvZ (nutrient
limitation) triggers the system /n vivo. Accordingly, OmpR-EnvZ is activated when X.
cheopis has digested >99.5% of the ingested red blood cells (Vaughan & Azad, 1993).
Although the evidence presented here suggests that EnvZ senses nutrient depletion in the
flea gut, we cannot rule out the possibility that osmolarity or pH oscillations are still
involved indirectly in regulation - for example, by initiating a cascade of reactions that result
in gene expression profiles that differ from those regulated directly by OmpR-EnvZ.
Alternatively, other environmental signals might also contribute to the stimulation of OmpR-
EnvZ. For instance, at least one unidentified but cytotoxic blood plasma digestion product is
generated in the flea gut during blood digestion (Hinnebusch et a/., 2002). This toxic
compound would presumably trigger the system by disturbing the bacterial membrane, since
the EnvZ is considered to sense the latter’s physical (Clarke et al,, 2011). Lastly, one can
hypothesize that the stress caused by the presence of a particularly important blood-derived
nutrient can also trigger this system.

The bacteriologic and fluorescence microscopy analyses of infected fleas suggest that
OmpR-EnvZ is required to produce the biofilm obstructing the flea gut, rather than bacterial
growth per se. Consistently, our /in vitro experiments showed that a AompR-env.Z mutant
produced less biofilm than the WT strain, while its growth rate is unaffected (Fig. 5 and S1).
It is noteworthy that even though Y. pestis needs OmpR-EnvZ to form a biofilm /n vivo, the
AompR-env.Z mutant could still block a fair proportion of fleas. This observation suggest
that OmpR-EnvZ is a key player that strengthens the structure of the biofilm so that the
biofilm resists the incoming blood flow. This conclusion is reminiscent of a study using
Yersinia enterocolitica (one of the three human pathogens in the Yersinia genus); the
absence of OmpR-EnvZ in this species affected the biofilm’s general architecture and the
thickness (Raczkowska et al., 2011). Although the data suggest that OmpR-EnvZ is needed
to produce the flea-blocking biofilm /n vitroand in vivo, we found that ompF (which is
upregulated in fleas, known to be activated by OmpR, and needed to block fleas (biofilm
formation /in vivo) (Fig. 2,6)) is not required for biofilm formation /n vitro under conditions
that still require OmpR-EnvZ (Fig. 5). One possible explanation for this discrepancy is that
several of the 224 putative targets regulated by the system (Gao et a/., 2011a) might be
involved in biofilm formation /n vitro, and that the genes required for biofilm formation /n
vitro might not be the same as those required /n vivo. In other words, the loss of only one of
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the regulated genes might induce a phenotype /7 vivo but not /n vitro. If this hypothesis is
true, it suggests that OmpF imports a nutrient that is essential for biofilm formation but only
in the flea gut. However, we cannot rule out another role for OmpF in biofilm formation
(e.g. the export of a molecule that is essential for the biofilm’s extracellular matrix (Prehna
et al. 2012)), whereas OmpR-EnvZ might control several different processes leading to flea
blockage. For instance, it has been suggested that in order to block fleas, the OmpR-
regulated operon phoPQ modulates physiological adaptation to the low pH in the gut
(Fukuto et al., 2018, Rebeil et al., 2013, Vadyvaloo et al., 2015). However, a phoP mutant
produces biofilms (albeit less adherent ones) /n vitro and in the flea gut (Rebeil et al., 2013,
Sun et al., 2009) - suggesting that PhoPQ has a subtle role in the biofilm’s architecture.

One may suggest that it is possible that the rovM transcriptional regulator is part of the
OmpR-regulon and is involved in the formation of the gut-blocking biofilm. Indeed, rovi is
known to be upregulated in the flea gut, and it has been suggested that rov/ senses
nutritional cues and thus facilitates the bacterium’s metabolic adaptation to the insect
environment (Vadyvaloo et al., 2010, Vadyvaloo et al., 2015). However, there are several
lines of evidence to suggest that rovM is not part of the OmpR regulon in Y. pestisand is not
involved in biofilm formation in fleas. Firstly, in silico analyses have not found any OmpR
consensus-like sequences within the region upstream of rovM. Secondly, Gao et al.’s
comparative transcriptomic analysis found that that 7ov/M expression was not affected in an
ompR-negative mutant (Gao et al. 2011a). Thirdly, the urease locus in Yersinia
pseudotuberculosis (the recent ancestor of Y. pestis) is regulated by OmpR and the carbon
storage regulator (Csr)-RovM cascade because both OmpR and RovM bind to the urease
locus promoter and not because OmpR regulates rovM (Achtman et al., 1999, Hu et al.,
2009, Dai et al., 2018). Even though it has been suggested that RovM is involved in Y/
pestis’s metabolic adaptation to the flea gut (because it provides a fitness advantage), it has
been clearly stated that RovM does not contribute to biofilm blockage or Y. pestis’s growth
or survival in the flea gut (Vadyvaloo et al., 2015). We therefore hypothesize that during flea
infection, nutrient cues activate the Csr-RovM regulatory cascade and the OmpR-EnvZ
regulatory system independently. Activation of the Csr-RovM cascade would increase the
bacterium’s fitness in the flea gut, whereas the stimulation of the OmpR-EnvZ system would
lead to biofilm production and, ultimately, gut blockage.

Although some pieces of the puzzle are still missing, our present results and the literature
data prompted us to draw up a model of the flea environment in which Y. pestis senses and
responds to physiological challenges to the establishment of a successful infection (Fig. 7).
In this model, the flea gut is a slightly acidic environment with average osmolarity. The
sudden entry and then the digestion of a blood meal causes harmonic oscillations in the pH,
osmolarity, and nutrient concentrations. Hence, from Y. pestis’ point of view, an acid shock
is the first stress encountered immediately upon ingestion in a blood meal. Subsequently, the
bacterium undergoes cyclical variations in osmolarity and rapid nutrient depletion. In this
complex, challenging, suddenly fluctuating environment, Y. pestis senses the depletion in
nutrient content and (possibly) acidity through the EnvZ-OmpR and PhoPQ 2CSs,
respectively. The stimulated EnvZ and PhoQ activate their cognate regulators (OmpR and
PhoQ) and thus set in motion a molecular program (including OmpF, at least) that facilitates
the production of the biofilm required for efficient plague transmission. We hypothesize that
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OmpF increases the flow of nutrients required for the formation of a biofilm matrix that is
strong enough to block the blood drawn by the flea.

Lastly, from an evolutionary point of view, it is interesting to note that at least one OmpR-
regulated gene (the urease locus) was inactivated during the emergence of Y. pestis (Hu et
al., 2009). This silencing was a key factor in increasing the potential transmission of the
bacteria by fleas (Chouikha & Hinnebusch, 2014, Sebbane et a/., 2001). In other words, Y/
pestishad to modify its regulatory network during its emergence in order to take full
advantage of OmpR-EnvZ’s role in flea-mediated transmission. Taken as a whole, our
present results and the literature data provide a fine example of how bacteria have evolved to
spread effectively.

EXPERIMENTAL PROCEDURES

Strains, mutants, plasmids, and growth conditions.

The bacterial strains and plasmids used in this study are listed in Table S1. Mutant Y, pestis
strains were generated using the lambda red recombinase-based-method (Datsenko &
Wanner, 2000) and the previously described primer sets and plasmids (Table S2) (Pradel et
al., 2014). Each mutation was confirmed by PCR assays using (i) primer sets that were
complementary to the sequence to be deleted, and (ii) primer sets that targeted a flanking
sequence not involved in the allelic exchange, and the antibiotic resistance gene (Table S2).
Mutant strains were complemented with the PCR Zero blunt plasmid (Life technologies) or
using the mini-Tn 7 (Choi et al., 2005) containing a WT (WT) copy of the gene of interest
under the control of its own promoter (Table S1). The strains were grown in lysogeny broth,
brain heart infusion (BHI) medium and/or minimal medium (M9; 33.7 mM NayHPOy, 22
mM KH5PQy, 58.55 mM NaCl, 9.35 mM NH,4CI, 1 mM thiamine hydrochloride, 0.2%
casamino acids, 2 mM MgSOy,, 0.1 mM CaCl,) at 21, 28 and/or 37°C. When needed, agar
(15 g.L71), kanamycin (50 pg.mL™1), trimethoprim (25 pg.mL™1), zeocin (25 pg.mL™1),
spectinomycin (100 pug.mL™1) or ampicillin (100 pg.mL™1) was added to obtain solid and/or
selective media. All the products used for bacterial culture were purchased from Becton
Dickinson (France) or Sigma-Aldrich (France).

Measurement of osmolarity and pH in the flea gut content and in mouse blood.

Intact digestive tracts lacking their Malpighian tubule system were collected from fleas
under a dissecting microscope, transferred to a microfuge tube, and then gently pressed with
a grinder pestle (Kimble Chase, Vineland, NJ, USA) in order to carefully extract the gut
contents. For the measurement of osmolarity, it was sometimes been necessary to pool the
contents of up to four guts. Mouse blood was collected in a heparinized tube (Becton
Dickinson) after cardiac puncture. The osmolarity and pH of the flea gut contents and mouse
blood were measured with a vapor pressure osmometer (Model 3320, Advanced
Instruments) and a pH Micro Orion electrode (Thermo) connected to a FiveEasy pH Meter
(Mettler Toledo).
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Flea infection.

A flea population confined in the same jar and composed of enough individuals to test all the
Y. pestis strains of interest on the day of infection had been starved for five days prior to
infection. The fleas were infected using an artificial system described previously (Quintard
et al., 2015). Around 500 Xenopsylla cheopis fleas were allowed to feed for 1 h on an
artificial feeding system containing heparinized OF-1 mouse blood contaminated with 3 x
108 bacteria/ml. After feeding, a cohort composed of 50 fed males and 50 fed females was
collected, maintained at 21°C and 75% humidity, and allowed to feed twice a week for a 4-
week period (Quintard et al., 2015). Immediately after each feed (except at 2 days post-
infection), blocked fleas were counted under a binocular microscope (7.¢e., presence of fresh
red blood in the flea’s foregut but not in the midgut). A cohort of females was also collected,
in order to measure the ingested bacterial load and/or the bacteriak load present at different
days post-infection, as previously described (Quintard et a/., 2015). In particular, 20 insects
were sterilized (by successive washes with hydrogen peroxide, ethanol and PBS) and then
individually triturated in PBS using lysing matrix H beads and a FastPrep homogenizer (MP
Biomedicals, Illkirch-Graffenstaden, France). After trituration, samples were plated on BHI
agar supplemented with 1 pg/ml Irgasan and 10 pg/ml hemin. The CFUs were counted after
a 48-hour incubation at 28°C.

To monitor the strains’ ability to colonize the proventriculus, female fleas were infected with
Y. pestis expressing the green fluorescent protein (GFP) from the pAcGFP plasmid
(Addgene). When required, 17 to 20 fleas were selected at random, and dissected under a
binocular microscope to remove the digestive tract. Immediately after dissection,
fluorescence photos of the digestive tract were captured using the fluorescence Eclipse CiS
microscope (Nikon) and the Sight DS-F1c camera (Nikon). All the photos had the same
magnification, exposure time, and sensor sensitivity. The photos were then processed (using
ImageJ software) to measure the surface area occupied by bacteria within the mass anchored
to the proventriculus. To do this, the blue channel of each of the proventriculus images was
extracted, and an intensity threshold was applied to remove the autofluorescence in the
proventriculus while maintaining the signal emitted by fluorescent bacteria. Next, the
surface area of selected part of the image area was measured and compared with the surface
area of the whole image. Lastly, the photos shown in the manuscript were processed using
the curve adjustment tool in Adobe Photoshop CS4, in order to highlight the GFP-expressing
bacteria and facilitate their identification within the proventriculus (which autofluoresces in
green).

Transcription study.

We studied gene transcription in infected female fleas collected at different time points post-
infection in two independent experiments and in the contaminated bloods on which they fed.
More specifically, groups of 50 infected fleas were rapidly dissected in a bath of bacteria
RNAprotect reagent under a binocular microscope, with removal of the gut. Immediately
after dissection, each gut was immerged and disrupted in a bath of bacteria RNAprotect
reagent (Qiagen). RNA from the pooled guts and the contaminated bloods were purified
using RNeasy kit (Qiagen), treated with DNAse (using a DNA-free kit (Ambion)), assessed
for quality and quantity (with a Bioanalyzer [Agilent Technologies] and a Nano-Drop [GE
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Healthcare], respectively), and reverse-transcribed using Superscript IV First-Strand
Synthesis (Invitrogen). Quantitative PCR was performed using the MX3005P thermocycler
(Agilent Technologies), the SYBR green PCR master mix (Applied Biosystems), and the
primer sets listed in Table S2. Data were normalized against levels of the proC transcript,
and the relative fold change was calculated using the ACt method (Pfaffl, 2001, Koch et al.,
2019).

Assessment of biofilm formation in vitro.

Bacteria grown overnight in M9 with supplements at 21°C in 24-well plates were diluted in
1 mL of fresh medium per well to give a density of 2 x 108 bacteria/ml. Twenty-four hours
later (after incubation at 21°C with shaking), the medium and planktonic bacteria were
removed, the wells were washed three times with sterile water. A crystal violet dye solution
(0.01%) was added to stain the attached bacterial biofilm. After a 15 min incubation at room
temperature, the wells were rinsed four times with 2 ml sterile water. Next, 1.5 mL of an
ethanol-acetone (80:20) solution was added to solubilize the dye attached to the biofilm.
Lastly, the solution was transferred to a 96-well plate, and the absorbance of each well was
quantified at 542 nm using an ELx800 microplate reader (BioTek). The absorbance ratio for
each strain relative to the parental strain was calculated.

Ethics statement.

The animal experiments were carried out in accordance with the European directive
2010/63/EU and the French governmental decree 2013-118, and all protocols had been
approved by the French Ministry of Higher Education, Research and Innovation, and the
Ethics Committee in Animal Experimentation No 75. All animal husbandry adhered to the
current European and French regulations.

Data availability.

All data that support the findings of this study are available from the corresponding authors
upon reasonable request.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The flea gut is a fluctuating environment.
The box-and-whiskers (Tukey) plots represent the osmolarity (A) and pH (B) in the gut of X

cheaopis fleas at different times after a blood meal. The osmolarity and pH of the blood used
to feed the fleas are also shown. The mean £ SEM values were based on 16-21 samples,
except for the osmolarity measured at 24 and 30h for which 9 and 12 samples were used,
respectively. The osmolarity immediately after and 6 hours after the blood meal and the pH
value 12 hours after the blood meal differed significantly from all the other measured values
(*, p<0.008 in a one-way analysis of variance with Holm-Sidak’s correction for multiple
comparisons).
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Figure 2. The Y. pestis OmpR-EnvZ system is induced after a delay in the flea’s gut.
We determined the relative expression of ompC (black bars), ompF (grey bars) and ompX

(white bars) in fleas at different hours post-feeding and in the blood on which they fed on.
The mean = SEM values from two independent experiments are shown. Even though the
transcription of the three genes started 6 hours post-infection, only the induction of ompF
was significant (*, p<0.02 in a two-way analysis of variance with Dunnett’s correction for
multiple comparisons).
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Figure 3. The Y. pestis OmpR-EnvZ system is needed for optimal flea blockage but not flea
infectivity.

Comparison of the ability of the Y. pestis WT strain (white bars), the AompR-env.Z mutant
strain (light grey bars), and the same AompR-env.Z mutant strain expressing a functional
ompR-envZ operon under the control of its own promoter on a high copy plasmid (dark grey
bars) to block (A) and colonize (B) fleas over a 4-week period. (A) The bars correspond to
the mean £ SEM of three independent experiments with: (i) the WT strain, AompR-
envZ::aphA, and its complemented strain; (ii) the WT strain, AompR-env.Z::dfrB, and its
complemented strain; and (iii) the WT, the two independent mutants and their
complemented strains. The AompR-envZ mutant strain (but not its derived complemented
strain) blocked significantly fewer fleas than the WT strain (*, p<0.01 in a one way analysis
of variance with Holm-Sidak’s correction for multiple comparisons). (B) Box-and-whiskers
(Tukey) plots representing the bacterial loads determined in 17 to 20 fleas collected
immediately after feeding, and then 6 and 27 days after. The symbols indicate outliers. All
three strains colonized the fleas to a similar extent (p>0.05 in a two-analysis of variance with
Tukey’s correction for multiple comparisons).
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Figure 4. The Y. pestis OmpR-EnvZ system is required for massive colonization of the flea’s
proventriculus.
(A) Representative fluorescence photos of the proventriculus colonized by the WT and the

AompR-env.Z mutant strain on different days (D) post-infection. The photos came from two
independent experiments in which 17-20 proventriculi per strain were analyzed at each time
point. (B) Box-and-whiskers (Tukey) represent the surface area occupied by bacteria in the
proventriculus of 37 X. chegpis fleas that had fed on blood infected with the Y. pestisWT
(white bars) and the AompR-envZ mutant strain (grey bars) and collected on different days
(D) post-infection. The data represent the sum of 2 independent experiments in which 17-20
fleas were dissected (i.e. n= 37 per time point). The symbols indicate outliers. The signal
intensities of the proventriculus infected with the WT vs. the AompR-envZ mutant strain
differed significantly from the second day post-infection onwards (*, p<0.01 in a two-way
analysis of variance with Sidak’s correction for multiple comparisons).
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Figure 5. The Y. pestis OmpR-EnvZ system is a positive regulator of biofilm formation in vitro.
In vitrobiofilm formation by the Y. pestis WT strain (white bars), the AompR-env.Z mutant

strain (light grey bars), the AompR-env.Z mutant strain expressing a functional ompR-envz
operon under the control its own promoter on a high copy plasmid (dark grey bars), and the
AompF mutant strain (very dark grey bars) in minimal media. The mean = SEM values from
three independent experiments are shown. Only the AompR-env.Z mutant displayed a
significant impairment in biofilm formation (*, p<0.0005 in a one-way analysis of variance
with Holm-Sidak’s correction for multiple comparisons).
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Figure 6. OmpF (but not OmpC and OmpX) is needed for effective blockage of the flea’s
digestive tract.

The figure shows the percentages of fleas that developed proventricular blockage after
feeding on blood contaminated with Y, pestis lacking one, two or three of the ompF, ompC
and ompX genes. The mean + SEM values from three independent experiments are shown.
*, p<0.05, in a one-way analysis of variance with Dunnett’s correction for multiple
comparisons.
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Figure 7. The environment encountered by Y. pestisduring its life cycle, and the response that
produce an infection transmitted by the flea.

(A) Y. pestis experiences environment fluctuations in pH and osmolarity when it passes from
the mammal’s blood into the arthropod vector and vice versa, and (according to our present
data) also while it colonizes the flea gut. (B) In response to nutrient depletion and (perhaps)
acidic pH, the EnvZ and PhoQ sensors self-phosphorylate and then transfer the phosphate to
their cognate regulators OmpR and PhoQ, which sets in motion a molecular program needed
to block the flea (e.g. ompF, and a gene X that has yet to be identified) (this study, and
Rebeil et al.,, 2013 Vadyvaloo et al., 2015). The molecular program (unknown gene Y)
activated by PhoQ to block fleas is unknown, while OmpR’s molecular program includes
ompfF and other loci (perhaps including phoPQ; this study and Gao et al., 2011b). The photo
on the left represents a blocked flea, which is characterized by the presence of fresh red
blood in the foregut (at the right of the circle) but not in the midgut (at the left of the cycle).
The photo on the right shows the infected flea gut, which is blocked by a mass containing a

Mol Microbiol. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bontemps-Gallo et al.

Page 23

myriad of Y. pestis (green). The mass extends from the esophagus (E) to the proventriculus
(PV) and the midgut (MG). Genes X and Y have yet to be identified.
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