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ABSTRACT Bacterial pathogenesis depends on changes in metabolic and virulence
gene expression in response to changes within a pathogen’s environment. The plague-
causing pathogen, Yersinia pestis, requires expression of the gene encoding the Pla
protease for progression of pneumonic plague. The catabolite repressor protein Crp,
a global transcriptional regulator, may serve as the activator of pla in response to
changes within the lungs as disease progresses. By using gene reporter fusions, the
spatial and temporal activation of the crp and pla promoters was measured in a
mouse model of pneumonic plague. In the lungs, crp was highly expressed in bacte-
ria found within large aggregates resembling biofilms, while pla expression in-
creased over time independent of the aggregated state. Increased expression of crp
and pla correlated with a reduction in lung glucose levels. Deletion of the glucose-
specific phosphotransferase system EIIBC (PtsG) of Y. pestis rescued glucose levels in
the lungs, resulting in reduced expression of both crp and pla. We propose that acti-
vation of pla expression during pneumonic plague is driven by an increase of both
Crp and cAMP levels following consumption of available glucose in the lungs by Y.
pestis. Thus, Crp operates as a sensor linking the nutritional environment of the host
to regulation of virulence gene expression.

IMPORTANCE Using Yersinia pestis as a model for pneumonia, we discovered
that glucose is rapidly consumed, leading to a catabolite-repressive environment in
the lungs. As a result, expression of the gene encoding the plasminogen activator
protease, a target of the catabolite repressor protein required for Y. pestis pathogen-
esis, is activated. Interestingly, expression of the catabolite repressor protein it-
self was also increased in the absence of glucose but only in biofilms. The data
presented here demonstrate how a bacterial pathogen senses changes within its en-
vironment to coordinate metabolism and virulence gene expression.
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ersinia pestis, the agent of plague, causes a rapidly progressing pneumonia result-

ing in death if the infection is untreated (1). Pneumonic plague is a biphasic
infection, characterized by an initial quiescent state giving way to a severe inflamma-
tory phase 36 to 48 h postinfection (hpi) (2). This phase shift corresponds with
recruitment of neutrophils to the lungs, leakage of serum into the alveolar space, and
the onset of disease symptoms (3). During this time, Y. pestis proliferates within the
alveolar space up to 10° CFU per lung and disseminates from the lungs into the
bloodstream. To link changing gene expression levels during these phases, transcrip-
tional profiles of Y. pestis during growth in plasma, the bubo, and the lungs have been
analyzed (4-6). Yet little is known about how Y. pestis adapts to the changing nutritional
environment and regulates virulence gene expression within the lung space as the
pneumonia progresses.

The plasminogen activator protease, pla, required for pneumonic and bubonic
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plague (7, 8), manipulates programmed cell death pathways and deregulates the host
fibrinolysis pathways (9). Not only does Pla activate host plasminogen into plasmin, but
it also inactivates inhibitors of plasmin activation, a,-antiplasmin and plasminogen
activation inhibitor 1 (PAI-1) (10, 11). In the absence of catalytic activity of Pla, Y. pestis
fails to proliferate in the lungs and poorly disseminates into the bloodstream (7). The
necessity of Pla for Y. pestis to cause a successful pneumonia and develop pandemic
potential has been well studied (12), but its control during the onset of infection and
in response to the evolving lung environment is less understood.

Transcription of the pla gene is known to shift at the transition of the lung
environment to a severely inflammatory state 36 to 48 hpi. In vitro, pla gene expression
is dependent on the catabolite repressor protein, Crp (13, 14). Crp is a global regulator
found in many species of gammaproteobacteria. When bound to cyclic AMP (cAMP), it
activates or represses expression of hundreds of genes in Yersinia spp. (15). Levels of
cAMP are regulated by the activities of the phosphotransferase system (PTS) and
adenylate cyclase (16). EIIBC subunits of the PTS, such as PtsG for glucose, transport
sugar molecules across the inner membrane and transfer a phosphate from the EIIA
subunit onto the transported substrate. As the extracellular concentration of glucose
or other PTS substrates decreases, the concentration of phosphorylated EIIA in cells
increases and thereby activates adenylate cyclase to generate CAMP from ATP. Binding
of cAMP is required for Crp dimerization and DNA binding activities, allowing cAMP-Crp
to activate genes for metabolism of alternative carbon sources (17).

Crp-regulated genes are known virulence determinants in many pathogenic organ-
isms, revealing that virulence is linked to the nutritional status of the surrounding
environment (18). In Yersinia spp., in addition to regulation of pla, Crp regulates
expression of genes encoding the type Ill secretion system and its effectors (19), the
anti-phagocytic capsule F1, and hundreds of other protein-coding genes and small
noncoding RNAs (sRNAs) (20, 21). In addition, Crp has been suggested to regulate
biofilm formation in Y. pestis indirectly and with CsrA (22, 23). In contrast to expression
in Escherichia coli, expression of crp itself in Y. pestis is not directly auto-regulated (24,
25) but is regulated by the PhoP response regulator (26). The sRNA chaperone Hfq is
also required at the crp 5’ untranslated region (UTR) for protein translation, suggesting
a role for sRNAs in regulation of crp (13).

Because Crp and many of its targets are required for virulence, we hypothesized that
Crp may critically control virulence gene expression following the transition to the
inflammatory phase of infection in response to changes within the lung environment.
We observed that at 72 hpi the concentration of glucose was significantly reduced due
to consumption by Y. pestis. Activity at the crp promoter increased during this time
within large, biofilm-like aggregates, while activity of the pla promoter was increased
over time. Deletion of the gene encoding the EIIBC glucose-specific transporter, PtsG,
from VY. pestis prevented glucose depletion in the lungs of infected mice and inhibited
activity of crp and pla promoters. These data support a model in which Y. pestis adapts
its virulence gene expression due to changes in its metabolism and sensing of glucose
availability through Crp and catabolite repression during pneumonia progression.

RESULTS

Glucose is depleted from the pulmonary compartment during pneumonic
plague. In vitro studies indicate that catabolite repression controls expression of
essential virulence factors of Y. pestis. To determine if glucose concentrations change
during pneumonic plague, the concentration of glucose was measured in the bron-
choalveolar lavage fluid (BALF) of intranasally infected mice at 24, 48, and 72 hpi. The
concentration of glucose in the BALF dropped from 25 to 30 wg/ml in uninfected lungs
to <5 ug/ml in infected lungs at 72 hpi (Fig. 1A). In addition to the >5-fold decrease
in the concentration of lung glucose, the glucose concentration measured in the blood
of infected mice was also reduced 2-fold at 72 hpi (Fig. 1B).

To monitor blood leakage into lung, the same BALF samples were used for mea-
suring albumin. Serum albumin increased more than 60-fold, from 80 wg/ml in mock-

June 2018 Volume 200 Issue 11 e00737-17

Journal of Bacteriology

jb.asm.org 2


http://jb.asm.org

Depletion of Glucose during Pneumonic Plague

A 50 —_— B 2000 .
g 40 * o E 1500} °
> . 2 .
FRE) - 3 ——
Q
N e S S SR I .
E] 3
e R T —=—
2 (14 . 3 0 g
3 10 : a5 ¢
: R
0 T T - . o] - ~—
Mock 24 48 72 Mock 72 hpi
Hours Post infection
C D —_—
= 84 L T 80004 .. S
5 veo z
£ . 2 .
< 6 . S 60001 .
€ c .
3 £ (e
g 44 . = 40004 e _'I'_
L]
g % . e ..
1z ° ‘(‘6
o 21 o 20004 .
1] E. ['4 * °
é o0 . oo’ .
¢ comiac v v Ol Sueseeet ool
Mock 24 48 72 Mock 24 48 72
Hours Post infection Hours Post infection

FIG 1 Available glucose in the lungs decreases as the pneumonia progresses. (A) Concentration of
glucose in BALF recovered from the lungs of mock (PBS)-infected or Y. pestis-infected mice at 24, 48, and
72 hpi. (B) Concentration of glucose in the serum of infected mice at 72 hpi. (C) Concentration of mouse
serum albumin in BALF of mock- and Y. pestis-infected mice measured by ELISA. (D) Relative plasmin
activity in BALF from mock- and Y. pestis-infected mice measured by a plasmin activity assay. Data are
combined from two independent infections with mock-infected and 24- and 48-h-infected mice (n = 5)
and 72-h-infected mice (n = 10). Error bars represent the means and standard errors of the means. ***,
P < 0.0017; ns, not significant (one-way ANOVA with Bonferroni multiple-comparison test for panels A, C,
and D and Student’s t test for panel B).

infected animals to more than 5 mg/ml in infected animals, at 72 hpi (Fig. 1C). Thus,
glucose levels in lung decline even as glucose-rich blood leaks into the BALF.

Finally, the activity of Pla can be measured indirectly by measuring the amount of
plasmin in the BALF as Pla activates plasminogen into plasmin. Relative plasmin activity
increased significantly between 24 and 48 hpi and further increased at 72 hpi, indicative
of continued activation of plasminogen by Pla (Fig. 1D). These data suggest that Y.
pestis depletes glucose from the lung space despite increased permeability of the lungs.
This may trigger catabolite repression control of virulence gene expression as the
infection progresses.

Activity at the crp promoter is increased within large bacterial aggregates in
the lungs. Activity at the crp promoter could increase in response to the decline in
glucose levels during later stages of infection. Because of the complexity of the lung
structure, the environment may not be homogenous across Y. pestis-infected lungs, and
thus altered expression of crp may be spatially distinct. Thus, gene expression was
monitored in situ. A green fluorescent protein (GFP) promoter fusion containing the crp
promoter was integrated into the Tn7 site of Y. pestis containing the pGEN-RFP plasmid
for constitutive production of red fluorescent protein (RFP) to make bacteria detectable
by fluorescence. Cross sections of lungs from mice infected with these strains were then
imaged by confocal microscopy. The ratio of GFP to RFP in bacterial cells was used to
determine any spatial or temporal increases in promoter activity as a surrogate for gene
expression in bacteria within the lungs. Y. pestis-containing lesions could be reliably
captured in infected mice at 36 hpi, before the bacteria proliferated to the order of 108
to 10° CFU at 72 hpi (Fig. 2A). As a negative control, mice were infected with Y. pestis
harboring a fusion containing the constitutive tetO promoter fused to gfp. Infections
with this strain (and other reporter strains) caused lethal lung infections, with bacterial
burdens and pathologies in the lungs similar to those of infection with wild-type strains
(see Fig. S1 in the supplemental material). No spatial or temporal changes in the ratio
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FIG 2 Expression of crp is increased in large aggregates or biofilm-like structures in the lungs. Cross sections of lungs from mice infected with
strain CO92 carrying the P_,-GFP reporter (green) and pGEN-RFP plasmid (red) were stained with DAPI (blue) and imaged by confocal microscopy.
(A) Large image generated with the tile feature in NIS Elements acquisition software to cover Y. pestis-containing lesions within the lung space.
Magnified images of boxed areas (a to d) highlight heterogeneity in expression patterns of crp within a single lesion. (B) Violin plots displaying
the relative expression of crp as a ratio of GFP to RFP, quantified in individual cells combined from the lung lesions of at least three mice at each
time point, across two independent infection experiments at 36, 48, and 72 hpi. Horizontal lines within the violins represent the 25th percentile,
median, and 75th percentile. Aggregates were also imaged and analyzed separately. (C) Expression of crp in individual cells as a function of
neighboring bacterial cell density from all images and time points postinfection.

of GFP to RFP in Y. pestis were observed when gfp was expressed from the tetO
promoter (Fig. STB and Q).

In contrast, activity at the crp promoter was both spatially and temporally distinct
(Fig. 2). While the mean GFP/RFP ratio at 72 hpi was not significantly higher than at 36
and 48 hpi, the population was skewed to higher levels of crp expression in a
nonnormally distributed pattern (Fig. 2B). Observations of lung sections revealed
bacteria within large aggregates of hundreds to thousands of bacterial cells with
significantly higher crp expression levels, as determined by their GFP/RFP ratios. These
large aggregates resembled biofilm-like structures with thousands of bacteria in close
contact. When bacteria in biofilms were separated from the analysis, their mean
GFP/RFP ratio was 2 to 3 times higher than that of the population as a whole (Fig. 2B).
The number of cells in biofilms is underrepresented in this analysis as the algorithm
detecting bacteria cannot always separate bacteria in contact with one another but,
rather, records them as a single bacterium. There was no loss in RFP intensity alone
between bacteria within the population as a whole and bacteria within biofilms, but the
recorded GFP intensity alone was 2 to 3 times higher in bacteria in biofilms than in the
rest of the population (Fig. S2A and B). This indicates that the differences observed in
the GFP/RFP ratio are due to changes in regulation at the crp promoter and not due to
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FIG 3 Expression of pla increases during progression of pneumonia independent of presence in a biofilm. Cross sections of lungs from mice

infected with strain CO92 carrying the P,

-GFP reporter (green) and pGEN-RFP plasmid (red) were stained with DAPI (blue) and imaged by

confocal microscopy. (A) The large image was generated in NIS Elements similarly to infections with the P, -GFP strain. Magnified images of
boxed areas (a to d) highlight the heterogeneity in expression patterns of pla within the larger lesion. (B) Violin plots displaying the relative
expression of pla as a ratio of GFP to RFP, quantified in individual cells combined from the lung lesions of at least three mice at each time point,
across two independent infection experiments at 36, 48, and 72 hpi. Horizontal lines within the violins represent the 25th percentile, median, and
75th percentile. Aggregates were also imaged and analyzed separately. (C) Expression of pla in individual cells as a function of neighboring

bacterial cell density.

loss of the RFP plasmid or to artifacts introduced in acquisition or processing of the
images.

In order to analyze expression of crp in higher-density aggregates in an unbiased
fashion, relative expression based on the GFP/RFP ratio was plotted against the density
of neighboring bacteria (Fig. 2C). The density of neighboring bacteria was determined
by calculating the distances between all bacteria using their relative coordinate loca-
tions within a given image and reporting the number of neighboring bacterial cells
within 30 um. A comparison of all cells in all images indicated that there was significant
heterogeneity in expression in lower-density bacteria (<150 neighboring cells), while
higher-density cells (>175 neighboring cells) showed higher expression of crp. These
observations of lung cross sections support the notion that expression of crp is
increased within aggregates of bacteria within the lungs.

Expression of pla increases during progression of pneumonic plague. The
virulence gene pla is known to be controlled by Crp (14). Expression of pla is repressed
at the early stages of lung infection before rising more than 10-fold during the terminal
stages of infection (13). To determine whether expression of pla displayed a spatially
regulated pattern similar to that of crp, mice were intranasally infected with a strain
harboring the P,,,-GFP fusion (Fig. 3A). Expression of pla was slightly reduced at 48 hpi
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FIG 4 Deletion of ptsG from Y. pestis prevents depletion of glucose during infection. (A and B) Bacterial
burden in the lungs (A) and spleens (B) of mice infected at 24, 48, and 72 hpi as follows: black, Y. pestis;
red, Y. pestis AptsG; blue, Y. pestis AptsG ptsG. X, mouse succumbed to infection. (C) Concentration of
glucose measured in BALF recovered from mice infected with Y. pestis, Y. pestis AptsG, and Y. pestis AptsG
ptsG. (D) Wet lung weight of the lungs from mice infected as described for panel A. Data are combined
from two independent infection experiments with five mice at each time point. Horizontal bars (A and
B), medians; error bars (C and D), means and standard errors of the means. **, P < 0.01; ***, P < 0.001
(one-way ANOVA with Bonferroni multiple comparisons).

compared to the level at 36 hpi (Fig. 3B). At 72 hpi, however, there was a robust
increase in global expression of pla within and around lesions in single and biofilm-
assembled bacteria. In contrast to observations with the P_,,-GFP reporter, there was no
correlation between presence within an aggregate and increased expression (Fig. 3B).
Some aggregates observed did have high expression of pla, but there was no signifi-
cant dependence on bacterial cell density, based on observations of all cells compared
across all images, as regions with lower numbers of neighboring bacteria also showed
high pla expression (Fig. 3C). Despite this, overall increased activity at the pla promoter
at 72 hpi is consistent with increased pla transcript levels (13).

PtsG is required for glucose depletion in the lungs. To determine whether Y.
pestis is responsible for consuming glucose in the lungs and whether glucose represses
expression of crp and pla, a strain of Y. pestis lacking the EIIBC subunit of the
glucose-specific phosphotransferase system (Y. pestis AptsG) was made. Intranasal
infection with Y. pestis, Y. pestis AptsG, and Y. pestis AptsG with ptsG reintroduced at the
Tn7 site (Y. pestis AptsG ptsG) revealed that the Y. pestis AptsG strain did not grow as
well in the lungs as the parental and complemented strains at 24 and 48 hpi (Fig. 4A).
These data indicate that PtsG is important for early colonization of the lungs. Across
two independent experiments, mice infected with Y. pestis AptsG did not develop
symptoms as early as mice infected with strains containing ptsG, and more mice
survived until 72 hpi despite having similar bacterial burdens. In addition, in mice
infected with Y. pestis AptsG, the average weight of the lungs harvested, an indirect
measure of fluid accumulation in the lungs or edema, was on average 100 mg less than
that in mice infected with the parental and complemented strains (Fig. 4D). In addition,
Y. pestis AptsG did not disseminate from the lungs to the spleen as well as the parental
or complemented strain at 48 hpi (Fig. 4B). However, by 72 hpi, mice infected with Y.
pestis AptsG had bacterial burdens in the lungs and spleen indistinguishable from those
of animals infected with the parental and complemented strains.

The concentration of glucose in the BALF from Y. pestis and Y. pestis AptsG ptsG
decreased as the pneumonia progressed to 72 hpi (Fig. 4C). In contrast, infection with
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FIG 5 Expression levels of crp and pla do not increase during Y. pestis AptsG infection. Cross sections of lungs from mice infected with Y. pestis AptsG carrying
the pGEN-RFP and either the P,,,-GFP, P, ,-GFP, or P,,,-GFP reporter construct were analyzed identically to those from the wild-type-infected counterparts. (A

1+ Uerp
to C) Violin plots of relative gene expression levels in individual cells combined from the lung lesions of at least three mice at each time point, across two

independent infection experiments measured at 48 and 72 hpi for Y. pestis AptsG expressing either the P,,-GFP, P, -GFP, or P,,,-GFP reporter construct, as
indicated. Horizontal lines within the violins represent the 25th percentile, median, and 75th percentile. (D to F) Relative expression as a function of cell density
for infection with Y. pestis AptsG carrying the P,,,-GFP, P,,,-GFP, or P,,-GFP reporter construct. Individual points represent individual cells analyzed from
infections at 48 and 72 hpi.

Y. pestis AptsG did not result in a reduction in the concentration of glucose in the lungs,
even in animals with identical CFU counts in the lungs at 72 hpi. These data suggest
that Y. pestis is responsible for depletion of glucose, likely by increasing the import of
glucose dependent upon PtsG.

Expression of crp and pla does not increase when glucose is present in the
lungs. The tetO, crp, and pla reporter fusions were integrated into Y. pestis AptsG
carrying the pGEN-RFP plasmid in order to determine whether the difference in glucose
concentrations within the lungs of Y. pestis AptsG-infected mice affected expression of
crp or pla. Bacteria could not be reliably detected by microscopy at 36 hpi due to the
reduced bacterial burden of the Y. pestis AptsG strain at this time point (Fig. 4A).
Bacteria could be imaged in lung cross sections at 48 and 72 hpi using images
comparable to those obtained from infections with the wild-type strain. Similar to
infections with the parent strain, there was no spatiotemporal regulation of the
constitutive tetO promoter or dependence on the density of the bacterial cells (Fig. 5A
and D). But, in contrast to what was observed with the parental strain, the distribution
of expression of crp as measured by the P, ,-GFP fusion was not skewed to higher levels
at 72 hpi, and expression was not increased in aggregates or biofilms of high cellular
densities within the lungs (Fig. 5B and E). Expression of pla was also significantly
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FIG 6 Expression of crp is repressed by glucose in biofilms in vitro. (A) Y. pestis Lcr— with the P, -GFP reporter was grown in 10 ml of TMH medium
supplemented with 0.2% glucose or 0.2% glycerol. Planktonic bacteria growing within the medium were separated from bacteria in the biofilm formed at the
air-liquid interface on the flask, and fluorescence intensity was measured and standardized to that of planktonic cells in 0.2% glucose. (B) Representative blot
from whole-cell lysates generated from Y. pestis Lcr— grown as described for panel A and immunoblotted for Crp protein. RpoA was used as a loading control,
and blots were quantified in Fiji and standardized to planktonic cells in 0.2% glucose. (C) Y. pestis Lcr— carrying the P,,,-GFP reporter was grown as described
for panel A. Fluorescence intensity from the reporter was measured and standardized to that of planktonic cells in 0.2% glucose. Data are representative of three
independent experiments. Error bars represent the means and standard errors of the means. **, P < 0.01; ***, P < 0.001; ns, not significant (one-way ANOVA
with Bonferroni multiple-comparison test).

reduced in measurements of Y. pestis AptsG containing the P,,,-GFP fusion, which
lacked the robust increase measured in the wild-type strain (Fig. 5C and F). In fact,
measurements of both crp and pla reporter strains lacking ptsG resembled measure-
ments taken of the tetO reporter, which exhibited no spatial or temporal expression. No
difference in expression levels of crp or pla was observed between the wild-type and
AptsG mutants in vitro (Fig. S3), suggesting not only that PtsG is required to consume
glucose from the lungs during pneumonia but also that this absence of glucose is
required for activating expression of crp in biofilms and activating expression of pla
through catabolite repression.

Glucose represses expression of crp and pla in biofilms grown in vitro. To model
the effect of glucose on expression of crp in biofilms, fluorescence was measured in Y.
pestis containing the P_,,-GFP fusion in planktonic cells and cells within biofilms.
Consistent with the in vivo findings, the presence or absence of glucose had no effect
on GFP fluorescence as measured by the P,,-GFP reporter in the planktonic state (Fig.
6A). However, Y. pestis growing within a biofilm in the presence of glucose was
repressed 2-fold compared to growth in a biofilm in the presence of glycerol. Similar
trends in expression of crp were observed in the absence of membrane-bound ade-
nylate cyclase (Fig. S4A), indicating that the mechanism of activation of crp expression
in the absence of glucose is surprisingly not dependent on adenylate cyclase activity.
A similar trend was observed when whole-cell lysates (WCLs) from Y. pestis grown under
the same conditions were immunoblotted for Crp protein (Fig. 6B). As with growth with
supplemental glycerol, Crp protein levels were not repressed in biofilms grown in the
presence of 0.2% galactose or 0.2% sucrose (Fig. S4B). Expression of pla was repressed
by glucose in both the planktonic and biofilm states as measured in strains harboring
the P,,,-GFP reporter (Fig. 6C).

Overall, these data are consistent with control of pla expression by changes in cAMP
and are also consistent with changes in Crp levels due to depletion of glucose in the
biofilm state. Together, these in vitro findings are consistent with observations in the
lungs that expression of crp is stimulated by growth in biofilms, while expression of pla
is activated by catabolite repression.

Increased expression of crp in biofilms requires the crp 5' UTR. Previous work
found that the sRNA chaperone Hfq acts at the crp 5" UTR to promote translation of crp
(13). To determine whether the crp 5" UTR is necessary for regulation of crp in biofilms,
a GFP fusion containing the crp promoter with the tetO 5’ UTR replacing the crp 5" UTR
(P,,-tetO 5" UTR-GFP) was integrated into Y. pestis. Expression of this reporter was
regulated neither by carbon source nor by growth in the planktonic or biofilm state
(Fig. 7A). Furthermore, infection with fully virulent Y. pestis with this fusion did not
result in increased expression at 72 hpi or within high-density aggregates in the lungs
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supplemented with 0.2% glucose or 0.2% glycerol overnight. Planktonic and biofilm cells were separated, and GFP intensity was standardized to that of
planktonic cells grown in 0.2% glucose. (B) Cross sections from mice infected with Y. pestis CO92/pGEN-RFP containing the P -tetO 5" UTR-GFP reporter
construct were imaged by confocal microscopy at 36, 48, and 72 hpi. Violin plots show the distribution of expression from single cells combined from at least
three lung cross sections from the lung lesions of at least three mice at each time point, across two independent infection experiments. Horizontal lines within
the violins represent the 25th percentile, median, and 75th percentile. (C) Relative expression as a function of density of neighboring Y. pestis cells measured

from the P,,,-tetO 5" UTR-GFP reporter construct.

of infected mice (Fig. 7B and C), suggesting that the mechanism regulating expression
of crp in biofilms occurs at the posttranscriptional level.

DISCUSSION

Y. pestis requires the plasminogen activator protease in order to cause both bubonic
and pneumonic forms of plague (7, 8). Thus, it was surprising to find that expression of
pla is repressed early within the lungs, and its expression only increased during later
stages of infection (13). The goal of this study was to determine if the changing sources
of carbon during infection can impact control of this important virulence gene. Due to
the complexity of the lung environment and potential for multiple stimuli involved in
the control of gene expression, an approach using GFP reporter fusions combined with
confocal microscopy was used to uncover spatial and temporal changes in gene
expression. A similar approach was used for studying Yersinia pseudotuberculosis reg-
ulation of hmp and yopE genes in response to reactive nitrogen species production and
proximity to host cells, highlighting the usefulness of such approaches for studying
host-microbe interactions (27).

Previous work found that cAMP-Crp activates expression of pla in vitro, but it was
unknown whether the carbon source would change during infection and whether this
in vitro finding was relevant during pneumonic plague disease (13, 14). During lung
infection, it was found that the concentration of glucose decreased more than 5-fold in
the lavage fluid from mice infected with the wild-type strain of Y. pestis at 72 hpi (Fig.
1A). Most of the infected mice had lung glucose concentrations of less than 1 ug/ml
(Fig. 1B). Levels of glucose are typically 10 to 20 times higher in the blood than in the
lungs, and this difference is maintained by passive diffusion of glucose from the blood
and active transport out of the alveolar space (28). Because mouse serum albumin was
detected in the lungs at 48 hpi, glucose should be present in the lungs by diffusion
from the vasculature and surrounding interstitium. These observations suggest that Y.
pestis utilizes glucose at a significant rate as an energy source. Expression of genes for
the tricarboxylic acid (TCA) cycle was repressed during pneumonia in mice and was not
required for bubonic plague infection in rats (6, 29), indicating that generation of
energy through glycolysis is important for Y. pestis infection. However, we cannot
entirely exclude the possibility that near the end of infection, glucose levels are
depleted from the lungs due to changes in the food consumption behavior or metab-
olism of infected mice although levels of glucose in the BALF of uninfected mice
(31.8 £ 11.3 pg/ml, n = 5) and fasted mice (36.8 = 8.9 ug/ml, n = 5) for 16 h (a time
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comparable to when symptoms are apparent in mice and when mice succumb to
infection) were not significantly different.

This dramatic drop in glucose would be expected to activate catabolite repression
to facilitate consumption of alternative carbon sources as the infection progresses.
Indeed, increased activity of the crp promoter in lungs was evident. Interestingly, this
increase was mostly observed in large bacterial aggregates that resembled biofilms
within the lungs of infected mice (Fig. 2A). While this difference was both visually
observable and readily measurable, there were also many bacteria not present in
biofilms with increased expression levels of crp or with significantly fewer neighboring
cells (Fig. 2C), indicating that other stimuli can also contribute to activation of crp
expression in the lungs, independent of biofilm formation.

The mechanism of increased activity at the crp promoter was modeled also in vitro
using biofilms formed in flasks. Minimal medium, thoroughly modified Higuchi’s (TMH)
medium, was shown to promote robust biofilm formation at 37°C. While expression of
crp in planktonic cells was not affected by carbon source, expression of crp was
stimulated in bacteria growing in a biofilm with the alternative carbon source glycerol,
galactose, or sucrose (see Fig. S4B in the supplemental material) but was reduced in
biofilms growing in glucose. These data support observations of Y. pestis in the lung
and suggest that, when glucose becomes limiting, Y. pestis may utilize other carbon
sources through activation of catabolite repression, particularly in bacteria growing
within biofilms. Surprisingly, the repression of crp by glucose occurs independently of
the presence of adenylate cyclase (Fig. S4A). These observations suggest that the
mechanism regulating expression of crp in Y. pestis is different from regulation of crp in
E. coli (24, 30).

In addition, this study indicates that posttranscriptional regulation may impact the
expression of crp. Expression of a GFP fusion containing the upstream promoter of crp
with the crp 5" UTR replaced with the tetO 5" UTR (P, tetO 5 UTR-GFP) was not
repressed in bacteria grown in biofilms, indicating the requirement of the crp 5" UTR for
glucose-mediated repression (Fig. 7A). This reporter was also not activated in large
bacterial aggregates in the lungs of infected mice, suggesting that the crp 5’ UTR is also
required for activation of the crp promoter during infection (Fig. 7B). Future research
directions will include determining the mechanism operating at the crp 5’ UTR,
including if sSRNAs and Hfgq promote Crp translation (13).

As a link to virulence, expression of the virulence factor pla was also monitored in
vivo. There was temporal regulation of pla with more robust activity of the pla promoter
at 72 hpi than at 36 and 48 hpi, an observation consistent with previous experiments
measuring pla transcript levels during pneumonia (13). There were some cells that did
not express pla as highly, and, in contrast to findings with the crp promoter, increased
expression of pla in cells was independent of the number of neighboring cells (Fig. 3C).
Further distinguishing pla and crp regulation, in vitro studies revealed that expression
of pla requires adenylate cyclase for cAMP-Crp production and is elevated in both
planktonic and biofilm states in the absence of glucose (14) (Fig. 6C). Given the
significant global reduction of glucose measured in the lungs at 72 hpi (Fig. 1A),
intracellular concentrations of CAMP would be higher during later infection than during
earlier time points. While expression of crp was noticeably higher within biofilms in the
lungs, many bacteria in lower cell densities had increased expression of crp that would
also contribute to increased expression of pla. This heterogeneity in expression of pla
could be explained due to spatial differences in the concentration of glucose such that
different populations of Y. pestis consume glucose differentially, activating pla when
glucose becomes depleted. In biofilms, the significant reduction in glucose would also
stimulate production of additional Crp.

To determine whether PtsG contributed to expression of crp and pla, the same
spatial and temporal expression analyses were performed with Y. pestis AptsG strains
harboring the P_,,-GFP and P,,,-GFP reporters. In contrast to infections with the parent
strain, there were no spatial or temporal differences in the activity of crp or pla (Fig. 5B
and C). This suggests that PtsG contributes to increased expression of crp and pla
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during pneumonia. There was no difference in the production levels of Crp and Pla
protein between wild-type and AptsG mutant strains when they were grown in vitro
(Fig. S3), indicating that the reduction in crp and pla expression levels in vivo is not due
to direct effects of PtsG on either gene but, rather, to the necessity of PtsG to deplete
glucose from the lung environment. Our attempts to restore glucose levels during late
infection with exogenous glucose were met with technical issues in delivering glucose
to the lungs in moribund mice. In the absence of PtsG, Y. pestis may use less efficient
glucose transport systems, such as manXYZ, which is upregulated in Y. pestis-infected
lungs and would still repress cAMP production in the presence of glucose (6, 31). These
important findings with the Y. pestis AptsG strain demonstrate the importance of
glucose not only as a carbon source for Y. pestis to proliferate early in the lungs but also
as a signal to activate expression of crp and pla when glucose becomes limiting.

Another important observation from mice infected with Y. pestis AptsG was the lack
of increased lung weight during the progression of disease. Infection with wild-type Y.
pestis may limit the host’s ability to clear fluid through glucose/Na* transporters by
taking up glucose through PtsG, leading to a more severe pneumonia (28). Mice
infected with Y. pestis AptsG had increased survival at 72 hpi, exhibited less severe
symptoms of disease, and had an average lung weight 100 mg less than that of mice
infected with wild-type Y. pestis, suggesting that PtsG contributes to increased edema
in the lungs and disease severity. Recently, tissue dual-transcriptome sequencing
(RNA-seq) was applied to Y. pseudotuberculosis-infected mice and uncovered that Y.
pseudotuberculosis increased expression of ptsG and other sugar transporter genes
during infection (32). In addition, tissue dissected from the infected mice showed
reduced expression of host glucose-specific transporters (33). In this context, the
inability of the host to transport carbohydrates out of the lumen contributes to
increased diarrheal disease. By analogy, the inability to transport glucose would result
in increased edema. We also cannot exclude alternative explanations such as the influx
of neutrophils, and the subsequent inflammatory responses could deplete glucose in
the lungs and could be different between wild-type- and AptsG-infected mice. Neutro-
phils have also been shown to regulate their gene expression spatially within the lungs
(34), and we cannot fully exclude their contributions to expression of crp and pla during
infection. However, we did observe identical bacterial burdens between wild-type- and
AptsG mutant-infected mice at 72 hpi and observed neutrophils (by nucleus shape
stained with 4',6'-diamidino-2-phenylindole [DAPI]) recruited to the lungs of mice
infected with both strains, suggesting that bacteria are at least a major source of
glucose depletion.

Several studies have utilized diabetic mouse models to demonstrate the impact that
excess glucose has on increasing bacterial proliferation within the lungs (35, 36). Levels
of glucose in the lungs are maintained lower in order to prevent colonization of
pathogens (37). However, colonization of the lungs still occurs, and, as shown here,
pathogens such as Y. pestis sense lowered glucose concentration as a signal for
activating virulence gene expression. This may not be a common tactic of all lung
pathogens. The concentration of glucose remained constant during infection with
Mycobacterium tuberculosis and Pseudomonas aeruginosa during disease progression
(35, 38). M. tuberculosis and P. aeruginosa lack glucose-specific PtsG homologs and
instead use other pathways or metabolites, such as lipolysis of phosphatidylcholine or
catabolism of succinate, to proliferate within the lungs. Understanding how bacteria
utilize and regulate virulence gene expression in response to different carbon sources
or metabolites during infection could open new therapeutic opportunities through
manipulation of the pathogen'’s environment.

Overall, while catabolite repression has been studied extensively in vitro, this work
is the first to describe how catabolite repression and the phosphotransferase system
act to regulate virulence gene expression in the context of infection in response to
changing carbon source availability. Furthermore, the ability of Y. pestis to acquire
glucose from the lungs is necessary for efficient colonization of the lungs and may
impact the host’s ability to clear fluid from the lungs as pneumonia progresses. Given
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that CAMP-Crp regulates expression of many pertinent metabolic and virulence genes
across many species of pathogens, cAMP-Crp in general may serve as a critical sensor
of nutrient availability, integrating changes in the concentration of glucose and PTS
substrates into changes in gene expression.

MATERIALS AND METHODS

Bacterial strains, reagents, and culture conditions. Bacterial strains used in this study are listed in
Table S1 in the supplemental material, plasmids and their descriptions are give in Table S2, and
oligonucleotides are listed in Table S3. Work with fully virulent select agent strains of Y. pestis CO92 and
subsequent animal infections were performed in CDC-approved biosafety level 3 (BSL-3) and animal
BSL-3 facilities at Northwestern University. The pCD1, pMT1, pPCP1, and pgm loci were confirmed upon
new strain generation by PCR. Routine passage and mutagenesis of Y. pestis was performed on brain
heart infusion (BHI) agar (Difco) at 26°C. Overnight cultures at 26°C were started in 2 ml of either BHI
broth or in defined TMH broth (39), supplemented with 0.2% glucose, glycerol, galactose, or sucrose as
indicated in the figures, and back diluted in fresh medium at an optical density at 620 nm (ODg,,) of 0.1
in 10 ml of broth in a 125-ml Erlenmeyer flask incubated with shaking at 250 rpm at 37°C. Ampicillin (100
rg/ml) and kanamycin (50 ng/ml) were added when necessary. CaCl, (2.5 mM) was added to medium
for growth of fully virulent (pCD1") strains at 37°C for animal infections.

Reporter strains measuring GFP fluorescence from crp, pla, or tetO promoters were integrated into
the Tn7 site as described previously. The P,.,,-GFP construct was generated by PCR amplifying the tetO
promoter from pWL213 and the coding sequence (CDS) of gfp from pROBE-GFP. The two fragments were
joined by spliced overlap extension PCR (SOE-PCR), and the P,,,-GFP fragment was cloned into the
pUC18-R6k-miniTn7t vector lacking the tet repressor. These constructs were integrated into the Tn7 site
of fully virulent Y. pestis CO92 with the pTNS2 helper plasmid (40). The pGEN-RFP plasmid was
electroporated into these strains and selected for on ampicillin and virulence loci confirmed by PCR (41).
Tn7 integration and presence of the pGEN-RFP plasmid did not affect virulence, and the RFP plasmid was
maintained throughout infection. The AptsG mutant was generated by lambda red recombination by
amplification of ~500 bp upstream and downstream of ptsG with primer pairs P1993/P1994 and
P1995/P1996, respectively, and in-frame deletions with leftover scar sequence were generated as
previously described (42). Complementation of the ptsG mutant was accomplished by amplifying 500 bp
upstream and downstream of the ptsG gene with primers P1997 and P1998 and cloned into the multiple
cloning site of pUC18-R6K-miniTn7t. Complementation was completed by Tn7, and integration of the
plasmid into the AptsG mutant strain was confirmed by PCR.

Animal experiments. All animal experiments were performed in compliance with the Northwestern
University IACUC policies. Six- to 8-week-old C57BL/6 mice from Jackson Laboratory (Bar Harbor, ME)
were used for all animal infections and housed within the animal BSL-3 facility at Northwestern University
for duration of infection experiments. Mice were given mouse chow to eat ab libitum. Chow was wetted
with water and placed in the cage near mice to encourage feeding when mice exhibited symptoms of
pneumonia. Inocula for infections were prepared as described previously (12), and infections with strains
harboring the pGEN-RFP plasmid were supplied with ampicillin during inoculum preparation. For
infections, mice were anesthetized with a mixture of ketamine-xylazine and euthanized by administration
of a lethal dose of pentobarbital at time points for data collection indicated in the figures. CFU count
determinations were performed by plating whole lungs homogenized in 500 ul of phosphate-buffered
saline (PBS). BALF was recovered by tracheal cannulation and inflation of the lungs once with 1 ml of PBS.
The recovered fluid (~700 ul) was centrifuged at 4°C at 14,800 X g for 2 min to pellet cells within the
lavage fluid, and cells and fluid were stored at —80°C for future analyses. The supernatant fluid was
filter-sterilized through 0.22-um-pore-size filter to obtain cell-free lavage fluid which was plated for
growth on BHI agar before use in downstream applications. Blood was recovered from infected animals
by cardiac puncture. Briefly, a Luer Lock 31-gauge, 0.5-in. needle was inserted into the left ventricle of
mice immediately following euthanasia, and ~100 ul of whole blood was recovered and stored in 10%
heparin. Serum was obtained by centrifuging whole blood at 14,800 X g for 5 min at 4°C, and the
supernatant was collected and stored at —80°C.

Fluorescence microscopy of lung cross sections. Infected mouse lungs were prepared for cross
sectioning as follows. At the time points postinfection indicated in the figures, mice were euthanized,
and the lungs were slowly inflated with 1 ml of 4% paraformaldehyde (PFA) in PBS (pH 7.2) by tracheal
cannulation and tied off with suture string. Lungs were excised and stored overnight in 50-ml conical
tubes containing 30 ml of 4% PFA. PFA (4%) was exchanged for 15% sucrose in PBS (pH 7.2) the next day
for 8 h before exchange into 30% sucrose overnight. Whole lungs were frozen embedded in 22-
oxacalcitriol (OCT) medium in a dry ice-ethanol bath and stored for at least 48 h at —80°C at the
Northwestern University Mouse Histology and Phenotyping Laboratory (MHPL). Ten-micrometer cross
sections were cut with a cryostat and adhered to glass slides overnight and then stained with DAPI (4,
6-diamidino-2-phenylindole). Slides were imaged on a Nikon ATR confocal microscope with GaAsP
detectors. Three-color images were obtained by sequential imaging at wavelengths of 405 nm, 488 nm,
and 561 nm for obtaining signals from DAPI staining, from GFP from respective reporter constructs, and
from RFP from the constitutive rfp-expressing plasmid, pGEN-RFP.

Large images of lung sections were generated with the tile feature of NIS Elements imaging software
with no overlap. Raw.nd2 files were exported to Fiji software for data analysis (43). GFP/RFP ratios were
calculated from individual cells through an in-house-derived macro for identifying and recording signal
intensity in each channel of individual bacteria. Briefly, bacteria were identified by RFP intensity with a
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minimum average intensity of >500 to limit detection to only RFP-positive bacteria. Particle areas were
copied to the GFP channel where intensity from the reporter construct was determined. The GFP and RFP
intensities from each cell were measured, and the ratio GFP/RFP was calculated in Microsoft Excel. Images
of aggregates were taken from the same cross sections and imaged and analyzed separately. Violin plots
were generated in R (version 3.3.2) using the tidyverse package (version 1.1.1). The number of nearby
neighboring cells was calculated by exporting the relative xy coordinates of the center of identified
bacteria in entire lung sections in Fiji and calculating the distance matrix between all coordinates in R
with the fields (version 9.0) and matrix (version 1.2-11) packages. The number of bacteria with a distance
of <30 um was returned and correlated with the GFP/RFP ratio using the tidyverse package in R.

GFP reporter assays. GFP reporter assays were performed as described previously (13). Cultures
were grown for 6 h at 26°C in TMH medium supplemented with either 0.2% glucose or glycerol,
back-diluted into fresh medium at an ODg,, of 0.1 in 10 ml, and incubated in an 125-ml Erlenmeyer flask
with shaking at 250 rpm. Planktonic and biofilm cells were separated by careful removal of the medium
with a serological pipette. Biofilm cells at the air-liquid interface were resuspended in 1 to 5 ml of PBS
by scraping and vortexing vigorously. Planktonic and biofilm suspensions were normalized to an OD,,
of 0.25 in PBS and transferred in 200 ul to a 96-well plate in duplicate, and fluorescence was read on a
Tecan Safire Il plate reader. Fluorescence was standardized to the OD,,, and normalized to reporter
strains containing the GFP coding sequence alone without a promoter.

Measurement of glucose concentration. Glucose concentration in serum or BALF was measured
with a Glucose GO kit (Sigma) scaled down accordingly. Forty microliters of BALF was incubated with 80
wul of assay reagent in a 96-well plate for 30 min at 37°C and inactivated by addition of 80 ul of 6 M
sulfuric acid. Absorbance was read on a Molecular Devices SpectraMax M5 microplate reader at 540 nm.
Serum glucose levels were measured by diluting serum 1:20 in distilled H,O (dH,0) to a volume of 100
wul with 200 ul of assay reagent for 30 min at 37°C and inactivated with 200 ul of 6 M sulfuric acid.
Absorbance at 540 nm was read in 1-cm cuvettes with a Biomate 3 spectrophotometer (Fisher Scientific).

Measurement of plasmin activity. Plasmin activity was determined as described previously (10).
BALF (100 wl) was incubated in the presence of 50 uM p-AFK-ANSNH-iC4H9-2Hbr fluorogenic substrate
(SN5; Hematologic Technologies), and fluorescence was recorded over time at 460 nm in 96-well plates
with a Molecular Devices SpectraMax M5 fluorescence microplate reader.

Measurement of mouse serum albumin levels. Mouse serum albumin was measured with a mouse
serum albumin enzyme-linked immunosorbent assay (ELISA) from Immunology Consultants Laboratory,
Inc. (12). BALF was diluted 5,000- to 50,000-fold in dilution buffer according to the manufacturer’s
instructions. Concentration of albumin was calculated by generating a standard curve from the provided
standards.

Immunoblotting. Cultures of Y. pestis were grown overnight in 2 ml of BHI or defined TMH broth at
26°C, back diluted in 10 ml of fresh BHI or TMH broth (with 0.2% glucose, glycerol, galactose, or sucrose),
and incubated at 37°C with shaking for 6 h. Whole-cell lysates (WCL) were generated by centrifuging 1
0D, equivalent of cells at 14,800 X g for 2 min and resuspended in 100 ul of PBS. For comparisons
between planktonic and biofilm cells, cells were grown for 16 h at 37°C, and the planktonic and biofilms
were separated as described for measuring fluorescence from reporter strains. One hundred microliters
of loading buffer (4% SDS, 20% glycerol, 120 mM Tris-Cl [pH 6.8], bromophenol blue 0.02%) was added,
and cells were boiled for 10 min at 100°C. Ten microliters of WCL was loaded onto SDS-PAGE gels and
transferred to nitrocellulose membrane. Antibodies were diluted 1:100,000 for RpoA (Melanie Marketon,
Indiana University), 1:2,000 for Crp (clone 1D8D9; BioLegend), and 1:100 for Pla (44) and probed with
horseradish peroxidase (HRP)-conjugated secondary antibodies at 1:2,000 (Sigma) and developed on
X-ray film. Membranes were stripped (in 25 ml of 6.25 mM Tris HCl, pH 6.8, 2% SDS, 0.004%
B-mercaptoethanol) at 55°C and reprobed with different primary antibodies as necessary. Band inten-
sities were calculated in Fiji and standardized to the level of RpoA.

Statistical analyses. Student’s t tests and one-way analysis of variance (ANOVA) with Bonferroni
multiple-comparison tests were performed in GraphPad Prism, version 5.0, using a P value of <0.05 as
a cutoff for significance.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00737-17.

SUPPLEMENTAL FILE 1, PDF file, 1.1 MB.
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