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SHORT COMMUNICATION

Yersinia pestis infection and laboratory conditions
alter flea-associated bacterial communities

Ryan T Jones', Sara M Vetter?, John Montenieiri, Jennifer Holmes, Scott A Bernhardt®

and Kenneth L Gage

Division of Vector-Borne Disease, Centers for Disease Control and Prevention, Fort Collins, CO, USA

We collected Oropsylla montana from rock squirrels, Spermophilus varigatus, and infected a subset
of collected fleas with Yersinia pestis, the etiological agent of plague. We used bar-tagged DNA
pyrosequencing to characterize bacterial communities of wild, uninfected controls and infected
fleas. Bacterial communities within Y. pestis-infected fleas were substantially more similar to one
another than communities within wild or control fleas, suggesting that infection alters the bacterial
community in a directed manner such that specific bacterial lineages are severely reduced in
abundance or entirely eliminated from the community. Laboratory conditions also significantly
altered flea-associated bacterial communities relative to wild communities, but much less so than
Y. pestis infection. The abundance of Firmicutes decreased considerably in infected fleas, and
Bacteroidetes were almost completely eliminated from both the control and infected fleas.
Bartonella and Wolbachia were unaffected or responded positively to Y. pestis infection.
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Plague is among the most notorious diseases; it is
globally widespread and epidemics are common,
especially in the developing world (Gage and Kosoy,
2005). Fleas vector Yersinia pestis, the etiological
agent of plague, and determining factors that affect
vector competency will help develop effective
strategies to control and prevent disease spread.
Flea species differ in their ability to transmit
Y. pestis, and morphological differences, particu-
larly among proventriculi, may be partly responsible
(Eskey and Haas, 1940; Korzun and Nikitin, 1997).
However, the ability of Y. pestis to persist within a
flea varies among individuals within a flea species,
suggesting that morphology alone cannot explain
variance in vector competency.

Flea-associated bacterial communities vary between
individuals within a species (Jones et al., 2012)
among discrete populations of the same species
(Jones et al., 2010), and across time (Jones et al.,
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2010). These differences in flea-associated bacteria
may in turn help explain why individual fleas differ
in their ability to transmit Y. pestis, why some fleas
are able to clear infections, why plague outbreaks
are patchily distributed across the landscape and
why plague occurrence is episodic. Determining
how Y. pestis and other flea-associated bacteria
interact is critical to a more thorough understanding
of plague ecology, and may ultimately lead to better
prediction of plague outbreaks.

The primary vector of Y. pestis to humans in
North America is Oropsylla montana, a common
ground squirrel flea with a wide distribution across
western North America. The bacterial communities
of O. montana and other flea species that transmit
Y. pestis have previously been characterized (Jones
et al., 2008, 2010; Erickson et al., 2009), and it
has been suggested that flea-associated bacteria
likely interact with Y. pestis. However, interactions
between flea-associated bacteria and Y. pestis have
not been previously explored. The purpose of this
study was to determine the effects of Y. pestis
infection on flea-associated bacterial communities.

Rock squirrels, Spermophilus varigatus, were
captured, anesthetized and subsequently released
from a single colony in Colorado Springs, Colorado
on 6 July 2010, and several hundred O. montana
were collected. This rock squirrel colony has been a
long-term source of O. montana for laboratory
experiments and neither fleas nor squirrels have
ever shown any evidence or symptoms of plague.
Upon collection, fleas were immediately placed on
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ice for transport back to the Division of Vector-Borne
Disease laboratory in Fort Collins, CO. On 7 July
2010, the identity of all fleas were confirmed to be
O. montana based on morphology before further
inclusion in the study (Hubbard, 1947; Furman and
Catts, 1982).

A subset of fleas (n=21) was stored at —80°C
immediately after identification, hereafter referred
to as wild fleas. The remaining fleas were kept at
23°C and 80% relative humidity for the remainder
of the experiment. On 9 July 2010, approximately
two-thirds of the remaining fleas were fed defibri-
nated rat blood (Bioreclamation, Jericho, NY, USA)
spiked with Y. pestis strain CO0-96-3188 (10°
cfuml ") on an artificial feeder. The remaining fleas
were fed sterile defibrinated rat blood and used as a
negative control. Infected and control fleas were
collected between 24 and 96h post-feeding, and
stored at — 80 °C until DNA extraction.

DNA was extracted from individual flea samples
using the MoBio PowerSoil htp DNA extraction kit
(Carlsbad, CA, USA). Bar-coded PCR products were
generated as previously described (Jones et al., 2010).
Briefly, the bacterial 16S rRNA gene was amplified in
triplicate for each sample using 27f and 338r primers
with 454 adaptors and a unique 12 bp error-correcting
barcode under the following conditions: 94 °C for
5min; 35 cycles of 94 °C for 45s; 50 °C for 305s; 72°C
for 90's; 72 °C for 10 min. PCR products from the three
reactions were combined, purified using the MoBio
UltraClean-htp 96 kit (Carlsbad, CA, USA), and DNA
concentrations were estimated using the Invitrogen
Quant-IT picogreen dsDNA assay kit (Carlsbad, CA,
USA). The EnGenCore Sequencing Facility (Colum-
bia, SC, USA) generated DNA sequences using GS
FLX Titanium reagents.

DNA sequence data was processed using QIIME
v1.2 (Caporaso et al., 2010). Low-quality sequences
were removed using QIIME’s default settings.
Sequences were combined into phylotypes based
on 97% sequence similarity using the uclust algo-
rithm. The most abundant sequence for each
phylotype was selected as the phylotype’s repre-
sentative sequence, and representative sequences
were identified using the RDP classifier (http://
rdp.cme.msu.edu) and further classified, if neces-
sary, using BLAST against the GenBank database
(http://www.ncbi.nlm.nih.gov). We also generated a
phylogenetic tree of representative sequences using
FastTree as implemented in QIME (Price et al.,
2009). Y. pestis sequences were removed from the
data set. Phylotypes that comprised <0.5% of a
single flea’s bacterial community were removed
from that sample, and fleas with <100 total
DNA sequences were removed from the data set.
Fleas that harbored Wolbachia were removed from
further analyses because Wolbachia dominated
communities when present (>65% average relative
abundance), and prevalence varied greatly among
treatments (9.5% of wild fleas, 35.7% of control
fleas and 45.5% of infected fleas).
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We rarefied the data set such that each sample was
represented by 100 DNA sequences. We used two
different analyses to generate pairwise distances
between all individual bacterial communities:
(1) Bray—Curtis transformations of phylotype abun-
dance data (Bray and Curtis, 1957) and (2) Weighted
UniFrac distances based on the phylogenetic tree
(Lozupone et al., 2007). To determine whether the
communities significantly differed from each other,
we compared within and among-treatment distances
using a t-test. We used the entire data set (that is, not
rarefied) to test for changes in relative abundances of
bacterial groups among treatments using a one-way
ANOVA coupled with Tukey’s test.

After removing low-quality sequences, Y. pestis
sequences and very rare phylotypes, 133 024 bacterial
16S rRNA gene sequences remained; these sequences
separated into 259 phylotypes (FR874046—FR874092;
HE660147-HE660360). On average, 1916 sequences
were recovered from each wild flea (n=21), 1774
sequences were recovered from each control flea
(n=28) and 784 sequences were recovered from
each infected flea (n=55). The vast majority of
detected bacteria belonged to four bacterial phyla:
Actinobacteria, Bacteroidetes, Firmicutes and Proteo-
bacteria. These four phyla accounted for >96%
of detected bacteria in all three treatments. After
removing Wolbachia-infected fleas, 67 fleas remained
for further analyses (wild, n=19; control, n=18;
infected, n = 30).

Bray—Curtis and UniFrac distances led to identi-
cal inferences. Within treatment, distances did not
significantly differ between wild fleas (Bray—Curtis:
0.4908; UniFrac: 0.1517, on average) and control
fleas (Bray—Curtis: 0.4694; UniFrac: 0.1447, on
average), but bacterial communities within infected
fleas (Bray—Curtis: 0.2596; UniFrac: 0.0707, on
average) were significantly more similar relative to
wild and control fleas (Figure 1). This suggests that
infection with Y. pestis alters the flea-associated
bacterial community in a directed manner such
that a specific suite of bacteria are lost from the
community, whereas another subset of community
members is able to persist despite infection.
The control versus infected dissimilarity values
were also significantly lower than within wild and
within control values, but significantly higher than
within infected values (Figure 1). This suggests
that although laboratory conditions do reduce the
bacterial community diversity and variability, the
effects are less severe in comparison to Y. pestis
infection.

Analysis of Variance results indicate that specific
bacterial groups respond differently to Y. pestis
infection and laboratory conditions. At the phylum
level, the abundance of Firmicutes was severely
reduced in infected fleas, the abundance of Proteo-
bacteria increased in infected fleas and Bacteroi-
detes were almost completely eliminated in both the
infected and control treatments (Table 1). The
abundances of some lineages decreased in both
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Figure 1 Bray—Curtis dissimilarities (a) and UniFrac distances
(b) within and among treatments. Significance was assessed
using a t-test and P-values were adjusted for multiple tests
(P<0.0033 =significant).

control and infected fleas, including Micrococcinae,
Streptomycinae, Staphylococcus and Clostridiales;
however, in every case, the abundances in the
infected fleas decreased more than in the control
fleas (Table 1). This indicates that even though some
lineages respond negatively to laboratory condi-
tions, Y. pestis infection accelerates the changes in
composition.  Enterococcus  abundance only
decreased significantly in infected fleas and Barto-
nella abundance only increased significantly in
infected fleas (Table 1).

Lineages that decreased in both Y. pestis-positive
and Y. pestis-negative fleas may have responded to
changes in environmental conditions because of the
blood meal. In mosquitoes, the gut has been shown
to be a reducing environment after feeding on blood
(Peterson et al., 2007), and bacterial diversity is
initially reduced in mosquito guts after blood
feeding (Wang et al., 2011). However, in blood-fed
mosquitoes, diversity recovers within 4 days after
feeding, and we did not find that in our control or
infected fleas. Alternatively, the innate immune
response of rat blood may differ from rock-squirrel
blood, which may alter the bacterial communities
after feeding.

Interestingly, the relative abundance of Gram-
positive groups (Firmicutes and Actinobacteria)
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decreased in infected fleas whereas the relative abun-
dance of Gram-negative (Proteobacteria) increased.
The reasons for this observation remain unclear
and need to be further investigated. The action of
pesticin (Pst), a bacteriocin expressed by Y. pestis
that disrupts bacterial cell wall integrity by destabi-
lizing peptidoglycan (Vollmer et al., 1997), is
unlikely to explain the decreased abundance of
Gram-positive lineages observed in our study,
because these bacteria are unaffected by this
bacteriocin. Many Gram-negative bacteria also
appear unaffected by pesticin, although it could
potentially impact populations of Y. pestis or a
few closely related bacteria that are susceptible
to its action (Brubaker, 1991). Regardless, the effect,
if any, of pesticin on bacterial communities in
fleas will need to be tested directly by comparing
the response of bacterial lineages in fleas to
wild-type and pesticin-free Y. pestis strains. Other
possible explanations for reduced bacterial diversity
after Y. pestis infection include: (1) an unidentified
bacteriocin that targets non-Yersinia or Gram-
positive bacterial cells, (2) the use of quorum
sensing by Y. pestis to ‘turn off’ co-occurring bacteria
or (3) infection alters the bacterial community
indirectly by triggering a physiological or immune
response of the flea to select for a subset of present
bacteria.

Our findings of the flea-associated bacterial
community response to Y. pestis infection mirror
previous studies of the responses of vertebrate gut
bacteria and insect-associated bacteria to experi-
mental pathogen infection. In mice, experimental
infection of Helicobacter hepaticus altered the
bacterial community structure of the cecum and
reduced its overall bacterial diversity (Kuehl et al.,
2005). In chickens, infection of Campylobacter
jejuni resulted in the loss of specific bacterial
lineages and more similar bacterial communities
among infected chickens relative to control chickens
(Johansen et al., 2006). Similar effects have also
been seen in other insects; for example, infection of
antibiotic-secreting bacteria from the Bacillus cereus
group reduced the diversity of gut flora in moth
larvae (Raymond et al., 2008).

Overall, we find that flea-associated bacterial
communities among infected fleas have much less
variation in community composition than among
wild or control fleas. Lineage-specific responses to
Y. pestis infection and laboratory conditions are
responsible for differences in infected and control
flea communities relative to wild flea-associated
bacteria. Two lineages, Bartonella and Wolbachia,
appeared to be unaffected or positively affected
by Y. pestis infection, and these are the most
likely lineages to limit infection within fleas
under natural conditions. In the future, laboratory
conditions may need to be optimized to retain
the natural diversity of flea-associated bacteria, if
interactions among bacteria and Y. pestis are of
interest.
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Table 1 Average relative abundances of bacterial groups and Analysis of Variance significance in wild, control and Yersinia pestis-

infected Oropsylla montana

Average relative abundance

ANOVA significance

Wild (N=19) Control (N=18) Infected (N=30) Wild vs control

Wild vs infected Control vs Infected

Actinobacteria
Corynebacterineae 0.5% 2.0% 0.3% NS NS NS
Micrococcinae 4.1% 1.1% 0.5% <0.01 <0.01 NS
Propionibacterineae 3.5% 2.8% 3.0% NS NS NS
Streptomycineae 3.3% 0.6% 0.2% <0.01 <0.01 NS
Other 0.2% <0.1% 0.8% NS NS NS
Total Actinobacteria 11.6% 6.5% 4.8% NS NS NS
Bacteroidetes
Sphingobacteriales 1.7% ND ND — — —
Other 3.5% 0.2% 0.2% <0.01 <0.01 NS
Total Bacteroidetes 5.3% 0.2% 0.2% <0.01 <0.01 NS
Firmicutes
Bacilli
Enterococcus 3.2% 12.1% 0.4% NS NS <0.05
Staphylococcus 8.3% 3.2% 0.6% <0.05 <0.01 NS
Other 0.5% 0.3% 0.2% NS NS NS
Clostridia
Clostridiales 0.6% 0.2% <0.1% <0.01 <0.01 <0.01
Total Firmicutes 12.6% 15.7% 1.2% NS NS <0.05%
Proteobacteria
Alphaproteobacteria
Bartonella 62.4% 71.9% 87.5% NS <0.05" NS?
Other 0.6% 0.8% 0.3% NS NS NS
Betaproteobacteria
Burkholderiales 3.3% 1.6% 1.6% NS NS NS
Deltaproteobacteria
Myxococcales <0.1% ND ND — — —
Gammaproteobacteria
Pseudomonadales 1.3% 1.0% 0.4% NS NS NS
Other <0.1% 0.2% 0.2% NS NS NS
Total Proteobacteria 67.7% 75.4% 89.9% NS <0.05° NS
Tenericutes
Spiroplasma <0.1% ND 2.4% — NS —
Other Bacteria 2.7% 2.2% 1.5% NS NS NS

Abbreviations: ND, not detected; NS, not significant.
*Wild + control vs infected also significantly different.
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