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SUMMARY
Arthopods, such as Ixodes ticks, serve as vectors for many human pathogens. The arthropod gut
presents a pivotal microbial entry point and determines pathogen colonization and survival. We
show that the gut microbiota of Ixodes scapularis, a major vector of the Lyme disease spirochete
Borrelia burgdorferi, influence spirochete colonization of ticks. Perturbing the gut microbiota of
larval ticks reduced Borrelia colonization, with dysbiosed larvae displaying decreased expression
of the transcription factor STAT. Diminished STAT expression corresponded to lower expression
of peritrophin, a key glycoprotein scaffold of the glycan-rich mucus-like peritrophic matrix (PM)
that separates the gut lumen from the epithelium. The integrity of the I. scapularis PM was
essential for B. burgdorferi to efficiently colonize the gut epithelium. These data elucidate a
functional link between the gut microbiota, STAT-signaling, and pathogen colonization in the
context of the gut epithelial barrier of an arthropod vector.
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INTRODUCTION
The consortia of microbiota that inhabit the metazoan gut are now recognized as an “organ”-
indispensable to host health (Gravitz, 2012; Ley et al., 2008; Spor et al., 2011), and the
interactions between commensal bacteria and the vertebrate gut shown to modulate disease
outcomes in multiple infectious, metabolic and inflammatory disease models (Clemente et
al., 2012). Arthropods vector human and livestock pathogens of immense public health
burden world-wide, and are predominantly obligate blood feeders, transmitting and
acquiring pathogens during blood feeding (Beaty and Marquardt, 1996; Goddard, 2000).
The arthropod gut therefore presents a pivotal microbial entry point that determines the
success of pathogen survival, colonization or infection of the vector. Recent studies
demonstrate that diverse bacteria inhabit the arthropod gut (Andreotti et al., 2011; Boissiere
et al., 2012; Broderick and Lemaitre, 2012; Martin and Schmidtmann, 1998; Rani et al.,
2009; Wang et al., 2011), and that these bacteria might be essential players in shaping the
vector’s stand-off with infectious agents (Cirimotich et al., 2011; Weiss and Aksoy, 2011).
Understanding the gut microbiota of arthropod vectors in the context of the pathogens they
acquire and transmit may reveal new paradigms to control and prevent vector-borne
diseases.

In this study, we examine the gut microbiota of Ixodes scapularis, the tick vector of Borrelia
burgdorferi, the agent of Lyme disease in the North America (Steere et al., 1977). The
spirochete is maintained in nature within the black-legged tick, I. scapularis, and small
mammalian hosts such as Peromyscus leucopus, the white-footed mouse (Barbour and Fish,
1993). When I. scapularis larvae feed on infected mice, Borrelia enter the gut along with the
bloodmeal, and colonize the gut via protein-protein interactions (Neelakanta et al., 2007; Pal
et al., 2004), and infected larvae then molt to become infected nymphs. When a B.
burgdorferi-infected nymph feeds on naïve mice, the spirochete replicates, and migrates
from the gut to the salivary glands and is transmitted to the host along with tick saliva
(Radolf et al., 2012). Borrelia acquisition by larval ticks, and Borrelia transmission by
nymphal ticks thus involves intimate interactions of the spirochete with the gut. In this
study, we examine the role of gut microbiota of I. scapularis in the context of Borrelia
acquisition. We describe the diversity of the bacterial species in the I. scapularis larval gut
by deep pyrosequencing of 16S ribosomal DNA (rDNA) genes and demonstrate that
perturbing the composition of the gut microbiota impairs the ability of B. burgdorferi to
colonize the gut. We suggest that the tick gut microbiota modulate the expression levels of
the transcription factor STAT (signal transducer and activator of transcription), the cytosolic
component of the JAK (Janus kinase)/STAT pathway (Agaisse and Perrimon, 2004).
Activated STAT is known to transcriptionally regulate the expression of immune response
genes, and genes involved in epithelial repair, and remodeling (Buchon et al., 2009b; Zeidler
et al., 2000). We provide evidence that STAT might orchestrate the expression of
peritrophin, a core glycoprotein of the peritrophic matrix (PM), and maintain the structural
integrity of the acellular glycoprotein-rich layer that straddles the gut lumen and the gut
epithelium (Hegedus et al., 2009). The arthropod PM, akin to the vertebrate gut mucosal
layer, provides a barrier essential to prevent both pathogens and indigenous gut bacteria, and
abrasive food particles from breaching the gut epithelium (Hegedus et al., 2009). Our study
presents a non-traditional role for the I. scapularis PM, and suggests that the spirochete
exploits the I. scapularis PM to shield itself from the blood-filled gut lumen. These
observations offer insights into the gut microbiota-vector-pathogen interface.
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RESULTS
Dysbiosed larvae show decreased B. burgdorferi colonization despite increased
engorgement

Ixodes scapularis larvae reared in the lab and maintained under normal conditions (normal
containers) were compared to that of I. scapularis larvae reared and maintained under
“sterile” conditions (sterile containers), and henceforth referred to as “dysbiosed” larvae.
Quantitative PCR (qPCR) of bacterial 16S rDNA gene showed decreased total bacterial
burden in the unfed dysbiosed larvae when compared to that in normal larvae (Fig 1A). The
diversity of the bacterial species in the dysbiosed and normal larvae was assessed by
pyrosequencing barcoded, amplified bacterial 16S rDNA from unfed normal and dysbiosed
larvae. Unfed normal and dysbiosed larvae were predominantly populated with bacteria of
the phyla Proteobacteria, Bacteroidetes, Actinobacteria, Firmicutes and Cyanobacteria.
However, the relative abundance of Proteobacteria was higher in dysbiosed larvae, and
Bacteroidetes, Firmicutes and Cyanobacteria more abundant in normal larvae (Fig 1B).
Bacteria of the genera Rickettsia, Thioclava and Delftia were more abundant in the
dysbiosed unfed larvae compared to normal larvae and bacteria of the genera
Aquabacterium, Brevibacterium and Novosphingobium increased in abundance in normal
unfed larvae (Fig 1C). Principal Coordinate Analysis (PCA) of unweighted jack-knifed
UniFrac distances of microbial communities showed that the first and second principle
coordinates, which explained 12.56 % and 16.07 % of the variance in the data respectively,
separated the unfed normal from unfed dysbiosed larval samples suggesting that larvae
raised under sterile conditions had a microbial composition distinct from normal larvae (Fig
1D).

Dysbiosed and normal larvae were fed to repletion on pathogen-free or B. burgdorferi-
infected C3H/HeN mice and the impact of dysbiosis on larval feeding, B. burgdorferi
colonization, and larval molting assessed. Dysbiosed larvae fed significantly more on
pathogen-free C3H mice when compared to normal larvae as seen by increased engorgement
weights (Fig 1E), (P < 0.05, n = 250 in pools of 5 larvae). Dysbiosed larvae also fed
significantly more than normal larvae on B. burgdorferi-infected C3H/HeN mice as seen by
increased engorgement weights (Fig 1F) (P < 0.05, n = 190 in pools of 5 larvae). Despite
increased feeding, qPCR evaluation of spirochete burden in dysbiosed larvae showed
significantly decreased Borrelia colonization (Fig 1G) (P < 0.05, n = 250 in pools of 5
larvae). QPCR assessment of bacterial 16S rDNA showed comparable total bacterial burden
in fed dysbiosed and normal larvae (Fig 1H) (P > 0.05, n = 250 in pools of 5 larvae).

The composition of the bacterial species of fed larvae (50–75 larvae in pools of 5), assessed
as described for unfed larvae, showed that Proteobacteria remained the predominant
phylum, as seen in unfed normal and dysbiosed larvae. Proteobacteria were also more
abundant in fed dysbiosed larvae compared to fed normal larvae and Bacteroidetes and
Firmicutes were more abundant in fed normal larvae when compared to fed dysbiosed larvae
(Fig 1-I). Feeding increased the diversity in the microbial genera of normal and dysbiosed
larvae when compared to unfed larvae possibly due to the protein-rich blood meal (Fig 1-J).
Bacteria of the genera Delftia, Acidovorax and Rickettsia were increased in fed dysbiosed
larvae when compared to fed normal larvae, and bacteria of the genera Comamonas,
Chryseobacterium, Lactobacillus and Paenibacillus were more abundant in fed normal
larvae (Fig 1-J). The relative increase in anaerobic bacteria such as Chryseobacterium,
Lactobacillus and Paenicbacillus in fed normal larvae compared to fed dysbiosed larvae
might help balance the redox status of the tick gut and additionally influence bacterial
homeostasis (Osset et al., 2001a; Osset et al., 2001b; Piuri et al., 1998). Rickettsial bacteria
are obligate intracellular bacteria and possibly represent tick endosymbionts associated with
the tick gut (Munderloh and Kurtti, 1995). Detailed community compositions at the levels of
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phylum, family, class and genera of fed and unfed larvae are archived at http://
ngs.med.yale.edu/microbes. PCA along the second and third principle coordinates, which
explained 20.52 % and 15.32 % of the variance in the data respectively, separated the fed
normal from fed dysbiosed larval samples, and suggested that the composition of the
dysbiosed larvae were different from that of normal larvae even after feeding (Fig 1K). Fed-
dysbiosed larvae also showed increased molting success when compared to normal larvae
(Fig 1L) (P < 0.05, n = 450–500 in pools of 50).

To rule out the possibility that rearing under sterile conditions might have imposed
“undefined” developmental constraints on the larvae, we allowed normal larvae to engorge
on gentamicin-treated mice infected with gentamicin-resistant B. burgdorferi, Bb914
(Dunham-Ems et al., 2009). Larvae that engorged on gentamicin-treated mice fed
significantly more (Fig S1A) (P < 0.05, n = 250 in pools of 5) and demonstrated
significantly impaired Borrelia colonization (Fig S1B) (P < 0.05, n = 100 in pools of 5)
when compared to larvae that fed on buffer-treated mice.

Expression of signal transducer and activator of transcription (stat) is decreased in
dysbiosed I. scapularis larvae

The phenotypic outcomes of dysbiosis are possibly multifactorial, and we reasoned that
increased innate immune responses in the gut of dysbiosed larvae might account, in part, for
decreased Borrelia colonization. Knowledge of innate immune pathways of I. scapularis is
still rudimentary (Kopacek et al., 2010). A key signaling pathway implicated in arthropod
gut immunity, and homeostasis is the JAK/STAT pathway with its simple yet potent 3-
component system that regulates development, wound repair and remodeling, and immunity
(Zeidler and Bausek, 2013). Our earlier work has shown that the I. scapularis genome
encodes a functional Signal Transducer and Activator of Transcription (STAT) (Liu et al.,
2012). Although STAT activation is a post-translational event (Agaisse and Perrimon,
2004), expression levels of stat are coincident with STAT activity and the concomitant
modulation of STAT-regulated genes (Liu et al., 1995). Quantitative reverse transcriptase-
PCR (qRT-PCR) analysis of the transcript levels of stat showed a significant decrease in the
expression levels of stat in fed dysbiosed larvae compared to normal larvae (Fig 2A) (P <
0.05, n = 50 in pools of 5 larvae). Further, expression of an I. scapularis homolog of
Drosophila socs-2 (ISCW015921), a negative regulator of the JAK/STAT pathway, and
indicator of activation of the JAK/STAT pathway (Karsten et al., 2002), was also decreased
in dysbiosed larvae compared to normal larvae (Fig 2B) (P < 0.05, n = 50 in pools of 5
larvae) and suggested that dysbiosis might impact signaling via the JAK/STAT pathway.

RNA interference-mediated decrease in stat expression in I. scapularis nymphs results in
decreased B. burgdorferi colonization

To examine the role of stat in Borrelia colonization, we exploited the RNA interference
(RNAi) technique (Fire et al., 1998). RNAi has been adapted for nymph and adult stages
(Aljamali et al., 2002), but not for the larval stage, due mainly to the small size of the larvae
that precludes efficient delivery of ds RNA into larvae, and increases larval mortality from
injection trauma. Therefore, we utilized the nymphal stage and knocked down the
expression of stat to recapitulate the expression profile observed in dysbiosed larvae (Fig
2A). We injected dsstat RNA into the anal pore of unfed clean I. scapularis nymphs and
allowed the ticks to feed to repletion on B. burgdorferi-infected C3H/HeN mice. Control
nymphs, injected with dsgfp RNA, and dsstat RNA-injected nymphs had comparable
engorgement weights (Fig 2C). Decreased stat expression, as measured by qRT-PCR, in the
guts of dsstat RNA-injected repleted nymphs (Fig 2D) resulted in significantly decreased B.
burgdorferi burdens when compared to that in control repleted nymphs (Fig 2E) (P < 0.05, n
= 35–40 nymphs in pools of 2–3 guts), and phenocopied dysbiosed larvae (Fig 1).
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Decreased stat expression compromised epithelium renewal of the tick gut and altered gut
morphology

The JAK/STAT signaling pathway is involved in epithelial remodeling, and regeneration to
compensate for wear and tear during feeding and microbe-induced damage (Buchon et al.,
2009a). We first examined by immunofluorescence, the levels of mitotic activity as a score
of epithelium renewal in the guts of normal nymphal guts by staining for phosphorylated
histone 3 (PH3), a marker of mitotic activity (Amcheslavsky et al., 2009). The kinetics of
mitotic activity showed peak activity at about 48 h of feeding, with little or no activity at
repletion (96 h of feeding) (Fig S2A–B). We then assessed the mitotic activity in the guts of
dsstat or dsgfp RNA-injected nymphs at 24, 48 and 72 h post-attachment. Significantly
decreased mitotic activity in the guts of dsstat RNA-injected nymphs when compared to that
in dsgfp RNA-injected nymphs at 72 h of feeding (P < 0.05, n = ~10 guts/time point) (Fig
3A–B) suggested that repair and renewal of the I. scapularis gut epithelium might be
regulated by STAT activity as seen in Drosophila (Buchon et al., 2009a). We do not have
reagents, at this juncture, to determine whether the PH3-positive cells are tick gut stem cells
or digestive epithelial cells.

We then examined the gross morphology of the guts of Carnoy’s fixed dsstat or dsgfp RNA-
injected 24 and 72 h fed-nymphs (representing an early- and late-feeding phase) by Periodic
acid-Schiffs base stain (PAS) to detect the glycan-rich peritrophic matrix of I. scapularis.
Interestingly, when stat expression was decreased, the glycoprotein rich peritrophic matrix
(PM)-like layer, separating the epithelial cells and the gut lumen was also significantly
decreased in thickness in ds stat RNA-injected nymphs compared to control nymphs (Fig
3C–D) at 24 and 72 h of feeding, coincident with RNAi-mediated stat knockdown at 24 h
and 72 h of feeding (Fig S2C). However, the phenotypic impact of stat knockdown on
Borrelia colonization was significant only around 72 h of feeding (Fig S2D).

To determine if alterations in the gut microbiota might also influence the structure of the gut
barrier, the guts of normal larvae that engorged on gentamicin-treated mice, and dysbiosed
larvae that engorged on normal mice were similarly examined by PAS staining. Sectioning
of 24 h (guts too small) and 72 h fed /repleted fed larval tick guts (guts too full of blood)
was technically challenging, hence, larval guts were examined at 48 h of feeding, and we
observed significantly decreased thickness of the PM-like layer in dysbiosed and
gentamicin-exposed larval guts when compared to normal or PBS-exposed larval guts (Fig
3E–G).

Decreased stat expression was reciprocated by decreased peritrophin-1 expression
A major glycoprotein of arthropod PM is peritrophin (Lehane, 1997). The genome of I.
scapularis encodes several putative peritrophins (www.vectorbase.org) with homology to
insect peritrophins (Shao et al., 2005). In silico assessment of the 5′UTR regions of the
putative I. scapularis peritrophin genes, ISCW006076, ISCW013030, ISCW007687,
ISCW013029, and ISCW024120, henceforth named peritrophin-1, 2, 3, 4 and 5 respectively
showed canonical STAT binding sites, TTCNNNGAA or TTCNNNNGAA (Agaisse and
Perrimon, 2004; Rivas et al., 2008) (Fig S3A), suggesting that expression of I. scapularis
peritrophins might be regulated by STAT. qRT-PCR assessment of the expression levels of
the peritrophins showed significantly decreased levels of peritrophin-1, and 2 in ds stat
RNA-injected fed nymphs compared to that in control nymphs (Fig 4A–B) (P < 0.05, n =
35–40 nymphs in pools of 2 nymphal guts). Importantly, the expression of peritrophin-1 was
also significantly decreased in dysbiosed, and in gentamicin-exposed fed larvae compared to
normal fed larvae (Fig 4D and F) (P < 0.05, n = ~ 100 larvae in pools of 5). peritrophin-2
expression levels were not detectable in the larval stage. While expression of peritrophin-4
was significantly decreased in fed dysbiosed larvae (Fig 4E), the expression was not altered
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in stat- knockdown nymphal guts (Fig 4C) and in gentamicin-exposed larvae (Fig 4G).
Expressions of peritrophin-3 and 5 were not altered in dysbiosed, and in gentamicin-
exposed fed larvae, and in stat-knockdown nymphal guts (Fig S3B)

These observations suggested that the expression of peritrophin-1 was likely modulated by
STAT in the larval stage. We examined if STAT might bind to the conserved STAT-binding
regions of the peritrophin-1 promoter (Fig S3A) using the electrophoretic mobility shift
assay (EMSA). Biotinylated oligonucleotide probes containing the conserved STAT binding
regions of the peritrophin-1 promoter (Table S1) were incubated with recombinant tick
STAT (Liu et al., 2012) and analyzed by EMSA. Shift in the mobility of the probe DNA
suggested that rSTAT bound to the peritrophin-1 promoter (Fig 4H). Further, this binding
could be competed by an excess of unlabeled oligonucleotide probe containing the STAT
binding site of perirophin-1, but not by an irrelevant oligonucleotide probe (Fig 4H). The
binding could not be supershifted by polyclonal anti- rSTAT antibody, possibly because of
the inability of the antibody to recognize DNA-bound STAT (data not shown). We then
performed RNA-Fluorescence In Situ Hybridization (RNA-FISH) to determine if stat
mRNA was expressed in cells expressing peritrophin-1 mRNA. We utilized 48 h fed tick
guts, a time point coincident with increased STAT activity (Fig 3), and observed specific
staining with Alexa Fluor-labeled antisense RNA probes and co-localization of stat and
peritrophin RNA in the epithelial cells lining the gut lumen (Fig 4I).

RNA interference-mediated decrease in peritrophin expression resulted in decreased B.
burgdorferi colonization

Since peritrophin-1 appeared to be predominantly expressed in larval and nymphal stages
compared to the other peritrophins (Fig 4), we reasoned that peritrophin-1 might be the
major component of the I. scapularis PM-like layer. To better understand if STAT-regulated
alteration of the I. scapularis peritrophic matrix influenced B. burgdorferi colonization of
the gut, we injected dsperitrophin-1 RNA into the anal pore of clean I. scapularis nymphs
and allowed ticks to feed to repletion on B. burgdorferi-infected C3H/HeN mice. Nymphs
injected with ds peritrophin-1 RNA or dsgfp RNA engorged comparably (Fig 5A).
Decreased peritrophin expression in ds peritrophin RNA-injected nymphs (Fig 5B) resulted
in significantly decreased B. burgdorferi burden when compared to that in normal larvae
(Fig 5C) (P < 0.05, n = 25–28 nymphs in pools of 2–3 nymphal guts), phenocopying the stat
knockdown phenotype (Fig 2). PAS staining of the tick guts showed decreased thickness of
the glycosylated PM-like layer at 72 h of feeding (Fig 5D–E), and suggested that decreased
expression of peritrophin-1 compromises the structural integrity of the PM-like barrier
matrix.

Integrity of the peritrophic matrix is critical to distance the spirochete from the gut lumen
during colonization

Arthropod PM provides a vital permeability barrier-preventing microbes and food /blood
meal debri from reaching the gut epithelium (Kuraishi et al., 2011). Compromised
permeability barrier therefore presents a likely functional consequence of the thinning of the
PM. Since peritrophin-1 knockdown resulted in PM thinning later in feeding (Fig 5), and
presence of a large blood meal confounded visualization of fluorescent dextran, we used
stat-knockdown ticks to assess the impact of PM thinning on PM permeability. We
introduced a cocktail of Rhodamine-red-conjugated 10,000 MW and Fluorescein-conjugated
500,000 MW dextran into the guts of ds stat or ds gfp RNA-injected 24 h-fed nymphs by
capillary feeding and examined the unfixed guts immediately under a confocal microscope.
The 10,000 MW dextran diffused out from the lumen readily and reached the epithelial cells
(Fig 6A) in both ds gfp and ds stat-RNA-injected nymphs. The 500,000 MW dextran was
predominantly localized to the gut lumen and undetectable near the epithelial cells of ds gfp-
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injected nymphs, but more frequently observed close to the epithelial cells of ds stat RNA-
injected nymphs (Fig 6A).

Spirochetes adhere to the gut epithelium for successful colonization (Pal et al., 2004).
Compromised permeability barrier might expose the epithelium-bound spirochetes to
deleterious blood meal components and foil colonization. Immunofluorescence staining of
Carnoy’s fixed guts of dsgfp RNA-injected nymphs fed on B. burgdorferi-infected mice
showed that Borrelia entering into the tick gut adhered predominantly to the gut epithelial
cells at 24 and 72 h of feeding (Fig 6B). In contrast, in dsstat RNA-injected nymphs,
Borrelia or Borrelia debris was observed in the luminal side of the guts at 24 and 72 h of
feeding (Fig 6B) and decreased epithelium-bound spirochetes. RNAi-mediated decrease in
the expression of peritrophin-1 also showed decreased Borrelia adherence to the gut
epithelial cells, although we could not detect spirochetes in the luminal side (Fig 6B).

Indigenous microbial profile of I. scapularis in endemic areas
Relating the microbiota profiles in lab-reared ticks with that observed in ticks in their natural
habitats in Lyme disease endemic areas is critical to forge meaningful insights into vector-
gut bacteria interactions. Hence, we assessed the composition of the bacterial species in
unfed nymphs collected from Branford, CT as described for larvae and compared it to lab
reared nymphs and larvae (Supplemental data archived at: http://ngs.med.yale.edu/
microbes). Gut microbial composition of field-collected nymphs showed significant
similarities with that in lab-reared nymphs both at the phylum and genus levels (Fig 7A–B)
with the exception of increased abundance of Rickettsia and decreased abundance of
Acidovorax in lab-reared nymphs compared to field-collected nymphs. Larvae and nymphs
showed distinct differences in the microbial compositions at the genera level, but not at the
phylum level. PCA showed that the first and third principle coordinates, which explained
15.2 % and 8.4 % of the variance in the data respectively, separated the unfed dysbiosed
larval samples from both unfed normal larvae and unfed field nymphs, and clustered the
unfed normal larvae relatively closer to unfed field nymphs (Fig 7C). Further, PCA analysis
along the second and third principle coordinates, which explained 7.85 % and 7.47 % of the
variance in the data respectively, separated unfed nymphs from unfed larvae, but clustered
lab-reared unfed nymphs closely with field-collected unfed nymphs (Fig 7D), indicative of a
stage and niche-specific association of these bacteria to the tick gut.

DISCUSSION
In this study, we addressed the gut microbiota of Ixodes scapularis, and its interplay with the
tick vector in the context of B. burgdorferi colonization. The diet of I. scapularis is strictly
limited to vertebrate blood and, presumably, blood from pathogen-free hosts is sterile. It is
conceivable that bacteria are acquired from the environment through oral, respiratory, and
genital orifices that might allow the tick to sample and engage with environmental
microbiota, and some bacteria are possibly transovarially inherited (Munderloh and Kurtti,
1995). Ways to artificially feed I. scapularis ticks are not fully optimized (Broadwater et al.,
2002), hence, rearing germ-free I. scapularis remains technically challenging. To address
the potential role of the I. scapularis gut bacteria in modulating B. burgdorferi colonization,
we allowed I. scapularis eggs to hatch in containers that were sterile and manipulated in a
biosafety hood. While this is not a bona-fide germ-free environment, we reasoned that larvae
that hatch in a “sterile” environment would demonstrate an altered microbiota profile when
compared to larvae that hatch in a normal environment.

Indeed, 454 FLX-Titanium pyrosequencing (Margulies et al., 2005) of the 16S amplicons
revealed distinct differences in the microbial composition of “sterile-container”-raised larvae
when compared with that in normal larvae and hence these larvae were referred to as
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dysbiosed larvae. Dysbiosed larvae and larvae that fed on gentamicin-treated mice
demonstrated significantly increased engorgement weights, and decreased B. burgdorferi
colonization when compared to normal larvae. Gentamicin entering the gut of normal larvae
along with the blood meal expectedly would be detrimental to the normal gut flora of the
engorging larvae and result in dysbiosis. Together, these observations suggested a potential
role for altered gut microbiota in increased feeding, and impaired Borrelia colonization.
Prolonged use of gentamicin in mammalian hosts has been shown to cause ototoxicity
potentially due to its ability to induce nitric oxide synthase leading to oxidative stress (Hong
et al., 2006). Although exposure of tick guts to gentamicin for 3–4 days did not manifest
obvious adverse phenotypes, the impact of gentamicin on tick physiology remains to be
addressed. Species level identification of the differentially represented bacterial genera in
normal and dysbiosed larvae might facilitate functional correlations between specific
bacterial species and Borrelia colonization. Importantly, the microbial composition of field-
collected nymphs was similar to that in lab-reared nymphs raising the possibility that
functional insights obtained from lab-reared ticks in the context of tick microbiota-pathogen
interactions might be extrapolated to field ticks.

Efforts to determine if increased innate immune responses in the gut of dysbiosed larvae
might account, in part, for decreased Borrelia colonization revealed decreased expression
levels of stat in dysbiosed larvae as well as gentamicin-exposed larvae. The JAK/STAT
pathway is charged with functions relating to wound repair, remodeling and epithelium
renewal in response to tissue damage upon stress and infection (Buchon et al., 2009a).
Dysbiosed microbiota might engage in a less “inflammatory” dialogue with the tick gut and
consequently trigger the STAT-signaling pathway to a lesser extent. In Drosophila
decreased STAT activation resulted in increased susceptibility to pathogen infection
(Buchon et al., 2009a). In contrast, decreased stat resulted in decreased Borrelia
colonization of the tick gut suggesting that STAT activation-induced gut epithelium renewal
that accompanies normal feeding might provide components vital for Borrelia colonization
of the gut.

PAS stain of stat-knockdown nymphal, and dysbiosed and gentamicin-exposed larval guts
showed a significant decrease in the glycan-rich layer separating the gut lumen from the gut
epithelium. The glycan-rich layer corresponds to the I. scapularis peritrophic membrane
(PM) (Sojka et al., 2007), and appears to be generated by the midgut cells within 9–12 hours
of the onset of feeding (Grigor’eva and Amosova, 2004). A major glycoprotein of arthropod
PM is peritrophin (Lehane, 1997). Canonical STAT binding sites (Rivas et al., 2008) in the
5′UTR regions of I. scapularis peritrophin-1, in conjunction with in vitro demonstration of
STAT binding to the promoter region of peritrophin-1 by EMSA, and RNA-FISH validation
of co-expression of stat and peritrophin-1 transcripts in gut epithelial cells suggested that
STAT might modulate the expression of peritrophin-1. The decreased expression of
peritrophin-1 in dysbiosed and gentamicin-exposed larvae suggested a functional link
between gut microbiota-stat and peritrophin-1 expression.

Buchon et al (Buchon et al., 2009b) showed that in Drosophila genes encoding putative
peritrophins might be under the control of the IMD pathway that directly senses microbial
components of gram-negative bacteria (Welchman et al., 2009). peritrophin-4 transcripts
were decreased in dysbiosed larvae, but not in stat-knockdown nymphal guts. Conceivably,
an IMD-like pathway might regulate I. scapularis peritrophin-4. That the components of the
peritrophic matrix might be under the control of multiple gut immune-surveillance pathways
is physiologically relevant. Normal gut bacteria engagement with the IMD pathway as well
as routine wear and tear induced STAT activation (Buchon et al., 2009b; Jiang et al., 2009)
might help fortify the PM.
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The low pH (~ 6–6.5) in the tick gut might favor partial release of oxygen, and heme from
host hemoglobin in the blood meal, (Jeney et al., 2002), and host cellular components
including neutrophils present in the blood meal might present a noxious milieu to the
spirochetes. Therefore, it might be imperative for Borrelia to distance itself from the gut
lumen once it enters the tick vector, and the PM likely provides that opportunity for the
spirochete. Our observations suggest that the thinning PM in stat knockdown guts leads to
increased PM permeability. This might: A. expose epithelium-bound spirochetes to the
blood meal pro-oxidants and cellular components detrimental to spirochetes; and B. bring
gut bacteria in closer proximity to the gut epithelium, inadvertently elevate gut epithelial
immune responses (Kuraishi et al., 2011; Weiss et al., 2013), and further compromise
Borrelia colonization. In addition to its structural barrier function, peritrophin-like proteins
have been invoked in heme detoxification to preempt gut damage (Devenport et al., 2006),
and in killing Gram-negative bacteria (Du et al., 2006). If tick peritrophin-1 functions thus,
it might additionally influence gut integrity and gut bacterial homeostasis.

Increased engorgement of dysbiosed larvae is likely not STAT-mediated since RNAi-
mediated decrease in stat levels in the nymphal gut did not alter engorgement weights. Other
pathways altered by dysbiosis, or by STAT, in its role as transcription factor (Arbouzova
and Zeidler, 2006; Rajan and Perrimon, 2012), may additionally influence Borrelia
colonization, tick feeding, and molting. Direct competition or dependence for a nutrient-
niche between commensal microbiota and pathogens has been invoked in resistance to
bacterial colonization of the vertebrate gut (Ng et al., 2013). It is likely that dysbiosis might
also pose an unfavorable nutrient-niche for the spirochete.

These findings suggest that the indigenous microbiota of I. scapularis maintain a critical
cross talk with the tick gut to modulate the structural and functional integrity of the tick gut
in favor of Borrelia colonization. Hence, specific microbial compositions might be central to
vectorial capacity. How tick gut microbiota broker gut barrier responses remains to be
addressed and such an understanding might catalyze ways to control vector-borne
pathogens.

EXPERIMENTAL PROCEDURES
Generation of dysbiosed I. scapularis larvae

About 15 adult I. scapularis females fed to repletion on the ears of rabbits (Das et al., 2001),
were surface sterilized with 70 % ethanol in a Laminar Flow Biosafety cabinet, placed in
sterile/pyrogen-free tubes covered with sterile meshes, and tubes individually placed in
polypropylene sterile blue-capped tubes, and transferred to an incubator maintained at 23°C
with 85% relative humidity and a 14/10 h light/dark photo period regimen for egg laying and
hatching. Larvae that hatched in sterile tubes were designated dysbiosed larvae. Control
adults were placed in non-sterile tubes and incubated as described above to obtain normal
larvae.

Borrelia burgdorferi N40 or B. burgdorferi 914 infection of mice
B. burgdorferi N40 (Thomas et al., 2001) or B. burgdorferi 914 (Dunham-Ems et al., 2009)
was used to inoculate C3H mice as described before (Narasimhan et al., 2007). Skin punch
biopsies were collected from each mouse 2 weeks after inoculation, and tested by QPCR for
the presence of spirochetes as described (Narasimhan et al., 2007). Comparably infected
mice were utilized in all B. burgdorferi acquisition experiments.
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Antibiotic treatment of mice
Two weeks after C3H mice were infected with B. burgdorferi 914 (Dunham-Ems et al.,
2009), 100 μl of gentamicin (Life Technologies, CA) was given at a concentration of 1 mg /
20 Kg body weight of mice intra-peritoneally 24 h prior to placement of larvae, and
subsequently once each day intraperitoneally for the next 3–4 days until the larvae had all
repleted and detached. Using the same regimen, control animals received 100 μl of PBS/20
Kg body weight of mice.

Sectioning of nymphs and larvae, and staining
Nymphs fed for 24, or 72 h and larvae fed for 48 h were fixed in Carnoy’s fixative for 1
hour, washed in graded alcohol followed by 3 washes in Xylene, paraffin embedded and
sectioned at 3–5 μm, and sections stained with Periodic acid Schiffs base (PAS) at the Yale
Histology Core Facility as described (Hladik, 1997) and visualized under a Zeiss Axio
YLCW023212 microscope at 40X magnification using the ZEN Lite software (Carl Zeiss
Inc, NY). The thickness of the PAS positive PM-like layer was assessed in 3 different
regions in each microscopic field, and arithmetic average computed. At least 3 fields /
section was assessed and 6–10 individual sections examined /group. Deparaffinized sections
were stained for B. burgdorferi using FITC-labeled affinity purified goat anti B. burgdorferi
antibody (KPL, MD) and nuclei counterstained with TO-PRO-3 (Invitrogen, CA) and
visualized at 63x magnification under a Zeiss LSM510 confocal microscope.

Electrophoretic Mobility Shift Assay (EMSA)
EMSA assay to determine STAT binding to the peritrophin-1 promoter region was
conducted using the Light Shift Chemiluminescent EMSA kit (ThermoScientific, IL) as
directed by the manufacturor. See Supplemental Experimental Procedure for details.

RNA-Fluorescence in situ hybridization (RNA-FISH)
RNA-FISH for the detection of stat and peritrophin-1 transcripts in tick gut epithelim was
performed using the FISH Tag™ RNA multicolor kit (Invitrogen, CA) as suggested by the
manufacturor. See Supplemental Experimental Procedure for details.

Artificial feeding of nymphs
Nymphs were injected with ds gfp or ds stat RNA and allowed to feed on naïve pathogen-
free mice for 24 h as described above (15–20 nymphal ticks/mouse). The nymphs were
removed and capillary fed as described earlier (Soares et al., 2005) with a solution of
fluorescein-conjugated dextrans. See Supplemental Experimental Procedure for details.

Statistical analysis
The significance of the difference between the mean values of the groups was analyzed
using a non-parametric two-tailed Mann-Whitney test with Prism 5.0 software (GraphPad
Software, USA), and P < 0.05 was considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Tick gut microbiota modulate Lyme disease spirochete B. burgdorferi
colonization

• Expression of the transcription factor STAT is decreased in dysbiosed tick
larvae

• STAT regulates tick gut peritrophic membrane integrity via peritrophin
expression

• Tick peritrophic membrane integrity is critical for spirochete colonization
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Figure 1. Dysbiosis alters larval feeding, and molting efficiency
A. Quantitative PCR (QPCR) of 16S rDNA in Unfed normal and unfed dysbiosed larvae. B.
Phylum; and C. Genera level composition of unfed normal and dysbiosed larvae; D.
Principal Coordinate Analysis of unweighted jack-knifed UniFrac distances of microbial
communities from unfed normal (green) and unfed dysbiosed larvae (yellow). E.
Engorgement weights of normal and dysbiosed larvae fed on clean C3H mice. F.
Engorgement weights of normal and dysbiosed larvae fed on B. burgdorferi-infected C3H
mice. G. QPCR analysis of B. burgdorferi burden in normal and dysbiosed larvae fed on B.
burgdorferi-infected C3H mice. H. QPCR of 16S rDNA in fed normal and dysbiosed larvae.
I. Phylum, and J. Genera level composition of fed normal and dysbiosed larvae. K. Principal
Coordinate Analysis of unweighted jack-knifed UniFrac distances of microbial communities
from fed normal (blue) and fed dysbiosed larvae (red). L. Molting efficiency of engorged
normal and dysbiosed larvae assessed 8 weeks post feeding. Each data point represents a
percentage of 50 larvae/tube. Each data point in A, D, and K represents ~ 20 larvae and E, F,
G, and H represents pools of 5 larvae. Horizontal bars represent the median, and mean
values significantly different in a two-tailed non-parametric Mann-Whitney test (P < 0.05)
indicated. In B, C, I, and J all detectable components at the phylum level are shown, and up
to 23 dominant components (> 0.05 %) at the family level are shown. See also Fig S1.
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Figure 2. Expression of stat is decreased in dysbiosed larvae and RNA interference mediated
knockdown of stat impairs B. burgdorferi colonization
Quantitative RT-PCR assessment of expression of stat (A) and socs2 (B) in normal and
dysbiosed larvae engorged on B. burgdorferi-infected C3H mice. Each data point represents
a pool of 5 engorged larvae. C. Engorgement weights of dsstat, or dsgfp RNA injected
nymphs fed on B. burgdorferi-infected C3H mice. Each data point represents 1 nymph.
Quantitative-RT-PCR analysis of: D. Expression levels of stat; and E. B. burgdorferi burden
in dsstat, or dsgfp RNA-injected nymphs fed to repletion on B. burgdorferi-infected C3H
mice. Each data point in D–E represents a pool of 2–3 nymph guts. Horizontal bars represent
the median and mean values significantly different in a two-tailed non-parametric Mann-
Whitney test (P < 0.05) indicated.
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Figure 3. RNA interference-mediated knockdown of stat expression correlates with altered gut
barrier integrity
A. Immunofluorescence microscopy to assess mitotic activity in nymhpal guts of dsgfp or
dsstat RNA-injected nymphs at 24, 48, and 72 h of feeding as seen by PH3 positive signal
(green/Alexa 488). Nuclei stained with DAPI (Blue). Magnification x10; and B.
Quantitation of PH3 positive signal/gut. Each data point represents one gut. C. Periodic
acid-Schiff’s (PAS) stain of Carnoy’s fixed and sectioned 24 and 72h fed guts of dsgfp or
dsstat RNA-injected nymphal guts; and D. Thickness of the PM-like layer. PAS stain of
Carnoy’s fixed and sectioned 48 h fed guts of: E. Normal and dysbiosed larvae; and F. PBS
or gentamicin-exposed larvae stained with PAS; and G. Thickness of the PM-like layer. ‘L’
indicates the lumen and arrow indicates the PM layer. In C, E and F, scale bars are 10 μm
and magnification at 40x. In D and G, each data point represents an arithmetic average of 3
measurements/field/gut. Horizontal bars represent the median and mean values significantly
different in a non-parametric two-tailed Mann-Whitney test (P < 0.05) indicated. See also
Fig S2.
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Figure 4. Dysbiosis alters the expression of peritrophin-1 and 4
Quantitative-RT-PCR analysis of expression levels of peritrophin-1, 2 and 4 in replete: guts
of dsgfp and dsstat RNA-injected nymphs (A–C); normal and dysbiosed larvae (D–E); and
PBS or gentamicin-exposed larvae (F–G). See also Figure S5. Horizontal bars represent the
median and mean values significantly different in a two-tailed non-parametric Mann-
Whitney test (P < 0.05) indicated. H. EMSA assessment of STAT binding to peritrophin-1
promoter region. Recombinant STAT (rSTAT) incubated with biotinyated DNA
(Biotinylated probe) alone or with unlabeled probe (Specific competitor) containing the
conserved STAT-binding site of peritrophin-1 or with unlabeled irrelevant probe (Non-
specific competitor). Red and black arrows indicate biotinylated probe and electrophoretic
mobility shift of the botinylated probe respectively. I. RNA-FISH shows co-expression of
stat and peritrophin-1 transcripts in gut epithelial cells. Fixed and permeabilized 48 h-fed
tick guts stained with: Panel 1. Alexa488-labeled stat antisense RNA (green) and Alexa 555-
labeled peritrophin-1 antisense RNA (red); Panel 2. Alexa488-labeled stat sense RNA
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(green) and Alexa 555-labeled peritrophin-1 sense RNA (red). Nuclei stained with Topro-3
(blue). Panels 1 and 3 at 25x magnification. Panel 2 shows a portion of Panel 1 at 63x
magnification. See also Fig S3.
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Figure 5. RNA interference-mediated knockdown of peritrophin expression alters the peritrophic
matrix and impairs B. burgdorferi colonization
A. Engorgement weights; and B. Quantitative-RT-PCR assessment of expressions of
peritrophin-1, and C. flaB in engorged ds gfp or ds peritrophin-1-injected nymphal guts fed
on B. burgdorferi-infected C3H mice. Each data point in A represents 1 nymph, and in B
and C represents a pool of 2–3 nymphal guts. D. Periodic acid-Schiff’s (PAS) stain of
Carnoy’s fixed and sectioned 24, and 72h fed guts of dsgfp or dsperitrophin-1 RNA-injected
nymphal guts stained with stain. Magnification x40, scale bar, 10 μm. Arrows indicate the
PAS-positive PM-like layer; and E. Thickness of the PM-like layer. Each data point
represents an arithmetic average of 3 measurements/field/gut. Horizontal bars in A, B, C and
E represent the median and mean values significantly different in a non-parametric two-
tailed Mann-Whitney test (P < 0.05) indicated.
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Figure 6. Borrelia burgdorferi leaves the gut lumen and attaches to the gut epithelial cells during
colonization
Confocal microscopy of: A. 24 h fed guts of ds gfp or ds stat RNA-injected nymphs that
were capillary-fed Rhodamine red-conjugated 10,000 molecular weight dextran (10 K MW
dextran) and Fluorescein-conjugated 500,000 molecular weight dextran (500 K dextran).
Magnification x40. ‘L’ marks the lumen and ‘E’ the gut epithelium. B. Carnoy’s fixed and
sectioned guts from dsgfp, dsstat, or dsperitrophin RNA-injected nymphs fed for 24 and 72
h on B. burgdorferi-infected C3H mice. Midgut nuclei and spirochetes stained with TO-
PRO-3 (blue) and FITC-conjugated B. burgdorferi antisera (green), respectively.
Magnification x63. ‘L’ marks the gut lumen.
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Figure 7. Comparison of the gut microbiota composition of laboratory-reared unfed larvae,
nymphs and field-collected nymphs
A. Phylum, and B. Genera level composition of unfed lab-reared and field collected nymphs.
Principle coordinate analysis of unweighted jack-knifed UniFrac distances of microbial
communities from unfed: C. laboratory-reared normal larvae (yellow), dysbiosed larvae
(red) and field-collected nymphs (blue); and D. laboratory-reared normal larvae (yellow),
dysbiosed larvae (red), normal nymphs (green) and field-collected nymphs (blue). Each data
point represents a pool of ~20 larvae, or individual nymphs.
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