
Pathogen-mediated manipulation of arthropod
microbiota to promote infection
Nabil M. Abrahama,b,1, Lei Liua,1,2, Brandon Lyon Jutrasb,c,d, Akhilesh K. Yadave, Sukanya Narasimhana,
Vissagan Gopalakrishnana,b,f, Juliana M. Ansarig, Kimberly K. Jeffersonh, Felipe Cavae, Christine Jacobs-Wagnerb,c,d,i,
and Erol Fikriga,b,i,2

aSection of Infectious Disease, Department of Internal Medicine, Yale University School of Medicine, New Haven, CT 06510; bHoward Hughes Medical
Institute, Chevy Chase, MD 20815; cMicrobial Sciences Institute, Yale University, West Haven, CT 06516; dDepartment of Molecular, Cellular and
Developmental Biology, Yale University, New Haven, CT 06520; eLaboratory for Molecular Infection Medicine Sweden, Department of Molecular Biology,
Umeå Center for Microbial Research, Umeå University, 901 87 Umea, Sweden; fRush Medical College, Rush University Medical Center, Chicago, IL 60612;
gDepartment of Biology, Fairfield University, Fairfield, CT 06824; hDepartment of Microbiology and Immunology, Virginia Commonwealth University,
Richmond, VA 23298; and iDepartment of Microbial Pathogenesis, Yale University School of Medicine, New Haven, CT 06520

Edited by Joao Pedra, University of Maryland School of Medicine, Baltimore, MD, and accepted by Editorial Board Member Carolina Barillas-Mury December 8,
2016 (received for review August 17, 2016)

Arthropods transmit diverse infectious agents; however, the ways
microbes influence their vector to enhance colonization are poorly
understood. Ixodes scapularis ticks harbor numerous human pathogens,
including Anaplasma phagocytophilum, the agent of human granulo-
cytic anaplasmosis. We now demonstrate that A. phagocytophilum
modifies the I. scapularis microbiota to more efficiently infect the tick.
A. phagocytophilum induces ticks to express Ixodes scapularis anti-
freeze glycoprotein (iafgp), which encodes a protein with several prop-
erties, including the ability to alter bacterial biofilm formation. IAFGP
thereby perturbs the tick gut microbiota, which influences the integrity
of the peritrophic matrix and gut barrier—critical obstacles for
Anaplasma colonization. Mechanistically, IAFGP binds the terminal
D-alanine residue of the pentapeptide chain of bacterial peptidoglycan,
resulting in altered permeability and the capacity of bacteria to form
biofilms. These data elucidate the molecular mechanisms by which a
human pathogen appropriates an arthropod antibacterial protein to
alter the gut microbiota and more effectively colonize the vector.
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Arthropods serve as vectors of numerous pathogens that
cause important human and animal diseases. Many of these

arthropods are blood feeders and transmit or acquire microor-
ganisms during engorgement (1, 2). Arthropods harbor a diverse
group of native microbes ranging from bacteria to fungi, and the
microbiota play critical functions in vector physiology, nutrition,
and digestion (3–8). Microbial communities within vectors have
important roles in the ability of specific pathogens to colonize
and persist within the arthropod, and also to be efficiently
transmitted to the mammalian host (9–11). In arthropods, the
microbiota is associated with a biofilm, generated from diverse
bacterial species. These microbial biofilms are necessary for
establishing successful symbiotic relationships with their arthro-
pod hosts (12–14).
Ticks are obligate blood-sucking ectoparasites that host a va-

riety of disease-causing pathogens, including Borrelia, Rickettsia,
Anaplasma, Ehrlichia, Francisella, and Babesia (15). The diversity
of microbial communities has been characterized in different
ticks (16–21). The effect of tick microbiota on the transmission
of human infectious diseases, and the molecular mechanisms
underlying these processes, has only recently received attention.
We have demonstrated the importance of the normal gut
microbiota of the blacklegged tick, Ixodes scapularis, a major
vector of the Lyme disease agent, Borrelia burgdorferi, in the
effective colonization of the tick by the spirochete (10). Un-
derstanding the interactions between arthropod gut microbiota
and the pathogens that ticks transmit, in both a positive and
negative manner, may provide new strategies for controlling and
preventing vector-borne diseases.
Anaplasma phagocytophilum is an obligate intracellular path-

ogen transmitted by I. scapularis. This pathogen causes human

granulocytic anaplasmosis, an illness that can result in fever,
headache, muscle pains, and pancytopenia. In the northeastern
United States, A. phagocytophilum is primarily maintained within
I. scapularis and Peromyscus leucopus, the white-footed mouse
(22). Ixodes ticks acquire Anaplasma during the blood meal.
Upon entering the tick, the bacterium rapidly migrates from the
gut and establishes itself in the salivary glands, where it is
transstadially maintained through different stages of the ar-
thropod life cycle (23, 24). The molecular mechanisms that
Anaplasma uses to colonize and penetrate the tick gut barrier are
not known. We recently demonstrated that the I. scapularis an-
tifreeze glycoprotein (IAFGP) inhibits bacterial biofilms (25). In
this study, we delineate how A. phagocytophilum appropriates
IAFGP to alter the tick gut microbiota by inhibiting biofilm de-
velopment, thereby enabling this pathogen to efficiently colonize
the tick vector.

Results
Tick Microbiota Are Involved in A. phagocytophilum Colonization of
the Gut. We first examined whether A. phagocytophilum modu-
lates the tick microbiota. Illumina sequencing of amplified 16S

Significance

The importance of arthropod microbiota in the capacity of path-
ogens (includingmalaria and flaviviruses, among others) to persist
in vectors and cause infection is just beginning to be appreciated.
The influence of pathogens, either directly or indirectly, to ma-
nipulate vector microbiota for their own benefit, has not been
described. In this study, we demonstrate that a pathogen can use
an arthropod molecule to alter vector microbiota and enhance
infection. We believe that this work will help others consider that
pathogens are not passive microbes when they enter the arthro-
pod vector but actively influence vector gene expression that can
manipulate the local environment (in this case the microbiota) and
facilitate pathogen infection of the vector.

Author contributions: N.M.A., L.L., F.C., C.J.-W., and E.F. designed research; N.M.A., L.L.,
B.L.J., A.K.Y., S.N., V.G., J.M.A., and F.C. performed research; K.K.J. and C.J.-W. contrib-
uted new reagents/analytic tools; N.M.A., L.L., B.L.J., A.K.Y., S.N., V.G., J.M.A., F.C., C.J.-W.,
and E.F. analyzed data; and N.M.A., L.L., S.N., C.J.-W., and E.F. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. J.P. is a Guest Editor invited by the Editorial
Board.

Freely available online through the PNAS open access option.

Data deposition: The sequences reported in this paper have been deposited in the NCBI
Sequence Read Archive (SRA; accession no. PRJNA353730).
1N.M.A. and L.L. contributed equally to this work.
2To whom correspondence may be addressed. Email: lei.liu.ll69@yale.edu or erol.fikrig@
yale.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1613422114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1613422114 PNAS | Published online January 12, 2017 | E781–E790

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1613422114&domain=pdf
http://www.ncbi.nlm.nih.gov/sra/PRJNA353730
mailto:lei.liu.ll69@yale.edu
mailto:erol.fikrig@yale.edu
mailto:erol.fikrig@yale.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1613422114


rDNA assessed the diversity of bacterial species in A. phag-
ocytophilum-infected and uninfected nymphs. At the taxonomic
rank of order, distinct differences were noted in the relative
abundance of bacteria between uninfected and A. phag-
ocytophilum-infected nymphal guts (SI Appendix, Fig. S1 A and
B). Post analysis and screening (see SI Appendix, SI Materials and
Methods and Tables S1 and S2) we observed eight bacterial
genera including Acinetobacter, Pseudomonas, Rickettsia, Lysini-
bacillus, Cornybacterium, Staphylococcus, Enterococcus, and Delftia
that were identified in both experimental groups, but at different
relative levels of abundance (Fig. 1A). Enterococcus and Rickettsia
were decreased in A. phagocytophilum-infected ticks, whereas
Pseudomonas was increased in A. phagocytophilum-infected ticks,
in comparison with uninfected ticks (Fig. 1B). Principal co-
ordinate analysis of the distance of microbial communities showed
a clear separation between uninfected and A. phagocytophilum-
infected nymphs (Fig. 1C). These results show that A. phag-
ocytophilum alters the relative composition of the tick microbiota
when it infects the tick gut. To examine the role of tick microbiota
in A. phagocytophilum colonization, clean nymphal ticks were fed
on gentamicin-treated mice that had been infected with A. phag-
ocytophilum. Gentamicin kills many bacteria but not A. phag-
ocytophilum. Quantitative reverse transcription (qRT)-PCR analysis
of the bacterial burden in ticks engorging on gentamicin-treated
mice, that was demonstrated to possess an altered microbiome (SI
Appendix, Figs. S1 C−E and S2), significantly increased A. phag-
ocytophilum colonization, compared with control mice (Fig. 1D and
E). These results demonstrate that the gut microbiota plays an
important role in A. phagocytophilum colonization of ticks.

The Peritrophic Matrix Is Essential for Colonization of the Tick by
A. phagocytophilum. The peritrophic matrix (PM) is a glycopro-
tein-rich layer that separates the epithelial cells from the tick gut
lumen, and peritrophin is the major component of the PM. We
determined whether the PM plays a role in A. phagocytophilum
colonization of ticks. The presence of A. phagocytophilum influ-
enced the expression of several peritrophin genes, as assessed by
qRT-PCR. The expression levels of peritrophin-1, peritrophin-2,
and peritrophin-4 were significantly decreased in A. phagocytophilum-
infected nymphs compared with uninfected nymphs (Fig. 2 A, B, and
D). In contrast, expression of peritrophin-3 and peritrophin-5 was not
altered in A. phagocytophilum-infected ticks (Fig. 2 C and E).
Nymphs that fed on A. phagocytophilum-infected mice showed a
decrease in thickness of the PM compared with nymphs that were
fed on control mice (Fig. 2 F andG). To further examine the role of
the PM in A. phagocytophilum colonization, RNAi was used to si-
lence peritrophin expression. A decrease in peritrophin expression,
using a dsRNA mixture of peritrophin-1, peritrophin-2, and peri-
trophin-4 injected into nymphal ticks (Fig. 2H), significantly en-
hanced the colonization of A. phagocytophilum in the tick gut and
salivary glands, compared with control nymphs (Fig. 2 I and J).
These results demonstrate that A. phagocytophilum infection in-
duces, via the host, changes in the gut barrier.

IAFGP Modulates the Gut PM. IAFGP, a secreted I. scapularis an-
tifreeze glycoprotein, was recently determined to inhibit bacte-
rial biofilm formation (25). The expression of iafgp is induced by
cold exposure and A. phagocytophilum infection (26). The qRT
PCR demonstrated that iafgp is highly induced in the tick gut by
the presence of A. phagocytophilum (26), and silencing iafgp ex-
pression by RNAi diminishes the A. phagocytophilum burden in
tick guts (Fig. 3 A and B). These data suggest that IAFGP plays
an important role in A. phagocytophilum colonization of ticks.
To further investigate the role of IAFGP, a peptide (P1)

(PARKARAATAATAATAATAATAAT) derived from IAFGP,
which retains the antibiofilm properties (25), was injected into tick
guts, and those nymphs were then fed on A. phagocytophilum-
infected mice. A scrambled P1 (sP1) peptide (AATAATATAAA-
RRAAAAPTTAKTT) served as control (25). The A. phag-
ocytophilum burden in P1-injected tick guts was significantly increased
compared with sP1-injected ticks, and more A. phagocytophilum mi-
grated to the salivary glands as a consequence (Fig. 3 C and D).
Because the PM was identified to play a role in A. phagocytophilum
infection of tick guts (Fig. 2 F−I), we examined whether P1 affected
the tick gut PM. The qRT-PCR showed that expression of peri-
trophin-2 and peritophin-4, but not peritrophin-1, was decreased in P1-
injected ticks compared with sP1-injected control ticks (Fig. 3 E−G).
Periodic acid−Schiff staining of 72-h-fed, P1-injected nymphs showed
decreased thickness of the PM compared with sP1-injected control
nymphs (Fig. 3 H and I). Having previously demonstrated that al-
terations in the PM thickness compromises the barrier integrity of the
PM (10), we similarly evaluated the improved permeability of the PM
by introducing Fluorescein-conjugated 500,000 molecular weight
(MW) dextran into the guts of P1- or sP1-injected 24-h-fed nymphs
and examined the unfixed guts by confocal microscopy. In contrast to
sP1-injected ticks, the 500,000 MW dextran was predominantly lo-
calized outside gut lumen, suggesting that P1 injection of ticks re-
duces the thickness of the PM, permitting the large-sized dextran
beads to pass from the gut lumen through the PM and out of the gut
(Fig. 3J). We propose that this improvement in A. phagocytophilum
infection is attributed to the thinning of the PM, which potentially
allows for improved access of the pathogen through the PM to the
midgut epithelium and subsequently it’s egress to the salivary glands.
Cumulatively, these results indicate that IAFGP, or its peptide de-
rivative P1, facilitates A. phagocytophilum colonization of the tick gut
by indirectly modulating the PM.

IAFGP Alters the Tick Microbiota and Influences the Gut Barrier. In
Ixodes ticks, the integrity of the PM is indirectly modulated by
the gut microbiota, in part, by the normal microbiota’s influence
on the STAT pathway (10). Our previous study showed that

Fig. 1. A. phagocytophilum changes the tick microbiota and dysbiosis en-
hances A. phagocytophilum colonization. (A and B) Comparison of the gut
microbial composition of uninfected and A. phagocytophilum-infected fed
nymphs. (A) Total bacterial abundance and (B) ratio (Ap/Clean), at the tax-
onomic rank of genus, of uninfected (Clean) and A. phagocytophilum-
infected (Ap) fed nymphs. Green and red box outlines indicate the genera
with increased and decreased bacterial abundance in A. phagocytophilum-
infected nymphs. (C) Principal coordinate analysis (PCoA) of the microbial
communities from uninfected (blue) and A. phagocytophilum-infected (red)
fed nymphs based on weighted UniFrac. Statistical significance was calcu-
lated using ANOSIM method, P = 0.028. (D and E) The qRT-PCR assessment of
the A. phagocytophilum burden in normal (PBS) and dysbiosed gentamicin-
treated (Gen) nymphal tick (D) guts (MG) and (E) salivary glands (SG).
Horizontal bars represent the median. Results were pooled from three
independent experiments. Statistical significance was calculated using a two-
tailed nonparametric Mann−Whitney test (***P < 0.001; *P < 0.05).
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IAFGP and P1 have antivirulence properties against diverse
bacteria, and specific antibiofilm activity was observed using
Staphylococcus aureus as our model organism (25). Based on
these two lines of evidence, we hypothesized that IAFGP influ-
ences the tick gut microbiota, which results in alterations in the
thickness and permeability of the PM.
Exopolysaccharides such as poly-N-acetylglucosamine (PNAG)

are a major component of bacterial biofilms. PNAG is broadly
distributed in diverse microbes and can be detected by a specific
antibody (27). Having observed native biofilm formation in tick
guts using a PNAG antibody (SI Appendix, Fig. S2A), we exam-
ined the presence of biofilms using the PNAG antibody in
A. phagocytophilum-infected nymphal guts. The guts from
A. phagocytophilum-infected and uninfected fed nymphs were
collected, and PNAG was extracted and detected by immuno-
blot. The amount of detectable PNAG in A. phagocytophilum-
infected nymphs was significantly decreased in comparison with
uninfected nymphs (Fig. 4A). Moreover, endogenous IAFGP
induced within A. phagocytophilum-infected nymphs was found
to colocalize with these biofilms within tick guts, as detected
by confocal microscopy (SI Appendix, Fig. S2B). These results
suggest that A. phagocytophilum infection and induction of
IAFGP within ticks influences native biofilm formation. To ex-
amine whether P1 can similarly influence biofilm formation in
ticks, P1-injected guts from 96-h-fed nymphal ticks were col-
lected. The amount of PNAG was significantly decreased in P1-
injected nymphs compared with sP1-injected control ticks, which
confirms that P1 can also modify biofilms in ticks (Fig. 4B). To
visualize biofilms in the tick guts, we performed scanning elec-
tron microscopy (SEM). In normal tick guts, the commensal
bacteria could form intact biofilm structures; however, A. phag-
ocytophilum-infected tick guts showed disrupted biofilms (Fig.
4C, Top). Similarly, P1-injected tick guts showed a significant
depreciation in biofilms compared with sP1-injected ticks (Fig.
4C, Bottom).
The microbiota of arthropods and mammals has long been

associated with robust biofilms (12, 28). To further explore
whether altering the biofilm has an effect on the whole tick gut

microbial community, we compared the microbiota profiles of
P1-injected and sP1-injected ticks. Bacteria of the genera Aci-
netobacter and Delftia were more abundant in P1-injected
nymphs than sP1-injected nymphs, whereas Enterococcus and
Rickettsia genera were significantly decreased in P1-injected
nymphs (Fig. 4 D and E). Enterococci, as an example, are robust
biofilm formers (29, 30). Microbiota and Enterococcus-specific
qPCR analysis from individual and pooled samples further
confirmed that the relative abundance of Enterococci was dra-
matically decreased in P1-injected tick guts compared with sP1-
injected ticks (Fig. 4 F−H). The reduction of Enterococcus in P1-
injected ticks could therefore contribute to the change in biofilm
formation and, thus, the overall architecture of the gut micro-
biome. Because we previously observed that A. phagocytophilum-
infected ticks were also decreased in Enterococci sp. (Fig. 1B and
SI Appendix, Fig. S2 C−E), this would further suggest a role for
IAFGP in manipulation of the tick microbiota and their
associated biofilms.

IAFGP Binds to the D-alanine Residue of Bacterial Peptidoglycan. As
alterations in biofilm formation and the microbiota impacted
Anaplasma colonization, we examined the mechanism by which
IAFGP interferes with biofilm development. Enterococci, a ge-
nus known to produce tenacious biofilms, were consistently ob-
served as being negatively impacted within ticks through
A. phagocytophilum colonization or P1 injection (see SI Appen-
dix, Fig. S2 C−E and Fig. 4 F−H). Because we had previously
documented that binding of IAFGP’s binding to S. aureus ad-
versely impacted the bacterium’s capacity to form biofilms (25),
we similarly tested a panel of Enterococci species including En-
terococci faecalis, Enterococci faecium, and vancomycin-resistant
E. faecalis to bind either IAFGP or P1.
Each of these species has been represented in different ar-

thropod populations including Rhipicephalus ticks, some of
which are commonly known as cattle ticks (3, 31, 32).
Recombinant GST-tagged IAFGP, but not GST alone, bound to
each of the three species with varying affinities: Binding to
E. faecalis was the strongest, followed by E. faecium and then

Fig. 2. The PM influences colonization of the tick by A. phagocytophilum. (A−E) A. phagocytophilum influences the expression of (A) peritrophin-1,
(B) peritrophin-2, (C) peritrophin-3, (D) peritrophin-4, and (E) peritrophin-5 in the tick gut (MG) as assessed by qRT-PCR. Results were pooled from three
independent experiments, and statistical significance was calculated using a two-tailed nonparametric Mann−Whitney test (*P < 0.05). (F) PAS staining of
Carnoy’s fixed and sectioned fed guts from uninfected and A. phagocytophilum-infected nymphs. Boxed outlines within the images on the left have been
magnified 2.5×. Arrows indicate the PAS-positive PM-like layer. (Scale bar, 10 μm.) (G) Quantification of the relative thickness of the PM-like layer from
uninfected and A. phagocytophilum-infected nymphal guts (MG). (H−J) The qRT-PCR examination of the expression of (H) peritrophin-1, peritrophin-2, and
peritrophin-4 upon peritrophin dsRNA mixture injection of nymphal ticks, and qRT-PCR expression of the A. phagocytophilum burden in (I) guts (MG) and (J)
salivary glands of dsgfp- and ds-peritrophin-injected nymphs fed on A. phagocytophilum-infected mice. Each dot represents one nymph. Horizontal bars
represent the median. Statistical significance was calculated from three independent experiments using a two-tailed nonparametric Mann−Whitney test
(****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05).
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vancomycin-resistant E. faecalis (Fig. 5A). Similar binding af-
finities were observed with P1 relative to sP1 (SI Appendix, Fig.
S3A). Previous work showed that IAFGP binds to the bacterial
surface and, more importantly, that both IAFGP and P1 bind
S. aureus peptidoglycan in vitro (25) (SI Appendix, Fig. S3C).
Binding of IAFGP or P1 to peptidoglycan extracted from each
Enterococcus species was assessed by using a wheat germ
agglutinin (WGA) antibody that specifically detects bacterial
peptidoglycan. The strongest binding to biotinylated GST-tagged
IAFGP or peptide P1 (immobilized to streptavidin beads) was
detected with peptidoglycan muropeptides (associated fraction)
extracted from E. faecalis, followed by E. faecium (Fig. 5B and SI
Appendix, Fig. S3B). Minimal binding was noted with vancomy-
cin-resistant E. faecalis (Fig. 5B and SI Appendix, Fig. S3B).
Comparing the previously obtained results with S. aureus (25)
and the current data from each of the three Enterococci species,
we recognized that S. aureus and E. faecalis are very similar in
their peptidoglycan structure (except for their cross-bridge) (33).
We therefore postulated that IAFGP binds the pentapeptide
chain of bacterial peptidoglycan at its terminal amino acid resi-
dues (Fig. 5C). E. faecium and vancomycin-resistant E. faecalis
show greater variability in their stem peptides, with only 3% of
E. faecium having the same terminal D-alanyl-D-alanine amino acids
as S. aureus or E. faecalis (34); vancomycin-resistant E. faecalis
replaces its terminal D-alanine residue with lactate, contributing to
its vancomycin resistance.
Observing similar bacterial and peptidoglycan binding be-

tween S. aureus and E. faecalis, we determined the specific res-
idues required for IAFGP or peptide binding using S. aureus as
our model bacteria. S. aureus peptidoglycan grown in tryptic soy

broth (TSB), typically shares a 3:2 ratio of D-alanyl-D-alanine as
its terminal pentapeptide residues versus a single terminal
D-alanine, resulting from the hydrolytic transpeptidation or
carboxypeptidation reaction (Fig. 5D and SI Appendix, Fig. S4
and Table S4). Supplementing medium with an alternate
D-amino acid such as D-serine causes S. aureus to incorporate the
newly supplemented D-amino acid into the carboxyl terminus of
the stem peptides (35). This results in the D-alanyl-D-serine ter-
minating peptidoglycan stem residue in ∼75% of all muropep-
tides compared with only 6% of cells retaining the native
D-alanyl-D-alanine (Fig. 5 C and D and SI Appendix, Fig. S4 B
and C and Table S4). Ultra performance liquid chromatography
(UPLC) analysis also revealed a significantly lower percentage of
crosslinking between the glycan strands for D-serine and IAFGP
cultured bacteria (SI Appendix, Fig. S4E).
Observing an overwhelming shift toward replacement of the

terminal alanine residue with serine at the terminal muropeptide
site with supplementation of 125 mM D-serine, we determined
IAFGP binding to muropeptides grown from either medium,
similar to what was previously done with the Enterococci (Fig. 5B
and SI Appendix, Fig. S3B). Biotinylated GST-tagged IAFGP,
but not biotinylated GST alone, successfully bound muropep-
tides (associated fraction) obtained from TSB medium, as de-
tected by the WGA antibody (Fig. 5E). There was no signal
detected by WGA antibody with muropeptides obtained from
D-serine cultured cells. The WGA antibody, which recognizes the
N-acetylglucosamine (NAG) sugar, was used because all of the
muropeptides obtained from either TSB or D-serine cultures
were associated with both the N-acetylmuramic acid (NAM) and
NAG sugar residues (SI Appendix, Fig. S4C). To confirm this

Fig. 3. IAFGP and its peptide derivative, P1, influence the PM and A. phagocytophilum colonization of tick gut. (A and B) The qRT-PCR examination of the
expression of (A) iafgp and (B) the A. phagocytophilum burden in dsgfp- and ds-iafgp-injected nymphs [gut (MG)] fed on A. phagocytophilum-infected mice.
Each dot represents one nymph. (C and D) The qRT-PCR assessment of the A. phagocytophilum burden in the (C) guts (MG) and (D) salivary glands with P1- or
control [scrambled P1(sP1)]-injected nymphs fed on A. phagocytophilum-infected mice. Each dot represents one nymph. (E−G) The qRT-PCR analysis of ex-
pression levels of (E) peritrophin-1, (F) peritrophin-2, and (G) peritophin-4 in P1- and sP1-injected nymphs [gut )MG)]. Each dot represents one nymph. (H) PAS
staining of Carnoy’s fixed and sectioned fed guts from P1- and sP1-injected nymphs. Arrows indicate the PAS-positive PM-like layer. Boxed outlines within the
images on the left have been magnified 2×. (Scale bar, 10 μm.) (I) Quantification of relative thickness of the PM-like layer from P1- and sP1-injected nymphal
guts (MG). Statistical significance was calculated using a two-tailed nonparametric Mann−Whitney test from three pooled experiments (****P < 0.0001;
***P < 0.001; **P < 0.01; *P < 0.05). (J) P1 injection of ticks improves the permeability of the PM. Confocal microscopy of 24-h P1- or sP1-injected nymphs that
were capillary-fed Fluorescein-conjugated 500,000 MW dextran (500K MW Dextran). Magnification is 10×. G marks the gut diverticula within the tick. The
arrows point to the hemocoel outside the gut. (Scale bar, 250 μm.)

E784 | www.pnas.org/cgi/doi/10.1073/pnas.1613422114 Abraham et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1613422114


binding interaction between IAFGP and muropeptides with a
terminal (fifth) D-alanine residue, we generated five amino acid
synthetic pentapeptides with either D-alanine or D-serine as their
terminal (fifth) residue. Using these biotinylated pentapeptides,
bound to streptavidin beads, GST-tagged IAFGP, but not GST
alone or the PBS buffer control, could be detected in the asso-
ciated fraction of pentapeptides with D-alanine residue (Fig. 5F).
This confirmed IAFGP binding to the muropeptides generated
with the D-alanine terminal residue, but not to those with the
D-serine residue. Histidine (His)-tagged P1, and not scramble
peptide sP1 or PBS, was also found to similarly bind synthetic
muropeptides with a terminal D-alanine residue (SI Appendix,
Fig. S3D). Similarly, neither IAFGP nor P1 could bind E. faecalis
or E. faecium whole bacteria cultured in media supplemented
with125 mM D-serine (SI Appendix, Fig. S3 E and F).
Beyond the peptidoglycan layer, other cell wall glycopolymers

including teichoic acids (TAs) decorate the surface of Gram-
positive bacteria. TAs including wall teichoic acids (WTAs) and
lipoteichoic acids (LTAs) are a constant motif of Gram-positive
cell envelopes, and they form part of the fabric of the cell wall
attaching either to the peptidoglycan or to membrane lipids,
respectively (36). Both WTAs and LTAs are usually modified
with D-alanine residues (37). To determine whether binding of
IAFGP is specific for terminal D-alanine residues of peptido-
glycan and not those of WTAs, we tested IAFGP and P1 binding

to S. aureusmutants deficient in producing WTA (Fig. 5G and SI
Appendix, Fig. S3G). IAFGP and P1 demonstrated consistent
binding across wild-type and mutant S. aureus strains without any
significant depreciation. In addition, there was no significant
binding of IAFGP to LTA (SI Appendix, Fig. S3H). These data
demonstrate a direct interaction between IAFGP (or P1) and the
terminal D-alanine residue of the peptidoglycan chain of Gram-
positive bacteria like S. aureus or E. faecalis. Gram-negative
bacteria have been previously demonstrated to possess this same
terminal D-alanine amino acid moiety (38, 39). However, mul-
tiple reasons including (i) access to peptidoglycan being limited,
due to the presence of the outer membrane, and (ii) the efficient
action of the DD-carboxypeptidase enzymes, that converts al-
most all of their pentapeptide (NAG-NAM-L-ala-D-glu-mDap-D-
ala-D-ala) to tetrapeptides (NAG-NAM-L-ala-D-glu-mDap-D-
ala), skews the binding specificity of either IAFGP or its peptide
derivative P1 more toward Gram positives. These two major
criteria notwithstanding, muropeptides from Gram-negative
bacteria, as demonstrated by the Escherichia coli DV9000 mu-
tant, would also be able to bind either IAFGP or P1 (SI Ap-
pendix, Fig. S5 A and B).

Alterations in Peptidoglycan Reduce S. aureus and E. faecalis Biofilm
Formation. Because IAFGP binds the terminal D-alanine of the
peptidoglycan peptide stem, we investigated the relationship

Fig. 4. IAFGP and P1 alter biofilm formation andmicrobiota in ticks. (A and B) The relative amount of PNAG extracted from (A) uninfected and.A. phagocytophilum-
infected nymphs and (B) P1- vs. sP1-injected nymphs and their respective quantification. Relative intensity of PNAG blots were analyzed by ImageJ (graphs). Graphical
data were pooled from two independent experiments, and statistical significance was calculated using a two-tailed nonparametric Mann−Whitney test (**P < 0.01;
*P < 0.05). (C) SEM of tick gut biofilm from uninfected (Clean) and A. phagocytophilum (Ap) infected nymphs (Top) and sP1- vs. P1-injected nymphs (Bottom).
Representative images are shown for all samples. A representative uninfected (Clean) sample is provided (Left, Middle) at low magnification (500×) to visualize a
dissected gut revealing the outside of the gut (O), epithelial cells lining the gut (E), and luminal content (L) (scale bar, 50 μm). Representative images displayed were
taken at high magnification (∼8,500×; scale bar, 2 μm) focusing on the luminal content. Ap-infected and P1-injected guts show looser biofilms without dense
connecting fibers or matrix-like material associated with reduced biofilms. Clean and sP1 guts, contrastingly, have thicker and well-connected matrix like material
with embedded bacteria (cocci) representing robust biofilms. (D and E) Genus level (D) total bacterial composition of sP1- and P1-injected nymphs and (E) fold
changes (P1/sP1) of major genera. Green and red box outlines represent genera with increased or decreased abundance in P1-injected nymphs. Statistical significance
was calculated using a two-tailed nonparametric Mann−Whitney test (****P < 0.0001). (F–H) Comparison of the levels of Enterococcus species within the tick gut
microbiota between sP1- and P1-injected nymphal ticks. (F and G) Relative abundance of Enterococci (F) among individual samples and (G) across all samples (pooled).
(H) P1-injected nymphs show reduced levels of Enterococci as determined by qRT-PCR using Enterococci specific primers compared with sP1-injected ticks.

Abraham et al. PNAS | Published online January 12, 2017 | E785

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613422114/-/DCSupplemental/pnas.1613422114.sapp.pdf


between this observation and the antibiofilm activity of IAFGP
(25). Our studies in serine-supplemented medium provided a
model system in which to study how S. aureus or E. faecalis be-
haves with an altered peptidoglycan. We established a connec-
tion between biofilm formation and peptidoglycan by performing
in vitro biofilm assays with bacterial cultures grown in traditional
rich medium (native peptidoglycan) versus medium supple-
mented with 125 mM D-serine (errant peptidoglycan) (Fig. 5C).
S. aureus and E. faecalis cultures passaged in 125 mM D-serine
showed a 75% decrease in biofilm formation (Fig. 6A). Supple-
mentation with 125 mM D-alanine, the native residue at the
carboxyl terminus, did not have a significant decrease in biofilms
compared with medium alone or supplementation with D-serine
(Fig. 6A). This result suggested that changing the terminal resi-
due from alanine to serine resulted in the drastic decrease in
biofilm formation. Growth and viability for each bacterium were
unaffected under any of these treatment conditions (SI Appendix,
Fig. S6).
Because IAFGP, P1, and now D-serine severely alter bacterial

biofilms, we next investigated whether D-serine’s antibiofilm

phenotype could be observed within ticks. Microbiota and En-
terococcus-specific qRT-PCR analysis for individual and pooled
samples using D-serine-treated nymphal ticks further demon-
strated that the relative abundance of Enterococci was dramati-
cally decreased with D-serine compared with injection with
control D-alanine (Fig. 6B and SI Appendix, Fig. S7 A–D). Vi-
sualization of tick gut biofilms by SEM showed a severe de-
preciation in biofilm-like structures, associated fibers, and matrix
material within D-serine-treated ticks compared with D-alanine-
treated ticks (Fig. 6C). To confirm that the changes within the
microbiota and reductions in biofilms were attributed to the
administered treatment—D-serine, P1 (Fig. 4), or gentamicin
(Fig. 1)—IAFGP expression levels within these ticks were de-
termined (SI Appendix, Fig. S8A). Our data indicate that alter-
ations to the tick microbiota and deleterious effects on biofilms,
previously observed with IAFGP through A. phagocytophilum
acquisition, in these instances was not due to increased iafgp
expression (SI Appendix, Fig. S8A). Moreover, in contrast to
recent work (40), we have additionally ruled out the possibility of
host-related factors like IFN-γ to induce expression of IAFGP or

Fig. 5. IAFGP binds to the terminal D-alanine residue of Enterococcus sp. and S. aureus peptidoglycan. (A) E. faecalis (lanes 1 and 4), E. faecium (lanes 2 and 5),
and vancomycin-resistant E. faecalis (lanes 3 and 6) bacteria were incubated with either recombinant GST-IAFGP or GST alone. Bound (Associated) and
unbound (Supernatant) protein was detected by immunoblot. Recombinant GST-IAFGP or GST alone (lane 7) was used as a positive control. (B) IAFGP displays
varied binding to Enterococcal peptidoglycan. Streptavidin-coated magnetic Dynabeads bound to biotinylated IAFGP-GST (b-IAFGP) or GST alone (b-GST)
were incubated with peptidoglycan muropeptides extracted from E. faecalis (E.fs), vancomycin-resistant E. faecalis (VRE), and E. faecium (E.fm) cells grown in
BHIG. Biotinylated proteins bound to beads were detected using an infrared-labeled streptavidin probe. IAFGP-GST was detected using a polyclonal murine
primary antibody, and GST was detected using a monoclonal murine primary antibody. Muropeptides from cells were detected using a polyclonal WGA
antibody. Unbound protein (UB) was also collected and spotted. Associated or Supernatant fractions represent the fractions that were either pulled down
with the magnetic bead or remained unbound. (C) Schematic describing S. aureus peptidoglycan and binding site of IAFGP. The S. aureus peptidoglycan
backbone is a polymer consisting of glycan strands of alternating sugar subunits: NAG and NAM. The NAM subunits have short peptides (muropeptides)
comprising L-alanine, D-glutamate, L-lysine, and two D-alanines. The cross-link between neighboring muropeptides is mediated by a transpeptidase enzyme
and allows for the formation of a short peptide interbridge consisting of five glycines (pentaglycine bridge). IAFGP is hypothesized to bind to the terminal
D-alanine residue of the stem pentapeptide (Top). Growth of S. aureus in an alternative amino acid like D-serine (Bottom) replaces the terminal D-alanine
residue with the newly supplied D-serine. (D) Muropeptide composition of S. aureus peptidoglycan. S. aureus grown in either TSB or medium supplemented
with 125 mM D-serine were analyzed for their muropeptide residue composition. Data represent the percentage of total bacterial muropeptides that in-
corporate a given residue(s) at its carboxyl terminus. “No Ser” represents D-alanine terminating muropeptides. Data were pooled from three independent
experiments ± SEM. (E and F) IAFGP binds to the terminal D-alanine residue of the S. aureus muropeptide chain. (E) Streptavidin-coated magnetic Dynabeads
bound to b-IAFGP or b-GST were incubated with muropeptides obtained from cells grown in either TSB or medium supplemented with 125 mM D-serine.
(F) Experiment was similarly performed as in E using synthetic biotinylated pentapeptides containing either alanine (D-alanine) or serine (D-serine) residues
bound to beads and incubated with IAFGP-GST (I) or GST alone (G). PBS was used as a negative binding control. Associated or Supernatant fractions represent
the fractions that were either pulled down with the magnetic bead or remained unbound. (G) IAFGP does not bind WTA. Wildtype S. aureus strain SA113
(lanes 1 and 3) and its isogenic WTA-deficient mutant SA113 ΔtagO (lanes 2 and 5) and complemented strain SA113 pRBtagO (lanes 3 and 7) were tested for
binding to recombinant GST-IAFGP or control GST alone. Bound (Associated) and unbound (Supernatant) protein was detected by immunoblot analysis.
Recombinant GST-IAFGP or GST alone (lane 7) without any bacteria was used as a positive control.
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improved infection of A. phagocytophilum (SI Appendix, Fig. S8
B and C).
Because IAFGP or D-serine is able to bind or incorporate

into peptidoglycan, thereby significantly affecting biofilms, we
hypothesized that these treated cells would show a change in
cellular morphology. Therefore, we examined physical differ-
ences in bacterial cell morphology using transmission electron
microscopy. For this, S. aureus cells were grown in rich versus
serine-supplemented media. S. aureus cells passaged in D-serine
exhibited a more diffuse peptidoglycan layer with distinct ruf-
fled features (Fig. 6D). This may be associated with the de-
crease in cross-linked peptidoglycan, as shown by UPLC (see SI
Appendix, Fig. S4E). Interestingly, a similar morphological
phenotype was exhibited by cells grown in 0.1 mg/mL of IAFGP
but not by those grown in GST alone (Fig. 6D). Although
neither IAFGP- nor GST-treated cells showed any difference
in the peptidoglycan composition (SI Appendix, Fig. S4D),
IAGFP-treated cells, similar to D-serine, were significantly re-
duced in their cross-linking (SI Appendix, Fig. S4E). The pep-
tidoglycan-occupied area for cells grown with either D-serine or
IAFGP was significantly higher compared with controls (SI
Appendix, Fig. S9A). It is likely that this phenomenon extends
beyond S. aureus, as we also observed biofilm inhibition by
P1 in other Gram-positive bacteria. Biofilm biomass was dra-
matically reduced, in vitro, by two other Staphylococcus sp.,
Streptococcus mutans, and Corynebacterium pseudodiptheriticum
in the presence of P1 (SI Appendix, Fig. S7E).
Biofilm inhibition by IAFGP or P1, mediated by peptidoglycan

binding, is likely to be important in reducing the barrier for
clearance of bacteria by the immune system, antimicrobial pep-

tides, or antibiotics. We tested this hypothesis by determining the
permeability of the peptidoglycan layer using a fluorescent WGA
protein. S. aureus cells grown in D-serine or IAFGP showed
significantly higher fluorescent intensities compared with TSB or
other control growth conditions (Fig. 6E). The diffused pepti-
doglycan layer with IAFGP or D-serine (Fig. 6D and SI Appendix,
Fig. S9A) would suggest better penetration by the fluorescent
WGA. WGA intercalates through the layers of peptidoglycan to
gain better access to their native binding site, the NAG sugar
residues. Alternatively, however, the increase in fluorescence
with IAFGP or D-serine could implicate more peptidoglycan
within these respective treatment conditions. To differentiate
between these two plausible hypotheses, we determined the
permeability of the cell using the cell membrane as a binding
target. Permeability past the peptidoglycan, with subsequent
access to the cell membrane, was tested using the membrane-
binding fluorescent dye, FM 4-64. Treatment with FM 4-64
revealed increased fluorescent signal intensities for cells cul-
tured with IAFGP or D-serine compared with controls (SI Ap-
pendix, Fig. S9B), indicating an increase in permeability. These
data demonstrate that alterations in peptidoglycan, mediated
by D-serine incorporation or via IAFGP binding, inhibit biofilm
formation and alter the peptidoglycan in a nonlethal manner,
allowing for enhanced permeability.

Discussion
A. phagocytophilum, an obligate intracellular pathogen, enters its
tick host following a blood meal and rapidly penetrates the gut
barrier and migrates to salivary glands, where it persists (41, 42).
Gut commensal microbes play critical roles in enabling hosts to

Fig. 6. D-serine incorporation causes alterations to bacterial biofilms and peptidoglycan. (A) Biofilm formation of S. aureus SA113 (Left) and E. faecalis
MMH594 (Right) cultures was determined in respective media. Dissolved stains were pooled from three independent experiments ± SEM; representative
images of the biofilm plates with two representative wells per condition are shown below the graphs. Statistical significance was calculated using one-way
ANOVA with Dunnett’s multiple comparison posttest (***P < 0.0001). (B) D-serine-injected nymphal ticks show reduced levels of Enterococci compared with
control D-alanine-injected ticks, as determined by qRT-PCR using Enterococci specific primers. Statistical significance was calculated using a two-tailed non-
parametric Mann−Whitney test (****P < 0.0001; ***P = 0.0003). (C) SEM of tick gut biofilms from D-alanine- versus D-serine-injected nymphal ticks. D-alanine-
treated representative sample taken at low magnification (500×) is provided to visualize a dissected gut revealing the outside of the gut (O), epithelial cells
lining the gut (E), and luminal content (L). (Scale bar, 50 μm.) Representative images are shown for both samples taken at high magnification (∼8,500×; scale
bar, 2 μm) focusing on the luminal content. Compared with dense matrix biofilms with D-alanine treatment, there is a severe scarcity of the biofilm-associated
polymeric matrix and bacteria with the D-serine treatment. (D) Overnight cultures of S. aureus SA113 in TSB medium alone or medium supplemented with
125 mM D-alanine, 125 mM D-serine, 0.1 mg/mL GST-IAFGP, or 0.1 mg/mL GST alone were processed for transmission electron microscopy. Representative
images are shown. Cultures were also grown in an equivalent volume of PBS (buffer control). (Left) Representative images were taken at 60,000 magnifi-
cation. (Scale bar, 500 nm.) Inset images were taken at 150,000 magnification (box length = scale bar = 800 nm). (E) Bacterial cells cultured in TSB or medium
supplemented with PBS, D-alanine, D-serine, GST, or IAFGP were stained with the NAG binding analog Wheat Germ Agglutinin–Texas Red and imaged by
phase-contrast and epifluorescence microscopy. (Scale bar, 2 μm.) (F) Population analysis, at the single-cell level, demonstrates that IAFGP and D-serine
treatments result in an increase in fluorescent signal intensity. Total fluorescent signal intensities were normalized by cell area, and histograms were depicted
as a function of population frequency; n > 500 cells for each treatment was pooled from two independent experiments.
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resist invading bacteria, and alterations of the microbial gut
community of vectors can influence infection loads with patho-
gens (43). In our A. phagocytophilum−I. scapularis model, dis-
tinct differences were noted in the relative abundance and
composition of the microbiota of ticks feeding on uninfected, or
A. phagocytophilum-infected, mice, indicating that the presence
of A. phagocytophilum alters the tick gut microbial community.
Numerous factors including exposure to environmental bacteria,
geographic location, tick species, gender, developmental status,
and time since molting and feeding, among others, are expected
to play an important role in contributing to the microbiome
composition in ticks (10, 44, 45). Therefore, although the tick gut-
associated microbes might not be conserved across different re-
gions, with several published reports suggesting a large diversity
(46–49), and others suggesting that inflated diversities are due to
environmental contaminants (50), we used multiple criteria (see SI
Appendix) to accurately assess the microbial composition of our
laboratory-reared and murine host-fed I. scapularis nymphs. Based
on our stringencies and exclusion criteria, we observed eight gen-
era including Acinetobacter, Pseudomonas, Rickettsia, Lysinibacillus,
Corynebacterium, Staphylococcus, Enterococcus, and Delftia that
were consistently observed, independent of treatment condition.
Comparing the unfed nymphal microbiome in our earlier work
(10) to the fed nymphal microbiome in this work, genera such
as Streptococcus [observed in some tick cohorts, although ex-
cluded from this main analysis (SI Appendix, Table S3)], Rickettsia,
Pseudomonas, Acinetobacter, Staphylococcus, and Delftia are ob-
served in both, albeit at different proportions. Genera such as
Acidovorax, Brevundimonas,Commamonas, Stenotrophomonas, and
Sphingobium were observed in the unfed nymphs but not in the
fed nymphs, and genera such as Lysinibacillus, Corynebacteria,
and Enterococcus were observed only in the fed nymphs. Some
of these differences could be attributed to the fed versus
unfed status of the nymphs or differences in the sequencing
platforms used: 454 sequencing versus Illumina MiSeq plat-
form for the 16S rDNA sequencing used in this study. Within
the rigors of our experimental framework, we demonstrate
that there are significant variations in the relative abundance
of gut microbial genera during A. phagocytophilum coloniza-
tion of ticks. Our paper unravels the potential mechanism by
which these changes occur and invokes the tick protein,
IAFGP. Additionally, we highlight the mechanism by which
A. phagocytophilum coopts this tick protein to best potentiate
its infection in ticks.
IAFGP, the I. scapularis antifreeze glycoprotein, is induced by

ticks in the presence of A. phagocytophilum (26), and silencing
iafgp impairs A. phagocytophilum colonization of the gut. In-
dependently, we demonstrated IAFGP to inhibit biofilm for-
mation among Gram-positive pathogens such as S. aureus (25).
Because A. phagocytophilum colonization reduced the abun-
dance of Gram-positive biofilm-forming species like the En-
terococci, we hypothesized that IAFGP alters the tick microbiota
by inhibiting bacterial biofilms in the gut. Biofilms have been
demonstrated to serve important roles in facilitating pathogen
colonization in arthropod intestines (12–14). To elucidate the
importance of IAFGP in shaping the tick gut microbiota, we
injected the antibiofilm peptide, P1, derived from IAFGP (25),
and showed that this improved A. phagocytophilum infection, in
ticks. Exopolysaccharides such as PNAG, a major component of
bacterial biofilms, are broadly distributed among diverse mi-
crobes (27). Using antibodies directed against PNAG as a proxy
to gauge biofilms within the tick, P1-injected I. scapularis guts
showed a marked reduction of biofilms, similar those with
A. phagocytophilum infection. SEM confirmed this phenotype with
normal tick guts (clean or sP1-injected) having thicker and well-
connected matrix-like material with embedded bacteria such as
cocci representing robust biofilms, whereas A. phagocytophilum-
infected or P1-injected tick guts showed looser biofilms without
connecting fibers or matrix-like representative material in-
dicating reduced biofilms. In an effort to delineate the mo-
lecular mechanism of IAFGP expression and P1 injection

adversely affecting biofilms, we sought to use tick gut com-
mensal Enterococci, a species that was markedly reduced within
our microbiome analysis during A. phagocytophilum infection or
P1-treatment, and compare results with S. aureus, which also
forms robust biofilms. Using three different Enterococci species
(E. faecalis, vancomycin-resistant E. faecalis, and E. faecium),
we identified a difference in the capacity of IAFGP and its
peptide homolog to bind the individual species. Because IAFGP
binds S. aureus peptidoglycan (25), we hypothesized that the var-
iability in binding to the Enterococci could be attributed to the
difference in the peptidoglycan composition. We now demonstrate
that IAFGP binds to the terminal D-alanine residue of the bac-
terial peptidoglycan peptide moiety—common to E. faecalis and
S. aureus.

D-amino acids are readily incorporated into bacterial pepti-
doglycan by replacing the terminal residue with the newly pro-
vided D-amino acid (35), and these types of alterations inhibit
biofilm formation (51) including those by tick gut commensals
like E. faecalis. Because IAFGP and P1 can bind the terminal
D-alanine residue of bacterial peptidoglycan, use of compounds
like D-serine that prevent biofilms and biochemically alter pep-
tidoglycan provide an independent assessment of changes within
the tick gut in an Anaplasma (IAFGP) free system. Similarities in
the relative abundance of Enterococci within the tick gut, found
by microbiome analysis or SEM imaging of tick gut biofilms
when treated with D-serine, to those during A. phagocytophilum
infection or P1 injection of tick guts support the mechanistic
action of IAFGP’s peptidoglycan binding activity on modulating
the tick microbiota. D-amino acids interfere with the linking of
biofilm adhesion proteins, and with cell wall remodeling (51–54).
Therefore, we hypothesized that IAFGP binding to peptidogly-
can could cause alterations in bacterial physiology and mor-
phology that would reduce the ability of Gram-positive bacteria
to form tenacious biofilms—adversely affecting the relative
composition of the gut microbiota. IAFGP binding to peptido-
glycan resulted in a more permeable peptidoglycan with signifi-
cantly reduced cross-linking between the glycan strands; this is of
particular importance because the increased permeability in-
creases the sensitivity of bacteria to host immune defenses such
as antimicrobial peptides and other toxins (55, 56), which could
eventually cause a change in the composition of the tick guts
microbial community.
Effects of IAFGP against the microbiome and specific genera

are critical for optimal A. phagocytophilum infection of ticks. In
an effort to tease out the specificity of IAFGP’s or P1’s binding,
multiple factors were evaluated. During tick feeding, depending
on the host and other biological factors, blood ingested can
contain varying levels of free amino acids, including free D-ala-
nine (nanomolar range) (57). Concentrations only greater than
100 mM of free D-alanine were able to outcompete IAFGP’s
binding to peptidoglycan and inhibit the antibiofilm properties of
IAFGP or P1, highlighting IAFGP’s or P1’s strong binding effi-
ciency to the terminal D-alanine residues of the bacterial pepti-
doglycan (SI Appendix, Fig. S10). Moreover, using synthetic
variations of the IAFGP or P1 sequence (SI Appendix, Table S5),
we could confirm the binding specificity of either protein or
peptide to the terminal D-alanine residue of peptidoglycan and
its inextricable link to inhibiting biofilms among Gram-positive
bacteria (SI Appendix, Figs. S11 and S12). These data, taken
cumulatively, not only confirm a level of specificity for IAFGP or
P1, for Gram-positive bacterial peptidoglycan, that terminate in
a D-alanine residue, but also in restricting biofilm formation.
Although Gram-positive bacteria are adversely affected, Gram-
negative bacteria like Pseudomonas sp. or E. coli neither bind
IAFGP or P1 nor are inhibited in their biofilms on account of
their internalized peptidoglycan and absence of the terminal (fifth)
D-alanine residue on their peptidoglycan (SI Appendix, Fig. S5) (58–
61). This is particularly pertinent because A. phagocytophilum is
technically categorized as a Gram-negative organism. However,
unique physical characteristics and previously determined
molecular evidence suggest the absence of peptidoglycan from
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A. phagocytophilum (62–64), which would nullify any effect
IAFGP (or P1) would have on A. phagocytophilum. Our earlier
work described the role for elevated levels of IAFGP, upon
A. phagocytophilum infection of Ixodes ticks, to protect ticks from
the cold environment (26). Therefore, IAFGP aids Anaplasma in
two manners: by increasing the ability of ticks to survive in the
winter and therefore indirectly increasing the chance of Anaplasma
transmission to mice, and by altering the tick microbiomes and their
associated biofilms, thereby enhancing its colonization within the
tick vector.
Understanding the functional consequence of tick–micro-

biome interactions is fundamental to developing new paradigms
to control tick-transmitted pathogens. We previously demon-
strated that dysbiosis causes the tick gut microbiota to interact
differently with epithelial cells and diminishes the activity of
a global transcriptional regulator, STAT (10). STAT controls
expression of different downstream target genes involved in
immunity and cell repair, including peritrophin, the major
component of the PM (10). Interestingly, we previously showed
that A. phagocytophilum infection of Ixodes ticks reduces ex-
pression of stat, and that colonization is enhanced when stat is
silenced (65); this suggests a role for the PM as a contributing
factor during A. phagocytophilum infection of the tick. The gly-
can-rich PM layer separates the gut lumen from the epithelial
cells and provides a protective barrier in arthropods against
microbes and components of the incoming blood meal (66). Pe-
riodic acid-Schiff (PAS) staining of A. phagocytophilum-infected
and P1-injected nymphal guts showed a significant decrease of the
PM-like layer, which leads to increased PM permeability. We
propose that the improvement in A. phagocytophilum infection is
attributed to the thinning of the PM, which potentially allows for
improved access of the pathogen through the PM to the midgut
epithelium and, subsequently, it’s egress to the salivary glands.
One could hypothesize that, during A. phagocytophilum infection,
a series of events that include (i) alterations in the microbiome
and reduction in biofilms through IAFGP and (ii) the thinning of
the PM through stat, barriers that would otherwise prevent ef-
fective contact with the midgut epithelium, are accommodated so
as to allow for the strongest colonization of the tick. Although
thinning of the PM and the consequent increased PM permeability
is conducive to increased A. phagocytophilum colonization,
B. burgdorferi colonization is jeopardized by a compromised PM
barrier (10). B. burgdorferi migrates through the PM to colonize
the epithelial cells, and persists in this location, where an intact
PM protects the spirochete from the toxic components of the gut
lumen. The contrasting influence of PM integrity on two tick-
borne pathogens could potentially result in competition during a
natural cocolonization setting. An earlier study by Levin and Fish
(67) suggests interference between these two agents during trans-
fer from coinfected mice to ticks. These observations might also
explain, in part, the generally lower prevalence of A. phagocytophilum
and B. burgdorferi-coinfected ticks (<1 to 6%) versus ticks coinfected
with B. burgdorferi and Babesia microti (2 to 19%) (68). Nevertheless,
further studies, using both laboratory and field coinfected ticks, will
be required to delineate the role of microbiota on infections with
multiple pathogens.

Defining the interactions between the tick (gut) and A. phag-
ocytophilum colonization furthers our understanding of the key
events that determine prevalence of this common tick-borne
infectious disease. Although we have yet to elucidate how ac-
quisition of this pathogen induces expression of IAFGP, our
current findings highlight a functional link between IAFGP, the
tick microbiota and biofilm formation, and the PM and reveal
their functional consequence on A. phagocytophilum coloniza-
tion. Similar to the gut microbiota of mammals, the microbiota
associated with arthropods plays an important role in host de-
velopment, pathogen resistance, nutrition, and physiology (69).
Microbial symbionts can reduce vector competence, and specific
gut microbiota play a protective role in Anopheles mosquitoes
against Plasmodium colonization (70–73). Although knowledge
about the function of microbiota in diverse arthropods is still
limited, cross-talk between the arthropod, its gut microbiota, and
incoming pathogens is likely to be important (9–11, 69). This
study demonstrates how a pathogen induces the arthropod to
express a protein that directly inhibits bacterial biofilms, and that
the effects of this protein on the tick microbiota enable the
microbe to effectively colonize the vector. This paradigm—

delineated with A. phagocytophilum and I. scapularis—is likely to
be applicable to other vector-borne diseases.

Materials and Methods
All studies with mice were carried out following the animal protocol number
2014-07941 approved by Yale University’s Institutional Animal Care and Use
Committee (IACUC). The IACUC is governed by applicable Federal and State
regulations, including those of the Animal Welfare Act (AWA), Public Health
Service (PHS), NIH Office of Laboratory Animal Welfare Assurance Number
A3230-01, and the United States Department of Agriculture (USDA), License and
Registration Number 16-R-0001, and is guided by the US Government Principles
for the Utilization and Care of Vertebrate Animals Used in Testing, Research and
Training. Experimental details on Anaplasma infection of mice, microbiome
sample preparation, Illumina pyrosequencing, sequence analysis and selection
criteria, sectioning and staining of nymphs, bacterial strains and growth condi-
tions, immunoblot analysis, tick RNA isolation, quantitative RT-PCR and micro-
injection, extraction and UPLC and MS/MS analysis of bacterial peptidoglycan,
binding assays, biofilms assays, and microscopy can be found in SI Appendix.
Details of primers used in this study can be found in SI Appendix, Table S6.
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