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A B S T R A C T

Lemurs are primate species that are endemic to Madagascar. At present, about 90% of lemur species are en-
dangered, and 5 species are among the 25 most endangered primates worldwide. Health status is a major factor
impacting the viability of wild populations of many endangered species including lemurs. Given this context, we
analyzed the microbiome of 24 specimens of Haemaphysalis lemuris, the most common tick parasitizing lemurs in
their native habitats. Ticks were collected from 6 lemur species and microbiomes analyzed using next-generation
sequencing. Our results show that the H. lemuris microbiome is highly diverse, including over 500 taxa, 267 of
which were identified to genus level. Analysis of the microbiome also shows that there is a distinct “host” (lemur
species) component when explaining the differences among and between microbial communities of H. lemuris.
This “host” component seems to overwhelm any “locality” (geographic origin of the sample) component. In
addition to the microbiome data, targeted PCR was used to test for the presence of three pathogens recently
detected in the blood of wild lemurs: Borrelia sp., Candidatus Neoehrlichia sp., and Babesia sp. Overall, the
presence of DNA of Rickettsia spp., Bartonella spp., Francisella spp., and a Babesia sp., in H. lemuris, is consistent
with the hypothesis that these ectoparasites may act as vector for these pathogens. Further studies assessing
vector competence are needed to confirm this hypothesis.

1. Introduction

Madagascar is a top priority for conservation (Myers et al., 2000) in
part because lemurs constitute approximately 15% of global primate
species diversity (Wilme et al., 2006; Mittermeier, 2008). About 90% of
lemur species are endangered (Bublitz et al., 2015), and 5 of them are
included in the list of the 25 most endangered primates worldwide
(IUCN, 2014-16; Schwitzer et al., 2015). Lemur survival in Madagascar
is threatened by a rapidly growing human population, increased de-
forestation for agriculture and cattle grazing, hunting for bush meat,
and likely, climate change (Allnutt et al., 2008; Barrett et al., 2013;
Dufils, 2003; Harper et al., 2007). The ability of lemurs to survive in
disturbed areas varies by species. Those that can survive in secondary
forests tend to be more susceptible to disease and experience physio-
logical alterations compared to the cohorts occupying more pristine
forests (Junge et al., 2011). This is concerning because habitat de-
struction and natural resource extraction have contributed to a nearly
80% reduction of primary forests in Madagascar (Harper et al., 2007).

With respect to climate change, temperatures in Madagascar have risen,
and rainfall patterns have changed over recent years (Tadross et al.,
2008). These changes are likely to alter spatial patterns of disease,
especially those caused by pathogens transmitted by non-permanent
parasites −such us ticks- which are impacted by environmental con-
ditions such as temperature and humidity (Brooker et al., 2007;
Guernier et al., 2004).

Ectoparasites are widespread across lemur species, and even though
they are often not highly pathogenic, they can decrease fitness and
cause damage to the skin (Bischoff et al., 2009; Junge et al., 2011; Wall,
2007). Haemaphysalis lemuris Hoogstraal is an ixodid tick that com-
monly parasitizes wild lemurs and can have a negative effect on lemur
body mass (Barrett et al., 2013; Koyama et al., 2008; Rodriguez et al.,
2015). In addition, ticks can vector a variety of pathogenic bacteria,
protozoa, and viruses (Williams et al., 2002; Springer et al., 2015).
Larsen et al. (2016) used high-throughput sequencing methods to
identify pathogenic microorganisms in lemur blood from wild lemurs,
and demonstrated the presence of three pathogens that might be
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transmitted by ticks: Borrelia sp., Candidatus Neoehrlichia sp., and Ba-
besia sp. However, there is no hard evidence for which species of ticks
is/are acting as vectors.

Aiming to bridge the gap in knowledge of how pathogens are
transmitted to lemurs, we explored the microbial community of H. le-
muris. Haemaphysalis lemuris has been recorded from at least 9 different
lemur species collected across Madagascar (Durden et al., 2010;
Hoogstraal and Theiler, 1959; Junge and Louis, 2005; Klompen et al.,
2015; Rodriguez et al., 2015; Uilenberg et al., 1979).

The present study aimed to explore the entire microbiome of H.
lemuris including pathogens. Non-pathogenic organisms in tick micro-
biomes may influence pathogen susceptibility (Gall et al., 2016) and
thus a better understanding of the entire microbiome may ultimately
provide a better understanding of the role of H. lemuris in lemur disease
dynamics. The questions addressed in this study are: 1) to get a first
estimate of microbiome structure and composition 2) to what degree is
the microbiome of H. lemuris influenced by host species or locality
(environmental effects), and 3) whether pathogens demonstrated in
lemurs are also present in H. lemuris. To do so, we analyze the micro-
biome of H. lemuris using next-generation sequencing and PCR.

2. Material and methods

2.1. Tick samples

As part of an ongoing, long-term project monitoring lemur health in
Madagascar, a variety of ectoparasites have been opportunistically
collected and preserved in 95% ethanol. Lemurs were examined under
Research permit #200/12/MEF/SG/DGF/DCB SAP/SCB, issued by the

Secretary General, Department of Water and Forests, Republic of
Madagascar. All animals underwent medical evaluations following the
standard protocol used by the Prosimian Biomedical Survey Project
while under anesthesia (see Junge et al., 2011).

For this study, we analyzed 28 ticks collected from different lo-
calities and from different lemur species (Table 1; Fig. 1). Notes on tick
ecology and host distribution based on this study are presented in
Klompen et al. (2015). Ticks were morphologically identified using
published taxonomic keys (Hoogstraal, 1953). All ticks used herein
were identified as Haemaphysalis lemuris. Of the 28 ticks analyzed, 27
were adults (3 females and 24 males), and one was a nymph. We chose
the least engorged ticks for this study to increase our chances of de-
tecting microorganisms from the tick itself, instead of from host blood.
Ticks were analyzed individually.

2.2. DNA extraction

Before DNA extraction some of the specimens were surface sterilized
(to allow comparison between surface sterilized ticks and non-ster-
ilized) using the following protocol twice: 1 min in commercial bleach,
washed in distilled water, and 1min in 95% ethanol (see Table 1 for
details). Surface sterilization minimizes “contamination” by micro-
organisms present on the surface of the ticks. Individual DNA extrac-
tions were performed using the QIAgen Blood and Tissue kit following
the manufacturers’ instructions, with the following exception: while in
ATL buffer a portion of the ticks idiosoma was cut with a scalpel and the
entire specimen cuticle was recovered to serve as voucher. Cuticles
were individually barcoded and data based. All voucher collection data
are available on-line through the Ohio State University Acarology

Table 1
General information of Haemaphysalis lemuris samples used in this study. All specimens are from Madagascar. Each row corresponds to an individual tick specimen
and the columns to the collection and processing information. (Washed: surface sterilized individuals; DNA extraction: individuals whose DNA yield was enough to
proceed with the analyses).

TickID HostID Host Col. Date Tick sex Washed DNA Extraction

Ambotavy, Toamasina, 18.8298S 48.3123E
OSAL 0102427 OSAL 0102427 Avahi laniger 18-Jan-2013 M Yes yes
OSAL 0102396 OSAL 0102396 A. laniger 24-Jan-2013 M Yes yes
OSAL 0099986 OSAL 0099986 A. laniger 16-Aug-2013 M Yes yes
OSAL 0099967 OSAL 0099967 A. laniger 23-Aug-2013 M Yes yes
OSAL 0102415 OSAL 0102415 Propithecus diadema 19-Jan-2013 M No yes
OSAL 0102416B OSAL 0102416 P. diadema 19-Jan-2013 M No no
OSAL 0099775 OSAL 0099775 P. diadema Jan-2013 M No yes
OSAL 0099950 OSAL 0099950 P. diadema 20-Aug-2013 M No yes
OSAL 0099964A OSAL 0099964 P. diadema 20-Aug-2013 M No no
OSAL 0099964B OSAL 0099964 P. diadema 20-Aug-2013 M No yes
OSAL 0099778 OSAL 0099778 P. diadema 1-Sep-2014 M No yes
OSAL 0099784A OSAL 0099784 P. diadema 5-Sep-2014 M No yes
OSAL 0099785 OSAL 0099785 P. diadema 5-Sep-2014 M No no
OSAL 0099791 OSAL 0099791 P. diadema 9-Sep-2014 M No no
OSAL 0099783 OSAL 0099783 P. diadema 10-Sep-2014 M No yes
OSAL 0102404 OSAL 0102404 Lepilemur mustelinus 18-Jan-2013 F Yes yes
OSAL 0102409 OSAL 0102409 L. mustelinus 21-Jan-2013 M Yes yes
OSAL 0099985 OSAL 0099985 L. mustelinus 17-Aug-2013 M Yes yes
OSAL 0099999 OSAL 0099999 L. mustelinus 17-Aug-2013 M Yes yes
OSAL 0099954 OSAL 0099954 L. mustelinus 23-Aug-2013 M Yes yes

Betampona, Toamasina, 17.9000S 49.2167E
OSAL 0005974A OSAL 0005974 P. diadema Jun-2003 M No yes
OSAL 0005974B OSAL 0005974 P. diadema Jun-2003 M No yes
OSAL 0005974C OSAL 0005974 P. diadema Jun-2003 M No yes
OSAL 0005974D OSAL 0005974 P. diadema Jun-2003 M No yes

Kianjavato, 21.3833S 47.8667E
OSAL 0084988 OSAL 0084988 Prolemur simus 25-Nov-2009 F Yes yes
OSAL 084989A OSAL 084989A Prolemur simus 25-Nov-2009 F Yes yes

Analamazoatra Nat. Pk., 18.4869S 48.3481E
OSAL 0104421 OSAL 0104421 Indri indri 2009 M Yes yes

Mahajanga, 16.0000S 45.7167E
OSAL 0006009 OSAL 0006009 Propithecus verreauxi Oct-2003 N No yes
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Collection (OSAL) database (https://acarology.osu.edu/database).
Once the DNA was extracted and the cuticles preserved, the DNA was
quantified using a Qubit 3.0 fluorometer. DNA was aliquoted and kept
in a freezer until needed. DNA yield for ticks collected in different years
varied substantially (from 1.2 to> 100 ng/μl), but this did not corre-
late with age, e.g. ticks collected in 2003 yielded substantially more
DNA than those collected in 2013.

2.3. Library preparation and sequencing

Extracted DNA samples were normalized to a final concentration of
5 ng/μl, and sent to the Molecular and Cellular Imagining Center
(MCIC), Ohio State University at Wooster, OH, for library preparation
and sequencing. The V4 variable region of the 16S rDNA was amplified
using modified 515F and 806R primers (from Earth Microbiome
Project: earthmicrobiome.org). The amplicons were sequenced on a

MiSeq illumina platform, 2×300 bp. The resulting reads were initially
demultiplexed in MiSeq Reporter.

2.4. Bioinformatics

After demultiplexing, a primary quality filter of the reads was per-
formed in Cutadapt (Martin, 2011) using a cutoff of Q10. If adaptors
were still present in the reads after the quality filtering step, they were
trimmed in Cutadapt (Martin, 2011). After trimming and quality fil-
tering, the reads were assembled in QIIME 1.9.1 (Caporaso et al., 2010).
An additional quality filtering step using the multiple_split_libraries.py
was performed. Chimeric sequences were identified and removed from
all downstream analyses. To that end, both de novo and reference chi-
meras were identified and removed employing usearch 6.1 and the
GreenGenes data base (2013, 97% identity) (DeSantis et al., 2006;
Edgar, 2010). QIIME 1.9.1 was also used for open reference OTU

Fig. 1. Image of Madagascar showing the geographic location of collection sites. The names of the sites correspond to those in Table 1.
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picking through usearch 6.1, taxonomic assignment using RDP Classi-
fier v2.2 (Wang et al., 2007), and sequence alignment with pyNAST
(Caporaso et al., 2010). The aligned sequences were used to build a
phylogenetic tree using FastTree (Price et al., 2009), and the resulting
tree was used to generate alpha-rarefaction plots.

Beta diversity was calculated using the unweighted and weighted
UniFrac distances, followed by Principle Coordinates Analysis (PCoA)
using the FastUniFrac workflow (Hamady et al., 2010). Three dimen-
sional PCoA plots were generated using EMPeror implemented in
QIIME 1.9.1 (Vázquez-Baeza et al., 2013).

Analysis Of SIMilarity (ANOSIM), implemented in QIIME, was used
to compare categories −two at a time- and to test whether there were
significant differences between them or not. We employed the weighted
UniFrac distance matrices, to consider the differences in relative
abundances in the comparisons. We tested as many pairs of categories
as possible (Table 1), but excluded all groups with less than three
samples. We performed our statistical analyses in QIIME, calling vegan,
an R package (R Core team, 2013), through the compare_categories
script.

2.5. qPCR screening

Tick DNA (n=22; for the remaining 6 specimens all DNA was used
up during the microbiome analysis) was tested by quantitative PCR to
detect the presence of previously identified lemur tick-borne pathogens,
Borrelia sp., Candidatus Neoehrlichia sp., and Babesia sp (Larsen et al.,
2016). In addition, a Rickettsia genus-specific qPCR was performed to
better characterize a Rickettsia species identified by next-generation
sequencing. Amplification reactions contained 12.5 μl SYBR®Green Su-
permix (Bio-Rad, Hercules, USA), 5 μl template tick DNA, primers at
either 0.4 μM or 0.6 μM (Appendix A) and molecular grade water to a
final volume of 25 μl. Thermocycler conditions included an initial de-
naturation step at 98 °C for 3min, followed by 40 cycles at 98 °C for
15 s; 60 °C, 62 °C, 64 °C or 67 °C for 15 s depending on the primers
(Appendix A); and 72 °C for 15 s. Melting temperature (Tm) measure-
ments were made between 65 and 88 °C at 0.5 s intervals for qPCRs. All
qPCRs were performed with a negative no template control and a po-
sitive pathogen DNA control.

Sanger sequencing of qPCR products was performed by GENEWIZ
Inc. (Research Triangle Park, NC) and resulting sequences were com-
pared to available sequences in the NCBI GenBank database using the
BLASTn option.

3. Results

3.1. 16S rDNA amplicon sequencing results

Overall, Illumina reads (Sequence data are available in the
Sequence Read Database, SRP129895; Bioproject PRJNA430438) of the
V4 hypervariable region of the bacterial 16S rDNA gene were high
quality and had good coverage, with exception of 4 samples for which
the number of reads was very low. These 4 were excluded from further
analyses, leaving a dataset with 24 samples for the remainder of this
study. The number of sequences after the initial quality filtering steps
was 3,563,264, and the number of reads per sample (coverage) for the
dataset ranged from 7413 to 519,944. After filtering out chimeric se-
quences 3,472,681 sequences remained for downstream analysis.

3.2. Bacterial diversity in Haemaphysalis lemuris

To overcome the effects of unequal sequencing outputs across
samples, the samples were rarefied to 7413, corresponding to the
sample with the lowest coverage. After rarefaction, a total of 507 taxa
were identified for the 24 samples, 267 of which were successfully
identified to the genus level.

The most prevalent and abundant phyla were Actinobacteria,

present in 21 of the 24 samples with a relative abundance ranging from
0.58% to 38.8%; Firmicutes (21/24 samples, 1.26-84.2%); and
Proteobacteria (24/24 samples, 9.6-99.7%). Other, less prevalent phyla
included Bacteroidetes (7/24), TM-7 (7/24), Fusobacteria (6/24),
GN02 (5/24), Acidobacteria (4/24), Verrucomicrobia (3/24),
Planctomycetes (3/24), Cyanobacteria (3/24), Amatimonadales (2/24),
and Chlorobi (1/24) (Fig. 2).

At the ordinal level, and considering only those with an abundance
of at least 2% in one or more samples, 26 orders were identified, dis-
tributed as shown in Fig. 2. Of these 26 orders, Actinomycetales (Ac-
tinobacteria), Bacillales, Lactobacillales (Firmicutes), Cardiobacter-
iales, Legionellales, Neisseriales, Oceanospirillares, Pasteurellales, and
Pseudomonadales (all Proteobacteria) were quite common across
samples, each of them present in the majority of samples (Fig. 2).
Comparison of the relative abundances of orders present in ticks col-
lected from Propithecus diadema (diademed sifaka), Avahi laniger
(Eastern woolly lemur), and Lepilemur mustelinus (weasel sportive
lemur) is presented in Fig. 3. Pseudomonadales were abundant in ticks
from L. mustelinus and P. diadema, while Pasteurellales were abundant
in ticks parasitizing P. diadema and A. laniger. Legionellales had a re-
lative abundance of 33.4% in L. mustelinus ticks, compared to 2.7% and
2.8% in P. diadema and A. laniger tick specimens. Bacillales were also
abundant in ticks sampled from L. mustelinus (11.3%).

Throughout the paper we refer to “low abundance” taxa as those
which have a relative abundance lower than 0.5%, and, by default, as
“abundant” all taxa with a relative abundance greater than 0.5%. In
each individual tick, the number of abundant taxa varied between 2 and
37.

Within the order Legionellales, the Family Coxiellaceae was the
most prevalent and abundant. At a 0.5% cutoff of relative abundance, it
was present in 17 out of the 24 samples. The relative abundance of this
family ranged from 0.52% (sample OSAL 0099950) to 98.2% (sample
OSAL 0102404), with an average of 13.7%. The high end of that range
was found in a tick from a Lepilemur mustelinus sampled at Ambatovy.
The only genus that was successfully identified was Coxiella, present in
22 samples, although its relative abundance was very low (less than
0.5% in all samples (Appendix B)). The rest of the Coxiellaceae se-
quences were classified only to the family level, or as “other genus”.
The only two samples without Coxiella were a specimen collected from
Avahi laniger at Ambatovy, and a specimen from Prolemur simus (greater
bamboo lemur) at Kianjavato.

The order Rickettsiales (Proteobacteria) was present with a relative
abundance up to 1.78% (Appendix B). Within Rickettsiales, the genus
Rickettsia was found in 10 of the 24 samples, albeit at very low abun-
dances. It was present in tick specimens from Indri Indri, A. laniger, L.
mustelinus, P. diadema and Prolemur simus.

Other genera of pathogenic or potentially pathogenic bacteria in our
data set are listed in Table 2. Most of these genera were present in all
lemur species evaluated. However, Bartonella could only be demon-
strated in ticks from L. mustelinus; Francisella and Mycoplasma only in
ticks from A. laniger, Campylobacter only in ticks from P. diadema, and
Citrobacter only in ticks from Propithecus verreauxi (Verreaux’s sifaka)

In terms of relative abundance, Pseudomonas (Pseudomonadales)
was especially abundant in ticks from Prolemur simus; whereas
Staphylococcus (Bacillales) and Streptococcus (Lactobacilliales) reached
83% and 26.6% abundance, respectively, in ticks from Lepilemur mus-
telinus (Appendix B).

3.3. qPCR results

Of the 22 tick DNA samples tested, 1 tick (sample OSAL 0102427)
collected from A. laniger was positive for the lemur Babesia sp. pre-
viously identified, with correct melting temperature of 82 °C. The se-
quenced amplicon was 100% identical (313/313 bp) with 100% cov-
erage to the lemur Babesia sp., (GenBank accession #s KT22781-
KT22786). Rickettsia species were amplified from two ticks. The
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amplicon sequence from a tick (sample OSAL 099950) collected from P.
diadema was 98% identical (121/123 bp) with 80% coverage to R. bellii
(GenBank accession #s CP015010, KT374202, KT340607, CP000849,
DQ821871, CP000087, and U11015) with a melting temperature of
79 °C. The amplicon sequence for a second Rickettsia positive tick
(sample OSAL 084989) collected from Prolemur simus was 95% identical
(211/223 bp) with 99% coverage to R. canadensis (GenBank accession #
CP003304) with a melting temperature of 77.5 °C.

3.4. Analysis of hypotheses of factors influencing microbial communities in
Haemaphysalis lemuris

We analyzed the PCoA plots of unweighted Unifrac distances for the
entire data set according to four categorical variables included in the
metadata file: surface-sterilized group, host species, locality, and tick
sex. For the ANOSIM analysis we made several two-group comparisons
for those four variables, and considered both the p-value and the T
statistic (R) value to interpret the results.

Fig. 3. Comparison of the relative abundances of Bacteria at the order level between ticks from three lemur species: Lepilemur mustelinus, Propithecus diadema, and
Avahi laniger. Results based on mean abundance of all ticks of that species.

Fig. 2. Relative abundance of Bacteria at the phylum (top), and order (bottom) level. Relative abundance (%) on the y axis, sample (tick) ID on the x axis. Different
colors correspond to different phyla (top) and orders (bottom) of Bacteria.
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3.5. Surface sterilization

The PCoA plot for “surface sterilized” (n= 12) vs “non-surface
sterilized” (n= 12) samples showed weak separation between both
groups, although the surface sterilized group was considerably spread
out. One sample corresponding to the non-surface sterilized group ap-
peared closer to the surface sterilized group rather than to the non-
sterilized cluster (Appendix C). ANOSIM results (R= 0.32, p= .001)
mirror those of the PCoA analysis, and suggest, with some caveats, that
surface sterilization is not a major factor in the following analyses of
effects of host association, locality, and tick sex. Establishment of only
weak effects from this “technical” factor allowed further analyses of
intrinsic differences.

3.6. Hosts

PCoA plots of unweighted Unifrac distances for the “host species”
variable showed samples corresponding to P. diadema clustering to-
gether and separated from the rest (Fig. 4). Even though only two
samples were included, the same was observed for Prolemur simus
samples, which clustered distant from all the rest of the samples
(Fig. 4). We only analyzed one sample each from I. indri, and P. ver-
reauxi, and those samples appeared to some extent “mixed” with L.
mustelinus and A. laniger specimens, both of which were spread out but
still separated from both P. diadema and Prolemur simus (Fig. 4).

Using ANOSIM we compared the microbial communities of ticks
from P. diadema and L. mustelinus, and found that they were dissimilar
(R=0.79, p= .001) confirming the results of the PCoA analysis. The
communities in ticks from P. diadema and A. laniger were also dissimilar
(R=0.74, p= .002), regardless of the locality from which the ticks
were collected. To control for the “locality” variable, we compared ticks
parasitizing P. diadema from the Ambatovy region in Madagascar to
ticks from A. laniger at the same site, and the communities were still
dissimilar (R=0.79, p= .006). With the same aim, we compared ticks
from P. diadema and L. mustelinus from the same locality but in this case
the dissimilarity between the microbial communities was less evident.
Even though the p value was significant (0.005), the R value was lower,
R= 0.57. The microbiomes of A. laniger and L. mustelinus ticks did not
differ significantly from one another (R=0.03, p= .31).

3.7. Locality

For the “locality” variable, the PCoA plots of unweighted Unifrac
distances revealed a clustering of samples collected from Betampona
(Fig. 4). Samples from Kianjavato also clustered in a separate group.
Ambatovy samples were distributed in an unorganized manner between
Kianjavato and Betampona. There was only one sample from Maha-
janga, and one from Analamazoatra, both of which clustered within the
Ambatovy group (Fig. 4).

To specifically test for the possible effects of environment we

Table 2
Frequency, relative abundances, and hosts of potentially pathogenic genera detected through microbiome analysis.

Genera of Bacteria # samples present (of 24) Average rel. abundance (%) Lemur species

Corynebacterium 23 ≤2.16 P. diadema, P. verreauxi, A. laniger, L. mustelinus, I. indri, Prolemur simus,
Micrococcus 9 ≤0.7 P. diadema, P. verreauxi, A. laniger, L. mustelinus, I. indri, Prolemur simus
Mycobacterium 12 ≤1.31 P. diadema, A. laniger, L. mustelinus, I. indri, Prolemur simus
Bacillus 15 ≤15.3 P. diadema, A. laniger, L. mustelinus, I. indri, Prolemur simus
Staphylococcus 23 ≤83 P. diadema, P. verreauxi, A. laniger, L. mustelinus, I. indri, Prolemur simus
Streptococcus 22 ≤28 P. diadema, P. verreauxi, A. laniger, L. mustelinus, I. indri, Prolemur simus
Enterococcus 5 ≤0.01 P. diadema, A. laniger
Bartonella 1 ≤0.004 L. mustelinus
Rickettsia 10 ≤0.13 P. diadema, A. laniger, L. mustelinus, I. indri, Prolemur simus
Francisella 4 ≤0.036 A. laniger
Coxiella 22 ≤0.08 P. diadema, P. verreauxi, A. laniger, L. mustelinus, I. indri, Prolemur simus
Campylobacter 3 ≤0.27 P. diadema
Citrobacter 1 0.002 P. verreauxi
Pasteurella 13 ≤9.2 P. diadema, A. laniger
Acinetobacter 20 ≤6.6 P. diadema, P. verreauxi, A. laniger, L. mustelinus, I. indri, Prolemur simus
Pseudomonas 22 ≤26.6 P. diadema, P. verreauxi, A. laniger, L. mustelinus, I. indri, Prolemur simus
Mycoplasma 1 0.002 A. laniger

Fig. 4. Principal coordinates analysis of unweighted UniFrac distances between ticks. (Left) By host species; (right) By locality.
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compared communities of ticks from the same host, P. diadema, from
two different localities, Ambatovy and Betampona. ANOSIM analysis
generated a significant p value (0.009) for dissimilarity, although the R
value was low (R=0.54). Analyses ignoring hosts entirely and con-
sidering only the variable “Locality” could only be done between
Betampona and Ambatovy. ANOSIM results suggested that both lo-
calities are very similar to one another despite being located nearly
160 km from each other, R= 0 and p= .95.

3.8. Tick sex

For the fourth and final variable, “tick sex”, PCoA plots showed two
of the three females clustering together and separated from the re-
maining samples (Appendix D). The other female appeared closer to the
males and the nymph.

ANOSIM results for the “tick sex” variable showed that the micro-
biomes were fairly similar (0.41), although the p value was significant,
just as in the case of sterilized versus non-sterilized comparison. For the
“tick sex” variable analysis, the nymph was excluded, limiting com-
parisons to males vs. females.

4. Discussion

4.1. Microbiome composition

The microbial community of lemur parasitizing ticks includes three
frequent and abundant bacterial phyla: Actinobacteria (21/24),
Firmicutes (21/24), and Proteobacteria (24/24), which combined, ac-
counted for 73.1–99.1% of the microorganisms found in each sample,
with an average of 93.3%. These three phyla have been noted as the
most abundant in previous tick studies focused on other species of
Haemaphysalis (Khoo et al., 2016), or Amblyomma maculatum
(Budachetri et al., 2014). Within the order Legionellales (Proteo-
bacteria), the family Coxiellaceae was the most frequent and abundant
microbe in H. lemuris (17/24). Coxiella has previously been reported in
e.g. other Haemaphysalis (Arthan et al., 2015; Khoo et al., 2016; Nakao
et al., 2013), and Amblyomma species (i.e Jasinskas et al., 2007).

Within H. lemuris sampled, we compared the microbiome compo-
sition and structure for the following variables: surface sterilization,
host species, locality, and tick sex. Some studies have shown that the
surface sterilization process decreases the abundances of some bacteria
(Menchaca et al., 2013). In this study, there was only weak separation
between sterilized and non-sterilized ticks in PCoA plots. Similarly, in
the ANOSIM the R value was low (R=0.31), even though the p-value
was significant.

PCoA plots of unweighted UniFrac distances showed P. diadema
samples clustering together and separated from ticks collected from
other speciesand ANOSIM confirmed that the microbiome of ticks from
P. diadema is relatively dissimilar to those found on L. mustelinus, or A.
laniger (R= 0.79, R= 0.74 respectively). All three of these lemur
species can occur in a common geographic location, Ambatovy. For the
“locality” variable, the microbial communities of ticks from Betampona
and Ambatovy were significantly similar (R=0, p= .95). For the other
localities, the sample size was not sufficient for statistical analysis.
Nevertheless, Kianjavato samples appeared more dissimilar to
Betampona than to Ambatovy, which could be due to geographical
distance (Fig. 1).

These results suggest that there is a distinct “host” component when
explaining the differences among microbial communities of H. lemuris.
This “host” component seems to overcome any “locality” component.
An important caveat is that the ticks included in this study were col-
lected from hosts, and this should be considered when comparing stu-
dies. This caveat remains valid even though most ticks in this study
were males, and therefore the amount of host blood imbibed was lim-
ited when compared to, for example, females. Other studies already
established that the microbiome can change with a number of factors,

including tick instar and feeding status (Swei and Kwan, 2016; Zolnik
et al., 2016). Additional sampling from a variety of species and lo-
calities will be helpful to further test our preliminary conclusions.

Comparisons between males and females also are preliminary be-
cause only three female ticks were included in the dataset compared to
20 male ticks. There was some separation in the PCoA plot and the
ANOSIM p value was significant at p= .03. Yet, the R statistic was
0.41. Sex affected tick microbiome structure and composition in other
studies (Trout Fryxell and DeBruyn, 2016; Van Treuren et al., 2015),
suggesting that repeating this analysis to confirm our preliminary re-
sults with samples closer to a 1:1 male-female ratio, would be useful.

4.2. Presence of pathogens

4.2.1. Bacteria
Several genera of potentially pathogenic bacteria were identified in

this study through the microbiome analysis (Table 2, Appendix B). The
genera Acinetobacter, Corynebacterium, Coxiella, Micrococcus, Pseudo-
monas, Staphylococcus, and Streptococcus were found in ticks from all
lemur species included in the present study, while Bacillus, Myco-
bacterium, and Rickettsia were found in ticks from P. diadema, Prolemur
simus, I. indri, A. laniger and L. mustelinus, but not in P. verreauxi. The
latter result needs confirmation because only one tick sample from P.
verreauxi was analyzed.

The genus Rickettsia was also detected through targeted PCR in two
tick samples. BLAST results suggest that the two Rickettsia may belong
to different species, but the percentages of identity and coverage are not
high enough to confidently assign the Rickettsia sequences to a species.
Nevertheless, these findings suggest that H. lemuris may act as a vector
for Rickettsia species in lemurs.

Many of the pathogens mentioned above have been reported to be
present in lemurs previously. Acinetobacter has been isolated from fecal
cultures of A. laniger (Junge and Sauther, 2007), and Bacillus has been
isolated from fecal samples of a variety of lemur species: Eulemur albi-
frons, E. macaco, E. rubriventer, Hapalemur griseus, I. indri, Lemur catta, P.
verreauxi and Varecia variegata (Dutton et al., 2008; Junge and Sauther,
2007; Junge unpublished data). A species of the genus Mycobacterium
has been identified as causative agent of tuberculosis in captive lemurs
(Knezevic and Mcnulty, 1967), and a species of Campylobacter is one of
the causes of bacterial enterocolitis among captive lemurs (Junge and
Sauther, 2007; Luechtefeld et al., 1981). In this study, we found the
genera Actinobacter, Bacillus, and Mycobacterium in ticks from a wide
range of lemur hosts (Table 2). Campylobacter was identified in three
tick individuals from P. diadema. The presence of these potential pa-
thogens in ticks from a wide range of lemur species does not prove that
the ticks are vectors for these bacteria, but it certainly raises the pos-
sibility.

Species in the genus Bartonella are known to cause a variety of
diseases in humans and domestic animals and have been detected
previously in other tick species (Billeter et al., 2011; Khoo et al., 2016).
In this study we found one tick from L. mustelinus that harbored Bar-
tonella. The role of ticks in the transmission of Bartonella to lemurs is
unknown, and alternative vectors have been proposed. For example,
Junge and Sauther (2007) suggested that the agent of bartonellosis
could be transmitted by mesostigmatid mites, which are commonly
found on lemurs (Klompen et al., 2015; Miller et al., 2007).

Francisella tularensis is known to cause tularemia in captive lemurs
(Calle et al., 1993). Organisms in the genus Francisella were present in
all ticks from A. laniger, but absent in ticks from L. mustelinus and P.
diadema collected at the same locality. This level of host specificity is
sufficiently unusual that follow-up studies are indicated, both to de-
termine the Francisella species but also to see if the observed host
specificity holds up to further sampling.

Larsen et al. (2016) recently reported finding Borrelia sp. in an I.
indri from the Ambatovy region. We did not detect the presence of
Borrelia in either the microbiome analysis or through targeted PCR. It is
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possible that Borrelia sp. is transmitted by a different vector that
parasitizes lemurs, for example, Ixodes lemuris Arthur. It is also possible
that this genus is not very common among lemurs, or that it is not
present in all lemur species, or that it is indeed transmitted by H. lemuris
but it was not detected here due to the small sample size.

4.2.2. Protozoa
The genus Babesia was targeted by PCR and was detected in a tick

sample from A. laniger. Babesia has been previously reported in lemurs
and it is prevalent among these primates (Springer et al., 2015; Larsen
et al., 2016), but there is no information on how Babesia is transmitted
to lemurs. Ticks have been suggested as potential vectors, and the
finding of Babesia sp. in H. lemuris suggest that this tick species may be
acting as a vector.

5. Conclusions

Our results show that the H. lemuris microbiome is species-rich,
including over 500 taxa. A few of those taxa are pathogenic or have the
potential to be pathogenic. Interpreting the significance of the presence
of these pathogens is more difficult. The presence of DNA of Rickettsia
spp., Bartonella spp., Francisella spp., and Babesia sp. in ticks of the
species H. lemuris lend support to the idea that this tick may act as a
vector for these pathogens, but such conclusions need to be confirmed
experimentally. Identifying the tick-borne pathogens that are present in
lemurs and elucidating how they are transmitted will aid to the con-
servation of these primates and help to develop conservation strategies.

The findings in this study may have added significance given cur-
rent predictions of changes in species distributions occurring as a result
of climate change. Using species distribution models and projected
climate data for 2080, Barrett et al. (2013) predicted the future dis-
tribution of several parasite species in Madagascar. One of those species
was H. lemuris. The authors expect this species to experience a net ex-
pansion of 23% due to changes in climate patterns in the near future.
Considering that H. lemuris has been associated with lower body mass in
some lemur species (Koyama et al., 2008), and that this tick may
function as a vector of tick-borne diseases in lemurs, an expansion could
amplify not only the detrimental effect of the parasite itself, but also the
spread of tick-borne diseases in wild lemur populations.
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