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Tick-borne  hemoparasites  (TBHs)  are  a group  of  pathogens  of concern  in  animal  management  because
they  are  associated  with  a diversity  of hosts,  including  both  wild  and  domestic  species.  However,  little  is
known  about  how  frequently  TBHs  are  shared  across  the  wildlife-livestock  interface  in natural  settings.
Here,  we  compared  the  TBHs  of  wild  Grant’s  gazelle  (Nanger  granti)  and  domestic  sheep  (Ovis  aries)  in
a region  of  Kenya  where  these  species  extensively  overlap.  Blood  samples  collected  from  each  species
were  screened  for piroplasm  and  rickettsial  TBHs  by  PCR-based  amplification  of 18S/16S  ribosomal  DNA,
respectively.  Overall,  99%  of gazelle  and  66%  of sheep  were  positive  for Babesia/Theileria,  and  32%  of
gazelle  and  47%  sheep  were  positive  for Anaplasma/Ehrlichia.  Sequencing  a subset  of positive  samples
revealed  infections  of  Theileria  and  Anaplasma.  Sequences  sorted  into  seven  phylogenetically  distinct
genotypes—two  Theileria,  and  five  Anaplasma.  With  the  exception  of  a putatively  novel  Anaplasma  lineage
heep
azelle

from  Grant’s  gazelle,  these  genotypes  appeared  to  be  divergent  forms  of previously  described  species,
including  T.  ovis,  A. ovis, A. bovis,  and  A.  platys.  Only one  genotype,  which  clustered  within  the  A. platys
clade,  contained  sequences  from  both  gazelle  and  sheep.  This  suggests  that despite  niche,  habitat,  and
phylogenetic  overlap,  the  majority  of  circulating  tick-borne  diseases  may  not  be  shared  between  these
two  focal  species.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Pathogen transmission occurring between wild and domestic
nimals is gaining attention, in part because pathogen spillover
an be devastating to both wildlife and livestock (Siembieda et al.,
011; Wiethoelter et al., 2015). For example, wildlife-endemic
iseases like foot-and-mouth disease and heartwater that natu-
ally occur in African buffalo (Syncerus caffer) are now considered
mong the most serious livestock diseases on the African conti-
ent, particularly in cattle (Bengis et al., 2002). On the other hand,

ivestock diseases like rinderpest and brucellosis have contributed
o precipitous wild ruminant declines in Africa and North America
Grootenhuis, 2000; Miller et al., 2013; Nishi et al., 2002). Given
hat livestock and wildlife are estimated to share three quarters of

heir pathogens (Cleaveland et al., 2001; Wiethoelter et al., 2015),
pillover events between the two groups may  be inevitable. Never-
heless, understanding the ease with which various pathogen taxa

∗ Corresponding author.
E-mail address: ria.r.ghai@gmail.com (R.R. Ghai).
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304-4017/© 2016 Elsevier B.V. All rights reserved.
transmit across the wildlife-livestock interface may help narrow
the scope of efforts seeking to prevent future outbreaks.

Tick-borne hemoparasites (TBHs) are one group of pathogens
that occur in both livestock and wildlife, and may  be commonly
transmitted between wild and domestic species (Dantas-Torres
et al., 2012; Gortazar et al., 2007). Not only do TBHs cause significant
morbidity and mortality in livestock (Uilenberg, 1995), but wildlife
can contribute to livestock TBHs by acting as both sources and
maintenance hosts for disease (Kock, 2005). For example, East Coast
Fever, caused by the protozoan parasite Theileria parva,  originates
from African buffalo which harbor “silent” infections, and now cir-
culates in cattle, which often succumb to the disease (Bengis et al.,
2002; Olwoch et al., 2008). Similarly, free-ranging white-tailed deer
(Odocoileus virginianus) and sika deer (Cervus nippon) have been
identified as reservoir hosts that maintain transmission of piro-
plasm (Babesia bigemina, B. ovis) and rickettsial (Anaplasma bovis,
A. centrale, A. phagocytophilum, and Ehrlichia spp.) TBHs endemic

to livestock in Mexico and Japan, respectively (Cantu et al., 2007;
Kawahara et al., 2006). Livestock TBHs may also impact wildlife
(Miller et al., 2013), although TBH spillover from livestock to

dx.doi.org/10.1016/j.vetpar.2016.07.005
http://www.sciencedirect.com/science/journal/03044017
http://www.elsevier.com/locate/vetpar
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ildlife populations has received less attention and clear examples
re absent from the literature.

One way to understand the likelihood of pathogen spillover
s to quantify the frequency with which wildlife and livestock
hare pathogens under natural conditions. Increased TBH sharing
etween wildlife and livestock may  occur for at least three reasons.
irst, interactions between wildlife and livestock are expanding
ue to human-induced changes (Miller et al., 2013; Wiethoelter
t al., 2015). As such, increases in direct or indirect contact (e.g.
abitat overlap) may  facilitate exposure and sharing of previously

solated pathogens (Daszak et al., 2001; Maxwell et al., 2013).
uman translocation of wildlife or livestock to new areas is one
ossible means of increasing contact between wild and domestic
pecies. Translocations have resulted in outbreaks and mortality
mong naïve inhabitants—as was the case in cattle when Thei-
eria parva-infected buffalo were translocated to the Highveld of
imbabwe (Latif et al., 2002). Second, many TBHs are vectored
y ticks that have broad host ranges and require multiple blood
eals to complete their lifecycles (Jongejan and Uilenberg, 2004).

athogens vectored by ticks with catholic feeding habits are more
ikely to be shared between species, because these vectors can facil-
tate exposure to new hosts with each feeding event (McCoy et al.,
013; Shaw et al., 2001). Theileria parva is a striking example of
his, being vectored primarily by the brown ear tick (Rhipicephalus
ppendiculatus), which requires three separate hosts to complete
evelopment. Interestingly, this tick has been collected from over

 hundred host species (Cumming, 1998; Jongejan and Uilenberg,
004), which may  contribute to T. parva’s propensity for trans-
ission across the wildlife-livestock interface. Finally, hosts that

re phylogenetically closely related are often more likely to share
athogens than distantly related hosts, due to physiological and
cological similarity (Davies and Pedersen, 2008). For example,

 recent study of 16 TBH species circulating among 18 wild and
omestic ungulates in South Africa found that TBHs tended to clus-
er by the phylogenetic history of hosts (Berggoetz et al., 2014).

On the African continent, TBHs of greatest concern include
rotozoan piroplasms of the genera Babesia and Theileria, and rick-
ttsial bacteria of the genera Anaplasma and Ehrlichia. These species
re common in cattle, sheep, and goats (Njiiri et al., 2015; Uilenberg,
995), and are an increasingly reported in wildlife (Criado-Fornelio
t al., 2004; Eygelaar et al., 2015; Heyman et al., 2010). How-
ver, descriptions of TBH sharing between wildlife and livestock
re infrequent. Here, we examine the extent to which these TBHs
re shared between a wild (Grant’s gazelle) and domestic (sheep)
uminant in central Kenya. In this region, livestock densities are
ncreasing, and there is extensive overlap between livestock and

ildlife populations (Georgiadis et al., 2007; Kinnaird and O’Brien,
012). Interestingly, a close relative of Theileria ovis (a common TBH
f sheep; Altay et al. (2005)), was recently isolated from Grant’s
azelle (Nanger granti)  (Hooge et al., 2015). This raises the question
f whether this new genotype is transmissible to domestic ani-
als, which extensively overlap with wildlife in the study region.
rant’s gazelle occur across East Africa, can persist at high live-
tock density (Georgiadis et al., 2007), and also host a number of
ick species known to infest livestock (Walker et al., 2003). Using

olecular detection by PCR and sequencing, we screened Grant’s
azelle samples collected in three separate years for the piroplasms
abesia and Theileria, and the rickettsiae Anaplasma and Ehrlichia.
e compared these TBH profiles to those from sheep inhabiting

igh wildlife density (considerable wildlife-livestock overlap) and
ow wildlife density (little wildlife-livestock overlap) areas. This
pproach allowed us to investigate: (1) whether we  could detect

dentical parasite genotypes in sheep and gazelle, and (2) whether
hese genotypes were more likely to be shared under conditions of
reater host overlap.
tology 226 (2016) 167–173

2. Methods

2.1. Animal sampling

This research was  approved by the University of Georgia Animal
Care and Use Committee (#A2013 08-018-Y3-A1 and #A2015 04-
004-Y1-A0). All samples were collected in Laikipia County, Kenya.
Grant’s gazelle were sampled at the Mpala Research Center (MRC)
in August 2009 (n = 62), July 2011 (n = 62), and June 2015 (n = 58).
The total samples size (n = 182) represents 40–60% of the total
gazelle population at MRC  during the sampling period. Gazelle
were captured by helicopter using a hand-held net gun fired from
the aircraft. Sheep were sampled at two  locations: MRC  (n = 50),
a private ranch with low-intensity livestock production and con-
siderable wildlife-livestock overlap, and Lekiji (n = 84), an adjacent
community-owned ranch with higher intensity livestock produc-
tion and significantly less wildlife-livestock overlap (Georgiadis
et al., 2007). Sheep sampling occurred between June 8 and July
1 2015. Samples from MRC  were collected from a single herd of
92 animals, while samples from Lekiji were collected from eight
herds that varied in size from 17 to 112 animals. Owner consent
was granted prior to all sampling.

For all animals, blood was  collected from the jugular vein into
10 mL  heparinized vacutainer tubes as described in Ezenwa et al.
(2012). In addition to blood sampling, we also collected informa-
tion on the number of days since the last acaricide treatment for
sheep, since we  considered that regular treatment could diminish
the prevalence and therefore detection rate of TBHs in this species.
All blood samples were kept on ice in the field until transport to
the laboratory where they were stored at −20 ◦C until processing.

2.2. Parasitological analyses

DNA was  extracted from 100 �L of whole blood using the Qia-
gen DNeasy Blood and Tissue Kit (Qiagen, CA, USA) according to
the manufacturer’s instructions. To screen for Babesia/Theileria, we
followed the polymerase chain reaction (PCR) protocol (reagents
and cycling parameters) used by Hooge et al. (2015). This method
amplified a ∼450 bp fragment of the V4 hypervariable region of
18S ribosomal DNA. Specifically, primers RLB F2 (5′-GAC ACA GGG
AGG TAG TGA CAA G-3′) and RLB R2 (5′-CTA AGA ATT TCA CCT
CTA ACA GT-3′) were used (Gubbels et al., 1999). The results of
Babesia/Theileria infection from the 2009 Grant’s gazelle sample set
were recently published (Hooge et al., 2015); here, we  screened
gazelle samples from 2011 and 2015 and all sheep samples (2015,
MRC  and Lekiji).

To screen for Anaplasma/Ehrlichia, we amplified a ∼450 bp frag-
ment of the V1 hypervariable region of 16S ribosomal DNA using
previously published primers EHR-F (5′-GGA ATT CAG AGT TGG ATC
MTG  GYT CAG-3′) and EHR-R (5′-CGG GAT CCC GAG TTT GCC GGG
ACT TYT TCT-3′) (Bekker et al., 2002). This reaction was  carried out
in 25 �L volumes. The reaction mixture contained 3 �L of template
DNA, 0.4 �M of each forward and reverse primer, 200 �M of dNTP,
2.5 �L 10X PCR buffer, 2.0 mM of MgCl2, 5 �L 360 GC Enhancer,
and 0.25 �L (1.25 units) of AmpliTaq Gold 360 DNA Polymerase (all
reagents from Thermo Fisher Scientific, NY, CA, USA). Reactions
were cycled with the following thermal profile: 95 ◦C for 10 min,
35 cycles of 95 ◦C for 30 s, 55.5 ◦C for 30 s, and 72 ◦C for 60 s, and a
final 10 min  extension at 72 ◦C. All gazelle samples (2009, 2011 and
2015), and all sheep samples (2015, MRC  and Lekiji) were screened
by this method.

All PCR products were electrophoresed on a 1% agarose gel

stained with GelRed (Biotium Inc., CA, USA) and visualized
under UV light to determine positivity for Babesia/Theileria and
Anaplasma/Ehrlichia. A subset of samples with the most brightly
banded PCR products were selected for sequencing. A total of 38
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azelle samples (n = 18 from 2015, 20 from 2011) and 36 sheep
amples (n = 18 from MRC, 18 from Lekiji) were sequenced for
abesia/Theileria. In addition, 21 gazelle samples (n = 1 from 2015,
3 from 2011, 7 from 2009) and 34 sheep samples (n = 7 from MRC,
7 from Lekiji) were sequenced for Anaplasma/Ehrlichia. Selected
amples were purified using the QIAquick PCR Purification Kit
Qiagen, CA, USA) and Sanger sequenced on an ABI3730 Genetic
nalyzer (Applied Biosystems, CA, USA) using both forward and
everse primers. Sequencing results were edited using Geneious v.
.1 (Biomatters, Auckland, New Zealand).

.3. Statistical analyses

To test for effects of acaricide treatment on TBH infection sta-
us in sheep, we used generalized linear mixed models (GLMMs)
ith a binomial error distribution. Two separate models were run
ith either Theileria or Anaplasma infection status as the response

ariable. Infection status was classified as a binary variable (either
ninfected or infected). The main predictor variable was  time since

ast acaricide treatment; age, sex, and location (MRC or Lekiji) were
ncluded as covariates. Herd membership was  also included as a
andom effect. Models were run in R v. 3.2.0 (R-Development-Team,
015).

.4. Phylogenetic analyses

Theileria and Anaplasma sequences were separately aligned
n ClustalX v. 2.1. Theileria sequences isolated from gazelle and
heep in this study were aligned with 76 representative Theileria
equences (including the GG1, GG2 and GG3 genotypes identi-
ed by Hooge et al. (2015) from 2009 gazelle) and a Toxoplasma
ondii outgroup sequence. Anaplasma sequences isolated in this
ork were aligned with 29 representative Anaplasma sequences

nd an Ehrlichia ruminatum outgroup sequence. All representative
equences used were available from Genbank (see S4), and were
equired to fit two of three criteria for inclusion: (1) belonging to
cientific papers published in peer-reviewed literature; (2) isolated
rom African mammals; (3) isolated from ungulates (both Artio-
actyla and Perrisodactyla). For both alignments, poorly aligned
egions were manually adjusted and regions of ambiguous align-
ent were identified and removed in Gblocks v. 0.91 using the

east stringent parameter settings (Castresana, 2000; Talavera and
astresana, 2007). Alignments were trimmed to identical lengths
nd models of sequence evolution were selected using the MrMod-
lTest v. 2.3 executable in PAUP* v. 4 (Nylander, 2004; Swofford,
003).

Phylogenetic relationships were reconstructed using maximum
ikelihood methods in PhyML v. 3.0 (Guindon et al., 2010; Guindon
nd Gascuel, 2003). Specifically, the Tamura-Nei model with
amma  shape parameter and fixed (invariant) sites was selected
or Theileria (Tamura and Nei, 1993), while the Kimura 2-parameter

odel with a gamma  shape parameter and fixed sites (Kimura,
980) was selected for Anaplasma.  Phylogeny support was  assessed
sing 1000 bootstrap iterations. Percentage nucleotide similarity
ithin and between clades was calculated for both Theileria and
naplasma using 1000 bootstrap replicates of the uncorrected pair-

ise proportion of divergent nucleotides (p-distance) in MEGA v.

.0 (Tamura et al., 2013). Sequence data reported in this paper are
vailable in GenBank under accession numbers KU569699 (Theile-
ia) and KU569700-4 (Anaplasma).
tology 226 (2016) 167–173 169

3. Results

3.1. Patterns of infection

3.1.1. Babesia/Theileria
A total of 120 Grant’s gazelle samples from 2011 (n = 62) and

2015 (n = 58), and 134 sheep samples from MRC  (n = 50) and Lekiji
(n = 84) were screened for Babesisa/Theileria (Table 1). In gazelle,
a 98.4 and 100% prevalence of Babesia/Theileria was  detected in
2011 and 2015, respectively, which is similar to the 100% preva-
lence documented by Hooge et al. (2015) for animals sampled
in 2009 (n = 65). In sheep, 58% of animals sampled at MRC  and
71.4% of animals sampled at Lekiji were Babesia/Theileria positive
(Table 1). There was  no association between time since the last
acaricide treatment and Babesia/Theileria infection status (Number
days since acaricide treatment: Z = −0.52, P = 0.603; Age: Z = 1.60,
P = 0.111; Location (MRC): Z = −2.44, P = 0.015; Sex (Male): Z = 1.97,
P = 0.049), so it seems unlikely that treatment affected our ability
to detect this parasite in sheep. All sequenced samples from both
gazelle and sheep were identified as Theileria spp., which suggests
that infections by Babesia were absent.

3.1.2. Anaplasma/Ehrlichia
A total of 179 Grant’s gazelle samples from 2009 (n = 59), 2011

and 2015 (n as above) and 134 sheep samples from MRC  and
Lekiji (n as above) were screened for Anaplasma/Ehrlichia. Grant’s
gazelle had a prevalence of 52.5, 41.9, and 1.7% in 2009, 2011,
and 2015, respectively. In sheep, 14.0% of animals sampled at MRC
and 66.7% sampled at Lekiji were positive for Anaplasma/Ehrlichia.
As with Theileria, there was no relationship between time since
last acaricide treatment and Anaplasma/Ehrlichia prevalence in
sheep (Number days since acaricide treatment: Z = 1.001, P = 0.314;
Age: Z = 1.95, P = 0.051; Location (MRC): Z = −3.73, P = < 0.001; Sex
(Male): Z = −1.61, P = 0.108). All sequenced samples from both
gazelle and sheep were identified as Anaplasma spp., suggesting
that infections by Ehrlichia were absent.

3.2. Phylogenetic relationships

3.2.1. Theileria
From 38 Grant’s gazelle and 36 sheep samples sequenced, 14

gazelle and seven sheep sequences had conspicuous overlapping
chromatogram peaks that were suggestive of co-infection, as has
been found previously in Grant’s gazelle (Hooge et al., 2015).
Another five sheep sequences were of poor quality. These 26
sequences were omitted from phylogenetic analyses. The remain-
ing 48 sequences from gazelle (2011: n = 11 & 2015 n = 13) and
sheep (MRC: n = 11 & Lekiji: n = 13) were used for phylogenetic
reconstruction. These analyses revealed two distinct Theileria geno-
types that were specific to either sheep or gazelle (Fig. 1). Within
these genotypes, all sequences were 100% identical. The sheep
genotype, designated ThSh1 (for Theileria Sheep Genotype 1),
contained all 24 sheep sequences, and was  99.9% identical to rep-
resentative T. ovis sequences. The gazelle genotype contained all 24
gazelle sequences and was 100% identical to GG2, a genotype pre-
viously described by Hooge et al. (2015) (Fig. 2). Interestingly, GG2
was the only genotype isolated from 2011 and 2015 gazelle sam-
ples, although Hooge et al. (2015) isolated GG1 and GG3 in addition
to GG2 from 2009 samples. The GG2 genotype differed from GG1 by
a single nucleotide substitution, and shared 94.5% nucleotide iden-
tity with GG3. GG2 shared 99.4% sequence identity with T. ovis,  and
appears to be sister to the clade containing both T. ovis and the

newly identified sheep genotype ThSh1.

The sheep (ThSh1) and gazelle (GG2) genotypes identified in
this study were 99.4% identical. These genotypes differed by five
nucleotides that were consistent based on host isolation source
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Table 1
Prevalence of TBHs Theileria and Anaplasma based on PCR and sequencing. “n” indicates the total number of samples collected.

Grant’s Gazelle – MRCa Sheep – 2015

2015 (n = 58) 2011 (n = 62) 2009 (n = 59) TOTAL (n = 179) MRC  (n = 50) Lekiji (n = 84) Total (n = 134)

Theileria 100.0 98.4 100.0 99.4 58.0 71.4 66.4
32
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Anaplasma 1.7 41.9 52.5 

a MRC  = Mpala Research Center.

gazelle or sheep). ThSh1 shared 99.4 and 93.7% nucleotide simi-
arity with GG1 and GG3, the two gazelle genotypes reported from
ooge et al. (2015). Both sheep and gazelle genotypes were most
ivergent from T. equi (87% sequence similarity), and shared 76%
imilarity with the outgroup Toxoplasma gondii (see S1 for all pair-
ise distance calculations).

.2.2. Anaplasma
Out of 21 Grant’s gazelle and 34 sheep samples sequenced, 19

azelle and 25 sheep samples returned usable sequence data. Two
azelle and six sheep samples had conspicuous overlapping chro-
atogram peaks suggestive of co-infection. This included the only

azelle sample positive for Anaplasma in 2015. An additional three
heep sequences were of poor quality. All 11 of these sequences
ere omitted from further analyses. The remaining 44 sequences

rom gazelle (2009: n = 7 & 2011: n = 12) and sheep (MRC: n = 3
 Lekiji: n = 22) were used for phylogenetic reconstruction. These
nalyses revealed that the Anaplasma genotypes detected in this
tudy sorted into five distinct clades. These clades were designated
nSh1, AnGa2, AnSh3, AnGa4, and AnGa + Sh5 to represent the
enus (An for “Anaplasma”), host species the sample was isolated
rom (Ga for “gazelle” or Sh for “sheep”), and an arbitrary numeric
alue of 1–5 to represent the five clades discovered here. Genotypes

 and 3 were only isolated from sheep, and genotypes 2 and 4 were
nly isolated from gazelle. Genotype 5 was isolated from both sheep
nd gazelle. The first genotype, AnSh1, comprised 56% of all suc-
essfully sequenced sheep samples. AnSh1 formed a monophyletic
lade that was sister to AnGa2 and AnSh3, and 99.7% sequence sim-
larity, respectively. AnGa2 comprised 16% of sequenced gazelle
amples, and shared 99.5% similarity with AnSh3, which com-
rised 36% of all sequenced sheep samples. These three genotypes
ll differed from one another by three nucleotide substitutions,
nd formed a monophyletic sister group to representative A. ovis
equences. AnSh1, AnGa2 and AnSh3 shared 99.5, 99.0, and 99.3%
equence similarity with the A. ovis clade, respectively. AnGa4 com-
rised 63% of all sequenced gazelle samples. AnGa4 clustered with
he A. bovis clade and shared 99.1% sequence identity with other A.
ovis sequences. The AnGa4 and A. bovis clade was sister to the clade
ontaining A. centrale, A. marginale,  A. ovis, and AnSh1, AnGa2, and
nSh3. The gazelle genotype AnGa4 shared greater sequence simi-

arity (96.7%) with the gazelle genotype AnGa2, than with the sheep
enotypes AnSh1 and AnSh3 (96.1%). Finally, AnGa + Sh5 sequences
ere isolated from both Grant’s gazelle and sheep. 25% of success-

ully sequenced gazelle samples in 2009 and 14% in 2011 were
nfected with the AnGa + Sh5 genotype, compared with 9% of sheep
rom Lekiji and none from MRC. This genotype was the most diver-
ent of those isolated in this study, sharing between 95.2 (AnSh1,
nGa2, AnSh3) and 97.2% (AnGa4) sequence similarity with the
ther genotypes isolated here. AnGa + Sh5 sequences fell within the
. platys species complex and shared 99.3% sequence identity with
ther A. platys sequences (see S2 for all pairwise distance calcula-
ions).
. Discussion

This study investigated the potential for TBH sharing between
ne wild and one domestic ruminant in central Kenya. Based on
.4 14.0 66.7 47.0

habitat overlap, shared tick vectors, and family-level phylogenetic
relatedness, we expected that Grant’s gazelle and sheep would
share some of their TBHs. We  discovered seven distinct TBH geno-
types (two Theileria spp., and five Anaplasma spp.), and only one
(Anaplasma: AnGa + Sh5) was identical in both gazelle and sheep.
Interestingly, this genotype was only detected in sheep at the
high-intensity livestock site where overlap with wildlife (includ-
ing gazelle) is limited (Georgiadis et al., 2007). These results suggest
that despite an opportune system for pathogen sharing, the major-
ity of TBH infections are not shared across the wildlife-livestock
interface in this system.

Although there was  one identical TBH genotype (AnGa + Sh5)
in sheep and gazelle, this was  the most uncommon Anaplasma
genotype in sheep, isolated from only 8% of sequenced samples
(compared to AnSh1 [56%] and AnSh3 [36%]). AnGa + Sh5 was also
rare in gazelles, isolated from 21% of sequenced gazelle samples
(compared to AnGa2 [16%] and AnGa4 [63%]). Interestingly, this
genotype clustered with A. platys sequences and may  therefore be
a divergent member of this clade. A. platys is typically considered
an exclusive canine parasite that causes infectious canine cyclic
thrombocytopenia, a disease associated with low platelet counts
in dogs (Harvey et al., 1978; Yabsley et al., 2008). However, other
recent studies have identified A. platys-like sequences in ruminants,
including cattle and goats in China (Liu et al., 2012; Yang et al.,
2015), and sheep from Sardinia and South Africa (Berggoetz et al.,
2014; Zobba et al., 2014). Given our discovery of an A. platys-like
genotype in both a wild ruminant and domestic ruminant in Kenya,
future research to determine whether ruminants can act as alter-
native hosts for A. platys (as suggested by Yang et al. (2015)) or
whether they host phylogenetically similar lineages with distinct
host ranges seems warranted.

The majority of genotypes isolated in this study differed
between gazelle and sheep by five or fewer nucleotides (Theile-
ria: ThSh1 and GG2; Anaplasma: AnSh1, AnGa2, AnSh3; see S3
for alignments). While these substitutions alone may not pre-
clude transmissibility between hosts, the conservation of these
nucleotide differences between hosts suggests that Grant’s gazelle
genotypes are not necessarily readily transmissible to sheep, or vice
versa. This notion of minor genetic host specificity corroborates
results of previous research by de la Fuente et al. (2007), which
found that genotypes of A. ovis from wild mule deer (Odocoileus
hemionus) and bighorn sheep (Ovis canadensis)  were distinct by
between one and three nucleotides from previously character-
ized genotypes of domestic sheep. Similarly, research in central
Spain found that while overlapping populations of Iberian red
deer (Cervus elaphus hispanicus)  and domestic cattle both harbored
Anaplasma marginale and A. phagocytophilum,  each species pos-
sessed distinct genotypes that were >95% genetically similar to one
another (De La Fuente et al., 2005). Taken together, it seems possi-
ble that these host-specific genotypes are less readily transmissible
across the wildlife-livestock interface. Nevertheless, wildlife and
livestock co-habitation may  still influence TBD dynamics by con-
tributing to the maintenance of generalist tick populations.
Aside from the examples above, studies that compare the TBHs
of wild and domestic species occurring in the same geographic area
are rare. One notable exception characterized the infections of 18
wild and domestic hosts, which harbored 16 TBHs of the genera
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T. sp ThSh1 [24] (Sheep)
T. ovis [12] (Cattle, Chamois, Goat, Sheep)
T. sp GG2 [KP641657] [24] (Grant’s Gazelle)
T. sp GG1 [KP641656] (Grant’s Gazelle)

T. lestoquardi [3] (Sheep, Goat)
T. annulata [3] (Cattle)

T. taurotragi [L19082] (Cattle) 
T. parva [4] (African Buffalo)

T. sp1 [4] (African Buffalo)
T. sp [KF597069,72] (Waterbuck)

T. sp [JQ928934] (Giraffe)
T. sp [FJ213582] (Giraffe) 

T. sp [GU373974] (Fallow Deer)

T. capreoli [KJ188220] (Red Deer)
T. sp [JQ928921] (Giraffe)

T. sp [AF529273] (Sika Deer)

T. sp OT3 [4] (Red Deer, Sheep)

T. sp [AB602880] (Japanese Serow)

T. sp [L19081] (Sable Antelope)
T. separata [AY260175] (Sheep)

T. sp [AY654881] (An telope)

T. sp [AY748466] (Grey Duiker)

T. sp GG3 [KP641655] (Grant’s Gazelle)
T. luwenshuni [2] (Sheep)

T. sp [KF597086] (Waterbuck)

T. sp [AY748465] (Greater Kudu) 

T. buffeli [2] (African Buffalo)

T. sinensis [2] (African Buffalo, Cattle)
T. orientalis [KC414100] (Sheep)

T. sergenti [AB016074] 
T. sp [DQ256381] (Buffalo)

T. sp [U97051] (Cattle)

T. velifera [4] (African Buffalo, Cattle)
T. sp [JQ928926]  (Giraffe)

T. mutans [4] (African Buffalo, Cattle)

T. uilenbergi [4] (Red Deer, Sheep, Sika Deer)
T. bicornis [AF499604] (Black Rhino)

T. equi [3] (Horse)

Toxoplasma gondii [L37415]
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Fig. 1. Maximum likelihood (TN93 G + I) phylogenetic reconstruction of Theileria. Sequences isolated from this work shown in bold and black, while sequences isolated from
2009  gazelle from the same population (Hooge et al., 2015) are shown in bold and grey. Square brackets indicate either the number of sequences, or the Genbank accession
n n num
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n
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f
T
(
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umber if only one or two sequences are represented. See S4 for Genbank accessio
ndicate  the hosts that the sequences were isolated from. Numeric values at the nod
ucleotide substitutions per site.

abesia, Theileria, Anaplasma and Ehrlichia (Berggoetz et al., 2014).
he study described broader host ranges than previously reported

or several TBHs, including multiple Theileria (T. bicornis, T. buffeli,
. separata, T. sp.) and Anaplasma (A. centrale, marginale)  species
Berggoetz et al., 2014). This appears contrary to our results of
ubtle nucleotide specificity between host species. However, Berg-
bers of all sequences used. Where possible, round brackets were also included to
icate bootstrap support established through 1000 permutations. Scale bar indicates

goetz and colleagues used reverse line blot (RLB) hybridization to
detect species or genus-level TBH infection. The RLB approach is a

widely used method for TBH detection (Bekker et al., 2002; Gubbels
et al., 1999; Schnittger et al., 2003), and has the advantage of being
able to detect multiple species even among co-infected samples.
Indeed, inability to use co-infected samples is a limitation of this
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A. sp AnSh1 [14] (Sheep)
A. sp AnGa2 [3] (Grant’s Gazelle)

A. sp AnSh3 [9] (Sheep)
A. ovis [KM246795] (Mongolian Gazelle)
A. ovis [AJ633061] (Sheep)
A. ovis [AF414870]

A. ovis [AJ633052] (Sheep)
A. centrale [4] (Cattle)

A. marginale [6] (Cattle, Eland, Goat, Wildebeest)
A. bovis [KM186944] (Mongolian Gazelle)

A. bovis [AB211163] (Deer) 
A. bovis [GU937023] (Racoon)
A. bovis [AB588965] (Wild Boar)

A. bovis [AY144729] (Rabbit)
A. sp AnGa4 [12] (Grant’s Gazelle) 

A. phagocytophilum [6] (Gazelle, Deer, Rodents)
A. odocoilei [2]  (White Tailed Deer)

A. platys [EF139459] (Dog)
A. platys [KF826284] (Dog)

A. sp AnGa+Sh5 [6] (Grant’s Gazelle + Sheep)
Ehrlichia ruminatum [X61659]
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Fig. 2. Maximum likelihood (K2 G + I) phylogenetic reconstruction of Anaplasma, with sequences isolated from this work shown in bold. Square brackets indicate either the
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tudy. However, PCR-based amplification and sequencing in this
tudy allowed the detection of fine-scale genetic differences that
ay not be distinguishable with RLB. Future research attempting to

uantify the actual cross-species transmission potential of closely
elated TBH genotypes is needed to better understand the natural
ost range of these pathogens.

In addition to determining the extent of TBH sharing occurring
etween wildlife and livestock, we also identified several novel
BH genotypes. For example, finding additional gazelle sequences
hat cluster with Theileria GG2 supports the conclusions of Hooge
t al. (2015) that this genotype, along with GG1, form an unchar-
cterized clade which should be further investigated for putative
pecies designation. In addition, no other genotype identified was
00% identical to previously characterized sequences. Discovery
f novel genotypes is a recurring pattern in studies that gener-
te TBH sequence data, especially in wildlife. For example, a study
f Mongolian gazelle (Procapra gutturosa) in China detected four
naplasma species (A. bovis, A. ovis, A. phagocytophilum, and an
ncharacterized lineage) and several divergent forms of Theileria

uwenshuni (Li et al., 2014). Similarly, several new genotypes of
heileria have been identified in waterbuck (Kobus defassa) and
frican buffalo from Kenya (Chaisi et al., 2013; Githaka et al., 2014).
aken together, these results suggest that there remains significant
ncharacterized diversity within TBHs.

. Conclusions

This study discovered new genotypes of both Theileria and
naplasma in domestic sheep and wild Grant’s gazelle, which sup-
orts a common pattern of substantial genetic diversity within
BHs. Perhaps more intriguingly, however, we discovered that
espite opportune conditions for transmission across the wildlife-
ivestock interface, there was limited evidence of TBH sharing
etween this spatially overlapping pair of wild and domestic
mall ruminant. Although considerable attention has focused on
athogens that transmit across host species, the frequency of
 represented. See S4 for Genbank accession numbers of all sequences used. Where
 isolated from. Numeric values at the nodes indicate bootstrap support established

tick-borne hemoparasite sharing we document here suggests that
transmission between livestock and wildlife may  be less common
than is widely expected.
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