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Abstract

Although parasites represent a major component of biodiversity, they remain poorly assessed,
especially in remote regions. In this study, we screened 461 reptiles from Socotra, the largest
and most biologically diverse archipelago in Arabia. Using 18S rRNA primers, we detected
various apicomplexan parasites, namely haemogregarines, sarcocystids and eimeriids.
Haemogregarines were the most common and genetically diverse, followed by sarcocystids
(genus Sarcocystis) and eimeriids (genera Isospora and Lankesterella). All were related to para-
sites of other reptiles, including species from Arabia, Northern Africa and Asia. Like their 29
endemic reptile hosts, almost all Socotran parasites presented high genetic divergence and
ecological differences from those found elsewhere, and probably represent undescribed
endemic species. Among hosts, skinks were the most parasitized, which contrasted with simi-
lar studies from other areas, probably due to their more generalist diet and habitat use. As
expected due to its high species richness, geckos harboured the highest parasite diversity in
the archipelago. Parasite diversity also seemed to be correlated to island size, as the largest
island harboured most haplotypes. This study emphasizes the importance of screening
parasites in wild hosts from remote regions and of considering host ecology to understand
disease transmission across taxa.

Introduction

The Socotra Archipelago, located in the northwest Indian Ocean, is notable for its unique flora
and fauna. It comprises four islands of continental origin, Socotra, Abd al Kuri, Samha and
Darsa, with a total area of 3976 km? (Fig. 1). The islands detached from Gondwana (more spe-
cifically from present-day Southern Oman) as the Arabian plate moved northward into Eurasia
about 20 Mya (Autin et al, 2013), and have been isolated from the mainland since then.
Although less than 100 km away from the Horn of Africa, this archipelago is a governorate
of Yemen. The ancient continental origin and geographical position of Socotra (in between
Africa and Arabia), together with its climatic conditions and varied topography, have given
rise to a remarkable endemic biodiversity (Van Damme, 2009). Due to these high levels of
endemism, Socotra was designated a Natural World Heritage site by UNESCO in 2008, and
was included in the Horn of Africa biodiversity hotspot, one of the most threatened in the
world (Mittermeier et al., 2011). Among vertebrates, Socotra has no amphibians and the
endemic fauna includes probably one mammal species, 11 birds and 29 reptiles (Razzetti
et al., 2011; Sindaco et al., 2012; Vasconcelos and Carranza, 2014). In fact, all native reptiles,
with the exception of two recently introduced geckos, Hemidactylus robustus and
Hemidactylus flaviviridis (Razzetti et al., 2011), are endemic to the archipelago. Reptiles there-
fore constitute one of its most relevant examples of endemism, with many species being the
result of in situ radiation (Gémez-Diaz et al., 2012; Tamar et al., 2019), and five out of 12 gen-
era of reptiles being endemic.

While a recent study indicates that reptile diversity in the Socotra Archipelago might be
under-estimated by 13.8-54.4% (Vasconcelos et al., 2016), the situation is certainly worse
for the microorganisms that inhabit them, such as blood and intestinal parasites. In particular,
parasites of the phylum Apicomplexa are one of the most poorly studied organisms (Morrison,
2009). They are among the most frequently reported parasites of reptiles (Jacobson, 2007).
Previous genetic studies have revealed high levels of apicomplexan diversity in reptiles, espe-
cially in biodiversity hot spots and endemic communities (e.g. Harris et al., 2012; Tomé et al.,
2013, 2016, 2018; Maia et al., 2016; Megia-Palma et al., 2016). Due to their isolation from the
mainland and other characteristics, islands frequently have unique apicomplexan lineages
(Harris et al., 2011; Maia et al, 2014; Tomé et al., 2018). However, interest in parasite
communities goes beyond descriptive purposes. Parasites are also ideal models for studying
biogeographic patterns and diversification of their insular hosts, and the effect of colonization
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Fig. 1. Geographic location of the Socotra Archipelago and distribution of the reptiles screened for parasites for this study, including infected and non-infected
hosts. Three groups of parasites were detected: haemogregarines (squares), sarcocystids (diamonds) and eimeriids (triangles). Colours indicate the parasite hap-
lotypes identified based on the 18S rRNA gene. It should be noted that some points might overlap, please check Supplementary Table S1 for further information on

the location of haplotypes.

and host population expansion on parasite traits, such as
host-switching and specificity (Tomé et al., 2018). For instance,
when a parasite first arrives in a new habitat, it may remain
restricted to its original host or adapt to use the new hosts it
encounters, if it manages to arrive and successfully establish in
the first place. In the long term, this may promote a diversity
decrease, higher prevalence values and a larger niche (reflected
in a lower host-specificity and more frequent host-switching
events) than mainland species (collectively called as the ‘parasite
island syndrome’; Nieberding et al., 2006). Understanding such
processes is important to gain a better knowledge on inter-species
interactions and the role of parasites in wild communities, but
also on disease transmission dynamics.

In the current study, we screened tissue samples from 461
Socotran reptiles for the presence of apicomplexan parasites,
namely haemogregarines, sarcocystids and eimeriids, which are
frequently found infecting reptiles (e.g. Harris et al, 2012;
Tomé et al, 2013; Maia et al, 2016). Haemogregarines are
blood parasites with heteroxenous life-cycles with a definitive
invertebrate host, and an intermediate vertebrate host, such as
reptiles (Telford, 2009; Karadjian et al., 2015). Sarcocystidae is a
large family of parasites, which includes most notably the genus
Sarcocystis. These parasites include two types of vertebrate
hosts, often a predator and a prey (Duszynski and Upton,
2009). Eimeriorina are intestinal parasites that mainly infect
only one type of host (Upton, 2000). As exceptions, the
reptile-infecting Lankesterella and Schellakia are transmitted by
various hematophagous invertebrates, which act solely as parate-
nic hosts (Telford, 2009). Traditionally, these genera have been
grouped in the same family, Lankesterellidae, but recent phylo-
genetic studies have shown these to be polyphyletic
(Megia-Palma et al., 2016). Even though the taxonomy of these
groups is still under review, it is now accepted that Schellackia
forms its own family, while Lankesterella is more closely related
to some species of Isospora and Eimeria, members of the family
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Eimeriidae (Megia-Palma et al, 2016). The objective of our
study was to assess the diversity and host associations of apicom-
plexan parasites to ascertain if, like their hosts, Socotran parasites
presented endemic diversity and how the conditions on the archi-
pelago affected their ecology.

Materials and methods
Sample collection

Between 2007 and 2014, a total of 461 reptiles were sampled
across 200 localities in the four islands of the Socotra
Archipelago (see Fig. 1 and Table 1). For each individual, a
small tail tip was collected and preserved in 96% ethanol for sub-
sequent molecular analysis. After processing, all individuals were
released at the site of capture, which was registered using a GPS
device (see Supplementary Table S1 for coordinates and screening
information per locality). Sampling included 26 of the 31 reptile
species occurring in the archipelago of nine families from the fol-
lowing reptile groups: snakes (n =23 samples), geckos (n = 328),
skinks (n =41), lacertids (n=59) and chamaeleonids (n = 10).

Molecular screening of parasites

DNA was extracted from tail-tip tissues using the Speedtools tis-
sue DNA extraction kit (Biotools, Madrid, Spain) or the standard
saline protocol (Sambrook et al, 1989; Maia et al, 2014).
Conventional PCR amplification was made using the primers
HepF300 (5-GTTTCTGACCTATCAGCTTTCGACG-3’) and
HepR900  (5'-CAAATCTAAGAATTTC  ACCTCTGAC-3)
(Ujvari et al., 2004), targeting part of the 18S rRNA gene region.
For each PCR, 20 uL reaction mixture was prepared containing
1U of GoTaq® DNA Polymerase (5uuLl™'), 1.5mm MgCl,
(25 mmMm), 0.125 mMm of each nucleotide, 1X GoTaq® Flexi Buffer,
0.6 mM of each primer and 2 uL of DNA extraction. The reaction
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Table 1. List of reptile taxa screened for the three groups of apicomplexan parasites in the Socotra Archipelago

Host Haemogregarines Sarcocystids Eimeriids
Taxa Distribution n nl P % h P % h P % h
SNAKES 23 20 1 4.3 4
Colubridae 4 4
Hemerophis socotrae So, Sa, Da 4 4
Lamprophiidae 17 15 1 5.9 4
Ditypophis vivax So 17 15 1 5.9 4
Leptotyphlopidae 2 1
Myriopholis filiformis So 2 1
GECKOS 328 152 12 3.7 1,2,35 2 0.6 2,3 1 0.3 1
Gekkonidae 124 78 3 2.4 3,5 1 0.8 2
Hemidactylus So 14 3
dracaenacolus
Hemidactylus flaviviridis* So, Ot 1 1
Hemidactylus forbesi Ab 2 2 1 50.0 3
Hemidactylus granti So 2 1
Hemidactylus homoeolepis So, Sa, Ab 24 24
Hemidactylus inintellectus So 51 35
Hemidactylus oxyrhinus Ab 2 1 1 50.0 2
Hemidactylus pumilio So 25 22 2 8.0 5
Hemidactylus robustus* So, Sa, Ot 3 2
Phyllodactylidae 54 24 4 7.4 1,2 1 1.9 3 1 1.9 1
Haemodracon riebeckii So, Sa 24 16 2 8.3 1 1 4.2 3
Haemodracon trachyrhinus So 30 11 2 6.7 1,2 1 33 1
Sphaerodactylidae 150 7 5 33 1,2
Pristurus abdelkuri So, Ab 4 4
Pristurus guichardi So 5 5
Pristurus insignis So 13 13 2 15.4 2
Pristurus insignoides So 1 1
Pristurus obsti So 25 15 1 4.0 2
Pristurus sokotranus So 102 49 2 2.0 1,2
OTHER REPTILES 110 72 22 20.0 1,2,3,6 7 6.4 1,4 2 1.8 2
Chamaeleonidae 10 10 2 20.0 2
Chamaeleo monachus So 10 10 2 20.0 2
Lacertidae 59 39 5 8.5 1,2,3 2 34 2
Mesalina balfouri So, Sa, Da 51 36 2 3.9 1,2 2 3.9 2
Mesalina kuri Ab 8 3 3 37.5 1,2,3
Scincidae 41 32 15 36.6 1,2,6,7 7 17.1 1,4
Hakaria simonyi So 20 12 1 5.0 1 5 25.0 1,4
Trachylepis cristinae Ab 1 1 1 100.0 1,7
Trachylepis socotrana So, Ab, Sa, Da 20 19 13 65.0 1,2,6 2 10.0 1
Total 461 200 35 7.6 9 2.0 3 0.7

Their distribution (So, Socotra; Ab, Abd al Kuri; Sa, Samha; Da, Darsa; Ot, other localities in Africa, Arabia and Asia outside Socotra), sample sizes (n), number of locations sampled (nl),
prevalence (P, number of infected individuals and %, percentage) and 18S rRNA haplotypes detected (h) are also given. The asterisk indicates the two introduced host species.

mix was then heated to 94 °C for 3 min, and amplification was
performed through 35 cycles at 94°C for 30s, 60°C for 30s
and 72°C for 1min, followed by a final 10 min extension at
72°C. Negative (ultrapure water) and positive controls
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(selected from KX453558-KX453648 for haemogregarines,
KX453649-KX453660 for Lankesterella and KX453661-
KX453662 for Sarcocystis) were included in each run. Lastly, the
positive PCR products were purified and sequenced by a
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commercial sequencing facility (Macrogen Europe, Amsterdam,
The Netherlands). Sanger sequencing was performed in both
directions in all cases. Retrieved sequences were then manually
inspected in Geneious 6.1.6 (www.geneious.com). We performed
a similarity analysis with our sequences using the Basic Local
Alignment Search Tool (BLAST) to find the best match against
published sequences in GenBank (blast.ncbi.nlm.nih.gov/Blast.
cgi). Heterozygous positions were identified in some individuals
and the corresponding IUPAC codes were used. In the impos-
sibility to clone the amplicons to investigate the intra-individual
diversity of haplotypes, only good quality sequences with
clear double peaks matching polymorphic positions previously
identified in single infection haplotypes were considered as
mixed infections. DnaSP v5 (Librado and Rozas, 2009) was used
to estimate the number of haplotypes for non-heterozygous
individuals.

All 18s samples matching sarcocystids were amplified with two
additional markers: the nuclear gene 28S rRNA and the mito-
chondrial gene COIL The 28S rRNA gene was amplified using
the primers CR1 (5'-CTGAAATTGCTGAAAAGGAA-3') and
CR2 (5'-CCAGCTACTAGATGGTTCGA-3') (Zhu et al., 2009).
Amplification of the COI gene was tested using a combination
of primers SF1 (5-ATGGCGTACAACAATCATAAAGAA-3)
and SR5 (5-TAGGTATCATGTAACGCAATATCCAT-3'), and
SF1 and COIRm (5-CCCAGAGATAATACAAAATGGAA-3')
(Gjerde, 2013). The PCR reaction protocols were the same as
for the 18S rRNA, except for the annealing temperatures and
times (55°C for 30s in the case of 28S rRNA, and 57 °C for
455 in the case of COI). Amplification of the 28S rRNA worked
for eight of the nine 18S rRNA sarcocystids positives, but for the
COL, only four samples were successfully sequenced. Due to the
low sequencing success rate and the small number of COI and
28S rRNA sequences available in GenBank for these parasite
groups, only the 18S rRNA was used in subsequent phylogenetic
analyses. However, we did compare the number of haplotypes and
the genetic distances among the three genes (Supplementary
Table S2). The new sequences were deposited in the GenBank
database under the accession numbers MW076441-MW 076453
for the 18S rRNA, MW076437-MW076440 for the 28S rRNA
and MW074128-MW 074129 for the COI, so they can be available
for future phylogenetic studies.

Estimation of phylogenetic relationships and evolutionary
divergences

Phylogenetic analyses were conducted separately for each apicom-
plexan group — haemogregarines, sarcocystids and eimeriids - fol-
lowing the same protocol. The obtained sequences were aligned
with published GenBank sequences using MAFFT v7 algorithm
(Katoh and Standley, 2013) with the Q-INS-i iterative method
and applying the default parameters. The haemogregarine align-
ment was 579 base pairs (bp) long and included 197 sequences,
seven of which were representative of the 35 from this study
(Supplementary Table S3). The sarcocystid alignment was 706 bp
long and contained 95 sequences, four representative of the
nine from this study (Supplementary Table S4). Lastly, the eimer-
iid alignment was 619 bp long and included 91 sequences, two
representative of the three from this study (Supplementary
Table S5). The software jModelTest 2 was used to determine
the best substitution model (Darriba et al., 2012): HKY +I1+ G
for haemogregarines and sarcocystids, and GTR + I + G for eimer-
iids. Both Maximum Likelihood (ML) and Bayesian Inference
(BI) phylogenetic analyses were conducted. ML analysis with ran-
dom sequence addition (100 replicate heuristic searches) was used
to assess evolutionary relationships in the software PhyML v3.0
(Guindon et al.,, 2010). Support for nodes was estimated using
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the bootstrap technique (Felsenstein, 1985) with 1000 replicates.
Bayesian analysis was implemented using Mr. Bayes v3.2.6
(nbisweden.github.io/MrBayes/) with parameters estimated as
part of the analysis. The analysis was run for 10” generations, sav-
ing one tree each 1000 generations. The log-likelihood values of
the sample points were plotted against the generation time and
all the trees prior to reaching stationarity were discarded,
ensuring that burn-in samples were not retained. Remaining
trees were combined in a 50% majority consensus tree
(Huelsenbeck and Ronquist, 2001). For the haemogregarine
alignment, Dactylosoma ranarum, Haemogregarina stepanowi
and Haemogregarina balli were used as outgroups (based on
Barta et al., 2012). Eimeria maxima and Goussia janae were
the outgroups for the sarcocystids (Wasserman et al, 2017),
while Eimeria steinhausi, Glossia noelleri and Gloussia neglecta
were used for the eimeriid alignment (Maia et al., 2016).

Evolutionary divergences were estimated as the proportion of
base substitutions per site between sequences (P-distances).
These were calculated in MEGA 6 (www.megasoftware.net/),
using the Maximum Composite Likelihood model (Tamura
et al., 2004). For the 18S rRNA gene, the sizes of the alignments
used were 592 bp for haemogregarines, 543 bp for sarcocystids
and 587 bp for eimeriids. Regarding sarcocystids, the genetic dis-
tances were also calculated for the 28S rRNA (608 bp alignment)
and COI genes (981 bp).

Prevalence and host-specificity analyses

Differences in prevalence between types of parasites were calcu-
lated using the Fisher’s exact test in R (fisher.test function,
www.r-project.org). For haemogregarines only, further analyses
were performed on prevalence differences across hosts and on
host-specificity (sarcocystids and eimeriids were not considered
given their low occurrence). To compare the levels of
host-specificity between haemogregarine haplotypes, the Srp
and VarSyp indexes were calculated using the program
TaxoBioDiv2 (Poulin and Mouillot, 2005). The Stp considers
the phylogenetic distance between host species to infer the speci-
ficity of parasites, and the lower its value the higher the specificity
(equal to zero when the parasite occurs in a single host species).
For this, the distance in a Linnaean taxonomic tree path length
linking two host species (from Class, Order, Suborder, Family,
Genus to Species) was used. The VarStp measures the asymmet-
ries in the distances between host species, for which the higher the
value the higher the asymmetry.

Results
Parasite detection and prevalence differences between hosts

We detected three distinct apicomplexan parasites: haemogregar-
ines, sarcocystids and eimeriids (Table 1), which significantly var-
ied in their prevalence (P<0.001). From the 4718S rRNA
sequences obtained, 35 were haemogregarines (75%), nine sarco-
cystids (19%) and three eimeriids (6%). Haemogregarines were
thus the most common and widespread apicomplexan parasites
(prevalence = 7.6%), infecting all host families analysed, except
Colubridae and Leptotyphlopidae snakes (Table 1). Sarcocystids
infections were detected in only three host families, namely
Gekkonidae and Phyllodactylidae geckos, and the Scincidae
skinks, with an overall prevalence of 2.0% (Table 1). Eimeriid
infections were found in just two families (Phyllodactylidae and
Lacertidae), corresponding to only 0.7% prevalence (Table 1).
For haemogregarines, we detected differences in prevalence
between the main host groups (snakes, geckos, chamaeleonids,
lacertids and skinks) (P<0.001). Skinks were the most infected
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Table 2. Details on the seven haemogregarine haplotypes (h1-h7) detected in this study

Host group and species P P-distances
h (prevalence per species) n % VarStp Sto hi h2 h3 h 4 h5 he6 h7
1 Geckos: HAri (8), HAtr (3), PRso (1) 18 36 097 33 = = = = = = =
Skinks: HKsi (5), TRcr (100), TRso (50)
Larcertids: MEba (2), MEku (13)
2 Geckos: HAtr (3), PRin (15), PRob (4), PRso (1) 10 20 106 33 0.007 - = = = = =
Chamaeleonids: CHmo (20)
Skinks: TRso (10)
Larcertids: MEba (2), MEku (25)
3 Geckos: HEfo (50) 2 0.4 - 4 0.007 0.003 - - - - -
Lacertids: MEku (13)
4 Snakes: DIvi (6) 1 0.2 - 0 0.010 0.007 0.007 - - - =
5] Geckos: HEpu (8) 2 0.4 - 0 0.027 0.024 0.024 0.027 - - -
6 Skinks: TRso (10) 2 0.4 - 0 0.002 0.008 0.005 0.012 0.029 - =
7 Skinks: TRcr (100) 1 0.2 - 0 0.005 0.002 0.002 0.005 0.022 0.007 -

The infected host species (and percentage of prevalence in each host in parenthesis), overall prevalence (P, in number of infected host individuals and %, percentage), host-specificity indexes
(VarSyp and Syp) and estimates of evolutionary divergence between the 18S rRNA sequences (P-distances) are given. Host species are coded by four letters, the first two capitals indicating the

genus and the latter two letters the specific epithet (e.g. HAri = Haemodracon riebeckii).

(36.6%), followed by chamaeleonids (20.0%), lacertids (8.5%),
snakes (4.3%) and lastly geckos (3.7%) (Table 1). Within
geckos, the prevalence was similar among the three families
analysed (P =0.262).

Genetic diversity and phylogenetic relationships

Among the 35 haemogregarine infections, we identified seven
haplotypes based on the 18S rRNA sequences. Six of the seven
haemogregarines (haplotypes 1, 2, 3, 4, 6 and 7) were closely
related (P-distances ranging from 0.2 to 1.2%, Table 2), and clus-
tered in a lineage containing species infecting rodents and reptiles
from various geographical locations around the world, as well as
several tick hosts (Fig. 2). This lineage also included haemogregar-
ines from reptiles of Oman and nearby geographical areas. The
seventh haemogregarine haplotype (haplotype 5 from the gecko
Hemidactylus pumilio) diverged by more than 2% from the
other six haplotypes (Table 2), and clustered with haemogregar-
ines infecting lacertid lizards and snakes from Portugal and
Morocco (Fig. 2).

Regarding the sarcocystids, four 18S rRNA haplotypes were
identified, with P-distances varying between 0.1 and 2%
(Table 3). Four 28S rRNA haplotypes were also found, while for
the COI gene, only two haplotypes were retrieved. However, it
should be noted that amplification of these two genes was not
successful for all samples (see Material and methods section
and Supplementary Table S2 for further details). The P-distance
values for the 28S rRNA ranged from 0.2 to 17.1%, and was
6.5% between the two COI haplotypes (Table 3). According to
the phylogeny based on the 18S rRNA gene, all four sarcocystids
clustered with species of the genus Sarcocystis, but in different
locations in the tree (Fig. 3). Haplotypes 1 and 4, infecting the
skinks Hakaria simonyi and Trachylepis socotrana, were the
most similar. Their closest relatives were sarcocystids found
infecting lizards from Madagascar and snakes from Australia
and Algeria (although in a poorly supported clade). In turn, hap-
lotypes 2 and 3 (from the geckos Hemidactylus oxyrhinus and
Haemodracon riebeckii, respectively) clustered in a well-supported
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clade, also containing species infecting reptiles, notably the
lizard-infecting Sarcocystis lacertae (AY015113) and Sarcocystis
gallotiae (AY015112). Other close relatives included sarcocystids
infecting the snake Malpolon monspessulanus from Tunisia
(KC696570), the lacertid Podarcis lilfordi from Spain
(JQ762307) and the gecko Pristurus rupestris from Oman
(KX453662, identical to haplotype 2).

For the eimeriids, only two 18S rRNA haplotypes were
detected (6.3% divergence between the two sequences) (Fig. 4).
Haplotype 1 from the gecko Haemodracon trachyrhinus grouped
with sequences from Isospora isolated from skinks, geckos, aga-
mids and lacertids (KU180238-KU180241 and KU180243-
KU180245). Haplotype 2 from two Mesalina balfouri lacertids
clustered with the representatives of the genus Lankesterella.
Our sequence was identical to a parasite infecting the lacertid
Acanthodactylus erythrurus from Spain (KJ131417). Other close
relatives include lankesterellids of lizards from all over the
world, including geckos from Oman (KX453651, KX453652,
KX453655, KX453658 and KX453660, Fig. 4).

Prevalence, host-specificity and geographical distribution

Haemogregarine haplotypes differed in prevalence (P<0.001),
with haplotypes 1 and 2 being more common (prevalence = 3.6
and 2.0%, respectively) than haplotypes 3-7 (prevalence between
0.2 and 0.4%; see Table 2). We detected three individuals with
mixed infections between haplotype 1 and haplotypes 2, 3 and
7 (the only instance haplotype 7 was detected, Table 1). The
seven haemogregarines also differed in their host-specificity
(Table 2). Haplotypes 4, 5, 6 and 7 only occurred in a single
host species, while infections by the other three haplotypes were
detected in multiple reptile groups. On the other hand, haplotypes
1 and 2 infected eight species from different lizard groups, while
haplotype 3 infected only two host species, each from a distinct
group (see Table 2 for further details). Regarding geographical
distribution, haplotypes 1 and 2 were found in multiple islands,
in contrast with the other five haplotypes, all of which only
occurred in one island (Fig. 1). The island of Socotra harboured
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— KF939621 | H. sp. - ex. snake: Elaphe carinata
— KM234647 | H. sp. - ex. snake: Madagascarophis colubrinus
~ HQ734790 | H. sp. - ex. gecko: Ptyodactylus oudrii
~ HQ734806 | H. sp. - ex. gecko: Tarentola mauritanica
~ KUB680460 | H. sp. - ex. geckos: Tarentola spp.
I~ KX453640 | H. sp. - ex. snakes from Oman
KX453637 | H. sp. - ex. snake: Cerastes gasperettii
—&E KJ408512 | H. sp. - ex. snake: Crotaphopeltis hotamboeia
JX244267 | H. sp. - ex. snake: Hemorrhois hippocrepis
—— EF157822 | H. ayorgbor - ex. snake: Python regius
— FJ719816
FJ719817

F KU667308 | H. sp. - ex. rodent: Akodon sp.
M

| H. sp. - ex. rodent: Abrothrix spp.

MH111419 | H. sp. - ex. rodent: Bolomys lasiurus
H174345 | H. sp. - ex. tick: Ixodes sp.
KM234650 | H. sp. - ex. iguanid: Oplurus sp.
—— KU667309 | H. sp. - ex. rodent: Oligoryzomys flavescens
~ KR653313 | H. sp. - ex. snake: Python sebae
97 | 89 AB181504 | H. sp. - ex. rodent: Bandicota indica
MH174344 | H. sp. - ex. tick: Ixodes sp.
I~ KC696566 | H. sp. - ex. snake: Psammophis aegyptius
: Emggig}g | H. sp. - ex. gecko: Hemidactylus mabouia
— KR262504 | H. sp. - ex. tick: Ixodida sp.
~ KJ408511 | H. sp. - ex. snake: Cerastes cerastes
~ KJ408523 | H. sp. - ex. snake: Macroprotodon cucullatus
——— KX453613 | H. sp. - ex. gecko: Pristurus rupestris
: KU955995 | H. sp. - ex. rodent: Gerbilliscus leucogaster
AYB00625 | H. sp. - ex. rodent: Clethrionomys glareolus
- haplotype 7 - gecko host
- haplotype 2 - gecko, lacertid, skink, and chamaeleonid hosts
100 - haplotype 1 - gecko, lacertid, and skink hosts
87
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haplotype 6 - gecko hosts
- gecko and lacertid hosts
—— haplotype 4 - snake host
—— EF222259 | H. sp. - ex. rodent: Sciurus vulgaris
“— AY252103 | H. sp. - ex. snake: Boiga irregularis
ﬂ: KX453627 | H. sp. - ex. gecko: Asaccus platyrhynchus
73 KX453599 | H. sp. - ex. gecko: Hemidactylus lemurinus

KM234646 | H. domerguei - ex. snake: Madagascarophis colubrinus
83 100 ~ HQ292771 | H. sp. - ex. skink: Mabuya wrightii
78[775 194 H. spp. - ex. geckos from Spain, Morocco and Lybia
HQ292774 | H. sp. - ex. snake: Lycognathophis seychellensis
= J%670908 | H. sp. - ex. tick from snake: Aponomma varanense, Ophiophagus hannah
0 H. caimani - ex. crocodilian: Caiman crocodilus
MG456821 | H. sp. - ex. iguanid: Ctenosaura pectinata
“— AY252111 | H. sp. - ex. snake: Stegonotus cucullatus

KJ408521 | H. sp. - ex. snake: Macroprotodon cucullatus

100
100

KF246565
KF246566

| H. seychellensis - ex. caecilian: Grandisonia alternans

AF297085 | H. sp. - ex. Boiga irregularis

100 AY252108 | H. sp. - ex. varanid: Varanus scalaris

_(—QT<] H. spp. - ex. geckos and snakes from Brazil, and geckos from Africa
HQ734807 | H. sp. - ex. lacertid: Timon pater
KJ408522 | H. sp. - ex. snake: Macroprotodon cucullatus

KJ408529 | H. sp. - ex. snake: Spalerosophis dolichospilus

reptile hosts

=54 | KC696564 | H. sp. - ex. snake: Psammophis schokari
haplotype 5 - gecko hosts
KM234613 | H. sp. - ex. gecko: Phyllopezus pollicaris
|haemogregarines of amphibian hosts
100 KR069084 | H. fitzsimonsi - ex. turtle: Kinixys zombensis
19040 96 MG456824 | H. sp. - ex. iguanid: Ctenosaura pectinata

95

KX387860

KX387861 | H. sp. - ex. iguanid: Phymaturus calcogaster

MH174343 | H. sp. - ex. tick: Ornithodoros atacamensis
100 KM234614 | H. sp. - ex. gecko: Phyllopezus periosus

89 MG456822 | H. sp. - ex. iguanid: Sauromalus sp.
MZMMB | H. sp. - ex. gecko: Hemidactylus mabouia
90 MG456823 | H. sp. - ex. lizard: Heloderma horridum
100 KC342525 . .
— %9 KC342526 | H. sp. - ex. snake: Crotalus durissus
0:01 subsisite | 97 haemogregarines of marsupial hosts
58 MG593275 | H. sp. - ex. tick: Haemaphysalis bancrofti
Hemolivia clade - reptile and amphibian hosts
100 _—— MF541371 | H. sp. - ex. bird: Torgos tracheliotus
100 L MF541372 | H. sp. - ex. bird: Neophron percnopterus

KF022102 | H. sp. - ex. peircei: Oceanodroma melania

Fig. 2. Tree derived from a Bayesian Inference analysis of haemogregarine 18S rRNA gene sequences. Bayesian Posterior probabilities are given above relevant
nodes and bootstrap values for ML below them (only values over 70% are shown). New sequences from this study are identified in bold, larger font size and
by different colours, the same as in Fig. 1. The full list of the sequences used can be found in Supplementary Table S3. Identification of the lineages marked
with * was based on Karadjian et al. (2015), but see Maia et al. (2016).
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Table 3. Estimates of evolutionary divergence between sarcocystid haplotypes
(h) for three genes

18S hl h2 h3 h4
h1 - - - -
h2 0.018 - - -
h3 0.020 0.003 - =
ha 0.001 0.017 0.019 =
28s hl h2 h3 h4
h1 - - - -
h2 0.168 - - -
h3 0.157 0.005 = =
h4 0.002 0.171 0.160 -
col hA hB

hA - -

hB 0.065 -

The proportions of base substitutions per site are shown (P-distances).

six of the seven haemogregarine haplotypes detected, being three
of them exclusive to this island (haplotypes 4, 5 and 6). We iden-
tified four haemogregarine haplotypes on the island of Adb al
Kuri, two of them exclusive (haplotypes 3 and 7). Lastly, reptiles
from the Samha and Darsa islands were only infected by haplo-
type 1.

As for sarcocystids and eimeriids, most haplotypes were also
found on the island of Socotra (Fig. 1, Supplementary
Table S1). The exceptions were the sarcocystid haplotype 2 and
the eimeriid haplotype 2, which were found in Abd al Kuri and
Darsa, respectively. Host ranges for both sarcocystids and eimer-
iids were also restricted to a single host species except the sarco-
cystid haplotype 1, which was found in the skinks H. simonyi and
T. socotrana (Table 1). Overall, the reptile group hosting most
parasite diversity were geckos, being infected by seven parasite
haplotypes (four haemogregarines, two sarcocystids and one
eimeriid), followed by skinks (four haemogregarines and two sar-
cocystids), lacertids (three haemogregarines and one eimeriid),
and finally, chamaeleonids and snakes, each infected by a single
haemogregarine haplotype (Table 1).

Discussion

Based on the results from the 18S rRNA, most of the haplotypes
retrieved are exclusive to the archipelago. As so, it is highly prob-
able these parasites are endemic, adding to the unique biodiversity
of the Socotra Archipelago, just like their hosts. Moreover, the
high genetic distance between them suggests that several parasite
species might occur in Socotra (at least two haemogregarines, two
Sarcocystis spp., one Isospora sp. and one Lankesterella sp.). There
were, however, two haplotypes (sarcocystid haplotype 2 from H.
oxyrhinus geckos and the eimeriid haplotype 2 from M. balfouri
lacertids) that were identical to 18S rRNA sequences of parasites
found infecting mainland reptiles, the P. rupestris geckos from
Oman and A. erythrurus lacertids from Spain. Note that this latter
genus is distributed from the Iberia Peninsula, across North
Africa and Arabia to the Indian subcontinent (Tamar et al.,
2016). Interestingly, both hosts recently colonized the archipelago
(5.7-3.0 and 7 Mya, respectively; Gomez-Diaz et al, 2012;
Simoé-Riudalbas et al., 2019), which might explain this pattern.
Close relatives of the remaining Socotran parasites were isolated
from other reptile hosts, some also from Oman. Many Socotran
reptiles are closely related to those of Arabia, which by vicariance
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or later long-dispersal colonization represent the major source of
the biodiversity in the archipelago (e.g. Tamar et al.,, 2019). In the
case of H. oxyrhinus, our findings support the ancestral biogeo-
graphic link between Omani and Abd al Kuri Hemidactylus
geckos, which experienced intra-island speciation after the separ-
ation of the Socotra Archipelago from mainland Arabia
(Gémez-Diaz et al., 2012).

Recently, Maia et al. (2016) screened geckos and snakes from
Oman, detecting 11 haemogregarine, four eimeriid and two sarco-
cystid haplotypes. We found no evidence of a significant reduc-
tion in parasite diversity from the mainland to the archipelago
with the current data, considering that host species richness in
Oman is higher than in Socotra. While the ancient separation
of Socotra could have provided a relatively long time for new
parasite diversity to accumulate (Cornuault et al., 2012), vicari-
ance might also have had a milder effect on parasite diversity
than that predicted by the ‘parasite island syndrome’
(Nieberding et al., 2006). This syndrome was mostly based on vol-
canic islands, where species establish by oceanic dispersal, and
thus being more susceptible to the founder effect and drift. In
our case, although all haemogregarine haplotypes were unique
to the archipelago, further sampling of mainland hosts and faster-
evolving genetic markers will be needed to ascertain their phylo-
geography and endemicity.

Infections were found in all the four islands, but parasite diver-
sity was not uniformly distributed, neither geographically nor
among hosts. There were also differences in prevalence, with hae-
mogregarines being the most frequent, as in previous works (e.g.
Tomé et al., 2013; Maia et al., 2016). Prevalence values were based
on the percentage of samples of each host species or host group
for which we obtained a positive amplification identified as a
parasite infection. Prevalence estimates could vary if other primer
pairs would have been used (e.g. for haemogregarine detection;
Perkins and Keller, 2001; Netherlands et al., 2017). Based on
our experience, the HEPF300 and HepR900 primer pair amplified
a greater percentage of infected samples of reptile hosts and from
a broader taxonomic range of parasites. Phylogenetic relation-
ships and taxonomy within haemogregarines are still not clear
(Karadjian et al., 2015; Maia et al., 2016). However, current infor-
mation shows different host-specificity and vectors according to the
lineage (Karadjian et al., 2015; Maia et al., 2016). Socotran haemo-
gregarines fall in the Bartazoon lineage proposed by Karadijan et al.
(2015), still under taxonomical debate. Within haemogregarines,
some haplotypes were more common and widely distributed
than others, according to their host-specificity and the biogeog-
raphy of their hosts. Haplotypes 1 and 2 had the broader
host-specificity and also the wider distribution in the archipelago.
Haplotype 3 infected two distant species exclusive to Abd al Kuri
Island. In contrast, haplotypes 4-7, which infected a single species,
occurred in just one or two localities. This was supported by the
host-specificity indexes (Table 2). However, it should be noted
that these indexes take into account prevalence and, as sample
size differed greatly across host species, these estimates might be
biased.

Regarding the sarcocystid and eimeriid haplotypes, they were
quite host-specific and geographically restricted. This pattern sug-
gests that a lower host-specificity conferred some advantage to
parasite geographical distribution, at least in this archipelago.
The generally high host-specificity and the lower prevalence of
haemogregarines on Socotra compared to continental Oman
contradict the expectations of the island syndrome, but are in
line with apicomplexan studies from other island systems
(McAllister et al., 2017; Tomé et al., 2018). The drastic contrast
in host-specificity between Socotran haemogregarines and
between parasite groups could be due to many factors, including
differences in life-cycle strategies and/or transmission pathways
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KY513629 |S. sp. - ex. snake:Antaresia maculosa

Ly haplotype 1 - skink hosts
L~ haplotype 4 - skink hosts

— KC696571 |S. sp. - ex. snake:Psammophis schokari
KM234651 |S. sp. - ex. lizard: Tracheloptychus petersi

reptile hosts

91 KX453661 |S. sp. - ex. snake:Lytorhynchus diadema

100
99

89 98

0.05 subs/site

U07812]| S. neurona- ex. ungulate:Equus ferus

KT207459| S. mucosa- ex. marsupial:Didelphis albiventris

FJ827485 |S. tupaia- ex. treeshrew:Tupaia belangeri

MH626537 |S. falcatula- ex. bird: Trichoglossus moluccanus

EU263366 |S. ramphastosi- ex. bird: Ramphastos sulfuratus

EU810400 |S. sp. - ex. bird: Accipiter cooperii

AY015113] S. lacertae- ex. lacertid:Podarcis muralis & snake:Coronella austriaca

KX453662 |S. sp. -
- gecko hosts

KC696570 |S. sp.

mammal and bird hosts

ex. gecko:Pristurus rupestris

- ex. snake:Malpolon monspessulanus reptile hosts

- gecko hosts

AY015112| S. gallotiae- ex. lacertid: Gallotia galloti
JQ762307 |S. sp. - ex. lacertid:Podarcis lilfordi
* AF109679| S. mucosa- ex. marsupial:Macropus rufogriseus
g ‘|_GU120092 |S. rileyi- ex. bird:Anas platyrhynchos
KJ810606 |S. atraii- ex. bird: Fulica atra
EF564590| S. arctosi- ex. carnivore:Ursus arctos
KJ810604 |S. chloropusae- ex. bird: Gallinula chloropus
,EU553477 |S. anasi- ex. bird:Anas platyrhynchos
EU502868 |S. albifronsi- ex. bird: Anser albifrons
DQ146148| S. canis- ex. carnivore:Canis lupus
I GU253884 |S. sp. - ex. bird: Accipiter nisus
Ut JQ733508 |S. lari- ex. bird:Larus marinus
KM657769| S. lutrae- ex. carnivore:Lutra lutra
{ 100 [ AY015111| S. rodentifelis- ex. rodent: vole
100 M64244| S. muris- ex. rodent:Mus musculus
GQ922886 |S. wobeseri- ex. bird:Anas platyrhynchos
_I— AF513488 |S. sp. - ex. shrew:Sorex araneus
JN256117 |S. corvusi- ex. bird: Corvus monedula
— AF009245| Frenkelia glareoli- ex. rodent: Clethrionomys glareolus
— AF009244| Frenkelia microti- ex. rodent:Microtus arvalis
MHB898960 |S. halieti- ex. bird: Tachybaptus ruficollis
GU253883 |S. columbae- ex. bird: Columba palumbus
— EU553478 |S. cornixi- ex. bird: Corvus cornix
— KF601302 |S. arctica- ex. primate:Vulpes lagopus
'l_— AB691780 |S. sp. - ex. rodent:Diplothrix legata
AF120115 |S. dispersa- ex.1 gci)rd: Tyto alba

mammal and bird hosts

0 HMO021724 |S. nesbitti- ex. primate:Macaca fascicularis

sarcocystids of deers and canid hosts

100 100

g

AF120114| S. atheridis- ex. snake:Atheris nietschei
U97524| S. sp. - ex. snake:Sistrurus catenatus& rodent: Microtussp.

sarcocystids of ungulate and

100 93

AF298623| Hyaloklossia lieberkuehni
AF106935| Cystoisospora belli
AF109678| Besnoitia besnoiti

100 | AJ271354| Neospora caninum
L37415| Toxoplasma gondii

KU244524| S. zamani- ex. rodent:Bandicota indica
4|i|: JQ029112]| S. zuoi- ex. rodent: Rattus norvegicus
KF309701] S. cf. clethrionomyelaphis- ex. rodent:Eothenomys miletus

100 ’_— AF434057| S. singaporensis
100 KY513624| S. singaporensis- ex. snake:Malayopython reticulatus

carnivore hosts

s)soy [ewwew pue a|ndai

L AY043206| Goussia janae

DQ538348| Eimeria maxima

Fig. 3. Tree derived from a Maximum Likelihood analysis of sarcocystid 18S rRNA gene sequences. Bayesian Posterior probabilities are given above relevant nodes
and bootstrap values for ML below them (only values over 70% are shown). New sequences from this study are identified in bold, larger font size and by different
colours, the same as in Fig. 1. The full list of the sequences used can be found in Supplementary Table S4.

(more so than in Oman; Maia et al., 2016). However, further data
are necessary to investigate this.

Across the four islands of the archipelago, Socotra harboured
by far the highest parasite diversity. This is likely due to its
much larger size (Jean et al., 2016) and its higher host species
richness, important factors determining pathogen diversity.
Additionally, the islands of Samha and Darsa were connected to
Socotra as recently as 20000 years ago (Van Damme, 2009),
which would have allowed gene flow. Our results support this,
as the two small islands harboured parasite haplotypes also pre-
sent on Socotra Island and the mainland. Interestingly, Abd al
Kuri has never been connected to the other islands since they
separated from the mainland, as it is isolated from them by
deep seas (200-1000 m deep) that exceed the Pleistocene sea-level
changes (Van Damme, 2009). Accordingly, there we found two
exclusive haemogregarine haplotypes, present in endemic lizard
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species of the island. Additionally, factors related to the parasite
life-cycle should also be considered to explain these differences
among islands, most notably the establishment success and abun-
dance of non-reptile hosts, such as invertebrate vectors for hae-
mogregarines (Poulin, 2011).

Regarding prevalence across reptile groups, skinks were the
most infected hosts for the three apicomplexans (overall preva-
lence = 53.7%), what strongly contrasts with other studies, in
which skinks were among the least infected reptiles for haemogre-
garines (e.g. Harris et al., 2011; Maia et al., 2011). It is particularly
interesting to compare these results with the Canary Islands,
where only 1.9% of the analysed skinks were infected (Tomé
et al., 2018). These sharp differences between the two archipelagos
might be justified by differences in host diversity and ecology.
Whereas Canary Island skinks are ground-dwelling (Carranza
et al., 2008), Socotran’s are more generalist in diets and habitat
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KR360732|Eimeria steinhausi

FJ009241| Goussia noelleri

L FJ009242|Goussia neglecta

98 | %

100
91

83

98

0.03 subs/site

100 L AF324215|Eimeria pilarensis
+ AF307876| Eimeria antrozoi - ex. bat: Antrozous pallidus
100 AF324214|Eimeria chobotari
100 Tr— AF339490| Eimeria dipodomysis- ex. rodent: Dipodomys phillipsii
—— FJ829323| Eimeria trichosuri- ex. marsupial:

—<1 88 Eimeria spp. - ex. bird: Grus sp.

i< Schellackiaspp. & Eimeriaspp. from reptile and amphibian hosts

KU180245|Isospora tarentolae- ex. geckoTarentola delalandii
KU180244|Isospora chafarinensis ex. skink: Chalcides parallelus
KU180243|/sospora albogularis- ex. gecko: Gonatodes albogularis
KU180238|Isospora takydromi- ex. lacertid: Takydromus sexlineatus
KU180239|Isospora fahdi- ex. lacertid: Acanthodactylus erythrurus
KU180240|/sospora abdallahi - ex. lacertid:Acanthodactylus boskianus
KU180241|Isospora amphiboluri- ex. agamid:Pogona vitticeps
haplotype 1 - gecko host
gi,:KU180247| Caryospora ernsti- ex. anole lizard: Anolis carolinensis 3
KU180246|Isospora gekkonis - ex. gecko: Phelsuma madagascariensis =4
%<] Lankesterella spp. - ex. geckos from Oman %
MF167554|Lankesterella sp. - ex. iguanid: Phymaturus payuniae g
100 rhaplotype 2 -lacertid host 8,
77| 100 LKJ131417|Lankesterella sp. - ex. lacertid:Ac. erythrurus
MF167555| Lankesterella sp. - ex. iguanid:Liolaemus pictus
29 MF167544|Lankesterella sp. - ex. lacertid: Acanthodactylus erythrurus
100 7| r MF167552|Lankesterella sp. - ex. lizard: Uta stansburiana
MH459292| Lankesterella sp. - ex. lizard: Uta stansburiana
] 100 KU180248| Lankesterella sp. - ex. anole lizard:Anolis carolinensis o
&5 18020 Lankesterella spp. - ex. lizards from USA and Mexico E‘_
100 $—<] Lankesterella spp. - ex. lizards from USA g
87 KX453651|Lankesterella sp. - ex. amphibian: Sclerophrys arabica [o%
AEDQSQOZOHLankestereﬂa valsainensis - ex. bird: Parus caeruleus |2
100 AF080611|L. minima - ex. amphibian: Rana catesbeiana -§
100  MF167548|Lankesterella sp. - ex. iguanid: Dipsosaurus dorsalis g
100 |—— MF167547|Lankesterella sp. - ex. iguanid: Dipsosaurus dorsalis )
L KU180242Isospora wiegmanniana - ex. amphisbaenian: Trogonophis wiegmanni | reptile hosts g-
100 — AF060976 fis ) ) 8
100 L AF060975 |Carvospora bigenetica @
Eimeriaspp. from rodent hosts
— AF311642|Eimeria reedi - ex. rodent: Perognathus sp.
 AF307877|Eimeria rioarribaensis- ex. bat: Myotis ciliolabrum
— AF307879|Eimeria onychomysis - ex. rodent host
I Isospora spp. & Atoxoplasma sp. from bird hosts
Eimeriaspp. & Cyclosporaspp. from cattle, poultry & primate hosts
|— AF324213|Eimeria catronensis mammal and

bird hosts

Eimeria spp. from rodent hosts

Trichosurus cunninghami

Fig. 4. Tree derived from a Bayesian Inference analysis of eimeriid 18S rRNA gene sequences. Bayesian Posterior probabilities are given above relevant nodes and
bootstrap values for ML below them (only values over 70% are shown). New sequences from this study are identified in bold, larger font size and by different
colours, the same as in Fig. 1. The full list of the sequences used can be found in Supplementary Table S5.

use (Razzetti et al., 2011). As such, Socotran skinks have more
chances to cross paths with other hosts and their parasites, and
to be more exposed to vectors, such as ticks, mites or mosquitoes,
increasing parasite encounter probability (Combes, 2001).
Despite being the least infected reptile group, geckos har-
boured the highest haemogregarine diversity, as they are the
most diverse reptile group in the archipelago, with over 16
described species. These include species that originated in situ
from ancestors present at the islands when they separated from
the mainland, as well as species that arrived as new colonizers
(e.g. Gomez-Diaz et al., 2012; Martin et al., 2017; Tamar et al.,
2019). Additionally, Socotran geckos have a wide range of activity
pattern and habitat use, which further exposes them to a wider
variety of parasites. For example, Hemidactylus and Haemodracon
geckos are nocturnal, but are found under rocks or ground-dwelling,
sharing habitat with lacertids and skinks (Razzetti et al., 2011;
Tamar et al., 2019). On the other hand, Pristurus geckos are diur-
nal and, in many aspects, behave more like desert agamids than
geckos (Badiane et al, 2014). Nonetheless, the absence of the
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gecko-exclusive lineage of haemogregarines is notorious, which
was quite common in geckos from Oman (Maia et al., 2016).
This suggests that this haemogregarine lineage might have ‘missed
the boat’, arrived in Arabia posterior to the separation of Socotra,
or remain undetected due to low prevalences and intensities of
this particular lineage.

Similarly, snakes were also much more parasitized in Oman than
in Socotra, where only one infected snake was detected with a
host-specific haplotype. The diet of the Socotra snakes Hemerophis
socotrae and Ditypophis vivax includes lizards (O’Shea, 2018) and
one of the transmission pathways of haemogregarines to snakes is
by ingestion of infected prey (Smith, 1996). Hence, a higher preva-
lence would be expected in these species than in the burrowing
snakes Myriopholis spp. and Xerotyphlops socotranus. A reason for
this might simply be the limited sampling size for some of the
host species. Lastly, we also screened a few samples from the recently
introduced Hemidactylus species, but no infections were found.

The data collected in this study show that, in parallel with their
hosts, Socotra is also a centre of endemism for apicomplexan
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parasites. Genetically, most of the detected 18S rRNA haplotypes
were closely related to samples from Arabia, indicating that this is
likely their origin, as happens for most of their hosts. There were
also some interesting and unexpected results regarding the con-
trasting levels of prevalence between hosts and of host-specificity
between parasite haplotypes. These may be related to ecological
factors, such as the behaviour and habitat use of the hosts and
the life-cycle strategies of the parasites. As a whole, our results
emphasize the importance of screening parasites in wild hosts
from remote regions, in particular islands, and the need to con-
sider host ecology and biogeography to better understand the
dynamics of disease transmission across different taxa.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0031182020002000.
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