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Abstract

Ticks carry a diverse community of microorganisms including non-pathogenic sym-

bionts, commensals, and pathogens, such as viruses, bacteria, protozoans, and fungi.

The assessment of tick-borne microorganisms (TBM) in tortoises and their ticks is

essential to understand their eco-epidemiology, and to map and monitor potential

pathogens to humans and other animals. The aim of this study was to characterize the

diversity of microorganisms found in ticks collected from the spur-thighed tortoise

(Testudo graeca) in North Africa and Anatolia. Ticks feeding on wild T. graeca were

collected, and pathogens were screened by polymerase chain reaction using group-

specific primers. In total, 131 adult Hyalomma aegyptium ticks were collected from 92

T. graeca in Morocco (n = 48), Tunisia (n = 2), Algeria (n = 70), and Turkey (n = 11).

Bacteria and protozoa detected included Hemolivia mauritanica (22.9%), Midichloria

mitochondrii (11.4%), relapsing-fever borreliae (8.4%), Ehrlichia spp. (7.6%), Rickettsia

spp. (3.4%), Borrelia burgdorferi s.l. (0.9%), Francisella spp. (0.9%), and Wolbachia spp.

(0.8%). The characterization of Rickettsia included R. sibirica mongolitimonae (Algeria),

R. aeschlimannii (Turkey), and R.africae (Morocco). Hemolivia mauritanica and Ehrlichia

spp. prevalence varied significantly with the sampling region/country. We did not

detect significant associations in microorganism presence within ticks, nor between

microorganism presence and tick mitochondrial DNA haplogroups. This is the first

report of Francisella persica-like, relapsing fever borreliae, M. mitochondrii, and Wol-

bachia spp. in H. aegyptium ticks collected from wild hosts from the South and Eastern

Mediterranean region, and of R. sibirica mongolitimonae and R. africae in H. aegyptium

from Algeria and Morocco, respectively. Given that T. graeca is a common species in

commercial and non-commercial pet trade, the evaluation of the role of this species

and its ticks as hosts for TBM is particularly relevant for public health.
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1 INTRODUCTION

Ticks are common parasites of vertebrates and carry a diverse com-

munity of microorganisms, some of which are pathogenic to humans

and other animals. For this reason, ticks are considered one of the

most important arthropod vectors of disease (Jongejan & Uilenberg,

2004). Furthermore, ticks themselves have an impact on their hosts

given their blood-feedinghabits,which can lead todecreasedhost body

condition and anemia (Norte et al., 2013). Different tick species vary

in their host specificity; while some ticks have a generalist behavior,

feeding on different hosts species depending on their availability (e.g.,

Ixodes ricinus), others are more specific, feeding on a reduced spec-

trum of hosts (e.g., ornitophilic ticks such as Ixodes frontalis), or even

on a single host species (e.g., Ixodes lividus feeds almost exclusively on

sand martins Riparia riparia – Estrada-Peña et al., 2017; Hillyard, 1996

). Host specificity may also vary with tick life stage; this is the case

of Hyalomma aegyptium, whose larvae and nymphs feed on a variety

of hosts, including mammals, birds, and reptiles, whereas adult stages

feed almost exclusively on tortoises of the genus Testudo (Hoogstraal &

Kaiser, 1960).

Feeding on awide spectrum of hosts increases the opportunities for

microorganism transmission among host groups, with consequences

for the diversity of tick microbial communities that may include ver-

tically transmitted symbionts, commensals, and pathogens, such as

viruses, bacteria, protozoans, and fungi (Clay & Fuqua, 2010). These

microorganismsmay interact in differentways (Ginsberg, 2009), either

directlymaximizing each other’s survival and transmission (Budachetri

et al., 2018), or byaffecting tick survival andactivity (Herrmann&Gern,

2010). Alternatively, they may show antagonistic (e.g., by competition

within the tick) (Moutailler et al., 2016) or neutral relationships. For

example, the bacterial complex Borrelia burgdorferi s.l. and the proto-

zoan Babesia sp. occur together in ticks more frequently than expected

(Mather et al., 1987) while there is no apparent relationship between

Anaplasma sp. andB. burgdorferi s.l. in I. scapularis (Schauber et al., 1998),

and co-infections between these two pathogens in I. ricinus occurs at

a relatively low frequency in Europe (May et al., 2015). Co-infection

may also result in an increase in disease severity compared with dis-

ease caused by a single pathogen, and may hamper disease diagnosis

(Diuk-Wasser et al., 2016).

Tick host specificity may affect the population structure of both

tick and associated pathogens because, although ticks have lowmobil-

ity, they can travel relatively long distances attached to their hosts

(McCoy et al., 2003, 2013 ). Migratory birds and other animals with

the potential for long-distance dispersal can transport ticks and their

microorganisms to new areas, often creating new disease foci (Reed

et al., 2003). On the other hand, ticks infesting small mammals or tor-

toises are likely to show more structured populations, and this also

applies to their associatedmicroorganisms (Norte et al., 2020; Vollmer

et al., 2013 ). The interactions among microorganisms and their hosts

is so intimate that they may not only mutually influence each other’s

fitness, but also genetic diversity and demographic dynamics (Barrett

et al., 2008) which can be reflected in co-evolutionary patterns (Clay-

ton et al., 2003; Criscione & Blouin, 2004).

Diversity and specific interactions of ticks with tortoises and infec-

tion by tick-borne microorganisms (TBM) remains poorly understood

in some regions of the globe. In the Mediterranean region, the system

formed by the tortoise Testudo graeca, the tick Hyalomma aegyptium,

and their associated microorganisms is a valuable model to pinpoint

co-evolutionary relationships and draw inferences regardingmicrobial

interactions for several reasons. First, the distribution, diversity, and

phylogeographic patterns of both T. graeca and H. aegyptium ticks are

already known (Graciá et al., 2017; Silveira, 2016). Second, T. graeca has

low mobility and reduced dispersal abilities (Graciá et al., 2013, 2020

; Rouag et al., 2017). Third, H. aegyptium has high specificity towards

Testudo tortoises during its adult stage (Siroký et al., 2006). Finally, T.

graeca is one of the preferred tortoises in the commercial pet trade

(Türkozan et al., 2008), and furthermore, they are frequently collected

from the wild directly into households, increasing the risk of transmis-

sion of tick-borne diseases to humans and other domestic animals (Nij-

man & Bergin, 2017; Segura et al., 2020). Because H. aegyptium carries

multiple bacteria andprotozoan species pathogenic to humans,wildlife

and domestic animals (Kar et al., 2020; Kumar et al., 2020; Paștiu et al.,
2012; Široký et al., 2014), and adults and nymphs of this species have

been reported to bite humans (Vatansever et al., 2008), TBM screening

in this systemwill provide relevant information for public health.

Here,we investigate thepresenceofdifferentbacteria andprotozoa

infecting H. aegyptium ticks attached to T. graeca across North Africa

and Anatolia. Specifically, we screened for the presence of bacteria of

the order Rickettsiales: Ehrlichia spp.,Wolbachia spp.,Midichloria mito-

chondrii, Anaplasma spp. and Rickettsia from spotted fever group (SFG)

and typhus group (TG); Francisella spp. and relapsing fever (RF) and

Lyme borreliosis spirochetes. In addition, we screened for the apicom-

plexan parasite Hemolivia mauritanica. We analysed putative associa-

tions between identifiedTBMand themitochondrialDNAhaplogroups

of the ticks from which they were detected. Finally, we evaluated

potential associations (co-variation) among thesemicroorganisms.

2 MATERIALS AND METHODS

2.1 Tick collection

A collection of adult ticks from T. graeca hosts was performed in 27

localities across Morocco (15 sites), Algeria (7 sites), Tunisia (one site),

and Turkey (4 sites; Figure 1). Further details on localities, sampling

dates, and number of ticks collected per locality and host are avail-

able in Supporting Information 1. Tortoises were sampled, measured,

andweighted during the day. Ticks were taken using pincers and trans-

ferred into microtubes with 96% ethanol. Not all ticks infesting the

tortoises were collected or assessed, and, therefore, host infestation

intensity was not calculated in this study. We collected a maximum of

5 ticks per single host. After data collection, all tortoises were released

at the exact place where they were captured without marking because

the same areas were not resampled. Ticks were identified in the

laboratory morphologically using dichotomous keys (Földvari, 2005;

Walker et al., 2014). The characterization of the mitochondrial DNA
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F IGURE 1 Mapwith the localities sampled in this study. The first letters of the locality codes indicate the country: M (Morocco),
A (Algeria), T (Tunisia), TUR (Turkey). Detailed geographic location and number of samples collected in each locality is detailed in Supporting
Information 1

haplotypes of the ticks included in this study was previously assessed

in Silveira et al. (submitted; see below).

2.2 DNA extraction and PCR detection of
microorganisms

DNAwas extracted from adult ticks using a saline method with ammo-

nium acetate following Sambrook et al. (1989). Small incisions were

performed in the abdomen cavity and under the scutum of the ticks

to facilitate digestion. Molecular screening of each individual tick was

performed by conventional and real-time Polymerase Chain Reaction

(PCR) assays, according to previously described protocols (Table 1) for

the detection of members of the family Anaplasmataceae (Anaplasma,

Ehrlichia and Neorickettsia) and apicomplexans of the group of the

hemogregarines (Hemolivia andHepatozoon), relapsing fever groupbor-

reliae, B. burgdorferi sensu lato, Francisella and Rickettsia. In some spe-

cific cases, positive detections were confirmed by additional PCRs tar-

geting other gene regions (Table 1).

2.3 Sequence and phylogenetic analysis

All positive amplicons were purified with ExoSAP-IT® (Affymetrix,

Santa Clara, CA, USA) and sequencing was performed for both strands

of PCR products by the Sanger method, using the respective primers

of different target genes. Gene sequences were manually adjusted,

trimmedusing theBioEdit SequenceAlignmentEditor v7.1.9 software,

and further analysis was performed by comparisonwith the sequences

available in theNCBI (GenBank) nucleotide database (https://ncbi.nlm.

nih.gov/).

Pairwise distance (p-distances) betweenM. mitochondrii sequences

were estimated inMegaX (Kumar et al., 2018).

2.4 Statistical analyses

Difference in the number of ticks infectedwith pathogens among coun-

tries was analyzed using Fisher exact test.We tested whether the geo-

graphic location of the ticks (country, latitude, and longitude) affected

the presence of microorganisms (those with a prevalence higher than

7% - M. mitochondrii, H. mauritanica, Ehrlichia spp., and relapsing fever

borreliae)within the ticks. For this, we usedGeneralized LinearModels

with a binomial distribution and logit link function. We started by run-

ning a full model including country, latitude, longitude, and the inter-

action between latitude and longitude and sequentially removed non-

significant terms until we obtained a model with the lowest AIC. In

these models, we excluded Tunisia from the analysis because only two

ticks were analyzed from this location. After this, we assessedwhether

there was an association between tick mtDNA phylogeography identi-

fied in a previous study (Silveira et al., submitted), and the most preva-

lent TBMs. Based on two mitochondrial genes (cytochrome c oxidase

subunit I (COI) and 12S ribosomal RNA (rRNA) Silveria et al. (sub-

mitted) identified a total of 31 different haplotypes grouped in two

main haplogroups: A1 or northern haplogroup, which is abundant in the

northern localities from Morocco and Algeria and also in Tunisia, and

B1, which is present in Turkey, but is also widespread in inner Algeria,
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TABLE 1 PCRmethod, primers, and probes used for microorganism screening inHyalomma aegyptium ticks collected from Testudo graeca
tortoises. (2) indicates reference used for PCR amplification conditions

Target

microorganism(s) PCRmethod Target gene Set primers and probe

Product size

(bp) Reference

Anaplasma spp., Ehrlichia
spp.,Neorickettsia
spp.,M.mitochondrii
andWolbachia spp.

Conventional PCR 16S rRNA EHR16SD / EHR16SR 345 Brown et al., 2001;

Hornok et al.,

2008

Hepatozoon spp.;
Hemolivia mauritanica

Conventional PCR 18S rRNA HepF300 / HepR900 600 Ujvari et al., 2004;

Harris et al., 2011

Relapsing fever group

borreliae

Conventional PCR 16S rRNA REC4 / REC9 523 Ras et al., 1996

Real time PCR flagellin Flagellin F and R; flagellin

probe

44 Cutler et al., 2010

B. burgdorferi sensu lato
(s.l.)

Conventional PCR flagellin flaB outer F/R

flaB inner F/R

390 Johnson et al., 1992

Real-time PCR flagellin FlaF1A / FlaR1

(FlaProbe1)

132 Schwaiger et al.,

2001

Francisella spp. Real-time PCR tul4 Tul4F / Tul4R

TUL4 probe

91 Versage et al., 2003

Real-time PCR Francisella
tularensis outer
membrane

protein fopA

fopA 204 EQADeBa, 2007

Rickettsia spp. (SFG and

TG)

Conventional PCR ompB rompB_OF / rompB_OR 511 Choi et al., 2005

Conventional PCR gltA RpCs877p / RpCs1258n 381 Regnery et al., 1991

Conventional PCR ompA Rr190.70p / Rr190.602n 532 Regnery et al., 1991

andMorocco. These two haplogroups have been used in our analysis as

a representation of tick phylogeography.

Finally, we also evaluated if there were any significant associations

among the more common microorganisms (M. mitochondrii, H. mauri-

tanica, and Ehrlichia spp.) within a tick, that is, if infection by differ-

ent agents was independent or whether a tick infected with a given

microorganism was more or less likely to be infected by others. For

this, we used Schutler’s variance ratio test (Schluter, 1984) to ascer-

tain if there were significant associations between (a) M. mitochondrii

and Ehrlichia spp., (b) M. mitochondrii and H. mauritanica, (c) Ehrlichia

spp. and H. mauritanica, and (d) M. mitochondrii, H. mauritanica, and

Ehrlichia spp. In this test, lack of a significant result indicates either that

the parasites are independent or that positive and negative associa-

tions between pairs of parasites cancel each other (Forbes et al., 1994;

Schluter, 1984). Since there weremultiple cases of ticks collected from

the same host, for this analysis we randomly selected a single tick from

each individual host to control for the eventual influence of the verte-

brate host on infection, that is if the tortoises act as a reservoir for a

givenmicroorganism.

3 RESULTS

One-hundred and thirty-one adult H. aegyptium ticks were collected

from 92 T. graeca hosts in Morocco (n = 48), Tunisia (n = 2), Algeria

(n=70), andTurkey (n=11; Supporting Information 1). A higher preva-

lence of microorganisms was detected in ticks from Turkey (9 out of

11 ticks, 81.8%, were infected with at least one microorganism) than

those fromAlgeria (35 out of 70, 50%) andMorocco (12 out of 48, 25%)

(Fisher exact test, p < 0.001). However, TBM diversity was similar in

these three countries (Fisher exact test p= 0.854; Table 2; Figure 2). In

the two ticks collected in Tunisia, we did not detect any of the screened

microorganisms.

Our screening detected the following microorganisms: H. mauritan-

ica (22.9%), M. mitochondrii (11.4%), relapsing fever borreliae (8.4%),

Ehrlichia spp. (8.4%),Rickettsia spp. (3.4%),B. burgdorferi s.l. (0.9%), Fran-

cisella sp. (0.9%), andWolbachia sp. (0.8%).Wedid not detectAnaplasma

spp. in the samples analyzed.

Hemolivia mauritanica was the most common microorganism found

in the ticks with a prevalence of 22.9 % (30/131) and was found in

Morocco, Algeria, and Turkey. Only one sample from Morocco (MSE)

was positive for H. mauritanica in all the 15 localities sampled. In con-

trast, in Algeria, five out of the seven localities sampled were positive

for H. mauritanica, while in Turkey, all sites (4 localities) revealed posi-

tive ticks. Country and longitude affected the prevalence of H. mauri-

tanicawith prevalence significantly decreasing fromEast toWest (esti-

mate± SE= 1.07+ 0.31; reference category: not infected; Table 3). All

the new sequences from this microorganism were identical (accession

number MW295408) and were also identical to H. mauritanica previ-

ously retrieved fromH. aegyptium from T. graeca (KC512766), aswell as

from blood of T. marginata from Greece (KF992710-KF992699) and T.

graeca from Iraq (KF992700).
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TABLE 2 Overall prevalence (%) of themicroorganisms detected inHyalomma aegyptium ticks attached to Testudo graeca. For each
microorganism prevalence (number of positives/number of ticks tested) is given

Ehrlichia spp.
Midichloria
mitochondrii

Wolbachia
spp.

Hemolivia
mauritanica

Relapsing

fever

borreliae

Borrelia
burgdorferi s.l.

Francisella
spp.

Rickettsia
spp.

Total number of

ticks infected by

at least one

microorganism/

N ticks tested*

Algeria 14.3 (10/70) 10.0 (7/70) 0 (0/70) 32.8 (23/70) 8.6 (5/58) 0 (0/61) 0 (0/61) 2.3 (1/43) 35/70

Morocco 2.1 (1/48) 14.58 (7/48) 2.1 (1/48) 2.1 (1/48) 2.6 (1/38) 0 (0/38) 2.6 (1/38) 2.94 (1/34) 12/48

Tunisia 0 (0/2) 0 (0/2) 0 (0/2) 0 (0/2) 0 (0/1) 0 (0/1) 0 (0/1) 0 (0/1) 0/2

Turkey 0 (0/11) 9.1 (1/11) 0 (0/11) 54.5 (6/11) 30 (3/10) 10 (1/10) 0 (0/10) 11.1 (1/9) 9/11

Total 8.39 (11/131) 11.45 (15/131) 0.8 (1/131) 22.9 (30/131) 8.4 (9/107) 0.9 (1/110) 0.9 (1/110) 3.4 (3/87)

*Some ticks were tested only for some of themicroorganisms due to limited DNA sample.

F IGURE 2 Prevalence of microorganisms inHyalomma aegyptium collected from Testudo graeca. Co-infections include Ehrlichia spp.,H.
mauritanica and RF borreliae (n= 1),H. mauritanica and RF borreliae (n= 1), Ehrlichia spp. andH. mauritanica (n= 2), Ehrlichia sp. and R. sibirica
mongolitimonae (n= 1),M.mitochondrii andH. mauritanica (n= 5) in Algeria;M.mitochondrii and RF borreliae (n= 1) inMorocco;M.mitochondrii,H.
mauritanica and RF borreliae (n= 1),H. mauritanica and R. aeschlimannii in Turkey. Unknown refers to ticks tested negative for Ehrlichia spp.,M.
mitochondrii,Wolbachia spp., andH. mauritanica only and not tested for the remaining TBM. Numbers on the top of the bars represent the total
number of ticks

Ehrlichia spp. overall prevalencewas 8.39% (11/131), andwas found

only in Algeria and Morocco. Prevalence of Ehrlichia spp. decreased

with latitude (estimate ± SE = 1.05 ± 0.51; reference category: not

infected) and therewas a significant effect of country on its prevalence

(Table 3). All Ehrlichia sequences obtained in this study were identical

(accession number MW293912). This sequence had 99.62% similar-

ity with Ehrlichia sp. found, among others, in Amblyoma ticks in Brazil

(MT514732) and Australia (KY425523), and Haemaphysalis ticks from

Malaysia (KY046300) and China (KX987321). It also had 99.62% simi-

larity with Candidatus Ehrlichia shimanensis (AB074459) and E. ewingii

inHaemaphysalis ticks fromChina (MN148616).

Midichloria mitochondrii (overall prevalence = 11.45%, 15/131) and

relapsing fever borreliae (overall prevalence = 8.4%, 9/107) were not

associated with geographic location of tick collection. Although preva-

lence of relapsing fever borreliae was 30% in Turkey, this was not sig-

nificantly higher than for the other countries (prevalence between 0 –

8.6%).We retrieved two different haplotype sequences ofM.mitochon-

drii (p-distance = 0.022): one distributed across Morocco, Algeria, and
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TABLE 3 Effects of geographic location ofHyalomma aegyptium collection onmicroorganism presence. Only fixed effects maintained in the
best model are presented

Country (χ2, P) Latitude (χ2, P) Longitude (χ2, P) Wholemodel χ2 N WholeModel P

Midichloria mitochondrii 1.47, 0.22 – 1.47 91 0.22

Hemolivia mauritanica 37.65,< 0.0001 – 19.48,< 0.0001 40.85 91 < 0.0001

Ehrlichia spp. 9.33, 0.0094 4.55, 0.033 – 10.01 91 0.02

Relapsing fever borreliae – 2.07, 0.15 – 2.07 78 0.15

Turkey (accession number MW293914), and a second one, found in a

single tick in Algeria (individual ATH4, accession numberMW293913).

The first sequence was 100% identical to M. mitochondrii sequences

from several H. dromedarium infesting camels in Tunisia (MK416233

- 36) and from H. detritum samples in China (MG668797 - 98). The

second one showed 100% identity with M. mitochondrii from the tick

Rhipicephalus sanguineus (KY910125), and an uncultured bacterium

fromHaemaphysalis wellingtoni (AF497583) both collected in Thailand.

Overall prevalence of the other microorganisms tested was rela-

tively low: ranging from 0.8% (Wolbachia sp.) to 3.4% (Rickettsia sp.).

Wolbachia sp. (0.8%) and Francisella sp. (0.9%) were only detected in

Morocco, B. burgdorferi s.l. (0.9%) was detected in Turkey, and Rick-

ettsia sp. (3.4%)was detected in Algeria,Morocco, and Turkey (Table 2).

The sequence of Wolbachia (accession number MW293915) matched

with 100% identity with over 100 sequences of “uncultured bacteria,”

Wolbachia sp. and W. pipientis retrieved from mites (Dermanyssus gal-

linae, MT640298) and several insect groups, including flies (Haemato-

bia irritans: CP042446, Drosophila sp.: MK940245), moths (Carposina

sasakii, CP041215), fleas (Pulex irritans, MH521189), and hymenopters

(Ixodiphagus hookeri, KU255240), among others. The Francisella sp.

detected was most similar (93.7%) to F. persica (accession number

MW207217).

Regarding the detection of Rickettsia, we identified three positive

ticks: one in Turkey (1/9, 11.1%), one in Algeria (1/43, 2.3%), and one

in Morocco (1/34, 2.9%). Sequence analysis identified R. aeschlimannii

in the tick collected in Turkey. Our sequence was 100% identical to the

sequences of R. aeschlimanii fromGreece for ompA (491/491 bp; acces-

sion numberKP675967) and France for gltA (341/341bp;MK608659),

and was not identical any other named species on the database. Simi-

larly, for gltA itmatchedwith 100% toR. aeschlimannii (e.g.MK608659),

while for ompB it was 98% identical to the sequence MK028342

(455/464bp). The sequence from thepositive tick fromAlgeria showed

100% identity with R. sibirica mongolitimonae detected in ticks from

Turkey for ompA (488/488 bp; MH500071), and Cyprus for gltA,

(341/341 bp; accession number JF803902), while for the ompB frag-

ment the most similar sequence on GenBank with 99% identity was

R. sibirica mongolitimonae detected in a traveller patient in Algeria

(DQ097083). The Rickttesia detected in H. aegyptium from Morocco

was 100% identical to R. africae for both gltA (341/341 bp;MN025497)

and ompA (482 bp; JQ691730), while for ompB, sequences onGenBank

from various species including R. africae, R. parkeri, R. peacockii, and R.

slovaca all showed matches over 98%. The only 100% match was to

Rickettsia sp. from cattle in Zambia (LC565635).

Prevalence of Ehrlichia spp. was different between the two tick hap-

logroups (A1 and B1, Fisher’s Exact test P = 0.042, n = 82), with

probability of infection being higher in the widespread haplogroup B1

than in the northern haplogroup A1. However, because H. aegyptium

mtDNA haplotypes are partially associated with geographic distribu-

tion, it seems likely that this is an indirect effect of geographic loca-

tion of tick collection on H. mauritanica infection rates, rather than a

direct association. Prevalence of othermicroorganisms (H.mauritanica,

M. mitochondrii, and relapsing fever borreliae) was not associated with

tick haplogroups (in all cases, Fisher Exact test, P> 0.05).

We detected 13 (13.8%, 12/87 considering only ticks with all TBM

tested for) ticks with co-infections. The most common, detected in six

(6.9%) ticks, was that of M. mitochondrii with H. mauritanica. We also

detected co-infectionsbetweenEhrlichia spp. andH.mauritanica (n=2),

Ehrlichia spp. and R. sibirica mongolitimonae (n = 1), H. mauritanica and

R. aeschlimannii (n = 1), H. mauritanica and relapsing fever borreliae

(n = 1), and M. mitochondrii and relapsing fever borreliae (n = 1). Two

ticks presented triple infections: one with Ehrlichia sp., H. mauritanica

and relapsing-fever borreliae, and one with M. mitochondrii, H. mauri-

tanica and relapsing-fever borreliae. However, we did not detect any

significant associations betweenmicroorganism presence within ticks:

(a)M.mitochondrii and Ehrlichia spp., (b)M.mitochondrii andH.mauritan-

ica, and (c)M.mitochondrii,H. mauritanica and Ehrlichia spp. (Supporting

Information 2).

4 DISCUSSION

This studydescribes thediversity ofmicroorganisms infectingH. aegyp-

tium collected from T. graeca in North Africa and Anatolia. Although

this tick species is relatively host-specific, the diversity of microorgan-

isms it carries was high and included M. mitochondrii, Wolbachia spp.,

Ehrlichia spp., relapsing fever borreliae,B. burgdorferi s.l.,Francisella spp.,

Rickettsia spp., andH. mauritanica. The highest microorganism diversity

was found in ticks originating fromMorocco, although this country also

had the lowest prevalence, highlighting just how complex TBM distri-

butions are.

To the best of our knowledge, this is the first report of F. persica -

like, relapsing fever borreliae, and Wolbachia spp. in H. aegyptium. M.

mitochondrii was found to be widespread in our study area, with posi-

tive specimens fromMorocco, Algeria, and Turkey. This endosymbiont

is common in the microbial communities of several tick species (Cafiso

et al., 2016; Selmi et al., 2019), and was only recently reported for the
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first time in H. aegyptium collected from two T. graeca from a market-

place inQatar (Barradas et al., 2020a). Although the nature of this sym-

biotic relationship is still not fully understood (Cafiso et al., 2016), this

symbiont is able to invade the mitochondrial intermembrane space,

and it has been detected in different tick organs (Stavru et al., 2020).

These peculiarities suggest far more complex interactions within the

tick, namely enhancing tick’s reproductive fitness, energy production,

water balance, and cellular respiration, amongothers (Budachetri et al.,

2018; Stavru et al., 2020). Indeed, a recent study also suggested that

M. mitochondrii may assist tick cellular respiration during blood feed-

ing, when ixodid ticks are thought to enter a hypoxic state (Stavru et al.,

2020).

Other non-pathogenic tick endosymbiont such as Francisella -like

endosymbiont (FLE) have previously been detected inH. aegyptium and

H. marginatum from Israel, Hungary, Ethiopia, and Yemen (Azagi et al.,

2017) and, Francisella spp. has been reported to be the most common

bacteria in H. aegyptium ticks from Turkey (Keskin et al., 2017). Sur-

prisingly, we identified only one putative Francisella sp. from one spec-

imen from Morocco. Perhaps the identified F. persica-like is the bridge

between Francisella-like endosymbiont found in ticks and the faculta-

tive intracellular pathogen F. tularensis (Larson et al., 2016). Neverthe-

less, these bacterial endosymbionts have been known to colonize tick

salivary glands, and their presence in this organ does not ensure trans-

mission to the vertebrate host (Klyachko et al., 2007).

Reports ofWolbachia spp. in ticks are scarce, and in our study area,

Wolbachiahas only beendetected in one tick fromMorocco (Sarih et al.,

2005; Seng et al., 2009). Plantard et al. (2012) experimentally demon-

strated that the detection of the bacteriaW. pipiens in the tick I. ricinus

is the indirect result of the infection of the tick by the endoparasitoid

wasp Ixodiphagus hookeri, which carries theWolbachia in the first place.

The Wolbachia detected in our study was genetically identical to Wol-

bachia sequences retrieved from several insect species, including the

one fromtheendoparasiticwaspdescribedabove.Although themutual

benefits of this relation are only vaguely known, this bacterium may

induce an immune response in the ticks that could promote defense

against pathogens (Haine, 2008; Tijsse-Klasen et al., 2011).

The most abundant microorganism detected was H. mauritanica.

This apicomplexan species has aheteroxenous life cycle,which includes

the tick H. aegyptium and Testudo tortoises (Široký et al., 2009). Hemo-

livia mauritanica is distributed from North Africa to the Balkans and

Middle East regions (Široký et al., 2009). Prevalence is highly variable

along its distribution range, although in general, values are higher in

the eastern range decreasing toward the western and south (Široký

et al., 2009). The highest prevalence has been reported in Romania

(84%; Široký et al., 2009) and Iran (100%; Javanbakht et al., 2015).

Regarding North Africa and Anatolia, prevalence reported include

51.9% inTurkey (Akveranet al., 2020) andbetween6.25-30.4% inAlge-

ria (Široký et al., 2009; Tiar et al., 2010), while there are no positive

reports in Morocco or Tunisia (Harris et al., 2013; Laghzaoui et al.,

2020; Široký et al., 2009). Our study also indicates a higher prevalence

in Turkey than in Algeria. Interestingly, we detected for the first time

a tick infected withHemolivia in NorthMorocco (Sefrou). Studies show

that H. mauritanica is highly specific towards its tick and tortoise host

(Javanbakht et al., 2015). One possibility could be that this particular

Hyalomma individual infected withHemolivia could be phylogenetically

closer to those from Algeria, which are commonly infected. However,

this particular sample has the same mtDNA haplotype as ticks from

nearby localities inMorocco (Silveira et al., submitted), and theT. graeca

individual to which it was attached belonged to the subspecies T. g.

marokkensis, which is distributed across the north of Morocco (Graciá

et al., 2017). It seems likely, therefore, that Hemolivia is simply rarer in

Morocco, so that it has not been detected in previous works. However,

more studies are needed to understand the factors shaping the nar-

rower distribution ofHemolivia regarding theirHyalomma and T. graeca

hosts.

Ehrlichia bacteria are responsible for ehrlichiosis, and ticks infect-

ing amphibians and reptiles are potential carriers of Ehrlichia strains

pathogenic to humans (Andoh et al., 2015). The prevalence detected in

our study (8.39%) was lower than those reported in H. aegyptium ticks

infecting tortoises in Turkey (30.2%, Akveran et al., 2020). Althoughwe

were not able to identify the Ehrlichia species detected in our study, its

16S ribosomal RNA sequence was very similar (99.62%) to E. ewingii,

one of the pathogenic species infecting humans (Harris et al., 2016).

Regarding the detection of rickettsiae in ticks collected from tor-

toises, the three species R. aeschlimannii, R. sibirica mongolitimonae, and

R. africae are known to be pathogenic to humans (de Sousa et al., 2006;

Nouchi et al., 2018; Raoult et al., 2002) and have been described in

different regions of the globe, in Africa, Europe, and Eurasia (Parola

et al., 2013). Moreover, R. africae, detected in one of the ticks from

Morocco, is one of the most important causes of systemic febrile ill-

nesses reported in travellers returning fromsub-SaharanAfrica (Jense-

nius et al., 2004). Although R. africae has been previously associated

with H. aegyptium, it has been more frequently detected in ticks of the

Amblyomma genus. The same occurs for R. aeschlimannii and R. sibir-

ica mongolitimonae that have been also described to be associated with

other species ofHyalomma or other tick species (Barradas et al., 2020b;

de Sousa et al., 2006; Ereqat et al., 2016; Orkun et al., 2019). Our study

corroborates previous descriptions of the presence of R. aeschlimanii in

H. aegyptium collected from T. graeca in Turkey (Akveran et al., 2020;

Orkun et al., 2014). We identify for the first time the presence of R.

sibirica mongolitimonae in H. aegyptium in Algeria, although previous

studies have detected R. aeschlimannii, and other pathogens, such as

the Crimean-Congo virus inH. aegyptium ticks collected in this country

(Bitam et al., 2009; Kautman et al., 2016). Rickettsia sibirica mongoliti-

monae infection has been reported in one traveler to southern Algeria

(Fournier et al., 2005). Our finding of R. africae detected in Morocco

adds new data regarding the several rickettsiae of the spotted fever

group already identified in this country that canbe implicated in human

infections, including R. aeschlimannii in H. marginatum, R. massiliae in R.

sanguineus, R. slovaca in Dermacentor marginatus, and R. monacensis in I.

ricinus (Sarih et al., 2008).

Hyalomma aegyptium has been previously reported to harbour both

B. burgdorferi s.l. (Kar et al., 2011) and B. turcica – a spirochete from the

reptile-associated Borrelia group, a sister clade to RF Borrelia (Güner

et al., 2004). Borrelia turcica is the most commonly reported Borrelia

species fromH. aegyptium and tortoiseswith detections often reported
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from their ticks and tissues (Kalmar et al., 2015; Hepner et al., 2020).

Unfortunately, we could not assess the species of Borrelia in our sam-

ples.

We assessed the presence of associations between infection by the

tick endosymbiont M. mitochondrii and pathogenic agents (H. mauri-

tanica and Ehrlichia spp.), hypothesizing this endosymbiont could exert

positive effects on infection by other microorganisms, as has been

shown for example with R. parkeri (Budachetri et al., 2018). However,

this was not supported by our data: we did not detect any positive or

negative associations between M. mitochondrii and Erhlichia sp., or H.

mauritanica suggesting there are no synergistic or antagonistic inter-

actions among them. Although we detected four ticks co-infected with

M. mitochondrii and H. mauritanica, the sample size was relatively small

for this analysis.

Different patterns of microorganism infection across disparate vec-

tor populations/ haplotypes could be expected if they had variable

probabilities of infection either due to: (a) different contact rates of

a given population/ haplotype with a microorganism or their verte-

brate hosts, or (b) by a tick haplotype influencing the survival of a

given microorganism within the tick (Gómez-Díaz et al., 2010; Haj-

dušek et al., 2013) and or (c) due to the lack of suitable environmental

conditions in the niche exploited by a given tick lineage (e.g., presence

of suitable hosts) precluding the microorganism to complete its life

cycle. It has been shown that relatively isolated populations of verte-

brate hosts are likely to increase population structure of their ticks and

their microorganisms (McCoy et al., 2003; Norte et al., 2020; Vollmer

et al., 2011, 2013 ). The mobility of T. graeca is relatively limited, with

a range of movements varying between 0.29 and 5 ha (Rouag et al.,

2017; Graciá et al., 2020). As such, the probabilities of long-distance

dispersal are low, and these tortoises show notable phylogeographic

structuring (Fritz et al., 2009). The H. aegyptium ticks it carries also

present a geographic population structuring in the area covered by

our study (Silveira et al., submitted). However, this does not seem to

affect infection by the microorganisms studied: we did not detect sig-

nificant differences in the microorganisms (Erhlichia sp., M. mitochon-

drii, and relapsing fever borreliae) carried by different tick haplotypes,

although there was a tendency for the more widely spread haplotype

(B1) to present higher prevalence ofH. mauritanica. AlthoughH. aegyp-

tium is highly specific toward its tortoise host when adults, they will

attach to other, more mobile, species such as hedgehogs and hares

(Hoogstraal & Kaiser, 1960), and also lizards, birds, other mammals,

and humans, thereby increasing the probability of contact with differ-

ent microorganisms (Paștiu et al., 2012) that could partially explain the
absence of clear infection patterns among tick haplotypes. With many

factors involved, including aspects directly related to the microorgan-

ism and tick host (e.g., ability of the tick immune system to suppress the

infection), it is difficult to distinguish between the effect of geographic

location per se and tick haplotype on microorganism prevalence when

these facets are correlated. Indeed, we found that geographic location

affected both Ehrlichia spp. andH. mauritanica prevalence.

Our study contributed towards a better characterization of

microorganisms circulating within the T. graeca – H. aegyptium host-

parasite system, reporting for the first time the occurrence of relapsing

fever borreliae of unknown pathogenicity and the endosymbiontWol-

bachia spp. in this tick species.

Further studies regarding if the potential pathogens that H. aegyp-

tium was shown to carry persist long-term in tortoises and if they can

be transmitted to other feeding ticks and/or can be vectored by this

tick species would be relevant. These results are pertinent for pub-

lic health, and to identify infection risk related with translocation of

pathogens and vectors into new areas, especially because this host

species is widely collected for the pet trade. We also encourage public

health authorities to reinforce surveillance and controlwithin the com-

mercial pet trade. Additionally, non-commercial trade is particularly

relevant in this species (Segura et al., 2020), and educational campaigns

arealsoneeded to change theperceptionof locals toward tortoises, not

as pets but as threatenedwildlife species with zoonotic potential.

5 SEQUENCE SUBMISSION TO A PUBLIC
DATABASE

The GenBank accession numbers of partial sequences obtained in this

study are: MT793826-28 (partial fragment ompB of R. aeschlimannii, R.

sibiricamongolitimonae,R. africae);MT793829-31 (partial fragment gltA

of R. aeschlimannii, R. sibirica mongolitimonae, R. africae); MT793832-33,

MZ015009 (partial fragment ompA of R. aeschlimannii, R. sibirica mon-

golitimonae,R. africae);MW207217 (F. persica -like fopA gene fragment);

MW295408 (H. mauritanica 18S rRNA gene fragment); MW293912

(Ehrlichia sp. 16S rRNA gene fragment); MW293913-14 (M. mitochon-

drii 16S rRNA gene fragment), and MW293915 (Wolbachia sp., 16S

rRNA gene fragment).
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Orkun,Ö., Çakmak,A.,Nalbantoğlu, S., &Karaer, Z. (2019).Molecular detec-

tion of a novelBabesia sp. and pathogenic spotted fever group rickettsiae
in ticks collected from hedgehogs in Turkey: Haemaphysalis erinacei, a
novel candidate vector for the genus Babesia. Infection Genetics and Evo-
lution, 69, 190–198. https://doi.org/10.1016/j.meegid.2019.01.028

Orkun, O., Karaer, Z., Cakmak, A., & Nalbantoglu, S. (2014). Spotted fever

group rickettsiae in ticks in Turkey. Ticks and Tick borne Diseases, 5(2),
213–218. https://doi.org/10.1016/j.ttbdis.2012.11.018

Parola, P., Paddock, C. D., Socolovschi, C., Labruna, M. B., Mediannikov, O.,

Kernif, T., Abdad, M. Y., Stenos, J., Bitan, I., Fournier, P. -E., & Raoult,

D. (2013). Update on tick-borne rickettsioses around the world: A geo-

graphic approach. Clinical Microbiology Reviews, 26(4), 657–702. https:
//doi.org/10.1128/cmr.00032-13

Paștiu, A. I., Matei, I. A., Mihalca, A. D., D’Amico, G., Dumitrache, M. O.,

Kalmár, Z., Sándor, A. D., Lefkaditis, M., Gherman, C. M., & Cozma,

V. (2012). Zoonotic pathogens associated with Hyalomma aegyptium in

endangered tortoises: Evidence for host-switching behaviour in ticks?

Parasites & Vectors, 5(1), 301. https://doi.org/10.1186/1756-3305-5-
301

Plantard, O., Bouju-Albert, A., Malard, M.-A., Hermouet, A., Capron, G., &

Verheyden, H. (2012). Detection of Wolbachia in the tick Ixodes ricinus
is due to the presence of the hymenoptera endoparasitoid Ixodiphagus
hookeri. PLoS ONE, 7(1), e30692. https://doi.org/10.1371/journal.pone.
0030692

Raoult, D., Fournier, P. E., Abboud, P., & Caron, F. (2002). First documented

human Rickettsia aeschlimannii infection. Emerging Infectious Diseases,
8(7), 748–749. https://doi.org/10.3201/eid0807.010480

Ras, N. M., Lascola, B., Postic, D., Cutler, S. J., Rodhain, F., Baranton, G., &

Raoult, D. (1996). Phylogenesis of relapsing fever Borrelia spp. Interna-
tional Journal of Systematic Bacteriology, 46(4), 859–865. https://doi.org/
10.1099/00207713-46-4-859

Reed, K. D., Meece, J. K., Henkel, J. S., & Shukla, S. K. (2003). Birds, migration

and emerging zoonoses: West Nile Virus, Lyme Disease, Influenza A and

Enteropathogens. Clinical and Medical Research, 1, 5–12. https://doi.org/
10.3121/cmr.1.1.5

Regnery, R. L., Spruill, C. L., & Plikaytis, B. D. (1991). Genotypic identification

of rickettsiae and estimation of intraspecies sequence divergence for

portions of two rickettsial genes. Journal of Bacteriology, 173(5), 1576–
1589. https://doi.org/10.1128/jb.173.5.1576-1589.1991

Rouag,R., Ziane,N., &Benyacoub, S. (2017).Homerangeof the spur-thighed

tortoise, Testudo graeca (Testudines, Testudinidae), in the National Park

of El Kala, Algeria. Vestnik Zoologii, 51, 45–52. https://doi.org/10.1515/
vzoo-2017-0007

Sambrook, J., Fritsch, E., & Maniatis, T. (1989). Molecular cloning: A lab-
oratory manual (Vol., 3). New York: Cold Spring Harbor Laboratory

Press.

Sarih, M. H., M’Ghirbi, Y., Bouattour, A., Gern, L., Baranton, G., & Postic, D.

(2005). Detection and identification of Ehrlichia spp. in ticks collected in
Tunisia and Morocco. Journal of Clinical Microbiology, 43(3), 1127–1132.
https://doi.org/10.1128/jcm.43.3.1127-1132.2005

Sarih,M.H., Socolovschi, C., Boudebouch,N.,Hassar,M., Raoult,D., &Parola,

P. (2008). Spotted fever group Rickettsiae in ticks, Morocco. Emerg-
ing InfectiousDiseases,14, 1067–1073. https://doi.org/10.3201/eid1407.
070096

Schauber, E. M., Gertz, S. J., Maple, W. T., & Ostfeld, R. S. (1998). Coinfec-

tion of blacklegged ticks (Acari: Ixodidae) in Dutchess County, NewYork,

with the agents of Lyme disease and human granulocytic ehrlichiosis.

Journal of Medical Entomology, 35(5), 901–903. https://doi.org/10.1093/
jmedent/35.5.901

Schluter, D. (1984). A variance test for detecting species associations, with

some example applications. Ecology, 65, 998–1005. https://doi.org/10.
2307/1938071

Schwaiger, M., Peter, O., & Cassinotti, P. (2001). Routine diagnosis of Bor-
relia burgdorferi (sensu lato) infections using a real-time PCR assay. Clin-
ical Microbiology and Infection, 7(9), 461–469. https://doi.org/10.1046/j.
1198-743x.2001.00282.x

Segura, A., Delibes-Mateos, M., & Acevedo, P. (2020). Implications for con-

servation of collection of Mediterranean spur-thighed tortoise as pets

in Morocco: Residents’ perceptions, habits, and knowledge. Animals, 10,
265. https://doi.org/10.3390/ani10020265

Selmi, R., Ben Said, M., Mamlouk, A., Ben Yahia, H., & Messadi, L. (2019).

Molecular detection and genetic characterization of the potentially

pathogenic Coxiella burnetii and the endosymbioticCandidatusMidichlo-

ria mitochondrii in ticks infesting camels (Camelus dromedarius) from
Tunisia. Microbial Pathogenesis, 136, 103655. https://doi.org/10.1016/j.
micpath.2019.103655

Seng, P., Sarih, M., Socolovschi, C., Boudebouch, N., Hassar, M., Parola, P.,

Raoult, D., & Brouqui, P. (2009). Detection of Anaplasmataceae in ticks

collected inMorocco.ClinicalMicrobiology and Infection,15, 86–87. https:
//doi.org/10.1111/j.1469-0691.2008.02251.x

Silveira, D. J. M. (2016). Characterization of the ticks infecting tortoises in the
Mediterranean Basin and their role in parasite transmission. MSc thesis, Uni-

versity of Porto, Portugal.
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