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Abstract: Despite the high burden of vector-borne disease in (sub)tropical areas, few information
are available regarding the diversity of tick and tick-borne pathogens circulating in the Caribbean.
Management and control of vector-borne disease require actual epidemiological data to better assess
and anticipate the risk of (re)emergence of tick-borne diseases in the region. To simplify and reduce
the costs of such large-scale surveys, we implemented a high-throughput microfluidic real-time
PCR system suitable for the screening of the main bacterial and parasitic genera involved in tick-
borne disease and potentially circulating in the area. We used the new screening tool to perform an
exploratory epidemiological study on 132 adult specimens of Amblyomma variegatum and 446 of
Rhipicephalus microplus collected in Guadeloupe and Martinique. Not only the system was able to
detect the main pathogens of the area— Ehrlichia ruminantium, Rickettsia africae, Anaplasma marginale,
Babesia bigemina and Babesia bovis—but the system also provided evidence of unsuspected
microorganisms in Caribbean ticks, belonging to the Anaplasma, Ehrlichia, Borrelia and Leishmania
genera. Our study demonstrated how high-throughput microfluidic real-time PCR technology can
assist large-scale epidemiological studies, providing a rapid overview of tick-borne pathogen and
microorganism diversity, and opening up new research perspectives for the epidemiology of tick-
borne pathogens.
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1. Introduction

Among hematophagous arthropods, ticks transmit the greatest variety of pathogens of public
health and veterinary importance whose incidence is growing worldwide [1]. The French West
Indies, including the islands of Guadeloupe and Martinique, are located in the heart of the Caribbean
Neotropical zone, a cosmopolitan area characterized by a tropical climate, intercontinental trade and
animal movements (legal and illegal trade as well as bird migration) that are favorable for the
introduction and spread of ticks and tick-borne pathogens (TBPs) [2]. Yet, the epidemiological
situation of the Caribbean area with regard to the diversity of tick species and tick-borne diseases
(TBDs) is poorly documented [3].
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Amblyomma variegatum, Rhipicephalus microplus and Rhipicephalis sanguineus sensu lato are the
main tick species found in the French Antilles that are involved in the transmission of TBPs of medical
and veterinary importance [3]. While Rhipicephalis sanguineus sensu lato are mainly found infesting
dogs, Amblyomma variegatum, also known as the tropical bont tick (TBT) in the Caribbean, and
Rhipicephalus microplus (the “cattle tick”) have been the two main tropical livestock pests since their
introduction in the Caribbean through imports of infested animals from Africa and Asia in the 18th—
19th centuries [3-9].

R. microplus, a one-host tick highly specific to cattle, is mainly involved in the transmission of
Anaplasma marginale, Babesia bovis and Babesia bigemina, causing bovine anaplasmosis and babesiosis,
respectively. These endemic pathogens are responsible for important economic loss to farming
industries in the Caribbean and are still a sanitary threat [7,10].

A. variegatum is a three-host tick species, with immature stages that can parasitize a wide range
of hosts, including rodents, mongooses and birds, as well as an adult stage that is more specific to
cattle [11]. This tick species is mainly involved in Ehrlichia ruminantium transmission, the causative
agent of heartwater, a fatal ruminant ehrlichiosis. Although A. variegatum is present in both
Martinique (mainly in the south) and Guadeloupe (widespread), E. ruminantium has only been
reported in Guadeloupe [12]. In addition, A. variegatum ticks are also a vector of Rickettsia africae,
which is common in the Caribbean and can induce human rickettsiosis, called African tick-bite fever
[9,13,14]. African tick-bite fever remains a concern mainly for travelers. Indeed, despite high levels of
tick infection and seroprevalence in human and cattle sera, only two human cases of African tick-bite
fever have been reported to date, only in travelers returning from Guadeloupe [9,15]. Lastly, A.
variegatum is also involved in the epidemiology of Theileria mutans and Theileria velifera, two cattle
parasites with low and no virulence, respectively [6,8]. However, very few information is available
on the distribution and prevalence of these two Apicomplexa in the Caribbean.

Most of the epidemiological data available did not survey or determine the diversity of TBPs
circulating in the Caribbean, since they were often limited to the detection of some well-known
pathogens, via serological studies in animals or humans, or on molecular biology testing (PCR, nested
PCR) [16,17]. Thus, regarding the lack of recent information and the limited extent of the
epidemiological data available, new insight into the epidemiology of ticks and TBPs was needed to
better address the prevalence and (re)emergence of TBDs in the Caribbean.

In order to improve the surveillance ability of tick-borne pathogens in the Neotropical area, we
implemented a new large-scale screening tool based on a microfluidic real-time PCR approach.
Microfluidic real-time PCR is based on the use of microfluidic chips allowing the performance of up
to 9216 individual PCR reactions per run, and thus the simultaneous detection of up to 96 targets in
up to 96 samples. The recent development and use of a microfluidic real-time PCR for the rapid and
concomitant detection of a large panel of TBPs in European ticks has paved the way for promising
and broader surveillance capacities [18-22]. Here, we adapted and designed a new microfluidic real-
time PCR system suited to the simultaneous screening of the main bacteria and protozoans
potentially transmitted by ticks in the Caribbean. Not only did the system enable the direct detection
of 49 bacterial and parasitic species, but it also enabled, within a single experiment, broader capacities
for the surveillance of potentially pathogenic microorganisms by targeting the main bacterial and
protozoan genera involved in human and animal vector-borne diseases (one protozoan phylum and
eight bacterial and protozoan genera). In addition, the system enabled the molecular identification of
the three well-known tick species involved in TBDs in the Caribbean in order to confirm the
morphological tick species identification determined on the field. Finally, we used the new high-
throughput detection tool to conduct large-scale screening of TBPs in 132 A. variegatum and 446 R.
microplus adult specimens collected in Guadeloupe and Martinique. We demonstrated the system’s
ability to detect well-known TBPs occurring in the French West Indies, as well as unsuspected TBPs
and potential new microorganisms. This new method can considerably improve the ability to monitor
emerging and non-emerging TBPs through large-scale surveys in the Caribbean area.
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2. Results

2.1. Implementation of the High-throughput Microfluidic Real-time PCR System for Tick-borne Pathogen
Screening

The high-throughput microfluidic real-time PCR system developed for the screening of known
and potential TBPs in Caribbean ticks included 61 sets of primers and probes. Among them, 49
designs were developed for the detection of bacterial (n = 32) and protozoan (n = 17) species and
bacterial (n = 5) and protozoan (n = 3) genera/phyla (Table 1). Three sets of primers and probes were
developed for the molecular identification of the three tick species found in the Caribbean: A.
variegatum, R. microplus and R. sanguineus sensu lato (Table 1). Lastly, we developed a design
targeting a conserved region of the 165 rRNA genes in ticks, called “Tick spp.”, used as a control for

DNA/RNA extraction (Table 1).

Table 1. List of primer/probe sets constituting the BioMark system, with the positive controls used
for their validation (new designs mainly). *: Design from Michelet et al., 2014 [18]. **: include all the
controls belonging to the genus described in the table and targeted by specific design. Plasmids used

as control are recombinant PBluescript IISK+ containing the target gene.

Microorganisms ~ Target Designname Sequence(5'a3) Length (bp) Controls
Rick spp_gltA_F GICGCAAATGTTCACGGTACTT

Ridetisiospp. ~ gfA  Rid spp gfA R TCTTCGIGCATTTCTTTCCATIG B *CultureofR doon
Rick spp A P TGCAATAGCAAGAACCGTAGGCTGGATG
Ri.ma ITS F GITATTGCATCACTAATGITATACTG

Ridettsizmasslie* 115 Rima ITS R GITAATGTTGITGCACGACTCAA 128 Culture
Ri ma ITS P TAGCCCCGCCACGATATCTAGCAAAAA
Ri 1 ITS F TCTACTCACAAAGITATCAGGITAA

Ridetisinridettsi* 115 Ri i ITS R CCTACGATACTCAGCAAAATAATTT 14 Plastmid
Rifi ITS P TCGCTGGATATCGITGCAGGACTACAG
Ri 0 scal F GTAGATGCTTCATAGAATACTGC N}

Ridettsizconorii~~ scal Ri ® sal R CCAAATTTAGICTACCTTGIGATC 8 hﬁmm
Ricosal P TCCTCCTGACGTATTAAAAGAAGCTGAAGCT
Ri af scal F GATACGACAAGTACCTCGCAG

Ridktfsinafiie ~~ scal Ri af sal R GGATTATATACTTTAGGITCGITAG i) Culture
Riafsal P CAGATAGGAACAGTAATTGTAACGGAACCAG
Ri fel ofB F ACCCITITCGTAACGCTTIGC

Ridketsiafs ~ oifB Ri fel orB R TATACTTAATGCTGGGCTAAACC 163 Culture
RiflofBP  AGGGAAACCTGGACTCCATATTCAAAAGAG
Ri_typ_ompB.F CAGGICATGGTATTACTGCICA

Ridetisiatyhi ~ ompB  Ri_typ_ompB R GCAGCAGTAAAGICTATTGATCC 13 Culture
Rityp ompB P ACAAGCTGCTACTACAAAAAGIGCTCAAAATG
R pro_gltA_F CAAGTATCGGTAAAGATGTAATCG

Ridetisiaprownzekii gtA Ripro gtA R TATCCTCGATACCATAATATGCC 151 Plastmid
RipogA P ATATAAGTAGGGIATCIGCGGAAGCCGAT
Bo bu s 235 F GAGICITAAAAGGGCGATTTAGT * Cultureof B.afli B

Boeliaspp.* 2SIRNA  Bo_bu 25 R CTTCAGCCTGGCCATAAATAG 73 qurini,Bonlasivn, B
Bo_bu s 235 P TAGATGTGGTAGACCCGAAGCCGAGT lusitaie, B, recurments

, , Bo bu_gpA_F GCAATTACAAGGGGGTATAAAGC

B‘msefl”;ub“ﬁi"f” gpA  BobugpAR GGCGTGATAAGIGCACATTCG 26 Culture
BobugpAP  TTAATTAAACGGGGIGCATICTTCTCAAGAATG
Bor_ans fia F GGAGCACAACAAGAGGGAG

Bordlinanserina.~~ fla Bor ars fla R TIGGAGAATTAACCCCACCTG 7 Plasmmid
Bor_ans fia P TGCAAGCAACTCCAGCTCCAGTAGCT
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Bor lon glpQ F

GATCCAGAACTTGATACAACCAC

Bonelalonestari glpQ ~ Bor lon_glpQ R TICATCTAGIGAGAAGICAGTAG o Inieced b
BorlngpQP  AGTAATATCGICCGICITCCCTAGCTCG e
Bor_per._gyB F GCAAAACGATTCAAAGIGAGICC
Borlizprkeri gy BorpargyB R CTCATTGCCTTTAAGAAACCACTT 184 Culture
Bor par gyB P TTAAAACCAGCAACATGAGITCCICCITCIC
Bo_bi_pob F GCAACCAGICAGCTTTCACAG
Borliabisseti*  1poB  Bo.bitpoBR CAAATCCTGCCCTATCOCTTG 118 Plesmid
Bo_bi_pob P AAAGICCTOOCGGOCCAAGAGCATTAA
Bo th gipQ F GIGCTAACAAAGGACAATATTCC
Boelinthelri gpQ  Bo th gpQ R GGITAGIGGAAAACGGITAGGAT 213 Plasmid
BothgpQP  TATTATAATICACGAGCCAGAGCTTGACAC
Bart spp_ssrA_F CGITATCGGGCTAAATGAGTAG . oo
Butorelaspp. A Bart.sppsiA R ACOCCGCITAAACCTGCGA 118 UL
Batspp.srA P TTGCAAATGACAACTATGCGGAAGCACGIC it
Bt Ba_ba_pob F GAAGAGITIGIAGITIGICGICA
o PP BLRUPER AGCAGCTACAGAAACCAACTG 106 Culture
Ba_ba_pob P TGCAGGTGAAGITTTGATGGIGOCACG
Bar_he_ibC_F GGGATGOGATITAATAGITCTAC
Bartorelnhensdie tbC Bar he ibC.R CGCTTGITGITITGATCCICG 116 Culture
BarheibC_P  AGGITATAGTAGOGAAAACITAGAAATTGGIGC
e Ber_vin ITS F GGAATIGCITAACCCACTGITG
Bartelloimsonic e i TS R CCITATTGATITAGATCTGATGGG 11 Culture
subsp. brktf Barvin [I572  AGAAACTCCOGCCTTTATGAGAGAAATCICT
Co_buicd F AGGCCQGICCGITATTTTACG
Id Co_bu_icd R (CGGAAAATCACCATATTCACCIT 7 Culture
Coxiela burretiand Co_bu iad P TICAGGCGTTTTGACOGGGCITGGC
Conielr-Hke* Co_bu ISIT1_F TGGAGGAGCGAACCATTGGT
B GobulSILR CATACGGITIGACGIGCIGC 8 Culture
Co_bu ISIT1_P ATCGGACGTTTATGGGGATGGGTATCC
Frtu_tuld F ACOCACAAGGAAGIGTAAGATTA
[ Frtu_tuld R GIAATTGGGAAGCTTGTATCATG 7 Culture
- Fr_tu_uld P AATGGCAGGCTCCAGAAGGITCTAAGT
. Fr_tu_fopA_F GGCAAATCTAGCAGGICAAGC
sy A T e fopA R CAACACTTGCTTGAACATTTCTAG 91 Culture
Fr_tu_fopA P AACAGGIGCITGGGATGIGGGIGGIG
Ana_spp_ 165 F CTTAGGGITGTAAAACTCTTTCAG
Angplasmaspp. 16SIRNA Ana spp 165 R CITTAACTTACCAAACCGCCTAC 160 "
Anaspp 16SP  ATGCCCITTACGOOCAATAATTCOGAACA
gl An_ma_mspl_F CAGGCITCAAGCGTACAGIG Bxperimentally
g+ PP __Anma mpl R GATATCTGIGCCTGGCCTTC &  infecedbovineblood
AnmamsplP  ATGAAAGCCTGGAGATGITAGACCGAG sample
An_ph msp2 F GCTATGGAAGGCAGIGITGG
hamm* msp2  An phms2R GICTTGAAGCGCTOGTAACC 7 Medeid(b“’d% *P
P An_ph msy2. P AATCTCAAGCTCAACCCTGGCAQCAC
An_pla_grofL F TICIGCCGATOCTTGAAAACG ,
Anplosmaplas*  groEL An pla_giofL, R CTTCTCCTICTACATCCTCAG 7 Myﬂfbb"d
An_pla_grofl, P TTGCTAGATCOGGCAGGOCTCTGC
B An_bo_groFL, F GGGAGATAGTACACATCCTTG ,
Antplsmnbous™ goEL T eroFLR CTGATAGCTACAGITAAGCCC & Plastmid
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An bo groEL, P

AGGIGCIGITGGATGTACTGCTGGACC

An_ov.mspd F TCATTOGACATGCGIGAGICA
Angplasmaouis*  msph An_ov_msphr TTTGCTGGOGCACICACATC o) Plasmid
AnovmsphP  AGCAGAGAGACCICGTATGITAGAGGC
Neo_mik 165 F GCAACGCGAAAAACCITACCA
Erlichiaspp.* 16S:RNA  Neo_mik 165 R AGCCATGCAGCACCTGIGT ® ”
Neo_mik 163 P AAGGICCAGCCAAACTGACICITOCG
Fh oo gtA F GACCAAGCAGTTGATAAAGATGG
Elitinamis  gtA  FhagAR CACTATAAGACAATCCATGATTAGG 1% Culture
FhagtA P  ATTAAAACATCCTAAGATAGCAGIGGCTAAGG
Fh_ch dsb F TATTGCTAATTACCCTCAAAAAGIC
Eivlidindafeensis*  dsb  Fh.ch db R GAGCTATCCICAAGITCAGATTT yy  iead Andhomng
Eh ch dsb P ATTGACCTOCTAACTAGAGGGCAAGCA e
Fh ew_ dsb F CAATACTTGGAGAAGCATCATIG
Eivliinewingi*  db  Fhew db R TIGCTTATGGCITAATGCTGCAT g ieaedAndhomg
Eh_ew_dsb P AAAGCAGTACGIGCAGCATTGGCIGTA e
B Eh ru_gitA F (CCAGAAAACTGATGGIGAGITAG
e A FugiAR AGCCTACATCAGCTTGAATGAAG 116 Cullure
FhmgA P AGIGTAAACTTGCIGITGCTAAGGTAGCATG
, Eh PME_gitA_F GCTAGITATGAGITAGAATGTAAAC
M%ﬁg” A  EhPMEgHAR TACTATAGGATAATCITGAATCAGC p i Ao
Eh PMEgA P TIGCTATOGCTAAAATTCCAAGIATGATTGCG e
N Neomik_grofL, F AGAGACATCATTOGCATTTIGGA
%ﬁz goEL. Neo mik_groFL, R TTCOGGIGTACCATAAGGCIT % mmzﬁmd
Neomik gofL P AGATGCTGITGGATGIACTGCIGGACC
i Ae_pul_grofL, F AGCCAGTATTATOGCTCAAGG
ﬂﬁ? gofl. Ae pul grofL, R GOCTCAGGIGCCITCATAAC 168 Plasmid
Aepulgof, P TGCTTCTCAGIGTAACGACAGGGITGG
Apic 185 F TGAACGAGGAATGCCTAGIATG * Infected canine
Apic 183 R CACOGGATCACTCGATOGG blood sample, with B
Apicomplexa 18SRNA 104 awisross B avisars
Apic 183 TAGGAGCGACGGGQGGIGIGIAC Cultureof B.dizergers
Tlesioquar Tl
Ba_vo_hspT) F TCACTGIGCCTGOGTACTTC ,
Babesinamisogei* hep)  Bavo hspM R TGATACGCATGACGITGAGAC % hmﬁﬁmﬁ
Ba.vo hsp70 P AACGACTCCCAGCGCCAGGCCAC P
Ba_ov 185 F TCIGIGATGOOCTTAGATGIC
Bebesinovis*  1SSIRNA  Ba.ov ISR GCTGGITACCCGCGCCIT o) Plasmid
Ba_ov_183 P TOGGAGOGGGGICAACTOGATGCAT
Ba_big RNAISS F ATTCCGITAAGGAACGAGACC
Babesiabigering* 18SrRNA_Ba big RNAISS R TICCOOCACGCTTGAAGCA ® Plasmid
Babig RNAISSP  CAGGAGICCCTCTAAGAAGCAAACGAG
Ba_gb_rapl_F CICTTGCTCATCATCTITICGG
Babesingbsoni  Rapl  Bagb rapl R TCAGCGTATCCATCCATTATATG 120 Plastmid
BaghmplS  TTTAATGOGIGCTACGITGTACTTCCCAAAG
Ba_cob_apl_F GITGITCGGCTGGGGCATC
Babesincbali*  Rapl  Bacb rapl R CAGGOGACTGACGCIGIGT o Plasmid
Ba_cab, rap]_P TCTGTOCCGATGTCAAGGGGCAGGT
Babo (CTeta F GOCAAGTAGIGGTAGACTGTA
Babesiabovis*  (CTela  Ba bo_ (CTeta R GCTCCGICATIGGITATGGTA 100 Plasmid
Ba_bo (CTeta P TAAAGACAACACTGGGTCCGOGTGG
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Badu ITS F ATTTCCGTTTGOGAGAGITGC
Bibesindnami* T2 BadulSR AGGAAGCATCAAGTCATAACAAC & Plasmid
Ba du ITS P AACAAGAGGCCCCGAGATCAAGGCAA
Bab_mi (CTeta F ACAATGGATTTTCCCCAGCAAAA
Babesiamioroti*  CCTeta  Bab, mi CCTeta R GCGACATTTCGGCAACTTATATA 45 Guilture
Babmi CCTea P TACTCTGGTGCAATGAGCGTATGGGTA
Th pa 165 F GAGTATCAATTGGAGGGCAAG
Thelerparn*  18SIRNA Th pa 185 R CAGACAAAGCGAACTCCGTC 3 Cullture
Th pa 165 P AAATAAGCCACATGCAGAGACCCCGAA
The mu ITS F CCTTATTAGGGGCTACCGIG
Thelerimutas TS5 The muITS R GITTCAAATTTGAAGTAACCAAGTG 119 Plasmid
The muIlSP  ATCCGIGAAAAACGIGCCAAACTGGITAC
The ve 185 F TGIGGCTTATCTGGGTTCGC
Thelerinvdlfern 18S:RNA The ve 185 R CCATTACTTTGGTACCTAAAACC 151 Plasmid
Theve ISP TIGCGITCOCGGIGTTITACTTTGAGAAAG
Th eq emal F (GGCAAGAAGCACACCTTC
Thelernei~ emal  Theq emal RA TGCCATCGCCCTTGTAGAG 167 Plasmid
Th eq emal P4 AAGGCTCCAGGCAAGCGOGICCT
Gy F AAGATCCGAACGGAGTGAGG
Giaczonfls MR Gy AR GTAGICTCACCCAATTTCAGG 119 Plasmid
Gy IS AAGTGTGGGATGTACCGACGIGIGAG
Hepa_spp 165 F ATTGGCTTACCGIGGCAGIG
Heprtozomnspp. 185:RNA  Hepa_spp_ 185 R AAAGCATTTTAACTGCCTTGTATTG 1% -
Hepaspp 1855 ACGGITAACGGGGGATTAGGGITCGAT
He an 185 F TICTAACAGITIGAGAGAGGTAG e
Heptozoonanis 185:RNA  He can 185 R AGCAGACCGGITACTTTTAGC 21 e
He an 1855 AGAACTTCAACTACGAGCTTTTTAACTGCAAC
He ame 185 F2 GGTATCATTTIGGIGIGTTITTAAC
m I8SIRNA  He ame 16 R2 CTTATTATTCCATGCTCCAGTATTC 15 Plasmid
He ame 18572 AAAAGCGTAAAAGCCTGCTAAAAACACTCTAC
Leish,spp hspr0_F CGACCTGTTCCGCAGCAC oot
LeiSminspp.  hep®0  Leish spp_hsp0 R TOGTGCACGGAGCGCTTG » et
Leish spp_hsp70.S TQCATCITCGCGICCTGCAGCACG S
o L inf ITS F (GCACCGOCTATACAAAAGC
Le’; m”’m“”ml” S Te inf ITS R GITATGIGAGCCGITATCCAC 18 Cuilture
Leinf TS S ACACGCACCCACCCCGCCAAAAAC
Ravit 185 F TAACCGIGCTAATTGTAGGGC
Ranglinoitali  18S:RNA  Ravit 185 R GAATCACCAAACCAAATGGAGG P Plasmid
Ravit 185, TAATACACGTTCGAGGGCGCGTTTTGC
Tick spp 165 F AAATACTCTAGGGATAACAGCGT
Tikspp.  16SRNA  Tidkspp ISR TCTTCATCAAACAAGTATCCTAATC ® o
Tk spp 165 P CAACATCGAGGTCGCAAACCATTTIGICTA
A, var IT. F GCCAGCCTCTGAAGIGACG
A;’Z;”;’:ﬂ” M2 Ambvar T2 R TICTGCGGTTTAAGCGACGC 17 (g;j;m)
Amb,_var TS P TCTTGCCACTCGACCCGIGCCTC
P Rhi_mic JTS2.F GCTTAAGGCGTTCTCGICG e
wolss T2 Riimic IR CAAGGGCAGCCACGCAG o o
Rhi mmic ITS2_P TAGTCCGCCGICGGICTAAGIGCTTC Calapagos
Rhi_san T2 F TTGAACGCTACGGCAAAGCG
2 e 2R CCATCACCTCGGTGCAGIC 0 Tiedad Franc)
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Rhipicephalus
sanguineus sensu Rhi_san ITS2 P ACAAGGGCCOGCTCGAAAGGCGAGA
lato

The detection ability of each design and the effect of pre-amplification on detection signals were
first checked by TagMan real-time PCR on a LightCycler 480 apparatus using a range of dilutions of
positive controls (Table 1, Table S1). Three kinds of positive controls were used, including bacterial
or protozoan cultures when available, DNA from infected ticks or blood samples, and plasmidic
constructions as a last resort (Table 1). Except for the design targeting Borrelia burgdorferi sensu
stricto, which never succeeded in detecting the positive controls even after a pre-amplification step,
the remaining 60 designs targeting TBPs and tick species were able to detect their target with Ct
values between 6 and 38 (data not shown). Pre-amplification improved the quality of detection and
was, therefore, validated as part of the screening protocol (see Figure S1). The relative specificity of
the 61 designs was then evaluated using the BioMark system and a total of 62 positive controls (Figure
1, Table S1).

num IAS PRNA

Theileria arutn

Rickesia rickersii (Plasmi
Rickensia conoril (Infected K. sanguineds o

Ricketrsiu fefis (Cul

Ricketrsia fyphi (Culf

Ricketssia prowazeki

Borretiu afeli

Rarrelia earinii (Culturc)

Borretia lusitaniae (Cul

Buorreliu recurrentis [ )

Borrclia buredoferi (Culture)

Borrelia uaverina (Plasmid)|

Borrelia louesiard Tnfected 4. americanwm eks)|_|
Burvetia parkeri (Culture)

Rorreliu bissertii (Plasmid)

Borrelia theiteri (Plasmid)|

Bartonella guintana (Culture)

Bartonchla bacitlifermis {Culture)

Bartonelln hetivelue (Culture)

Bartunella vinsonit subsn. berkhaffi (Culiure)
Coxiella burnetti (Cull

Framcicelle nifarenis (1 1]

Anamlasing maretuie (Infeeted cow bloodi
Anaplasma phugecytophitum {Infected Leodes fick)|
Asuplasma viazes (Tnfected due blovd)
Anaplasima bovis (Plasmid)

Amaplasne oviv (Plasmid))

Ehriichia canis (Culture)

Panoln mopafaix Thriichiy (Tfecwd 4, gmeriegnym o
Nevekriichiz mikurensis (Infected rodent bl
Aczvptivnedla prlloran. (Plas

Babesia divereens (Culture)

Raubesia canis rossi (Infected dog Mond)
Babesia caufs canfs Tnlecied dug Hlowd)
Babesia canis vogeli {Infected dog blood)
Rabesic wviy (Plasmid)

Babesia bigeming (Plasmidy

Rubesia wifsoni (Plasmid)|

Babesia cabalii (Plasmid)

Babesia buvis (Plasmid)

Rubevia duwncwni (Plasmid))

Babesit micronl (

Theiteria onuulota (Cul

Theileria Lestoarari (Culturs)|

Theiteriu parva (Culture)|

Thetleria muranys (Plasmid))

o
Cvtauxzoon fefis (P)
Hepatozoms canis {Infected do
Heparozearn americanuin (Pl
Leishmania martinigrensis |
Lefsiomonie infuntom (Cultury))
Rangelia vitalii (P

Anhlgomma variecotam (W
Riivicenhalus micromhis (W
Rbipicephaluy sanpuinens (W

Figure 1. BioMark™ dynamic array system specificity test (96.96 chip). Each square corresponds to a
single real-time PCR reaction, where rows indicate the pathogen in the sample and columns represent
the target of the primer/probe set. Ct values for each reaction are represented by a color gradient; the
color scale is shown on the right y-axis. The darkest shades of blue and black squares are considered
as negative reactions with Ct > 30.

=36.800
40100
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Forty-three primer/probe sets were able to specifically detect and amplify their target using a Ct
cut-off value of 30; they were then directly validated (Figure 1). The remaining designs were able to
detect and amplify their target, but they also gave positive results in outgroup controls. Interestingly,
two kinds of unsuspected signals were observed: some were related to cross-reactions with closely
related species and some to potential co-infections in controls corresponding to field samples (Figure
1). Thus, eight designs — Rickettsia massiliae, Rickettsia conorii, Bartonella henselae, Bartonella bacilliformis,
Babesia canis vogeli, Babesia microti, Theileria parva and Hepatozoon americanum—gave positive results
in outgroup controls, revealing cross-reactions with one to two closely related species (Figure 1).
Caution will be required when interpreting results obtained with these designs. Seven designs—
Rickettsia spp., Rickettsia felis, Rickettsia africae, Apicomplexa, Babesia bigemina, Hepatozoon spp. and
Hepatozoon canis—gave positive results in outgroup controls linked to potential co-infection in
controls corresponding to DNA from infected ticks or blood samples (Figure 1). As co-infections may
occur in natural tick or blood samples, these unexpected detections in biological samples were likely
due to the natural (co)occurrence of microorganisms rather than to cross-reactions. Finally, the Babesia
ovis and Rickettsia rickettsii designs gave multiple cross-reactions with closely related species or
distant outgroups and, thus, were considered as non-specific and removed from the rest of the study
(Figure 1). More details on the relative specificity analysis of the designs are available in Appendix
A.

To conclude, with the exception of the sets of primers and probes targeting Borrelia burgdorferi
sensu stricto, Babesia ovis and Rickettsia rickettsii that were ultimately removed from the study, the 58
remaining designs were validated for the high-throughput screening of pathogens in Caribbean ticks,
taking into account the notified cross-reactions.

2.2. Large-scale TBP Detection Survey in Ticks from Guadeloupe and Martinique

A total of 578 adult ticks were collected from cattle in Guadeloupe and Martinique. In total, 523
samples were tested using the BioMarkTM system developed in this study. The molecular
identification of Amblyomma variegatum and Rhipicephalus microplus using the corresponding specific
designs were consistent with the morphological identification made after tick collection. The number
of positive ticks and the corresponding infection rates for each detected pathogen were calculated for
132 A. variegatum as well as 165 and 281 R. microplus specimens from Guadeloupe and Martinique,
respectively (Figure 2). As some of the R. microplus samples corresponded to pools of two to four
adult specimens, we reported the minimum and maximum infection rates (see Materials and
Methods).
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132 (IR} out of 165 (IR wrint - wrax) out of 281 (IR min - max)
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0 Anaplasnu marginale 0 5(3%) -7 (4.2%) 111 (39.5%) - 116 (41.3%}
™ Ehlichia spp. 11 (8.3%) 7 (4.2%) - 11(6.7%) 134 (47.7%) - 138 (49.1%)
[ ] Ehrlichin risminentivn 7(5.3%) 0 0
[ ) Borrelia spp. 7 (5.3%) 1(0.6%) 12 (4.39%)
Q Rickettsia spp. 130 (98.5%) 25 {15.2%) - 38 (23%) 0
o] Rickettsia africae 126 (95.3%) 0 0
L Leishmania spp. 0 0 2(0.7%)
® Theileria inutans 2(1.5%) 3(1.8%)-4(2.4%) 4(1.4%)
° Theileria velifera 57 (43.29) 39 (23.6%) - 52 (31.5%) 72 (25.6%) - 73 (26%)
: EBabesin bigeming 0 1{0.6%) -2 (1.2%) 35 (12.5%) - 36 (12.8%)

Babesia hovis 0 0 2 {0.7%)
b Nornvinfected tick 1(0.8%) 51 (30.9%) - 72 (43.0%) 52 (18.5%)

Figure 2. Infection rates in ticks collected in Guadeloupe and Martinique. Number of positive A.
variegatum ticks (out of 132) and R. microplus ticks from Guadeloupe (out of 165) and Martinique (out
of 281). On the maps, black dots indicate the collection sites of non-infected tick samples and colored
dots indicate the collection sites of infected tick samples; The dot color determine the bacterial and
parasitic genus of the microorganism found as indicated in the table; IR: Infection rate. As some R.
microplus samples were pooled, we have presented minimum and maximum tick infection rates. .

Conventional PCRs/nested PCRs followed by amplicon sequencing were performed on several
tick samples presenting low Ct values to confirm the results of the newly designed BioMark™ system
(see Materials and Methods section). Identity percentages of the sequences obtained with reference
sequences available in GenBank (NCBI) are presented in Table 2.
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Table 2. Homology between the deposited sequences and reference sequences in GenBank (T: Sample
number tested by conventional assay; S: Sample number which allowed sequence recovery; AN:
Accession number of the recovered sequence; L: recovered sequence length (bp); Id%: percentage of
nucleotide identity between recovered and reference sequences).

Biomark Id Sequence Name T S AN L Closest Homology Id% Reference
Ridettsizspp.  Rickettsinafricne Tik208 30 14 MK049851 248 Rickettsia afvicae 100 AF123706.1
Leishmaniaspp. ngd”é”’*’w””‘w’ "5 0 1 MK 272 Leishmaniamartiniquensis 100 AF308938.1
Leishmania siamensis 100 GQ226033.1

Borreliaspp. Borrelia sp. Tick7 30 1 MKM9846 245 Borrelia anserina 0 X75011
Borrelia sp. Tickd57 4 MKM9s47 327 Borreliasp.BR 100 EF141022.1

Borrelia sp. strain MoO63b- 100 KYO7085.1

flaB

Borrelia theileri 99  KF569936.1

Anplssmaspp.  Angplssmasp. Tid314 2 2 MKO49845 245 Wld”btgf Anaplasma ) vogzs1
Anaplasma sp. Tick283 2 2 MK049844 244 Anaplasma marginale 100 MHI155593.1

marginale Sp- Hap &t -
Anaplasma centrale 100 ME289482.1

Anaplasma ovis 100 MG77040.1

Anaplasma capra 100 MF000917.1

Anaplasma phagocytophilum - 100 DQ648489.1

Ehrlichia spp. Ehrtichia sp. Tick428 2 2 MKM9849 246 Ehrlichia spp. 100 KY5%4915.1
Ehrlichia canis 99  KY594915.1

Ehrlichia ewingii 9 U9%436.1
Ehrlichia chaffeensis 99 NR 0745002

Ehrlichia muris 99  KU535865.1
Ehrlichia minasensis 99 NR _148800.1
Ehviichia Ehvlichia iy 4 \neojona8 207 Eivlichiaruminantium 100 NR_O74155.1
rurminantium Tick116

Babesia bigermina Babesiabigemina Tick222 2 1 MKO71738 99 Babesia bigermina 100 KP710227.1
Babesia bouis Babesia bovis Tickd97 2 2 MKO071739 100 Babesia bovis 99 AB36/921.1

2.2.1. Detection of Known TBPs in Caribbean Ticks

Seven TBPs known to circulate in the Caribbean were detected in ticks from Guadeloupe and
Martinique: R. africae, E. ruminantium, A. marginale, B. bigemina, B. bovis, T. mutans and T. velifera
(Figure 2).

Rickettsia spp. were only detected in ticks collected in Guadeloupe (Figure 2). R. africae was
identified in 95.5% of the A. variegatum samples (Figure 2). In contrast, Rickettsia spp. detected in
15.2%—-23% of the R. microplus samples from Guadeloupe were not directly identified as R. africae with
the BioMark™ system (Figure 2). Thus, 14 A. variegatum (6/14) and R. microplus (8/14) samples positive
for Rickettsia spp. were tested by nested PCR with primers targeting the ompB gene; this was followed
by sequencing. All the sequences recovered were identical and displayed 100% identity with R.
africae, confirming that the Rickettsia spp. detected in R. microplus from Guadeloupe corresponded
also to R. africae. (Table 2). The consensus sequence was deposited under the name Rickettsia africae
Tick208 (accession number MK049851).

E. ruminantium was identified in 5.3% of the A. variegatum ticks from Guadeloupe (Figure 2). We
confirmed the presence of E. ruminantium nucleic acids by testing one sample of A. variegatum by
conventional PCR targeting the 165 rRNA genes; this was followed by amplicon sequencing. The
sequence obtained displayed 100% sequence identity with E. ruminantium and was deposited under
the name Ehrlichia ruminantium Tick116 (accession number MK049848) (Table 2).
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A. marginale was identified in R. microplus ticks from both islands, with infection rates reaching
3%—4.2% and 39.9%-41.3% of specimens from Guadeloupe and Martinique, respectively (Figure 2).
We confirmed the detection of A. marginale by testing two samples of R. microplus by conventional
PCR targeting the 16S rRNA genes; this was followed by amplicon sequencing. We obtained two
identical sequences, deposited under the name Anaplasma sp. Tick283 (accession number MK049844),
which displayed 100% sequence identity with Anaplasma spp. including A. marginale (Table 2).

B. bigemina was detected in 0.6%-12% and 12.5%-12.8% of the R. microplus ticks from
Guadeloupe and Martinique, respectively (Figure 2). B. bovis was only detected in ticks from
Martinique, with an infection rate of 0.7% in R. microplus samples (Figure 2). As conventional and
nested PCR did not succeed in detecting these parasites, we directly sequenced amplicons obtained
with the B. bigemina and B. bovis designs developed here, and corresponding sequences were
identified (accession numbers MK071738 and MK071739 respectively) (Table 2).

T. velifera and T. mutans were detected in both tick species and on both islands. T. velifera was
identified in 42.3% of the A. variegatum samples and in 23.6%-31.5% and 25.6%-26% of the R.
microplus samples from Guadeloupe and Martinique, respectively (Figure 2). Moreover, T. mutans
was detected in 1.5% of the A. variegatum samples and in 1.8%-2.4% and 1.4% of the R. microplus
samples from Guadeloupe and Martinique, respectively (Figure 2). Unfortunately, neither
conventional PCR nor BioMark amplicon sequencing succeeded in confirming the BioMark results.

2.2.2. Detection of Unexpected Microorganisms in Caribbean Ticks

Unexpected signals were obtained during the screening of microorganisms in ticks from
Guadeloupe and Martinique, including the first detection of untargeted species belonging to the
genera Anaplasma, Ehrlichia, Borrelia and Leishmania (Figure 2).

Ehrlichia spp. were detected in R. microplus ticks from both islands, with infection rates reaching
4.2%-6.6% and 47.7%-49.1% in Guadeloupe and Martinique, respectively (Figure 2). We tested two
of the Ehrlichia spp.-positive R. microplus samples by conventional PCR targeting the 165 rRNA genes
in order to identify the Ehrlichia spp. present in the Caribbean sample. We obtained two identical
sequences, deposited under the name Ehrlichia sp. Tick428 (accession number MK049849) (Table 2).
Phylogenetic and genetic distance analyses were performed using a portion of the 16S rRNA genes
of several Ehrlichia species (Figure 3). The Ehrlichia sp. Tick428 sequence was found within a cluster
including various uncharacterized Ehrlichia species detected in ticks from Asia and Africa (Figure 3).
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KY046298.1 Uncultured Ehrlichia sp. clone UN2-100 16S ribosomal RNA gene partial sequence
MG346223.1 Uncultured Ehrlichia sp. clone Ehr-1 16S ribosomal RNA gene partial sequence
AF497581.1 Ehrlichia sp. EBm52 16S ribosomal RNA gene partial sequence
AF311967.1 Ehrlichia sp. ERm58 16S small subunit ribosomal RNA gene partial sequence
AF311968.1 Ehrlichia sp. EHt224 16S small subunit ribosomal RNA gene partial sequence
DQ379970.1 Ehrlichia sp. IE-D clone IE152B 168 ribosomal RNA gene partial sequence
AY309969.1 Ehrlichia sp. EHf669 16S ribosomal RNA gene partial sequence
AY309970.1 Ehrlichia sp. EH727 16S ribosomal RNA gene partial sequence
JX402605.1 Uncultured Ehrlichia sp. clone Xinjiang158-10 16S ribosomal RNA gene partial sequence
KJ410255.1 Ehrlichia sp. BL157-4 16S ribosomal RNA gene partial sequence
KJ410257.1 Ehrlichia sp. BL157-9 16S ribosomal RNA gene partial sequence
KX577724.1 Uncultured Ehrlichia sp. clone Tibet 16S ribosomal RNA gene partial sequence
KX987322.1 Ehrlichia sp. strain WHBMXZ-43 16S ribosomal RNA gene partial sequence
KX987323.1 Ehrlichia sp. strain WHBMXZ-42-1 16S ribosomal RNA gene partial sequence
KX987324.1 Ehrlichia sp. strain WHBMXZ-41 16S ribosomal RNA gene partial sequence
KX987325.1 Ehrlichia sp. strain WHBMXZ-40 16S ribosomal RNA gene partial sequence
@ MKO049849 Ehrlichia sp. Tickd28
KY594915.1 Ehrlichia canis isolate b2-15 16S ribosomal RNA gene partial sequence
51 NR 148800.1 Ehrlichia minasensis strain UFMG-EV 16S ribosomal RNA partial sequence
57 NR 074500.2 Ehrlichia chaffeensis strain Arkansas 16S ri RNA p
KU535865.1 Ehrlichia muris isolate Est1709 16S ribosomal RNA gene partial sequence

54 U96436.1 Ehrlichia ewingii strain 95E9-TS 16S ribosomal RNA gene partial sequence
95| NR 074155.1 Ehrlichia r i ium strain Welg den 168 rib. I RNA partial sequence

@ MK049848 Ehrlichia ruminantium Tick116
MG976767.1 Anaplasma phagocytophilum isolate KZA3 16S ribosomal RNA gene partial sequence

Figure 3. Phylogenetic analysis of 16S rRNA sequences of Ehrlichia spp. Phylogenetic analysis of 16S
rRNA sequences of Ehrlichia spp. using the maximum likelihood method based on the Tamura—Nei
model. In the phylogenetic tree, GenBank sequences, species designations and strain names are given.
The sequences investigated in the present study are marked with a black circle (Ehrlichia sp. Tick428,
accession number MK049849) and a black diamond (Ehrlichia ruminantium Tick116, accession number
MKO049848). The tree with the highest log likelihood (—413.76) is shown. The percentage of trees in
which the associated taxa clustered together is shown above the branches (bootstrap values). The
analysis involved 25 nucleotide sequences. There were a total of 206 positions in the final dataset.

In addition, in around 50% (at least 4/8 ticks) and 18% (at least 22/114 ticks) of the R. microplus
specimens positive for Anaplasma spp., none of the Anaplasma species targeted by the BioMark™
system gave signals, suggesting the presence of an unexpected or new Anaplasma spp. (Figure 2). We
tested two of the Anaplasma spp.-positive R. microplus samples by conventional PCR targeting the 165
rRNA genes. We obtained two identical sequences, deposited under the name Anaplasma sp. Tick314
(accession number MK049845) (Table 2). This sequence displayed 100% sequence identity with
Candidatus Anaplasma boleense. Phylogenetic and genetic distance analyses were performed using a
portion of the 16S rRNA genes of several Anaplasma species (Figure 4). The Anaplasma sp. Tick314
sequence was found in a cluster including Candidatus Anaplasma boleense, Anaplasma platys and
Anaplasma phagocytophilum.
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MG770440.1 Asraplasma ovis isolate G-WK-38 168 ribosomal RNA gene partial sequence
MF000917.1 Anaplasme capra isolate C-GN-65 168 ribosomal RNA genc partial scquence

88 MHI55593.1 Anaplasma marginafe strain DIQ1 168 ribosomal RNA gene partial sequence

MF289482.1 Anaplasme centrale isolate LP17 16S ribosomal RNA gene partial sequence
A MK049844 4 naplasma sp. Tick283

JN558828.1 Anaplasma bovis isolate R7 clone 7 168 ribosomal RNA gene partial sequence
MG976767.1 Anaplasma phagocytophilum isolate KZA3 165 ribosomal RNA gene partial sequence

KX987335.1 Cardidatus Anaplasma boleense strain WHBMXZ-139 168 ribosomal RNA gene partial sequence
[ | MK04%845 Anaplasina sp. Tick314
KU586168.1 Anaplasma plaiys isolate WIIANSA-24-2 168 ribosomal RNA gene partial sequence

NR 118489.1 Anaplasma odocoilei strain UMUM?76 168 ribosomal RNA gene partial sequence

KY394913.1 Ehrlicitia canis isolate b2-15 168 ribosomal RNA gene partial sequence

—_—
0.01

Figure 4. Phylogenetic analysis of 165 rRNA sequences of Anaplasma spp. Phylogenetic analysis of
16S rRNA sequences of Anaplasma spp. using the maximum likelihood method based on the Tamura-
Nei model. In the phylogenetic tree, GenBank sequences, species designations and strain names are
given. The sequences investigated in the present study are marked with a black triangle (Anaplasma
sp. Tick283, accession number MK049844) and a black square (Anaplasma sp. Tick314, accession
number MK049845). The tree with the highest log likelihood (-473.44) is shown. The percentage of
trees in which the associated taxa clustered together is shown above the branches (bootstrap values).
The analysis involved 12 nucleotide sequences. There were a total of 243 positions in the final dataset.

Borrelia spp. were detected in both tick species from both islands (Figure 2). Infection rates
reached 5.3% in A. variegatum and 0.6% and 4.3% in R. microplus from Guadeloupe and Martinique,
respectively (Figure 2). None of the specific targeted Borrelia species causing Lyme disease (Borrelia
burgdorferi sensu lato), or the Borrelia relapsing fever group, gave any positive results, suggesting the
occurrence of a new or unexpected Borrelia spp. in our samples (Figure 2). We tested 30 of the Borrelia
spp--positive ticks by nested PCR targeting the flaB genes. Interestingly, we obtained two sequences
according to the tick species analyzed. The Borrelia sp. Tick7 (accession number MK049846) sequence
was recovered from one A. variegatum sample from Guadeloupe, and the Borrelia sp. Tick457 sequence
(accession number MK049847) was recovered from four R. microplus samples from Martinique (Table
2). Phylogenetic and genetic distance analyses were performed using a portion of the flaB gene of
several Borrelia species (Figure 5). Surprisingly, the Borrelia sp. Tick7 sequence recovered from the A.
variegatum sample, and found to be closely related to B. anserina, displayed an intermediate position,
sharing homology with both the relapsing fever and Lyme disease groups (Figure 5). Lastly, the
Borrelia sp. Tick457 sequence recovered from the R. microplus samples confirmed the previous
observations, forming a cluster with various relapsing fever Borrelia species encountered in hard
ticks, including B. lonestari and B. theileri (Figure 5).
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KR782243.1 Borrelia lusitaniae clone EP728-FN
MF150081.1 Borrediella valaisiana isolate By Vo

KFB36510.1 Borrelia garinii isolate M1-2
98 Lyme Disease

—74|——K'R]54295.l Borrelia mayonii strain MN14-1420 Botielin
KT%63084.1 Borreliella burgdorferi isolate XJ
KF4227%6.1 Borrelia afzelii strain 8N10L-1C
A MK049846 Borretia sp. Tiek7

26
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X75201.1 Borrelia anserina
MG651650.1 Borrelia venezuelensis strain RMAOL

MF066949.1 Borrelia hermsii isolate 15-5636
L 2] —— KU749379.1 Borrelia miyamotof strain 1317392
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Figure 5. Phylogenetic analysis of flaB sequences of Borrelia spp. Phylogenetic analysis of flaB
sequences of Borrelia spp. using the maximum likelihood method based on the Tamura—Nei model.
In the phylogenetic tree, GenBank sequences, species designations and strain names are given. The
sequences investigated in the present study are marked with a black circle (Borrelia sp. Tick457,
accession number MK049847) and a black triangle (Borrelia sp. Tick7, accession number MK049846).
The Lyme disease and relapsing fever clades of Borrelia are marked. The tree with the highest log
likelihood (-963.24) is shown. The percentage of trees in which the associated taxa clustered together
is shown above the branches (bootstrap values). The analysis involved 16 nucleotide sequences. There
was a total of 245 positions in the final dataset.

Lastly, 0.7% of the R. microplus ticks from Martinique were positive for Leishmania spp. (Figure
2). We tested two of the Leishmania spp.-positive ticks by nested PCR targeting the small subunit
rRNA gene. We obtained one sequence from one sample, deposited under the name Leishmania
martiniquensis Tick389 (accession number MKO049850) (Table 2). This sequence displayed 100%
identity with both the Leishmania martiniquensis and Leishmania siamensis sequences (Table 2).

2.2.3. Co-infections in Ticks in Guadeloupe and Martinique

We analyzed the co-infections observed in Amblyomma variegatum (n = 132 samples),
Rhipicephalus microplus collected in Guadeloupe (n = 116 samples, including individual and pooled
specimens) and Martinique (n = 275 samples, including individual and pooled specimens). In
Guadeloupe, almost all of the A. variegatum samples (99.2%) were infected with at least one pathogen,
whereas only 56% of the R. microplus samples were infected (Figure 6, Table A3). In contrast, 81% of
the R. microplus from Martinique were infected with at least one pathogen (Figure 6, Table A3). High
and similar percentages of the two tick species were infected with either one or two pathogens. The
percentages drastically dropped for co-infection with three pathogens, with less than 10% of the ticks
infected. Respectively one and nine A. variegatum and R. microplus, from Guadeloupe and Martinique,
were co-infected with four pathogens, and one R. microplus from Martinique was found infected with
five pathogens (Figure 6, Table A3).
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Figure 6. Co-infections detected in (a) Amblyomma variegatum (n =132 samples) and (b) Rhipicephalus

microplus collected in Guadeloupe (n = 116 samples) and (c) Rhipicephalus microplus collected in
Martinique (n =275 samples).

A. variegatum from Guadeloupe were find heavily infected by R. africae, yet it did not seem to
affect the presence of other pathogen/microorganisms that were all found in co-infection with the
bacteria (Table A4). Interestingly, in R. microplus from Guadeloupe, most of the single-infection
reported corresponded to R. africae (12.9%) or T. velifera (21.6%) (Table A5). Positive association have
been identified between T. velifera and T. mutans, and Anaplasma spp. / Borrelia spp. (Table A5).
Finally, in R. microplus from Martinique, five positive associations have been detected, including T.
mutans | T. velifera, T. mutans / Leishmania spp., T. mutans / Borrelia spp., T. velifera / B. bigemina and A.
marginale/ Ehrlichia spp. (Table A6). The result of the co-occurrence test should be taken with caution
and deserves further investigation regarding the few number of positive samples (Table A5, A6).
Nevertheless, no exclusion seemed to occur between the pathogens/microorganisms detected in the
two tick species from Guadeloupe and Martinique. More details on co-infections in ticks from
Guadeloupe and Martinique are available in Appendix B.

3. Discussion

In this study, a high-throughput microfluidic real-time PCR system based on the use of multiple
primers/probes was developed for large-scale surveys of bacteria and protozoans potentially
transmitted by ticks from the Caribbean area. The association of genus and species primer/probe
designs targeting TBPs improved the technology’s screening capacity, enabling not only the
identification of infectious agents known to circulate in the studied area, but also the detection of
unsuspected TBPs and new microorganisms belonging to the main bacterial and protozoan
genera/phyla involved in TBDs worldwide. Nevertheless, as some endosymbiotic microorganisms
may belong to known TBP genera, such as Rickettsia and Coxiella, confirmatory tests are required
before suggesting the presence of a pathogenic microorganism [23-25]. When analyzing the
specificity of the microfluidic real-time PCR system, cross-reactions were observed for some designs
targeting closely related species; these must be taken into account when interpreting the results. Due
to high design constraints and a lack of available sequences in public databases, the improvement of
such cross-reacting oligonucleotides remains challenging. Here, the concomitant use of bacterial and
protozoan genera can assist in identifying non-specific signals. In addition to detecting
microorganisms, we developed sets of primers and probes enabling the molecular identification of
the three main tick species involved in TBDs in the Caribbean: A. variegatum, R. microplus and R.
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sanguineus s.l. As the morphological identification of ticks collected in the field remains challenging,
molecular identification can be used to confirm the identification of the tick species analyzed
[16,26,27].

We used the newly developed high-throughput microfluidic real-time PCR system to perform
an exploratory epidemiological study on TBPs and microorganisms potentially circulating in A.
variegatum and R. microplus ticks collected on cattle in Guadeloupe and Martinique. The analysis
provided an overview of the diversity of microorganisms belonging to the main bacterial and
protozoan genera potentially transmitted by ticks. It enabled the detection both of known TBPs of
public and animal health importance in the area that require surveillance and of unexpected
microorganisms occurring in Caribbean ticks.

The four main pathogens responsible for ruminant diseases in the Caribbean, currently classified
as notifiable diseases by the World Organization for Animal Health (OIE), have been detected by the
microfluidic real-time PCR system. These are E. ruminantium in A. variegatum specimens and A.
marginale, B. bigemina and B. bovis in R. microplus.

Interestingly, the E. ruminantium infection rate in A. variegatum reported in our study was much
lower compared to in previous studies conducted between 2003 and 2005 in Guadeloupe (5.1% versus
36.7%) [12]. Although different study designs were used (different sampling strategies, study
periods, detection methods, etc.), which may explain this difference, it would be worth further
investigating whether the tick infection rate for E. ruminantium has decreased in Guadeloupe and
possibly assessing the epidemiological impact in terms of the incidence and prevalence of heartwater
in the ruminant population. These results are all the more surprising since systematic TBT
surveillance and control programs have been discontinued in the French Antilles following the end
of the POSEIDOM (Specific Options Program due to the remoteness and insularity of the overseas
departments) eradication programs in 2006.

In this study, we have documented infection rates for B. bigemina, B. bovis and A. marginale in the
R. microplus vector tick in the French West Indies for the first time. Indeed, records of such pathogens
are mostly based on seroprevalence studies in cattle [7,8,10].

R. microplus ticks are both vectors and reservoirs of B. bigemina and B. bovis, transmitting the
parasites transovarially and trans-stadially [28,29]. As R. microplus ticks and cattle are both reservoirs
of infection, the infection rates reported here seemed quite low. The life cycle of Babesia spp. requires
complex interactions with its two hosts, which are the tick vector and the vertebrate host. The
efficiency of tick acquisition and of transovarial and trans-stadial transmission of B. bovis and B.
bigemina by R. microplus, involved in the long-term persistence of Babesia spp. in nature, is still poorly
understood and warrants further investigations [28,29].

Interestingly, A. marginale was detected in R. microplus from both islands, but the infection rate
reported in ticks from Guadeloupe seemed lower compared to in Martinique. The same trend had
been reported during previous seroprevalence studies [7,8,10]. Anaplasmosis can be transmitted by
vectors other than ticks, and some cattle breeds are known to be more susceptible than others to
Anaplasma infection [10]. The difference in Anaplasma infection rate in ticks between the two islands
may have been due to differences in the cattle populations. Indeed, there are mainly local Creole and
mixed European-Creole breeds in Guadeloupe. These are known to be more resistant to anaplasmosis
than Brahman and European breeds, which are the main breeds reared in Martinique [10]. In
addition, other factors, including differences in the population dynamics of alternate vectors such as
flies, may also have contributed to this difference.

Among the other known TBPs detected, we also found pathogens with low health impact in the
Caribbean, almost considered as endosymbionts, such as R. africae, T. velifera and T. mutans in their
A. variegatum vector and surprisingly in R. microplus ticks.

With almost all of the A. variegatum found to be infected, the R. africae infection rate was the
highest ever reported in the Caribbean [9,13,14,30]. As A. variegatum is both the vector and the
reservoir of the pathogen, with transovarial and trans-stadial transmission rates reaching 100%, this
high level of R. africae infection is not surprising per se [14,31]. Interestingly, the high R. africae
infection rate in vector ticks, associated with a very low number of African tick-bite fever cases in the
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Caribbean, highlights the difficulty, in some cases, of clearly distinguishing between endosymbiosis
and pathogenicity [9,15]. The biological relationship between R. africae and A. variegatum as well as
the strain variety and virulence of R. africae in the Caribbean should be investigated in order to better
assess risks and guide prevention measures, especially for travelers [23,24,32]. The absence of direct
identification of R. africae in R. microplus ticks was probably due to lower sensitivity of the specific
target design compared to the genus target design. Indeed, Rickettsia spp.-positive R. microplus
samples displayed rather high Ct values, suggesting a low infection level that may have been below
the detection limit for R. africae. The unusual presence of R. africae in R. microplus ticks may have been
due to the co-occurrence of the two tick species, R. microplus and A. variegatum, on cattle. As the ticks
here were collected partially engorged, the presence of R. africae in R. microplus may have been due
to bacteria circulating in cattle blood picked up by engorging ticks, or to cross-contamination with R.
microplus ticks co-feeding next to infected A. variegatum [33,34].

This study provides the first update on the detection of T. mutans and T. velifera in Caribbean
ticks. Indeed, references to these parasites in the Caribbean are relatively old, and no prevalence
studies have been conducted since, whether in ticks or in cattle [5,6,35]. The low pathogenicity of
these piroplasms may explain the lack of diagnoses and the scarcity of information available on their
distribution and prevalence in the Caribbean. However, these parasite species may play an important
role in theileriosis management and protection, as chronically infected cattle can develop immunity
and heterologous protection against other pathogenic Theileria species, such as Theileria parva [36].
Unfortunately, these detections still require further investigations as we did not succeed in
confirming these results by conventional or nested PCR, suggesting either a level of infection below
the detection threshold, or simply false signals.

Lastly, the high-throughput microfluidic real-time PCR system enabled the detection of
unexpected and/or potentially new microorganisms, leading to the recovery of nucleotide sequences
of Anaplasma spp., Ehrlichia spp., Borrelia spp. and Leishmania spp. in ticks collected in Guadeloupe
and Martinique.

The Ehrlichia sp. Tick428 sequence detected here formed a cluster with other uncharacterized
Ehrlichia species detected in ticks from Asia and Africa [13,37-41]. However, given the highly
conserved nature of the 16S rRNA genes, we could not more accurately define phylogenetic
relationships within the Ehrlichia species group. The Anaplasma sp. Tick314 sequence was identified
as Candidatus Anaplasma boleense, a bacterium described in ticks and mosquitoes in China [40,42].
No further information is available regarding the epidemiology of Candidatus Anaplasma boleense.
These observations highlight the need to set up characterization studies. Indeed, high-throughput
detection technologies can highlight the presence of DNA from potentially new microorganisms, but
it will still be necessary to isolate and characterize them in order to first confirm their existence and
then determine whether their presence in ticks poses a risk to public or animal health.

Here we provided the first report of Borrelia spp. in ticks from Guadeloupe and Martinique. Two
different sequences were recovered, according to the tick species analyzed. In A. variegatum, a
sequence named Borrelia sp. Tick7 was detected and was closely related to B. anserina, the agent of
avian spirochetosis. Both of them seemed to define an intermediate position between the relapsing
fever and Lyme disease groups. In contrast, the Borrelia sp. Tick457 sequence found in the R. microplus
sample, clustered with uncharacterized Borrelia spp. described R. microplus specimens from
Madagascar and Brazil, such as Borrelia sp. strain Mo063b and Borrelia sp. BR, and with relapsing
fever Borrelia species encountered in hard ticks, including Borrelia lonestari and B. theileri [43,44].
Interestingly, the same observations had recently been made regarding Borrelia spp. found in A.
variegatum and R. microplus ticks from Ethiopia and Cote d'Ivoire [45,46]. As A. variegatum and R.
microplus were imported into the Caribbean from Africa during the time of the Atlantic triangular
trade, we may have detected bacteria probably characterized by an old introduction through infected
ticks and subsequent local evolution within their vector over a long period [4,47]. Borrelia spp. and
borreliosis case reports in the Caribbean are scarce and still being debated. In Cuba, one study
suggested the presence of antibodies to Borrelia burgdorferi sensu stricto in human sera associated
with clinical cases of Lyme disease-like syndrome [48,49]. However, the real specificity of these serum
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antibodies has been questioned [50]. In the US Virgin Islands, seropositivity for Borrelia hermsii and
closely related species was reported in association with a human case of relapsing fever [51]. Lastly,
erythema migrans-like skin lesions and illness were reported in four Caribbean nationals [52].
Regarding the importance of Borrelia spp. for human and animal health, the characterization of these
potential new Borrelia species that seemed associated with tropical tick species requires further
investigation.

Lastly, Leishmania spp. were detected in R. microplus specimens from Martinique, and one
sequence was identified as Leishmania martiniquensis Tick389 (accession number MK049850). Studies
on Leishmania nomenclature have highlighted the fact that isolates of “L. siamensis” have never been
officially characterized and that, therefore, this name should not be used [53-56]. Thus, since all the
sequences, except one, reported as “L. siamensis” in databases should be considered as synonyms of
L. martiniguensis, we assumed the occurrence of L. martiniquensis here. Parasites of the genus
Leishmania are usually transmitted by female phlebotomine sand flies (Diptera: Psychodidae:
Phlebotominae) and generally involve a wide variety of animal species, mainly including dogs and
canids in the epidemiological cycle. They are responsible for leishmaniasis, a zoonosis widespread in
tropical and subtropical areas [56]. L. martiniquensis belongs to the L. enriettii complex and has been
described in Martinique and Thailand, where it was responsible for both cutaneous and visceral
leishmaniosis [53,55-58]. L. martiniquensis is suspected to be endemic in Martinique [57]. Although
phlebotomines and rodents are present in Martinique, neither vectors nor reservoirs of this parasite
have yet been described [57]. Our study represents the first report of L. martiniquensis in R. microplus
ticks from the French West Indies. Although Leishmania spp. have been reported in ticks (L. infantum
in R. sanguineus s.l., and L. guyanensis in R. microplus ticks in Peru, for example), the role of ticks in
Leishmania transmission is still being debated, and no evidence of vector capacity has been reported
yet [59-61]. Moreover, the finding of Leishmania spp. in a tick species that feeds mainly on cattle also
raises questions about the potential role of cattle in the epidemiology of leishmaniasis [62,63]. The
participation of ticks in Leishmania epidemiology warrants further investigation, especially since R.
microplus ticks could parasitize humans [64].

Surprisingly, co-infections with two or more TBPs were found in more than 50% of the infected
ticks, both for A. variegatum and R. microplus and on the two islands. In addition, we could not identify
any exclusion of infection between pathogens. These observations illustrate the efficiency of ticks as
reservoirs of multiple pathogens with no apparent significant effects on their life traits.

To conclude, although screening tools are useful for the discovery of pathogens in ticks, the
epidemiological significance of such results warrants further analysis. Detecting a microorganism’s
DNA in ticks, especially in partially engorged ticks removed from the host, does not necessarily mean
that the ticks are the biological vector of this microorganism; however, it provides useful information
to supplement vector competence studies [16]. Nevertheless, the detection of potentially new
microorganisms in ticks from the French West Indies has opened up new research perspectives for
the future on the epidemiology of TBPs in the Caribbean. A region-wide epidemiological survey on
TBPs in ticks collected in different countries and territories of the Caribbean area, organized in
collaboration with the Caribbean Animal Health Network (CaribVET) in order to strengthen our
results, may be an interesting way to supplement and strengthen some of this paper’s findings.

4. Materials and Methods

4.1. Ticks Collected in Guadeloupe and Martinique

The ticks used in this study were collected as part of two separate epidemiological surveys
conducted in Guadeloupe (between February 2014 and January 2015) and Martinique (between
February and March 2015), respectively. In Guadeloupe, adult ticks (any species, any sex) were
collected from 40 cattle originating from 22 different herds that were sampled in nine localities
situated in six different biotopes (urban area, dry coastal regions, valleys and hills, evergreen seasonal
forest, sub-mountainous rainforest and swamp forest). In Martinique, engorged females of R.
microplus only were collected from cattle in 29 farms participating in a study on acaricide resistance
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in ticks. All the ticks were collected from cattle with the permission of farmers and cattle owners. The
ticks were morphologically identified at species level [65]. A total of 578 adult ticks were included in
the study: 132 A. variegatum and 165 R. microplus ticks from Guadeloupe and 281 R. microplus ticks
from Martinique (see maps, Figure 2). The GPS coordinates of the tick collection sites are available in
Table S2. All the ticks were partially engorged and then stored at -80 °C.

4.2. DNA Extraction of Ticks Collected in Guadeloupe and Martinique

For 20 mg of tick, 1 mL of recently prepared PBS 1X was added to the sample. The ticks were
then washed by gently shaking for 2-3 min at 7 Hz/s in a TissueLyser (Qiagen, Hilden, Germany).
After discarding the supernatant, the ticks were frozen at =80 °C for 15-20 min. A steel ball was then
added, and the samples were crushed twice for 2 min at 30 Hz/s with the TissueLyser (Qiagen,
Hilden, Germany). A total of 450 uL of fresh PBS 1X was added to the samples. The samples were
vortexed for 10 s and then centrifuged for 2-3 min at 8000 g. Lastly, 20 pL of Proteinase K was added
to 150 uL of crushed tick sample, and DNA was extracted using the NucleoSpin® 96 Virus Core Kit
(Macherey-Nagel, Diiren, Germany) and the Biomek4000 automated platform (Beckman Coulter,
Villepinte, France). This protocol enables the simultaneous extraction of both DNA and RNA. Total
nucleic acid per sample was eluted in 160 uL of rehydration solution and stored at -80°C until further
use. All the A. variegatum ticks were individually extracted, and both individual and pooled
extraction have been performed on R. microplus ticks. Indeed, as some R. microplus specimens were
too small to be treated individually (20 mg of tick required), pools of two to four ticks have been
carried out when required.

4.3. Assay Design

The list of pathogens to be monitored, the sets of primers and probes required for their detection,
as well as the targeted genes are shown in Table 1. Some of the oligonucleotides were specifically
designed for the purposes of this study; the others came from Michelet et al., 2014 [18]. The newly
developed oligonucleotides were validated for a range of dilutions of positive controls, including
cultures, plasmids and DNA samples (Table 1, Table S1), by real-time TagMan PCR assays on a
LightCycler® 480 (LC480) (Roche Applied Science, Germany). More information on positive control
origins are available in Table S1. Real-time PCR assays were performed with LightCycler® 480 Probe
Master Mix 1x (Roche Applied Science, Penzberg, Germany), using 200 nM of primers and probes in
a final volume of 12 uL, and 2 pL of control DNA was added. The thermal cycling program was as
follows: 95°C for 5 min, 45 cycles at 95°C for 10 s and 60°C for 15 s, and one final cooling cycle at 40
°Cfor 10s.

4.4. Pre-amplification of DNA Samples

All the DNA samples were subject to pre-amplification in order to enrich the pathogenic DNA
content compared with tick DNA. PerfeCTa® PreAmp SuperMix (Quanta Biosciences, Beverly, USA) was
used for DNA pre-amplification following the manufacturer’s instructions. All the primers were pooled
(except those targeting the tick species), with a final and equal concentration of 45 nM each. The pre-
amplification reaction was performed in a final volume of 5 uL containing 1 uL of PerfeCTa PreAmp
SuperMix (5X), 1.25 pL of pooled primer mix, 1.25 pL of DNA and 1.5 pL of Milli-Q water, with one cycle
at 95 °C for 2 min and 14 cycles at 95 °C for 10 s and 60 °C for 3 min. At the end of the cycling program,
the reactions were 1:10 diluted. The pre-amplified DNA were stored at 20 °C until use.

4.5. High-throughput Microfluidic Real-time PCR

High-throughput microfluidic real-time PCR amplifications were performed using the
BioMark™ real-time PCR system (Fluidigm, South San Francisco, CA, USA) and 96.96 dynamic
arrays (Fluidigm, South San Francisco, CA, USA), enabling up to 9216 individual reactions to be
performed in one run [18]. Real-time PCRs were performed using 6-carboxyfluorescein (6-FAM)- and
Black Hole Quencher (BHQ1)-labeled TagMan probes with TagMan Gene Expression Master Mix
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(Applied Biosystems, Foster City, CA, USA) following the manufacturer’s instructions. The cycling
conditions were as follows: 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles of two-step
amplification for 15 s at 95 °C and 1 min at 60 °C. The BioMark™ real-time PCR system was used for
data acquisition and the Fluidigm real-time PCR analysis software for Ct value determination. Three
kinds of controls per chip were used for experiment validation: a negative water control to exclude
contamination; a DNA extraction control, corresponding to primers and probes targeting a portion
of the 165 rRNA gene of ticks; and an internal control, to check the presence of PCR inhibitors made
of DNA from Escherichia coli strain EDL933, added to each sample with specific primers and probes
targeting the eae gene [66]. For the relative specificity analysis of the newly designed Biomark system,
DNA of 62 positive controls were used as template (Table S1). Then, for the epidemiological survey
of TBPs in Caribbean ticks, the 523 DNA samples of A. variegatum and R. microplus from Guadeloupe
and Martinique were used as template.

4.6. Infection Rates for Ticks from the French West Indies

Depending on the tick species and the island of origin, for each detected pathogen, infection
rates (the proportion of infected ticks divided by the total number of ticks analyzed) were calculated.
The majority of the samples were single specimens of ticks. When ticks were too small to be treated
individually, they were grouped into pools of two to four specimens. Thus, of the 523 samples
analyzed, 47 consisted of a pool of two to four tick specimens. The final estimation of infection rates
also includes the pools and is therefore expressed as the minimum (assuming at least one positive
tick in the pools) and maximum (assuming all positive ticks in the pools) proportions of infected ticks
out of the total number of ticks analyzed.

4.7. PCRs and Sequencing for the Confirmation of Results

Conventional PCRs/nested PCRs using primers targeting different genes or regions than those
of the BioMark™ system were used to confirm the presence of pathogenic DNA in some field samples
and positive controls (Table 3). PCR products were then sequenced by Sanger sequencing approach
performed by Eurofins MWG Operon (BIOMNIS-EUROFINS GENOMICS, Nantes, France).
Sequences obtained were assembled using BioEdit software (Ibis Biosciences, Carlsbad, CA, USA).
An online BLAST (Basic Local Alignment Search Tool) search was used to compare the nucleotide
sequences found in this study to reference sequences listed in GenBank sequence databases (NCBI).

Table 3. Primers used to confirm the presence of pathogenic DNA in tick samples.

Pathogen Targetedgene  Primername Sequence 5' — 3) [ﬁpg)tli References
Rickettsiaspp. glitA Rsfg877 GGGGGCCIGCTCACGGCGG 381 [67]
Rsfg1258 ATTGCAAAAAGTACAGIGAACA
ompB RerompB4362p GICAGCGITACTTCITCGATGC 475 [68]

RerompB4836n CCGTACTCCATCITAGCATCAG
RecrompB4496p CCAATGGCAGGACTTAGCTACT 267
RecrompB4762n  AGGCTIGGCIGATACACGGAGTAA

Anaplasa/Ehrlichiaspp.  16STRNA EHRI6SD GGTACCYACAGAAGAAGICC 345 [69]
EHRIESR TAGCACTCATCGTTTACAGC
Borreliaspp. flaB FlaB280F GCAGTITCARTCAGGTAACGG 645 7]
FlaRL GCAATCATAGCCATTGCAGATIGT
mprr  GCATCAACTGIRGITGTAACATIAAC
AGG
FlaLL ACATATTCAGATGCAGACAGAGGT
Leishmaniaspp.  SSUIRNA rR21 GGITCCTTTCCTGATITACG 608 71]
R332 GGCCGGTAAAGGCCGAATAG
R223 TCCATCGCAACCTCGGIT 358

R333 AAAGCGGGCGCGGTIGCIG
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4.8. Phylogenetic Sequence Analysis

Alignments were performed using ClustalW [72]. Maximum likelihood trees were generated by
1000 bootstrap repetitions based on the Tamura-Nei model [73] in MEGA?7 [74]. The initial tree(s) for
the heuristic search were obtained automatically by applying neighbor-joining and BioNJ algorithms
to a matrix of pairwise distances estimated using the maximum composite likelihood (MCL)
approach and then selecting the topology with superior log likelihood value. The tree was drawn to
scale, with branch lengths measured in the number of substitutions per site. The codon positions
included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were
eliminated. Further information is provided in the figure legends.

5. Conclusions

Our study demonstrated the high ability of microfluidic real-time PCR technology to provide a
rapid overview of the diversity of TBPs of veterinary and medical importance present in ticks from
the Caribbean. This innovative high-throughput tool is promising and could significantly improve
the surveillance and exploration of TBPs, enabling the rapid screening of multiple microorganisms
especially in regions where few epidemiological data are available and TBDs are numerous.
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Appendix A

Analysis of the relative specificity of the 61 sets of primers and probe constituting the Biomark
system developed in this study.

In order to identify potential cross-reactions, we analyzed the relative specificity of the 61 sets
of primers and probe constituting the BioMark system used in this study using 62 positive control
samples including DNA from bacterial or parasitic cultures, or DNA from tick or blood samples
known to be infected, or plasmidic constructions (see Table S1).

Of the 61 designs, 42 designs were specific of their target. The Tick spp. design, used as a tick
nucleic acid extraction control, was able to detect A. variegatum and R. sanguineus s.l. samples as well
as the DNA of the R. sanguineus s.1. tick present in the Rickettsia conorii positive control as expected
(Table Al). However, the DNA of ticks from the R. microplus control sample and other positive
controls including tick DNA (such as the Borrelia lonestari, Anaplasma phagocytophilum controls, etc.)
were not detected (Table Al). The detection ability of this design was corrected by adding the Tick
spp. primers during the pre-amplification step; these had initially been excluded since the objective
was to enrich pathogenic DNA content compared to tick DNA (data not shown). Eight designs
displayed cross-reactions with one to two closely related species, and seven designs displayed
unexpected signals corresponding likely to the detection of unexpected co-infection in complex
control samples such as DNA extracted from ticks or blood samples (Table A1). Finally, three designs
were removed from the system: one design due to a lack of efficiency (no detection of the target), and
two designs were not specific, displaying multiple cross-reactions (Table Al).

Table Al. List of designs and their specificity using the BioMark system. CR: cross-reactions with
closely related species samples; CI: potential co-infections in control samples.

Design Dza:fﬁe:m Specificity Outgroup Control Samples
Rickettsia spp. gltA YES a Borrelia lonestari (Infected A. americanum ticks)
YES a Ehrlichia chaffensis (Infected A. americanum ticks)
YES a Ehrlichia ewingjii (Infected A. americanuim ticks)
YES I Panola Mountain Ehrlichia (Infected A. americanuim ticks)
YES a Ambhyormmavariegatum (Wild tick)
Rickettsia massiliae 235-5S ITS YES CR Rickettsia slovaca (Culture)
Rickettsia rickettsii235-55 ITS YES CR! Rickettsia slovaca (Culture)
YES Rickettsia conorii (Infected R. sanguineus sl. ticks)
YES Rickettsia africae (Culture)
YES Amblyormma variegatum (Wild tick)
Rickettsia conoriiscal YES CR Rickettsia slovaca (Culture)
Rickettsia africae scal YES a Ambhyormma variegatum (Wild tick)
Rickettsia felis orfB YES a Borrelia lonestari (Infected A. americanum ticks)
YES CI Ehrlichia chaffensis (Infected A. americanum ticks)
YES a Ehrlichia ewingii (Infected A. americanum ticks)
YES @ Panola Mountain Fhrlichia (Infected A. americanum ticks)
Rickettsia typhi ompB YES YES
Rickettsia provoazekii gltA YES YES
Borreliaspp. 235 rRNA YES YES
Borrelia burgdorferi sensu stricto NO!
SiA
Borrelia anserinafla YES YES
Borrelia lonestari glpQ YES YES
Borrelia parkeri gyrB YES YES
Borrelia bissettiirpoB YES YES

Borrelia theileri glpQ YES YES
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Bartonella spp. ssrA YES YES
Bartonella bacilliformis rpoB YES CR Bartonella henselae (Culture)
Bartonella henselae ribC YES CR Bartonella bacilliformis (Culture)
Bartonella vinsonii subsp.
berkdoffi ITS YES YES
Coxiella burnetii icd YES YES
Cowiella burnetii IS 1111 YES YES
Francisella tularensis tul4 YES YES
Francisella tularensis fopA YES YES
Anaplasma spp. 165 rRNA YES YES
Anaplasma marginale msplb YES YES
Anaplasma phagocytophilum YES YES
msp2
Anaplasma platys groEL YES YES
Anaplasma bovis groEL YES YES
Anaplasma ovis mspd YES YES
Ehrlichiaspp. 165 rRNA YES YES
Ehrlichia canis glitA YES YES
Ehrlichia chaffeensis dsb YES YES
Ehrlichia ewingii dsb YES YES
Ehrlichia ruminantium gitA YES YES
Panola Mountain Ehtlichia YES YES
QltA
Neochrlichia mikurensis groEL YES YES
Aegyptianella pullorum groEL YES YES
Apicomplexa 185 rRNA YES a Borrelia lonestari (Infected A. americanum ticks)
YES a Anaplasmamarginale (Infected cow blood)
YES I Panola Mountain Ehrlichia (Infected A. americanum ticks)
YES a Neoehtlichia mikurensis (Infected rodent blood)
YES a Rhipicephalus sanguineus s1. (Wild tick)
Babesia canis vogeli hsp70 YES CR Babesia canis canis (Infected dog blood)
Babesia ovis 18S rRNA YES CR! Rickettsia massiliae (Culture)
YES Borrelia lonestari (Infected A. americanum ticks)
YES Anaplasma marginale (Infected cow blood)
YES Ehrlichia chaffensis (Infected A. americanum ticks)
YES Ehrlichia ewingii (Infected A. americanum ticks)
YES Panola Mountain Ehrlichia (Infected A. americanum ticks)
YES Neoehrlichia mikurensis (Infected rodent blood)
YES Babesia divergens (Culture)
YES Babesia canis rossi (Infected dog blood)
YES Babesia canis canis (Infected dog blood)
YES Babesia canis vogeli (Infected dog blood)
YES Babesia microti (Culture)
YES Theileria annulata (Culture)
YES Theileria lestoquardi (Culture)
YES Theileria paroa (Culture)
YES Hepatozoon canis (Infected dog blood)
YES Rhipicephalus sanguineus s1. (Wild tick)
Babesia bigemina 185 rRNA YES a Anaplasma marginale (nfected cow blood)
Babesia gibsoni Rap1 YES YES
Babesia caballi Rap1 YES YES
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Babesia bovis CCleta YES YES
Babesia duncani ITS2 YES YES
Babesia microti CCleta YES CR Babesia canis canis (Infected dog blood)
Theileria parva 18S rRNA YES CR Theileria annulata (Culture)
YES CR Theileria lestoquardi (Culture)
Theileria mutans ITS YES YES
Theileria velifera 185 rRNA YES YES
Theileria equiemal YES YES
Cytavxzoon felis ITS2 YES YES
Hepatozoon spp 185 rRNA YES cl Neochrlichia mikurensis (Infected rodent blood)
YES I Rhipicephalus sanguineus s1. (Wild tick)
Hepatozoon canis 185 TRNA YES I Rhipicephalus sanguineus s1. (Wild tick)
Hep“t"z‘””r;z‘”;;’m”m 85 yEs R Hepatozoon canis (Inficted dog blood)
YES CI Rhipicephalus sanguineus s1. (Wild tick)
Leishmania spp hsp70 YES YES
Leishmania infantum ITS YES YES
Rangeliavitalii 185 rRNA YES YES
Tick spp. 165 rRNA YES YES?
Amblyjomma variegatum ITS2 YES YES
Rhipicephalus microplus ITS2 YES YES
Rhipicephalus sanguineus s1.
TS YES YES

! Designs removed from the screening analysis.? Tick spp. primers required to be part of the pre-
amplification mix in order to achieve correct detection signals.

Regarding the seven designs displaying unexpected signals, we decided to explore the
hypothesis of potential co-infection in controls corresponding to DNA from ticks or blood samples
using conventional PCR and amplicon sequencing (Table Al).

Both the Rickettsia spp. and Rickettsia felis designs gave positive results when testing the Borrelia
lonestari, Panola Mountain Ehrlichia, Ehrlichia ewingii and Ehrlichia chaffensis controls. All these
samples corresponded to DNA extracted from infected Amblyomma americanum collected in the field
(USA). This result supports the fact that a Rickettsia species may have been present in these samples,
whether it was Rickettsia felis or a closely related Rickettsia spp. infecting Amblyomma americanum ticks.
When testing the Panola Mountain Ehrlichia sample for Rickettsia spp. by conventional PCR targeting
the gltA gene [67], we obtained a 382 bp sequence (accession number MK049843) sharing 99%
sequence identity with Rickettsia spp. (MF511253.1) (Table A2). This result, in addition to natural co-
infections documented in Amblyomma americanum ticks, suggest that the detection of Rickettsia spp.,
within the four outgroup positive controls corresponding to Amblyomma americanum DNA, in this
assay did not correspond to cross-reactions [75,76]. Moreover, the Amblyomma variegatum sample,
corresponding to ticks collected from the field, was found to be positive for both Rickettsia spp. and
Rickettsia africae. As this sample originated from Guadeloupe, where Rickettsia africae circulates, this
result may have been in agreement with a natural infection [9].
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Table A2. Taxonomic assignment of the sequences obtained after sequencing PCR products to
confirm the presence of co-infections in complex control samples corresponding to DNA extracted
from wild ticks or blood samples. AN: accession number, % I: percentage identity, % C: percentage
coverage.

Tested Control Sample ~ Tested for AN 8 ClosestHomology %I %C AN

(bp)
Panola Mountain Ehrlichia
(Infected A. americanum  Rickettsiaspp. MK049843 382 Rickettsia spp. 99 100 MF511253.1
ticks)
Neoehrlichia mikurensis Hepatozoon
(Infected rodent blood) MKO71735 169 Hepatozoonspp. 99 100 AB7715151
Anaplasma marginale ) Babesia spp,, Theileria spp.
(Infected cow blood) Apicomplexa MK071737 104 (induding B, bigemin) 100 9 MG6EM3MR.1
Panola Mountain Ehrlichia
(Infected A. americanum  Apicomplexa
ticks) Theileria spp.
Borrelia lonestari MKO071736 102 (indtuding T, ceron) 98 100 MHO085203.1
(Infected A. americanum ~ Apicomplexa
ticks)

Moreover, the Rhipicephalus sanguineus s.]. sample was positive with four designs targeting
parasites: Apicomplexa, Hepatozoon spp., Hepatozoon canis and Hepatozoon americanum. Since
Rhipicephalus sanguineus s.1. ticks are involved in the epidemiology of tick-borne parasites including
Hepatozoon spp., these results strongly suggest the occurrence of such parasites in the biological
sample [77]. Thus, these observations suggest that our designs were actually capable of detecting
pathogens present in naturally infected ticks rather than giving an unsuspected cross-reaction. The
Neoehrlichia mikurensis sample, corresponding to DNA extracted from rodent blood, was also found
to be positive for both Apicomplexa and Hepatozoon spp. The amplicon obtained from this sample
with the Hepatozoon spp. design was sequenced. The obtained 169 bp sequence (accession number
MKO071735) displayed 99% sequence identity with the Hepatozoon spp. sequences (AB771515.1) (Table
A2). As rodents can be infected with Hepatozoon parasites, this result could also reflect a natural
infection [78]. The Amnaplasma marginale sample, corresponding to a blood sample from an
experimentally infected cow, was also found to be positive for both Apicomplexa and Babesia
bigemina. The amplicon obtained from this sample with the Apicomplexa design was sequenced. The
obtained 104 bp sequence (accession number MK071737) displayed 99% sequence identity with the
Apicomplexan sequences, including Babesia bigemina (MG604302.1) (Table A2). As Babesia bigemina
and Anaplasma marginale are two cattle pathogens that have often evolved in the same region and are
transmitted by the same vector tick, co-infections with these two pathogens have already been
reported [79]. Thus, this cross-reaction may again have been a reflection of parasite co-infections.
Lastly, Apicomplexa also gave positive results in the Borrelia lonestari and Panola Mountain Ehrlichia
controls. As highlighted previously, these two controls corresponded to DNA extracted from A.
americanum ticks. The amplicons obtained from these two samples with the Apicomplexa design were
sequenced. The two obtained 102 bp sequences (accession number MK071736) were identical and
displayed 98% sequence identity with the Theileria cervi sequences (MH085203.1) (Table A2). As
Theileria cervi is a common deer pathogen found in Amblyomma americanum, the occurrence of this
parasite in these two control samples could explain the unexpected signals [80,81].

Appendix B

Analysis of the co-infections detected in Amblyomma variegatum and Rhipicephalus microplus ticks
collected in Guadeloupe and Martinique.

Here we reported the co-infections observed in Amblyomma variegatum (n = 132 samples),
Rhipicephalus microplus collected in Guadeloupe (n = 116 samples, including individual and pooled
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specimens) and Martinique (n =275 samples, including individual and pooled specimens) (Table A3).
We combined the results obtained with the Rickettsia spp. and the R. africae design, assuming that
only R. africae have been detected in the Caribbean samples analyzed here. In addition, Anaplasma
spp. results here correspond to samples only positive for Anaplasma spp. and not for A. marginale, as
well, Ehrlichia spp. results here correspond to samples only positive for Ehtlichia spp. and not for E.
ruminantium.

Table A3. Co-infection analysis in A. variegatum (n = 132 samples) and R. microplus collected in
Guadeloupe (n = 116 samples) and Martinique (n = 275 samples).

A.variegatum Sample R. microplus Sample from R mzcroplm.S?mple
(Percentage) Guadeloupe (Percentage) from Martinique
(Percentage)
Total of sample 132 116 275
Total of non-infected sample 1(08) 51 (44) 52(19)
Total of
ifocted sample 131(992) 65 (56) 23(81)
Single infections Total 69(52.3) 47 (405) 9 (36)
R africae’ 68(51.5) 15(129) 0
Anaplasmaspp.? 1009 10(36)
A marginale 0 2(17) 28)
Ehrlichia spp.3 0 3(26) 43(156)
Borrelia spp. 0 0 3(L1)
B. bigemina 0 1009 7(25)
T. velifera 108) 25(21.6) 14(5.1)
Corinfections (2) Total 53(402) 16(138) 83(32)
R.africae/ T. velifera 47 (356) 6(52) 0
R. africae’/ Borrelia spp. 3(23) 0 0
R africae’/ E. ruminantium 3(23) 0 0
Anaplasma spp.?/ Borrelia spp. 0 1(09) 0
Anaplasma spp.?/ T. velifera 0 2(17) 3(L1)
Anaplasma spp.?/ Ehrlichia spp.® 0 0 622
A marginale | T. velifera 0 2(17) 10(36)
A. marginale / Borreliaspp. 0 0 3(1.1)
A. marginale | Ehlichia spp.> 0 0 39(14.29)
A. marginale | B. bigemina 0 0 4(15)
Ehrlichia spp.®/ R. africae’ 0 2(17) 0
Ehvlichiaspp.*/ T. velifera 0 1009 8(29)
Ehrlichia spp.3/ Borrelia spp. 0 0 3(11)
Ehrlichia spp. 3/ Leishmaria spp. 0 0 1(04)
T. velifera/ B. bigemina 0 0 10(3.6)
T. velifera T. mutans 0 2(17) 1(04)
Corinfections (3) Total 8(6.1) 2(17) 26(95)
Rafricae! | E. ruminantium / T. velifera 3(23) 0 0
R africae'/ Borreliaspp./ T. velifera 323) 0 0
R africae?/ T. velifera | T. mutans 2(15) 1(06) 0
R. africae/A. margznale | Ehrlichia 0 106 0
Spp-
A marginale / Ehr?zchm spp-%/B. 0 0 829)
bigemina

A. marginale | Ehrlichia spp.3/ Bbovis 0 0 1(04)
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A.marginale | Ehrlichiaspp.3/ T.

i 0 0 15(55)

Anaplasmaspp.?/ Ehrlichia spp.3/ B.

biceming 0 0 1004

Anaplasma spp.?/ Ehrlichia spp.3/

Tudifra 0 0 1(04)

Co-infections (4) Total 1(08) 0 9(33)

R.africe’/ T. velifera  Borreliaspp. /

1(0.
E. ruminantium 08) 0 0

A. marginale / Borreliaspp. / T. velifera
/ 0 0 1(04)
T. mutans

A marginale | Ehrlichiaspp.3/ T.
velifera/ 0 0 5(18)
B. bigemina

A. marginale | Entlichiaspp.® / T.

velifera/ B.bovis 0 0 104

A -marginale [ Leishmaniaspp. / T.
velifera/ 0 0 1(04)
T. mutans

Anaplasmaspp.% Ehrlichiaspp.3/
Borreliaspp. / 0 0 1(04)
T. velifera

Co-infections (5) Total 0 0 1(04)

A.marginale / Ehrlichia spp./
Borreliaspp. / 0 0 1(04)
T. velifera/ T. mutans

! Assuming that all the Rickettsia spp. found in Rhipicephalus microplus samples from Guadeloupe were
R. africae.? Sample positive for Anaplasma spp. and not for A. marginale.3 Sample positive for Ehrlichia
spp. and not for E. ruminantium.

Almost all of the A. variegatum samples from Guadeloupe were infected with at least one
microorganism (99.2) (Table A3). Interestingly, only 56 of the R. microplus samples from Guadeloupe
were infected with at least one microorganism, whereas this rate reached 81 of the R. microplus from
Martinique (Table A3). Most of the positive samples corresponded to single infection or co-infection
with two microorganisms in both tick species. Then, less than 10 of the tick samples displayed co-
infections with three microorganisms (Table A3). Finally, only one A. variegatum sample from
Guadeloupe and nine R. microplus samples from Martinique were co-infected with four
microorganisms, and one R. microplus from Martinique was found infected with five microorganisms
(Table A3).

The majority of the A. variegatum samples displayed single infections with R. africae (52) or co-
infections with R. africae and T. velifera (36) (Table A3). Nevertheless, no negative or positive
associations have been detected between the microorganisms detected in A. variegatum samples
(Table A4). At least, the presence of R. africae do not seem to interfere with the presence of T. velifera
(Table A4).
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Table A4. Co-occurrence matrix of the microorganisms detected in A. variegatum samples collected in
Guadeloupe (n = 132 samples). No negative or positive association have been detected when
performing a co-occurrence test using the co-occur function (a = 0.05) and R version 3.6.0 (2019-04-

26).
E. ruminantium Borrelia spp. R. africae  T.mutans T. velifera
E. ruminantium 7 1 7 0 4
Borrelia spp. 7 7 0 4
R. africae 130 2 56
T. mutans 2 2
T. velifera 57

Among the 116 R. microplus samples from Guadeloupe analyzed here, most of the positive
samples presented single-infection (40.5), with R. africae (12.9) or T. velifera (21.6) (Table A3). As R.
microplus is not considered as a vector of both of these microorganisms, we made the hypothesis of a
possible contamination of this tick species via infected bovine blood still present in engorged tick,
and/or via co-feeding with infected A. variegatum ticks. Interestingly, if we remove R. africae, T. velifera
and T. mutans from the screening analysis, the percentage of infected R. microplus from Guadeloupe
dropped drastically to 13.8% (16/116 samples infected with at least one microorganism). This
observation is particularly surprising when comparing this rate to the 81 infected R. microplus from
Martinique (see below). When testing for co-occurrence linkage, two positive associations have been
detected between the microorganisms detected in R. microplus samples from Guadeloupe, including
T. velifera | T. mutans and Anaplasma spp. / Borrelia spp. (Table A5). Co-infections and positive
associations between T. velifera and T. mutans have already been reported in the literature, such as in
cattle sera from Uganda and Kenya [82,83]. Regarding the few samples positive for Anaplasma spp.
and Borrelia spp., the result of the co-occurrence test should be taken with caution and deserves
further investigation. Nevertheless, no exclusion seemed to occur between the microorganisms
detected in R. microplus from Guadeloupe (Table A5).

Table A5. Co-occurrence matrix of the microorganisms detected in R. microplus samples collected in
Guadeloupe (n = 116 samples). *: Positive association detected when performing a co-occurrence test
using the co-occur function (a = 0.05) and R version 3.6.0 (2019-04-26).

A,' Borrelia R. africae T.mutans T. veliferaB. bigeminaAnaplasma spp.! Ehrlichia
marginale  spp. spp.2
A. marginale 5 0 1 0 2 0 0 1
Borrelia spp. 1 0 0 0 0 1* 0
R. africae 25 1 7 0 0 3
T. mutans 3 3* 0 0 0
T. velifera 39 0 2 1
B. bigemina 1 0 0
Anaplasma 4 0
spp.!

Ehrlichia spp.? 7

! Sample positive for Anaplasma spp. and not for A. marginale.? Sample positive for Ehrlichia spp. and
not for E. ruminantium.

Among the 275 R. microplus samples from Guadeloupe, most of the samples presented single-
infection (36) and co-infections with two microorganisms (32) (Table Al). Five positive associations
have been detected between the microorganisms detected in R. microplus samples from Martinique
(Table A6). T. mutans have been found in positive association with T. velifera, as previously observed
in the same tick species from Guadeloupe, and with Leishmania spp. and Borrelia spp. In addition, T.
velifera were found in positive association with B. bigemina and Ehrlichia spp. with A. marginale.
Finally, no negative associations have been reported between the microorganisms detected in R.
microplus from Martinique (Table A6).
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Table A6. Co-occurrence matrix of the microorganisms detected in R. microplus samples collected in
Martinique (n =275 samples). (*) Positive associations detected when performing a co-occurrence test
using the co-occur function (a = 0.05) and R version 3.6.0 (2019-04-26).

A: Borrelia T.mutans T.velifera B.bigemina B.bovis i L Ehrhd:m
maiginale _spp. Spp- Spp: Spp:
A.marginale 111 5 1 3 34 17 2 0 70
Borrelia spp. 12 0 2* 3 0 0 1 5
2 1* 1 0 0 0 1
spp.
T. mutans 4 & 0 0 0 1
T. velifera 72 15* 1 5 32
B. bigemina 35 0 1 14
B.bovis 2 0 2
spp 2 ’

! Sample positive for Anaplasma spp. and not for A. marginale.? Sample positive for Ehrlichia spp. and
not for E. ruminantium.
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