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ABSTRACT

Ixodes ricinus is an important vector of several human and veterinary infectious agents.
Its wide geographical distribution and permissive feeding behaviour have prompted
earlier studies on its population genetics. Results were, nevertheless, not conclusive.
Furthermore, no research has fully focused on the south-western distribution range of
I. ricinus, where exchanges between European and North African populations are more
likely to occur. The presence of an additional species, Ixodes inopinatus, in the area
further confuses the topic, as the two species are hard to differentiate morphologically.
The present work describes the testing of microsatellite markers previously described for
I. ricinus using Portuguese and Tunisian tick populations of both species. In addition,
new microsatellite loci were developed to complement the available marker toolbox.
Loci showed different amplification successes across subpopulations, with Tunisian DNA
less readily amplified. Altogether, 15 loci were considered suitable for genetic analyses
of Portuguese subpopulations, 10 for Tunisian samples, and seven, common to both
populations, were considered to be informative at the inter-continental level. A preliminary
analysis of both datasets revealed two isolated populations, which can correspond to two
different species. Furthermore, Tunisian specimens identified by sequencing of 16S
rDNA as having I. ricinus or I. inopinatus sequence profiles all clustered together in
one single population using the proposed microsatellites. This confirms that taxonomic
decisions based only on 16S rRNA gene sequencing can be misleading. The application
of the proposed set of microsatellite markers to a larger sample, representative of the
south-western Ixodes’ distribution range, will be crucial to clarify the distribution of both
species.
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Introduction
Ixodes ricinus Linnaeus, 1758 (Acari: Ixodidae) is the most important arthropod vector of
infectious agents of medical and veterinary concern in Europe. Some of these microorganisms
include Borrelia burgdorferi Johnson et al. 1984 s.l., the agent of Lyme borreliosis, Anaplasma
phagocytophilum Foggie, 1949, causing human and animal granulocytic anaplasmosis, Rick-
ettsia helvetica Beati, Peter, Burgdorfer, Aeschliman & Raoult, 1993 and R. monacensis Simser
et al. 2002, agents of spotted fever rickettsioses, Francisella tularensisMcCoy & Chapin, 1912,
causing tularemia, Babesia divergens M’Fadyean & Stockman, 1911 and B. microti França,
1912, responsible for babesiosis, Neoehrlichia mikurensis Kawahara et al. 2004, agent of
human neoehrlichiosis, and a number of viruses responsible for encephalitis in humans and
animals (tick-borne encephalitis virus, Louping ill virus or Tribec virus) (Rizzoli et al. 2014).
This tick species is distributed throughout most of the European continent and North Africa, and
its geographical range is expected to extend both in latitude and altitude as global temperatures
rise (Medlock et al. 2013).

Evidence for genetic differentiation possibly explaining the observed plasticity of I. ricinus,
a tick that can adapt to different geographic and ecological environments and to a diversity of
vertebrate host species, has been addressed in previous studies, using different types of genetic
markers, sampling methods and experimental designs. Results from these previous works
revealed either the presence of genetic structure within Europe at a finer (Carpi et al. 2016) or
wider geographic scales (Poli et al. 2020; Røed et al. 2016; Dinnis et al. 2014; Paulauskas et al.
2006), the presence of host-associated genetic differentiation (Kempf et al. 2011), an absence
of population structure across Europe (Porretta et al. 2013; Noureddine et al. 2011; Casati et al.
2008; Delaye et al. 1997), or a clear genetic divergence between European and North African
I. ricinus populations (Poli et al. 2020; Noureddine et al. 2011; De Meeûs et al. 2002). These
earlier studies focused mostly on northern and central European tick communities, while no
research has been conducted to understand the relationships between south-western European
and North African I. ricinus populations.

Ixodes inopinatus Estrada-Peña, Nava & Petney 2014, a new species recently added to
the I. ricinus complex, was first described from Spain, Portugal and North African countries
(Estrada-Peña et al. 2014), and later presumably also in Central Europe (Chitimia-Dobler
et al. 2018). Morphological differences between the two species are hard to ascertain with
intermediate phenotypes often observed (Younsi et al. 2020). Otherwise, the identification of
the two species has been based on mitochondrial gene sequencing. Mitochondrial genomes are
known to be sometimes affected by introgression or incomplete lineage sorting events, causing
discrepancies between mitochondrial and nuclear phylogenetic analyses (Backus et al. 2022;
Patterson et al. 2017; Kovalev et al. 2015, 2016). These problems further emphasize the need
for additional analyses of the genetic structure of this (or these) tick species.

Microsatellite markers have been used in several of the mentioned population genetics
studies of I. ricinus, as well as in research on other arthropod vectors. Mutation rates of
microsatellites are faster than either mitochondrial or nuclear genes, making them more
informative at the population scale (Araya-Anchetta et al. 2015). A number of microsatellite
loci have been described for I. ricinus (Noel et al. 2012; Røed et al. 2006; Delaye et al. 1998),
but only a few of these have been tested in Mediterranean tick populations. Therefore, in this
study, previously developed microsatellite markers were tested on Portuguese and Tunisian tick
populations. In addition, and to enhance the power of our analyses, newly developed loci were
tested. A characterization of the selected loci for both, Portuguese and Tunisian, subsamples is
presented. Also, the results of a preliminary intercontinental genetic analysis performed with
the most informative loci are described and discussed.
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Figure 1 Sampling locations in Portugal (Site - Gerês) and Tunisia (Site - El Jouza). The map
was drawn using hypsometric colors for elevation. QGIS software version 3.22 (bar in the image
corresponds to degrees).

Materials and methods
Sampling and study sites

Tick collections were performed from February to May 2019 in two locations: Parque Natural
da Peneda Gerês, north of Portugal (41°47′18.1″N 8°08′10.6″W) and El Jouza, Tunisia
(36°52′9.88″N 009°0′8.42″E). Sampling locations are shown in Figure 1. Questing ticks
were collected from the environment by dragging and/or flagging the vegetation. Collected
specimens were submitted to a surface disinfection protocol consisting of submersion of live
ticks in 20% bleach for 5 minutes, followed by submersion in 0.9% saline solution for 5 minutes.
Individuals were preserved in 100% ethanol at 4 °C until DNA extraction. For the purpose of
this study, only male ticks were used to allow an easier detection and exclusion of loci with
potential X-linkage (in such case, a consistent homozygosity would be expected for males).

DNA extraction and 16S rRNA gene amplification

Ticks were examined morphologically and were processed for DNA extraction using a DNeasy
Blood and Tissue kit (Qiagen N.V., Venlo, Netherlands), with some modifications to the
manufacturer’s protocol. A small incision was performed in the latero-posterior portion of the
scutum or alloscutum, and ticks were incubated at 56 °C in 60 µL of Proteinase K at 14.3 mg/ml
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) and 180 µL ATL, until complete
digestion of internal tissues. Volumes of other reagents of the kit were adjusted accordingly
and washes with AW1 and AW2 buffers were doubled. DNA was eluted in 60 µL of molecular
grade water at 72 °C, yield and purity were assessed by spectrophotometry (NanodropTM 1000,
Thermo Scientific, Wilmington, NC, USA), followed by preservation at 4 °C until further use.
A fragment of their 16S rRNA gene was amplified and sequenced by using 16S-F and 16-R
primers (Mangold et al. 1997). GenBank accession numbers for the 16S rDNA sequences
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from Gerês (OP375366 - OP375385) and El Jouza (OP375386 - OP375405) are provided in
supplementary table S1 for each tick.

Assessment of previously developed microsatellite loci

The amplification conditions for thirty-six previously described microsatellite markers (Delaye
et al. 1998; Kempf et al. 2011; Noel et al. 2012; Røed et al. 2006; Van Houtte et al. 2013) were
optimized for our samples. First, loci were individually amplified using a “touch-down” PCR
programme with pooled tick DNA from five individuals from both study sites. PCR reactions
consisted of 1x Type-it® Multiplex PCR Master Mix (Qiagen N.V., Venlo, Netherlands), 0.2
µM of each primer and approximately 100 ng of template DNA. Thermocycling conditions
followed the protocol recommended by the Type-it kit, adapted to a “touch-down” programme,
and consisted of 5 min denaturation at 95 °C; 7 cycles of 30 sec denaturation at 95 °C, 90 sec
annealing at 64 °C with a decrease of 2 °C/cycle, 30 sec elongation at 72 °C; followed by 28
cycles of 30 sec denaturation at 95 °C, 90 sec annealing at 50 °C, 30 sec elongation at 72 °C,
and a final extension at 68 °C for 10 min. New primer sets (mod) were designed for two loci
showing amplification problems, IRN4 and IRN21 (Røed et al. 2006) using Primer3 version
4.1.0 (Koressaar and Remm 2007; Untergasser et al. 2012) with default settings; IRN4mod
and IRN21mod primers are listed in Table 1.

For the twenty-nine loci showing successful DNA amplification, primer annealing tem-
peratures (Ta) were further optimized, according to previously described locus-specific
thermocycling conditions and primer melting temperatures (Tm). Loci described by Noel et
al. (2012) were tested with the “touch-down” PCR protocol suggested by the authors, adapted
to the Type-It kit specifications. This consisted of an initial 5 min denaturation step at 95 °C,
followed by 16 cycles of 45 sec at 94 °C, 90 sec at 60 °C with this annealing temperature
decreasing by 0.5 °C at each cycle, 30 sec at 72 °C, followed by 25 or 35 cycles of 45 sec at 94
°C, 90 sec at 52 °C, 30 sec at 72 °C, and a final extension step of 10 min at 68 °C. At this stage,
pooled DNA, followed by individual DNA samples were used.

All primer pairs produced amplicons within the expected sizes and were used to genotype
40 tick DNA samples from both study locations (20 individuals each). For these PCR reactions,
forward primers were either directly 5′-labelled with fluorophores (Applied Biosystems,
Thermo Fisher ScientificTM, Waltham, MA, USA) or amplified with an M13-tail protocol
(Table 1). IRN07 primers were labelled and ran using both approaches to confirm the
consistency between protocols. For the former, PCR conditions were kept as described before,
using 2 ng of template DNA in a total reaction volume of 10 µl, and changing the final extension
step to 60 °C for 30 min. For the second protocol, each forward primer was 5′-tagged with an
M13 tail (5′-CACGACGTTGTAAAACGAC-3′) and a 5′-fluorophore labelled M13 sequence
was added to the reaction mix. Primer concentrations for the M13 protocol were adapted as
follows: reverse primer and labelled tail were kept at 0.2 µM, while concentration of forward
tailed primer was reduced to 0.05 µM (Culley et al. 2013). Thermocycling conditions were
as described previously, but with 35 amplification cycles and a final extension step of 60 °C
for 30 min. Samples failing to amplify under these protocols were re-amplified with higher
template DNA concentration and/or number of PCR cycles. Fragments were read by capillary
electrophoresis using a 3500Genetic Analyser (Applied BiosystemsTM, Thermofisher Scientific,
Waltham, MA, USA) and scored with GeneMarker® v.3.0.1 software (SoftGenetics® LCC,
State College, USA). Fragment sizes were estimated by using the GenescanTM- 500 LIZTM size
standard (Applied BiosystemsTM, Thermofisher Scientific, Waltham, MA, USA). Twelve loci
were excluded due to difficulties in PCR conditions standardization and/or inconsistent results
on fragment analysis. The remaining 17 microsatellite loci showed satisfactory amplification
profiles and were kept for genetic analysis. Selected loci are described in Table 1.
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Identification of new microsatellite loci and primer design

Genome sequences available under the Whole Genome Shotgun I. ricinus project (GenBank
accession number JXMZ02000000) (Cramaro et al. 2015, 2017) were used to detect potentially
amplifiable loci (PALs) with the Palfinder Galaxy Service (Griffiths et al. 2016), available
at https://palfinder.ls.manchester.ac.uk/. Pal_finder software, version 0.02.04.8 (Castoe et
al. 2012) was used to find di-, tetra-, penta- and hexanucleotide repeat motifs, using default
settings. Primers were designed with Primer3 and the following settings customised for use
with the Type-it® Multiplex PCR kit (Qiagen): primer optimum length = 25 nucleotides
(ranging from 18 to 30 nucleotides); minimum GC% content = 45%; maximum GC% content
= 65%; optimum melting temperature = 68 °C (ranging from 62 °C to 75 °C).

This analysis retrieved 1405 dinucleotide PALs, from which any loci showing imperfect or
interrupted motifs were excluded, as well as the ones with primers occurring more than once in

Table 1 Description and amplification conditions of the 20 microsatellite loci selected for genotyping I. ricinus populations from Gerês and El
Jouza.

 

NA*** NA*** 

(Gerês) (El Jouza)

F: CATCGCTAGTGGCTAGAG

R: TTATAACCCGAGGTCGTAAAA

F: ATACCCGTAGAACGAGAG

R: ATACCCGTAGAACGAGAG

F: TTTGGGGGAGTGACAGAAAC

R: AAAACAAATGCCCAAACACC

F: M13-GCCGTTTTGATTCATTCGACG

R: TATAGCCTGCTTTGAGTGCG

F: CGGATGATCAATAGTCGATTCC

F: M13-CGGATGATCAATAGTCGATTCC

R: CCTAGTCACAAACTCTACCAAGTTA

F: M13-GACAAAGGCTGTCAAAGGCTGCATCATA

R: CGAGGAAGCCACGACTTGCAGAACTATT

F: M13-CGTAATTGCGCCTTGTTGA

R: GAGCGCAAATTGAAGTGAGC

F: M13-CATGAGTGTTATATTCGCATTT

R: GCTATTACGTCGACGATTTT

F: M13-AATCAAATGTAGAAAAAGATCACC

R: ACACGATGATCCACCTCCTC

F: AGCCACGCTAGTTCTGAGA

R: CCTGTTGTGTTTTGTTGGTC

F: M13-TGATAAAATGCAGAAGGAAAGA

R: CAGTCTCCGTAACAGAACAAAC

F: M13-CGGGGCGTTTTTCTTTATTCT

R: GAAGCGTCAGACTCCGTAACAG

F: M13-TCATTGTCCCTTCCAGTACG

R: AGAAAATAAGCGCCGAGAAA

F: M13-AAAAGACCCCAGAAACAA

R: GGGGAAGAAAATATGCTAA

F: M13-AGCTACGAGACTACATCAAAA

R: TCAAAGACAGTGACGCTTA

F: M13-AATGACGCCAGCGAGATAAT

R: TCTATATAGGGGGTGGCGAAT

F: M13-ATAGTGAGCGTTTGGACAAT

R: CTCGCGTTTTAATGAAGTG

F: M13-CCCGCAATTCTTCCCGCCGTCATTT

R: TGCATTCTTTAAGCTCTCACGGGCCA

F: M13-TGAACCGAGACCGCCGCAAAAGTC

R: TGATTCTCTCAAGTGCTTCGCGAA

F: M13-GCATATCAAAGGTGTCGCATCCCCTCAGC

R: AGTGTCACGCGTGGGTTGAGCTCCG

*Primers redesigned for this locus

**Allele size range observed in the present study

*** Calculated in the raw data
¥Primers that were 5´tagged with the M13-tail sequence (5’-CACGACGTTGTAAAACGAC-3’) are identified as M13

OP425001 PT

Ref: reference; Ta: primers’ annealing temperature; TD: “touch-down” PCR protocol, with annealing temperatures ranging from 60°C to 52°C in 16 cycles, followed by 25 cycles at 52°C (see main text for cycling conditions 

description); NA: number of alleles; Pop: population for which the locus was most informative; PT: Portugal; TU: Tunisia.

15 OP425000 PT; TU

IRL69 (CT)12 65 125-148 11 17

IRL40 (TC)3 TT (TC)3 56 168-181 19

----

This study IRL17 (GT)4 CT (GT)7 TT (GT)6 

(GA)5 

60 99-165 17 20 OP424999 PT

JQ349036 TU

IRic17 (CA)10 TD 180-267 11 7 JQ349037

8 JF724085 ----

IRic13 (AC)8 52 138-163 11 8

IRic11 (AC)8 TD 230-266 12

PT; TU

IRic09 (CT)10 TD 233-292 14 22 JQ349035 PT

DQ482841 PT; TU

Noel et al ., 2012 IRic08 (TG)9 TD 206-278 14 14 JF724084

9 DQ482838 PT

IRN37 (GT)19 TT (GT)2 CT (GT)2 45 99-121 11 6

IRN32 (GT)6 GC (GT)4 CT (GT)2 51 146-195 12

PT; TU

IRN28 (CA)23 51 97-151 16 4 DQ482835 PT; TU

DQ482832 PT

IRN21mod* (CA)13 51 230-324 16 18 DQ482833

14 DQ482830 TU

IRN17 (GT)7 AT (GT)12 51 182-216 10 16

IRN14 (GT)10 51 99-157 17

PT

IRN12 (GT)14 51 148-240 18 15 DQ482829 PT

DQ482826 TU

IRN7 (CA)13 51 85-178 10 14 DQ482827

12 DQ482825 PT

IRN4mod* (CA)14 51 133-180 9 8

Røed et al ., 2006 IRN3 (GT)12 51 169-186 8

PT; TU

IR39 (AG)9 49 117-146 16 15 AF024671 PT; TU

GenBank 

accession no.

Pop

Delaye et al ., 1998 IR27 (AC)9 45 109-125 10 8 AF024670

Ref Locus Repeat Primer sequences (5’-3’)¥ Ta Size range** 

(bp)
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the entire set of reads. From the 999 remaining PALs, 20 loci with a number of repeat motifs
between 11 and 41 were selected for amplification testing (Van Asch et al. 2010). Finally,
selected PALs’ sequences were compared with previously described microsatellite markers to
avoid duplications.

PALs were first tested with the “touch-down” protocol previously described and further
optimized with a gradient PCR protocol (annealing temperatures set at 55 °C, 63 °C and 68 °C,
according to primers’ Tm range), using pooled and individual tick DNA samples from both
sites in study. Loci showing satisfactory amplification profiles (single band at expected size on
agarose gel) were sequenced to confirm the presence of the repeat patterns (Eurofins Genomics,
Luxembourg). From these, 11 loci were M13-tagged and tested following the M13 protocol
described above. Six primer pairs showing inconsistent amplification and two displaying
consistent homozygosity (therefore suspected to be X-linked) were eliminated from the study.
Three loci (IRL17, IRL40 and IRL69) were kept for the genetic analysis (Table 1).

Genetic distance between all individuals and neighbour-joining-tree

Microsatellite-based genetic distances were evaluated as the chord distances of Cavalli-Sforza
and Edwards (Cavalli-Sforza and Edwards 1967) (DCSE). Because null alleles were known to
occur (see results), the distance values for their presence were corrected by applying the INA
method implemented in FreeNA, after missing data were recoded as homozygous for allele 999
(putative null homozygotes) (Chapuis and Estoup 2007). The DCSE matrix was used to build a
neighbour-joining tree as recommended (Takezaki and Nei 1996) with MEGA 7.0.26 (Kumar
et al. 2016).

Population genetics analyses

The raw data set was coded and converted into all required formats using Create (Coombs et al.
2008). Due to apparent discrepancies in the amplification success at several loci, Portuguese
and Tunisian subsamples were initially analysed separately. The two subsamples were analysed
together on a subset of loci working well in both sites. Methods used for population genetics
data analyses were described in detail in previous papers (Manangwa et al. 2019; De Meeûs et
al. 2021).

Population genetic structure was first evaluated through linkage disequilibrium (LD) tests
and Wright’s fixation indices (Wright 1965). To test for LD, we used the G-based test first
described by Goudet et al. (1996) with 10000 permutations, as implemented within Fstat 2.9.4
(Goudet 2003). The Benjamini and Yekutieli (BY) False Discovery Rate (FDR) procedure
(Benjamini and Yekutieli 2001) with R version 3.5.1 (R-Core-Team, 2020) was then used to
account for repetition of correlated tests. To check if some loci were involved in a significant
LD pair more often than by chance, as compared to the other loci, we also undertook a Fisher
exact test with Rcmdr version 2.3.1 (Fox 2005, 2007).

F-statistics (FIS, FST and FIT) were estimated with Weir and Cockerham’s unbiased
estimators (Weir and Cockerham 1984) with Fstat. Significant departure from 0 of these
F-statistics was tested with 10000 randomizations of alleles between individuals within a
subsample (FIS; deviation from local randommating test) or of individuals between subsamples
within the total sample (FST; population subdivision test). For FIS, the statistic used was f
(Weir and Cockerham’s FIS estimator). To test for subdivision, the G-based test (Goudet et
al. 1996) over all loci was used, which is the most powerful procedure when combining tests
across loci (De Meeûs et al. 2009).

To compute 95% confidence intervals (95% CI) of F‐statistics, we used the standard error
of FIS (StrdErr FIS) and FST (StrdErr FST) computed by jackknife over populations, for each
locus, or bootstrap over loci for the average across loci. More detailed explanations can be
found elsewhere (De Meeûs et al. 2007).

In case of significant heterozygote deficits (characterized by significant departures from
0 of the F-statistics) and LD we tried to discriminate between sampling (Wahlund effect) and
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technical causes (null alleles, stuttering, short allele dominance (SAD), or allele dropouts) with
the determination key proposed by De Meeûs (2018). The possible presence of null alleles
was also investigated with MicroChecker v 2.2.3 (Van Oosterhout et al. 2004) and null allele
frequencies estimated with Brookfield’s second method (Brookfield 1996). The adjustment
between observed and expected numbers of missing data was tested with a unilateral exact
binomial test under R with the alternative hypothesis: “there is not enough missing data as
expected under panmixia”. MicroChecker also detects stuttering. Stuttering tests were obtained
with exact binomial tests comparing observed and expected heterozygotes with one and two
base differences computed graphically with MicroChecker. The presence of SAD was assessed
with a regression FIS~Allele size, weighted as described in De Meeûs et al. (2004), with a
one-sided test (negative slope in case of SAD). To minimize SAD effects, all loci were double-
checked by hunting micro-peaks at long alleles. We also attempted to cure loci with stuttering
by pooling alleles close in size. Both methods are described in De Meeûs et al. (2021).

In dioecious species, heterozygote excesses are expected at all loci. Nevertheless, null
alleles may display heterozygote deficits at affected loci. Default FIS test is one-sided in Fstat
(heterozygote deficit). Two-sided –values were computed as twice the p-value, in case of
heterozygote deficit, or twice 1-p-value otherwise.

A more accurate estimate of FST can be made for datasets with null alleles after recoding
missing genotypes as homozygous for allele 999 (null allele) with the ENA method as
implemented in FreeNA (Chapuis and Estoup 2007). RecodeData (Meirmans 2006) was used
to obtain maximum divergence, and computed the maximum possible FST (FST_Max) with Fstat.
This helped computing the normalized FST′ = FST/FST_max and the number of immigrants as
Nm = (1- FST′)/(8FST) (assuming a two Island model of migration) (e.g. De Meeûs et al. 2007).

For the analysis with STRUCTURE version 2.3.4 (Pritchard et al. 2000), a burning period
of 5,000, a number of MCMC replicates of 50,000, a number of clusters from 1 to 4 and default
options were used, over all individuals with the admixture model and all the 20 loci. Each
run was replicated 100 times. The results were then submitted to the method of Evanno et al.
(2005) to determine the optimal number of clusters with STRUCTURE HARVESTER vA.2
(Earl and vonHoldt 2012).

Results
Morphological and 16S rDNA species determination

Ticks could not be identified morphologically based on Estrada-Peña et al. (2014) due to the
presence of intermediate phenotypes. They were, therefore, identified through 16S rDNA
sequencing which assigned all Portuguese ticks to I. ricinus sequence profiles (OP375366-
OP375385), while the majority (n = 16) of the Tunisian ticks were identified as I. inopinatus
sequence profiles (OP375386- OP375392, OP375396- OP375404) and four as I. ricinus
(OP375393- OP375395, OP375405).

Results of the genotyping for the 20 loci (IR27, IR39, IRN3, IRN4mod, IRN7, IRN12,
IRN14, IRN17, IRN21mod, IRN28, IRN32, IRN37, IRic08, IRic09, IRic11, IRic13, IRic17,
IRL17, IRL40 and IRL69) are provided in the supplementary table S1.

Neighbour-joining-tree of all ticks with all loci

The neighbour-joining-tree based on 20 loci used for genotyping (Figure 2) revealed a split
between Tunisian and Portuguese populations which consistently clustered in two separate
clades. There is no indication that Tunisian ticks identified through 16S rDNA analysis either
as I. inopinatus or I. ricinus differ in any significant way. Indeed, the Tunisian specimens
identified as I. ricinus never clustered together but were all closer to individuals identified as
I. inopinatus with the 16S sequence. Accordingly, without correction for null alleles, there
was no subdivision between I. inopinatus and I. ricinus from Tunisia (FST = -0.0097), while
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Figure 2 Microsatellite-based neighbour-joining-tree between samples collected in Portugal (P-
Gerês) and Tunisia (T- El Jouza). The neighbour-joining tree was based on the results obtained for
the 20 selected loci and was constructed using a Cavalli-Sforza and Edward’s chord distance matrix
as recommended by Takezaki and Nei (1996) with MEGA 7.0.26 (Kumar et al. 2016).

subdivision between Tunisia and Portugal, ignoring 16S results, provided a highly significant
subdivision: FST = 0.071, with 99% bootstrap confidence interval 99% CI = [0.039, 0.106].

Portuguese (Gerês) subsample raw data

Genetic diversity was high for all loci (HS>0.73). Linkage disequilibrium tests were then
optimally powerful for each pair of loci. There were only five loci pairs in significant LD
out of the 190 possible pairs (2.6%), and none stayed significant with the BY-FDR correction
(p-values >0.22). Heterozygote deficits, if any, hardly could come from a Wahlund effect.

There was a highly significant and variable FIS = 0.264 in 95% CI = [0.174, 0.36]
(two-sided p-value = 0.0002). Two missing data were observed at locus IRN4, which
correlatively displayed the highest FIS = 0.804. Null alleles probably explain a large part of
these heterozygote deficits, and this was confirmed by estimate of expected null homozygotes
computed with Brookfield’s second method with MicroChecker. According to this method,
none of the observed number of missing data significantly deviated from those expected (all
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p-values >0.19). Nevertheless, the importance of FIS at several loci with very few or even
no missing genotypes, suggested that other amplification problems (SAD, stuttering) were at
stake.

SAD was tested on the 17 loci with a heterozygote deficit. Most p-values for SAD tests
were below 0.5, and overall the 17 loci, with the generalized binomial procedure (Teriokhin et
al. 2007; De Meeûs et al. 2009), the p-value was almost significant (p-value = 0.0575). This
suggested a strong tendency for SAD across all loci, but at various degrees of intensity. Two
loci displayed a significant SAD: IRN4 (p-value = 0.009), and IRic08 (p-value = 0.0286).

As for the results of the exact binomial tests performed for stuttering detection, most
p-values were below 0.5, and the generalized binomial procedure revealed a significant p-value
= 0.0033. Attempts of stuttering correction were undertook at all loci but those with a p-value
>0.5. Pooling strategies are provided as supplementary material (Table S2).

Following the pooling of alleles, a drop of FIS was observed at several loci (IR27, IRN7,
IRN17, IRN21, IRN32, IRic09, IRL17, and IRL40). In order to minimize SAD and stuttering
effects, all loci with a FIS >0.3 (before and/or after correction) (IRN4, IRN14, IRic11, IRic13,
and IRic17) were removed, kept loci for which stuttering correction improved FIS (smaller
values; listed above), and also retained other loci unchanged (IR39, IRN3, IRN12, IRN28,
IRN37, IRic08, and IRL69).

Portuguese (Gerês) subsample data corrected for stuttering and other
problems

The proportion of locus pairs in significant LD did not change (3/105 = 2.9%). None of
these tests stayed significant after BY correction (all p-values >0.38). There was still a highly
significant and variable heterozygote deficit: FIS = 0.108 in 95% CI = [0.04, 0.174] (p-value
<0.0002), probably mainly explained by null alleles, despite the absence of missing data. Some
loci displayed negative FIS (null alleles at low frequencies, or even absent), as shown in Table
2. Overall, across all loci, no signature of SAD could be found (generalized binomial test
result, p-value = 0.1101). Locus IRic08 was the only showing a significant FIS~Allele size
regression test (p-value = 0.029) but considering that its FIS was far from being the highest and
could easily be explained by null alleles, SAD could confidently be excluded. Only LD based
(Waples and Do 2008; Peel et al. 2013; Do et al. 2014), FIS based (Balloux 2004) and intra
and inter loci correlations (Vitalis and Couvet 2001a, 2001b, 2001c) provided usable effective
population sizes. These varied a lot with an average of Ne = 1051 in minimax = [78, 2226],
suggesting a rather large effective population size.

Tunisian (El Jouza) subsample raw data

Six locus pairs (3.2%) appeared in significant LD. None of these tests stayed significant after
BY correction (all p-values >0.82). There was a highly significant and variable FIS = 0.32 in
95% CI = [0.226, 0.42] (two-sided p-value <0.0002). Missing data (blanks) explained weakly
the variation of FIS across loci (one-sided Spearman’s rank correlation test ρ = 0.3645, p-value
= 0.057, linear regression FIS~blanks R2 = 0.2096). This is due to several loci with large FIS and
no missing data. Nevertheless, observed missing data were well explained by expected ones
according to Brookfield’s second method (computed by MicroChecker) (ρ = 0.692, p-value =
0.0004, observed~expected R² = 0.7195). No SAD test was significant (all p-values >0.16), and
the generalized binomial procedure outputted a p-value = 0.6157. On the contrary, seven loci
displayed a significant stuttering signature, and most loci displayed quite low p-values, which
yielded a very low generalized binomial p-value = 0.0003. Stuttering correction attempts were
then undertaken for all loci with a p-value <0.5 for stuttering, whenever possible.

Stutter corrections concerned 16 loci: IR27, IRN3, IRN7, IRN12, IRN14, IRN17, IRN21,
IRN28, IRN32, IRic08, IRic11, IRic13, IRic17, IRL17, IRL40 and IRL69. These corrections
are highlighted in allele pooling table S3, provided as supplementary material. It worked rather
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well for most loci, except for IRN14 and IRL17. Further analyses kept initial data for these two
loci and kept stuttering corrections for the 14 other loci.

With this new dataset, eight locus pairs (4.2%) were in significant LD (improvement in
power), and none stayed significant after BY correction (all p-values = 1). The heterozygote
deficit was lower: FIS = 0.218 in 95% CI = [0.127, 0.32]. The number of missing genotypes per
locus explained 44% of FIS variation (regression FIS~number of blanks) (ρ = 0.61556, p-value
= 0.0019). The intercept of this regression line (for no missing data, i.e. with a minimum of
null alleles) stayed positive. This suggested that some loci were still affected by something else.
We defined the upper bound of the 95% CI of the regression as ls95% = FIS_i-abs(FIS-ls), where
FIS_i was the FIS at locus i, FIS was the average FIS and ls was the upper bound of the 95% CI
of bootstraps over loci. When the loci that appeared over this upper bound (loci IRN3, IRN12,
IRic11 and IRic17), i.e. with an excessive heterozygote deficit, were excluded the regression
displayed a R² = 0.7268 and an intercept c = 0.0585. Finally, it was decided to exclude loci
without missing data and an FIS >0.1, or a FIS >0.4 with only one missing data. The remaining
10 loci (IR27, IR39, IRN4, IRN14, IRN21, IRN28, IRN37, IRic08, IRic13 and IRL40) now
displayed a R² = 0.8676 and c = -0.0063 (corresponding ρ = 0.61556, p-value = 0.002).

Tunisian (El Jouza) subsample with the 10 cleanest loci

Only one pair of loci (2.2%) displayed a significant LD (p-value = 0.0475, pBY = 1).
The heterozygote deficit decreased to FIS = 0.142 in 95% CI = [0.003, 0.337] (two-sided

p-value = 0.0008) and is largely explained by null alleles. FIS results and number of alleles per
locus for this subpopulation are described in Table 2.

Average effective population size was computed using the lower 95% CI in case of infinite
Ne. Doing so, the average Ne = 129 in minimax = [28, 445] was substantially smaller than in
Gerês.

Table 2 Number of alleles (NA) and Wright’s FIS calculated for the selected 15 loci (Gerês subpopulation; n=20) and 10 loci (El Jouza
subpopulation; n=20) after manual correction for SAD and stuttering; NA, presence of private alleles, FIS and Wright’s FST computed for the
combined analysis of Gerês and El Jouza’s subpopulations with seven selected loci, after data correction for stuttering.

 

Locus NA F IS NA F I S NA (Gerês) NA (El Jouza) NA (total) Private alleles
a F IS F ST

IR27 3 0.071 5 -0.134 8 7 11 Present 0.074 0.289**

IR39 15 0.219* 15 0.088 8 11 13 Present 0.036 0.05*

IRN3 7 0.042 -- -- -- -- -- -- -- --

IRN4mod -- -- 8 0.245 -- -- -- -- -- --

IRN7 4 0.102 -- -- -- -- -- -- -- --

IRN12 17 0.315** -- -- -- -- -- -- -- --

IRN14 -- -- 14 0.018 -- -- -- -- -- --

IRN17 8 -0.013 -- -- -- -- -- -- -- --

IRN21mod 6 0.199 9 0.731** 15 18 28 Present 0.507** 0.044**

IRN28 16 0.156 2 -0.027** 13 2 14 Diagnostic 0.051 0.542**

IRN32 4 0.263 -- -- -- -- -- -- -- --

IRN37 10 0.242* 6 -0.021 10 6 12 Present 0.125 0.179**

IRic08 13 0.09 8 0.035 8 7 12 Present 0.062 0.146**

IRic09 4 0.058 -- -- -- -- -- -- -- --

IRic13 -- -- 2 0.233 -- -- -- -- -- --

IRL17 12 0.068 -- -- -- -- -- -- -- --

IRL40 8 -0.145* 5 0.035 4 5 6 Present -0.049 -0.022

IRL69 10 -0.07 -- -- -- -- -- -- -- --

Overall --- 0.108** --- 0.142** --- --- --- --- 0.142** 0.193**
a 
Determined on the original datasets, before stuttering correction.

Number of alleles changed by stuttering correction are marked in bold. 

* Statistical significance at the 95% confidence interval.

** Statistical significance at the 99% confidence interval.

Gerês El Jouza Combined analysis
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Comparison between Portuguese and Tunisian subsamples

The FIS was not significantly different between the two sites (p-value = 0.2943, two-sided
Wilcoxon sign rank test paired by locus). Nevertheless, there was an almost significant
difference in the number of blanks between Portugal (0.5%) and Tunisia (2.25%) (p-value =
0.0636, two-sided Fisher exact test). This suggested more null alleles in Tunisia. In Portugal,
three loci displayed a significant stuttering signature, against seven in Tunisia, which yielded
a non-significant Fisher’s exact test (p-value = 0.2733). For now, we may suspect that more
SAD signatures were found in Gerês than in El Jouza, even if several of those were artificially
produced by stuttering effects at smaller alleles, since it disappeared after stuttering correction.
Locus IRN4 obviously strongly suffered from SAD in the Portuguese subsample and not in the
Tunisian one. As far as null alleles and stuttering are concerned, it is probable that Tunisian
ticks, due to their important genetic divergence with European ones (De Meeûs et al. 2002),
experienced more amplification problems.

Genetic divergence between Gerês and El Jouza

This analysis was made with loci that were in common after locus selection in both sites.
Seven loci remained: IR27, IR39, IRN21, IRN28, IRN37, Iric08 and IRL40. We directly
tried to correct for stuttering and the result is shown in the allele pooling table S4, provided as
supplementary material. Correction worked well for all loci but IRN21 and IRN37. Corrections
were kept for the other five loci and kept IRN21 and IRN37 unchanged.

In this dataset, one locus pair displayed a significant LD in each site (not the same pair),
and two globally. None stayed significant after BY correction.

There was a substantial and highly significant subdivision between the two subsamples (FST
= 0.193 in 95% CI = [0.068, 0.334], p-value = 0.0001). Excess of polymorphism tend to lower
FST values due to the effect of high mutation rates and number of allelic states in microsatellite
loci (Hedrick 2005). Thus, FST estimate normalization was needed. No significant correlation
was obtained between Nei’s GST and HS (Nei and Chesser 1983) (ρ = -0.6071, p-value =
0.1768); however, it was considered that this result fitted with Wang’s criterion (Wang 2015)
for using the maximum possible FST (FST_max) to normalize FST. Because null alleles are
present, the ENA correction was also used, and missing data were recoded as homozygous for
allele 999, as recommended, and 5000 bootstraps over loci, with the software FreeNA (Chapuis
and Estoup 2007) (FST_FreeNA). To obtain maximum divergence, and compute the maximum
possible FST (FST_Max), RecodeData (Meirmans 2006) was used. The standardized value was
then computed as FST_FreeNA′ = FST_FreeNA/FST_Max = 0.641 in 95% CI = [0.217, 1]. Assuming
a two Islands model of migration, this led to an estimate of Nem = (1-FST_FreeNA′)/(8FST_FreeNA′)
= 0.070 in 95% CI = [0, 0.450] immigrants exchanged per generation. This translated into two
completely (or almost so) isolated populations.

Coming back to the raw data and all 20 loci, there were indeed private alleles in most loci,
except for IRic13 and IRic17, for which frequent alleles (p ≥0.1) were never private. For IRN32,
only rare alleles could be found in common and locus IRN28 was diagnostic between the two
subsamples (no allele in common). Clade analysis in STRUCTURE estimated a maximum
possible introgression of alleles from Portugal in Tunisia of less than 3%, and less than 2%
for Tunisian alleles in Portugal. Average assignment to its population of origin was 0.9946
and 0.9949 for Tunisia and Portugal respectively. Minimum assignment of individuals was
0.9823 for individuals from Portugal and 0.971 for Tunisia. The detailed description of allele
frequencies observed for each locus and population, as well as the results of the STRUCTURE
analysis, can be found in supplementary tables S5 and S6.

Discussion
In this work, all microsatellite loci previously described for I. ricinus were tested with
populations from Portugal and Tunisia. These included 31 loci specifically designed for I.
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ricinus (Delaye et al. 1998; Noel et al. 2012; Røed et al. 2006) and five loci developed for
Ixodes arboricola showing promising cross-amplification with I. ricinus samples (Van Houtte
et al. 2013). To the best of our knowledge, this was the first time that these microsatellite
markers were used to genotype Portuguese I. ricinus populations, while only five of them
had been previously applied to Tunisian samples (De Meeûs et al. 2002). From the initial 36
markers, only 17 presented consistent amplification profiles and were used in further genetic
analyses. This clearly demonstrates that the development of microsatellite loci for a specific
population does not always guarantee their applicability across the entire geographic range of
the species and reinforces the need for preliminary testing of markers prior to studies targeting
new tick populations. The difficulties encountered in our PCR optimization steps were early
indicators of the substantial genetic differences occurring between the chosen populations of
ticks.

In addition, new microsatellite markers were developed. These were designed from I.
ricinus genome sequences available online andwere tested and standardizedwithMediterranean
tick populations. From the 20 PALs initially selected for genotyping tests, three loci (IRL17,
IRL40, IRL69) passed to the genetic analyses phase and were considered useful to be included
in future studies. These newly developed markers are essential to complement the information
provided by the previously described microsatellite loci, deemed insufficient to clearly
characterize I. ricinus populations in the study area.

The 20 selected microsatellite loci behaved differently when tested with Portuguese or
Tunisian ticks. This was already expected, as discrepancies in amplification success between
populations at several loci had been previously detected during sample genotyping. Methods for
minimizing the effects of SAD and stuttering described by De Meeûs et al. (2021) were applied
with good results in this dataset. After double-checking the chromatograms of homozygous
individuals for previously undetected micro-peaks, only two loci showed significant SAD in
Gerês subpopulation, and none were found to be affected in El Jouza subsample. Stuttering was
detected in both populations, but the use of pooling strategies adjusted to allele size differences,
allele frequencies and FIS, improved heterozygosity estimates for eight (out of 17) and 14 (out
of 16) loci in Gerês and El Jouza subpopulations, respectively. The same stuttering “cure”
strategy also proved to be effective in the final analysis between the two land masses, improving
FIS estimates for five (out of seven) loci.

The comparative study of both populations revealed a higher frequency of technical
amplification problems (null alleles and stuttering) in El Jouza sample. This is in line with
the fact that all loci available for I. ricinus were designed from European ticks, and supports
the previously detected divergence between Tunisian and European I. ricinus populations (De
Meeûs et al. 2002; Noureddine et al. 2011; Poli et al. 2020). Private alleles were detected
in most loci, and a locus (IRN28) presented no allele in common, being considered diagnostic
between the subsamples. Results from STRUCTURE suggest that if introgressed individuals
existed in each of the subsamples, maximum introgression was less than 2% in Portugal and
less than 3% in Tunisia. However, these values may easily come from the homoplasic nature
of microsatellite loci (Jarne and Lagoda 1996), as suggested by the existence of several alleles
and one complete locus (IRN28) that are diagnostic of the subsample of origin. The suggested
genetic distance is also supported by the very low number of estimated immigrants exchanged
per generation between both locations, resulting in two virtually isolated populations, which
can correspond to two different species as was hypothesized by Poli et al. (2020). Even if ticks
are easily transported from one continent to the other, this does not translate into efficient gene
flow, raising the question of whether the Tunisian ticks are in fact I. inopinatus. This species
was first described in Spain (type locality, La Pedriza, a locality not far from Madrid), Portugal,
Algeria, Morocco and Tunisia (Estrada-Peña et al. 2014) and was observed living in sympatry
with I. ricinus in Tunisia, namely in the El Jouza region (Younsi et al. 2020) and Central Europe
(Chitimia-Dobler et al. 2018). Specimens identified as I. inopinatus from the Iberian Peninsula
were all collected around or south of Madrid (Estrada-Peña et al. 2014). Unfortunately, none
of the recent publications on population genetics of I. ricinus included ticks collected in the
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southern part of the Peninsula. Our samples of I. ricinus were also collected from the northern
part of Portugal.

Therefore, based on preliminary data, it is possible to conclude that populations from
northern Portugal and Tunisia are likely to belong to different species, as suggested by earlier
studies. Indeed, microsatellite genotyping (De Meeûs et al. 2002), nuclear phylogenies
(Noureddine et al. 2011), and SNP analyses (Poli et al. 2020) have already revealed the
occurrence of a deep split between North African and European populations. In accordance
with other authors, it was confirmed that adult I. inopinatus and I. ricinus cannot be differentiated
by morphology (Younsi et al. 2020), but also not by 16S rRNA gene analysis, because all our
Tunisian sample, which included both putative species, belonged to the same population when
analysed with microsatellite markers.

Better diagnostic tools must be developed to positively identify I. inopinatus. In addition,
I. inopinatus from the type locality and southern part of the Iberian Peninsula must be included
in future population genetics studies, to determine whether they correspond to the separate
taxonomic entity occurring in North Africa and Sicily. Based on the distribution of different
genotypes of Borrelia lusitaniae (Norte et al. 2021), a known reptile-associated spirochete, it
was hypothesized that the distribution range of the north-African population of ticks extends
to the southern part of the Peninsula and is associated to a specific B. lusitaniae clade. As
I. inopinatus is also considered to be a reptile-associated tick (Estrada-Peña et al. 2014), it
is tempting to assume that the distribution of the tick and specific genotypes of B. lusitaniae
are linked. Nevertheless, until factual data are provided, it should be noted that this reptile-
associated spirochete has been known to travel, albeit sporadically, on ticks carried by birds
(Wilhelmsson et al. 2020), which might result in the tick and the spirochete evolutionary
histories to be uncoordinated as is the case in another Ixodes species (Humphrey et al. 2010).
Therefore, further studies will be needed to taxonomically define I. ricinus populations
belonging to this tick’s south-western distribution range. Microsatellite markers sets defined in
this study should be applied to larger tick samples, comprising additional locations across the
Iberian Peninsula and the north of Africa. These results, together with interbreeding studies
conducted between European and Tunisian tick populations, will add useful arguments to
discuss the taxonomic status of the different units found among the I. ricinus s.l. entity.

Conclusion
In this work, we have revisited all microsatellite markers previously developed for I. ricinus
and specifically tested them with Portuguese and Tunisian tick populations, to ascertain
their suitability for this species’ population genetics studies in the Mediterranean region.
Additionally, new microsatellite loci have been developed to add to the currently available ones.
Altogether, 15 suitable loci were identified for genetic analyses of Portuguese subpopulations,
10 loci for Tunisian ones, and seven informative loci to be used in inter-continental studies.
A preliminary analysis of both datasets revealed two isolated populations, which are likely to
correspond to two different species. The sets of microsatellite markers defined here can now be
applied to larger-scale studies in the Mediterranean transition zone, hopefully contributing to
define the population structure of I. ricinus s.l. across its geographic range and the taxonomic
status of I. inopinatus. Interbreeding experiments, performed between European and Tunisian
populations will also provide useful information to complement our understanding of the
evolutionary genetics of I. ricinus populations.
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