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Tableau 2.6 : Description des croisements réalisés en conditions contrôlées. 

 

 Nom du 

croisement 

Gorgement Père Mère descendance 

Date Hôte Origine Extraction origine extraction Test 

WGA 

nb stade 

Matériel Date matériel date 

1 C030 2008 Veau Tunisie Carcasse 

sans pattes  

(-80°C) 

? Toulouse Carcasse 

sans patte 

 (-80°C) 

05/2013 oui 10 Nymphe vivante 

2 C212 09/2008 Veau Tunisie Carcasse 

sans pattes  

(-80°C) 

05/2013 Belle-Ile Carcasse 

sans pattes  

(-80°C) 

05/2013 oui 10 Nymphe vivante 

3 C214 09/2008 Veau Tunisie Carcasse 

sans pattes  

(-80°C) 

05/2013 Belle-Ile Carcasse 

sans pattes  

(-80°C) 

05/2013 non 9 Nymphe vivante 

4 C243 09/2008 Veau Chizé Pattes 

(-20°C) 

2010 Chizé Pattes 

(-20°C) 

2010 non 9 Larve congelée à -

80°C (7) + nymphe 

vivante (2) 

5 H4I 12/2012 Lapin Chizé terrain 

2012 

Carcasse 

entière  

(-80°C) 

05/2013 Chizé 

(C243) 

Carcasse 

entière  

(-80°C) 

05/2013 oui 9 Larve vivante 
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polymorphisms

E. QUILLERY,*† O. QUENEZ,‡ P. PETERLONGO§ and O. PLANTARD*†

*Epidemiology and Risk Analysis in Animal Health, UMR1300 Biology, INRA, BP 40706, F-44307 Nantes, France, †UMR
BioEpAR, LUNAM Universit!e, Oniris, Nantes-Atlantic College of Veterinary Medicine and Food Sciences and Engineering,
F-44307 Nantes, France, ‡GenOuest Core Facility, UMR6074 IRISA CNRS/INRIA/Universit!e de Rennes1, Campus de Beaulieu,
35042 Rennes Cedex, France, §GenScale, INRIA Rennes Bretagne-Atlantique, IRISA, Rennes, France1

Abstract

Assessing the genetic variability of the tick Ixodes ricinus—an important vector of pathogens in Europe—is an essen-

tial step for setting up antitick control methods. Here, we report the first identification of a set of SNPs isolated from

the genome of I. ricinus, by applying a reduction in genomic complexity, pyrosequencing and new bioinformatics

tools. Almost 1.4 million of reads (average length: 528 nt) were generated with a full Roche 454 GS FLX run on two

reduced representation libraries of I. ricinus. A newly developed bioinformatics tool (READ2SNPS), which isolates

SNPs without requiring any reference genome, was used to obtain 321 088 putative SNPs. Stringent selection criteria

were applied in a bioinformatics pipeline to select 1768 SNPs for the development of specific primers. Among 384

randomly SNPs tested by Fluidigm genotyping technology on 464 individuals ticks, 368 SNPs loci (96%) exhibited

the presence of the two expected alleles. Hardy–Weinberg equilibrium tests conducted on six natural populations of

ticks have shown that from 26 to 46 of the 384 loci exhibited significant heterozygote deficiency.

Keywords: 454, de novo SNP calling, Ixodes ricinus, nonmodel organism, reduced representation library, SNP
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Introduction

Ticks (Acari, Ixodidae) are haematophagous vectors of
numerous pathogens. In Europe, Ixodes ricinus is the most
widespread species and is responsible for both human
and animal diseases (Gubler 1998; Parola & Raoult 2001).
This tick transmits pathogenic agents responsible for
zoonotic diseases such as Lyme disease, tick-borne-
encephalitis, babesioses or rickettsioses (Gray 2002).

An accurate knowledge of tick dispersal and genetic
diversity is required to set-up efficient vector control
methods, such as acaricides or antitick vaccines, but is
still lacking (Philipp et al. 1997; Gillet et al. 2009). How-
ever, all three sets of microsatellite markers developed
independently to date (6 by Delaye et al. 1998; 17 by
Røed et al. 2006 and 9 by Noel et al. 2012) exhibit high
heterozygote deficiency (De Meeûs et al. 2004; Røed et al.
2006; Kempf et al. 2009, 2011; Noel et al. 2012) and, for

several loci, nonmendelian transmission patterns that
could not be fully explained by the high frequency of
null alleles (De Meeûs et al. 2004; Røed et al. 2006). More-
over, the large number of alleles—sometimes differing
by a single nucleotide, stutter bands or short allele domi-
nance makes genotype assignation difficult (De Meeûs
et al. 2004). To circumvent the difficulties associated with
microsatellites, single nucleotide polymorphisms may
constitute markers of choice for the investigation of
genetic variability in I. ricinus (Noureddine et al. 2011;
Porretta et al. 2013; Van Zee et al. 2013). SNPs have been
successfully developed in other nonmodel organisms
(Ekblom & Galindo 2011; Helyar et al. 2011). SNPs are
the most abundant markers within genomes and exhibit
a uniform distribution across chromosomes (Schl€otterer
2004). Because of their lower mutation rates (compared
with microsatellites; Estoup et al. 2002), SNPs exhibit less
homoplasy (Morin et al. 2004). As they are biallelic, a
lower error rate in genotyping and allele assignation can
be expected. Moreover, due to their large numbers, they
are very useful and informative for the investigation of
genetic polymorphism (Lao et al. 2006; Paschou et al.
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2007). Fifty biallelic SNPs are considered to be equivalent
to 20 highly polymorphic microsatellites (Smouse 2010).

Several methodological constraints have to be over-
come during the development of SNPs in I. ricinus. First,
because of the large estimated genome size (about 2.1 Gb
based on the closely allied north American species
I. scapularis), it is more difficult to get a higher sequenc-
ing depth. However, when looking for SNPs, a minimum
depth is necessary to discriminate between true poly-
morphism and sequencing errors. Second, no reference
genome is available for I. ricinus. Indeed, most of the
available softwares developed to date and designed to
call SNPs from NGS data sets make use of a reference
genome (Li et al. 2009; McKenna et al. 2010). They map
the reads on this reference genome to look for differences
between this sequence and the reads (Nielsen et al. 2011).

In the case of I. ricinus, the de novo assembly from
NGS data sets would thus be especially difficult to build
because of the large size of the genome and the high pro-
portion of repeated elements within this genome (Meyer
et al. 2010).

We overcame the first difficulty using a method
employing reduced representation libraries (RRL) to
reduce genome complexity (Altshuler et al. 2000; Van
Tassell et al. 2008). This method is based on the use of
restriction enzymes and the selection of digested DNA
fragments of a given range size. Finally, we developed
an original method based on the READ2SNPS tool (Uricaru
et al. unpublished3 ) that can identify SNPs by comparing
their reads in raw NGS data sets using a de-Bruijn graph
and without any genome assembly.

Materials and methods

Tick collections and DNA extraction

The DNA libraries were constructed by sampling two
I. ricinus populations. Only adult females (the lifecycle
stage with the largest amount of DNA) were used. The T
population corresponds to 10 partially engorged females
that were collected on roe deer in southwest France
(‘Gardouch’; 43° 23′ 27.88″N, 1° 41′ 1.67″E) during the
winter of 2010 and kept at !80°C until DNA extraction.
The M population corresponds to 20 nonengorged
females that were collected in spring 2011 (and kept alive
at 4°C in the laboratory until DNA extraction) as they
were questing for a host on vegetation in northwest
France (‘Malville’; 47° 21′ 30.10″ N, 1° 51′ 41.59″W). Each
individual was extracted, and the DNA concentration
measured separately.

The ticks were frozen in liquid nitrogen and crushed
with a pestle in individual tubes. DNA extraction was
conducted according to manufacturer instructions using
the NucleoSpin Tissue XS kit (Macherey-Nagel).

For the genotyping and SNP validation, I. ricinus
nymphs have been collected by the drag method (Schu-
lze et al. 1997) in 83 different sampling sites covering an
area of 130 km2 of the « Zone Atelier Armorique» (Breta-
gne, France; 48° 28′ 28.25″N, 1° 33′ 49.29″W). Between 1
to 10 I. ricinus individuals, nymphs were extracted in
each sampling sites, resulting in a total of 464 individu-
als. Sixteen controls were added in the genotyping assay
including ‘no template controls’ (NTC) used for Flui-
digm technology, Whole-Genome Amplification controls
and DNA extraction controls.

As the amount of DNA obtained from a single indi-
vidual was insufficient for genotyping of all the SNPs
isolated, a Whole-Genome Amplification (WGA) using
the primer extension preamplification method (PEP-
PCR) (LGC-Kbio) was performed on each individual
DNA extract prior to genotyping.

Genome reduction and sequencing

After testing several restriction enzymes, MseI (T ^ AAT;
New England Biolabs) was selected because a high con-
centration of DNA fragments of the target size (id est 500–
600b, to maximize the efficiency of 454 pyrosequencing
relative to reads length) could be obtained, and no
discrete band (that would reveal the presence of repeat
elements) was observed in the target range of DNA frag-
ments selected. Each sample was digested for 8 hours
(2.5 U/lg of DNA) according to manufacturer’s instruc-
tions. The digested DNA was then separated on a 1%
agarose gel (4 h, 80v). A gel piece of each sample, con-
taining DNA fragments from 500 to 600 bp (according to
the 100 pb marker size ladder; Eurobio), was sheared
under a UV lamp. The DNA was then extracted and
cleaned with the gel clean-up kit (Macherey-Nagel),
eluted in 40 lL of EB Buffer (3.33 mM Tris, pH 8.5), then
quantified using QubitTM with the dsDNA HS AssayTM kit
(Invitrogen). Each sample was then sent to the Biogenou-
est Genomic platform (Rennes, France) where the 454
sequencing was conducted. The samples from each of the
2 populations (T and M) were pooled separately. Pools
were prepared from an equimolar quantity of DNA from
each of the 10 to 20 samples, respectively, corresponding
to 500 ng of DNA in 10 ll, tagged with a unique barcode
(multiplex identifier MID) and sequenced using the
Roche 454 GS FLX and Titanium chemistry.

The reads obtained with the 454 sequencer were
trimmed by default filters. Another filter was performed
directly by the sequencing platform (the Biogenouest
Genomic platform, scripts are available upon request on
website galaxy: galaxy.genouest.org) to delete reads that
(i) did not contain the four nucleotides A, C, T, G; (ii)
contained a high frequency of undetermined base
(>7.0%); (iii) was less than 150 bp or greater than 950 bp

© 2013 John Wiley & Sons Ltd
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in size; (iv) contained repeat motifs (cf. ‘passed 1’ reads
in Table 1). Finally, reads (or ends of reads) with a qual-
ity <20 (PHRED Quality score) or that did not contain
the expected restriction site were deleted (script available
upon request from INRA MIGALE bioinformatics plat-
form: http://migale.jouy.inra.fr), as well as the MID tags
used for the pyrosequencing (cf. ‘passed 2’ reads in
Table 1).

Identification and checking of SNPs

A pipeline for SNP calling was developed based on the
READ2SNPS tool (Uricaru et al. unpublished). The
READ2SNPS source code is available under CeCILL licence,
and it can be downloaded from colibread.inria.fr/
read2snps/. This tool calls SNPs from one or several
reads sets without using any reference genome.The
READ2SNPS tool is composed of two main modules. The
first module, KisSnp2, constructs a de-Bruijn graph by
extracting all words of length k (k-mers) from the reads.
The de-Bruijn graph organizes the k-mers as follows: a
node stores a k-mer and an oriented edge connects two
nodes if the suffix of length k-1 of the source node is
equal to the prefix of length k-1 of the target node. KisS-
np2 then detects patterns in the graph that reveal the
presence of a SNP in the read set(s). This first module
output is a FASTA file containing sets of pairs of hetero-
zygous sequences of length 2k-1. Because sequences are
constructed by assembling k-mers from reads, it is neces-
sary to map the initial reads on them. This step is per-
formed by the second READ2SNPS module called
KissReads. This step (i) removes spurious sequences not
existing in reads but only in k-mers and (ii) quantifies the
average PHRED quality and the read sequencing depth
of each position of each sequence and for each read set.

A draft assembly was conducted with MIRA3 (Chev-
reux et al. 1999) to estimate the coverage of the I. ricinus
genome by the sequencing of our two reduced represen-
tation libraries.

SNP assay design and genotyping

For each SNP, read alignments containing the isolated
SNPs were checked visually with the Tablet software

(Milne et al. 2013). Only biallelic SNPs were consid-
ered. SNP loci located in the vicinity of microsatellite
loci were excluded because such loci are known to
exhibit high mutation rates that would prevent hybrid-
ization of the primers designed for genotyping.
Among the SNPs satisfying all the above criteria, 384
loci (corresponding to 4 Fluidigm chips 96 9 96) were
selected at random, for which primers were designed
with the Perl Primer software (Marshall 2004) with
length, annealing temperature and GC content as rec-
ommended for their use with Fluidigm technology
and Kaspar chemistry (Table S1, Supporting informa-
tion).

The WGA and the genotyping were conducted by the
GENTYANE platform (INRA, Clermont-Ferrand,
France) using the Biomark HD system (Fluidigm technol-
ogy) and Kaspar chemistry (Wang et al. 2009).

Minor allele frequencies (MAF) were calculated on
the 464 individuals genotyped (Table S1, Supporting
information). Expected and observed heterozygote fre-
quencies were calculated, and Hardy–Weinberg exact
tests were conducted using GENEPOP’007 (Rousset
2008). The tests were conducted on the six largest
populations of the sample, with 10 individuals for each
population.

Results

A workflow illustrating the steps involved in data
processing is given in Fig. S1.

Pyrosequencing of the reduced representation libraries

454 GS FLX sequencing generated 1 389 201 reads for the
2 reduced representation libraries (730482 and 658 719
for populations M and T, respectively) corresponding to
556 Mbp (Fig. S2, Supporting information). The reads
had a mean length of 401 nt, with an average quality
score of 33.2. Most of the reads (95%) began with ‘TAA ’,
as expected for DNA fragments digested with the MseI
enzyme. After application of the initial trimming steps,
392 693 reads were excluded due to insufficient quality
score, presence of repeat sequences or absence of the
restriction site.

Table 1 Summary statistics for 454 pyrosequencing of the 2 reduced representation libraries. The number of reads and their lengths are
indicated in the raw data and after the first (Passed 1), and second criteria of trimming (Passed 2)

Population
Number of
Individuals

Number of reads Length of reads (Passed 2 reads)

Raw Passed 1 Passed 2 Mean Maximum Minimum Total nt

M 20 730 482 638 228 536 061 528 914 167 283 554 541
T 10 658 719 563 986 460 447 530 825 30 244 272 285
Total 30 1 389 201 1 202 214 996 508 529 914 30 527 826 826

© 2013 John Wiley & Sons Ltd
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SNPs discovery with READ2SNPS

A total of 996 508 reads (536 061 and 460 447 for popula-
tions T and M, respectively) with a mean length of 529 nt
were used for the isolation of SNPs (Table 1). READ2SNPS

was run on two read sets corresponding to the M and T
populations. The main parameter in READ2SNPS is the k
value. The best k value was determined by plotting the
k-mer counting histograms (Fig. S3) for distinct k values.
Finally, k = 29 was used, corresponding to the beginning
of the plateau of the curve with more than 80% of unique
K-mer and giving the optimal sequence size as output
for READ2SNPS.

After applying the KisSnp2 module of the READ2SNPS

software using k = 29, 791 803 SNPs were obtained. The
KissReads module was then used to check whether the
reconstructed sequences of length (2k-1) really corre-
sponded to reads existing in the original data set. At this
stage, 321 088 SNPs (corresponding to 40% of the initial
number of SNPs found) were identified as true positive
SNPs.

The SNPs generated by read2snps were then sorted
according to their sequencing depth (Fig. 1).

This curve of distribution of sequencing depth for the
SNPs was similar to that observed for the sequencing
depth of contigs obtained during the assembly with
MIRA3 (Fig. S4, Supporting information). Only those
SNPs for which the sequencing depth was between 4
and 10 were retained for subsequent analysis, corre-
sponding to 126 567 SNPs (i.e. 39.4% of the 321 088 SNPs
previously isolated). This selection was conducted to
eliminate SNPs that could be due to sequencing errors
(considered to be present in SNPs with a sequencing
depth <4) or located in duplicated loci or repeat elements
(considered to be present in SNPs with a sequencing
depth > 10). The SNPs sequence vicinity was used to fil-
ter out SNPs close to homopolymers as these concentrate
sequencing errors in 454 data and can therefore affect
primer hybridization. For this, we used a sliding window
of 8 nucleotides and eliminated the sequence if 6 identi-
cal nucleotides were detected within this window. We
also filtered out SNPs with PHRED sequence quality <

30. Only 9537 SNPs with a quality score >30 (PHRED)
and without any homopolymer in the sequence of 2k-1
were kept. We additionally filtered out SNPs in
sequences that could have been generated by erroneous
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reads. To do this, we mapped back reads on all SNPs
sequences (of length 2k-1) using GASSST (Global Align-
ment Short Sequence Search Tool; Rizk & Lavenier 2010)
with a similarity threshold set at 80%. In this final step,
SNPs for which the alignment between sequence and
reads included gaps or substitutions could be detected
and filtered out. As a result, 1768 SNPs were retained.

Description of the 384 SNPs isolated

From those 1768 SNPs, 384 SNPs were selected at ran-
dom. The number of SNPs selected in each of the seven
sequencing depth classes (4 to 10) was proportional to
the initial sequencing depth distribution observed for the
1768 SNPs. Among those 384 SNPs, 254 SNPs (66%) cor-
responded to transitions while 130 (34%) corresponded
to transversions. Twenty-two SNPs showed some poly-
morphism only in the M population and 62 only in the T
population, while 300 SNPs exhibited the two alleles in
each of the two RRL analysed. Homology of the 384 con-
tigs (corresponding to the consensus of reads for a given
SNP locus) was investigated by BLAST using sequences
already deposited in GenBank. 56.51% of the retained
sequences exhibited homology with sequences from
I. scapularis (% identity > 80% and coverage > 10%) and
0.78% with another tick species (Rhipicephalus (Boophilus)
microplus). No other significant match with any other
organism was observed.

Genotyping results

Because of the small amount of DNA available for each
individual tick nymph (~17 ng), a Whole-Genome
Amplification method (WGA) was applied to obtain a
x30 increase in available DNA.

Twenty Fluidigm chips (« dynamic array » 96.96 Bio-
MarkTM) were used for the genotyping. One of them was
not used in subsequent analyses for technical reasons.
Finally, 168 378 genotyping points were analysed, of
which 35 363 (21%) were not interpretable (lack of ampli-
fication or ambiguous genotype assignation) and were
therefore considered as missing data.

Among the 384 SNPs, 5 loci showed no amplification
(corresponding to 5.4% of the 35363 missing data). Ele-
ven SNPs among the 484 individuals investigated were
only found in the homozygous state. The remaining 368
SNPs provided suitable amplification results and exhib-
ited the two alleles. The minor allele frequency (MAF)
varied between 0.04 and 0.5, with a mean value of 0.23
(Table S2, Supporting information). In the 6 populations
investigated for Hardy–Weinberg equilibrium (those
with a population size of ten individuals), from 6.77% to
11.97% of the 384 loci were found with a significant het-
erozygote deficiency (Table S3, Supporting information).

Discussion

Due to the numerous difficulties encountered with the
three sets of microsatellite loci developed in I. ricinus to
date (Delaye et al. 1998; Røed et al. 2006; Noel et al.
2012), it was urgent to produce a new set of highly resol-
utive genetic markers for the analysis of genetic variabil-
ity in this important tick species.

The SNP discovery workflow described here permit-
ted the identification of 321 088 putative SNPs in the
I. ricinus genome, the successful design of primers for
384 SNP loci and polymorphism was observed in 96% of
the loci.

The development of these SNPs involved the follow-
ing four steps: pyrosequencing of two reduced represen-
tation libraries from a pool of I. ricinus individuals,
isolation of SNPs from this NGS data set with the
READ2SNPS pipeline, design of SNPs primers and SNPs
genotyping.

To our knowledge, no inbred homozygous I. ricinus
strain is currently available. Thus, within-individual
polymorphism is expected even if a single individual is
sequenced. Due to this nonreducible polymorphism, the
difficulties encountered in the genome assemblage and
the avoidance of sequencing errors are therefore
increased. Moreover, as the amount of DNA available
from a single individual is limited, several individuals
must be pooled together for pyrosequencing.

The sequencing depth must be tuned according to the
trade-off between the minimum number of reads for a
given sequenced locus required to detect polymorphism
(with a minimum of two reads) and the wastage of
sequencing efforts due to sequencing of nonvariable
genomic regions or regions that are already represented
by a sufficient number of reads in the data set. We made
use of sequencing depth to exclude sequencing errors
(expected to be found in sequences represented by a sin-
gle or a few reads). We also used the sequencing depth
to avoid loci in repetitive DNA or duplicated loci (that
are not suitable for SNP design).

An RRL strategy was employed to maximize the
sequencing depth of the genomic region sequenced.
After a draft assembly of our data set using MIRA3, we
estimated that our libraries represented 78.3 Mpb, corre-
sponding to a coverage of about 3.8% of the I. ricinus
genome (considering a genome size of 2.1 Gb), with a
mean sequencing depth of 2.58 and a median of 2.3.
Although this sequencing depth could be considered as
weak, SNPs were subsequently only selected in reads
with a sequencing depth between 4 and 10 to avoid
sequencing errors and repeat loci. Moreover, the choice
of restriction enzyme and the size of the DNA fragments
used for the library avoided the sequencing of repeat loci
(such as transposable elements), which are known to be

© 2013 John Wiley & Sons Ltd
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common in the I. scapularis genome (Ullmann et al. 2005;
Hill et al. 2009; Meyer et al. 2010) and unsuitable for the
isolation of codominant and mendelian molecular mark-
ers.

Because of (i) the absence of reference genome, (ii) the
large size of the I. ricinus genome, (iii) its high density of
SNPs, (iv) its large proportion of repeat elements and (v)
the frequency of sequencing errors obtained with the 454
technology, the genome assembly required by most SNP
calling software would have been especially difficult to
conduct. We thus argue that our bioinformatics tool,
because it avoids genome assembly, is especially useful
and relevant for the isolation of SNPs from the I. ricinus
genome. This assembly step is in fact precluded using
READ2SNPS. The strategy adopted here revealed a large
number of SNPs (321 088) in our data set. Using GAS-
SST, we conserved only 18.5% (1768) of the 9537 SNPs
meeting all the requested quality criteria (quality of read,
sequencing depth, absence of homopolymers). Because
of our RRL strategy (and the selection of only a fraction
of the whole-genome in our data set, with varying
sequencing depths for each locus), the SNP density
cannot be directly inferred at the whole-genome scale.
Moreover, the final number of SNPs isolated in this pipe-
line is highly dependent on the stringency of the filters
used to avoid SNPs that might correspond to artefacts or
be located in unsuitable loci (duplicated loci, occurrence
of other SNPs or microsatellite loci in the vicinity of the
SNP targeted…). In our case, as we wanted to select only
a limited number of SNP loci (384) for population genet-
ics studies, we used parameter values that were highly
selective to keep only those SNP loci that were the most
suitable for primer design and genotyping. However,
numerous additional SNPs isolated could have been
used to design new primers in the remaining set of
polymorphic sites identified.

Among 1768 SNPs selected as candidates for primer
design, 384 SNPs were tested by genotyping 464 individ-
uals of Ixodes ricinus from an area (130 km2) located in
Brittany (North of France). These 384 SNPs were success-
fully amplified at 96%, as 368 displayed both amplifica-
tion and polymorphism during genotyping. No
amplification was observed for five SNPs, while 11 other
SNP loci exhibited only one kind of homozygous indi-
viduals. The obtained validation rate is higher than in
other studies where missing SNPs were reported to rep-
resent between 6 and 52% (Sanchez et al. 2009; Hyten
et al. 2010; Fu & Peterson 2012). This reflects the effec-
tiveness and stringency of the pipeline developed to
select only those SNPs with the most suitable loci for
primer design.

Among the 6 populations investigated, a deviation
from Hardy–Weinberg equilibrium was observed in 6.77
to 11,97% of the 384 loci genotyped. This is in agreement

with previous investigations based on microsatellite loci
that have all found high heterozygote deficiency (De
Meeûs et al. 2004; Røed et al. 2006; Noel et al. 2012). The
limited active dispersal of those arthropods, the existence
of host-specialized races as well as associative mating
may be responsible for this pattern, through a Wahlund
effect (Kempf et al. 2009, 2011). For a better understand-
ing of I. ricinus population structure, complementary
investigations conducted at a limited spatial scale and
using ticks for which the host used is known will be
needed (Quillery et al. in prep).

The strategy reported here, which combines high
throughput sequencing (HTS), genome reduction with
the RRL technique and a powerful bioinformatics
pipeline to isolate SNPs without requiring any refer-
ence genome, illustrates the feasibility of SNP discov-
ery for nonmodel organisms like Ixodes ricinus. The
SNP loci described here will be useful for a variety of
applications such as the assessment of the genetic
structure of I. ricinus populations or the building of a
genetic map.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1 Workflow illustrating the application of 454 pyrose-
quencing in the de novo identification, selection and validation of
SNPs.

Figure S2 Distribution of the reads (length in bp) for the two
PicoTiterPlate regions in the Roche 454 GS FLX run.

Figure S3 Ratio of unique k-mers obtained for different K-mer
size (nt).

Figure S4 Number of contigs identified by MIRA3 with a
sequencing depth only between 2 and 20.

Table S1 Excel file containing primers sequences for the 384
SNP loci.

Table S2 Excel file containing the 384 sequences containing SNP
and with MAF for each locus.

Table S3 Excel file containing Observed (Ho) and expected (He)
heterozygosity, p-value and standard error of Hardy–Weinberg
Equilibrium test in the 6 populations with the largest population
size (L041 to L064).
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Abstract

We propose a new method calling both heterozygous and homozygous

genotypable SNPs from any number of read datasets, without a reference

genome, and with very low memory and time footprints (billions of reads can be

analyzed with a standard desktop computer). We establish for the first time that

calling SNPs directly from sequenced reads gives better results than a

state-of-the-art assembly and mapping approach, mostly due to the fact that our

approach better discriminates SNPs from inexact repeats, while still detecting

SNPs in repeated regions. On an arthropod species, 96% of the predicted SNPs

that were tested in vitro were confirmed.

Keywords: reference-free; SNPs; next-generation sequencing; low memory

Background

Assessing the genetic differences between individuals within a species, or between

chromosomes of an individual, is a fundamental task in many aspects of biology. Of

specific interest, single nucleotide polymorphisms (SNP) are variations of a single

base, either between two homologous chromosomes within a single individual, or

between two individuals. Finding biallelic or mendelian SNPs is often done in many

biological applications involving SNP genotyping, e.g. population genomics, health,

ecology or agronomy research[∗]. As they must be easily amplified by PCR, those

SNPs must not be surrounded by other polymorphism sources such as other SNPs,

repeats and structural variants. We say that such SNPs are genotypable. With next-

generation sequencing technologies, individuals from virtually any species can be

sequenced at a modest cost. State of the art methods to detect SNPs between indi-

vidual or strains generally require a high-quality reference genome [1, 2]. However,

biologists are increasingly working on non-model organisms, for which building high-

quality references is extremely challenging [3]. For these reasons, there is a strong

need for methods able to detect SNPs, in particular those which are genotypable,

without relying on a reference genome.

[∗]RC — Needs a citation here, anyone has one?
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Methods that detect SNPs can be broadly divided into three categories, based on

their use of a reference genome. The first category, to which we refer as reference-

based, consists of SNP detection methods that map reads of an individual to a

high-quality reference genome [1, 2]. Detecting SNPs between two sequenced indi-

viduals with a reference-based method is done via mapping both read datasets to a

reference sequence. Such approaches are limited by the quality and the mappability

of available reference genomes [4]. Furthemore, in many biological experiments, a

reference genome for the organism of interest may not yet exist.

In this article, we work under the hypothesis that a high-quality reference sequence

of the sequenced organism is not available. We therefore focus on the remaining two

categories of SNP detection methods. Methods in the second category perform de

novo assembly to reconstruct the genome of a sequenced individual A. Then, these

methods include, as a sub-module, a reference-based method to map the reads of an

individual B to the assembly of A. We refer to such methods as hybrid, as they use

both de novo assembly and mapping techniques to call SNPs. [†] The third category

does not make use of a reference genome at any stage. We refer to this methods

in category as de novo. At a high level, a de novo SNP calling method transforms

a read dataset into a graph, and detects SNPs between two or more datasets by

comparing their graphs.

Several methods that fall into the de novo category have been developed re-

cently [5, 6, 7, 8, 9]. However, they generally suffer from a high number of false

positive calls [5, 6], due to genomic repetitions and sequencing errors. We also note

that all de novo methods use similar computational techniques to de novo assembly,

entailing unpractical computational costs on large genomes. Even with substantial

computational resources, most available de novo tools still cannot detect variants

in mammalian-sized datasets. Therefore, there is still a need for robust tools that

can detect genotypable SNPs without a reference genome.

We introduce a new de novo method, discoSNP. It is designed to call genoty-

pable SNPs directly from sequenced reads, without a reference genome. discoSNP

focuses on detecting high-quality genotypable SNPs, unlike other methods which

aim to detect all SNPs. discoSNP has been used to detect heterozygous genoty-

pable SNPs, to build databases of high-quality markers within and across popula-

tions. discoSNP can also detect homozygous SNPs between individuals/strains, to

create discriminatory markers. It introduces several mechanisms to avoid detecting

false positive SNPs within this category[‡].

We compared discoSNP with other hybrid and de novo methods.[§] Compared

to KisSnp and NIKS, discoSNP supports heterozygous and homozygous SNP

detection for one, two or more individuals. Compared to bubbleparse, disco-

SNP shows better precision/recall performance. It also has a faster runtime and

is at least two orders of magnitude more efficient in term of memory. We establish

for the first time that our de novo method gives significantly better results than

a typical hybrid method composed of SOAPdenovo2 and GATK. We performed

experiments on two simulated datasets (bacterial and human chromosome 1) and

[†]RC — Do we have papers to cite for this category?
[‡]RC — Je ne suis pas sur de la veracite de cette phrase, a verifier
[§]RC — Il faudra mettre des chiffres dans ce paragraphe
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two real datasets from large genomes (mouse and tick). On the tick data, a wet-lab

experiment over a sample of SNPs predicted by discoSNP validated 96% of them.

Finally, discoSNP is designed to reach a wide audience, as it aims to be easy to

use, regardless of the size and the complexity of the input data.

Results
We evaluated discoSNP to detect homozygous and heterozygous genotypable SNPs

from one or more sets of raw reads, without using a reference genome sequence.

We also compared discoSNP to other de novo SNP detection methods: KisSnp,

bubbleparse and NIKS. These tools construct a de Bruijn graph, which is a

directed graph where nodes are all words of length k from reads (k-mers), and

where an edge connects two nodes if their k-mers have a k-1 overlap. They then

search for specific patterns called bubbles in the graph, which correspond to SNPs.

KisSnp [9] is a software that takes as input two sets of reads, and detects SNPs

using k-mers that are differentially abundant between the two datasets. Cor-

tex var [5] constructs a colored de Bruijn graph from n datasets. bubbleparse [6]

is an improvement of Cortex var in which bubbles that are not clean (i.e. nodes in

the bubble may be connected to other nodes in the graph) can also be detected. Fur-

thermore bubbleparse classifies SNPs into homozygous and heterozygous groups.

NIKS [7] finds homozygous SNPs between two datasets by performing local de novo

assembly around sample-specific k-mers.

In a few words[¶], discoSNP constructs the de Bruijn graphs from all input read

sets pooled together and detects bubble patterns in the graph, which may corre-

spond to SNPs (first module). An example of such bubble is proposed in Figure 1,

while a full explanation is given in Section ”Materials and methods”. By mapping

reads back on the sequences of the bubbles (second module) the average coverage

and read quality for each allele and each read set are computed. In practice, from

one or more read set(s), discoSNP produces a multi-fasta file composed of pairs

of sequences that are identical except for one substitution, i.e. one pair per SNP.

These SNPs are ranked according to their read coverage in each condition (or read

set), while favoring SNPs that are discriminant between conditions.

Compared to the other tools, discoSNP uses recent advances enabling imple-

mentation of de Bruijn graphs with as little as 5 GB of memory for full human

sequencing data [10, 11]. discoSNP has only two main parameters: the size of the

k-mer used to construct the de Bruijn graphs and the minimal coverage a k-mer

should reach to be inserted in the graph.

Results were obtained with discoSNP, version 1.0.0 available online. The tests

were performed on the GenOuest (genouest.org) cluster, composed by Intel

Xeon c� core processors with speed varying between 2 and 2.8GHz.

Results on simulated datasets

Assessing exactly the recall and precision of a SNP calling approach requires

datasets for which a perfect and exhaustive list of SNPs exists. Thus, in order

[¶]RC — Ces deux paragraphes suivants sont bien mais n’ont pas leur place dans les results, je

vous proposer de les deplacer dans les methods ou dans une section ”Overview of Methods”, qu’en

dites vous?
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to give a first insight on the quality and performance of discoSNP, we carried out

extensive tests on simulated datasets enabling exact control of the results quality.

The simulation procedure consists in introducing substitutions in a real genome

sequence at a fixed rate, based on a uniform distribution. The sequencing process

is then simulated by sampling fixed-length sequences (100 bp) at a given coverage

(50x) with a fixed substitution error rate (1%).

In order to check the reliability of introducing SNPs based on a uniform distribu-

tion, we compare the results we obtain with this approach on human chromosome 1,

to the ones we obtain on data simulated using true SNP positions, i.e. referenced in

dbSNP. As discussed in Additional File 1, the results are roughly the same between

the two datasets.

As explained in Materials and methods, two distinct simulated datasets were used

as case studies in this paper. The first dataset, of reduced size and low complexity,

was generated from the genome sequence of a 5 MB bacterium Syntrophobacter.

The second dataset, of increased size and moderate complexity, was generated from

the full human chromosome 1 sequence. These results enabled a discussion on the

erroneous and missing calls and on what triggers them.

Additionally, we checked the impact of an increasing number of datasets on the

discoSNP global results. This was followed by a comparative study with the

other reference-free existing tools, as well as with the assembly+mapping-based

approaches. Results described in this section were obtained with k = 31, a minimal

coverage of 10 (k-mers seen less than 10 times are discarded).

Recall and precision

On the bacterial dataset, discoSNP results reach high recall and precision: 99.7% of

simulated SNPs were recovered, and only 1.7% of predicted SNPs are false positives

(98.3% precision). As expected, when the complexity and the repeat content of

the input sequenced genomes increase, discoSNP makes more erroneous calls and

misses more real SNPs. However, on the human chromosome 1 dataset, discoSNP

achieves a good compromise between recall (86.6%) and precision (90.5%).

Moreover, as discoSNP can be applied on any number of input datasets, we

checked whether the global quality is affected when increasing the number of

datasets. For this purpose we simulated 10 read sets, where each set corresponds to

a simulated muted individual of a bacterial species. We observed that recall slightly

decreases with the number of datasets but stays above 98% even for the 10 datasets

compared simultaneously. On the other hand, discoSNP is more specific as the

number of datasets increases, reaching a precision of 99.7% for 10 datasets (Fig-

ure 2). As detailed in a section below, this experiment also showed that the memory

fingerprint was very similar for 1 to 10 datasets, in contrast with other methods.

Finally, discoSNP proves to be robust with respect to its two main parameters:

the size of the k-mers and the minimal coverage. Indeed (see Additional File 1), the

precision and the recall are only slightly affected by the choice of these values, as

long as they are consistent with the data (read length and approximate coverage).

False positives and false negatives are mainly due to repeats.

Based on the results of discoSNP on the human chromosome 1 dataset, this section

proposes a closer examination of the false positives and false negatives and an

overview of the possibilities offered by discoSNP to filter them out.

Hélène
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Among the 19, 405 false positives, 17, 165 (88.5%) were inexact repeats of size

at least 2k − 1, with both paths of the bubble mapping exactly the non-muted

chromosome. The remaining ones seemed to also be repeat-associated, since their

coverage was greater than 10 for all paths in all conditions.

We designed mechanisms to optionally filter out likely false positives. discoSNP

ranks the predictions according to their read coverage in each condition, favoring

SNPs that are discriminant between conditions (Phi coefficient). Indeed, bubbles

generated by genomic inexact repeats have similar read coverage for both paths

in all conditions and are poorly ranked. In fact, we observed that false positives

have significantly lower Phi coefficients than true positives (median of 0.040 versus

0.93), as shown on Figure 3(a). Consequently, when ranking the predictions, the false

positive rate increases only after having reached almost all true positives (see also

the precision-recall curve Figure 4). An analysis of the Phi coefficients showed that

filtering out predictions with a Phi coefficient lower than 0.2 enables to remove 99%

of the false positives at a small cost, (loosing less than 0.5% of the true positives),

thus achieving a precision of 99.9% for a recall of 86.3%.

Note that even though the Phi coefficient is maximal for discriminant homozygous

SNPs (see Methods), we confirmed that it still enables to discriminate false from true

positives even for SNPs that are heterozygous inside one dataset. To this end, we

simulated a heterozygous individual by sampling reads equally from both the initial

human chromosome and the mutated one. We show here that even if the average

Phi coefficient is smaller for heterozygous SNPs (0.51 vs 0.90 for homozygous SNPs)

it still enables to discriminate false from true positives (Figure 3(b)).

Each sequence in the multi-fasta file output by discoSNP is composed of the

2k− 1 nucleotides, which correspond to the bubble, together with its left and right

contigs that are extending the 2k− 1 sequences. For each such contig, the length of

the longest unambiguous context (longest non-branching path in the graph starting

from the bubble) is indicated. We call such path an unambiguous extension. Long

unambiguous extensions reveal SNPs that are isolated from other polymorphisms,

while short unambiguous extensions reveal repeated regions or regions with high

densities of polymorphisms. Thus, alternatively to the Phi based filtering, one can

also filter out repeat induced bubbles by using the left and right unambiguous ex-

tension sizes, since false positives have smaller unambiguous extension sizes (median

size of 27 bp versus 796 bp for true positives (Additionnal file Fig XX5).

Finally, high copy number repeats typically yield complex bubbles, which may

combinatorially increase the number of false positives. To limit this effect, by de-

fault, discoSNP filters out branching bubbles (see Methods). This filter generates

a decrease in the recall from XXX99.8% to 86.6%; however, in the absence of it,

the false positives amount is going up dramatically, e.g. from ≈XXX174 million

generated bubbles, only XXX211, 492 among them are true positives SNPs, i.e. the

use of this filter raises the precision from XXX0.12% to 90.5%. Thus, the large

gain in precision is counter-balanced by a small loss in recall. This indicates that,

while the vast majority of branching bubbles correspond to false positives, some

do correspond to real SNPs. When examining the SNPs that were missed due to

this filter (false negatives), we observed that a large majority of them had been

simulated inside transposable elements or other types of highly repeated regions.

Hélène
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In practice, 67% fall in regions of chromosome 1 with a mappability greater than

10, i.e. a read coming from this locus would map to at least 9 other loci [12]. Note

that the branching bubbles filter applied by discoSNP is different of the strategies

employed by other de-novo SNP callers (see Methods). As this filter proves to be

crucial for obtaining a good precision/recall compromise, such differences in the fil-

tering approach explain why discoSNP obtains better precision-recall results than

the other tools.

discoSNP is faster, uses less memory and provides better quality results than

other de novo SNP calling tools

In this section, we discuss the results obtained by discoSNP compared to the

other reference-free SNP calling tools, i.e. KisSnp, bubbleparse and NIKS, on

the bacterial and human datasets.

In order to make comparisons as fair as possible, we used identical values for the

parameters shared between the four tools: the k-mer size was fixed to 31 and the

minimal coverage threshold to 10. Note that all four tools are based on de Bruijn

graphs, thus using the same k-mer size and the same minimal coverage is a fair way

to compare results.

The results in terms of precision and recall are presented in Table 1. To summarize,

discoSNP always outperforms the other tools, except on the bacterial dataset

whereKisSnp has a better precision. Note that on this dataset, due to its stringency

for finding only homozygous SNPs,KisSnp has a slightly better precision than other

tools. This comes at the price of lower recall and much higher running time (15 times

slower than discoSNP) and memory footprint (200 times more than discoSNP),

which makes this method unsuitable on bigger data.

On the human dataset, discoSNP gets better quality results than bubbleparse,

while using much less memory and time (see also the precision-recall curve in Figure

4). Most certainly, discoSNP improved results in terms of precision/recall are due

to its novel approach to filter branching bubbles. Compared to bubbleparse, which

filters bubbles that accumulate more than a fixed amount of branchings on their

paths, discoSNP discards a bubble if, at some point, the two paths of the bubble

can be extended simultaneously with more than one nucleotide, i.e. generate an

additional bubble. Intuitively, bubbleparse discards branching bubbles regardless

of the type of the branchings, while discoSNP labels a bubble as being branching

and discards it, if it overlaps with other bubbles. This allows us to filter false

positives in repeated regions, while keeping our recall values high.

In all the tests we performed, discoSNP was faster and used at least 100 times

less memory than existing tools (Figures 5(a) and 5(b)). For instance, even on

datasets of 250 million reads from human chromosome 1, only bubbleparse and

discoSNP managed to complete successfully, consuming respectively 105 and 1 GB

of memory, whereas the other methods were terminated when they exceeded 512

GB of memory.

We also conducted experiments with an increasing number of input read sets, from

2 to 10. As only discoSNP and bubbleparse were designed to deal with more than

two datasets, experiments were carried out in parallel with these tools. However,

bubbleparse was not completed successfully either because it did not manage to

Hélène
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build the graph, as it exceeded the maximum available memory (512GB) for more

than 8 sets, or because computations were stopped due to errors engendered by

the SNP discovery module. Indeed, it appears (personal communication with R.

Leggett) that bubbleparse is not stable while dealing with more than 2 datasets.

With respect to discoSNP performances, this study enabled reaching two main

conclusions. First, it empirically showed that the time and the memory needed

by discoSNP increases linearly with the quantity of input reads (see Figure XX4

Additional File 1). Second, redundant sequences between read sets do not raise the

memory consumption of discoSNP: the memory requirement was only raised from

≈ 8MB for analyzing reads from 2 individuals to ≈ 9MB for 10 individuals.

Detecting SNPs de novo with discoSNP works better than the classical

assembly+mapping approach

When no reference genome is available, a frequently used approach consists in first

creating a draft reference through de novo assembly, and then running a reference-

based SNP detection pipeline (e.g. read mapping and SNP calling with GATK or

samtools). We reproduced this approach by pipelining SOAPdenovo2 [13] (assem-

bly) with bowtie2 [14] (mapping of the reads), finally followed by gatk [1] (vari-

ant calling). On the human dataset, discoSNP achieves a recall of 86.6% while the

mapping+assembly pipeline achieves a recall of 85.6% only. The recall difference

is therefore somehow negligible. However, the precision difference is remarkable:

assembly+mapping achieves a 63.0% precision compared to 90.5% for discoSNP.

As Figure 4 shows, when using the discoSNP ranking, the false positive rate

increases only after having reached almost all true positives. This is not the case

for the assembly+mapping approach where false positives are not clearly separated

from true positives. Indeed, many of the best ranked SNPs of gatk are false posi-

tives, i.e. among the 4, 000 best ranked SNPs, 3, 850 are false positives.

When looking more closely at these best ranked false positives, we note that they

show significantly higher read coverage than the true positives (all but one have a

total read coverage greater than twice the expected coverage). This suggests that

they are due to repeated sequences. Normally, gatk is not supposed to predict

SNPs inside repeats, since reads having multiple mapping positions are discarded.

In the case of draft de novo assembly however, numerous repeated sequences are

merged into single contigs and reads are then mapped uniquely, thus preventing

gatk to detect them as repeats. Conversely, when repeated sequences are well

assembled, we expect gatk not to find all the SNPs located inside these sequences.

This observation is comforted by the results, as we observe that discoSNP is able

to detect 38% of SNPs simulated inside repeated regions, whereas gatk finds only

28% of these.

Last but not least, conducting experiments with discoSNP is much easier than

applying an assembly+mapping approach. First, our solution avoids handling mul-

tiple large files as sam/bam and vcf. Second, discoSNP consumes much less time

and memory. For example, on the human data, discoSNP needed less than 7 hours

and 1.2 GB of memory , while the full assembly+mapping approach needed 31 hours

and 69 GB of memory.
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Results on real data: detection of SNPs from two mouse strains

To analyze the behavior of discoSNP when applied on real data, we performed

several tests on real sequencing data coming from two mouse strains. More precisely,

we focused on the detection of SNPs between two publicly available sets of reads

produced with the Illumina Genome Analyzer II. The first one was generated from

the FVB/NJ mouse inbred strain, while the second one was generated from the

C57BL/6NJ reference line. We applied discoSNP on these two read sets, and

compared results to those detected by Wong et al. study [15] in which reads from the

FVB/NJ strain were mapped on the C57BL/6J reference sequence. Such mapping

approach enabled the detection of 4.1 million homozygous SNPs, amongst which

we identified 1, 967, 755 genotypable SNPs. From this point, we refer to this set of

genotypable SNPs as GS.

Using k = 31 and a minimal coverage of 5, discoSNP detects 2, 065, 833 SNPs.

From these SNPs, 79.1% were also present in GS, while 74.8% of the SNPs in GS

were also found by discoSNP. Among SNPs that were found by discoSNP only,

46.9% are annotated as a SNP in dbSNP [16].

Moreover, as the Wong et al. study was performed on inbred strains, only ho-

mozygous SNPs are expected. Therefore, as in the Wong et al. study, we filtered

out heterozygous SNPs from discoSNP results by suppressing SNPs whose read

coverage was bigger or equal to minimal coverage (5) in both alleles, for at least

one of the two strains. In this context, 61.7% of the SNPs in GS were recovered by

discoSNP, while inversely, 95.1% of non heterozygous SNPs found by discoSNP

were also present in GS.

It is worth stressing that calling SNPs with mapping-based approaches depends

greatly on the reference quality. Moreover, we underline the fact that the results of

Wong et al. were obtained by running a complex pipeline, involving 6 distinct tools,

followed by a filtering step composed of 14 non-automated filters (coverage, quality,

heterozygosity, etc.). On the other hand, the discoSNP reference-free approach

calls SNPs without needing of any third-party tool.

Finally, this large-scale study showed that discoSNP behaves remarkably well on

big amounts of data. Indeed, applied on the 2.88 billion mouse reads, the KisSnp2

module needed less than 34 hours and used 4.5 GB of memory for calling SNPs. The

second module, which assesses the average quality and coverage of the results, took

78.5 hours and 5.7 of GB memory. These results highlight that, even for large-scale

studies, discoSNP does not require significant computational resources.

Use case example with experimental validation on SNPs in the Ixodes ricinus genome

In order to further validate discoSNP results, we conducted a study on real data,

including an experimental validation on SNPs selected from predictions. This was

part of a population genetic study on the tick species Ixodes ricinus, which is, in

Europe, the main vector species of human or animal vector-borne diseases. Given

the stake of tick-borne diseases in public health [17, 18], it is necessary to have

an accurate description of the genetic variability within and among populations of

ticks, with the aim of developing efficient control methods against this vector. To

this end, highly resolutive genetic markers, like SNPs, provide particularly valuable

information to estimate genetic variability and also to estimate the dispersal and

genetic structure of tick populations.
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No genomic resources, nor a reference genome, were available until now for this

species. This study fits a case in which discoSNP is useful as i/ sequenced material

exists but no reference genome is available and 2/ one is interested in detecting a

small set of highly confident heterozygous SNPs. Therefore discoSNP was applied

on a 454 read set obtained from pooling and sequencing of several tick individuals

isolated from natural populations [19].

discoSNP detected 321, 088 SNPs of which 384 were selected, according to their

minimal and maximal coverage and context sequences for experimental validation

(see online Methods). Note that as in this context there is no need to discriminate

SNPs between conditions, the Phi coefficient was not used. Primers were designed

for each selected SNP and 464 individuals were then genotyped for these 384 SNPs

using the Fluidigm technology. Among them, 368 SNPs (95.8%) were retrieved with

a MAF (Minor Allele Frequency) varying between 0.04 and 0.5, with a mean value

of 0.23. Of the remaining 16 SNPs, 5 SNPs were not amplified and 11 presented

only one of the two alleles.

Discussion
An important part of the presented results were obtained on simulated data as it

is actually the only way to control exactly the results quality. We paid very close

attention to generate realistic simulated dataset. The studies presented in this paper

show that discoSNP obtains high-quality results for finding genotypable SNPs on

both simulated data (as complex as human) and real data (mouse and tick genomes).

Regarding the other de novo SNP detection tools, discoSNP presents significant

advantageous novelties. It is easy to use: the input data is simply an ordered list

of any number of read set(s) in fasta or fastq format, compressed or not, while

the output is a fasta file containing a list of SNPs together with their coverage

and average phred quality. Moreover, the two main parameters (k-mer size and

minimal coverage threshold) have only few consequences on the results quality (see

Additional File 1-XXX), as long as they do not have clearly extreme values and

they remain consistent with the data type (read length and approximate coverage).

This robustness is the second main advantage of this new method. Moreover, the

rank associated to each SNP enables to clearly distinguish between true positives

and the few false positives. Such a feature is precious in any biological study where

one is interested by finding not all, but only high confidence SNPs. For instance, our

results on human data show that, by filtering out lowly ranked SNPs, one achieves

XXX86.3% recall for a XXX99.9% precision.

Another essential advantage of our new method lies in its extremely low memory

usage. For instance, in the previously presented mouse study framework, nearly

3 billion reads of size 100 were analyzed by discoSNP, using at most 5.7 GB of

memory. Such memory performances are not achieved at the expense of prohibitive

running times, as discoSNP remains significantly faster than all other known de

novo SNP detection tools. Such performances make discoSNP usable on standard

desktop computers usually present in any biological lab. It is worth noticing that

discoSNP uses at least 100 times less memory than other published de novo SNP

detection tools. Only discoSNP could perform on very large read sets composed of

dozens of billions of reads. Thus, even without having access to computational re-

sources with hundreds of GB of memory, studies that were not feasible with known
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de novo SNP detection tools become possible if using discoSNP. Moreover and

contrary to other de novo SNP calling tools, as discoSNP performances are not

impacted by redundant sequences between read sets, its memory and time require-

ments are only slightly affected by the number of input read sets. For instance,

discoSNP was the only tool able to compute SNPs for 10 bacterial individuals.

One of the main limitations of this approach lies in the fact that it produces SNPs,

but no genomic location for each SNP. However, in numerous biological applications

the localization of polymorphism is not required. For instance, discoSNP can be

applied to identify SNPs associated to some phenotypic traits or diseases, or al-

ternatively to estimate or compare the genetic diversity among or between natural

populations. Sequences obtained around those SNPs of interest can then be geno-

typed at larger population scales with standard genotyping technologies or used

for diagnostic assays. This was actually the case for the tick study, where natu-

ral populations were genotyped to characterize their reproductive mode (level of

inbreeding) and estimate the gene flow within and among populations at various

spatial scales. Moreover, the SNPs isolated thanks to discoSNP are currently used

to build a genetic map based on the analysis of the segregation of parental alleles

in the offspring of several controlled crosses.

A natural future development will consists in integrating de novo assembly with de

novo SNPs and other polymorphism detection tools. This solution would unite the

power of both approaches, facilitating the assembly by tackling the polymorphism

problem and by conserving the recall and precision performances of methods such

as discoSNP. This idea would lead to assembled genomes represented no more

as ”simple” linear sequences but as graphs such as suggested by the fastg format

fastg.sourceforge.net/, in which polymorphisms are conserved. Such a change

would open the way to new possibilities of storage and use of polymorphisms.

Conclusions
The proposed method, implemented as the discoSNP tool, is to our knowledge the

only reference-free approach which i/ proposes the highest-quality (precision and

recall) ”genotypable” SNPs with robust ranking, ii/ can be applied on any number

of read sets and iii/ scales-up big data studies thanks to an extremely memory-

efficient strategy while remaining faster than other reference free SNP detection

tools.

The studies presented in this paper show that discoSNP obtains high-quality

results for finding genotypable SNPs on both simulated data (as complex as human)

and real data (mouse and tick genomes).

Additionally, this study had shown that discoSNP gives better results than a

state-of-the-art assembly and mapping approach, both in terms of time and mem-

ory usage and in terms of quality, by achieving better recall and precision. Such

quality results are explained by the fact that assembly+mapping approaches cu-

mulate assembly and mapping imprecisions, thus being highly sensitive to repeats,

while discoSNP can better discriminate SNPs from inexact repeats and is able to

find SNPs in repeated regions.

The discoSNP source code, available under CeCILL license, can be downloaded

from colibread.inria.fr/discoSnp/. Moreover, this web page shows how to in-

tegrate discoSNP in any galaxy instance using the GenOuest tool shed.
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Materials and methods
Algorithms

discoSNP is composed of two main modules, KisSnp2 and KissReads. KisSnp2

detects putative SNPs from one or more set(s) of reads. KissReads evaluates the

coverage and base quality of the SNPs per read set and ranks them accordingly.

KisSnp2 module

Similarly to Cortex var andKisSnp, theKisSnp2module is based on a de Bruijn

graph. A de Bruijn graph is a directed graph that contains all the k-mers present in

a read dataset as nodes, and all the possible (k− 1)-overlaps as edges. Such graphs

have been widely used in de novo assembly [20]. The idea is the following: if a data

set contains two sequences that are identical, except for one character, then these

polymorphic sequences generate a bubble in the graph (see an example in Figure 1).

Formally, a bubble in a de Bruijn graph is composed of two distinct paths of k + 2

nodes, having the start and the end nodes in common. Precisely, KisSnp2 detects

couples of paths, says p1 and p2, each of length 2k − 1 that are the polymorphic

sequences, i.e. sequences of bubbles excepting the two extreme nodes. Formally this

two paths can be written as p1 = pαq and p2 = pβq, with p, q being (k − 1)-mers

and with α �= β.

In KisSnp2, this idea is exploited by generating the de Bruijn graph of all input

dataset(s) pooled together, and by searching the previously described bubbles in the

graph. For efficiency reasons, the de Bruijn graph is not explicitly created. Instead,

all k-mers are stored thanks to an exact data-structure [10] based on a Bloom filter.

This data-structure enables to implicitly walk the de Bruijn graph and thus, to

construct sequences longer than k characters.

In the following, we say that a k-mer ω can be right extended with a nucleotide

α if the k-mer obtained by concatenating the suffix of length k − 1 of ω with α,

exists in the reads. Symmetrically, we say that a k-mer ω can be left extended with

a nucleotide α, if α concatenated with the prefix of length k− 1 of ω forms a k-mer

existing in the reads.

The KisSnp2 algorithm detects all k-mers that can be right extended with at

least two distinct nucleotides. Such k-mers are the starting nodes of the bubbles

they engender, as in the example of Figure 1 where the starting k-mers are CTGA

and CTGT . Then, for each such couple of k-mers starting with the same k − 1

length prefix, KisSnp2 constructs a bubble by performing successively k − 1 right

extensions on both paths with the same nucleotide (using successively nucleotides

C,C and T for the example in Figure 1). If, at one step, both paths cannot be right

extended by the same nucleotide, then the bubble is discarded.

Branching bubbles If, during a right extension step, two (or more) distinct nu-

cleotides may be used to extend right both paths, then the bubble is considered

as branching. Symmetrically if two (or more) distinct nucleotides may be used to

extend left both paths, the bubble is also considered as branching. Depending on

the user requests, branching bubbles may be filtered out. Note that this branching

filter enables to keep bubbles containing branching nodes.
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Retrieve sequence contexts For each bubble that we find, we retrieve its se-

quence contexts from both sides. This is done by iteratively right (respectively left)

extending the last (respectively first) k-mer of the bubble, as long as no branching

is met in the graph. Thus, we generate the two unitigs surrounding the polymorphic

sequences.

Minimal k-mer coverage Sequencing errors generate k-mers with a lower cov-

erage than the expected sequencing depth. Thus, k-mers whose support is below

a user-defined threshold are not used to construct the de Bruijn graph during the

KisSnp2 phase. Note that even if rare k-mers are discarded during the bubble de-

tection phase, this does not impact the coverage and quality of the computations

made by KissReads. Indeed, as substitutions are authorized during read mapping,

reads containing sequencing errors are hopefully correctly mapped.

KisSnp2 output The KisSnp2 output is a multi-fasta file, in which every con-

secutive couple of sequences corresponds to the two paths of a bubble, surrounded

by the left and the right extensions.

KissReads module

Based only on a raw de Bruijn graph, KisSnp2 cannot output read coverage, nor

read quality information. Moreover, as all de Bruijn graph-based methods, chimeric

sequences may be constructed due to overlapping k-mers never present in the same

reads. These sequences are said to be non-read-coherent. The KissReads mod-

ule aims at filtering out bubbles composed of non-read-coherent sequences, as well

as adding coverage and quality information on the remaining ones, and finally at

ranking SNPs (see Section ).

Given a sequence s and a set of reads R mapped on s, we say that s is read-

coherent if, for each position of s, at least c reads are mapped, with c a user-defined

threshold. Note that reads are mapped in a semi-global manner: mapped reads

may have a prefix starting before the first position of s and/or may have a suffix

ending after the last position of s. By default, one substitution is authorized, fitting

actual sequencing features. Moreover, knowing that in the discoSNP framework the

sequence s represents one of the two alleles of a SNP, no substitution is authorized

on the polymorphic position during the mapping.

Moreover, it may appear that a position of s is mapped only by the end of reads

(last k positions), and/or only by the beginning of reads (first k positions). This

reveals a situation where part of the sequence s was created only by k-mers not

belonging to the mapped reads, because of a repeat of length bigger or equal to

2k and smaller than the read size. Such a sequence is thus chimeric. An example

of this situation is illustrated in Figure 6. To overcome this problem, we define the

k-read-coherency. Given a sequence s and a set of reads R that can be mapped on

s, we consider s as k-read-coherent if, for each position i of s except the last k − 1
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ones, there exists at least c mapped reads fully covering the k-mer starting position

i. Note that this condition is fully symmetrical, whether s is read in forward of

reverse complement strand.

Given a set of sequences S generated by KisSnp2 and the initial sets of reads, the

KissReads algorithm maps the reads (using a classical seed-and-extend approach)

on the sequences of S. Once all reads are mapped on all sequences of S, the k-

read-coherency is computed for each read set and for each sequence of S. Sequences
of S for which at least one read set makes them k-read-coherent are conserved.

KissReads outputs them together with their read depth per read set and with the

average phred quality of the polymorphic nucleotide per read set.

Finally the read depth per read is used to rank the SNPs as described Section .

Ranking SNPs

Depending on the application framework, many distinct ranking possibilities can be

implemented using the information provided with each bubble found. By default,

discoSNP scores each SNP according to the coverage repartition of its alternative

paths between the conditions. For a given SNP, the score is the Phi coefficient of

the table of read counts for each path and each dataset, computed as follows:

�
χ2

n .

It can be seen as a normalized Chi-squared statistics that varies between 0 and 1.

A high score, close to 1, is obtained if the frequencies of the paths are very different

between datasets, the best case being for homozygous SNPs between two datasets,

where each path is strictly specific to one dataset. Notably, this score ranks poorly

bubbles due to sequencing errors and inexact repeats as they are likely to have

similar repartitions in all datasets (small frequency for an error, and equal frequency

for repeats). Moreover, the normalization prevents from over-scoring highly covered

bubbles which are often due to repeats.

Simulation and evaluation

Recall and precision computations

For the tests on simulated data, we provide recall and precision measures. These

measures are computed as follows. The SNPs simulation provides a reference SNP

list that is an exhaustive and exact list of genotypable SNPs to be found (at a

distance of at least k nucleotides from the other SNPs).

We call true positives (TP ), SNPs in the reference list, also found by disco-

SNP; we call false positives (FP ), SNPs that are found only by discoSNP, and

we call false negatives (FN), SNPs in the reference list only. Finally, the precision

is computed as the number of TP divided by the total number of SNPs found by

discoSNP, while the recall is given as the number of TP divided by the total

number of SNPs in the reference list.
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Protocol for experiments on SNP detection between two simulated datasets:

• Selection of an initial genomic sequence, Si. In this paper, we present results

based on the use of two distinct data sources:

– Bacterial Syntrophobacter fumaroxidans MPOB chromosome,≈ 5 million

base pairs;

– Human genome, hg19 chomosome 1, ≈ 249 million base pairs, which is

highly repeated.

• Creation of a mutated copy, Sm, of the initial sequence. The initial sequence

and the mutated copy differ by 0.1% of uniformly distributed substitutions,

corresponding to homozygous SNPs. A multi-fasta file ref snps.fa formatted

as the discoSNP output and containing all the generated SNPs is produced

for subsequent use as a reference list to compute precision and recall.

• Sequencing simulation by sampling equal-length reads (100 base pairs) on

both the initial and the mutated sequences, with a uniform probability distri-

bution, on a 50x coverage basis. Substitution errors are uniformly distributed

along each read with a fixed probability (error rate). More sophisticated read

simulators were also tested (with more complex error profiles) giving highly

similar results (see Additional File 1).

• Running discoSNP (and/or eventually another compared tool) together on

the reads produced from the initial and from the mutated sequence.

• Comparison using theGassst [21] mapping tool, with 100% identity of disco-

SNP results against the ref snps.fa file.

• Based on the Gassst mapping results, compute the discoSNP ability (pre-

cision and recall) to detect homozygous SNPs.

Protocol for experiments on SNP detection between more than two simulated

datasets

• Selection of the Syntrophobacter fumaroxidans MPOB chromosome as the

initial sequence.

• Creation of 10 mutated copies {Sm1, Sm2, . . . , Sm10} of the initial sequence.

The initial sequence and each muted copy Smj differ by 0.05% of uniformly

distributed substitutions, corresponding to homozygous SNPs. For each Smj

a multi-fasta file ref snpsj .fa formatted as the discoSNP output and con-

taining all the SNPs generated in sequence Smj is produced.

• Sequencing simulation on each Smj sequence, as previously described.

• Running discoSNP on {Sm1, Sm2}, then on {Sm1, Sm2, Sm3}, and so forth

up to {Sm1, . . . , Sm10}.
• Comparison using Gassst [21] with 100% identity of each discoSNP result

against the corresponding subset of ref snpsj .fa concatenated files.

• Using the Gassst mapping results, compute the discoSNP ability (precision

and recall) to detecting SNPs.

Comparing discoSNP with other de novo SNP calling methods

In Section , we compared discoSNP to three other de novo SNP calling methods:

KisSnp, NIKS and bubbleparse. In order to make comparisons as fair as possible,
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we used identical values for parameters that are shared between the four tools: the

k-mer size was fixed to 31 and the minimal coverage threshold to 10. The rest of the

parameters ofKisSnp were tuned based on discoSNP, as they are common between

both tools. In the case of bubbleparse and NIKS we paid particular attention

to using the best fitted values respectively. Concretely, except the memory-related

parameters that needed to be adjusted in order to satisfy the memory requirements,

bubbleparse was run, based on the recommendations in [6], with additional graph-

cleaning parameters and a search depth of 1. Note that we also performed same

tests using bubbleparse with depth 2, leading to a recall/precision respectively

of 85.6%/84.3% instead of 82.7%/89.9% with depth 1. We chose to present results

using bubbleparse with depth 1, that seems to be a reasonable trade-off between

recall and precision. NIKS, which is based on JellyFish [22] and Velvet [20],

was run with default parameters that were adjusted for k = 31, as described in [7].

Moreover, both bubbleparse and NIKS required manual intervention to reformat

the input data.

Finding SNPs by assembly and mapping

For comparing discoSNP to the assembly+mapping approach, we chose to use

state-of-the-art de novo assembly, mapping and variant caller tools, respectively:

SOAPdenovo2 [13], bowtie2 [14] and gatk [1]. This study was performed on

the human chromosome 1 dataset previously mentioned. SOAPdenovo2 was used

with k = 31 and default values for the other parameters.

For assembling a reference sequence with SOAPdenovo2, reads produced from

the initial sequence were used. However, in order to detect all kinds of SNPs, includ-

ing potential heterozygous SNPs in the initial sequence, both sets of reads (gener-

ated from the mutated sequence, as well as from the initial sequence) were mapped

on the reference sequence with bowtie2. In the end, gatk was used to call the

SNPs from the bam files that were produced. The precision vs recall computation

was carried-out following the same protocol as the one previously described.

Mouse dataset

In a study by Wong et al. [15], reads from FVB/NJ mouse strain sequence

data, among others, were mapped on the C57BL/6J mouse reference genome

(NCBIM37). This approach enabled to discover approximately 4.3 million SNPs

between FVB/NJ mouse strain and C57BL/6J reference genome. From this cata-

logue of 4.3 million SNPs, we kept only genotypable ones, i.e. SNPs that are distant

of at least k base pairs (31 in our case) from another variant.

To this end, we used the full vcf file (mgp.v3.snps.rsIDdbSNPv137) provided by

the Mouse Genomes Project (www.sanger.ac.uk/resources/mouse/genomes/).

As this file concerns 18 distinct strains, we conserved only those SNPs with dis-

tinct alleles for the strains C57BL6/NJ and FVB/NJ, and we removed the non-

genotypable ones. Thus, we conserved 2, 181, 297 SNPs that were formatted in a

discoSNP output like format, thus obtaining a reference SNP list.

Next, we downloaded reads from the European Nucleotide Archive (www.ebi.

ac.uk/ena/), for the C57BL/6NJ strain (ERP000041, 987 million reads) and for

the FVB/NJ strain (ERP000687, 1, 888 million reads). discoSNP was applied on
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these two read sets with k = 31 and a minimal coverage value of 5. Applied on these

≈ 2.88 billion reads, discoSNP found 2, 065, 833 SNPs.

We compared the discoSNP results to the Wong et al. results, by mapping disco-

SNP results on the reference SNP list. The mapping results enabled to compute

the number of SNPs that were discovered by both approaches.

Additionally, we analyzed the SNPs that were only found by discoSNP. To

this end we downloaded the full mouse dbSNP from (hgdownload.soe.ucsc.edu/

goldenPath/mm10/database/snp137.txt.gz), from which we generated a multi-

fasta file containing all polymorphic annotated sequences. Among SNPs predicted

only by discoSNP, those whose both paths map exactly this file was considered as

annotated in dbSNP.

Tick dataset

discoSNP was applied on real sets of reads as part of a population genetic study

of ticks Ixodes ricinus [19], a species for which no reference genome is available (ex-

pected genome size: 2.1 GB). DNA was extracted from two tick pools, one composed

of 10 individuals from Gardouch (close to Toulouse), France, and another composed

of 20 individuals from Malville (close to Nantes), France. We applied a genomic re-

duction on these two pools, conserving 3.8% of the initial genome. The DNA was

sequenced by 454 Roche pyrosequencing, leading to the generation of 1, 389, 201

reads in two libraries (730, 482 for one and 658, 719 for the second). After quality

trimming, a total of 996, 508 reads (536, 061 for the first pool and 460, 447 for the

second) with an average length of 529 bp were used for analysis with discoSNP,

detecting 321, 088 SNPs.

Detected SNPs were then selected for experimental validation using the following

criteria : (1) SNPs with a coverage between 4 and 10 (126, 567 SNPs) were selected

to avoid sequencing errors and repeated sequences, highly frequent in ticks (66% of

the genome is repeated [23]), (2) in order to be able to design efficient primers, SNPs

had to be distant from homopolymers and other variants (3) SNPs with PHRED

sequence quality < 30 were filtered out too. As in this study framework one is

not interested by SNPs discriminating the two datasets, we did not use the Phi

coefficient for selecting SNPs for experimental validation. Among the 1768 SNPs

meeting these criteria, 384 were randomly picked for genotyping validation. This

was done by designing primers that are specific to each of the two alleles due to the

presence of the SNP.

Primers were designed for each selected SNP. To validate them, we performed

a genotyping run using Fluidigm technology, where primers are combined with

fluorochrome (VIC or FAM for each allele) [24]. Reading the fluorescence allows to

determine the genotype of the individual typed at each locus (homozygous XX or

YY, heterozygous XY).
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22. Marçais, G., Kingsford, C.: A fast, lock-free approach for efficient parallel counting of occurrences of k-mers.
Bioinformatics 27(6), 764–770 (2011)

23. Ullmann, A., Lima, C., Guerrero, F., Piesman, J., Black, W.: Genome size and organization in the blacklegged
tick, ixodes scapularis and the southern cattle tick, boophilus microplus. Insect molecular biology 14(2),
217–222 (2005)

24. Wang, J., Lin, M., Crenshaw, A., Hutchinson, A., Hicks, B., Yeager, M., Berndt, S., Huang, W.-Y., Hayes, R.,
Chanock, S., et al.: High-throughput single nucleotide polymorphism genotyping using nanofluidic dynamic
arrays. BMC genomics 10(1), 561 (2009)

Figures

Figure 1 Toy example of a Bubble in the de Bruijn Graph (k = 4). Bubble caused by a single
nucleotide polymorphism. The two polymorphic sequences are . . . CTGACCT . . . and
. . . CTGTCCT . . .

Tables

Bacterial dataset Human chr1 dataset
Recall (%) Precision (%) Recall (%) Precision (%)

NIKS 90.3 98.5 N/A N/A
KisSnp 93.2 99.9 N/A N/A

bubbleparse 98.7 97.5 82.7 89.9
discoSNP 99.7 98.3 86.6 90.5

Table 1 Precision and recall results on simulated datasets. The results on the human data are not
available (N/A) for NIKS and KisSnp, as these tools did not scale up on this dataset when using a
512GB machine.

Additional Files
Additional data file 1

This file Provides additional results while varying simulation criteria (SNP density and repartition and sequencing

depth) or discoSNP parameters (size of k-mers and minimal coverage). A section shows memory and time perfor-

mance when increasing dataset numbers, and finally a section presents results of discoSNP and other reference SNP

callers while looking for all simulated SNPs, not limited to genotypable ones.
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Figure 2 discoSNP behavior when increasing the number of input datasets. XXX refaire avec
dernieres valeurs: cf evernote Pierre. Each read set is composed of 2 million reads of length 100
simulated from a bacterial genome

(a) (b)

Figure 3 Comparison of Phi coefficient between True and False Positive predictions. Results
obtained from human chromosome 1 dataset simulating (a) homozygous and (b) heterozygous
SNPs.
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Figure 4 Comparative results of bubbleparse, discoSNP and assembly/mapping approaches.
Precision vs recall curves obtained on the human chromosome 1 dataset, on SNPs sorted with

respect to their ranks. discoSNP is compared to bubbleparse and to the assembly/mapping

approach (SOAPdenovo+gatk).

(a) (b)

Figure 5 Performances. Comparative memory and time performances both on the bacterial

dataset (a) and on the human dataset (b).

Figure 6 Read-coherency and k-read-coherency example. With coverage threshold=2,

schematic example where a sequence is read-coherent but not k-read-coherent. The leftmost

represented k-mer (green) on the sequence is an example where the k-mer starting at this position

is covered with three mapped reads. On the other hand, the rightmost represented k-mer (red) is

covered with zero mapped read illustrating why the sequence is not k-read-coherent.
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Development of genetic markers (SNPs) from the genome of the tick 
 Ixodes ricinus for the landscape genetics study of its populations  
  

Résumé 
 
Ixodes ricinus est la principale espèce vectrice d’agents 
pathogènes transmises par les tiques en Europe. Une 
meilleure connaissance de sa variabilité génétique 
constitue un apport majeur pour le développement de 
méthodes de lutte (vaccins anti-tiques…). Via les outils 
de la génétique des populations et la mesure des flux 
de gènes, elle permet aussi d’estimer la dispersion des 
tiques et donc une meilleure compréhension de 
l’épidémiologie de ces maladies vectorielles. Nous 
avons développé un nouveau type de marqueurs, les 
Single Nucleotide Polymorphisms en générant par 
pyroséquençage une quantité importante de séquences 
(643 millions de nucléotides) du génome d’I. ricinus. En 
l’absence de génome de référence, nous avons utilisé 
une suite originale de logiciels bioinformatiques 
(DiscoSneap) pour isoler 1765 SNPs. Chacun des 384 
loci retenus ont été validés par le génotypage de 480 
nymphes individuelles collectées dans une zone du 
nord de l’Ille et Vilaine comprenant un massif forestier 
de 1000 hectares entouré par du bocage plus ou moins 
dense. Un déficit en hétérozygotes a été observé, 
même à l’échelle la plus fine étudiée, indiquant une forte 
consanguinité qui pourrait être due à la faible dispersion 
des larves et/ou l’existence de races d’hôtes. 
L’ensemble des analyses de génétique des populations 
suggère l’existence d’importants flux de gènes à 
l’échelle de l’ensemble de la zone d’étude. 

Ces marqueurs constituent aussi un apport important 
pour l’étude de la variabilité génétique de cette tique, 
depuis l’établissement d’une carte génétique jusqu’à 
l’identification de gènes du vecteur impliqués dans 
l’épidémiologie des maladies transmises par les tiques. 
 
Mots clés : 
 
Tique, génétique des populations, single nucleotide 
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Abstract 
 
Ixodes ricinus is the main vector species for pathogenic 
agents transmitted by ticks in Europe. A better 
knowledge of its genetic variability is especially useful 
for the design of control methods (against tick 
vaccine…). Through population genetics and the 
assessment of gene flow, it also allows to estimate tick 
dispersal and hence a better understanding of tick-
borne diseases. We have developed a new type of 
molecular markers (Single Nucleotide Polymorphism) by 
generating by pyrosequencing a large amount of 
sequencing reads (643 billions of nucleotides) from the 
I. ricinus genome. Without any reference genome 
available, we have used a unique bioinformatics pipeline 
(DiscoSneap) to isolate 1765 SNPs. Each of 384 
selected loci have been validated by the genotyping of 
480 individual nymphs sampled in an area located in the 
north of the Bretagne region containing a 1000 hectare 
forest surrounded by hedges. An heterozygous 
deficiency was observed, even at the finest spatial scale 
investigated, indicating a large inbreeding that could be 
due to the weak dispersal abilities of larvae and/or the 
existence of host races. All the population genetic 
analysis conducted suggest a large amount of gene flow 
within the whole studied area. 

Those markers provide an important tool for the 
investigation of genetic variability in this tick, from the 
building of a genetic map to the identification of genes of 
involved in the epidemiology of tick-borne diseases. 
 

Keywords :  

ticks, population genetics, single nucleotide 
polymorphism, NGS, bioinformatics, dispersal, 
inbreeding 
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