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Abstract

Systematists and taxonomists have benefited greatly from the emergence of molecular
methods. Species identification has become straightforward through DNA barcoding and the
rapid build-up of massive DNA barcode reference libraries. In animals, mitonuclear
discordance can significantly complicate the process of species identification and
delimitation. The causes of mitonuclear discordance are either biological (e.g. introgression,
incomplete lineage sorting, horizontal gene transfer, androgenesis) or induced by
operational factors (e.g. human error with specimen misidentification or incorrect species
delimitation). Moreover, endosymbionts may play an important role in promoting fixation of
mitochondrial genomes. Here, we study the mitonuclear discordance of wolf-spiders species
(Lycosidae) (independent cases from Alopecosa aculeata and Pardosa pullata groups) that
share identical COlI DNA barcodes. We approached the case utilizing double-digest
Restriction-Site Associated DNA sequencing (ddRADseq) to obtain and analyze genomic-scale
data. Our results suggest that the observed cases of mitonuclear discordance are not due to
operational reasons but result from biological processes. Further analysis indicated
introgression and that incomplete lineage sorting is unlikely to have been responsible for the
observed discrepancy. Additional survey of endosymbionts provided ideas on further
research and their role in shaping mitochondrial DNA distribution patterns. Thus, ddRADseq
grants an efficient way to study the taxonomy of problematic groups with insight into

underlying evolutionary processes.
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Introduction

During the last two decades, molecular tools, and especially high-throughput sequencing
technologies, have become widely adopted in all fields of biological studies, including
population genetics, conservation, evolutionary biology and systematics. New methods have
allowed insight into complicated histories of species interactions, their evolution and
population dynamics (e.g. Wagner et al. 2013; Boyer et al. 2014; Escudero et al. 2014;
Takahashi et al. 2014; Eaton et al. 2015; Saenz-Agudelo et al. 2015; Catchen et al. 2017).
Under different frameworks, the discrepancy between phylogenies of nuclear and
cytoplasmic DNA (mitochondrial or plastid DNA) has been a subject for scrutiny for a long
time. Such discrepancy is usually referred to as mitonuclear or cytonuclear discordance (Di

Candia & Routman 2007; Toews & Brelsford 2012; Li et al. 2016; Meyer et al. 2016).

Mitonuclear discordance is defined as a significant difference in levels of differentiation
between nuclear and mitochondrial markers, where either mitochondrial DNA (mtDNA) is
more structured than nuclear DNA (nDNA) or vice versa (Toews & Brelsford 2012). It is
observed among all major taxa of animals (Toews & Brelsford 2012) and seriously
complicates species delimitation and identification (Papakostas et al. 2016). Mitonuclear
discordance may or may not be linked to geographical structure of populations
(phylogeographic discordance) (Toews & Brelsford 2012). Resolving the extent of
mitonuclear discordance is particularly relevant within the DNA barcoding framework of the
animal kingdom that solely relies on mtDNA. While an average of 95% success in
differentiating species is reported for the animal DNA barcoding region (Hebert et al. 2016),

DNA barcoding has frequently revealed obvious cases of mitonuclear discordance, which in
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lack of nuclear data are often referred to as “DNA barcode sharing” or “deep intraspecific

DNA barcode divergences” (Hausmann et al. 2013; Mutanen et al. 2016).

Several reasons that might explain mitonuclear discordance have been proposed, but many
of them are merely conjectural and hard to quantify (Toews & Brelsford 2012; Bonnet et al.
2017). The currently recognized reasons behind mitonuclear discordance include horizontal
gene transfer (HGT e.g. Bergthorsson & Palmer 2003; Soucy et al. 2015), androgenesis
(Hedtke & Hillis 2011), unresolved phylogenetic polytomy (e.g. Caraballo et al. 2012),
mitochondrial pseudogenes in nuclear DNA (NUMTSs) (Leite 2012; Song et al. 2014),
incomplete lineage sorting (ILS) and introgression (Toews & Brelsford 2012; Mutanen et al.
2016). Mitonuclear discordance may also result from operational factors (Mutanen et al.
2016), of which taxonomic oversplitting of species is the most obvious one (Funk & Omland
2003; Hausmann et al. 2013; Zahiri et al. 2014; Raupach et al. 2015). Ross (2014) estimated
that approximately 10% of cases of species-level non-monophyly in COI gene trees (i.e.
putative cases of mitonuclear discordance) could be explained by operational causes,

whereas Mutanen et al. (2016) observed a significantly higher rate of 58.6%.

The presence of NUMTs, HGT and androgenesis are supposed to result in elevated or
overestimated haplotype diversity (e.g. Song et al. 2008). Therefore, we consider ILS and
introgression to be more likely causes of the haplotype sharing observed among the studied
wolf spiders. Both ILS and introgression may result in presence of two or more distinct
haplotypes in a species (=genetic polymorphism) (Melo-Ferreira et al. 2012). In cases of
young species, however, ILS may result in mitonuclear discordance because not enough time

has elapsed for differentiation of the lineages to occur. Introgression may, however, yield
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exactly the same pattern, making distinguishing these causes from each other difficult (Funk

& Omland 2003).

Introgression is now recognized as quite a widespread process. Its presence has been
detected among various taxa of both vertebrate and invertebrate animals as well as plants
(e.g. Eaton et al. 2015; Cahill et al. 2015; Huang 2016). Additionally, mtDNA can become
introgressed even in the absence of significant nuclear genome introgression (Chan & Levin
2005). If mitochondrial introgression has been prevalent throughout a species’ history,
discordance between mitochondrial and nuclear topologies can be expected. Several studies
have considered ancient introgression as a potential explanation for mitonuclear
discordance (Shaw 2002; Gémez-Zurita & Vogler 2006; Linnen & Farrell 2007; Sota & Vogler
2009). One reason for this phenomenon is that introgression events become progressively
more difficult to detect as time since hybridization accumulates and geographic signals of
introgression (e.g., shared haplotypes in areas of sympatry) are eroded by range changes
and mutation (Funk & Omland 2003). Furthermore, in many invertebrate animals,
endosymbiotic bacteria may play an important role in shaping variability of mtDNA through
rapid spread of introgressed haplotypes and fixation of introgressed haplotypes (Hurst &
Jiggins 2000). Wolbachia is one of the best studied bacteria in this regard (Jiggins 2003; Hurst
& Jiggins 2005; Smith et al. 2012) but other species of bacteria might also contribute to the

diversity of mtDNA of their hosts (Stefanini & Duron 2012; Curry et al. 2015).

We attempted to shed light on the causes of mitonuclear discordance in the two sympatric
groups of wolf spiders using double-digest Restriction-Site Associated DNA sequencing

(ddRADseq). RAD methods represent the reduced-representation methods (Davey et al.
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2011) and the resulting RAD tags provide a comprehensive overview of the entire genome.
Mitonuclear discordance, in form of COIl haplotype uniformity across species, was detected
between four species in the Pardosa pullata group (P. fulvipes, P. prativaga, P. riparia, P.
sphagnicola) and between Alopecosa aculeata and A. taeniata. In both groups, the species
are clustered together, and the minimum interspecific divergence in COI is significantly
smaller than maximum intraspecific divergence, and the species lack reciprocal monophyly
(Fig. 1). In general, COI divergences have been reported to be relatively low in Alopecosa and

Pardosa (Sim et al. 2014; Blagoev et al. 2016).

We hypothesized that if taxonomic oversplitting was involved, data from hundreds of
thousands of loci will not provide evidence for the taxonomic integrity of the species. If
species represent distinct evolutionary lineages, nDNA data analysis is supposed to show no
conflict with the established taxonomical view of the studied groups and therefore, the
mitonuclear discordance can be viewed as not being due to the operational factors. The

reasons for mitonuclear discordance might then lie in introgression or ILS.

In order to have a preliminary view on the presence of ILS, we used p-distances measured
between pairs of individuals in COl and nDNA datasets, and then calculated the ratio of COI
p-distance values to those of nDNA. Our prediction was that the ratio values among species
with ILS should be similar to the ratio values of species without ILS or introgression, i.e. to
species that could be safely identified by COI. In introgressed species, the ratio of COI p-
distances to nDNA data should be significantly lower in comparison to species with no
introgression, i.e. with ILS or clearly distinct species. We predict that under neutral theory

the changes in nuclear and mtDNA are accumulated with different speed, but the ratio
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between the magnitude of accumulation (based on p-distances in our case) is expected to be
the same regardless of divergence time between the lineages. Theoretically, COI could have
become fixed in ancestral lineage and retained unchanged in the diverged populations for
stochastic reasons or stabilizing selection. However, mtDNA shows reduced effective
population size, absence of recombination, accumulated mutation rate and overall tendency
for rapid fixation (Hurst & Jiggins 2005; Rubinoff et al. 2006), for which reasons we consider
this scenario unlikely. Nevertheless, our approach may provide only indirect and hence

tentative support for either scenario.

We continued by examining the presence of four different species of endosymbiotic bacteria
among the study specimens to understand the magnitude of bacterial infections in these
species. The presence of endosymbionts is not conclusive per se, but it can bring additional
insight to their possible influence on mtDNA haplotype distributions as well as help to define

the direction of future research.
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Materials and Methods

Focal Taxa

We focused on two groups of Lycosidae spiders exhibiting mitonuclear discordance based on
previous observations. These included Alopecosa taeniata (C.L. Koch, 1835) and A. aculeata
(Clerck, 1757) from the Alopecosa pulverulenta (Clerck, 1757) group and Pardosa
sphagnicola (Dahl, 1908), P. riparia (C.L. Koch, 1833), P. pullata (Clerck, 1757), P. prativaga
(L. Koch, 1870) and P. fulvipes (Collett, 1876) from the Pardosa pullata (Clerck, 1757) group
(Holm & Kronestedt 1970; Kronestedt 1990). Moreover, the following species of Pardosa
were included in the analyses: P. agricola (Thorell, 1856), P. amentata (Clerck, 1757), P.
eiseni (Thorell, 1875), P. hyperborea (Thorell, 1872), P. lugubris (Walckenaer, 1802), P. maisa
Hippa and Mannila, 1982, P. palustris (Linnaeus, 1758). Pisaura mirabilis (Clerck, 1757)
(Pisauridae), representative of the sister group of Lycosidae (Murphy et al. 2006), was
selected to serve as a primary outgroup for general COl analysis (Fig. 1). We also included
Trochosa spinipalpis (F. O. P.-Cambridge, 1895) (Lycosidae) as a more closely related
outgroup to Alopecosa. Altogether 54 specimens were included into the final analysis (20 for
the Alopecosa case and 34 for Pardosa). All specimens for the target groups were collected
during the season of 2015. For collection data, please see the Supporting Information (Table

s1).

Mitochondrial DNA Sequencing

Before tissue sampling, a 96-well plate was pre-filled with absolute alcohol. Each specimen

was taken from the tube with sterile forceps and one leg was detached and put into the well.
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The specimens were photographed, and the full collection and taxonomic information was
entered into the BOLD database in the ‘Arachnida of Finland’ project. The plate was sent to
CCDB (Canadian Centre for DNA barcoding) where DNA was extracted and the mitochondrial
COl gene (654 bp) was sequenced using standard protocols (deWaard et al. 2008). DNA
barcode sequences with full collection, taxonomic and laboratory information are publicly

available in the BOLD dataset DS-LYCOSRAD.

ddRADseq Library Preparation

Genomic DNA (gDNA) extraction was performed using DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacturer’s instructions. One to four legs were taken from each
specimen. The degradation level of gDNA was checked with gel electrophoresis, and was
found to be considerably degraded in several cases. In order to improve the quality of gDNA,
we performed whole genome amplification for all samples using REPLI-g Mini Kit (Qiagen)
following the standard protocol provided by the manufacturer. Whole genome amplification
(WGA) methods in general, and REPLI-g protocols in particular, are known to cause biases.
However, these are negligible in most cases when WGA was used for increasing the amount
of DNA for analysis (e.g. Barker et al. 2004; Pinard et al. 2006; Han et al. 2012). Moreover
REPLI-g kits were successfully used in many RADseq studies with no consequences for the

analysis (e.g. Rheindt et al. 2014; Blair et al. 2015; Burford Reiskind et al. 2016).

Library preparation was implemented following protocols described in Peterson et al. (2012)
and DaCosta & Sorenson (2015). In order to perform ddRADseq, gDNA was digested with

two restriction enzymes, one for frequent and another for rare cutters. We tested several
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enzyme pairs to find the best combination that worked efficiently in the target species. The
combination pair Pstl and Msel proved to be the most efficient for both target groups and
outgroup species. The samples were then ligated to adapters designed for the Pstl-Msel pair
of restriction enzymes. Then samples were pooled in four sub-pools based on the DNA
concentration measurements by PicoGreen Kit (Molecular Probes). Following ligation, size
selection was performed by automated size-selection technology, Blue Pippin (Sage Science,
2% agarose cartridge). The size selected library, with a mean of 300 bp, was eluted in 40 pl
volumes. The selected fragments were amplified with Phusion High-Fidelity PCR Master Mix
(Finnzymes). The PCR products were purified with AMPure XP magnetic beads (Agencourt).
The quality, size distribution, and concentration of the sub-pools were measured with
MultiNA (Shimadzu), and if an excess of non-target fragments was present, purification steps
were repeated additional times. Finally, the sub-pools were combined into one library in
equimolar amounts, and the library was sequenced on an lllumina HiSeq 2500 machine in
FIMM, 100 PE (Institute for Molecular Medicine Finland). DNA reads from ddRAD sequencing

are available at the NCBI Sequence Read Archive (BioProject ID: PRINA345307).

ddRADseq Data Bioinformatics

The quality control was performed with FastQC (Andrews 2010). Paired-end reads were
assembled de novo using pyRAD version 3.0.64 (Eaton 2014). Briefly, the pyRAD pipeline
allows filtration (VSEARCH) and alignment (MUSCLE) of the reads both within and among
species. The pipeline is capable of discarding low quality reads based on Phred scores (< 20

converted to Ns and reads with Ns > 4 were discarded), and number of haplotypes (> 2 for

10
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diploids). As an additional filtering step, consensus sequences with excessive undetermined
or heterozygous sites (> 3) were discarded. The most important parameters are minimum
depth of coverage (d), clustering threshold (c), and minimum number of individuals per locus
(m), with range variation: d = 3; ¢ =80, 85 and 90; m = 6, 9 and 10. Minimum depth of
clusters (d) is a statistical base call at each site in a cluster, i.e. how many reads contain the
same base. The higher the value that is chosen, the more data will be discarded. For the
ddRADseq data d = 3 is usually sufficient while taking into account other filtering steps. In a
trial with d = 6 the amount of recovered loci was not significantly different, thus we used the
data set of d = 3 in the subsequent analysis. The clustering threshold (c) is a percentage of
similarity between samples, i.e. reads that have a sufficient percentage of similarity will be
included, and others are discarded. This step establishes locus homology among individuals.
Each locus was aligned and a filter was used to exclude potential paralogs. The paralog filter
removes loci with excessive shared heterozygosity among samples. The justification for this
filtering method is that shared heterozygous SNPs across species are more likely to
represent a fixed difference among paralogs than shared heterozygosity within orthologs
among species. We applied a strict filter that allowed a maximum of three samples to show
heterozygosity at a given site (p = 3). Finally, minimum number of individuals per locus (m)
allows filtering of data and inclusion of only the loci that are shared by a given number of
samples. Hence, the lower the number of samples, the more loci will be obtained. We
compiled data matrices separately for Alopecosa and Pardosa. For the subsequent analyses,
individuals with low sequence quality were eliminated (Tables 1 and 2 and Table S1,
Supporting Information). All strict filtering steps allowed additional control for possible WGA

bias.
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Phylogenetic Analyses

Phylogenetic analyses were conducted to reveal historical relationships among taxa and to
test the validity of prevailing species hypotheses. Phylogenetic trees were built for both the
COl gene and ddRAD data, the latter separately for both Alopecosa and Pardosa. Maximum
likelihood (ML) trees were inferred in RAXML version 7.2.8 (Stamatakis 2014) with rapid
bootstrap support (BS) estimated from 500 replicate searches from random starting trees

using the GTR+GAMMA nucleotide substitution model.

Four-taxon D-statistics

For analysis of introgression among species in Alopecosa and Pardosa groups, we used the
four-taxon D-statistic (Durand et al. 2011). The analysis was performed with pyRAD version
3.0.64 (Eaton 2014). The test is based on the assumption of a true four-taxon asymmetric
phylogeny (((P1, P2) P3,) O). All sites considered in the alighment of sequences from these
taxa must be either mono- or biallelic, with the outgroup defining the ancestral state ‘A’
relative to the derived state ‘B’. In cases when there are two alleles in a site, the possible
combinations are ABBA and BABA. The D-statistic compares the occurrence of these two
discordant site patterns, representing sites where an allele is derived in P3 relative to the
outgroup (O), and is derived in one but not both of the sister lineages P1 and P2. These
discordant sites can arise through the sorting of ancestral polymorphisms. In the absence of
introgression (possibly lineage sorting under drift), the frequencies of these two outcomes

are expected to be equal. We tested Alopecosa and Pardosa groups separately for all

12
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possible combinations. For the test, 1000 bootstrap replicates were performed to measure
the standard deviation of the D-statistics. Significance was evaluated by converting the Z-
score (which represents the number of standard deviations from zero from D-statistics) into
a two tailed P-value, and using a = 0.01 as a conservative cutoff for significance after
correcting for multiple comparisons using Holm-Bonferroni correction. A significant Z-score

(> 3.55) suggests that introgression might have occurred between species.

Testing Admixture with TreeMix

We used the program TreeMix version 1.12 (Pickrell & Pritchard 2012) to jointly estimate a
tree topology with admixture using SNP frequency data. A single biallelic SNP was randomly
sampled from each variable locus that contained data across all individuals, assuming that all
SNPs were independent, yielding a total of 7,144 biallelic SNPs for Pardosa. Support for the
tree topology was assessed by means of 1000 bootstrap replicates using a block size of 10
SNPs. Trees were rooted with P. pullata. We then built trees allowing for different numbers
of migration events (1 to 10). We also ran the TreeMix analysis for the Alopecosa species.
We used the following parameters: migration events in the tree (-m), 1 to 10, 100, and 1000;
linkage disequilibrium (-k), 10 and 50; build the ML tree (-i); rooting (-root) to A.
pulverulenta; bootstrapping (-bootstrap) with 1000 replicates for judging the confidence in a

given tree topology.

Detecting ILS using p-distances

13
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We calculated the p-distances in all possible pairs of species for which we had both COI
partial sequences and ddRADseq datasets. The p-distances were calculated in MEGA 7
(Kumar et al. 2016). Then, we divided the resulting value of COI p-distances by ddRADseq p-
distances for each pair of species compared. The resulting ratios were divided into two
groups: with mitonuclear discordance (MD-group, our target species group) and and without
it (No-MD-group, the rest of the analysed species, i.e. reference species). The ratios of two
groups were compared using the Welch Two Sample t-test in R with 1000 permutations
using the custom script. In order to visualize the differences between these two groups we

used the ‘boxplot’ function in RStudio version 1.0.136 (RStudio Team 2015).

Additional analysis

We also used other approaches to investigate mitonuclear discordance in the study groups.
We used STRUCTURE v 2.3.1 to estimate the gene flow between the species and
SVDquartets to test species hypothesis. The protocol descriptions and results can be found

in Supporting information, Figures S1 and S2 correspondingly.

In order to check for the presence of bacteria and to study their strain variability across the
study species, we sequenced markers for four different bacteria: Wolbachia, Cardinium,
Spiroplasma and Rickettsia. Detailed information of PCR protocols and primer sequences can
be found in Table S2 and endosymbionts occurrence summary can be found in Table S3.
Neighbor-joining trees of the endosymbionts’ sequences are represented in Figure S3,

(Supporting information).
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Results

Patterns of COl in Lycosidae

The maximum likelihood (ML) tree of the more inclusive dataset and neighbor joining (NJ)
tree of all Lycosidae barcoded from Finland supported the presence of widespread DNA
barcode sharing among two species of Alopecosa and four species of Pardosa as observed
earlier (Fig. 1). The non-monophyly of each of these species was confirmed with the
Monophylizer tool, available at http://monophylizer.naturalis.nl/ (Mutanen et al. 2016). In
the ML tree, A. taeniata-aculeata was split into three well-supported subgroups, one with
only specimens of A. aculeata and two groups with A. aculeata-taeniata intermixed. The
maximum COlI p-distance between A. taeniata and A. aculeata was 1.5%, while the COI
intraspecific distances were 1.3% for A. taeniata and 0.9% for A. aculeata. The Pardosa
pullata group was supported to be monophyletic (BS 85%) and was divided into two
subgroups: P. pullata (BS 91%) and P. fulvipes-prativaga-riparia-sphagnicola complex (Pf-
complex) (BS 87%) (Fig. 1). P. pullata showed 1.9% minimum COI p-distance to the Pf-

complex, which in turn had a maximum COI p-distance divergence of 0.7% (Table 4).

Optimization of ddRADseq Loci Parameters and Phylogenies

To examine the sensitivity of the phylogenetic inference to the parameters used to identify
loci and create nucleotide matrices, we generated two data matrix combinations for
Alopecosa and six for Pardosa by changing the values for minimum number individuals per
locus (m) and clustering thresholds (c) with pyRAD. The impact of ‘m’ was tested with a

clustering threshold of c = 80 for Pardosa, while the clustering threshold was investigated

15
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with m = 6 for both groups (see Table 2). The total number of loci ranged from 23 to 7,258
between the six data matrices in Pardosa, demonstrating the dramatic effect of parameter
selection on the amount of data. Data assemblages that maximized the number of
individuals per locus contained relatively few loci and SNPs, but at the same time reduced
the proportion of missing data (e.g., c80m18_pardosa; Table 2). The different clustering
thresholds had a significant effect on the total number of loci (range 12,641-13,757 loci),
variable sites (184,787-207,608) as well as the number of phylogenetically informative sites
(62,619-70,437) in Alopecosa (Table 2). Resulting data matrices analysed in RAXML produced
overall similar tree topologies in most trials (not shown), but ‘c80m18_pardosa’ (i.e. with no
missing data) produced a poorly resolved and deviant tree as a result of scarcity of
phylogenetic information. The final ddRAD data of Alopecosa from 20 individuals yielded ca.
2.4 million base pairs, 12,641 loci, and 12,423 unlinked SNPs with average cluster depth of
115.74. For 34 specimens of Pardosa, a total of ca. 1.4 million base pairs, 7,157 loci, and
7,109 unlinked SNPs from 34 individuals were retrieved with average cluster depth of 102.1
(Table 2). Unlike COI, ML trees based on ddRADseq data supported the species integrities in
both Alopecosa and Pardosa with 100% bootstrap support values (Fig. 2-3). P. pullata was

placed in basal position with respect to the Pf-complex.

Four-Taxon D-Statistics

D-statistics was used for detection of introgression. High Z-score values were observed in
many tests in both Alopecosa and Pardosa, suggesting that possible hybridization and

resulting introgression has occurred in the past (Table 3). Z-scores with significant p-values
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ranged from 4.18 to 14.18 for Alopecosa and 3.78 to 12.95 for Pardosa (see Table S4,
Supporting Information). In the Alopecosa group, evidence for introgression was found to
have occurred in five cases between A. aculeata and A. taeniata, and in one case between A.
aculeata and A. pulverulenta. The mean number of loci available for testing Alopecosa was
26, and the mean percentage of discordant sites was 0.29. In Pardosa, we detected
significant values in 38 cases: P. prativaga showed the highest degree of introgression with
P. riparia (12.8% in nSig/n), while P. pullata was rarely introgressed with other species
(1.4%). The mean number of loci in the comparisons for Pardosa was 65, and the mean

percentage of discordant sites was 0.21.

TreeMix Analysis

We used ancestry graphs implemented in TreeMix to further identify patterns of divergence
and migration within Pardosa. Using 7,144 SNPs, we estimated a maximum likelihood tree
(Fig. 4) rooted with P. pullata, which was chosen because it does not show DNA barcode
sharing based on analysis of COIl. By sequentially adding migration events, we found
significant improvement in fit for up to three events, resulting in the lowest residuals and
standard error relative to other trees. For two of these migration events, we inferred
significant levels of exchange between species: from P. sphagnicola to P. prativaga (29.1%),
and from P. sphagnicola to P. fulvipes (16.4%; see Fig. 4). The TreeMix result also supported
introgression from P. fulvipes to P. riparia (10.0%). However, our result did not support any

introgression between P. prativaga and P. riparia, since all of the possible tree topologies
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involving these species were insignificant. The TreeMix analysis did not return significant

results for gene flow between the Alopecosa species (not shown).

Divergence ratio comparison between mitochondria and nuclear loci

The relationship of mean p-distance ratios between COl and ddRADseq data for species with
mitonuclear discordance and without it are shown in Figure 5. Within MD-group, the mean
p-distance of COIl between species ranged from 0.2% to 0.7%, while that of the No-MD-
group ranged from 2.1% to 7.3%. In ddRAD, the mean p-distances ranged from 2.7% to 3.5%
in MD-group and from 1.9% to 5.0% in No-MD-group . P. pullata does not belong to the MD-
group, but the species is genetically close to those species in both mitochondrial and
genomic data (p-distance 1.9-2.2% in COlI, 3.5-3.7% in ddRAD (see Table 4), and revealed
signs of introgression with other Pardosa species. The ratio of COIl p-distances to ddRADseq
p-distances in No-MD-group ranged from 0.51 to 2.36 while in MD-group corresponding
values ranged from 0.07 to 0.42. The mean values of p-distance ratios for No-MD-group and
MD-group were 1.22 and 0.19 respectively. The Welch Two sample t-test with 1,000
permutations revealed significant (p < 0.01), which suggests the absence of genome-scale ILS

among the studied species.

Discussion
In our study, we focused on two different cases of mitonuclear discordance in wolf spiders,
one group having two species, another as many as four. By using Alopecosa and Pardosa as

representative cases, we demonstrated the potential of ddRAD sequencing to provide
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evidence of species integrity in the presence of mitonuclear phylogenetic conflicts. We
studied the possibility of taxonomic inaccuracy, and then proceeded to examine if
introgression had taken place between the taxa. Our results indicate that mitonuclear
discordance is likely explained by historical or ongoing introgression, whereas incomplete
lineage sorting appears as a less likely cause. Furthermore, taxonomic inaccuracy and other
operational causes could be ruled out. As being present, endosymbiotic bacteria may have
had a role in fixation of mtDNA across species but this cannot be confirmed at current stage

of research.

Role of Operational Causes

Misassignment of specimens into species is clearly not responsible for mitonuclear
discordance. Maximum likelihood trees based on nDNA data for both Alopecosa and Pardosa
groups strongly suggest that all the species included in the study can be considered natural,
monophyletic lineages with no or limited gene exchange between them. Incongruence
between COIl and ddRAD data was shown to be true and the possibility of taxonomical
oversplitting of species could be rejected. The same idea comes from the results of
SVDquartets analysis where all studied groups were estimated as distinct species (Fig. S2).
Morphological characteristics can be efficiently used to distinguish between adult
specimens, although differences are slight and reliable identification requires deeper
taxonomic scrutiny. Moreover, in three cases of Pardosa, specimens were initially
misidentified by the authors and later blindly validated by an experienced expert. These
results suggest that biological rather than operational mechanisms are likely to be

responsible for mitonuclear phylogenetic discordance in the studied wolf spiders.
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Occurrence of Introgression between the Species

Species with high levels of introgression are supposed to show close overall relatedness and
intermixing of species in recently introgressed genes (Eaton et al. 2015). Historical or
ongoing introgression often revealed by discordant patterns between mitochondrial and
nuclear phylogenies (Linnen & Farrell 2007; Papakostas et al. 2016; Suchan et al. 2017).
Unlike the mitochondrial phylogeny, the nDNA phylogeny showed a clear distinction
between the target species and did not support the idea of introgression at the genomic
level in either Alopecosa or Pardosa. Additional analysis in STRUCTURE corroborates this
idea (Fig. S1). However, four taxon D-statistic tests as well as TreeMix results (for Pardosa
only) in both Alopecosa and Pardosa groups returned positive results (see Table 3 and Fig. 4)
and suggested introgression had occurred in some loci between the species. All tested
species are known to be sympatric, morphologically and ecologically close to each other and
there are overlaps in their ranges of areas (Holm & Kronestedt 1970). Hence, the
introgression through occasional hybridization has been possible over time. D-statistics
suggested that within the Alopecosa group the direction of gene flow was from A. taeniata
to A. aculeata and from A. pulverulenta to A. aculeata, the first case being the strongest
based on Z-scores (see Table 3). Such unidirectional introgression has been observed before.
For example, in European hares (Lepidae), introgression was observed to have occurred
from one species (Lepus timidus) to four other species, but not in the opposite direction
(Melo-Ferreira et al. 2012). The admixture between A. taeniata to A. aculeata might be one

of the reasons we observe the mitonuclear discordance now, because soon after an

20



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

introgression event(s) there could have been a fixation of mtDNA haplotypes due to
stochastic reasons, adaptive mitochondrial introgression or endosymbionts.

Despite the fact that the two tests (D-statistics and TreeMix) did not return identical results
regarding the introgression between Pardosa species, introgression has clearly occurred
between some of them. Both tests are congruent in that the direction of gene flow was from
P. sphagnicola to P. fulvipes and from P. fulvipes to P. riparia. Introgression between P.
sphagnicola and P. prativaga was detected in TreeMix, but not in D-statistics. The TreeMix
analysis suggested the strongest admixture between these two species, P. sphagnicola being
a donor and P. prativaga being a recipient, while the D-statistics did not detect any
introgression signals between the species. Another incongruent case is P. pullata. D-statistics
suggested this species was one of the most frequently observed recipients of introgressed
genetic material from P. sphagnicola, P. fulvipes and P. riparia, while TreeMix did not
support this conclusion. Specific introgression patterns were not always consistent across
different analyses. This could be expected given the complex species histories inferred,
absence of closely related genomes for alignment, large amount of missing data inherent to
RAD data sets (Arnold et al. 2013; Davey et al. 2013), and limited power to detect
introgression after substantial genetic drift in these species complexes (Patterson et al.

2012).

Incomplete Lineage Sorting
Because of features characteristic to mitochondrial genome, mtDNA based markers are
expected to show rapid lineage sorting permitting efficient discrimination between species

(Hebert et al. 2003). Rapid lineage sorting is expected to be further promoted by recurrent

21



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

selective sweeps characteristic to mtDNA (Jiggins 2003). Conversely, incomplete lineage
sorting suggests young age of species. Short distances and incomplete lineage sorting in
mtDNA should therefore be reflected as short overall distances in the nuclear genome, thus
the ratio between COIl and nDNA p-distances in species pairs with ILS is expected to be
similar to species without ILS. Contrary to that, we observed that species with mitonuclear
discordance did not show significantly shorter p-distances in overall nDNA data and the COI
to nDNA p-distances ratio was significantly lower in our target species groups in comparison
to the reference species (Fig. 5 and Table 4).

The p-distances ratio and t-test analysis do not represent a rigorous statistical analysis of the
sequence data. Nevertheless, when introgression between the studied species is indicated
by the D-statistics and TreeMix analysis, the shared mtDNA haplotypes are more likely to be
explained by introgression rather than ILS. If no introgression was detected, the probability
of both scenarios would have been equivalent and equivocal (see Battey & Klicka 2017).
Moreover, even with the absence of introgression in the nuclear data, shared mtDNA

haplotypes can result from the introgression process (Good et al. 2015).

Conclusions

The two studied species of Alopecosa and four species of Pardosa with mitonuclear
discordance represent distinct evolutionary lineages as confirmed by genome-wide ddRAD
data. We could safely rule out any “operational factor” as being responsible for the DNA
barcode sharing. Historical or ongoing introgression is responsible for the observed patterns
of mitonuclear discordance in these taxa. Since species pairs with mitonuclear discordance

showed comparable overall genetic distances to those without it, we consider incomplete
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lineage sorting as an unlikely cause. We consider mitochondrial introgression followed by
fixation as the most likely evolutionary cause of mitonuclear discordance. This scenario is
supported by the observed signs of introgression between several species and the presence
of several endosymbionts, although strong evidence for the role of endosymbionts was not
obtained. Finally, our study demonstrates that ddRAD sequencing is a powerful tool for
providing a genome-wide insight on the evolution and relationships of species when sparcer

sampling of DNA markers show contradictory results.
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Table 1 Specimens of Alopecosa and Pardosa analysed in this study and a summary of the

ddRAD data.
Groups Sample ID Species ::::Is fsluastte z/:)i: cl\iltl;:)i: Retai_ne Re(.:overed Rec_overed
(million)  80%" (d=3) (d=6) dloci ¥ loci (d=3) loci (d=6)

Alopecosa  UUI0002 A. aculeata 43 80675 16.4 213 51451 9530 20176
uuI0003 A. aculeata 4.4 83752 16.3 19.9 52460 9179 20360
uuI0004 A. aculeata 3.4 5251  392.1 3735 2407 950 1241
UuI0005 A. aculeata 0.9 27593 124 16.2 17601 5496 8625
uuI0007 A. aculeata 2.0 21412 435 44.8 13241 5196 7861
uuI0008 A. aculeata 42 15851 145.3 153.5 9444 4023 5756
UUI0009 A. aculeata 2.9 57723 16.3 21.9 37662 9213 17186
uuI0010 A. aculeata 3.4 20330 49.7 92.8 11660 4879 7362
uuI0091 A. aculeata 21.0 10807 1343.3  1091.5 4000 1629 2196
uuI0092 A. aculeata 2.8 86964 11.0 12.9 51655 9495 19972
uuI0011 A. taeniata 0.5 12305 25.5 28.4 7662 1317 1731
uuI0012 A. taeniata 2.7 25375  54.9 60.7 16613 6368 9650
uul0013 A. taeniata 0.6 28139 84 12.9 17507 5446 8476
uuI0014 A. taeniata 1.3 13931 438 61.3 8178 3387 4882
uul0015 A. taeniata 0.6 10742 233 30.6 5558 1854 2550
uul0016 A. taeniata 2.4 15927 58.4 90.4 8906 3178 4579
uuI0017 A. taeniata 4.2 77820 18.2 22.2 49412 9078 18165
uuI0018 A. taeniata 1.1 38213 9.9 13.4 24608 6573 10564
uu10021 A. pulverulenta 0.8 26784 15.0 15.9 16809 4304 5754
uul10076 Trochosa spinipalpis 1.4 39150 11.1 15.9 22020 981 978

AVERAGE 3.3 34937 115.7 110.0 21443 5104 8903

Pardosa uul0025 P. sphagnicola 2.9 4527 370.2 367.0 2005 647 702
uul0029 P. pullata 1.0 4455 1325 139.1 2517 849 767
uuI0030 P. pullata 0.5 3215  84.3 101.1 1681 487 448
uulI0033 P. fulvipes 2.6 25211 405 30.3 14621 4425 6217
uuI0034 P. fulvipes 0.6 4691  53.1 51.5 1880 619 727
uuI0035 P. fulvipes 1.5 36865 13.4 17.7 21337 4020 6285
uuI0036 P. fulvipes 2.0 45183 133 23.3 23510 5132 8231
uuI0037 P. fulvipes 4.1 38747 444 35.8 21386 5528 8776
uuI0038 P. fulvipes 0.8 5092  79.9 80.7 2383 431 433
uuI0039 P. fulvipes 2.3 10368 85.1 97.7 5887 2227 2629
UuI0040 P. fulvipes 2.9 15180 99.7 118.7 8777 3058 3991
uul0042 P. sphagnicola 10.7 5216 675.7 948.7 2280 750 809
uuI0043 P. sphagnicola 0.7 20187 135 14.9 12667 4141 5483
uuI0046 P. sphagnicola 2.0 15676  39.0 60.8 8424 2677 3186
uuI0049 P. sphagnicola 0.9 18873 14.6 20.7 11659 3680 5077
uuI0050 P. sphagnicola 2.1 7983  146.3 140.5 4068 1383 1534
uuI0051 P. riparia 1.1 8342 420 55.0 4666 1501 1641
uuI0084 P. riparia 1.9 8868  78.7 127.3 4134 1338 1430
uuI0086 P. riparia 0.3 8336  12.8 17.9 3923 1269 1495
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uuli0089 P. riparia 0.1 2951 25.0 19.1 907 199 186
uul0090 P. riparia 0.9 8610 49.3 54.7 3628 1289 1362
uuli0054 P. prativaga 14 24805 15.8 14.3 12832 3952 4772
uul0056 P. pullata 1.8 8026 130.4 146.3 3217 977 939
uulo058 P. prativaga 0.2 3938 233 23.6 1682 589 555
uuloo61 P. prativaga 0.4 10923 114 27.9 5151 1619 4903
uul0062 P. prativaga 16.8 9188 1061.6 19.1 3596 1324 1694
uul0060 P. pullata 1.6 26095 23.9 973.0 13711 4022 1374
uul0066 P. hyperborea 13 34434 15.6 19.1 19444 2542 3767
uuli0068 P. lugubris 0.9 34101 124 15.2 15848 1611 2064
uuli0069 P. amentata 0.4 12554 141 7.6 5360 1115 1304
uuli0070 P. palustris 0.5 24187 8.8 12.8 5248 832 2647
uulioo71 P. maisa 15 28150 18.1 15.2 14257 2066 2883
uuli0072 P. eiseni 11 29154 151 19.7 15326 2459 3463
uulio074 P. agricola 0.5 27895 7.8 8.7 15371 2078 2957

AVERAGE 2.1 16824 102.1 1125 8629 2083 2786

693  'Clusters that passed filtering for 3x minimum coverage.
694  *loci retained after passing coverage and paralog filters.

695
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696 Table 2 Summary of ddRADseq data exploration for Alopecosa and Pardosa. The data matrices
697  in bold were chosen for phylogenetic analysis

Consensus

Matrix n Loci Unlinked sequences VAR (%) PIS (%) Missing
SNPs (%)
(bp)

Alopecosa

¢80m6_alopecosa 20 12,641 12,423 2,420,062 (2: 2,)608 70,437 (2.9) 59.8

c¢85m6_alopecosa 20 13,757 13,503 2,609,577 (1781’)787 62,619 (2.4) 60.1

Pardosa

c80m6_pardosa 34 7,157 7,109 1,417,596 :16:'47)08 51,793 (3.7) 71.0
52,883

c80m9_pardosa 34 2,455 2,438 484,594 (10.9) 18,059 (3.7) 62.4
13,152

¢80m12_pardosa 34 601 595 119,013 (11.0) 4,774 (4.0) 53.0

c80m15_pardosa 34 118 114 23,783 3,345(14.1) 1,197 (5.0)  43.1

c80m18_pardosa 34 23 20 4,638 619 (13.3) 188 (4.1) 32.7

c85m6_pardosa 34 7,258 7,203 1,427,328 (1;‘(?’;)33 45,842 (3.2) 71.1

698 Note: n, number of individuals; VAR, number of variable sites; PIS, number of parsimony informative
699 sites.

700
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701  Table 3 Patterson’s four-taxon D-statistic test results showing significant replicates for
702  introgression in Alopecosa and Pardosa

Test P1 P2 P3 0 Range Z nSig/n nSig (%)
Alopecosa

1.1 acul acul taen Tspin (0.0-14.2) 5/359 14
1.2 acul acul pulv Tspin (0.0-4.2) 1/44 23
Pardosa

2.1 fulv fulv spha 07 (0.0-12.9) 4/179 2.2
2.2 fulv fulv ripa 07 (0.0 - 5.4) 7/179 3.9
2.3 fulv fulv prat 07 (0.0-5.1) 3/143 21
2.4 fulv fulv pull 07 (0.0-5.9) 2/143 14
2.5 spha spha fulv 07 (0.0-7.3) 4/89 4.5
2.6 spha spha ripa 07 (0.0-5.2) 3/49 6.1
2.7 ripa ripa fulv 07 (0.0-11.2) 2/89 2.2
2.8 ripa ripa spha 07 (0.0-5.2) 2/49 4.1
2.9 ripa ripa prat 07 (0.0-8.2) 5/39 12.8
2.10 prat prat ripa 07 (0.0 - 8.0) 1/29 3.4
2.11 pull pull fulv 07 (0.0-4.3) 1/53 1.9
2.12 pull pull spha 07 (0.0-5.9) 2/29 6.9
2.13 pull pull ripa 07 (0.0-4.7) 2/29 6.9

703 Note: Each test was repeated over all possible four-sample replicates (n), with a range of Z-scores reported,
704 and the number of significant replicates shown (nSig). P1, P2, and P3: for Alopecosa group, acul: A. aculeata,
705 taen: A. taeniata, pulv: A. pulverulenta; for Pardosa group, fulv: P. fulvipes, spha: P. sphagnicola, ripa: P. riparia,
706 prat: P. prativaga, pull: P. pullata; O: outgroup ‘Tspin’ represents Trochosa spinipalpis for Alopecosa group; for
707 Pardosa group, ‘07’ consists of all individuals from the seven species P. agricola, P. amentata, P. eiseni, P.

708 hyperborea, P. lugubris, P. maisa, and P. palustris.

709
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710
711
712

713

714

Table 4 Mean p-distances of ddRAD data (below diagonal) and COI barcode sequences (above
diagonal). Species of P. pullata-group with mitonuclear discordance are in bold. Values for
Alopecosa group are given in the text.

spha fulv prat ripa pull agri amen eise hype lugu mais  palu
P. sphagnicola na 0.2 0.5 0.4 2.1 5.2 4.4 5.9 5.9 3.8 5.1 5.5
P. fulvipes 2.7 na 0.6 0.6 2.2 5.2 4.5 6.1 6.0 3.9 5.2 5.6
P. prativaga 3.0 3.1 na 0.7 2.2 5.0 4.1 5.9 5.7 3.8 53 5.5
P. riparia 3.3 3.3 3.5 na 1.9 5.2 4.5 6.0 5.6 3.8 5.0 5.5
P. pullata 35 3.5 3.6 3.7 na 5.0 5.0 6.2 5.5 4.4 5.0 53
P. agricola 4.7 4.8 4.8 5.0 4.9 na 4.9 6.1 3.8 4.4 5.6 2.1
P. amentata 4.4 4.4 4.5 49 4.5 3.9 na 5.5 5.2 4.1 53 5.8
P. eiseni 4.4 4.4 4.6 4.6 4.3 3.0 3.4 na 5.6 5.9 55 7.3
P. hyperborea 4.7 4.9 4.7 4.9 5.0 3.0 3.6 2.8 na 4.6 4.9 5.0
P. lugubris 4.4 4.4 4.5 4.4 4.4 3.6 3.1 3.4 3.9 na 55 4.6
P. maisa 4.5 4.6 4.6 4.5 4.4 35 3.8 3.3 35 3.7 na 6.2
P. palustris 4.7 4.7 4.9 4.6 4.8 1.9 3.7 3.1 3.0 3.8 3.6 na
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715

716

717
718
719
720
721

722

UUI10034 P. fulvipes
UuI10040 P. fulvipes
UUI0050 P. sphagnicola
UUI10049 P. fulvipes
UUI0038 P. fulvipes

591 UUI0033 P. fulvipes
UUI0035 P. fulvipes
UUI0036 P. fulvipes fulvipes,
UUI0039 P. fulvipes

84

55| UUI0042 P. sphagnicola prativaga,
UuI0043 P. sphagnicola riparia,
UUI0025 P. sphagnicola sphagnicola
UuI0062 P. prativaga
UUI0046 P. sphagnicola com plex

UUI0058 P. prativaga
UUI0037 P. fulvipes
UUI0061 P. prativaga
UUI0054 P. prativaga
UUI0090 P. riparia
57| UUI0089 P. riparia
89 || UUI0086 P. riparia
UUI0051 P. riparia
UUI0084 P.riparia.....................
UUI0056 P. pullata™ """

UUI0030 P. pullata I P. pullata

78

Pardosa

uuI0029 P. puliata
UUI0060P.pullata_____________________
AKO001652 P. schenkeli
UUI10064 Acantholycosa lignaria
UUI0074 P. agricola

UUI0070 P. palustris

UUI0066 P. hyperborea

UUI0068 P. lugubris

UUI0072 P. eiseni

UUI0071 P. maisa

UUI0069 P. t

UUI0091 A. aculeata

UUI0007 A. aculeata

UUI0005 A. aculeata

UUI0003 A. aculeata A. aculeata
97| UUI0009 A. aculeata

UUI0004 A. aculeata

UUIO010A. aculeata ____________

6 74|78;UUI0015 A. taeniata

UUI0002 A. aculeata

UUI0018 A. taeniata

93

Alopecosa

UUI0013 A. taeniata
86| UUI0092 A. aculeata GCUIe_ata &
UUI0011 A. taeniata taeniata
UUI0008 A. aculeata complex

UUI0012 A. taeniata

UUI0014 A. taeniata

UuI0017 A. taeniata

UUIO016 A. taeniata.______________

——— UUI0021 A. pulverulenta

UVUI0076 Trochosa spinipalpis
UUI0083 Arctosa alpigena

100

57 -

UUI0077 Xerolycosa nemoralis

53 UUI0080 Piratula hygrophila
99 UUI0078 Piratula insularis
82 UUI0079 Pirata piraticus
UUI0082 Pirata piscatorius

UUI0093 Pisaura mirabilis

0.02

Figure 1 Maximum likelihood tree based on mitochondrial COI sequences. Values indicate
node bootstrap support values (only shown for nodes supported with more than 50% BS).
The two studied groups with mitonuclear discordance are indicated with black vertical bars.
P. pullata was considered here as not showing mitonuclear discordance, although being
closely related to the complex of four species of Pardosa with mitonuclear discordance.
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(a) ddRAD phylogeny UuI0007
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22 uuIoo10
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uul0021 A. pulverulenta
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(b) mt COI network

I -->UUI0008

B A aculeata
I A taeniata

Figure 2 a) Maximum likelihood tree of Alopecosa group, including two specimens of A.
pulverulenta and Trochosa spinipalpis as outgroup, based on the data matrix with of 12,423
unlinked SNPs in 2,420,062 bp and b) mitochondrial COI haplotype network. Each circle
represents a haplotype and circle size is proportional to strain frequency. Lines between
haplotypes are single mutational steps and short solid lines indicate missing haplotypes
(either extinct or not sampled). Node confidence values were estimated based on 500

bootstrap replicates. Bootstrap values are indicated near the nodes.
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(a) ddRAD phylogeny Uuio033

uuI0040 P. fulvipes

(b) mt COI network

uuI0038_J

UUI0039
UUI0025 P. sphagnicola |

UuI0050 *
UU}OOSO

55 UUI0086
84 uuI00s1

100 uuI0084 P.riparia
uuI0089

B A fulvipes [ Poriparia
B P sphagnicola B P. puliata
B ~.prativago

P. pullata

UUI0070 P. palustris

UUI0074 P. agricola

UUI0066 P. hypert

UUI0072 P, eiseni

100 l UuI0071 P. maisa

L P. lugubri:
100 UUI0068 P. Jugubris

VU069 P.

Figure 3 a) Maximum likelihood tree of Pardosa group based on the data matrix with 7,109
unlinked SNPs in 1,417,596 bp and b) mitochondrial COI haplotype network. Node colours
correspond to the haplotype network indicating distinct species. Each circle represents a
haplotype and circle size is proportional to strain frequency. Lines between haplotypes are
single mutational steps and short solid lines indicate missing haplotypes (either extinct or
not sampled). Node confidence values were estimated based on 500 bootstrap replicates.
Bootstrap values are indicated above the nodes.
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Drift parameter

Figure 4 Maximum likelihood tree, generated by TreeMix, showing the relationship among
five species of Pardosa. The scale bar shows ten times the average standard error (s.e.) of
the estimated entries in the sample covariance matrix. Migration arrows are coloured
according to their weight. The migration weight represents the fraction of ancestry derived
from the migration edge.
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Figure 5 Boxplots depicting median, first and third quartile, and standard deviation of COIl to
ddRADseq p-distance ratios. The blue boxplot (No-MD) includes ratios of species with no
introgression or ILS. The red boxplot (MD) represents the ratios in P. pullata and A.
pulverulenta groups of species with detected DNA barcode sharing.
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