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The centipede Lithobius forficatus is a complex of cryptic species
_________________________________________________________________________
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Abstract
Biodiversity of soil invertebrates is severely underestimated because accurate delimitation of species is
challenging in many soil taxa. The centipede Lithobius forficatus is a morphologically highly variable
species but reasons underlying this variability are unclear. A possible explanation is that L. forficatus
is actually a complex of cryptic species erroneously assigned to a single nominal species. We tested
this hypothesis using genome-wide RADseq data. We analyzed over 100 individuals originating from
several Polish populations including large population samples from neighboring localities. Bayesian
clustering analysis revealed three highly differentiated (FST > 0.60) genetic clusters with low level of
admixture. The clusters differed in the intrapopulation level of genetic diversity. Different clusters
were found in neighboring localities while each cluster was widely distributed. Thus, the geographic
distribution of the clusters was not consistent with a single geographically structured species concept.
One of the clusters consisted of two populations sampled at sites with very low soil pH (pHCaCl2 2.8
and 3.5). Individuals belonging to different genetic clusters did not show differences in main
morphological characters used in the identification of Lithobius species. A low level of admixture and
the presence of fixed polymorphisms among the identified genetic clusters imply their reproductive
isolation. Our results thus suggest that L. forficatus is a complex of at least three cryptic species. We
hypothesize that the evolutionary differentiation of identified cryptic species might be associated with
local soil properties.

Keywords: Chilopoda, species delimitation, cryptic diversity, RADseq
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Introduction
The definition of species has long been a matter of debate among contemporary biologists. Many
concepts of species have been proposed, including, e.g., biological, ecological, phylogenetic and
evolutionary species concepts (Coyne and Orr 2004). Because these concepts are based on different
biological properties, some of them are incompatible and they may mutually exclude each other.
A solution to this species concept problem was suggested by de Queiroz (2005, 2007) who proposed
a unified species concept. The unified species concept treats the element common to all previous
concepts, i.e. the concept of species as a lineage separately evolving from other lineages, as the only
necessary property of a species. In the unified species concept the properties that were considered
necessary under the previous concepts, serve as evidence of lineage separation and describe different
classes of species, e.g., reproductively isolated species or ecologically differentiated species.
Ecologically differentiated species arise as a result of differences between populations and
their contrasting environments, a process called ‘ecological speciation’ (Schluter 2001; Rundle and
Nosil 2005). When environmental differences are the source of divergent selection, populations may
adapt to local conditions. This could reduce their fitness in other environments and consequently lead
to immigrant inviability. Populations are able to adapt to the local environment, especially rapidly
changing environments, if they harbour large standing genetic variation. In such environments the
level of genetic diversity may have a large ecological effects because it influences the ability of the
species to respond to disturbance. Thus, ecological speciation in environments changing due to
anthropogenic impacts, like e.g., pollution or acidification, depends on the level of genetic diversity.
Therefore, genetic diversity is of critical importance in highly variable environments or those subject
to rapid change due to anthropogenic influences (Hughes et al. 2008).
Soil is a heterogeneous environment, thus we could hypothesize genetic structuring of soil
invertebrate species to be a common phenomenon due to local adaptation to soil properties.
Consequently, within soil taxa characterized by high genetic diversity, cryptic species may arise due to
the process of ecological speciation. One of the soil fauna representatives are myriapods that comprise
two classes: centipedes (Chilopoda) and millipedes (Diplopoda). Centipedes consist of ~3300 species
grouped into five orders, with Lithobiomorpha being one of them. The most familiar species of the
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Lithobiomorpha order is the stone centipede Lithobius forficatus (Edgecombe and Giribet 2007). This
centipede species harbours large intraspecies morphological variability. The source and character
underlying this variability are unclear (Williams 1903; Kaczmarek 1979). A possible explanation is
that L. forficatus is actually a complex of cryptic species assigned to a single nominal species. This
hypothesis has been suggested by Spelda et al. (2011) who found high intraspecific genetic distances
based on the mitochondrial COI gene in several species of Chilopoda, including L. forficatus.
However, they analyzed only two individuals of L. forficatus that were collected at distant places in
Germany and Austria. Therefore, as they clearly stated, they were not able to say whether the observed
deep barcoding divergence was due to the cryptic species or just high intraspecific variation. Spelda et
al. (2011) suggested that other genes, especially of nuclear origin, should be used for evolutionary
analysis of Lithobius species.
In this study we aimed at testing the hypothesis that L. forficatus is a complex of cryptic
species. We also wanted to verify whether the genetic structure of L. forficatus is determined by
environmental conditions, including heavy metal pollution of soil. With the use of the Restriction site
Associated DNA Sequencing (RADseq) data we assessed the genetic differentiation of several
L. forficatus populations sampled along a metal pollution gradient as well as individuals collected
throughout Poland.

Materials and methods
Lithobius forficatus
The centipede Lithobius forficatus Linné, 1758, belongs to the class Chilopoda, order Lithobiomorpha,
family Lithobiidae, subfamily Lithobiinae (Eason 1992). It is a Holarctic centipede species, present
mainly in Europe and North America. However, in North America it was introduced from Europe by
humans (Hickerson et al. 2005). In Poland it is the most common species from the Lithobius genus. It
lives in forests and urban areas, in gardens and even inside houses. During the day it stays in litter and
soil, under logs and stones. It is a nocturnal predator and at night it leaves the hideouts and looks for
food. It feeds on small invertebrates: earthworms, snails, spiders, springtails, insects and their larvae,
as well as other centipedes ( 1978). It breeds several times during life. The eggs are laid in
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moist, shaded places and offspring reach maturity within around three years after numerous moltings
(Kaczmarek 1979). This species is easy to identify and can be distinguished from other Lithobius
species because of several morphological characters (Fig. 1), including: projections on tergites 9, 11,
and 13, coxosternite with 5 or more teeth, oval or slit-shaped coxal pores, single claw of the 15th leg,
female gonopods with 2 + 2 spurs and tripartite claws.

Sampling
Large population samples of L. forficatus individuals were collected at six sites along a metal pollution
gradient aiming at studying the effect of metal pollution on genetic variation in L. forficatus
populations. Five sites (OL1-OL7) were located in the mining and smelting area at increasing
distances from the zinc-and-lead smelter ‘Bolesaw’ near Olkusz in Southern Poland. One site (PK)
was located in the Kozienicka Forest, Central Poland (Supporting information, Table S1). A detailed
description of soil characteristics at the sampling sites is available elsewhere (Giska et al. 2014; 2015).
Centipedes were collected alive using pitfall traps and horse-dung traps from ~200 m2 plots at
each of the six study sites. All these sites were located in mixed pine forests. We collected in total 96
individuals, 16 from each site. After preliminary results that suggested cryptic diversity within
L. forficatus along the Olkusz transect we decided to extend the sampling area to test whether
L. forficatus is a species complex over a wider geographical range and how many cryptic species it
comprises. We collected individuals of L. forficatus from twelve localities across Poland:
AN – Andrychów, BD – Bartodzieje, KC – Kocielisko, MS – Miasteczko lskie, NR – Narol,
NS – Nowy Scz, PL – Pia, PR – Przemyl, PZ- Pozna, SP – Szklarska Porba, TR – Trzemenia,
WA – Warszawa (Table S1). These additional individuals were collected by checking litter, stones and
logs by hand. The additional sampling was done in various habitats: forests, parks, gardens, houses,
both in cities and villages. For RADseq analysis we selected 16 individuals from this collection,
representing all additional sampling sites (combined into a sample designated as POL, treated as the
seventh population).
The collected centipedes were preserved and stored in 96% ethanol. Identification was
confirmed with the key of Kaczmarek (1979). Genomic DNA was extracted from a few anterior
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tergites of ethanol-preserved specimens using Wizard® Genomic DNA Purification Kit (Promega,
Madison, USA). The purity and concentration of extracted genomic DNA was determined with
NanoDrop spectrophotometer and Qubit® fluorometer.

Fig. 1. Morphological characters used to identify Lithobius forficatus: 1 – tergites with projections on
tergites T9, T11 and T13, 2 – coxosternite with teeth, 3 and 4 – coxal pores (male individual),
5 – tripartite claw on female gonopod, 6 – spurs on female gonopod, 7 – male reproductive organs
(drawings from Barber 2008;  1978; Kaczmarek 1979).

RADseq
The libraries for RAD sequencing were prepared according to the double digest RADseq (ddRADseq)
protocol of Peterson et al. (2012). For each individual 500 ng of genomic DNA was digested with
SphI-HF and PstI-HF restriction enzymes (New England Biolabs). Then, adapters were ligated to
digested DNA using T4 DNA Ligase (NEB) in 40 l reactions under the following conditions:
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23ͼC – 60 min, 65ͼC – 10 min, cooling 0.022ͼC s-1. The ligated adapters included 5 bp barcodes (for
sequences of adapters and barcodes see Table S2). After ligation, individual samples from each
population, including the additional POL sample, were pooled and size selected with LabChip XT
(LabChip XT DNA 300 Assay Kit; PerkinElmer). We selected the 346 – 406 bp fraction, which was
expected to result in ~40,000 RAD tags per individual centipede. After size selection, libraries were
amplified in several PCR reactions (20 l) containing: 1X Phusion HF buffer, 200 M of each dNTP,
1.0 M of PCR1 and PCR2 primer, 0.5 U of Phusion HF polymerase (Thermoscientific) and 20 – 40
ng of size selected library. The PCR program was as follows: 98ͼC –30 s, 12 cycles: 98ͼC – 10 s,
62ͼC – 30 s, 72ͼC – 30 s and final extension 72ͼC – 5 min. One of the PCR primers included 6 bp
index added to distinguish libraries of different populations. The size distribution of the libraries was
inspected on Bioanalyzer (HS DNA chips; Agilent Technologies). Then, the libraries were pooled
based on Qubit® measurements, and sent for Illumina HiSeq 2000 sequencing (single end, 100 bp) at
the Center for Genome Research and Biocomputing, Oregon State University, USA.
Raw Illumina reads were matched to the populations based on the index read and then
analyzed with Stacks software (Catchen et al. 2011; Catchen et al. 2013). First, reads were
demultiplexed and cleaned with the process_radtags.pl program resulting in 153,672,598 high quality
reads retained for further analysis (Table S3, Fig. S1). The fragment of SphI recognition site sequence
(CATGC) was removed from the beginning of each RAD tag. Then, for each individual, loci were
reconstructed with the denovo_map.pl program with the following parameters: m 4 (required at least
four identical reads to form a stack), M 4 (allowed a four nucleotide distance between stacks), N M+0
(no secondary reads), n 4 (allowed four mismatches between catalog loci when constructing the
catalog), t (removed highly repetitive RAD tags marked as lumberjack stacks), d (enabled
deleveraging algorithm). For further analysis we used loci present in at least twelve out of the sixteen
individuals of each population (-r 0.75).
The RADseq data were analyzed with the populations program of Stacks. After the inspection of
the mean coverage per RAD tag in each individual we decided to remove one individual from the PK
population from further analyses because it had very low coverage (~7.6 reads per RAD tag). The
overall mean coverage was ~53 reads per RAD tag. The following analyses were performed for the six
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large population samples. To examine the population structure with the estimation of the most likely
number of genetically differentiated clusters we used a Bayesian clustering method, implemented in
the Structure software (Pritchard et al. 2000; Falush et al. 2007). For the Structure analysis, we used
one SNP per RAD tag (--write_single_snp), which resulted in 147 loci. We tested K-values in the
range of 1 to 8, with 20 replicates per value (100,000 burn-in steps and 1,000,000 post-burn-in
iterations). The optimal K was selected based on the Evanno method (Evanno et al. 2005),
implemented in Structure Harvester (Earl and Von Holdt 2012), and the value of probability of the
data for a given K (L(K)). For an additional examination of the population structuring, all SNPs were
used to calculate a pairwise distance matrix between individuals (uncorrected p-distance) to construct
a Neighbor-Joining tree in MEGA 6 (Tamura et al. 2013). The population genetic statistics, such as the
haplotype and nucleotide diversity, were estimated both for separate populations and for genetic
clusters identified by Structure analysis. The t-tests with a strict Bonferroni correction for multiple
comparisons were used to test the differences in the genome-wide genetic diversity between the
populations and clusters. The number of polymorphic sites shared between the populations (Ss) and
unique to the individual populations (Sx) as well as the number of fixed differences between the
populations (Sf) were calculated in mstatspop (Ramos-Onsins et al. 2015). The analysis of molecular
variance (AMOVA) was performed in Arlequin to assess the proportion of RAD tags variation
explained by various levels of the structure. Genetic clusters identified by Structure were considered
groups. Two analyses were performed: with three groups (clusters L1, L2, L3) and with two groups
(clusters L1 and L2, after exclusion of the L3 cluster). The pairwise differentiation between
populations (RADseq FST) was estimated with Arlequin based on the SNP allele frequency (statistical
significance was assessed with 10,100 permutations).
The data set including additional individuals was analyzed with Structure and MEGA 6 to check if
the individuals collected across whole Poland belonged to genetic clusters that were identified among
the six previously analyzed populations.

82



Morphology
The main morphological characters that are used for Lithobius species identification were pictured to
show if there were constant differences between the three genetic clusters. We present pictures of one
female from each genetic group with the focus on the following characters: i) coxosternite with teeth,
ii) head capsule, iii) tergites 9-13, iv) gonopods and coxal pores. The pictures were obtained with the
use of the ZEISS Stereo Lumar V12 stereoscope.

Results
After quality control in Stacks, the final data set of six populations sampled in Kozienicka Forest (PK)
and Olkusz area (OL) including 95 individuals, consisted of 147 RADseq loci (~12,900 bp) that
contained 725 SNPs. Bayesian clustering analysis of these populations, based on one SNP per RAD
tag, 147 SNPs, revealed three genetic clusters: L1, L2, and L3, with low admixture (Fig. 2A, Fig. S2).
Populations OL1, OL2 and OL5 belonged to the most common cluster L1. The three clusters revealed
by Structure were recovered also in the tree that was based on the genetic distances between
individuals calculated from all RADseq SNPs (Fig. 3A). The clusters differed in the intrapopulation
level of genetic diversity. The L1 cluster was most diverse with 419 polymorphic sites (Table 1),
haplotype diversity Hd = 0.34 (SE 0.02), and nucleotide diversity
cluster showed medium level of diversity (Hd = 0.26 (SE 0.02);

= 0.0055 (SE 0.0003). The L2

= 0.0036 (SE 0.0003)), and the L3

cluster was characterized by lowest diversity (Hd = 0.19 (SE 0.02);

= 0.0027 (SE 0.0002)).

Differences in the level of genetic diversity were shown also by separate populations belonging to the
identified clusters (Fig. 4). Differentiation between populations belonging to different clusters was
high and significant (Table 2). The FST between the OL7 population and all remaining populations was
0.70. Populations OL1, OL2 and OL5, which belonged to the L1 cluster were not significantly
differentiated from each other (FST < 0.03). However populations OL4 and PK which both belonged to
the cluster L2, showed significant differentiation (FST = 0.465). The L3 cluster showed 78 fixed
differences, the L1 cluster only two and L2 zero (Table 1). According to the analysis of molecular
variance (AMOVA) the majority, 58%, of overall variation observed in RAD tags was partitioned
among the groups and only 7.2% among populations within groups (Table 3). When cluster L3 was
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excluded from the AMOVA analysis, percentage of overall molecular variation explained by variation
among groups decreased to 45% (Table S4).
The data set including 16 additional individuals sampled across Poland (the POL sample)
consisted of 116 RADseq loci that passed the populations filters. These loci contained 661 SNPs.
During the Bayesian clustering and phylogenetic analysis the additional individuals fell into the three
genetic clusters formed by populations identified previously when analyzing the six large samples
(Fig. 2B, Fig. 3B). Most of the additional individuals belonged to the L1 cluster, while only one (MS)
to the L2 cluster and two (SP and TR) to the L3 cluster. However, the TR individual showed an
admixture of all three clusters. Different clusters were found in neighboring localities, what was highly
pronounced at Olkusz area where all three clusters were observed (Fig. 5B). At the same time, each
cluster was widely distributed throughout Poland (Fig. 5). The individuals from the L2 cluster were
sampled from sites with low soil pH (pHCaCl2: PK – 2.8, OL4 – 3.5).

Fig. 2. Population genetic structure of Lithobius forficatus collected from different sites in Poland. The
graphs show results of Structure analysis of RAD tags for K=3. Each vertical bar represents a separate
individual. A – analysis of six populations (147 RAD loci); B – analysis including additional
individuals sampled across Poland (116 RAD loci). Blue cluster – L1, green cluster – L2, red cluster –
L3.
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A.

B.

Fig. 3. Neighbor-Joining tree generated from the between-individual distance matrix (uncorrected
p-distance) based on all SNPs from the RADseq data for Lithobius forficatus populations from Poland
(see Table S1 for sampling sites). Each circle represents an individual L. forficatus. The color of the
branch represents the genetic cluster an individual belongs to and the color of a circle represents the
population of origin. A - analysis of six populations (OL1-OL7, PK); B – analysis including additional
individuals sampled across Poland, marked with black circles (POL). Individuals marked with
numbers correspond to the following sampling sites: 1 – MS, 2 – SP, 3 – TR.

Table 1. Polymorphism analysis of Lithobius forficatus populations that were clustered into three
groups (L1, L2, L3). See Table S1 for sampling sites of the different populations. S - number of
polymorphic sites, Sf - number of fixed differences, Sx - number of polymorphic sites private for
a cluster, Ss - number of polymorphic sites shared with other clusters.
Group (Populations)

S

Sf

Sx

Ss

L1 (OL1, OL2, OL5)

419

2

289

130

L2 (OL4, PK)

215

0

109

106

L3 (OL7)

127

78

107

20
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Fig. 4. Genetic diversity of populations of Lithobius forficatus collected from different sites in Poland
(see Table S1 for sampling sites): A - haplotype diversity. B - nucleotide diversity. Different letters
indicate significant differences between means (p < 0.05, after strict Bonferroni correction). Color
represents the genetic cluster the population belongs to (see Fig. 1).

Table 2. Pairwise genetic differentiation between Lithobius forficatus populations collected from
different sites in Poland (see Table S1 for sampling sites). RADseq FST based on SNP allele frequency
- below diagonal; significance of FST – above diagonal (significant values are marked with ‘+’; 10,100
permutations; p < 0.05, after strict Bonferroni correction).
Population

OL1

OL1

OL2

OL5

OL4

PK

OL7

-

-

+

+

+

-

+

OL2

0.028

OL5

0.016

OL4

0.604

0.568

0.535

PK

0.589

0.552

0.532

0.465

OL7

0.738

0.719

0.700

0.785

-0.010
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+

+

+

+

+

+
+

0.759

Table 3. Analysis of molecular variance (AMOVA) of Lithobius forficatus populations collected from
different sites in Poland (see Table S1 for sampling sites) based on RADseq data (single SNP from
each RAD tag) with populations grouped according to the three genetic clusters they belonged to (L1,
L2, L3).
Source of
variation

d.f.

Sum of
squares

Variance
components

% of
variation

F
statistics

Among groups

2

1025.9

8.21

58.0

FCT = 0.580

Among populations
within groups

3

111.5

1.02

7.2

FSC = 0.171

Within populations

184

906.2

4.92

34.8

FST = 0.652

A.

B.

Fig. 5. Distribution of genetic clusters of Lithobius forficatus in Poland (L1 – blue, L2 – green, L3 –
red). Different clusters were found in neighboring localities while each cluster was widely distributed
throughout Poland. The L1 (blue) cluster dominated. A – distribution across whole Poland, B detailed distribution of genetic clusters at the Olkusz area.

Analysis of morphology did not reveal any clear differences between the three genetic clusters
in external characters commonly used for identification of Lithobiomorpha species (Fig. 6 A-B).
However, pictures demonstrated that all individuals of L. forficatus morphologically differ from each
other in e.g., the colour, drawing pattern on a head capsule and tergites.
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F1.

F2.

F3.
Fig. 6A. Illustration of morphological variation of Lithobius forficatus females (F1-F3) from the three
respective genetic clusters (L1-L3) identified among populations in Poland: ventral view of
coxosternite with teeth (left column), head capsule (right column).
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F1.

F2.

F3.
Fig. 6B. Illustration of morphological variation of Lithobius forficatus females (F1-F3) from the three
respective genetic clusters (L1-L3) identified among populations in Poland: tergites with projections
(left column), gonopods and coxal pores (right column).
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Discussion
When delimiting species we assume that members of the same species differ genetically less among
themselves than with individuals from other species (e.g., Hebert et al. 2003; Del-Prado et al. 2010).
Additionally, when diagnosing cryptic species we presume that they are morphologically
indistinguishable (Sáez and Lozano 2005). According to these assumptions our results of the analyses
of L. forficatus specimens collected from multiple sites in Poland support the hypothesis that
L. forficatus constitutes a complex of cryptic species. There were several arguments among our data
that advocated the cryptic species postulate.
First of all, Bayesian analysis of six large population samples from neighboring localities
revealed the existence of three differentiated genetic clusters. The level of admixture was low. The fact
that there were fixed differences in polymorphic sites between the clusters, particularly pronounced in
the L3 cluster, and most polymorphisms were unique for a single cluster, supports the hypothesis
about cryptic species, not just geographical structuring of L. forficatus. This was further supported by
the analysis of additional individuals collected from distant localities in Poland. These individuals did
not form new genetic clusters, but fell within the three already identified clusters. Moreover, the three
identified clusters were characterized by different levels of genetic diversity, L1 being more variable
than the others. We hypothesize that the lower level of genetic diversity in the L2 and L3 clusters is
a result of adaptation to local environmental conditions and might be a sign of ongoing ecological
speciation.
The existence of three genetic clusters, being probably cryptic species, was supported also
by the partitioning of molecular variation in the RADseq data. Genetic differentiation within the
clusters was lower than between the clusters. Majority of the variation was explained by the variation
among the three identified genetic clusters. This differentiation among the clusters (FCT = 0.58) was
responsible for most of the differentiation among all populations (FST = 0.65). Even after removing the
highly differentiated cluster L3, a high percentage of molecular variation was partitioned between the
L1 and L2 clusters. This supports the conclusion that these two clusters, although with low number of
fixed polymorphisms, were separate genetic groups. Worth noting is the fact that there was relatively
little differentiation among populations within the genetic clusters (FSC = 0.17). This differentiation
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must have been shaped mainly by relatively high differentiation between the two populations of the L2
cluster (FST = 0.465). Differentiation between these two populations was reflected also by the NJ tree,
where OL4 and PK, constituted two subgroups within the L2 cluster. In contrast, FST values between
populations belonging to the L1 cluster were very low implying their high genetic similarity.
Each genetic cluster, and hence the putative cryptic species, was widely distributed in
Poland, with L1 cluster being the most common. The identified cryptic species did not occur in
sympatry as there was no sampling site where individuals from more than one cluster were found to
coexist. However, the clusters showed adjacent geographic distribution across Poland. Therefore, it is
unlikely that the observed genetic differentiation resulted simply from geographic isolation. Along the
Olkusz transect all three clusters were observed in close proximity. Between the OL4 and OL5 sites
located in the same forest area there were no geographic barriers and the distance between sites was
just ~2.9 km, thus the population of L. forficatus was continuous. What could then cause genetic
differentiation between L. forficatus from these two nearby sites? The distribution of genetic clusters
along the Olkusz transect did not show any clear relation to metal pollution. However, the OL4 site
was characterized by a relatively low soil pHCaCl2, 3.46 in comparison to 4.29 at OL5. The L2 genetic
cluster found at the OL4 site was observed also in Central Poland at site in Kozienicka Forest, where
soil pH was even lower, 2.82. Thus, we think that soil pH could be an environmental factor driving
ecological speciation of L. forficatus through local adaptation to acidic soil and litter. We hypothesize
that soil pH, rather than the level of pollution determines the genetic structure of L. forficatus.
The hypothesized cryptic species could not be distinguished based on the external
morphological characters that are commonly used for the identification of Lithiobomorpha species.
With the stereoscopic pictures (Fig. 6 A, B) we showed that there was no visible feature which
differentiated females from the three genetic clusters. However, the investigation of morphology
would strongly benefit from the analysis of males. To ensure that there are no morphological
differences between the putative species morphometric analysis of numerous individuals from each
genetic cluster would be necessary to check the relation between morphometric and genetic distances.
Bickford et al. (2007) mentioned two general reasons why morphological change might not reflect
species boundaries. First, cryptic species may differentiate by nonvisual mating signals. Second,
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cryptic species may be under selection which promotes morphological stasis. Could these two
statements be relevant for the issue of cryptic species within L. forficatus?
Considering the way Lithiobiomorphs reproduce, nonvisual mating signals could play
a pivotal role in the species differentiation. To attract the opposite sex centipedes release pheromones
from their coxal pores (Littlewood and Blower 1987). Females and males of L. forficatus do not
copulate. Instead, they have long-lasting sexual ritual at the end of which a male produces
spermatophore which a female picks up with her gonopods. Then, for a whole season, the female can
use sperm stored in her seminal receptacles to fertilize singly laid eggs. During the sexual ritual
partners touch each other with vibrating antennae to stimulate their terminal legs (Lewis 1981) and the
male also rocks his body as if he is dancing to draw the female’s attention ( 1978).Thus,
vibration signals, the elements of courtship performance received by the extremely sensitive sense of
touch and pheromones might be nonvisual mating signals important for L. forficatus differentiation.
As we mentioned above, cryptic species of L. forficatus could have arisen through
ecological speciation, which might be based on physiological adaptation to extreme environmental
conditions (e.g., low pH). Under such selection circumstances the evolutionary divergence depends on
physiological adaptation and does not necessarily involve morphological change but, on the contrary,
might be followed by morphological stasis like in the case of e.g., fairy shrimps physiologically
adapted to harsh local environments (Lindholm 2014), or neutral variation of morphological traits.

Conclusions
Our results suggest that the centipede Lithobius forficatus in Poland is a complex of at least three
cryptic species. We did not observe an impact of metal pollution on the genetic structure of
L. forficatus. However, we hypothesize that the distribution of the identified cryptic species might be
associated with local soil pH. The cryptic species status is demonstrated by the high genetic
divergence between the identified genetic clusters and the simultaneous lack of their morphological
differentiation. A low level of admixture and the presence of fixed polymorphisms among the genetic
clusters imply their reproductive isolation. As L. forficatus is a cosmopolitan species we think it
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comprises more cryptic species than reported here. Thus, it would be worth extending the study by
sampling more locations, also outside Poland.
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Appendix 3
Supplementary materials to Chapter 3

Table S1. Details about sampling sites where Lithobius forficatus specimens were collected: site
abbreviation, name of the place, GPS coordinates, and number of sequenced individuals.

AN

Andrychów

49.8496 N, 19.3425 E

# analyzed
individuals
1

BD

Bartodzieje

51.5453 N, 21.1897 E

2

KC

Kocielisko

49.2886 N, 19.9044 E

1

WA

Warszawa

52.2499 N, 21.0247 E

2

MS

Miasteczko lskie

50.5175 N, 18.9494 E

1

Site

Locality

GPS coordinates

NR

Narol

50.3385 N, 23.3303 E

1

NS

Nowy Scz

49.6172 N, 20.7394 E

2

OL1

Olkusz (1)

50.2813 N, 19.5247 E

16

OL2

Olkusz (Bolesaw)

50.2956 N, 19.4908 E

16

OL4

Olkusz (4)

50.3183 N, 19.5091 E

16

OL5

Olkusz (Klucze)

50.3295 N, 19.5456 E

16

OL7

Olkusz (Sierbowice)

50.5402 N, 19.6476 E

16

PK

Puszcza Kozienicka

51.4928 N, 21.2711 E

16

PL

Pia (Lipka)

53.4762 N, 17.2378 E

1

PR

Przemyl (1)

49.7650 N, 22.8153 E

1

Przemyl (2)

49.7892 N 22.7883 E

1

PZ

Pozna

52.4683 N, 16.9269 E

1

SP

Szklarska Porba

50.8225 N, 15.5500 E

1

TR

Trzemenia

49.8209 N, 20.0230 E

1
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Table S2. Sequences of oligonucleotides (P1.1 and P1.2) that were ligated to obtain adapters. The
P1.1 oligo includes barcode sequence (5 bp marked with red and green color) and the overhang of
SphI restriction enzyme (‘CATG’). The barcodes were selected to have equal distribution of
nucleotides at each position to ensure proper image registration by Illumina instruments which have
two lasers: red for A, C and green for G,T.
No.
Sequence
oligo P1.1 (SphI CATG-3’)
1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCATGCATG
3
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATCCATG
4
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGATCATG
8
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGGACATG
9
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCTACATG
15
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATACGCATG
17
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATTACCATG
19
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGAATCATG
23
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTCGCATG
26
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGTCCATG
29
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGATCATG
32
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTGACATG
37
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCCGCATG
39
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCGCATG
40
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACGTCATG
46
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTGCCATG
oligo P1.2
1
/5Phos/CATGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
3
/5Phos/GATCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
4
/5Phos/ATCGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
8
/5Phos/TCCTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
9
/5Phos/TAGCTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
15
/5Phos/CGTATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
17
/5Phos/GTAATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
19
/5Phos/ATTCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
23
/5Phos/CGACGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
26
/5Phos/GACAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
29
/5Phos/ATCTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
32
/5Phos/TCAGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
37
/5Phos/CGGACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
39
/5Phos/CGGTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
40
/5Phos/ACGTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
46
/5Phos/GCAGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
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Table S3. Quality control reads from the HiSeq 2000 Illumina platform. Information on raw Illumina
reads and reads filtered by process_radtags program for each sequenced Lithobius forficatus sample
(OL1 – POL).
Parameter/Pop
raw reads

OL1
24,078,962

OL2
39,649,326

OL4
28,070,692

OL5
23,896,127

OL7
23,631,209

PK
31,111,931

POL
34,488,659

4,342,520
(18.0%)

7,606,381
(19.2%)

5,048,741
(18.0%)

4,323,601
(18.1%)

4,199,476
(17.8%)

1,624,513
(5.22%)

2,108,807
(6.11%)

failed chastity
filter

1,078,076

1,880,043

1,367,837

1,156,042

1,164,284

4,146,602

4,576,847

ambiguous
RAD tag
low QV reads

49,467

88,724

55,164

46,963

36,772

63,381

672,944

1,034,205

824,101

680,129

673,531

1,092,453

1,239,990

17,935,955
(74.5%)

29,039,973
(73.2%)

20,774,849
(74.0%)

17,689,392
(74.0%)

17,557,146
(74.3%)

24,184,982
(77.7%)

26,490,301
(76.8%)

ambiguous
barcodes

retained reads

72,714

Fig. S1. FastQC plots showing per base sequence Phred quality of RADseq data for Lithobius
forficatus. Only one representative sample data are shown as an example. A – raw Illumina reads (101
bp), B – reads retained after filtering with process_radtags.pl of Stacks (88 bp).
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A.

B.

Fig. S2. The estimation of optimal K for the Structure analysis of Lithobius forficatus. A – Delta K
method, B – LnP(D).

Table S4. Analysis of molecular variance (AMOVA) of Lithobius forficatus populations. Results are
based on RADseq data (single SNP from each RAD tag). Only two genetic clusters were analyzed
(L1, L2); the L3 cluster was excluded from the analysis.
Source of
variation

d.f.

Sum of
squares

Variance
components

% of
variation

F
statistics

Among groups

1

416.3

5.03

45.2

FCT = 0.452

Among populations
within groups

3

111.5

1.01

9.1

FSC = 0.166

Within populations

153

779.9

5.10

45.7

FST = 0.543
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