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Abstract—Earthworms are a widespread and ecologically important group of animals, which has the highest
total biomass in some ecosystems and often defines the composition of soil fauna. Earthworms are known to
have high cryptic genetic diversity. In this study we attempted to estimate earthworm species diversity in the
south of West Siberia by DNA barcoding. This method employs short fragments of the genome to identify
species, and allows one to work with specimens that cannot be identified by conventional techniques, as well
as to search for new species and predict their phylogenetic affinities. As the target sequence we took a frag-
ment of the mitochondrial cytochrome oxidase 1 (cox) gene. The studied territory (Novosibirsk and Tomsk
oblasts, Altai krai, and the Altai Republic) is known to contain 16 species and subspecies of earthworms. We
analyzed 259 individuals from twelve locations and detected 27 genetic clusters. Ten of them correspond to
known species (A. caliginosa, E. fetida, O. tyrtaeum, D. rubidus tenuis, D. octaedra, E. balatonica, E. sibirica, as
well as three genetic lineages of E. nordenskioldi nordenskioldi). Seventeen of the 27 clusters do not have close
sequence similarity to any known earthworm species. Representatives of some of these novel clusters are mor-
phologically similar to the Eisenia n. nordenskioldi/E. n. pallida species complex and may belong to new genetic
lineages of this complex. The rest of the novel clusters probably represent new earthworm species. Therefore, we

can conclude that a large portion of earthworm biodiversity in the south of West Siberia is still unexplored.
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INTRODUCTION

Earthworms are an ecologically important group of
animals. The world’s fauna contains relatively few spe-
cies, about 3700 (Hendrix et al., 2008), only 47 of which
were found in Russia (Vsevolodova-Perel’, 1997). One
reason for such a small diversity is the small number of
morphological characters, due to their lifestyle, as
subterranean life limits their morphological variation.
The diagnostic traits include the position of the clitel-
lum and genital openings, the shape of the cephalic
lobe, the number and location (closeness) of the bris-
tles, and sometimes the size and color of the body.
These traits often evolve convergently in different spe-
cies and groups; however, significant intraspecific
variation is also possible.

The most complete and the most commonly used
summary on russian earthworms is the book “The
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earthworms of the fauna of Russia: cadaster and key”
(Vsevolodova-Perel, 1997). This reference for Asian
Russia contains 28 species and subspecies of earth-
worms. The territory considered in this work (Novosi-
birsk and Tomsk regions, Altai krai, and the Altai
Republic) is inhabited by 16 species of earthworms. All
of them belong to the Lumbricidae family. Eight of
them are invasive cosmopolitan species: Allolobophora
parva, Dendrodrilus rubidus tenuis, D. r. subrubicundus,
Octolasion tyrtaeum (=0. lacteum), Aporrectodea calig-
inosa, Dendrobaena octaedra, Eiseniella tetraedra, and
Eisenia fetida. The species of Western Siberia include
Lumbricus terrestris, L. castaneus, L. rubellus, and
Aporrectodea rosea (Striganova and Poryadina, 2005);
however, according to T.S. Vsevolodova-Perel’, the
last two species were misindentified local species.
Four species of the genus Eisenia (E. malevici, E. alta-
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Table 1. Locations sampled in this study

SHEKHOVTSOV et al.

Sampling location Number of individuals Number of clusters
Podgornoe village, Chainsky district, Tomsk oblast 28 5
Novosibirsk, Novosibirsk oblast 56 7
Dubrovka village, Maslyaninsky district, Novosibirsk oblast 27 5
Temirtau village, Tashtagolsky district, Kemerovo oblast 12 2
Makarevka village, Soltonsky district, Altai krai 32 9
Mustag village, Tashtagolsky village, Kemerovo oblast 4 3
Mukhor-Cherga village, Shebalinsky district, Altai Republic 4 1
Artybash village, Turochaksky district, Altai Republic 38 3
Evrechala village, Turochaksky district, Altai Republic 3
Sarlyk village, Shebalinsky district, Altai Republic 2
Tigirek State Natural Reserve, Krasnoshchekovo district, Altai krai 31 7
Charyshskoe village, Charyshsky district, Altai krai 14 1

ica, E. salairica, and E. tracta) are endemic to Altai
and the Salair Ridge. The remaining five species are a
closely related group of Eisenia n. nordenskioldi/E. n.
pallida/E. atlavinyteae, which is widespread through-
out Siberia, as well as the rarer species FE. sibirica and
E. balatonica.

It is hard not to notice the sharp contrast between
the very low species diversity (compared to most
other groups of animals common in the same area)
and the huge total biomass and ecological impor-
tance of this group.

Meanwhile, one of the first studies carried out on
earthworms using DNA barcoding (King et al., 2008)
showed that the majority of species is characterized by
very high cryptic diversity. Within a few widespread
species studied by King et al. (208), two to five cryptic
genetic lineages noticeably different from each other
were found: the number of pairwise substitutions
between these lineages amounted to 22%. A similar
pattern was found in subsequent studies on both cer-
tain species of worms and their extensive samplings
(Peréz-Losada et al., 2012; Porco et al., 2013).

DNA barcoding employs short genomic fragments
for species identification (Hebert et al., 2003). The
most commonly used sequence for DNA barcoding in
animals is the mitochondrial cytochrome oxidase 1
(cox1, COI) gene. This method is very useful in the
study of samples that cannot be reliably identified by
conventional methods, such as juveniles and cocoons
(Richard et al., 2010), fragments of organisms, feces,
stomach contents, etc., or DNA isolated from soil
samples (Bienert et al., 2012). It is also applied for
groups containing a large number of species that are
hard to identify, or for those with poorly developed
taxonomy. DNA barcoding has more limited objec-
tives than molecular phylogeny and does not include
study of relationships among species or clarification of
their systematic position (Waugh, 2007). Neverthe-
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less, in some cases the method allows one to discover
new species and tentatively establish their systematic
affinity. Although DNA barcoding cannot be the basis
for taxonomic studies by itself, it makes it possible to
identify putative new species (Decaéns et al., 2013).
For example, in the work on earthworms’ fauna of
New Zealand (Buckley et al., 2011), the authors
detected 50 probable new species based on DNA bar-
coding results, which is about 1/4 of the total fauna of
this group in that area.

The purpose of our work was to study genetic diver-
sity of earthworms in the south of Western Siberia
using DNA barcoding. For this, we sampled a collec-
tion of worms from several geographical locations and
carried out sequencing of a fragment of the cox I mito-
chondrial gene. The obtained sequences were com-
pared with our database of certain reliably identified
species of earthworms, as well as the GenBank and
BOLD databases.

MATERIALS AND METHODS

Samples of earthworms were collected in 2011—
2015 in different locations of Western Siberia (Table 1,
Fig. 1). The samples included both adult and juvenile
individuals. Some adult animals were identified mor-
phologically.

The DNA was isolated from several segments of the
rear end of the body using the BioSilica kits (Novosi-
birsk). The cox! mitochondrial gene fragment was
amplified using universal primers: direct LCO1490m
(5'-TACTC-AACAA-ATCAC-AAAGA-TATTG-G-3")
(Folmer et al. (2014) with modifications) and reverse
HCO02198 (5'-TAAAC-TTCAG-GGTGA-CCAAA-
AAATC-A-3") (Folmer et al., 1994) and COI-E- (5'-
TATAC-TTCTG-GGTGT-CCGAA-GAATC-A-3")
(Bely and Wray, 2004). The following amplification
profile was used: 2 min at 94°C; 5 cycles: 20 s at 94°C;
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Fig. 1. Sampling locations.

20 s at 45°C; 50 s at 72°C; 33 cycles: 20 s at 94°C; 20 s
at 55°C; and 50 s at 72°C.

The cox1 gene fragments were sequenced using the
BigDye 3.1 kit produced by Applied Biosystems (United
States). Capillary electrophoresis was performed at the
Collective Center for Sequencing of the Siberian Branch,
Russian Academy of Sciences (SB RAS) in Novosibirsk.
The obtained sequences were manually processed in the
Chromas program. Phylogenetic trees were constructed
using the Mega v. 5.0 program (Tamura et al., 2011). The
GenBank (http://www.ncbi.nlm.nih.gov) and BOLD
(http://www.boldsystems.org) databases were used to
identify closely species. To construct the trees using
the Minimum Evolution algorithm, we used the
Kimura-2-parameter model of substitutions. Genetic
distances for the K/0 analysis were calculated using
Mega v. 5.0 program (Tamura et al., 2011).

This study combines the results of DNA barcoding
of 259 earthworm individuals from 12 locations in the
south of West Siberia. As a source of reference
sequences, we used the BOLD and GenBank data-
bases, as well as reliably identified specimens of certain
species of earthworms from Russia (E. n. nordenski-
oldi, E. n. pallida, E. sibirica, E. balatonica, E. fetida,
D. r. tenuis, D. r. subrubicundus, O. tyrtaeum, D. octaedra,
A. caliginosa, A. trapezoides, A. rosea, and L. rubellus)
(Shekhovtsov et al., 2013, 2014a, b, 2015).

RESULTS AND DISCUSSION

The tree constructed using the cox/ gene is shown
on Fig. 2. It is known that the trees constructed by
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Fig. 2. Phylogenetic tree of coxl sequences constructed
using the Minimum Evolution algorithm. Numbers above
branches indicate bootstrap support. Clusters are col-
lapsed into triangles; the base of the triangle is propor-
tional to the number of sequences and its height, to nucle-
otide diversity within the cluster. Newly detected clusters
are indicated by asterisks). For E. n. nordenskioldi and E. n.
pallida, numbers of genetic lineages are given.

sequences of mitochondrial DNA for earthwormes, as a
rule, do not have bootstrap-supported branches corre-
sponding to the superpecific taxa (Pop et al., 2007;
Chang and James, 2011; James and Davidson, 2012),
which is probably the result of the high rate of evolu-
tion of the mitochondrial DNA sequences in earth-
worms. Thus, genera and even families on such trees
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Table 2. New cox1 clusters detected in this study

n Sampling location

Artybash

Artybash

Artybash, Makarevka, Evrechala
Makarevka
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Tigirek, Makarevka

Tigirek

Tigirek

Tigirek

Tigirek

Tigirek, Sarlyk, Charyshsky
Tigirek, Mukhor-Cherga
Evrechala

—
[\
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— e e e

Mustag

n, number of individuals with the coxl haplotype of the given
cluster.

turn out to be polyphyletic. For this reason, it is
assumed that mitochondrial DNA is useful for the
identification of new species of earthworms but is
unsuitable for studying phylogenetic relationships.

Clustering was performed as follows: a branch with
bootstrap support of at least 95, which was not united
with any other branch on the tree with bootstrap sup-
port >90 was considered a cluster corresponding to
one operational taxonomic unit (OTU). An exception
was made for genetic lineages 7 and 9 of E. n. nor-
denskioldi, as well as lineages 4 of E. n. nordenskioldi
and E. sibirica (see Fig. 2), which have markedly dif-
ferent distributions, which suggests significant biolog-
ical differences.

A total of 27 clusters was detected. Seven of them
belonged to well-known species: A. caliginosa, F. fetida,
E. balatonica, E. sibirica, O. tyrtaeum, D. r. tenuis, and
D. octaedra. We failed to find three cosmopolitan species
known from Western Siberia (E. tetraedra, D. r. subrubi-
cundus, and A. parva), most likely due to the fact that
their characteristic habitats were not inspected. We
also could not find any reliably identified Altai
endemic. Three clusters matched the genetic lineages
of E. n. nordenskioldi typical of this region (Shek-
hovtsov et al., 2013). The remaining 17 of the 27 clus-
ters did not have close similarity to any of the previ-
ously studied DNA sequences (Table 2).

One of the methods to analyze the validity of spe-
cific identification based on DNA sequences is the
K/6 method, or 4% rule (Birky et al., 2010). It was
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originally developed for organisms with asexual repro-
duction, but can also be used in cases where the pop-
ulations under study are isolated and cannot exchange
genes (which might be assumed for earthworms with
their low mobility). This approach was used, for exam-
ple, in the analysis of the species complex A. caliginosa
(Fernandez et al., 2012). The author of the K/6
method showed that genetic clusters can be consid-
ered different species with a 95% probability if they
diverged 4x N, generations ago, where NV, is the effec-
tive population abundance. This parameter can be
estimated by calculating the K/0 ratio, where K is the
genetic distance between clusters, and 0 is the genetic
distance within the clusters. Thus, in order to consider
clusters to be different species, the K/0 ratio should be
greater than four.

According to our analysis, this rule was met for 20 of
the 26 newly discovered clusters. The exceptions were
lineages 2 and 3 within the subspecies of E. n. pallida and
lineages 1, 5, and 9 of E. n. nordenskioldi, as well as one
of the newly discovered clusters (Tigirek + Charyshs-
koe + Sarlyk). Obviously, the K/0 ratio depends on the
extent of the detected genetic variation within a clus-
ter, as this estimate is based on a very small sample
from large populations (Birky et al., 2010). In our case,
we studied several remote populations, and the result
was the division of the clusters into several branches,
for which the K/0 > 4 rule was satisfied. For example,
the Tigirek + Charyshskoe + Sarlyk cluster was
divided into two: Tigirek + Charyshskoe and Sarlyk.
Certain lineages of E. n. pallida and E. n. nordenskioldi
were also divided into several subclusters. Thus, the
use of K/0 leads to an increase in the number of allo-
cated genetic clusters.

Worms belonging to 9 out of 17 clusters were mor-
phologically similar to the group E. n. nordenskioldi/
E. n. pallida. According to our data, Russia is inhab-
ited by nine genetic lineages of E. n. nordenskioldi
(four of them are in the region covered by this work)
and five lineages of E. n. pallida (only one of them is
found in Western Siberia). These lineages have differ-
ences both for the mitochondrial and nuclear DNA
and are characterized by significantly different distri-
butions. Taking into account high genetic variation of
the FE. nordenskioldi complex (Shekhovtsov et al.,
2013), we can hypothesize that some of the detected
clusters can be new lineages of this species complex.

Is it possible that the identified clusters correspond
to earthworm species? According to the analysis of
Hebert et al. (2003), annelids are characterized by
higher level of mtDNA sequence divergence among
species of the same genus compared to other animals.
A divergence of the cox I sequences of different species
of over 16% is characteristic for 70% of genera.
According to the same authors, the degree of intraspe-
cific variation rarely exceeds 2%. However, pairwise
divergence values among E. nordenskioldi genetic lin-
eages range from 16 to 29%. Genetic variation within
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sufficiently sampled lineages of this species complex
exceeds 5%, and in lineage 2 of E. n. pallida reaches
8.6%. Thus, judging by the degree of mtDNA varia-
tion, the clusters we found may be considered separate
species.

However, representatives of significantly differing
mitochondrial lineages of a species may in certaing
cases have no substantial differences in their nuclear
genes, as was shown, for example, for L. rubellus
(Giska et al., 2015), as well as for lineages 2 and 3 of
E. n. pallida. Thus, existence of allegedly new earth-
worm species should also be confirmed using nuclear
markers.

Although DNA barcoding cannot give a definitive
answer to the question of how many species of earth-
worms inhabit the south of West Siberia, the obtained
data show that real species diversity may be signifi-
cantly higher than it is assumed according to conven-
tional morphological analysis. Even a very limited
sample of a small number of locations made it possible
to confidently identify 17 new genetic clusters, which
may well correspond to the new taxa (of specific or
subspecific status), thus doubling the previously
known number of those from this region (from 16 to
33). This work confirms the idea of the high cryptic
variation of earthworms and indicates the prospects
for further research in this direction.
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