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A B S T R A C T

Eisenia nordenskioldi is an earthworm widespread in Northern Asia and adjacent regions. It is known for its high
morphological, karyotypic, and genetic variation, and contains two subspecies, the pigmented E. n. nordenskioldi
and the unpigmented E. n. pallida. We obtained almost complete sequences of mitochondrial genomes (without
the control region and parts of the flanking tRNAs) for six genetic lineages of E. n. nordenskioldi, two for E. n.
pallida, as well as for three congeneric outgroups. These genomes had gene content and arrangement typical for
Annelida. Nucleotide and amino acid diversity among E. nordenskioldi lineages was almost as high as between
them and the outgroup species. E. nordenskioldi was split into two clades, one containing E. n. nordenskioldi
lineages 6 and 9, and the other comprised the rest of the lineages. We could not resolve relationships of these two
clades with E. tracta; most datasets used recovered this species as the sister group to E. n. nordenskioldi lineages 6
and 9, but not with high statistical support. According to mtDNA data, neither E. n. nordenskioldi nor E. n. pallida
are monophyletic, and the same could be true for E. nordenskioldi as a whole, which suggest a revision of the
systematics of E. nordenskioldi complex.

1. Introduction

Eisenia nordenskioldi (Eisen, 1879) is a polymorphic earthworm
species widespread in Northern Asia [1,2]. Its distribution extends from
tundra to forest-steppe and broad-leaved forests. In the major part of its
distribution, E. nordenskioldi is commonly divided into two subspecies,
the pigmented E. n. nordenskioldi (Eisen, 1879) and the unpigmented E.
n. pallida Malevič, 1956 [2], although as many as nine are sometimes
reported if one includes species inquirendum and species incertae sedis [3].

Mitochondrial genomes are widely used for phylogenetic studies
[4,5]. They are relatively easy to sequence, and are thus a simple way to
obtain a dataset of orthologous genes [6]. Mitochondrial genomes were
widely studied in the earthworm family Megascolecidae, with 22 pub-
lished mtDNAs [7–11]. Not much is known on mitochondrial genomes
from other earthworm families. For example, Lumbricidae is the most
important earthworm family in the temperate zone, containing many

widespread and invasive cosmopolitan species [12]. Only two mi-
tochondrial genomes were sequenced in this family from Lumbricus
terrestris Linnaeus, 1758 [13] and Aporrectodea rosea (Savigny, 1826)
[14].

Earthworms are known for high nucleotide diversity characteristic
for mtDNA sequences: many species studied to date were found to
contain several genetic lineages diverged by 5–17% that are found in
specimens with similar morphology, sometimes even within a single
population [15–17]. While this high genetic diversity is useful for
phylogeographic and population genetic analysis, mitochondrial phy-
logenies are often unresolved or unaccountable on higher levels, e.g.
often splitting genera that are morphologically solid [16,18,19]. It is
unclear if this is the result of limited information provided by the cox1
barcode or of peculiar evolution of earthworm mtDNA. Information on
complete mitochondrial genome sequences would thus help to clarify
this issue.
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In this study we obtained mitochondrial genomes for eight genetic
lineages of E. nordenskioldi: six for E. n. nordenskioldi and two for E. n.
pallida. We also sequenced mitochondrial genome of three congeneric
outgroup species, E. spelaea (Rosa, 1901), E. balatonica (Pop, 1943), and
E. tracta (Perel, 1985). We used the obtained data to construct several
datasets in order to study the phylogeny of E. nordenskioldi and speci-
fically to determine whether this species and two of its subspecies are
monophyletic.

2. Materials and methods

2.1. Earthworm specimens

Live earthworm specimens were collected in 2017–2018; collection
locations are provided in Table 1 and Fig. 1. A total of 10–15 specimens
of each taxon/lineage were collected; several specimens were fixed and
identified morphologically; afterwards, a single specimen with typical
morphology was taken for RNA extraction. Species and lineage identi-
fication was performed via DNA barcoding by sequencing a fragment of
the cox1 gene as described earlier [20].

2.2. Sequencing and assembly of mitochondrial genomes

Total RNA was extracted by the Trizol method [21]; DNA, by a silica
column kit (BioSilica, Novosibirsk, Russia). Poly-A RNA was purified
using TruSeq Stranded mRNA Library Prep Kit (Illumina, USA). Se-
quencing was performed using NextSeq 400 Mid Output Kit (Illumina,
USA) generating single-end reads.

Sequence reads were de novo assembled using Trinity v2.4.0 [22]
with the default parameters. Mitochondrial sequences were identified
by performing blastn, blastp, and blastx [23] searches against various
earthworm mitochondrial genomes (L. terrestris, A. rosea, and those
obtained in this study). Mitochondrial contigs were assembled using L.
terrestris mitochondrial genome (Genbank Accession Number NC_
001673) as the template. The assembled genomes included one to six
gaps, 20 to 1150 bp long. Primers were designed based on the flanking
regions, and PCR was performed using Herculase (Agilent Technolo-
gies, USA). PCR reactions had the following profile: 95 °C, 2min; 35
cycles of 95 °C, 20 s; 58 °C, 20 s; 72 °C, 1min; and the final step of
5min at 72 °C. The resulting products were used to check the validity of
genome assembly and to close the gaps by Sanger sequencing using
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).

Sequencing was performed in two directions with the primers used for
PCR, as well as additional nested primers in case of long PCR products.

The control region of earthworm mtDNA is notoriously hard to
amplify, and it is of little use for phylogenetic studies [10]. Thus in this
study we limited ourselves to the partial genomes containing all 13
expected protein-coding, two rRNA genes, and 20 of the 22 tRNA genes,
without the control regions and portions of the flanking tRNA genes,
tRNA-Arg and tRNA-His.

The obtained mtDNA sequences were annotated manually in BioEdit
v. 7.0.5.3 [24] using the published mitochondrial genomes as the
template; they were deposited in GenBank as MK618509-MK618513
and MK642867-MK642872.

2.3. Phylogenetic analysis

Although mtDNA is inherited as a single molecule, phylogenetic
inferences based on different parts of the genome may differ. In order to
verify the obtained phylogenies, we constructed several datasets ex-
tracted from the mitochondrial genomes:

a) complete genome alignment (mtDNA, 13989 bp);
b) coding sequences of the 13 protein-coding genes (cds, 11084 bp);
c) amino acid sequences of the 13 protein-coding genes (protein, 3665

aa);
d) amino acid sequences of eleven protein-coding genes, without the

fast-evolving atp8 and nd2 (3075 aa);
e) ribosomal 12 S and 16 S genes (rRNA, 1795 bp);
f) concatenated cds + rRNA dataset (12879 bp).

All obtained alignments had gaps and ambiguously aligned regions,
and thus had to be processed by gblocks, a program that removes poorly
aligned or insufficiently conserved regions [25]. The dataset lengths
listed above refer to the processed alignments. GTR + I + G was
chosen as the most appropriate substitution model for all nucleotide
datasets by MrModeltest based on the Akaike information criterion
[26]. Bayesian phylogeny was inferred using MrBayes v.3.2.6 [27]. For
each dataset, 10, 000, 000 generations were performed; two in-
dependent analyses were run from different random starting trees; 25%
of generations were discarded as burn-in.

Maximum Likelihood trees were built using RaxML v.8.0 [28].
Substitution models were the same as for the Bayesian analysis; 1000
bootstrap replicates were performed for each dataset.

3. Results

3.1. Mitochondrial genomes

The size of the obtained partial mitochondrial genomes ranged from
14473 bp in E. n. pallida lineage 6 to 14658 bp in E. spelaea; longer
sequences contained partial assembled sequences of the control region.

All newly obtained genomes had gene content and arrangement
typical for earthworms [10,13]. All genes were encoded on a single
DNA strand. The only detected variation was a deletion about 55 bp
long in the region between the cytb and tRNA-Trp genes compared to
the L. terrestris genome (NC_001673). AT-content of E. nordenskioldi
lineages ranged within relatively narrow limits (62.67–64.30%), and
that of the other species was also close: 63.37% for E. balatonica,
65.69% for E. tracta, and 59.88% for E. spelaea (Table S1).

Different parts of the genome had almost no length variation (Table
S1), but different substitutions rate (Fig. 2). Cox1 was the most slowly
evolving gene, while the short atp8 gene had the highest substitution
rate: p-distances of 16.7% and 28.5% on nucleotide level, respectively,
and 1.2% and 33.9% for the amino acid sequence. Ribosomal RNA was
also characterized by high substitution rate: p-distance was 21.2% for
the E. nordenskioldi lineages, 22.2% for all Eisenia species, and 23.2%
for the studied Lumbricidae sample, respectively.

Table 1
Earthworm taxa and genetic lineages studied in this work.

Taxon Location location on Fig. 1

E. n. nordenskioldi (Eisen, 1879)
lineage 1 Russia, Buryatia Rep., Ukyr, N51.159 E104.133 5
lineage 2 Russia, Novosibirsk oblast, Novosibirsk, N54.835

E83.117
2

lineage 3 Russia, Khabarovsk Krai, Lesopil'noye, N46.707
E134.295

6

lineage 5 Russia, Omsk oblast, Omsk 1
lineage 6 Russia, Omsk oblast, Omsk 1
lineage 9 Russia, Buryatia Rep., Ukyr, N51.159 E104.133 5
E. n. pallida Malevič, 1956
lineage 2 Russia, Khabarovsk Krai, Lesopil'noye, N46.707

E134.295
6

lineage 6 Russia, Altai Krai, Izlap, N52.913 E86.629 3
E. tracta Perel, 1985

Kazakhstan, East Kazakhstan oblast, near
Semipalatinsk

4

E. balatonica (Pop, 1943)
Kazakhstan, East Kazakhstan oblast, near
Semipalatinsk

4

E. spelaea (Rosa, 1901)
Hungary, Köszeg, Pogányok, N47.371 E16.501 7

S.V. Shekhovtsov, et al. European Journal of Soil Biology 96 (2020) 103137

2

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=NC_001673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=NC_001673


3.2. Phylogeny of E. nordenskioldi

Phylogenetic analysis demonstrated that different dataset yielded
somewhat different tree topologies, and that Bayesian analysis gave
much higher confidence levels for most branches than Maximum
Likelihood. The genus Eisenia was monophyletic in all cases except for
the rRNA dataset, which grouped Eisenia spelaea together with A. rosea.
E. balatonica was always the sister group of the clade containing E.
nordenskioldi lineages and E. tracta (Fig. 3). The position of the latter
differed for different datasets: cds, cds + rRNA, and complete mtDNA
datasets recovered E. tracta as the sister group to E. n. nordenskioldi
lineages 6 and 9; the protein dataset, as the sister group to all E. nor-
denskioldi lineages; and the rRNA dataset could not resolve its position
relative to E. nordenskioldi. Since the results for the protein dataset
contradicted those for nucleotide datasets, we performed additional
analysis using protein data without the most diverse proteins, ATP8 and
ND2. The resulting trees grouped together E. tracta and E. n. nordens-
kioldi lineages 6 and 9. As seen of Figs. 3 and 4, bootstrap supports for
the branching of these groups was low. We should conclude that
mtDNA data cannot unambiguously resolve the trichotomy of the two
E. nordenskioldi groups and E. tracta.

E. nordenskioldi invariably split into two clades with high statistical
support, one containing E. n. nordenskioldi lineages 6 and 9, and the
other, the rest of lineages. The latter group included lineages belonging
both to E. n. nordenskioldi and E. n. pallida, and demonstrated no con-
sistency in tree topology (Figs. 3 and 4). Eisenia n. nordenskioldi lineage
1 plus E. n. pallida lineage 6 was the only group present on all trees with
ultimate bootstrap support and Bayesian probabilities. Eisenia n. nor-
denskioldi lineages 2 and 5 were recovered on all trees except for the
rRNA dataset, but with much lower confidence. The third clade com-
prising E. n nordenskioldi lineage 3 and E. n. pallida lineage 2 was de-
tected for the protein and cds datasets.

4. Discussion

4.1. Variation among earthworm mitochondrial genomes

The available data suggests that mitochondrial genomes of many
Annelida, including Clitellata, are relatively stable in terms of gene
arrangement [29–32]. This might be explained by the fact that the
genome is apparently transcribed as a single transcript, so any inver-
sions are immediately deleterious. In this study we found no diversity in
gene order and arrangement among the studied genomes.

Nucleotide composition of mitochondrial genomes was also rela-
tively stable: AT-content of E. nordenskioldi lineages was 62.67–64.30%,
and of Lumbricidae (including the published L. terrestris and A. rosea
genomes), 59.88–65.69% (Table S1). According to Zhang et al. [10],
other earthworm families have higher AT-content: Megascolecidae,
62.6–67.6%, and Moniligastridae represented by the single sequenced
Drawida japonica genome had AT-content as high as 69.7%; however,
these differences might be partly due to the control region sequence.

However, earthworm mitochondrial genomes are notorious for high
nucleotide diversity, with the majority studied species consisting of
several genetic lineages, with up to 15–20% intraspecific nucleotide
diversity based on the barcoding fragment of the cox1 gene [14,16].
Our results demonstrate that cox1 is the most slowly evolving mi-
tochondrial gene, while the atp8 and nd2 genes have much higher nu-
cleotide and amino acid diversity (Fig. 2). These results accord with
those reported by Zhang et al. [10] for the Amynthas genus, who found
pairwise p-distances of ca. 30%, 29%, and 17% for the nucleotide se-
quences of atp8, nd2, and cox1 genes, respectively.

Pairwise distances between individual genes (Fig. 2) indicate that
the diversity among E. nordenskioldi lineages is only slightly lower than
between them and other species and genera. This is true for all studied
lineages except for E. n. nordenskioldi lineages 6 and 9, could be seen on
Fig. 2 as the three bottom outlier dots. The same was observed for

Fig. 1. Sampling points of E. nordenskioldi lineages and outgroups. Location numbers refer to Table 1.
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ribosomal RNA genes. The average p-distance among E. nordenskioldi
lineages was 21.2% for the 16 S rRNA gene. This is high compared to
other studied earthworm species; e.g., 16 S rRNA of Metaphire species
(Megascolecidae) were reported to differ by 5.5–14.2% [33].

Although pairwise genetic differences do not necessarily reflect the
rate of evolution, the divergence times of E. nordenskioldi genetic
lineages are probably high and happened not long after the divergence
of species within the genus Eisenia.

4.2. Phylogeny and systematics of E. nordenskioldi complex

Previous studies indicated that the two subspecies, E. n. nordens-
kioldi and E. n. pallida, might not be monophyletic [34], and that ge-
netic distances among E. nordenskioldi lineages are high [35]. These

inferences, however, were inconclusive because of the absence of ap-
propriate outgroups and, in the former study, few genetic markers used.
The data on mitochondrial and nuclear genes obtained by Shekhovtsov
et al. [34] suggested that neither of the studied subspecies were
monophyletic.

This study suggests that E. nordenskioldi may be polyphyletic, since
there was no consistence in branching patterns among two groups of E.
nordenskioldi lineages and E. tracta, and none of the groupings had high
statistical support. This, and the high level of genetic distances among
E. nordenskioldi lineages suggest that at least some of these lineages
might deserve the species status. The third reason is that certain closely
related species, i.e., E. atlavinyteae, E. sibirica, and E. nana, in practice
turn out to belong to one of E. nordenskioldi lineages when the identi-
fication is verified by cox1 sequencing (our observations). These species

Fig. 2. Genetic p-distances for amino acid and nucleotide sequences for individual genes. White box plots, E. nordenskioldi lineages; light grey, E. nordenskioldi plus E.
tracta, E. balatonica, and E. spelaea; dark grey, the whole Eisenia set plus L. terrestris and A. rosea. The band inside the box represents the median; upper and lower
hinges correspond to the 25th and 75th percentiles; upper and lower whiskers, to 1.5 IQR from the upper and lower hinges; circles, to outliers.

S.V. Shekhovtsov, et al. European Journal of Soil Biology 96 (2020) 103137

4



have only slight differences in diagnosis from E. nordenskioldi, so they
may well represent just morphological forms of the latter, but that
needs to be proven with analysis of type specimens. The systematics of
the E. nordenskioldi complex is thus obviously in need of revision.

It is hard to tell which genetic lineage of E. nordenskioldi is bona fide
E. nordenskioldi. Eisen [36] described this species from populations from
several locations from the Vaigach island (N 69°45’) and along the
Yenisei river (from N 71°55’ to 60°50’). Only E. n. nordenskioldi lineage
9 was reported from Vaigach [37,38], so the clade containing E. n.
nordenskioldi lineages 6 and 9 might be the real E. nordenskioldi. On the
other hand, the other locations along the Yenisei are spread along
1200 km, so the specimens collected by Nordenskiöld and studied by
Eisen [36] might well represent different E. nordenskioldi lineages.

It is even harder to determine what are the “real” E. atlavinyteae, E.
sibirica, and E. nana, because they are found in the areas where multiple
genetic lineages of E. nordenskioldi are known to live in sympatry,
sometimes as many as four lineages in one soil sample [20]. Final
systematic decisions would require sequencing analysis of type speci-
mens, as was performed for L. herculeus by James et al. [39].

4.3. Pigmentation in E. nordenskioldi

Eisenia nordenskioldi was initially described based on pigmented
specimens [36]. Malevič [40] described unpigmented (pale grey) with
only a slight shade of reddish pigmentation on the anterior segments as
forma pallida. Later on, Perel [41] isolated those forms into the sub-
species E. n. pallida Malevič 1956, and thus divided the species into two

Fig. 3. Bayesian phylogenetic tree for the cds + rRNA dataset. Numbers near
branches indicate Bayesian posterior probabilities/ML bootstrap values; brown
lineage names are for pigmented lineages; grey, for unpigmented ones. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 4. Bayesian phylogenetic trees for different dataset showing only the relationships between E. nordenskioldi genetic lineages and E. tracta. Numbers near
branches indicate Bayesian posterior probabilities/ML bootstrap values; brown lineage names are for pigmented lineages; grey, for unpigmented ones. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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subspecies based on the presence or absence of pigmentation. This
seems to be an important morphological character for E. nordenskioldi,
since these forms have different lifestyles, endogeic in unpigmented
worms vs. epigeic or anecic in pigmented ones [42].

The division of the species into the pigmented and unpigmented
subspecies implicitly suggests that both are reciprocally monophyletic.
Simultaneously, the conventional viewpoint states that E. n. pallida is
diploid, and E. n. nordenskioldi is polyploid, with reported ploidy level
of 4n, 6n, and 8n [42,43], which implies that the lack of pigmentation is
the ancestral state for this complex. However, it should be noted that
chromosome studies were performed only on a few populations, espe-
cially for E. n. pallida.

Our results suggest that neither of the two subspecies is mono-
phyletic, that E. n. nordenskioldi is paraphyletic relative to E. n. pallida
for the studied dataset, and that the ancestor of the complex more likely
was pigmented. However, as mentioned above, karyotypic diversity
could actually be much higher, given the high genetic diversity that we
know of now. We should also note that our sample contains only two of
the six known E. n. pallida lineages.

Our results also suggest that the loss of pigmentation occurred in-
dependently at least twice. Based on the geographic distribution of
genetic lineages [34,37,44], E. n. pallida lineage 2 is probably the bona
fide E. n. pallida, which was described from the Far East, while the
lineage from West Siberia might be redescribed as a new taxon.

5. Conclusions

In this study we added a significant amount of data on mitochon-
drial genomes for the earthworm family Lumbricidae. The obtained
data suggests that neither of the two subspecies of E. nordenskioldi is
monophyletic, with E. n. nordenskioldi being paraphyletic with respect
to E. n. pallida. Eisenia nordenskioldi as a whole is also probably not
monophyletic. These results suggest that a revision of the species is
necessary, which might possibly include the isolation of E. n. nordens-
kioldi lineages 6 and 9 as E. nordenskioldi, and redescription of the
branch comprising E. n. pallida lineages and the rest of E. n. nordens-
kioldi as a set of new taxa.

Acknowledgements

This study was supported by grants of the Russian Foundation for
Basic Research nos. 19-04-00661_a and 18-04-00507_a, Budget Project
no. 0324-2019-0042, and project 6.1352.2017/4.6 of the Russian
Ministry of Education and Science. The authors are grateful to the
Russian Federal Science & Technology Program of development of ge-
netic technologies.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejsobi.2019.103137.

References

[1] T.S. Perel, Range and Regularities in the Distribution of Earthworms of the USSR
Fauna, Nauka, Moscow, 1979.

[2] T.S. Vsevolodova-Perel, The Earthworms of the Fauna of Russia, Nauka, Moscow,
1997, p. 102.

[3] R.J. Blakemore, Earthworms newly from Mongolia (Oligochaeta, lumbricidae,
Eisenia) ZooKeys, https://doi.org/10.3897/zookeys.285.4502, (2013) 285, 1, 21.

[4] J.L. Boore, W.M. Brown, Big trees from little genomes: mitochondrial gene order as
a phylogenetic tool, Curr. Opin. Genet. Dev. 8 (1998) 668–674, https://doi.org/10.
1016/S0959-437X(98)80035-X.

[5] C. Simon, T.R. Buckley, F. Frati, J.B. Stewart, A.T. Beckenbach, Incorporating
molecular evolution into phylogenetic analysis, a new compilation of conserved
polymerase chain reaction primers for animal mitochondrial DNA, Annual Rev.
Ecol. Ecol. Syst. 37 (2006) 545–579, https://doi.org/10.1146/annurev.ecolsys.37.
091305.110018.

[6] R. DeSalle, B. Schierwater, H. Hadrys, MtDNA: the small workhorse of evolutionary

studies, Front. Biosci. 22 (2017) 873–887, https://doi.org/10.2741/4522.
[7] A.R. Wang, Y. Hong, T.M. Win, I. Kim, Complete mitochondrial genome of the

Burmese giant earthworm Tonoscolex birmanicus (Clitellata: Megascolecidae),
Mitochondrial DNA 26 (2015) 467–468, https://doi.org/10.3109/19401736.2013.
830300.

[8] L. Zhang, J. Jiang, Y. Dong, J. Qiu, Complete mitochondrial genome of an Amynthas
earthworm Amynthas aspergillus (Oligochaeta: Megascolecidae), Mitochondrial DNA
Part A 27 (2016) 1876–1877, https://doi.org/10.3109/19401736.2014.971267.

[9] L. Zhang, J. Jiang, Y. Dong, J. Qiu, Complete mitochondrial genome of a pher-
etimoid earthworm Metaphire vulgaris (Oligochaeta: Megascolecidae),
Mitochondrial DNA Part A 27 (2016) 297–298, https://doi.org/10.3109/
19401736.2014.892085.

[10] L. Zhang, P. Sechi, M. Yuan, J. Jiang, Y. Dong, J. Qiu, Fifteen new earthworm
mitogenomes shed new light on phylogeny within the Pheretima complex, Sci. Rep.
6 (2016), https://doi.org/10.1038/srep20096 20096.

[11] Y. Hong, M.J. Kim, A.R. Wang, I. Kim, Complete mitochondrial genome of the
earthworm, Amynthas jiriensis (Clitellata: Megascolecidae), Mitochondrial DNA Part
A 28 (2017) 163–164, https://doi.org/10.3109/19401736.2015.1115491.

[12] P.F. Hendrix, M.A. Callaham, J.M. Drake, C.-Y. Huang, S.W. James, B.A. Snyder,
W. Zhang, Pandora's box contained bait: the global problem of introduced earth-
worms, Annu. Rev. Ecol. Evol. Syst. 39 (2008) 593–613, https://doi.org/10.1146/
annurev.ecolsys.39.110707.173426.

[13] J.L. Boore, W.M. Brown, Complete sequence of the mitochondrial DNA of the an-
nelid worm Lumbricus terrestris, Genetics 141 (1995) 305–319.

[14] S.V. Shekhovtsov, S.E. Peltek, The complete mitochondrial genome of Aporrectodea
rosea (Annelida: Lumbricidae), Mitochondrial DNA Part B 4 (2019) 1752–1753,
https://doi.org/10.1080/23802359.2019.1610091.

[15] R.A. King, A.L. Tibble, W.O.C. Symondson, Opening a can of worms: unprecedented
sympatric cryptic diversity within british lumbricid earthworms, Mol. Ecol. 17
(2008) 4684–4698, https://doi.org/10.1111/j.1365-294X.2008.03931.x.

[16] J. Klarica, A. Kloss-Brandstätter, M. Traugott, A. Juen, Comparing four mitochon-
drial genes in earthworms – implications for identification, phylogenetics, discovery
of cryptic species, Soil Biol. Biochem. 45 (2012) 23–30, https://doi.org/10.1016/j.
soilbio.2011.09.018.

[17] D. Porco, T. Decaens, L. Deharveng, S.W. James, D. Skarzynski, C. Erséus, K.R. Butt,
B. Richard, P.D.N. Hebert, Biological invasions in soil: DNA barcoding as a mon-
itoring tool in a multiple taxa survey targeting European earthworms and spring-
tails in North America, Biol. Invasions 15 (2013) 899–910, https://doi.org/10.
1007/s10530-012-0338-2.

[18] A.A. Pop, M. Wink, V.V. Pop, Using of 16S, 18S rDNA and cytochrome c oxidase
sequences in earthworm taxonomy (Oligochaeta, Lumbricidae), Pedobiologia 47
(2003) 428–433, https://doi.org/10.1078/0031-4056-00208.

[19] A.A. Pop, G. Cech, M. Wink, C. Csuzdi, V.V. Pop, Application of 16S, 18S rDNA and
COI sequences in the molecular systematics of the earthworm family Lumbricidae
(Annelida, Oligochaeta), Eur. J. Soil Biol. 43 (2007) S43–S52, https://doi.org/10.
1016/j.ejsobi.2007.08.007.

[20] S.V. Shekhovtsov, E.V. Golovanova, S.E. Peltek, Cryptic diversity within the
Nordenskiolds earthworm, Eisenia nordenskioldi subsp. nordenskioldi (Lumbricidae,
Annelida), Eur. J. Soil Biol. 58 (2013) 13–18, https://doi.org/10.1016/j.ejsobi.
2013.05.004.

[21] D.C. Rio, M. Ares, G.J. Hannon, T.W. Nilsen, Purification of Rna using trizol (Tri
reagent), Cold Spring Harb. Protoc. 6 (2010), https://doi.org/10.1101/pdb.
prot5439 pdb-prot5439.

[22] M.G. Grabherr, B.J. Haas, M. Yassour, J.Z. Levin, D.A. Thompson, I. Amit,
X. Adiconis, L. Fan, R. Raychowdhury, Q. Zeng, Z. Chen, E. Mauceli, N. Hacohen,
A. Gnirke, N. Rhind, F. di Palma, B.W. Birren, C. Nusbaum, K. Lindblad-Toh,
N. Friedman, A. Regev, Full-length transcriptome assembly from rna-seq data
without a reference genome, Nat. Biotechnol. 29 (2011) 644–652, https://doi.org/
10.1038/nbt.1883.

[23] T.A. Hall, BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT, Nucleic Acids Symp. Ser. 41 (1999) 95–98.

[24] G.M. Boratyn, C. Camacho, P.S. Cooper, G. Coulouris, A. Fong, N. Ma, T.L. Madden,
W.T. Matten, S.D. McGinnis, Y. Merezhuk, Y. Raytselis, E.W. Sayers, T. Tao, J. Ye,
I. Zaretskaya, Blast: a more efficient report with usability improvements, Nucleic
Acids Res. 41 (2013) W29–W33, https://doi.org/10.1093/nar/gkt282.

[25] J. Castresana, Selection of conserved blocks from multiple alignments for their use
in phylogenetic analysis, Mol. Biol. Evol. 17 (2000) 540–552, https://doi.org/10.
1093/oxfordjournals.molbev.a026334.

[26] J.A.A. Nylander, Mrmodeltest V2, Evol. Biol. Centre, Uppsala Univ., 2004.
[27] F. Ronquist, J.P. Huelsenbeck, Mrbayes 3: Bayesian phylogenetic interference under

mixed models, Bioinformatics 19 (2003) 1572–1574, https://doi.org/10.1093/
bioinformatics/btg180.

[28] A. Stamatakis, Raxml Version 8: a tool for phylogenetic analysis and post-analysis of
large phylogenies, Bioinformatics 30 (2014) 1312–1313, https://doi.org/10.1093/
bioinformatics/btu033.

[29] J.L. Boore, Complete mitochondrial genome sequence of the polychaete annelid
Platynereis dumerilii, Mol. Biol. Evol. 18 (2001) 1413–1416, https://doi.org/10.
1093/oxfordjournals.molbev.a003925.

[30] R.M. Jennings, K.M. Halanych, Mitochondrial genomes of Clymenella torquata
(Maldanidae) and Riftia pachyptila (Siboglinidae): evidence for conserved gene
order in Annelida, Mol. Biol. Evol. 22 (2004) 210–222, https://doi.org/10.1093/
molbev/msi008.

[31] M. Zhong, T.H. Struck, K.M. Halanych, Phylogenetic information from three mi-
tochondrial genomes of Terebelliformia (Annelida) worms and duplication of the
methionine tRNA, Gene 416 (2008) 11–21, https://doi.org/10.1016/j.gene.2008.
02.020.

S.V. Shekhovtsov, et al. European Journal of Soil Biology 96 (2020) 103137

6

https://doi.org/10.1016/j.ejsobi.2019.103137
https://doi.org/10.1016/j.ejsobi.2019.103137
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref1
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref1
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref2
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref2
https://doi.org/10.3897/zookeys.285.4502
https://doi.org/10.1016/S0959-437X(98)80035-X
https://doi.org/10.1016/S0959-437X(98)80035-X
https://doi.org/10.1146/annurev.ecolsys.37.091305.110018
https://doi.org/10.1146/annurev.ecolsys.37.091305.110018
https://doi.org/10.2741/4522
https://doi.org/10.3109/19401736.2013.830300
https://doi.org/10.3109/19401736.2013.830300
https://doi.org/10.3109/19401736.2014.971267
https://doi.org/10.3109/19401736.2014.892085
https://doi.org/10.3109/19401736.2014.892085
https://doi.org/10.1038/srep20096
https://doi.org/10.3109/19401736.2015.1115491
https://doi.org/10.1146/annurev.ecolsys.39.110707.173426
https://doi.org/10.1146/annurev.ecolsys.39.110707.173426
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref13
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref13
https://doi.org/10.1080/23802359.2019.1610091
https://doi.org/10.1111/j.1365-294X.2008.03931.x
https://doi.org/10.1016/j.soilbio.2011.09.018
https://doi.org/10.1016/j.soilbio.2011.09.018
https://doi.org/10.1007/s10530-012-0338-2
https://doi.org/10.1007/s10530-012-0338-2
https://doi.org/10.1078/0031-4056-00208
https://doi.org/10.1016/j.ejsobi.2007.08.007
https://doi.org/10.1016/j.ejsobi.2007.08.007
https://doi.org/10.1016/j.ejsobi.2013.05.004
https://doi.org/10.1016/j.ejsobi.2013.05.004
https://doi.org/10.1101/pdb.prot5439
https://doi.org/10.1101/pdb.prot5439
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nbt.1883
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref23
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref23
https://doi.org/10.1093/nar/gkt282
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1093/oxfordjournals.molbev.a026334
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref26
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/oxfordjournals.molbev.a003925
https://doi.org/10.1093/oxfordjournals.molbev.a003925
https://doi.org/10.1093/molbev/msi008
https://doi.org/10.1093/molbev/msi008
https://doi.org/10.1016/j.gene.2008.02.020
https://doi.org/10.1016/j.gene.2008.02.020


[32] A. Weigert, A. Golombek, M. Gerth, F. Schwarz, T.H. Struck, C. Bleidorn, Evolution
of mitochondrial gene order in Annelida, Mol. Phylogenetics Evol. 94 (2016)
196–206, https://doi.org/10.1016/j.ympev.2015.08.008.

[33] N.M. Aspe, H. Kajihara, S.W. James, A molecular phylogenetic study of pheretimoid
species (Megascolecidae) in Mindanao and associated islands, Philippines, Eur. J.
Soil Biol. 73 (2016) 119–125, https://doi.org/10.1016/j.ejsobi.2016.02.006.

[34] S.V. Shekhovtsov, D.I. Berman, N.E. Bazarova, N.A. Bulakhova, D. Porco,
S.E. Peltek, Cryptic genetic lineages in Eisenia nordenskioldi pallida (Oligochaeta,
lumbricidae), Eur. J. Soil Biol. 75 (2016) 151–156, https://doi.org/10.1016/j.
ejsobi.2016.06.004.

[35] S.V. Shekhovtsov, N.I. Ershov, G.N. Vasiliev, S.E. Peltek, Transcriptomic analysis
confirms differences among nuclear genomes of cryptic earthworm lineages living
in sympatry, BMC Evol. Biol. 19 (S1) (2019) 50, https://doi.org/10.1186/s12862-
019-1370-y.

[36] G. Eisen, On the Oligochaeta collected during the Swedish expeditions to the Arctic
regions in the years 1870, 1875 and 1876, Kongl. Sv. Vetensk. Akad. Handl. 15
(1879) 1–49.

[37] S.V. Shekhovtsov, D.I. Berman, N.A. Bulakhova, N.N. Vinokurov, S.E. Peltek,
Phylogeography of Eisenia nordenskioldi nordenskioldi (lumbricidae, Oligochaeta)
from the North of Asia, Polar Biol. 41 (2018) 237–247, https://doi.org/10.1007/
s00300-017-2184-2.

[38] S.V. Shekhovtsov, D.I. Berman, N.A. Bulakhova, O.L. Makarova, S.E. Peltek,
Phylogeography of earthworms from high latitudes of Eurasia, Acta Zool. Acad. Sci.
Hung. 64 (2018) 369–382, https://doi.org/10.17109/AZH.64.4.369.2018.

[39] S.W. James, D. Porco, T. Decaëns, B. Richard, R. Rougerie, C. Erséus, DNA bar-
coding reveals cryptic diversity in Lumbricus terrestris L., 1758 (Clitellata): resur-
rection of L. herculeus (Savigny, 1826), PLoS One 5 (2010) e15629, , https://doi.
org/10.1371/journal.pone.0015629.

[40] I.I. Malevič, To the earthworm fauna of the Far East, Proc. V.P. Potemkin MSPI. 61
(1956) 439–449.

[41] T.S. Perel, Earthworms in forests of the Western Sayan (with the description of a
new species), Zool. Zh. 73 (1994) 18–22.

[42] T.S. Vsevolodova-Perel, A.N. Leirikh, Distribution and ecology of the earthworm
Eisenia nordenskioldi pallida (Oligochaeta, Lumbricidae) dominant in southern
Siberia and the Russian Far East, Zool. Zh. 93 (2014) 45–52, https://doi.org/10.
1134/S0013873814040034.

[43] A.G. Viktorov, Diversity of polyploid races in the family Lumbricidae, Soil Biol.
Biochem. 29 (1997) 217–221, https://doi.org/10.1016/S0038-0717(96)00086-7.

[44] S.V. Shekhovtsov, E.V. Golovanova, S.E. Peltek, Mitochondrial DNA variation in
Eisenia n. nordenskioldi (Lumbricidae) in Europe and Southern Urals, Mitochondrial
DNA 27 (2016) 4643–4645, https://doi.org/10.3109/19401736.2015.1101594.

S.V. Shekhovtsov, et al. European Journal of Soil Biology 96 (2020) 103137

7

https://doi.org/10.1016/j.ympev.2015.08.008
https://doi.org/10.1016/j.ejsobi.2016.02.006
https://doi.org/10.1016/j.ejsobi.2016.06.004
https://doi.org/10.1016/j.ejsobi.2016.06.004
https://doi.org/10.1186/s12862-019-1370-y
https://doi.org/10.1186/s12862-019-1370-y
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref36
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref36
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref36
https://doi.org/10.1007/s00300-017-2184-2
https://doi.org/10.1007/s00300-017-2184-2
https://doi.org/10.17109/AZH.64.4.369.2018
https://doi.org/10.1371/journal.pone.0015629
https://doi.org/10.1371/journal.pone.0015629
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref40
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref40
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref41
http://refhub.elsevier.com/S1164-5563(19)30266-3/sref41
https://doi.org/10.1134/S0013873814040034
https://doi.org/10.1134/S0013873814040034
https://doi.org/10.1016/S0038-0717(96)00086-7
https://doi.org/10.3109/19401736.2015.1101594

	Phylogeny of the Eisenia nordenskioldi complex based on mitochondrial genomes
	Introduction
	Materials and methods
	Earthworm specimens
	Sequencing and assembly of mitochondrial genomes
	Phylogenetic analysis

	Results
	Mitochondrial genomes
	Phylogeny of E. nordenskioldi

	Discussion
	Variation among earthworm mitochondrial genomes
	Phylogeny and systematics of E. nordenskioldi complex
	Pigmentation in E. nordenskioldi

	Conclusions
	Acknowledgements
	Supplementary data
	References




