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Abstract. Earthworms are known for their intricate systematics and a diverse range of reproduction modes, including
outcrossing, self-fertilization, parthenogenesis, and some other modes, which can occasionally coexist in a single spe-
cies. Moreover, they exhibit considerable intraspecific karyotype diversity, with ploidy levels varying from di- to deca-
ploid, as well as high genetic variation. In some cases, a single species may exhibit significant morphological variation,
contain several races of different ploidy, and harbor multiple genetic lineages that display significant divergence in
both nuclear and mitochondrial DNA. However, the relationship between ploidy races and genetic lineages in earth-
worms remains largely unexplored. To address this question, we conducted a comprehensive review of available data
on earthworm genetic diversity and karyotypes. Our analysis revealed that in many cases, a single genetic lineage
appears to encompass populations with different ploidy levels, indicating recent polyploidization. On the other hand,
some other cases like Octolasion tyrtaeum and Dendrobaena schmidti/D. tellermanica demonstrate pronounced ge-
netic boundaries between ploidy races, implying that they diverged long ago. Certain cases like the Eisenia norden-
skioldi complex represent a complex picture with ancient divergence between lineages and both ancient and recent
polyploidization. The comparison of phylogenetic and cytological data suggests that some ploidy races have arisen
independently multiple times, which supports the early findings by T.S. Vsevolodova-Perel and T.V. Malinina. The key
to such a complex picture is probably the plasticity of reproductive modes in earthworms, which encompass diverse
modes of sexual and asexual reproduction; also, it has been demonstrated that even high-ploidy forms can retain
amphimixis.
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AHHOTauuA. ,D,O)K,ELEBble YepBU N3BECTHDI CBOE CJIOXKHOW CUCTEMATMKOW 1 pa3HOO6pa3HbIM Ha60pOM TNMNOB pas-
MHOXeHWA, BKNo4YanA aM¢MMMKCMC, camoonnoaoTBoOpeHNE, NapTeHOreHe3 1 HeEKOTopble Apyrue cnocobbl, KOTOpble
MHOIr4a MOryT CcoCyllecTBOBaTb B npefenax ogHoro smaa. bonee TOro, oHn LOEMOHCTPUPYIOT 3HAYUTESIbHOE BHYTPU-
BMnaoBoe pa3Hoo6pa3V|e KapnoTmnoB C YPOBHAMU MIOUAHOCTW OT AU- A0 AeKan/IONAHbIX U Bbllle, a TaKXe BbICOKYIO
reHeTn4yeCKyro N3MeH4YnBOCTb. B HEKOTOPbIX CyYyaax OoAunH BUL MOXET coyeTaTb 6OJ'IbIJJyK) MOpd)OJ'IOFI/NeCKyIO n3-
MEeHUYNBOCTb, HECKOJIbKO pac C pa3H0|7| NNONAHOCTbIO N HECKOJIbKO d)I/IﬂOFEHETI/NECKVIX JIMHUIN CO 3HAYUTENbHBLIMU
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pasnuuMAMM Kak no AREpPHON, Tak 1 no mmutoxoHgpuanbHon IHK. MNpu 5Tom cooTBETCTBME MeXAY pacaMiy PasfivyHOM
NAOUAHOCTN Y FeHETUYECKUMMN NHUAMN SOXKAEBbIX YepBEN OCTAeTCA B 3HAUUTESIbHOW CTENEHN HeUCCNe[oBaHHbIM.
B cBA3M C 3TM Mbl MPOBENV BCECTOPOHHUIA 0630P NMEIOLLMXCA AAHHbIX O FEHETMYECKOM Pa3sHO06pa3nn 1 KapuoTu-
nax foXzAeBbix YepBeil. Hal aHany3 nokasasn, Yto BO MHOTUX C/lyyasX OfjHa reHeTUYecKas JIMHUA BKIloYaeT B cebs
nonynAuUM C pasHbIMK YPOBHAMU MAOULHOCTY, YTO YKa3blBaeT Ha HeAaBHIot nonvniongmnsauuto. C 4pyroli CTOPOHbI,
B HEKOTOPbIX Clydasx, Kak, Hanpumep, Octolasion tyrtaeum v Dendrobaena schmidti/D. tellermanica, nmetoT mecto
Bblpa’KeHHble reHeTNYeCKMe rpaHuLIbl MeXay pacamu, YTO O3HavaeT [aBHIOK AMBEPreHUno Mmexay Hummn. Hekoto-
pble TaKCOHbI, TaKne Kak Komnekc Eisenia nordenskioldi, npenctaBnaoT co60 MHOXeCTBO AaBHO ANBEPTUPOBABLLNX
dUnoreHeTNYECKUX IMHNI CO CIOXKHBIMU POACTBEHHBIMM OTHOLLEHVAMU MEXAY HUMU U KaK APEBHEN, TaK 1 HeflaBHeN
nonunnoungmen. ConoctaBneHne GpunoreHeTNYeCKX N LUTONOrMYEeCKMX AaHHbIX NO3BOJIAET NPeANONOXUTb, UTO He-
KOTOpble NOAMIONLHbIE pachl HE3aBUCMMO BO3HMKaNM HECKOJIbKO Pas, YTo NoATBepKAaeT BbiBofbl paboTbl T.C. Bee-
Bonogoson-fNepens 1 T.B. ManuHUHOM. [TpUYMHON TaKoW CIIOXKHOWN KapTWHbI, BEPOATHO, CIY>KUT NACTUYHOCTb CMOCO-
60B penponyKLUmMK, KOTopble BKIIOUAIOT B cebs pasHo06pasHble BUAbI MOMIOBOrO U 6eCrnonoro pasMHOXKeHUs; Mpuyem

fAaxxe d)OprI C BbICOKOW MAOUAHOCTbIO MOTYT Pa3sMHOXaTbCA aMd)I/IMI/IKTI/ILIeCKI/I.
KnioueBble crioBa: reHeTMYecKue AnHnY; KapuoTunbl; Cl)I/II'IOFeHI/Iﬂ; aneepreHunAa snaos.

Introduction

Polyploidy in animals is relatively rare (Muller, 1925; Orr,
1990). However, certain groups are exceptions to this rule
and exhibit a significant incidence of polyploidy (Gregory,
Mable, 2005). Earthworms are among these exceptions
(Muldal, 1952; Viktorov, 1997): the initial studies demon-
strated that polyploidy is observed not only among groups of
closely related species, but even within a single species, and
often in sympatry (Omodeo, 1952, 1955). Subsequently, this
phenomenon was documented in representatives of diverse
genera (Vsevolodova-Perel, Bulatova, 2008; Mezhzherin et
al., 2018). In addition to that, earthworms demonstrate diverse
ways of reproduction (Pavlic¢ek et al., 2023). Although in ani-
mals polyploidy is generally associated with parthenogenesis,
polyploid earthworms often retain the ability for amphimixis
(Viktorov, 1989). While some species comprise a set of races
with different ploidy levels, the prevailing view is that this
alone is not a sufficient reason to classify them as distinct
species (Vsevolodova-Perel, Bulatova, 2008).

Molecular studies revealed a vast genetic diversity within
earthworm species (King et al., 2008; Porco et al., 2013). In
most cases, several well-defined clades within a given spe-
cies were identified, with 15-20 % of nucleotide substitutions
between mitochondrial genes (these estimates sometimes vary,
because different studies employ various distance measures,
like Kimura-2-parameter, etc.). These clades are commonly
referred to either as cryptic species or as the so-called genetic
lineages (Marchan et al., 2018). The attempts to clarify the
issue of genetic divergence on the nuclear level using vari-
ous molecular methods generally confirmed the existence of
significant nucleotide distances between these lineages (Mar-
tinsson, Erséus, 2017; Taheri et al., 2018), although in some
instances, the data did not demonstrate signs of reproductive
isolation of distinct lineages differing on the mitochondrial
level (Giska et al., 2015; Martinsson et al., 2017; Martinsson,
Erséus, 2018).

Thus, we can see that certain earthworm species have
multiple races with different ploidy levels, as well as seve-
ral genetic lineages with distinct mitochondrial and nuclear
genomes. However, the relationship between chromosomal
and DNA sequence variation remains unclear. Does each
chromosomal race correspond to a particular genetic lineage,
or do the boundaries between these entities lie elsewhere?
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In this review, we analyzed the patterns of chromosomal
and molecular variation in several earthworm species from
various genera within the family Lumbricidae. The results
provide insight into the relationships between these entities
and outline directions for future research.

Materials and methods

The data on the chromosome numbers of the populations of
various earthworm species were taken from published mate-
rials (Muldal, 1952; Omodeo, 1952, 1955; Vedovini, 1973;
Graphodatsky et al., 1982; Bulatova et al., 1984, 1987; Perel,
Graphodatsky, 1984; Casellato, 1987; Viktorov, 1989, 1997;
Kashmenskaya, Polyakov, 2008; Vsevolodova-Perel, Bula-
tova, 2008; Vlasenko et al., 2011; Mezhzherin et al., 2018).
The information on the number of genetic lineages and on
the assignment of particular populations to genetic lineages
was extracted from scientific papers (Heethoff et al., 2004;
King et al., 2008; Porco et al., 2013; Fernandez et al., 2016;
Shekhovtsov et al., 2014, 2020a—d; Ermolov et al., 2023), as
well as the GenBank database.

For Dendrobaena octaedra (Savigny, 1826), we also ob-
tained a sequence dataset for 99 specimens from 24 popula-
tions from Russia and adjacent countries (Fig. 1). Briefly,
earthworms were fixed in ethanol; DNA was extracted from
whole individuals or from parts of the body (ca. 100 mg)
using BioSilica columns (Dia-m, Russia) according to the
manufacturers’ instructions. Fragments of the cox/ gene were
amplified using universal primers and sequenced as described
in (Shekhovtsov et al., 2013). Sequences were deposited in
GenBank under accession numbers OR366494-OR366522,
KJ772497, KJ772504, KX400644, MH755642, MH755644,
MH755645, MH755647, MH755649, MH755654, MH755666,
MH755670, MH755672. A dataset of 157 full-length 658 bp
cox1 barcodes was taken from GenBank. Unique haplotypes
were extracted from these datasets. Sequences of D. octa-
edra L2 were additionally searched in the BOLD database
(https://v4.boldsystems.org/). Maximum likelihood trees were
constructed using RAXML v. v. 8.2.12 (Stamatakis, 2014)
with the GTRCAT substitution model and 1000 bootstrap
replicates. Bayesian analysis was performed in MrBayes v. 3.4
(Ronquist et al., 2012). Two simultaneous independent runs
were performed with 10 million generations each; 25 % of
the generations were discarded as burn-in.

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 5



C.B. LLexoBuoB, E.A. lepKUHCKNi
E.B.TonoBaHoBa

2024
285

Noxpesble yepsu (Oligochaeta, Lumbricidae): cootBeTCTBUE MEXAY
BHYTPUWBAOBbIM reHeTUYECKIMM Pa3HOO6pa3nem 1 NAOUAHOCTbLIO

Fig. 1. Sampling locations of the sequenced D. octaedra individuals from Eurasia. Russia, Belarus, and Kazakhstan, our data; other

countries, GenBank.
Grey dots - lineage 1; red dots - lineage 2.

Results

Dendrobaena octaedra

Among the 99 D. octaedra sequences obtained by us, we
found 40 unique haplotypes. We also extracted 157 sequences
from GenBank with 41 unique haplotypes. We combined
these unique haplotypes from the two samples to construct
phylogenetic trees (Fig. 2). Our analysis revealed that average
genetic diversity within D. octaedra is very low compared to
other earthworms. The majority of haplotypes belonged to a
single group with lower diversity: average p-distance within
the group was 2.3 %.

However, two haplotypes from GenBank, MF121744 and
MF121754, differed significantly from the rest of the sample
with an average p-distance of 19 %. These specimens were
designated by the authors as Dendrobaena octaedra complex
sp. L2. They were collected in the Eawy forest in Normandy
(France), near the English Channel. Another three closely
related sequences were found in the BOLD database, one
from the vicinities of Florelandet (Norway), and the collection
points of the other two specimens were undisclosed. These
regions were affected by the most recent glaciation, so the
local populations of D. octaedra were obviously introduced
from another region relatively recently (ca. 10 kya). There are
too few data on these specimens; since there are no associated
papers with morphological descriptions, there is a chance that
they might belong to another yet unknown species.

Four chromosomal races are known within D. octaedra,
4n =172, 5n =90, 6n = 108, and 8n = 144 (Casellato, 1987,

SBoNoUMA N BMAOOBPA3OBAHUME / EVOLUTION AND SPECIATION

Viktorov, 1993; Mezhzherin et al., 2018). Since the predomi-
nant majority of D. octaedra populations belong to a single
genetic lineage, we can suggest that these three chromosomal
races coexist within this lineage.

Aporrectodea rosea (Savigny, 1826)

Races with 2n = 36, 3n = 54, 4n = 72, 5Sn = 90, 6n = 108,
8n = 144, and 10n = ~180 were described for A. rosea (Mul-
dal, 1952; Casellato, Rodighiero, 1972; Casellato, 1987,
Vsevolodova-Perel, Bulatova, 2008; Vlasenko et al., 2011).
The initial barcoding studied uncovered the existence of
several genetic lineages within this species: R.A. King et
al. (2008) detected three lineages, whereas D. Porco et al.
(2013) discovered four. R. Fernandez et al. (2016) performed
a detailed phylogeographic analysis of 4. rosea in Western
Europe, demonstrating that it can be divided into two major
clades: the Eurosiberian and the Mediterranean. The former
has a cosmopolitan distribution and includes the four lineages
identified by R.A. King et al. (2008) and D. Porco et al. (2013),
while the latter is confined to the Mediterranean region. Sub-
sequently, additional genetic lineages were found in Russia
and adjacent countries, all belonging to the Eurosiberian clade
(Shekhovtsov et al., 2020a).

Therefore, many genetic lineages and ploidy races coexist
within 4. rosea. Detailed data on the relationships between
them are currently not available. However, there is a single
example that can shed light on this issue: S.V. Mezhzherin
et al. (2018) reported a case of four chromosomal races (2n,
3n, 6n, and 8n) in the A.V. Fomin Botanical Garden (Kyiv).
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Fig. 2. The phylogenetic tree built for the D. octaedra haplotypes using the maximum likelihood method.

Numbers near branches indicate bootstrap support/Bayesian posterior probabilities.

According to phylogeographic studies (King et al., 2008;
Shekhovtsov et al., 2020a), three lineages are rarely found in
sympatry, and four have never been reported. Therefore, it is
plausible that in this case, several chromosomal races coex-
ist within a single lineage. Sure, this cannot be called hard
evidence, but we don’t have better data so far.

It is worth noting that body size does not correlate with
chromosome number in 4. rosea (Vlasenko et al., 2011). It
is presumed that the races with 2n = 36, as well as at least
some populations with 4n =72 and 6n = 108 are amphimictic
(Vsevolodova-Perel, Bulatova, 2008).

Bimastos rubidus (Eisen, 1874)

B. rubidus (formerly known as Dendrodrilus rubidus) is a rare
species containing only a single genetic lineage (Ermolov et
al., 2023) despite the fact that it has considerable intraspecific
diversity and was until recently considered to contain four
subspecies (Holmstrup, Simonsen, 1996; Vsevolodova-Perel,
1997; Sims, Gerard, 1999; Csuzdi et al., 2017). Chromosomal
studies reported the presence of six ploidy races within the
species: 2n =34, 3n = 51, 4n = 68, 5n =85, 6n = 102, and
8n = 136 (Muldal, 1952; Omodeo, 1952; Vedovini, 1973;
Casellato, 1987; Mezhzherin et al., 2018). Thus, similar to
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D. octaedra, multiple ploidy races are encompassed within a
single genetic lineage.

Octolasion tyrtaeum (lacteum) (Orley, 1881)

O. tyrtaeum is generally believed to comprise two discrete size
groups, referred to as “small” (body length 4-8 cm) and “big”
(1014 cm) (Meinhardt, 1974; Heethoff et al., 2004). Molecu-
lar studies demonstrated that mitochondrial and nuclear gene
sequences of these two groups are significantly different and
belong to two distinct genetic lineages (Heethoff et al., 2004;
Shekhovtsov et al., 2014). These two lineages were reported
to differ in ploidy: the “small” one is diploid, while the “big”
one is triploid (Mezhzherin et al., 2018). Thus, in this case we
can observe that a ploidy race corresponds to a single lineage.
O. tyrtaeum is also a rare example of the dependence of body
size on ploidy in earthworms (Mezhzherin et al., 2018).

It should be noted that this division of O. tyrtaeum into
two groups is not straightforward. A third genetic lineage
with body size similar to the “small” lineage but with diffe-
rent body proportions was found (Shekhovtsov et al., 2014,
2020b). Its ploidy is unknown. Moreover, body size may also
differ between populations of different lineages (Shekhovtsov
et al., 2020b).

Dendrobaena schmidti (Michaelsen, 1907)

D. schmidti is widespread in the Caucasus and adjacent
regions. It exhibits a wide range of pigmentation intensity,
from unpigmented to deep purple coloration, and body size,
ranging from 35 to 160 mm. Due to this variation, many sub-
species were isolated from D. schmidti, some of them later
recognized as distinct species (Perel, 1966; Kvavadze, 1985;
Vsevolodova-Perel, 2003). However, not all these subspecies
were widely accepted by researchers due to the lack of clear
boundaries between them (Vsevolodova-Perel, 2003).

Chromosomal studies demonstrated that all the subspecies
of D. schmidti distinguished in the book of E.S. Kvavadze
(1985) exhibit the same chromosome number of 2n = 36
(Bakhtadze et al., 2003, 2005). On the other hand, D. tel-
lermanica, originally described as D. s. tellermanica in 1966
(Perel, 1966) and subsequently elevated to the species rank
(Vsevolodova-Perel, 2003), is tetraploid (4n = 72) (Bakhtadze
et al., 2003, 2005). D. tellermanica was distinguished from
D. schmidti based on the lack of pigmentation, the start of the
clitellum on the 25th segment (vs. 26th in D. schmidti), and
wider distribution beyond the Caucasus region. Initially, it
was believed to be strictly parthenogenetic, but later studies
revealed the presence of populations with mature spermatozoa
and spermatophores (Vsevolodova-Perel, 2003).

Recent molecular studies (Shekhovtsov et al., 2020c, 2023)
showed that while D. schmidti and D. tellermanica are related,
they exhibit significant differences in terms of nucleotide
substitutions. This implies relatively ancient polyploidization,
similar to O. tyrtaeum.

Eisenia nordenskioldi (Eisen, 1879) complex

E. nordenskioldi has a vast distribution in Northern Asia
and adjacent areas and is known for its high morphological
diversity (Malevich, 1956; Vsevolodova-Perel, 1997). Thus
it is not surprising that it was found to have extensive genetic
diversity (Blakemore, 2013; Shekhovtsov et al., 2013, 2016,

SBoNoUMA N BMAOOBPA3OBAHUME / EVOLUTION AND SPECIATION
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2018; Hong, Csuzdi, 2016). Molecular studies revealed that
E. nordenskioldi consists of multiple genetic lineages divided
into two large clades (Shekhovtsov et al., 2020d). These
lineages strongly differ in mitochondrial and nuclear genome
sequences (Shekhovtsov et al., 2020c), as well as genome size
(Shekhovtsov et al., 2021). Therefore, E. nordenskioldi should
be regarded as a species complex. Preliminary, this complex
was divided into two large clades, referred to as E. norden-
skioldi s. str. (genetic lineages 6, 7, and 9) and Eisenia sp. 1
aff. E. nordenskioldi (all other lineages) (Shekhovtsov et al.,
2020d).

E. nordenskioldi is probably the best studied model of
karyotype diversity among earthworms (Graphodatsky et
al., 1982; Bulatova et al., 1984, 1987; Perel, Graphodatsky,
1984; Viktorov, 1989, 1997; Kashmenskaya, Polyakov, 2008;
Vsevolodova-Perel, Bulatova, 2008). Races with 2n = 36,
4n =72, 6n = 96102, and 8n = 142-152 were identified
(Viktorov, 1997). However, it is not yet clear how the divi-
sion into genetic lineages correlates with the different ploidy
races. Although no direct studies are available, published data
allow one to attribute certain populations of E. nordenskioldi
to specific lineages and races. For example, the population
from Magadan with 8 = 152 chromosomes (Viktorov, 1989)
belongs to lineage 9: individuals collected from the same loca-
tions were sent to A.G. Viktorov and the authors of this paper
by D.I. Berman. Furthermore, extensive studies failed to find
other lineages of the pigmented form of E. nordenskioldi in
this region (Shekhovtsov et al., 2020d).

M.N. Kashmenskaya and A.V. Polyakov (2008) conducted
a study on the chromosome set of two individuals identified
as E. n. nordenskioldi and E. atlavyniteae, a closely related
species isolated from E. nordenskioldi (Perel, Graphodatsky,
1984), from the Central Siberian Botanical Garden in Novo-
sibirsk. Both individuals were found to be diploid (2 = 36).
A later study of earthworms from the same location found
lineages 1, 2, and 3 of the pigmented form of E. nordenskioldi
(Shekhovtsov et al., 2013). Although we cannot attribute
the specimens from the study of M.N. Kashmenskaya and
A.V. Polyakov (2008) to a precise lineage, we know that this
location does not harbor any lineage of E. nordenskioldi s. str.
Therefore, these diploid populations belong to Eisenia sp. 1
aff. E. nordenskioldi.

Tetra- and octoploid races of E. nordenskioldi were re-
ported from the Taymyr Autonomous Okrug, located in the
north of West Siberia (Bulatova et al., 1984; Viktorov, 1989;
Vsevolodova-Perel, Leirikh, 2014). Molecular studies identi-
fied genetic lineages 1 and 9 of the pigmented form of E. nor-
denskioldi from the same region (Shekhovtsov et al., 2020d).
T.V. Malinina and T.S. Perel (1984) used allozyme data to
demonstrate that the octoploid population from Taymyr is
related to those from the south of West Siberia compared to
other regions, suggesting that it likely belongs to lineage 1.

The population of E. nordenskioldi from the Dzhanybek
experimental station of the Institute of Forest Science RAS,
located in the steppe zone of European Russia in Volgograd
Oblast, has been reported to have 4n = 72 (Malinina, Perel,
1984; Viktorov, 1989). This population was artificially in-
troduced from the floodplain of the Eruslan River in Saratov
Oblast, Russia (Vsevolodova-Perel, Bulatova, 2008). Accord-
ing to our data, only lineage 7 of E. nordenskioldi is found in
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E. nordenskioldi s. str.

E. nordenskioldilineage 6
Eisenia sp. 1 lineage 3
Eisenia sp. 1 lineage 3

Eisenia sp. 1

36,72,144 aff. E. nordenskioldi

34(7)
142 (7)

Fig. 3. The position of chromosomal races of E. nordenskioldi on the phylogenetic tree of the species according to published data. The tree was taken
from (Shekhovtsov et al., 2020d) built using transcriptomic data of various genetic lineages of E. nordenskioldi and outgroup species using the maxi-

mum likelihood algorithm.

Grey boxes around lineage names indicate that these lineages belong to the pallida (unpigmented) form. Bold numbers indicate chromosome numbers; question
signs indicate that karyotype assignment is tentative. Numbers near branches indicate bootstrap support/Bayesian posterior probabilities. * Refers to 100/1.0.

this region. The population from the Prioksko-Terrasny Nature
Reserve in Moscow Oblast is also within the distribution range
of lineage 7. Moreover, T.V. Malinina and T.S. Perel (1984)
suggested that it is related to the Dzhanybek population based
on allozyme data, so we could also attribute it to lineage 7. The
same can be hypothesized for the Kursk population, which
has 6n = 102 chromosomes (Viktorov, 1989).

A.G. Viktorov (1989) reported that E. nana from East Ka-
zakhstan Oblast has 34 chromosomes. It has since been dis-
covered that this species is actually a synonym of lineage 5
of the pigmented form of E. nordenskioldi (Shekhovtsov et
al., 2020d; Golovanova et al., 2021). As the individuals used
for both genetic and chromosomal analyses were collected
from the same region, it is reasonable to hypothesize that they
belong to the same lineage.

The unpigmented pallida form of E. nordenskioldi is con-
sidered to be diploid (Vsevolodova-Perel, Leirikh, 2014).
These data were obtained for the population from the Novo-
sibirsk Akademgorodok (Malinina, Perel, 1984; Viktorov,
1989). However, the pallida form is distributed throughout
Siberia and the Far East and also contains many genetic li-
neages with different distributions (Shekhovtsov et al., 2016).
The pallida form from Akademgorodok belongs to lineage 6
(Shekhovtsov et al., 2020d). It has a small genome size
(ca. 270 Mb) (Shekhovtsov et al., 2021), while lineage 1 of
the pallida form has a big genome (ca. 2500 Mb), suggesting
that it may be polyploid.

We summarized the obtained data in Fig. 3, which includes
chromosome numbers and the phylogenetic tree constructed
using 212 nuclear genes (Shekhovtsov et al., 2020d). However,
it is important to note that the chromosome numbers displayed
are representative of certain populations and may not apply
to the entire lineage.

Eisenia tracta, the sister species of the E. nordenskioldi
complex, has 2n = 36 chromosomes, as does its relative
E. balatonica (Fig. 3). Therefore, it is reasonable to suggest

that the ancestors of the two clades of E. nordenskioldi were
also diploid with 36 chromosomes, and that polyploidy arose
independently in both clades. This hypothesis on the indepen-
dent origin of polyploid races in E. nordenskioldi was proposed
by T.V. Malinina and T.S. Perel (1984) based on allozyme
data. The authors concluded that octoploid populations arose
independently at least twice. Our data supports this position,
as octoploid races appear to have arisen independently in the
two large clades of E. nordenskioldi (Fig. 3).

It is worth noting that published papers (Viktorov, 1997;
Vsevolodova-Perel, Bulatova, 2008) and our unpublished
data indicate that all studied populations of E. nordenskioldi
have well-developed testes and normal spermatogenesis. Ac-
cording to A.G. Viktorov (1997), the evidence for partheno-
genesis was only observed for the acystis form from Central
Asia, which was subsequently isolated into a separate species
(Vsevolodova-Perel, 1997). Additionally, octoploid indivi-
duals of lineage 9 from Magadan were observed copulating
(D.I. Berman, personal communication). Thus, the available
evidence suggests that polyploidy does not result in the loss of
sexual reproduction in the E. nordenskioldi complex in most
cases.

Discussion

Based on the data presented above, it is apparent that the
relationships between ploidy races and genetic lineages are
rarely straightforward. This was only observed in the cases of
O. tyrtaeum and the D. schmidti — D. tellermanica pair. For
many species, multiple ploidy races were found to belong to
the same genetic lineage. In all these cases, races of different
ploidy do not have any apparent differences on the level of
mitochondrial or nuclear DNA, suggesting that polyploidiza-
tion events in these cases may be recent. However, in other
cases, such as the E. nordenskioldi complex, the age of the
polyploidization events is unknown, but is likely to be sig-
nificant, 1-3 Mya as estimated in (Shekhovtsov et al., 2013).
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Although the precision of molecular clock dating using only
mitochondrial data and no fossils is limited (Kodandaramaiah,
2011), deep divergence between these taxa is obvious.

Earthworms exhibit a high degree of plasticity in their
modes of reproduction: most species are reported to have
either amphimixis or parthenogenesis, as well as less common
modes such as autogamy or restitutional automixis (Pavlicek et
al., 2023). Although it is generally considered that polyploidy
in animals should be associated with parthenogenesis, there is
no obvious association between these modes in earthworms:
many polyploid races retain the ability to reproduce sexually.
Furthermore, populations with sexual reproduction or partial
degeneration of the sexual system were found in species that
are considered parthenogenectic (Fernandez et al., 2010).
In other parthenogenetic species, there are genetic clues to
possible sexual reproduction (Simonsen, Holmstrup, 2008).
This flexibility in reproduction modes may contribute to the
widespread occurrence of polyploidy in earthworms.

Some researchers suggested that polyploid races may have
arisen as a result of allopolyploidization (Mezhzherin et al.,
2018). However, it is important to note that none of the avail-
able molecular studies have yet provided evidence to support
this hypothesis.

Conclusion

Based on the available data, we can conclude that the most
frequent case in earthworms is “one genetic lineage — several
ploidy races”, implying that this polyploidy is recent. How-
ever, in some instances, polyploid populations can survive for
prolonged periods of time, giving rise to new genetic lineages.
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