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Abstract. The size of the nuclear genome in eukaryotes is mostly determined by mobile elements and noncoding
sequences and may vary within wide limits. It can differ significantly both among higher-order taxa and closely
related species within a genus; genome size is known to be uncorrelated with organism complexity (the so-called
C-paradox). Less is known about intraspecific variation of this parameter. Typically, genome size is stable within a
species, and the known exceptions turn out be cryptic taxa. The Eisenia nordenskioldi complex encompasses several
closely related earthworm species. They are widely distributed in the Urals, Siberia, and the Russian Far East, as
well as adjacent regions. This complex is characterized by significant morphological, chromosomal, ecological, and
genetic variation. The aim of our study was to estimate the nuclear genome size in several genetic lineages of the
E. nordenskioldi complex using flow cytometry. The genome size in different genetic lineages differed strongly,
which supports the hypothesis that they are separate species. We found two groups of lineages, with small
(250-500 Mbp) and large (2300-3500 Mbp) genomes. Moreover, different populations within one lineage also
demonstrated variation in genome size (15-25 %). We compared the obtained data to phylogenetic trees based
on transcriptome data. Genome size in ancestral population was more likely to be big. It increased or decreased
independently in different lineages, and these processes could be associated with changes in genome size and/or
transition to endogeic lifestyle.
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VI3MeHUYIBOCTb Pa3MepOB SIIepHbIX TeHOMOB V IIpeAcTaBuUTeNen
KoMIuieKkca Eisenia nordenskioldi (Lumbricidae, Annelida)
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AHHoOTayuA. Pa3mepbl AEPHOrO reHoMa y 60MbLWMHCTBA 3YKapuoT ONpeaensanTca NpenmMyLecTBEHHO Coaepxa-
HMEeM MOBUNbHBIX 3IEMEHTOB 11 HEKOAMPYIOLWMX NOC/eA0BaTENIbHOCTEN U BapbUPYIOT B LUMPOKKMX Npeaenax. OHn
MOTYT 3HaUMTENIbHO PA3NIMUYaTbCA Kak MeXAy KPYMHbIMU TakCOHamu (MpryemM pasmep reHoMa He KoppenmpyeT co
CJIOXKHOCTbIO OpraHu3ma — Tak HasblBaeMbllt C-napafoKc), Tak 1 Mexay 61M3KopOACTBEHHbIMY BMAAMU B Npeae-
nax popga. B 1o xe Bpema pasmax BHyTPUBMAOBOW NU3MEHYMBOCTM MO 3TOMY NapameTpy M3y4eH 3HaUNTESIbHO XyKe.
Komnnekc Eisenia nordenskioldi o6beanHAET HECKONbKO 6N13KOPOACTBEHHbIX BUAOB JOXKAEBbIX YEPBEW, LUNPOKO
pacnpocTpaHeHHbIX Ha Ypane, B Cbrpu n Ha [lanbHeM BocToke Poccmm, 3axofaLmx cBoMmy apeanamu 1 B conpe-
fenbHble permoHbl. [InA 3Toro KOMMeKca xapakTepHa 3HaunTenbHaa Mopdosiornyeckasn, KaproTunmyeckas, SKo-
noruvyeckas v reHeTuyecKasa U3sMeHUMBOCTb. Lienbio HacToALeln paboTbl ObINo OLEHNTb pa3Mepbl AAEPHOIO reHoMa
Y HEeCKOMbKMX GprnoreHeTnYecKnx MMHU Komnnekca E. nordenskioldi npy nomoLm NpoToUYHOM LUTOGOTOMETPUN.
MonyyeHbl faHHble O pa3mepax reHoma Ana 13 nonynAuMn, OTHOCALMUXCA K ceMu GUNoreHeTUYeCKUM NUHUAM
E. nordenskioldi. Hawm pe3ynbTaTbl NOKasanu, YTo MeXAy JIMHUAMUN KOMMNEeKca HabnojaeTcs 3aMeTHbIN pa3bpoc
no pasmepam, UTo ABNAETCA elle OfHUM NOATBEPXKAEHNEM VX BUAOBOWN CaMOCTOATENIbHOCTU. B Lenom no pasme-
py reHoma BblIGOPKU pa3peneHbl Ha ABe rpynnbl. B ogHy Bownm Tpu nonynaumm ¢ Hebonbwmm (250-500 M. M. H.),
BO BTOPY!I0 — C KPYMHbIM (2300-3500 M. 1. H.) pa3Mepom reHomMa. Kpome Toro, pasHble nonynauuy B npefenax ofgHowm
dunoreHeTNYECKON IMHUM TaK>Ke MMeNN 3aMeTHble Pa3nnymA B pasmepe reHoma (15-25 %). NMonyyeHHble AaHHble
ObIIN CONOCTaBNEHDI C GUNOTEHETUUYECKMU JEPEBBAMM, MOCTPOEHHBIMM Ha OCHOBE TPAHCKPUMTOMHBIX AaHHbIX.
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Cypns no Tononoruy GuIoreHeTUYEeCKNX JepeBbeB, NPeAKOBble NONYNALMM KOMIMIEKCa € 60sblueil BePOATHOCTbIO
mMenu GosbLIOK pa3Mep reHoMa, @ YMEHbLUEHWE U YBENMUEHNE €ro pasmepa NMPOUCXOANNO B PasHbIX JIMHUAX
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HOMYy 06pa3y »KM3HW.
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Introduction

The amount of nuclear DNA in eukaryotes varies widely
and does not correlate with the complexity of an organism
(Cavalier-Smith, 1978; Gregory, 2001). This phenomenon was
dubbed the “C-paradox” (Thomas, 1971). Patterns of genome
size variation are currently well studied both for higher-level
taxa and for groups of closely related species from many
diverse phyla (Gregory, 2005). The patterns of intraspecific
diversity are generally less known. It is generally believed that
genome size and architecture must be common in different
populations so they remain genetically and reproductively
compatible, i. e. remain a species. There are certain deviations
from this rule: differences between males and females due to
sex chromosomes; the presence of additional B-chromosomes
or large blocks of heterochromatin (Gregory, 2005; Biémont,
2008). However, in most cases intraspecific diversity does not
exceed several percent (Blommaert, 2020). The known cases
of high variation in intraspecific genome size (Alvarez-Fuster
et al., 1991; Marescalchi et al., 1998; Neiman et al., 2011,
Stelzer etal., 2011; Jeffery et al., 2016) are often explained by
the presence of the so-called cryptic, or sister, species, which
were not detected earlier.

The Eisenia nordenskioldi (Eisen, 1874) complex is a group
of species/genetic lineages of earthworms from the Lumbri-
cidae family widespread in Asian Russia and also found in
the East European Plain and certain adjacent countries (Perel,
1979; Zhukov et al., 2007; Blakemore, 2013; Hong, Csuzdi,
2016; Shekhovtsov et al., 2017b). This complex is known
for its enormous morphological (Malevich, 1956; Perel,
1979; Vsevolodova-Perel, 1997), karyotypic (Graphodatsky
et al., 1982; Vsevolodova-Perel, Bulatova, 2008), ecological
(Berman et al., 2019), and genetic (Malinina, Perel, 1984;
Shekhovtsov et al., 2013, 2016a, b, 2017a, 2018a, b) diver-
sity. Phylogenetic studies using genomic and transcriptomic
data confirmed deep divergence between the lineages of this
complex (Shekhovtsov et al., 2019, 2020a, b) and suggested
that it could be divided in at least two distinct species.

Remarkable differences between the nuclear and mitochon-
drial genomes of E. nordenskioldi genetic lineages indicate
that they diverged long ago (Shekhovtsov et al., 2013, 2015).
Significant variation in genome size not associated with
polyploidy could thus have accumulated in this complex.
To elucidate this question we studied genome size in several
genetic lineages of E. nordenskioldi using flow cytometry.

Materials and methods

Live earthworms were collected in 2020 in various locations
from the Urals, Siberia, and the Far East (see the Table). The
warms were rinsed, placed individually in Petri dishes with
wet paper and kept for 3—7 days. Genome size was estimated
according to the fluorescence of DAPI-stained nuclei of in-
dividual cells according to the technique of D.W. Galbraith
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etal. (1997). Nuclei were isolated either from several posterior
segments of a live earthworm (100-300 pg) or from the whole
animal if it was small. A part of the material (about 50-100 pg)
was fixed in ethanol for DNA extraction as described below.

Live material was placed in a Petri dish with 500 pl of
Galbraith buffer: 45 mM MgCl,, 20 mM 3-[N-morpholino]
propanesulfonic acid (MOPS), 30 mM sodium citrate, 0.1 %
Triton X-100 (Galbraith et al., 1983). Material was grinded by
multiple strokes with a razor blade. Liquid phase was trans-
ferred into an Eppendorf tube. Another 500 pl of Galbraith
buffer was added to the Petri dish, and liquid phase was again
transferred to the Eppendorf tube. The sample was incubated
for 15-60 min, filtered through a 40 um mesh, and placed on
top of 2 ml Galbraith buffer with 3 % glycerol. The tube was
centrifuged for 10 min at 200 g; supernatant was discarded,
the sediment was dissolved in 500 ul of Galbraith buffer with
10 ul RNAse (1 u/pul). The sample was incubated for 30 min,
mixed with 100 pl of propidium iodide (1 mg/ml) and analyzed
on a FACSAria III flow cytometer (BD Biosciences, USA).
We used chicken blood cells (2C = 1250 Mbp) (Kasai et al.,
2012) and mouse spleen cells (2C = 3280 Mbp) (Redi et al.,
2005) as the reference.

To determine genetic lineage, we sequenced a fragment of
the mitochondrial cytochrome oxidase I gene as described in
(Shekhovtsov et al., 2018c). Phylogenetic trees built using
the Maximum Likelihood and Bayesian inference algorithms
were taken from S.V. Shekhovtsov et al. (2020D).

Results and discussion
In this study we determined genome size for several genetic
lineages of the E. nordenskioldi complex (see the Table and
Figure). The obtained data indicate high variation in genome
size in this complex. We could distinguish two size classes:
small (250-500 Mbp) and large (2350-3500 Mbp) genomes.
Small genomes were observed in three cases, for two non-
pigmented lineages of Eisenia sp. 1 aff. E. nordenskioldi and
for the pigmented lineage 2 of this species. Large genomes
(2350-3500 Mbp) were found in the rest of the lineages.
Thus, different genetic lineages of the E. nordenskioldi have
strongly diverged genomes. This could imply that these line-
ages represent distinct species (Shekhovtsov et al., 2020a, b),
or that this is the result of polyploidy in this complex. It is
known that E. nordenskioldi consists of races with different
ploidy: 2n, 4n, 6n, 7n, 8n, with the chromosome number rang-
ing from 36 to 142-152 (Viktorov, 1997). Diploid chromo-
some set is believed to be characteristic for the non-pigmented
pallida form (Viktorov, 1997; Vsevolodova-Perel, Leirikh,
2014). Based on this, it would be reasonable to suggest that
the diploid non-pigmented forms are ancestral to this complex.
However, transcriptomic data demonstrated (see the Figure)
(Shekhovtsov et al., 2020b) that these forms are not at the
basis of the tree, and the ancestral forms were pigmented.
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Studied specimens

Species/lineage Location
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Genome size, Mbp

Eisenia sp. 1 lineage 3

Note. SE - standard error; n - number of individuals.

-/0.76

63/0.76

Eisenia sp. 1 f. pallida lineage 6
Eisenia sp. 1 f. pallida lineage 2

4/1.4

* —

E. tracta

E. balatonica

E. magnifica

E. andrei

]

E. spelaea

0.02

Eisenia sp. 1 lineage 5
Eisenia sp. 1 lineage 1

Eisenia sp. 1 f. pallida lineage 1

E. nordenskioldi lineage 9

E. nordenskioldilineage 9 3284 Mbp
E. nordenskioldi s. str.

E. nordenskioldi lineage 7

E. nordenskioldi lineage 6

— 1
Ei

senia sp. 1 lineage 3

Eisenia sp. 1 lineage 3

2746-3499 Mbp
269 Mbp
487 Mbp

343 Mbp Eisenia sp. 1 aff. E. nordenskioldi

Eisenia sp. 1 lineage 2

2351-2664 Mbp
2491 Mbp

Phylogenetic tree constructed for the E. nordenskioldi complex based on transcriptomic data, taken from (Shekhovtsov et al., 2020b).

Grey squares denote the non-pigmented pallida form. Numbers near the branches indicate Maximum Likelihood bootstrap support/Bayesian posterior pro-

babilities; asterisks stand for 100/1.0.

Moreover, one of the pallida lineages had a large genome
while one pigmented lineage had a small one. Therefore, one
cannot state that all non-pigmented forms are diploid and
pigmented ones are always polyploid. Moreover, the pallida
form arose independently several times.

The same arguments apply to genome size: it seems more
probable that the ancestral genome was large. Moreover, since
the majority of E. nordenskioldi populations are amphimictic,

the ancestor of the complex was amphimictic and diploid. For
Eisenia sp. 1, the tree topology also implies that large nuclear
genome was the ancestral state, and some branches (lineages)
subsequently went through genome compaction.

Several populations from diverse geographic locations were
sampled for two genetic lineages (lineages 1 and 3 of Eise-
nia sp. 1). Our analysis demonstrated that there is a certain
genome size diversity within these lineages, approximately
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13 and 27 % for lineages 1 and 3, respectively. It is well known
(Viktorov, 1997; Vsevolodova-Perel, Bulatova, 2008) that
chromosome number in octaploid E. nordenskioldi popula-
tions varies widely, and we may suggest a similar mechanism
in this case.

Polyploidy results in increased body size in many animals
(Otto, 2007). Earthworms, however, may not conform to this
pattern: T.V. Malinina and T.S. Perel (1984) found no size dif-
ferences between E. nordenskioldi of different ploidy. Here we
could not measure body size, because the studied animals were
completely or partially grinded. However, rough estimates
suggest that genetic lineages with small genomes were small or
average in size (4—7 cm long), while those with large genomes
could be either large (to over 10 cm for Eisenia sp. 1 lineage 3)
or average (5—10 cm for other lineages). Therefore, although
we did not observe a clear pattern, we could hypothesize that
genome size partially accounts for body size.

Conclusion

In this study we demonstrated that nuclear genome size va-
ries widely among genetic lineages of the E. nordenskioldi
complex. This corroborates the remarkable differences among
them demonstrated by molecular genetic methods. Moreover,
there was also some variation between different populations
of the same lineage. Both genome expansion and contraction
occurred during the evolution of the complex.
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