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Abstract

Parisotoma notabilis (Schaeffer, 1896) is one of the most abundant eurytopic species of springtails in tem-
perate regions of the northern hemisphere, and is often used as a model species for studies on the genet-
ics of soil microarthropod populations. Six genetic lineages (L0, L1, L2, L3, L4-Saltzwedel, L4-Hebert)
are known which are distributed mainly parapatrically in Western and Central Europe. Individuals of
P notabilis from 21 locations on the East European Plain were analyzed. Three genetic lineages were
found: L1, L2, L4-Hebert. In contrast to Western and Central Europe, the coexistence of two or three
lineages was revealed in about half of the locations on the East European Plain. The most diverse genetic
composition of P notabilis populations was noted in natural forests and slightly disturbed habitats, while
the least diverse was in places with a high anthropogenic influence.
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Introduction

Parisotoma notabilis Schaeffer, 1896 (Collembola: Isotomidae) is a cosmopolitan spe-
cies which occurs in almost every biotope in temperate regions of the Western Palearc-
tic, and predominates in most communities of Collembola (Potapov 2001). This spe-
cies is eurytopic and is moderately tolerant to disturbed habitats (Kuznetsova 2002),
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showing resistance to pesticides (Petersen and Krogh 1987), heavy metals (Eitmina-
viciute 2006; Winkler et al. 2018), application of various fertilizers (Buchholz et al.
2017) and moderate trampling (Nadezhdina and Kuznetsova 2010). One of the rea-
sons for its success is parthenogenesis, which allows P notabilis to be one of the first
colonizers of disturbed habitats (Alvarez et al. 1997). Although males sometimes occur,
the parthenogenetic form is found across the entire distribution range of this species
(Chernova et al. 2009).

Parisotoma notabilis is morphologically uniform in spite of its occurrence in wide
range of habitats (Potapov 1991, 2001). Genetic studies reveal heterogeneity of the
species in the COI gene (Chahartaghi 2007). As such, four lineages of P notabilis
(L0-L3) have previously been proposed based on genetic analysis of both the COI
and the D2 region of the 28S genes (Porco et al. 2012a). These results were confirmed
(Saltzwedel et al. 2017) also by D3-D5 region of 28S and histone H3, and supple-
mented by two new genetic lineages of L4 (Hebert et al. unpub. data; Anslan and
Tedersoo 2015; Saltzwedel et al. 2017). Unfortunately, the two different new lineages
(see Results) were named the same “L4”. To distinguish them, we refer to the line-
ages as “L4-Hebert” and “L4-Saltzwedel” in the paper. The average genetic p-distances
between lineages were very high: from 15% to 18% for the COI gene, from 5% to
11% for histone H3, and from 0.5% to 1.9% for D3-D5 region 28S (Saltzwedel et
al. 2017). For comparison, the interspecies COI divergence for closely related species
of Collembola ranges from 16.35% to 24.55% (Sun et al. 2018). This suggests that
P notabilis may have as yet undetected morphological differences that would warrant
subspecies and possibly species status, if detected.

Genetic variation of P notabilis suggests lineages may be parapatric as distribu-
tional data show some geographical specificity of lineages. Specifically, L1 and L2
are the most widely distributed lineages in Europe; the lineage L1 is widespread in
the south and east of Europe, while L2 is found in western and northern Europe
and in the Pyrenees. The LO shows a fairly continuous range from the English
Channel and along the coasts of the North and Baltic Seas. The lineage L3 has been
found only in Paris and Greece (Porco et al. 2012a; Saltzwedel et al. 2017), the
L4-Hebert lineage in Canada and Estonia (Hebert et al. unpub. data; Anslan and
Tedersoo 2015), and the L4-Saltzwedel in Croatia (Saltzwedel et al. 2017). Coexist-
ence of the lineages was recorded once in eastern Canada, where three lineages were
mixed together (Porco et al. 2012a; Saltzwedel et al. 2017). Eastern Europe was
poorly studied: only two localities have previously been examined in the territory of
the European part of Russia: Karelia (L2 — 5 ind.) and the Moscow region (L1 -5
ind.) (Saltzwedel et al. 2017). Also, the coexistence and ecological segregation of
the lineages of P notabilis has not been investigated. The reaction to habitat distur-
bance is also unknown. Cases of such segregation of genetic lineages are known, for
example, in another widespread springtail species - Lepidocyrtus lanuginosus (L.),
which differs in distribution along a disturbance gradient (Zhang et al. 2018), as
well as in the sotomurus palustris group (Carapelli et al. 1995). However, it remains
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unclear how common the phenomenon of genetic segregation of genetic lineages is
in Collembola.

In this paper we provide new data on the three lineages of 2 notabilis in the east-
ern regions of Europe and we test two hypotheses: 1) whether the genetic lineages of
P notabilis in the Eastern Europe are distributed parapatrically, as in Western Europe; and
2) whether different genetic lineages of P notabilis react differently to habitat disturbance.

Material and methods

Sample collection

The study was conducted in the central region of the East European Plain, mainly
around Moscow, which includes a wide range of habitats from natural forests to urban
lawns. The territory is located in a belt of mixed and broad-leaved forests. The climate
is temperate continental, the average annual amplitude of temperature variation is
28 °C, and 600-800 mm of precipitation falls per year (Kulbachevskii 2021). Three
types of habitats representing different disturbance were selected: natural forests (10
locations), forest parks (six locations), urban lawns (five locations). One 2-litre sample
of the litter and / or topsoil was taken from 1 x 1 m area in each location. Samples were
taken from 21 locations from October 2020 to February 2021 (Appendix 1). Spring-
tails were extracted into 96% alcohol using Tullgren funnels, without heating, until the
samples were completely dry (7-10 days).

The extracted material was sorted under a stereomicroscope. The possible mixing
with coexisting congeners of P notabilis was considered. Apart from P notabilis, four
species of the genus Parisotoma have been recorded in the East European Plain: 2 agrelli
Delamare Deboutteville, 1950, P ekmani Fjellberg, 1977, P reducta Rusek, 1984, and
P trichaetosa Martynova, 1977; all four species are rare and only the latter species was
recorded in the Moscow region previously. In appearance all four species are easy to
separate from P notabilis by having an almost white corpus and smaller eye spots. The
first three congeners occur only in northern areas and are rarely recorded in the central
region of the East European Plain. The littoral P agrelli lives only on the Arctic Ocean
shore, while the Asiatic P reducta is distributed in the very north-east corner the East
European Plain. The boreal 2 ekmani can probably occur towards the central part of
the East European Plain via peat-bogs although it was never recorded there in spite of
intensive study of the region (its distribution is given in more detail in Potapov 1991,
2001). Parisotoma trichaetosa was formally recorded in the Moscow region (Potapov et
al. 2021). It is an invasive Asiatic species (Potapov and Janion-Scheepers 2019) with
two known single records in the area under study. Parisotoma trichaetosa is distinct by
its overall appearance, quadridentate mucro, and many other characters. The differen-
tiating characters of P notabilis and its congeners mentioned above are given in Table
1. Apart from P notabilis, other species of Parisotoma were not recorded in our samples.
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Table 1. Key differentiating morphological characters of species of Parisotoma recorded in the East Eu-
ropean Plain. Abbreviations: Omma: number of ommatidia, Postlab: number of postlabial setae, VT:
number of laterodistal setae on ventral tube, Subex: presence of outer seta on 2-nd subcoxa of first pair of
legs, Mucro: number of teeth on mucro, s: number of s-setae on tergites.

Species Omma Postlab vT Subcx Mucro s
P, notabilis 34 4+4 3+3 - 3 complete
P agrelli 1 343 343 + 3 complete
P ekmani 1 4+4 4+4 3 reduced
P, reducta 1 3+3 343 + 3 complete
P, trichaetosa 1 4+4 3+3 4 reduced

Our preliminary sorting of specimens of P notabilis was confirmed by the identifica-
tion by the ribosomal 28S gene region. Besides, the specimens from several samples of
each lineage were mounted on slides and identified using existing identification keys
(Potapov 2001; Fjellberg 2007).

Molecular analyses

The lineages of this species can be identified by both the mitochondrial COI gene and
the ribosomal 28S gene (D2 region, Porco et al. 2012a; D3-D5 region, Saltzwedel et
al. 2017). We used only the D3-D5 region of 28S which showed higher positive PCR
products. Ninety-seven individuals from 21 locations were selected for analysis. DNA
extraction was performed using the Thermo Scientific Phire Tissue Direct PCR Master
Mix. DNA was extracted from single individuals in 20 pl DNA Dilution Buffer and
0.5 pl DNA Release Additive and incubated at 98 °C for 2 min. This technique allows
DNA extraction with relatively little damage to the original material, enabling vouch-
ers to be deposited. A 573 bp D3-D5 fragment of the nuclear 28S rDNA was ampli-
fied using the primers 28Sa 5-GAC CCG TCT TGA AGC ACG-3’ and 28Sbout
5’-CCC ACA GCG CCA GTT CTG CTT ACC-3’ (Whiting 2002; Prendini et al.
2005). COI was amplified using the primers ColFol-for 5’-TTT CAA CAA ATC ATA
ARG AYA TYG G-3’ and ColFol-rev 5-TAA ACT TCN GGR TGN CCA AAA AAT
CA-3’ (Ramirez-Gonzalez et al. 2013). This data was used to correlate the results with
L4-Hebert, for which there are no data on D3-D5 fragment of 28S. To a master mix
consisting of 7 pl of nuclease-free Water, 10 pl of Phire Tissue Direct PCR Master Mix,
1 ul of forward and reverse primers were added 1 pl of individual DNA. PCR condi-
tions included one initial activation step at 98 °C for 5 min, followed by 30 amplifica-
tion cycles of denaturation at 98 °C for 5 s, annealing at 57 °C (28S) or 55 °C (COI)
for 5 s, elongation at 72 °C for 20 s and a final elongation step at 72 °C for 1 min.
The result of the PCR was evaluated by electrophoresis in agarose gel with ethidium
bromide. PCR products were purified using an enzyme mix of 0.5 pl of exonuclease I
(Exo I) and 1 pl of recombinant alkaline phosphatase (rSAP) per 5 pl of PCR product,
according to the protocol: 37 °C for 15 min and 80 °C for 15 min. The purified prod-
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uct was dried with the addition of the forward primer. Sequencing was performed in
the Synthol laboratory. The sequences obtained were edited in Chromas Lite (v. 2.6.6)
(http://technelysium.com.au/wp/chromas/). Sequences were then aligned using Bi-
oEdit (v. 7.2) (Hall et al. 2011). Tree construction and calculation of genetic distances
between lineages (K2P-pairwise distances) were performed using the MEGA-X pro-
gram (v.11) (Tamura et al. 2021). Tree calculation was performed with the Maximum
Likelihood method with the Jukes-Cantor + Gamma Distributed parametric model
proposed by MEGA-X (lowest BIC = 4531.333, AICc = 2599.369) for the 28S gene,
and the Neighbor-Joining method with Tamura 3-parameter + Gamma Distributed
parametric model for the COI gene. Sequences were obtained for 87 individuals for a
D3-D5 fragment of the 28S gene 573 bp and 12 individuals for a COI gene 619-657
bp, which are additional confirmation of the results. The tree for the 28S gene is based
on our data and those of Saltzwedel et al. (2017). GenBank (www.ncbi.nlm.nih.gov/
GenBank) accession numbers are listed in the Appendix 1. Detail data on genetic line-
ages records were placed in the international Global Biodiversity Information Facility
(GBIF) in the ‘sampling event dataset’ format (Striuchkova et al. 2022).

Results

Genetic lineages

The constructed tree revealed three genetic lineages of P notabilis: L1, L2, and L4-
Hebert (Fig. 1). The last one is not represented for D3-D5 region of 28S in GenBank.
It was identified by COI according to blast results in the BOLD database (Hebert et
al. unpub. data, Anslan and Tedersoo 2015). Genetic distances (observed K2P-dis-
tances in %) between the lineage L4-Hebert (this study) and L4-Saltzwedel for COI
gene = 17.6%. The genetic distances between the L1, L2 and L4-Hebert lineages for
the D3-D5 region of 28S ranged from 0.9% to 1.4% in our material. Mean genetic
distances between all known lineages and intralineage distances are given in Table 2.
Neighbor-Joining genetic tree and intralineage and interlineage K2P-pairwise distanc-
es for the COI gene are presented in Appendices 2 and 3, respectively.

Table 2. Intralineage and interlineage K2P-pairwise distances (%) of the lineages Parisotoma notabilis in
the East European Plain for D3-D5 region of 28S gene.

Lineage Intralineage Interlineage
Lo L1 L2 L3 L4-Saltzwedel
L1 0 1.23 0
L2 0 1.23 1.41 0
L3 0 0.70 0.89 0.53 0
L4-Saltzwedel 0 1.59 1.77 1.06 0.88 0
L4-Hebert 0 0.50 0.90 1.03 0.50 1.06
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Parisotoma notabilis isolate RS Pn1 28S ribosomal RNA gene partial
Parisotoma notabilis isolate TR Pn1 28S ribosomal RNA gene partial
Parisotoma notabilis isolate RU2 Pn1 28S ribosomal RNA gene
Parisotoma notabilis isolate IT Pn1 28S ribosomal RNA gene partial
Parisotoma notabilis isolate DE1 Pn1 288 ribosomal RNA gene
Parisotoma notabilis isolate FR2 Pn1 28S ribosomal RNA gene
Parisotoma notabilis isolate FRS Pn1 28S ribosomal RNA gene
Parisotoma notabilis isolate BG Pn1 28S ribosomal RNA gene partial
Voronezh-2021-1-SAV-69
Voronezh-2021-1-SAV-67
VDNH-2020-2-SAV-27
VDNH-2020-1-SAV-42
VDNH-2020-1-SAV-41
'VDNH-2020-1-SAV-40
'VDNH-2020-1-8AV-38
VDNH-2020-1-SAV-38
UgoZapad-2020-1-SAV-37
UgoZapad-2020-1-SAV-36
‘Shakh-2021-2-SAV-93
ProspVernad-2020-4-SAV-30
Prosp\Vernad-2020-4-SAV-29
ProspVernad-2020-4-SAV-18 =
ProspVernad-2020-4-SAV-16 L 1 Europe, Algeria,
ProspVernad-2020-3-SAV-53 Canada, Turkey
ProspVernad-2020-3-SAV-50
ProspVernad-2020-3-SAV-49
ProspVernad-2020-2-SAV-63
ProspVemnad-2020-2-SAV-62
ProspVemnad-2020-2-SAV-61
ProspVernad-2020-2-SAV-60
ProspVernad-2020-2-SAV-59
ProspVermnad-2020-1-SAV-58
ProspVernad-2020-1-SAV-57
ProspVernad-2020-1-SAV-56
ProspVernad-2020-1-SAV-55

9

®

51| ProspVernad-2020-1-SAV-54
Hoviino-2020-1-SAV-124
Hoviino-2020-1-SAV-24
Hoviino-2020-1-SAV-23
Hovfino-2020-1-SAV-22
Hovrino-2020-1-SAV-21
Hoviino-2020-1-SAV-20
Balash-2021-1-SAV-65
Parisotoma otabilis isolate UA Pn 288 ribosormal RNA gene partial L 3 Greece
Parisotoma notabilis isolate GR Pri1 285 ribosomal RNA gene partial
Parisotoma notabills isolate HR Pn1 28 ribosomal RNA gene partial
Balash-2020-1-SAV-2 L4-Saltzwedel
OrehZuev-2020-3-SAV-32 Croati
roatia
52,
Shakh-2021-5-SAV-79 L2 Europe
Shakh-2021-6-SAV-80 I 1
$hakh-2021-5-5AV-82
Shakh-2021-6-SAV-118
Shakh-2021-6-SAV-119
Shakh-2021-8-SAV-113
Parisotoma notabilis isolate FR1 Pn1 285 ribosomal RNA gene
Parisotoma notabilis isolate FR3 Pn1 285 ribosomal RNA gene
Parisotoma notabilis isolate FR4 Pn1 28S ribosomal RNA gene
Parisotoma notabilis isolate DE2 Pi1 285 ribosomal RNA gene
Parisotoma notabills isolate GL Pn1 288 ribosomal RNA gene partial
Parisotoma notabills isolate NO1 Pn1 285 ribosomal RNA gene
Parisotoma notabilis isolate NO2 Pri1 288 ribosomal RNA gene
Parisotoma notabilis isolate RUT P11 28S ribosomal RNA gene
Parisotoma notabills isolate GB2 Pn1 285 ribosomal RNA gene
Parisotoma notabilis isolate ES1 Pn1 285 ribosomal RNA gene
Parisotoma notabilis isolate ES2 Pn1 28S ribosomal RNA gene
Parisotoma notabilis isolate SI Pn1 288 ribosomal RNA gene partial
Shakn-2021-6-5AV-116
SeloBulat-2021-1-SAV-141
OrehZuev-2020-3-SAV-33
OrehZuev-2020-3-SAV-34
SeloBulat-2021-1-SAV-140
Maklino-2021-1-SAV-73
L| | Makiino-2021-1-8av-74
Maklino-2021-1-SAV-72
Maklino-2021-1-SAV-77
Maklino-2021-1-SAV-75
OrehZuey-2020-3-SAV-35
ProSpVernad-2020-4-SAV-17
Shakh-2021-2-5AV-92
Shakh-2021-2-SAV-94
Shakn-2021-3-SAV-104
Shakn-2021-5-SAV-83
Shakh-2021-8-SAV-108 L4-Hebert
Shakh-2021-8-SAV-112 .
Shakh-2021-6-5AV-120 A Canada, Estonia, E. Europe
6| Shakn-2021-9-5Av-85
Shakh-2021-8-SAV-137
Shakn-2021-9-SAV-67
Shakn-2021-9-5AV-84
Shakh-2021-9-5AV-86
VDNH-2020-2-SAV-28
Voronezn-2021-1-SAV-66
Shakh-2021-9-5AV-88
VDNH-2020-2-5AV-13
Voronezn-2021-1-SAV-70
Voronezn-2021-1-SAV-68
Shakh-2021-6-SAV-114
Shakh-2021-6-SAV-115
VDNH-2020-2-SAV-11 Canada, Germany,
L Parisotoma notabilis isolate DE3 Pn1 288 ribosomal RNA gene N ’
91! Parisotoma notabilis isolate GB1 Pn1 28S ribosomal RNA gene France, UK

Desoria tigrina voucher Potapov 0913 268 ribosomal RNA gene

0.010

Including data from Saltzwedel et al. 2017.
Our data is highlighted with colored vertical lines.

Figure |. Maximum Likelihood genetic tree of six lineages of P notabilis based on the D3-D5 region of 28S
gene fragment (Bootstrap support values shown on the branches, scale bar shows genetic distance) including
data from Saltzwedel et al. (2017) availed in GenBank. Our data is highlighted with colored vertical lines.
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Coexistence of genetic lineages

Numerous cases of sympatry of the lineages were revealed (Fig. 2). Two lineages were
found in one third of the locations (41%), with three lineages in 12% of the locations.
Almost half (47%) of the locations contained only one lineage. Table 3 shows the ratios
of the number of sites with lineage sympatry / number of total sites sampled based on
the literature (Porco et al. 2012a; Saltzwedel et al. 2017) and our data.

Sha’kh' y Shakh

o ®

S I
° 'OrehZuev

“Voronezh 4 1 2
é\«:\w Z . — 40 km —|
——— Moscow region border olL1 ulL2 al4-Hebert

------ Moscow city border

Figure 2. Records of the genetic lineages of Parisotoma notabilis (green circle - L1, orange square - L2,
red triangle — L4-Hebert). See Appendix 1 for location data for each lineage.

Table 3. Local diversity of genetic lineages in different regions of Europe.

Region Total number of individuals ~ Total number of locations Ratio Reference
Western and Central Europe 191 27 0.18* Porco et al. 2012a**

110 24 0.08 Saltzwedel et al. 2017***
East European Plain 87 21 0.5% This study

Fofok

* excluding locations with 1 or 2 individuals. ** excluding data from Canada and Algeria. *** excluding data from Russia

Ecological specificity of the lineages LI, L2 and L4-Hebert

L1 and L4-Hebert lineages were recorded in the urban areas, and all three lineages - in
the partly disturbed (forest parks) and undisturbed (forests) habitats. In the forests, the
occurrence of L2 and L4-Hebert lineages was about the same, while L1 was sporadic.
In forest parks, L1 was the most common, the L4-Hebert was less common, while L2
was rare. In the city (urban areas), L1 absolutely dominated (Fig. 3).
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2%

urban green forest park  natural forest
mLll mL2 mLl4-Hebert

Figure 3. Records of genetic lineages of P notabilis (L1, L2 and L4-Hebert) in different groups of habi-
tats, % of the number of samples in the habitats of the group.

Discussion

Genetic lineages

The L1 and L2 lineages of P notabilis were already cited in the East European Plain
(Saltzwedel et al. 2017). The lineage L4-Hebert has been identified based on the se-
quences COI available in GenBank (Hebert et al. unpub. data; Anslan and Tedersoo
2015). The L4-Hebert for D4-D5 region of 28S is most similar with the LO and L3
lineages (0.50%) which have not yet found in the East European Plain. The L4-Hebert
lineage showed the greatest differences with the L1, L2, and L4-Saltzwedel lineages
(0.90-1.05%). Updated data in the present study agree with the previously estimated
average genetic distance between the most common lineages of P notabilis L1 and L2
in Europe and Canada (1.4% vs. 1.39% according to Saltzwedel et al. 2017).The L4-
Hebert lineage is probably widespread in the East European Plain, because we recorded
it also in Voronezh, which is about 500 km south of Moscow.

Coexistence of genetic lineages

Previously, studies on the genetic structure of P notabilis populations showed mainly
parapatric distribution of lineages. The simultaneous presence of two or three lineages was
noted only in 13% of the total number of locations studied (Porco et al. 2012a; Saltzwedel
etal. 2017). Consequently, the sympatry of the lineages in Canada was thought to be pos-
sible independent introductions of the species, that is, they consider the case likely to be
accidental (Porco et al. 2012a). In our data, the sympatry of the lineages showed markedly
more frequency than in the west - almost in half of the locations studied (Table 3). The
ratio number of sites with lineages sympatry / number of total sites sampled is greater
in our findings. In Western and Central Europe this value is 0.8-0.18, while in the East
European Plain it is 0.5. The joint occurrence of lineages was noted not only in different
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Figure 4. Dependence of the number of detected P notabilis lineages on the number of individuals ana-
lyzed in a sample in Europe. The larger the circle, the more samples contain a certain combination of the
number of lineages and the number of individuals.

areas of the Moscow region, but also in Voronezh. In Eastern Europe, sympatry of the
lineages 1.2 and L.4-Hebert was also found in Estonia (Anslan and Tedersoo 2015).

Presumably, the number of detected lineages in one location may depend on the
number of individuals analyzed from a core. Our data shows, however, that even small
samples of 4 or 5 individuals sometimes revealed up to three genetic lineages (Fig. 4),
while a sample of 17 individuals in Hamburg (Germany) was represented by only one
lineage (Porco et al. 2012a). Our material is collected over a relatively small area com-
pared to extensive data from Western Europe. It is possible that the urban condition
contributes to the conservation of invasive species (Rebele 1994) and also should con-
cern genetic lineages. Nevertheless, it is hard to ignore that several lineages are found in
true natural forests (Shakh-2021-2) located more than 100 km away Moscow city. It is
likely that the relatively separated lineages of P notabilis in Western and Central Europe
do co-occur in the east. One of the reasons for this phenomenon may be the geologically
young postglacial landscape of the region we studied. This flat area had no refugia and
broke free from ice only a few tens of thousands of years ago (Velichko et al. 2004) and
so it is still an arena of active migratory flows and evolutionarily young communities,
which is especially evident in the sedentary groups of organisms (Markova et al. 2008).
The species introduced into such young communities are more successful than those
introduced into ancient communities. A similar explanation can supplement the discus-
sion of the reasons for the sympatry of P notabilis lineages in Canada as a result of their
introduction to North America (Porco et al. 2012a; Saltzwedel et al. 2017). Our hy-
pothesis on parapatry of the lineages in the East European Plain has not been confirmed.

At present, it is difficult to conclude how widespread sympatry of genetic line-
ages is. For example, sympatry of genetic lineages was found in Deutonura monticola
(Cassagnau) and Heteromurus major (Moniez) among 16 genetically studied Collem-
bola species (Porco et al. 2012b).
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Ecological specialization of lineages

Genetic studies of springtails often do not consider the habitats where the material was
collected from, or, at least, do not specify them. Saltzwedel et al. (2017) preliminarily
supposed that environmental conditions may select for different lineages of P notabilis.
We investigated the genetic composition of P notabilis populations not only in natural
but also in disturbed habitats. The results showed an association of the L1 lineage with
disturbed habitats but L2 and L4-Hebert with natural habitats. This indicates possible
differences in tolerance to disturbance among genetic lineages.

The different habitat preferences of genetic lineages reflect the process of ecological
diversification within one species, and can lead to the emergence of new species result-
ing from ecological speciation. For many taxa, such cases were noted based on the ac-
tion of different selection vectors according to the gradient speciation model (Doebeli
and Dieckmann 2003; Endler 2020). This phenomenon was found, for example, in the
“palustris” group of the genus Isoromurus, the genetic analysis of which made it possible
to distinguish six species within 7. palustris (Mueller) sensu lato distributed in different
sections of the river floodplain profile (Carapelli et al. 1995). Subsequently, broad genetic
variability was discovered in many Collembola species, but the cryptic diversity of this
taxon was mostly described in terms of genetic lineages rather than independent species
(Porco et al. 2012a). Obviously, more genetic, morphological, and ecological information
must be accumulated to standardize the criteria for distinguishing Collembola species.

Information on the ecological preferences of genetic lineages is sporadic. Thus, in
the widespread springtail species Lepidocyrtus lanuginosus the genetic lineage L1 was
abundant and occurred in each of the three habitats studied (forests, grassland, arable
fields), L2 only in forests, and L3 only in pastures and arable fields (Zhang et al. 2018).
A similar diversification is found in P notabilis: one lineage is unspecialized to habitats
(L4-Hebert), while two are more specialized, one to natural forests (L2), the other to
disturbed habitats (L1). In both species the environmental factors leading to lineage
specialization remain unclear. The adaptations of the lineage may be of ecophysiologi-
cal, nutritional, demographic or migrational nature.

Our results are preliminary and call for more data. However, the assumption that
different genetic lineages of P notabilis prefer different degrees of habitat disturbance
seems convincing at this point. Samples along the disturbance gradient can reveal the
diversity of lineages for one location. The cosmopolitan species £ notabilis, abundant
in natural and disturbed habitats, is a promising model object for studying the phylo-
geography of Collembola populations.

Conclusions

Sequencing of the 28S gene is practical and convenient to identify already known ge-
netic lineages while data on the COI gene are needed to describe new lineages. Three
genetic lineages of Parisotoma notabilis have been detected in the East European Plain:
L1, L2, and L4-Hebert. Mean genetic distances between the lineages in the studied
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D3-D5 region of ribosomal 28S gene region ranged from 0.9% to 1.4%. About half
of the samples in central part of East European Plain included more than one lineage of
P notabilis. The samples from different habitats may include different genetic lineages
of the species, which is important to take into account in phylogeographic reconstruc-
tions. The most diverse genetic composition of P notabilis populations was observed
in natural forests and forest parks; only two lineages were found in urban environ-
ments. Genetic lineages of 2 notabilis show ecological specialization: L1 likely prefers
disturbed habitats, although L2 and L4-Hebert predominate in natural forests, which
requires further research. It is also necessary to focus on the search for characters that
could allow the morphological differentiation of the lineages.
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Appendix |

Table Al. Sample locations and GenBank Accession numbers of genetic lineages of Parisotoma notabilis.

Habitat Label GPS Coordinates N Lineage GenBank Accession number
28S CO1

Urban Balash-2021-1* 55°49'54.1069'N, 37°58'2.7689'W 1 L1 OM714597

green

ProspVernad-2020-1 55°40'54.2149'N, 37°30'22.6072"W
UgoZapad-2020-1*  55°39'34.8097'N, 37°28'46.7176"W
VDNH-2020-1  55°48'58.5949'N, 37°39'0.3845' W
Voronezh-2021-1  51°39'33.9962'N, 39°12'7.1375"W

L1 OM746101-OM746105

L1 OM778178, OM778179

L1 OM778173-OM778177

L1 OM778153, OM778154,
L4-Hebert OM778158-OM778160
Forest Hovrino-2020-1  55°52'24.7849'N, 37°28'42.3077"W L1 OM728286-OM728291 OP861639—
Park OP861643 (L1)

A W NN

ProspVernad-2020-2  55°41'8.5393'N, 37°30'4.5928'W 5 L1 OM746085-OM746089
ProspVernad-2020-3 55°41'9.5113'N, 37°29'46.7008'W 3 L1 OM746096-OM746098
ProspVernad-2020-4 55°40'53.4301'N, 37°29'59.8372'W 4 L1 OM746081-OM746084, OP866972 (L1)
1 L4-Hebert OM746095
VDNH-2020-2  55°48'48.6229'N, 37°39'55.4105'W 1 L1 OM778143, OM778144, OP861659 (L2)
2 12 OM778150-OM778152,
3 L4-Hebert OM778181
Maklino-2021-1  54°59'43.8770'N, 36°27'25.7931'W 5 L4-Hebert OM746090-OM746094
Nature Balash-2020-1*  55°49'52.4545'N, 37°54'22.9853'W 1 L2 OM714532
forest OrehZuev-2020-3  55°46'43.2060'N, 39°16'13.9757'W 1 L2 OM745895, OM746106—
3 L4-Hebert OM746108
SeloBulat-2021-1*  55°31'1.9789'N, 37°40'38.7112'W 2 L4-Hebert OM746099, OM746100
Shakh-2021-1 55°56'33.8150'N, 35°31'45.7780'W 3 L2 OM778155-OM778157
Shakh-2021-2 55°55'55.7450'N, 35°37'9.4468'W 1 L1 OM778148, OM778149, OP861657 (L2)
2 12 OM778169-OM778171
2 L4-Hebert
Shakh-2021-3 55°56'0.2990'N, 35°37'20.9560'W 4 L2 OM778164-OM778168 OP861658 (L2)
1 L4-Hebert
Shakh-2021-5 55°59'1.6022'N, 35°35'41.5816'W 3 L2 OM778145-OM778147,
1 L4-Hebert OM778180
Shakh-2021-6 55°59'2.4266'N, 35°35'50.4664'W 2 L2 OM757828-OM757831, OP861662—
OM778140, OM778141 OP861664
4 L4-Hebert (L4-Hebert)
Shakh-2021-8 55°59'30.6829'N, 36°14'57.8500'W 1 L2 OM778142, OM778161—
3 L4-Hebert OM778163
Shakh-2021-9 55°59'14.9005'N, 37°2'57.3605'W 5 L4-Hebert OM778135-OM778139

*Not used in calculating the number of lineages per location. /V: number of specimens

**GenBank Accession number of Saltzwedel at al. (2017) used in building the tree (Fig. 1.): KJ792225, K]J792230, KJ792235,
KJ792240, KJ792244, KJ792249, KJ792254, KJ792263, KJ792268, KJ792272, KJ792277, KJ792282, KJ792287, KJ792291,
KJ792295, KJ792299, KJ792304, KJ792309, KJ792314, KJ792319, KJ792324, KJ792327, KJ792332, K]J792335, KJ792340.
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Figure Al. Neighbor-Joining genetic tree of three lineages of P notabilis based of COI gene fragment
(Bootstrap support values showed on the branches, bar is genetic distance).

Appendix 3

Table A2. Intralineage and interlineage K2P-pairwise distances (%) of tree lineages Parisotoma notabilis
in the East European Plain for COI gene.

Lineage Intralineage Interlineage
L1 L2
L1 0.20 0
L2 0.76 19.84 0
L4-Hebert

0.59 20.74 17.33
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