Habitat selection, cryptic diversity, phylogeny, and phylogeography
of the European Lepidocyrtus lanuginosus species group

(Collembola: Entomobryidae)

Dissertation

for the award of the degree
Ph.D. Division of Mathematics and Natural Sciences

of the Georg-August-Universitat Goéttingen

within the doctoral program Biology

of the Georg-August University School of Science (GAUSS)

submitted by

Bing Zhang

from

Zaoyang, Xiangyang, Hubei province, China

Gottingen, November 2018



Thesis Committee

Stefan Scheu, Animal Ecology, Johann-Friedrich-Blumenbach Institute for Zoology and
Anthropology

Mark Maraun, Animal Ecology, Johann-Friedrich-Blumenbach Institute for Zoology and
Anthropology

Members of the Examination Board

Reviewer: Stefan Scheu, Animal Ecology, Johann-Friedrich-Blumenbach Institute for Zoology and
Anthropology

Second Reviewer: Christoph Bleidorn, Animal Evolution and Biodiversity, Johann-Friedrich-
Blumenbach Institute for Zoology and Anthropology

Additional Reviewer (if applicable):

Further members of the Examination Board:

Elvira Horandl, Systematics, Biodiversity and Evolution of Plants (with Herbarium), Albrecht-von-
Haller Institute for Plant Sciences

Klaus Hovemeyer, Animal Ecology, Johann-Friedrich-Blumenbach Institute for Zoology and
Anthropology

Mark Maraun, Animal Ecology, Johann-Friedrich-Blumenbach Institute for Zoology and
Anthropology

Marko Rohlfs, Population and Evolutionary Ecology Group, Institute of Ecology, University of
Bremen

Date of the oral examination: 14t of December, 2018



Table of contents

SUIMMIAIY ...ttt et e e bt e e et e e e beeestaeesbeeeeabeeeabeeebaeesabeeesseesnteseseeesasesesseeanseessseesasesanses 1
(00 T2 ] = o TSRS 5
GeNeral INtrodUCTION ............ccooiiiiii e 5
1.1 Genetic markers for molecular delimitation, phylogeny, and phylogeography....................... 6
1.2 “Cryptic” species in Collembola .........ccuuiiiiiii e e e 7
1.3 Molecular delimitation criteria in Collembola .........ccceeiiiiriiiiniiie e 9
1.4 Phylogeny and biogeography of Collembola...........ccooiiiiiiii e 9
1.5 The European Lepidocyrtus species and Lepidocyrtus lanuginosus species group................. 11
1.6 Structure Of the TheSiS....co.ui e s e e 12
RETEIEINCES. ..ttt et ettt e s bt e st et e sab e e sabeesaateesabeeebbeesabeesbeeesareenas 13
CRAPLEE ...ttt ettt e st e e e b e e ae et e s be e b e sbeebseatesbeessebeeasentesbaenseses 21

Cryptic species in Lepidocyrtus lanuginosus (Collembola: Entomobryidae) are sorted by

NABIEAE LYP@ ...t st b e et be e teeraetesteenaere s 21
AADSEIACE 1ttt ettt et e s et e s bt e st e e e abe e s bt e e s abeesbeeennbeesbeeesareenas 22
B R 1) oY [¥ Tt i o o P S STRTTPTRPI 22
2.2 Material and METNOAS. .......coiiiiiiieee ettt e st e st e b e e nane s 24

2.2.1 Sampling of animals and determination .........ccccccveviiiiiiiicciic e 24
2.2.2 DNA extraction @and PCR ........uiiiiiiiiie ettt e e e e e e e s e aa e e e e snaanee s 25
2.2.3 DAta @NAIYSES ..eiiieiiiie ittt e e e e e e bb e e e e ba e e e eataaeeeabbeeeeaaraaen 26
B B (= U £ PSSR 27
2.3.1 Habitat sorting of lineages of Lepidocyrtus Ianuginosus ..............cccceeeecvueeeeeciveeeeecnennn. 27
2.3.2 Genetic distances and variances and phylogenetic analysis.........cccccceveciiiiiienceiicnns 27
B B LT of 1] o] PP PP PUPT R OPPPP 30
P B B - o 11 - | Yo o 4 Y- ST 30
2.4.2 GENELIC dISTANCES. ..cuviiiiie ettt ettt ettt st e st e st e e st e s bt e e sabeesataesbaeesabeesnees 33
2.4.3 SYSTOMATICS ettt s 34
B3 o o To] [V o o 3SR 34
ACKNOWIBAGEMENTS ....eeii ittt e e e e e et e e e e st e e e e abae e e esabeeeeeeabaeeeesaseeeeennsees 35
202 =T =Y o TP 35
SUPPIEMENTArY MaAterialS. . ..o cuiiiie et e e e e e e e e e e earae e s enreee e earees 40



CRAPEEE ...ttt et e e bt e et e e et e e ve e be e beeeteeeteseaeeeaseenbeenbeesteesaneenreenns 45

DNA-based approaches uncover cryptic diversity in the European Lepidocyrtus lanuginosus

species group (Collembola: Entomobryidae)................ccooveiiiiiiiieccece e 45
F AN ¢ 1 Lot AU SSUR 46

I A 1Y o Yo ¥ ot o [P UU RPN 46

3.2 Material and MEthOUS .....coi i s e e s erraeeeeans 48
3.2.1 Sampling and DNA @XEraction .....ccueeiiiciieeiiiiieeeeciiee e eceee e e e estee e e ssere e e ssareeessnreeees 48

3.2.2 DNA-based species delimitation ......ccccuieeieciiieicciie e 49

3.2.3 DAt @NAIYSES weeieieiiiieieieee ettt e e et e e e st e e e e nataeeeeantreeeeaaraaen 51

I B =T U RSN 51
3.3.1 MOTUs / cryptic species delimitation based on mitochondrial markers ..................... 51

3.3.2 Genetic distances of both nuclear and mitochondrial markers .........ccccceeevciveeeinneenn. 52

3.3.3 PhylogeNnetiC @NalySiS . ....uuiiiiciiiieeeiiiie ettt e et e e e et e e e e enta e e e eentre e e e nraeaan 54

R B [ ol U1 (o] o [P UPPPPPPOPPPPPTT 55
3.4.1 High cryptic diversity of the Lepidocyrtus lanuginosus species group .......ccccceeeeevveenn. 55

3.4.2 PhylogenetiC @NalySiS...cuuiiiiciiiieiiciiieecitee ettt e et e e e sar e e e ssea e e e s eare e e e araee s 56

3.4.3 DNA-based approaches help discovering species diversity......cccccccceevivieeericieeesicnnennn, 57

T 3 o] [ol [V 1] oo -3 U UUR PR 58
ACKNOWIEAZEMENTS ...eeeiiiiieectee ettt e e e s e e e st e e e e be e e e saabaeeeesabaeeeeaseeesennsees 58

oY Y=Y o T RSP ST 59
SUPPIEMENTArY Materials ..ccuvviiiiciiiie et e et e e s tb e e et r e e e e enrbe e e e nreee s 64
CRAPLEI IV ...t sttt e s te et e et e s teebe e besbeesb e beessentesbaensesseessantens 79

Late Miocene-Pliocene diversification and Pleistocene-Holocene colonization shape

phylogeography of the European Lepidocyrtus lanuginosus species group (Collembola:

ENTOMODBIYIA@ER) ...ttt sttt et e r e b eaeebesreeneebeeaeenne e 79
FAY o] i - Yot AP PRSP 80

O R oY oo [¥ ot i o] VO O T OO UTO O ORPPPPTOTPPRPRRTOPN 80

4.2 Material and MeEThodS ......uiiiiiiee e s ee s 82
4.2.1 Data collection and lineage assignmeNnt ............uueeeeii it 82

4.2.2 Genetic diversity, population structure and haplotype reconstruction...................... 83

4.2.3 Phylogenetic analyses and divergence time estimation.......ccccccecccvieeeeeeeicccciiieeeeeen, 83

A3 RESUIES neteeeiieeeiee ettt ettt st e ste e et e e st e e s bt e e sat e e s bee e sabe e s bt e e b te e e bee e st beeeabeesateesbeeenaaen 86
e N A 1= Y 1=y ol o 1V T | Y APPSR 86

4.3.2 GENELIC STIUCTUIE .ceeiiiiiiieeteee ettt et e e e s e et e e e e e e s nereneeeeeeeas 86



4.3.3 Phylogenetic inferences and divergence time estimation .......ccccccoeeecvinieeeeeieecccinnnen, 90

4.4 DISCUSSION ..evtiiiiiiiiiiiitite ettt sttt a e e e st e e s bt e e s b e e e s s e e e s s aba e e s s nba e e s sanas 92
4.4.1 Biogeographic distribution Pattern .........cocceceeiieieeiienieeeeeee e 92

4.4.2 Late Miocene-Pliocene diversification across EUrope........cccccveeeeecveeeecciieeeceiiee e 93

4.4.3 Pleistocene-Holocene colonization patterns in Central Europe.........ccccecvveeeeevieeeennee. 94

4.5 CONCIUSIONS. ...eiiiieetee ettt ettt ettt e s et e st e st e e b ee e sabe e e be e e sabeesabeeesabeeesseesaseesneeesaneesanes 95
ACKNOWIBAGEMENTS ....eeiiiiieie ettt e e e et e e e e e tr e e e e nbaee e eeabeeeeeeabaeeeesnneeeeennsens 96
RETEIENCES. ..ttt et b e e s e e sttt e s ab e e sabeesbteesabeeebteesabeesneeesareenas 96
SUPPIEMENTArY MaterialS.....ccviiieiciiee et e e e e e ree e e e e bre e e e e bee e e e eabaee e e nrees 102

[0 F= ] =T SRS 114
GENEIAl DISCUSSION ........ooiiiiiiiiit ettt ettt eae e 114
5.1 Incongruence of morphological and molecular species delimitation..........cccccceeeeeeeecnnnnneen. 114

5.2 Environmental filtering of cryptic species of Collembola...........ccceecvieiieciieeecieeeeee e, 115

5.3 Geographic and environmental factors limiting gene flow in Collembola..........cccccuveenn.eee. 116

5.4 FULUIE POISPECTIVES ...vvttieieiiiieitittttt e nnnnnen 118

(6] 4ol [ V11 To o PP P PP PRSP 119
RETEIENCES ...ttt b ettt ettt e s bt e s bt e sat e st e e b e e bt e s bt e aaeesaeeeateeteeneens 120
ACKNOWIEAZEMENTS ...ttt et et ear et eaeereeteenneeras 127
List Of PUBIICAIONS ..ottt ras 128
Published paper related to this thesSis......cccuiiiiiiiiiice e 128
Unpublished papers related to this theSis .........ccueieeciiii e 128

(0] d o1 oT¥ o] 1 g TTe I o T T o 1T YRR 128
Thesis declarations............c.ooiiii et 129
Declaration of the author’s own contribution to manuscripts with multiple authors ................ 129

[ loTo T {o T4 K g e [=ol [o ] o 1 (o) ¢ NP USSR 129
CUITICUIUM VIEQE...............ooeei ettt 131



vi



Summary

Summary

Accurate species identification and assessment of species diversity are essential for studies on
phylogeny and phylogeography, adaptation and ecological function. The development of molecular
methods triggered the discovery of cryptic species, i.e., genetically distinct lineages in morphologically
undifferentiated species. Collembola (Arthropoda, Hexapoda) are one of the most numerous soil-living
animals occurring in virtually all terrestrial ecosystems and habitats. Species delimitation is particularly
difficult in Collembola due to considerable morphological conservatism, and many Collembola species
comprise high genetic divergence and high cryptic species diversity. DNA-based methods provide
useful tools for species delimitation, phylogenetic reconstruction, and lineage divergence time
estimation. By analyzing two mitochondrial and two nuclear genes from three morphospecies of the
European Lepidocyrtus lanuginosus species group (Collembola: Entomobryidae) from different
geographic regions of Europe, this thesis focuses on exploring cryptic species / lineages diversity, their
phylogeny, and the effects of historical geographic and climatic changes on the divergence and

distribution of this species group in Europe.

In chapter Il, | investigated phylogenetic relationships and genetic distances between populations
of the morphospecies L. lanuginosus (Gmelin, 1788) from three different habitats in Central Europe,
i.e. arable fields, grasslands, and forests replicated at six locations. Geographic distances between
sampling locations were considerably larger than between habitat types. All four genes clearly
separated the morphospecies L. lanuginosus into three major genetic lineages, with one of these
lineages being close to Lepidocyrtus cyaneus Tullberg, 1871. The three lineages were genetically as
distant to each other as well separated species. Selective colonization of the three habitats by these
lineages indicate that they are sorted by habitats: one lineage was common and occurred in each of
the three habitat types but preferentially in arable land; the second was restricted to forest; the third,
although rare, preferentially occurred in grassland. The results indicate that genetic markers are a
reliable and fast method to detect cryptic species, which may facilitate taxonomic research on

Collembola species and the identification of possible species-specific morphological characters.

In Chapter lll, | delimited species boundaries of the L. lanuginosus species group sampled across

Central and Southern Europe (north and south of the Alps) by utilizing three DNA-based methods,
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ABGD, PTP, and BPP. Species diversity delimited by morphology was compared with that delimited by
genes. Three methods based on mitochondrial COl and COIll congruently identified ten and nine
distinct genetic lineages in the morphospecies L. cyaneus and L. lanuginosus, respectively. ABGD
delimitated species barcoding gaps with K2P distances of 0.055-0.095 and 0.06-0.115 for COl and COll,
respectively, within the species group. EF1l-a separated 89% of these lineages, showing a higher
resolution than 28S rDNA D1-2 in distinguishing closely related genetic lineages of the species group.
The phylogenetic analysis based on the four genes showed that both morphospecies L. cyaneus and L.
lanuginosus are polyphyletic, suggesting that body color is insufficient for delimiting morphospecies
and lineages in this Collembola species group. This study challenges the current morphology-based
species delimitation in the L. lanuginosus species group and suggests that molecular approaches are
needed for accurate determination of Collembola species in both taxonomic and ecological studies.
Overall, the results suggest that wide geographic sampling combined with molecular phylogenetic
approaches is necessary to delimit species, understand the full range of cryptic diversity, and analyze

phylogenetic relationships in Collembola.

In Chapter IV, | studied the phylogeography of 18 lineages of the L. lanuginosus species group
using a multi-locus molecular approach. The genetic diversity and population structure of all lineages
were analyzed using COIl, while all four above-mentioned genes were concatenated to infer the
phylogeographic origin of these lineages. Results showed that the 18 lineages did not overlap in their
distribution ranges in Central, Southern, and Southeastern Europe, suggesting high genetic structure
and limited gene flow between these three regions. The major lineages diverged in the Late Miocene
and Pliocene (17-2.59 million years ago, Mya), i.e. before Quaternary ice ages, indicating that distinct
lineages survived in multiple refugia in each sampling region during Quaternary glacial periods. The
genetic structure of the 18 lineages of the group supported a model of sequential allopatric
diversification within each sampling region. Further, three distinct lineages which diverged during the
Pleistocene and Holocene were widely distributed across Central Europe, suggesting that glacial cycles
in the Quaternary affected the spread of these lineages. Identical haplotypes of both of these lineages,
occurring in localities hundreds of kilometers apart, suggest recent human-mediated dispersal across
Central Europe. These results indicate that distribution patterns of Collembola in Europe are more

complex than previously assumed.
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By utilizing DNA-based analyses, my thesis highlights a novel view of the diversity, ecology,
phylogeny, and phylogeography of the three morphospecies of the European L. lanuginosus species
group. DNA-based analyses rejected the three-species hypothesis based on the morphological species
concept and the monophyly of each species based on the phylogenetic species concept. This suggests
that historical geographic and climatic changes dating to the late Miocene as well as recent human-
mediated dispersal caused the lineage divergence and shaped the present-day distribution of this
species group. Environmental factors other than geographic distances likely impede gene flow among
lineages. Overall, the results of this thesis suggest that soil animals likely experienced different and
more complex evolutionary forces than aboveground animals and plants in shaping their genetic
diversification and biogeographic distribution. Future studies need to explore the physiological
characters responsible for habitat sorting of cryptic species / lineages of the L. lanuginosus species
group, and global scale phylogeographic studies on a number of Collembola species are needed for a
deeper understanding of the dispersal, speciation, and evolution of Collembola and of soil animals in

general.
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Chapter |

General Introduction

The basis for a wide range of biological studies is the accurate identification and assessment of
species diversity. Collembola (Arthropoda, Hexapoda), commonly referred to as springtails, are one
of the most numerous soil-living animals, occurring in virtually all terrestrial ecosystems and habitats
(Hopkin, 1997). The taxonomical categories of Collembola are entirely based on external morphology,
with about 8,800 Collembola species currently described worldwide (Bellinger et al., 1996-2018;
Deharveng, 2004). Due to considerable morphological conservatism, species delimitation is
particularly difficult in Collembola. Morphological approaches are limited in disentangling species
clusters, delimiting sibling species and color pattern forms, and reconstructing phylogeny. Molecular
tools are extremely useful in evaluating the tenuous morphological characters, reconstructing highest
relationships, and testing the accuracy of current taxonomical hierarchy in Collembola (D’Haese, 2002;
Luan et al.,, 2005; Soto-Adames, 2000; Xiong et al., 2008; Zhang et al., 2015, 2014a; Zhang and
Deharveng, 2015).

This thesis focuses on revealing habitat selection, cryptic diversity, phylogeny, and
phylogeography of three morphospecies of the Lepidocyrtus lanuginosus species group (Collembola:
Entomobryidae) by analyzing genetic diversity and population structure across Europe. High intra-
specific genetic divergence and non-monophyly of the L. lanuginosus species group (Cicconardi et al.,
2010; Mateos et al., 2018) raise concerns about the traditional morphological species delimitation,
phylogenetic reconstruction, species distribution, and ecology of the species group in Europe.
Molecular studies reveal that some morphology-based species comprise high numbers of cryptic
species, i.e., genetically distinct lineages exist in morphologically undifferentiated species (Cicconardi
et al., 2013, 2010; Porco et al., 2012a,b; von Saltzwedel et al., 2017). Two morphospecies of the L.
lanuginosus species group, i.e., L. cyaneus Tullberg, 1871 and L. lanuginosus (Gmelin, 1788), are widely
distributed and intensively studied in Europe and comprise high intra-specific genetic divergence and
few morphological variations (Cicconardi et al., 2010; Mateos, 2012). Detailed genetic analyses of
populations from a large sampling region are expected to allow inferring accurate species
identification and assessment of the species group, providing genetic insight into diversity,

distribution and speciation of Collembola.

DNA-based approaches have been developed to improve the evaluation of cryptic species
diversity (Knowles and Carstens, 2007; Wiens, 2007), and a combination of relatively variable

mitochondrial genes and conserved nuclear genes have been proven to be efficient for reconstructing
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a reliable phylogeny and analyzing the phylogeography of Collembola species (von Saltzwedel et al.,
2016; Yu et al., 2017). In this thesis, | first investigated the genetic divergence of the morphospecies
L. lanuginosus at a local scale in Central Europe, to test whether cryptic species / lineages exist and
whether these lineages have similar distribution pattern in different habitats (Chapter Il). After
confirming the existence of distinct genetic lineages in L. lanuginosus, | investigated the genetic
diversity and phylogenetic relationships of cryptic species / lineages of the L. lanuginosus species
group across Europe (Chapter lll). | further analyzed the geographic distribution of the lineages in
Central, Southern, and Southwestern Europe, and estimated their divergence times to investigate how
past climate and geographic change affected their present-day distributions in Europe (Chapter IV).
The overall goal of this thesis is to reveal the genetic structure, diversity, distribution and
diversification patterns of two well-described, widely distributed, and intensively studied Collembola
morphospecies. This will help identify the factors driving dispersal, diversification, evolution, and

speciation in Collembola.

1.1 Genetic markers for molecular delimitation, phylogeny, and phylogeography

To achieve these aims, genetic sequences were integrated with morphological and
biogeographic data. | sequenced two variable mitochondrial genes, i.e., cytochrome c oxidase subunit
I and Il (COl and COIll), and two conserved nuclear genes, i.e., 28S ribosomal DNA D1-2 domain (28S
D1-2), and Elongation Factor 1-a (EF1-a). COl (Hebert et al., 2003; Hogg and Hebert, 2004) is very
efficient in molecular delimitation of Collembola (Katz et al., 2015; Sun et al., 2017; Yu et al., 2017; F.
Zhang et al., 2018). COIl has been used to study the population genetic divergence and phylogeny of
Collembola, including Desoria (Stevens et al., 2007), Isotoma (Frati and Carapelli, 1999), Lepidocyrtus
(Cicconardi et al., 2010; Mateos et al., 2018), Neanuridae (Frati et al., 2000b; Frati and Dell’Ampio,
2000), and Orchesella (Frati et al., 2000a, 1997; Timmermans et al., 2005). Nuclear 28S rDNA and EF1-
a are efficient in discriminating Collembola species (Anslan and Tedersoo, 2015; Cicconardi et al.,
2010; Zhang et al., 2014b) and for reconstructing the phylogeny of Collembola at genus and species
level (Cicconardi et al., 2013, 2010; Mateos et al., 2018; Zhang et al., 2014b). Thus in Chapter II, all
four genes were used as barcoding markers to calculate genetic distances within and between
different species of Lepidocyrtus, and in Chapter Ill, the COIl data set was used to calculate the
barcoding gaps and to delimit species boundaries within the L. lanuginosus species group. Further, the
efficiency of COIll, 28S rDNA and EF1-a as alternative barcoding markers was evaluated by analyzing

the congruency of cryptic species identification based on each of three genes compared to COI.
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Various molecular markers, e.g., 18S and 28S ribosomal DNA (rDNA) and EF1-a, mitochondrial
COl and COIl and 16S rRNA, and even mitochondrial genome data (Carapelli et al., 2014), have been
used to explore the phylogenetic relationships among Collembola. Among them, 18S and 28S rDNA
are relatively conserved and were used for studying phylogeny at high taxonomic levels, i.e. among
orders and families (D’Haese, 2002; Dell’Ampio et al., 2002; Luan et al., 2005; Xiong et al., 2008; Yu et
al., 2016; Zhang et al., 2014a). Mitochondrial genes, e.g., COIl, COIl, and 16S, are more variable as
compared to the above mentioned nuclear genes, and thus were combined with 18S, 28S rDNA or
EF1-a to study phylogenies within genera of Collembola, for example in Coecobrya (F. Zhang et al.,
2018), Cryptopygus (McGaughran et al., 2010a), Entomobrya (Ding et al., 2018), Lepidocyrtus
(Cicconardi et al., 2013, 2010; Mateos et al., 2018), and Megalothorax (Schneider and D’Haese, 2013).
The phylogenetic trees reconstructed with the concatenated data set of COI, COIll, 28S D1-2 and EF1-
a gave the highest support values, thus the concatenated data set was used for phylogenetic

reconstructions in all three chapters.

Single mitochondrial genes such as COl and COIl have been used to study the genetic divergence
within Collembola species (Beet et al., 2016; Stevens et al., 2007). However, as mentioned above,
some widely distributed Collembola species comprise cryptic species / lineages with similarly high
intra- and inter-specific genetic divergences. Genetic divergence between species within genera
reached 10-20% in COI, overlapping with that between species from different genera or families
(Emerson et al., 2011; Porco et al., 20123, 2014). COIl and COIl are variable both between and within
species, and topologies of lineages based only on COI or COll typically were not well supported, e.g.
in Entomobrya (Katz et al., 2015), Orchesella (Frati et al., 2000a), and Protaphorura (Sun et al., 2017).
Combining more conserved nuclear markers with COI or COIl proved to be an efficient way to study
the phylogeography of these widely distributed Collembola species (von Saltzwedel et al., 2017, 2016).
Thus in Chapter IV, the COIll data set of the L. lanuginosus group, more complete than that of COI, was
used to analyze genetic diversity and population structure of all lineages of the L. lanuginosus species
group. The phylogenetic relationships of these lineages were reconstructed based on concatenated
data set of COI, COIl, 28S D1-2 and EF1-q, to further infer their divergence and colonization patterns

in Europe.

1.2 “Cryptic” species in Collembola

Collembola are small terrestrial arthropods morphologically similar to insects, possessing three
tagmata, one pair of antennae, and three pairs of thoracic legs. Collembola differ from all other

hexapods by the presence of three synapomorphies: a ventral tube (or collophore), the tenaculum (or
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retinaculum), and the furcula (Hopkin, 1997), but tenaculum and furcula are secondarily lost in some
taxa. Traditionally, species of Collembola have been identified and described using morphological
characters, i.e., following the morphological species concept (MSC) which is based on distinct
discontinuity in the series of biotypes (Du Rietz, 1930). However, morphological characters may
undergo convergent evolution if they are under strong functional selective pressure. The use of
morphological data alone therefore may fail to identify species and this may be particularly

widespread in species showing low morphological variation, i.e. comprising of cryptic species.

Accurate delimitation of species is essential for understanding species diversity and their
distribution. It is generally accepted that species are independently evolving lineages and various
operational criteria are used for species identification, depending on the species concept that is being
invoked (De Queiroz, 2007). Among the ca. 22 species concepts (Mayden, 1997), the two most widely
used species concepts are the biological species concept (BSC), which is based on reproductive
isolation (Dobzhansky, 1950; Mayr, 1942), and the phylogenetic species concept (PSC), which is based
on reciprocal monophyly (Baum and Shaw, 1995; Wheele and Meier, 2000). However, the BSC is rarely
used in Collembola (and other arthropods), due to the limits of proving the ability to interbreed and
form hybrids. Generally, however, in Collembola the MSC and BSC are compatible as indicated by a
series of laboratory hybridization studies in Hypogastruridae (Skarzynski, 2005), and the MSC and
similarity criteria are now widely applied for species diagnoses in Collembola groups (Deharveng,

2004).

There is still considerable disagreement about the hierarchy of types of characters and validation
criteria for species delimitation (Padial et al., 2010; Schlick-Steiner et al., 2010), and this is particularly
pronounced in Collembola. Even though a wide range of diagnostic morphological characters
(chaetotaxy, mouthparts) have improved the taxonomy of Collembola (Deharveng, 2004).
Considerable morphological conservatism raises difficulties in deciding which morphological trait(s)
relate to species. Recent molecular studies have revealed deeply divergent lineages and high genetic
diversity of morphologically conserved and widely distributed Collembola species such as
Ceratophysella denticulate (Bagnall, 1941), Folsomia quadrioculata (Tullberg, 1871), Isotomiella minor
(Schaeffer, 1896) (von Saltzwedel et al., 2016), L. lanuginosus (Cicconardi et al., 2010; B. Zhang et al.,
2018), Orchesella cincta (Linnaeus, 1758) (Timmermans et al., 2005), and Parisotoma notabilis
(Schaffer, 1896) (Porco et al., 2012b; von Saltzwedel et al., 2017). These species comprise at least two
distinct lineages, and genetic distances between lineages are as high as that between species
(Cicconardi et al., 2010; Porco et al., 2012a). On one hand, the cryptic species problem supports the
notion that global Collembola diversity may be greatly underestimated (Cicconardi et al., 2010;

Deharveng, 2004), on the other hand, it raises concerns about how to delimit cryptic species.
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1.3 Molecular delimitation criteria in Collembola

Molecular data, i.e., DNA sequences, have many advantages in species delimitation. For
example, data from multiple loci can be integrated, species limits can be determined without defining
a priori species, and the statistical support for species-level decisions can be estimated (Wiens, 2007).
Molecular data can provide additional information related to species identification, delimitations that
integrate genetic data greatly alleviate the difficulties of using morphological taxonomy alone in
Collembola (e.g., Katz et al., 2015; Sun et al., 2017; F. Zhang et al., 2018). Many DNA-based statistical
methods have been developed to improve species delimitations (Knowles and Carstens, 2007; Wiens,
2007). For example the Automatic Barcode Gap Discovery (ABGD), a fast and simple distance-based
method which splits sequence alignment datasets into candidate species based on a barcode gap

computed from a single locus (Puillandre et al., 2012).

Other methods use single or multiple genetic markers and consider evolutionary models, which
greatly improved molecular species delimitation (Hailer et al., 2012; Knowles and Carstens, 2007). For
example, the Poisson Tree Processes model (PTP) tested species boundaries on non-ultrametric
phylogenies by detecting significant difference in the number of substitutions between and within
species (Kapli et al., 2017; Zhang et al., 2013). The Bayesian Phylogenetics and Phylogeography (BPP)
program uses multilocus sequence data to delimit species, which can identify cryptic species that may
be misidentified as a single species (Yang and Rannala, 2017, 2010). Since any method could possibly
be violated in a particular empirical system, applying a wide range of delimitation analyses has been
proposed to strengthen the confidence in the results that are congruent across methods (Carstens et

al., 2013).

1.4 Phylogeny and biogeography of Collembola

Collembola, together with Protura, Diplura, and Insecta, form the four main groups of Hexapoda.
Fossil record of Collembola date back to the Devonian, ca. 400 million years ago (Mya; Hirst & Maulik,
1926; Whalley & Jarzembowski, 1981). Collembola have been assigned to four orders, i.e.,
Poduromorpha Bérner, 1913, Entomobryomorpha Bérner, 1913, Symphypleona Boérner, 1901 and
Neelipleona Massoud, 1971, and 34 families (Bellinger et al., 1996-2018). Phylogenetic relationships
of the major clades of Collembola that were reconstructed based on morphological data are
incongruent with that based on molecular data, presumably due to the uncertain position of
Tomoceridae (D’Haese, 2003, 2002; Luan et al., 2005; Schneider et al., 2011; Xiong et al., 2008; Yu et
al., 2016). While, phylogenetic reconstruction based on genetic data well supported the monophyly

and the relationships of the subfamilies (except Orchesellinae) of Entomobryidae, the largest family
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in Collembola (Zhang et al., 2014a). Integrating molecular and traditional and new morphological
evidence further revised the systematics of Entomobryidae, separating Orchesellinae into three
subfamilies (Zhang and Deharveng, 2015). Collembola usually show clear specific spatial distribution
patterns (Fiera and Ulrich, 2012), thus molecular phylogenetic reconstructions of Collembola at genus
or species level greatly help inferring the speciation and historical biogeographical processes of

Collembola (Cicconardi et al., 2013, 2010; Zhang et al., 2014b).

Collembola showed latitudinal and longitudinal gradients with species richness decreasing from
south to north and from west towards east in Europe (Fiera and Ulrich, 2012; Ulrich and Fiera, 2009).
Area, winter length and annual temperature difference are major predictors of species richness of
European Collembola (Ulrich and Fiera, 2009). Mediterranean regions, i.e., Spain, France, and Italy are
rich in endemic Collembola while higher latitudes are richer in widespread species (Deharveng et al.,
2008; Fiera and Ulrich, 2012). Climatic, geographic and geologic histories are the main factors that
determine the biogeography of current biota. The present-day distribution patterns of European
Collembola, especially species with restricted range sizes, was suggested to be shaped by Quaternary
glaciation (Fiera and Ulrich, 2012; Frenzel, 2005; Knowles, 2000), following the common pattern that
species retreating to Southern refugia and re-colonizing Central Europe during interglacial periods
(Hewitt, 2000, 1999; Hewitt et al., 1996). But cryptic refugia also existed in the Northern Hemisphere
during glaciation (Stewart et al., 2010), and multiregional postglacial colonization, including refugia
north of Alps, were suggested to contribute the current spatial distribution patterns of the European
Collembola (Fiera et al., 2016; Fiera and Ulrich, 2012). Geographical isolation, constant environmental
conditions, and heterogeneous geographical structures within these regions may further accelerate
the local diversification (Fiera et al., 2017). Thus populations of species in Central Europe may be

genetically very distinct from that from Southern Europe.

Collembola species with a wide distribution range provide good model organisms to study the
effects of Quaternary glaciation on the dispersal and divergence of below ground biota in Europe. As
mentioned above, these widely distributed species comprise high intra-specific variations and distinct
lineages across Europe (Cicconardi et al., 2010; Porco et al., 2012b; Timmermans et al., 2005; von
Saltzwedel et al., 2017, 2016). Major lineages of three Collembola species inhabiting different regions
of Europe diverged during the Miocene epoch (von Saltzwedel et al.,, 2016), i.e., long before
Quaternary glaciation, suggesting that European Collembola may not follow the common
recolonization patterns (Hewitt, 2000, 1999; Hewitt et al., 1996). However, both Miocene climate
change (Bruch et al.,, 2007) and Quaternary glaciation were proved to be the main factors that
significantly affected the distribution pattern of the Antarctic Collembola (Caruso et al., 2009;

McGaughran et al., 2010a, 2010b; Stevens and Hogg, 2006). Thus a study on the genetic structure of
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the L. lanuginosus species group across Central, Southern, and Southwestern Europe will enable us to

identify which and how past climate changes affected the divergence of this group of Collembola.

1.5 The European Lepidocyrtus species and Lepidocyrtus lanuginosus species group

Lepidocyrtus Bourlet, 1839 is a Collembola genus with high species richness, comprising up to 10
subgenera (Wang et al., 2003) and 225 species that are distributed all over the world (Bellinger et al.,
1996-2018). The taxonomic status of Lepidocyrtus subgenera remains problematic due to the
confusion of diagnostic morphological characters (see Mateos & Greenslade, 2015). The European
Lepidocyrtus species were assigned to five monophyletic species groups based on both morphological
and genetic data (Mateos et al., 2018). The L. lanuginosus species group comprises three species, i.e.,
L. bicoloris Mateos, 2012, L. cyaneus Tullberg, 1871, and L. lanuginosus, but variation in morphological
characters exists within each species (Mateos, 2012). Body color is an important morphological
character to distinguish the species L. cyaneus (entire dark blue body) and L. lanuginosus (entire yellow
body) (Hopkin, 2007; Mateos, 2012, 2008). However, phylogenetic analysis has revealed that L.
lanuginosus is paraphyletic with L. cyaneus nested within L. lanuginosus (Cicconardi et al., 2010;
Mateos et al., 2018; B. Zhang et al., 2018). Phylogenetic reconstruction involving lineages occurring in
different regions of Europe may allow evaluating if body color is a valid species marker in the L.

lanuginosus species group.

Lepidocyrtus cyaneus commonly is considered to predominantly occur in grasslands (Auclerc et
al., 2009; Migliorini et al., 2003) but also occurs in forests (Heidemann et al., 2014; Urbanovicova et
al., 2014) and arable fields (Scheunemann et al., 2015); L. lanuginosus has been considered as habitat
generalist associated with arable fields (Querner et al., 2013), grasslands (Auclerc et al., 2009; Heiniger
et al.,, 2015), as well as forests (Cicconardi et al., 2010; Ferlian et al., 2015). However, several species
of the genus Isotoma (Collembola, Isotomidae) show microgeographic and microhabitat segregation
(Carapelli et al., 1995), indicating that closely related Collembola species differ in their preferred
habitats. Considering the existence of high intra-specific genetic variations and ubiquitous distribution
in variable habitats, | also investigated whether cryptic species / lineages of L. lanuginosus exist in
different but closely connected habitats, and further tested whether these habitats function as filters

sorting for specific genetic lineages.

The L. lanuginosus species group comprises cryptic species / lineages in the Mediterranean
region and Central Europe (Cicconardi et al., 2010; B. Zhang et al., 2018). The genetic distances in COI
between these lineages were considerably larger than the assumed threshold for delimiting species

(Hebert et al., 2004, 2003; Hebert and Gregory, 2005) and specifically for delimiting Collembola
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species (Hogg and Hebert, 2004; Sun et al., 2017; F. Zhang et al., 2018). Thus the true species richness
of the L. lanuginosus species group likely is underestimated, and genetic based delimitation surpasses

morphological delimitation in identifying their cryptic species diversity.

Both species L. cyaneus and L. lanuginosus are globally distributed and belong to the most
commonly recorded epedaphic Collembola species in Europe (https://fauna-eu.org; Salmon et al.,
2014). They are considered to be fast colonizers, with long legs and antenna, developed furcula and
complete visual apparatus with eight ocella per eye spot (Auclerc et al., 2009; Ponge et al., 2006). Thus
they are good model organisms to study their phylogeographic structure and the effects of past

climate changes on the distribution and genetic structure of above-ground living Collembola.

1.6 Structure of the thesis

The aims of this thesis were to investigate the genetic structure and cryptic diversity of three
Collembola species, i.e., L. cyaneus, L. lanuginosus, and L. bicoloris Mateos, 2012 of the L. lanuginosus
species group at local and European scale to test if their diversity and structure are related to different
habitats, to geographical regions, or historical climate changes. In chapter I, | investigate the genetic
variance of specimens of L. lanuginosus from three dominant habitat types in Central Europe, i.e.
forests, grasslands and arable fields. In Chapter lll, | compare genetic distances within and between L.
cyaneus and L. lanuginosus by extending the sampling regions to Central, Southern, and Southwestern
Europe. In Chapter IV, | analyze lineages of these two morphospecies together to investigate the
phylogeographic structure of the whole species group. Further, | investigate the genetic diversity and
structure of the lineages in different regions to infer the colonization routes, and to estimate the
divergence times of these lineages to gain insight into how past climate and geography may have

affected the current distribution of cryptic species / lineages of the L. lanuginosus species group.

| examined the following main hypotheses:

(1) The species L. lanuginosus comprises cryptic species / lineages in a local region (within 20

km x 20 km), and these lineages are sorted by habitat types. Chapter Il

(2) The three species in the L. lanuginosus species group, i.e. L. bicoloris, L. lanuginosus, and L.
cyaneus are genetically well separated, with the genetic divergence within species being

lower than between species. Chapter lli

(3) Body color is a valid species character reflecting monophyly of each species of the L.

lanuginosus species group. Chapter lil
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(4) Lineages of the L. lanuginosus species group within sampling regions are phylogenetically
clustered and isolated from lineages from other sampling regions, reflecting that lineages

inhabiting Central Europe originated from Southern or Southwestern Europe. Chapter IV

(5) Divergence times of lineages of the L. lanuginosus species group fall into the Quaternary
suggesting that Quaternary glaciation drove the dispersal and divergence of these lineages.

Chapter IV
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Abstract

High intraspecific genetic variance in Collembola indicates that cryptic species are widespread
and this challenges the delimitation of morphologically defined species. Lepidocyrtus lanuginosus
(Gmelin, 1788) is a widely distributed habitat generalist with high genetic variance between
populations from different locations in Europe. In this study we investigated the genetic variance of L.
lanuginosus from three dominant habitat types in Central Europe, i.e. forests, grasslands and arable
fields, using four molecular markers (ribosomal subunit 285 rDNA D1-2 domain, elongation factor 1-
a, cytochrome c oxidase subunit | and subunit Il). The results suggest that L. lanuginosus separates
into three major genetic lineages with one of these lineages being close to Lepidocyrtus cyaneus
Tullberg, 1871. The phylogenetic tree based on the concatenated data set of four genes suggests that
all lineages of L. lanuginosus are monophyletic. Selective colonization of the three habitats by these
lineages indicates that they are sorted by habitats: one lineage was common and occurred in each of
the three habitat types but preferentially in arable land, the second was restricted to forest, and the
third, although rare, preferentially occurred in grassland. Our results indicate that genetic markers
allow delineating cryptic species in Collembola, which are widespread, morphologically coherent and
differ in the habitats they colonize. The existence of cryptic species / lineages in widely distributed
Collembola species that sort by habitat type calls for studies integrating genetic structure and

ecological traits.

Keywords: DNA barcoding; genetic variation; Lepidocyrtus cyaneus; mitochondrial genes;

pigmentation; springtail

2.1 Introduction

The development of molecular methods in the past decade triggered the discovery of cryptic
species (Bickford et al., 2007; Emerson et al., 2011), in particular among soil organisms. Soil animal
species show exceptionally high genetic variability as documented for earthworms (James et al., 2010;
King et al., 2008), oribatid mites (Rosenberger et al., 2013; Schaffer et al., 2010) and springtails
(Cicconardi et al., 2013, 2010). High genetic variability of morphospecies suggests the existence of
cryptic species, which may substantially contribute to the diversity of belowground invertebrates
(Porco et al.,, 2012a). Cryptic species are morphologically indistinguishable but show genetic
differentiation, suggesting that they differ in their ecological niches (Bidochka et al., 2001; Davidson-
Watts et al., 2006) as a result of niche-differentiation within a habitat or adaptation to different

habitats (Eisenring et al., 2016; Tarjuelo et al., 2001). Environmental differences can impede gene flow
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across habitat boarders, promoting population divergence (isolation by environment; Wang and
Summers, 2010). Springtails (Hexapoda: Collembola) are among the most abundant and diverse soil
invertebrates and occur in virtually any terrestrial habitat (Hopkin, 1997). Currently, about 8,600
species have been described. Traditionally, delimitation of Collembola species relies on morphological
characters, mainly chaetotaxy, a method that examines arrangement of chaetae on different body
parts (Katz et al., 2015). Molecular studies, however, indicated that the number of existing Collembola
species likely is much higher as many species comprise a number of cryptic species (Emerson et al.,
2011; Porco et al., 2012a; Soto-Adames, 2002). Notably, cryptic species appear to be common in
widely distributed and locally abundant Collembola species, such as Orchesella cincta (Linnaeus, 1758)
(Timmermans et al., 2005) and Parisotoma notabilis (Schaffer, 1896) (Porco et al., 2012b; von

Saltzwedel et al., 2017).

Lepidocyrtus lanuginosus (Gmelin, 1788) is one of the most widely distributed Collembola species
in Central and Western Europe (Salmon et al.,, 2014). It rapidly colonizes new habitats and is
characterized by long legs and antenna, developed furcula and complete visual apparatus with eight
ocella per eye spot (Ponge et al., 2006). Lepidocyrtus lanuginosus has been considered as habitat
generalist (Auclerc et al., 2009) associated with arable fields (Querner et al., 2013) and grasslands
(Auclerc et al., 2009; Heiniger et al., 2015), i.e. anthropogenic habitats characterized by disturbances
of varying intensity. However, the species also colonizes forests (Cicconardi et al., 2010), which are
rather stable habitats. In forests of the Mediterranean region, L. lanuginosus displays high genetic
variation, suggesting the existence of cryptic species or impeded gene flow between forests
(Cicconardi et al., 2010). It is therefore likely that L. lanuginosus of different habitats also comprises

cryptic species or lineages with distinct genetic structure.

In this study we investigated phylogenetic relationships and genetic distances between
populations of L. lanuginosus from three different habitats in Central Europe, i.e. arable fields,
grasslands and forests that were replicated at six locations. Geographic distances between sampling
locations were considerably larger than between habitat types allowing to identify habitat specific
genotypes. Intraspecific genetic variation was measured using two mitochondrial (COl and COIl) and
two nuclear genes (28S ribosomal DNA D1-2 domain and elongation factor 1-a). Mitochondrial COl is
commonly used for animal DNA barcoding and reliably distinguishes between Collembola species as
well as cryptic species (Hebert et al., 2003; Hogg and Hebert, 2004; Porco et al., 2012a), while COIl has
been used to reconstruct phylogenetic relationships of Collembola including the genus Lepidocyrtus
(Cicconardi et al., 2013, 2010; Frati et al., 2000; Stevens et al., 2007). The two nuclear genes represent
markers independent from mitochondrial genes strengthening the delineation of phylogenetic

relationships among individuals of each lineage of L. lanuginosus. We checked if the phylogenetic
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structure of L. lanuginosus is best explained by habitat types or by sampling locations, i.e. geographic
distance. If L. lanuginosus comprises a single generalist species individuals should sort by geographic
distances due to limited dispersal, or generate a random pattern of relatedness in the phylogenetic
tree if locations and habitats were colonized multiple times. In contrast, if L. lanuginosus comprises
cryptic species that colonize certain habitat types, genetic lineages should sort by habitat types rather
than locations. Further, we compared intraspecific genetic variability of L. lanuginosus with genetic
distances between L. lanuginosus and five other species of the same genus. These species included
Lepidocyrtus cyaneus Tullberg, 1871 which is morphologically very similar to L. lanuginosus and
belongs to the L. lanuginosus group (Mateos, 2012), but it differs from L. lanuginosus by its purple

body color (Fjellberg, 2007; Hopkin, 2007; Mateos, 2008).

2.2 Material and methods

2.2.1 Sampling of animals and determination

The Collembola species L. lanuginosus and L. cyaneus were collected from six locations near the
city of Gottingen, Germany; distances between sampling locations were between 4 and 28 km
(supplementary Figure S2.1). Each sampling location encompassed three types of habitats: arable
field, grassland and forest that were close to each other with distances below 1 km. Specimens in
grasslands and arable fields were collected using an aspirator (diameter of opening 14 cm). In forests
Collembola were collected from litter and extracted by heat (Kempson et al., 1963). The collected
litter from forest soil covered an area that was similar to the aspirator opening used in grasslands and
arable fields. Animals were preserved in 96% EtOH and stored at -20°C until further analyses.
Collembola were sorted using a dissecting microscope and identified using Hopkin (2007). In total 58
individuals of L. lanuginosus, six individuals of L. cyaneus and five to six individuals of four other
Lepidocyrtus species (L. cf. arrabonicus Traser, 2000, L. paradoxus Uzel, 1890, L. cf. violaceus Lubbock,
1873, and L. cf. weidneri Hiither, 1971) were analyzed. The sites at which the analyzed specimens of
L. lanuginosus were sampled are given in Table 2.1. Prior to DNA extraction, we cut off the head of
each specimen and only placed thorax and abdomen into the extraction solution. After the DNA
extraction, the cuticle of the thorax and abdomen was rescued, rinsed with 96% EtOH and mounted
on slides together with the head of the respective individual for inspection of the cephalic and dorsal
chaetotaxy under a phase contrast microscope (Zeiss Axio Scope Al, Jena, Germany) using Mateos
(2008). Microscopic slides are kept in the collection of the J.F. Blumenbach Institute of Zoology and

Anthropology, University of Gottingen, Germany.
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Table 2.1 Numbers of individuals of Lepidocyrtus lanuginosus analyzed from three habitats at the six
sampling sites. The lineage that the sampled specimens were ascribed to is given in brackets. Names
of sampling sites follow nearby villages; for exact geographic locations see supplementary Figure S2.1.

Site No.  Sampling site Arable land Grassland Forest
1 Herberhausen 4 (L1) 5(L3) 5(L2)
2 Deppoldshausen 5 (L1) 0 5(L2)
3 Ellershausen 3(L1) 0 5(L2)
4 Ossenfeld 1(L1) 0 3(L2)
5 Waake 2(L1)/3(L3) 0 5 (L2)
6 Billingshausen 3(L1) 4 (L1) 5(L1)

2.2.2 DNA extraction and PCR

DNA of the thorax and abdomen of single individuals was extracted using the DNeasy® Blood and
Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. Purified DNA was eluted
in 30 pl HPLC water for PCR. PCRs of the nuclear markers elongation factor 1-a (EF1-a) and 28S rDNA
(D1-2 region), and the mitochondrial markers COIl and COIll were performed separately in 25 ul
volumes containing 12.5 pl SuperHot Tag Mastermix (Genaxxon Bioscience GmbH, Ulm, Germany)
with 1.5 pl of each primer (10 pM), 3 ul H0, 1.5 ul MgCl; (25 mM) and 5 pl template DNA. A 208 bp
fragment of the nuclear EF1-a exon was amplified using the primers EFLcul: 5’-ATG GGG GCA AGA
TAG CGT CAA-3’ and EFLcuN: 5’-TGA AGG CTG AAC GTG AAC GTG G-3’ (Cicconardi et al., 2010). The
~760 bp fragment domain of D1 and D2 loop of the nuclear 28S rDNA was amplified using the primers
C1’: 5’-ACC CGC TGA ATT TAA GCA T-3’and D2coll: 5’- ACC ACG CAT GCW TTA GAT TG -3’ (D’Haese,
2002). A 709 bp fragment of the mitochondrial COI gene was amplified using four primers LCO1490:
5’-GGT CAA CAA ATC ATA AAG ATA TTG G-3' and HC02198: 5’-TAA ACT TCA GGG TGA CCA AAA AAT
CA-3’ (Folmer et al., 1994); 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). A 681 bp fragment of the
mitochondrial COIl gene was amplified using primers tRNA-K-LcuJ: 5'-GAG CGT ATT ATAAAG CGG TTT
AAG-3’ and tRNA-L-LcuN: 5’-CAG ACT AGT GCC ATG AAT TTA AGC-3’ (Cicconardi et al., 2010). PCR
conditions included one initial activation step at 95°C for 15 min, followed by 35 amplification cycles
of denaturation at 94°C (COIl and 28S D1-2) or 95°C (COIll and EF1-a) for 30 s, annealing at 45°C (COl)
or 56°C (COIl and EF1-a) for 30 s or 50°C (28S D1-2) for 45 s, and elongation at 72°C for 30 s, and a
final elongation step at 72°C for 6 min. PCR products were purified with Genaxxon PCR Purification Kit
(Genaxxon Bioscience GmbH, Ulm, Germany) following the manufacturer’s protocol, eluted in 30 pl

HPLC water and sent for sequencing in the Gottingen Genome Laboratory (Institute for Microbiology
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and Genetics, University of Goéttingen). All sequences are available at NCBI GenBank (MH143920-
MH144050, MH160100-MH160185, and MH177993-MH178033, supplementary Table S2.1).

2.2.3 Data analyses

Sequences were checked by eye aided by the chromatogras and ambiguous positions were
corrected by hand. Nucleotide sequences were aligned separately for each marker using ClustalWw
(Thompson et al., 1994) implemented in BioEdit v7.2.5 (Hall, 1999). To analyze relationships and
identify lineages among all 58 individuals of L. lanuginosus, phylogenetic trees were constructed based
on 28S D1-2 and COIll with Orchesella villosa (Geoffroy, 1764) as outgroup. The best fit model of
sequence evolution for each marker was estimated by jModelTest v2.1.4 (Posada, 2008). Phylogenetic
trees were inferred using Bayesian Inference in MrBayes v3.2 (Ronquist et al., 2012). For Bayesian
Inference Iset parameters were nst = 2 and rates = gamma for 28S D1-2 and nst = 2 and rates = propinv
for COIl, the MCMC (Markov Chain Monte Carlo) chains were run for six million generations that were
sampled every 6,000™" generation. For the 1,000 sampled generations a burnin of 250 was used,
eliminating the first 25% of the remaining generations. Intra- and inter-lineage and intra- and inter-
specific sequence divergences of 285 D1-2, EF1-a, COl and COIll were calculated based on Kimura two-
parameter distances (K2P) and uncorrected p-distances using Mega 5.1 (Tamura et al.,, 2011).
Individuals with identical 28S D1-2 sequences and less than 4% K2P distances of COll were defined as

one lineage (Porco et al., 2012b).

We used six individuals from each lineage of L. lanuginosus and L. cyaneus and one individual of
the extra four species from genus Lepidocyrtus to construct a phylogenetic tree. Orchesella villosa was
chosen as outgroup. In a 2,282 bp concatenated alignment four genes were merged: 28S D1-2, COll,
COl and EF1-a of a length of 740 bp, 681 bp, 651 bp and 210 bp, respectively. The partitioned dataset
was analyzed using MrBayes v3.2.6 on online CIPRES services (Miller et al., 2010). All three coding
positions of the protein-coding genes COI, COIl and EF1-a were included in the analyses. Best-fitting
substitution models were assessed for each locus (partition) under the BIC criterion in PartitionFinder

2.1.1 (Lanfear et al., 2012).

Habitat preference of each lineage of L. lanuginosus was characterized using the IndVal index
(Dufréne and Legendre, 1997) which combines the specificity of a lineage for a habitat type
(maximized when the lineage is only present in the habitat type analyzed) and its fidelity to this habitat
(maximized when the lineage is present in all samples of the habitat type analyzed): Ind;; = Aj; x B; x
100, with Aj, the average abundance of lineage i in samples of habitat j divided by the sum of the

average abundance of lineage i in all habitats, and Bj;, the number of samples of habitat j where the
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lineage was present divided by the total number of samples of habitat j. Ind;j ranges from 0, when
lineage i is absent from habitat j, to 100, when lineage i is present in all samples of habitat j and absent
in all other habitat samples. We obtained three IndVal values for each lineage of L. lanuginosus, i.e.,

IndA, IndG and IndF indicating habitat preference for arable land, grassland and forest, respectively.

To test whether there is a significant habitat association of each lineage of L. lanuginosus, we
simulated the habitat distributions of the 58 examined individuals by randomizing their habitats 9,999
times. The observed number of a lineage in a habitat was compared to that derived from the
simulations and a p-value was calculated based on the rank of the observed number as compared to
the simulated ones. A p-value smaller than 0.05 indicated significant association (or avoidance) of the

respective habitat by the lineage.

2.3 Results

2.3.1 Habitat sorting of lineages of Lepidocyrtus lanuginosus

All individuals studied under phase contrast microscope shared the characters of L. lanuginosus
and L. cyaneus as indicated in Mateos (2008). Genetic analyses based on the nuclear marker 28S D1-
2 and the mitochondrial marker COIl both revealed three distinct lineages of L. lanuginosus, referred
to as L. lanuginosus lineage 1, 2 and 3 (L1, L2, L3) (Figure 2.1). Among the 58 sequenced specimens,
21 individuals were from arable fields, 9 from grasslands and 28 from forests. Most individuals (n=27)
belonged to L. lanuginosus L1, which occurred in each of the three habitat types but was significantly
associated with arable land (IndA=66.7, IndG = 2.5, IndF = 3.1; Figure 2.2). Lepidocyrtus lanuginosus
L2 also was common (n=23), but was significantly associated with forest (IndA = 0, IndG = 0O,
IndF=83.3). Lepidocyrtus lanuginosus L3 was rare (n=8), but was significantly associated with grassland

(IndA =6.3, IndG=10.4, IndF = 0).

At least two L. lanuginosus lineages were present in each habitat (Figure 2.1 and Table 2.1).
Arable fields were dominated by L. lanuginosus L1, while L. lanuginosus L3 only occurred in one of the
six arable fields. In grassland L. lanuginosus L1 and L3 were present but both were rare; each lineage
occurred in only one location. In forest, L. lanuginosus L2 dominated and L. lanuginosus L1 occurred

in only one of the forest locations.

2.3.2 Genetic distances and variances and phylogenetic analysis

In each of the four markers, K2P and uncorrected p-distances between lineages were

27



Chapter Il Habitat selection of the three lineages of Lepidocyrtus lanuginosus

1 Lepidocyrtus_lanuginosus,_S1A1

{ Lepidocyrtus_lanuginosus_S5A3
Lepidocyrtus_lanuginosus_S1A2
Lepidocyrtus_lanuginosus_S1A3
Lepidocyrtus_lanuginosus_S1A4

Lineage 1 Lepidocyrtus_lanuginosus_S2A3

- Lepidocyrtus_lanuginosus_S2Ad
27 individuals 4 Lepidocyrtus_lanuginosus_S2A5

Lepidocyrius_lanuginosus_S2A1
Lepidocyrtus_lanuginosus_S2A2

Lepidocyrtus_lanuginasus_S4A1
Lepidoeyrtus_lanuginasus_
Lepidocyrtus_lanuginas
Lepidoeyrtus_lanuginos

L] Lepidocyrtus_lanuginost

0.62 | Lepidocyrus_tanuginosus_s6A3

Lepidocyrtus_lanuginosus_S6G1

Lepidocyrtus_lan

Lepid

rtus_lanuginos
Lepidocyrtus_lanuginos
Lepidocyrtus_lanuginasus_§
1 Lepidocyrtus_lanuginosus_S3A

[FE I 1

s

Lineage 2
23 individuals 1

-

0.74 “

Lepidocyrtus_lanuginosus_S1G2

Lepidocyrtus_lanuginast
f Lepidocyrtus_lanuginost
Lineage 3

) . Lepidocyrtus_lanuginosus.
8 individuals 1 Lepidocyrtus_lanuginasus
Lepidocyrtus_lanuginosus,

0.98

Lepidocyrtus_lanuginosus_S5A2
Lepidoeyrtus_lanuginosus_SSAS

Orchesella villosa Orchesella villosa

0.03 0.006

Figure 2.1 Bayesian phylogenetic tree of Lepidocyrtus lanuginosus based on single molecular markers:
COll (left) and 28S D1-2 (right). Labels of OTUs represent sampling locations (refer to Table 2.1) and
habitat types: A, arable land (red); G, grassland (green); F, forest (yellow).

considerably larger than within lineages (Table 2.2). For the mitochondrial markers, mean K2P and
uncorrected p-distances within L. lanuginosus L1, L2 and L3 were below 1.2%; both nuclear markers
were identical within lineages. By contrast, mean K2P between the three L. lanuginosus lineages were
similar and ranged between 22.2% and 27.5% for both mitochondrial markers (19% and 22.8% for
uncorrected p-distances), between 1.3% and 2.8% for 28S D1-2 (1.2% and 2.9% for uncorrected p-

distances), and between 1.5% and 5.1% for EF1-a (1.2% and 4.9% for uncorrected p-distances).
Notably, mean K2P distances of mitochondrial markers between L. cyaneus and L. lanuginosus L1

were 16.8%—-17.7%, i.e. about one third lower than between L. cyaneus and the other two lineages
(22.8%—25.5% for L2 and 21.6%—25.9% for L3). Similarly, genetic distances of the nuclear markers

were lowest between L. cyaneus and L. lanuginosus L1 (0.1% in 28S and 1.5% in EF1-a), but were larger
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Figure 2.2 Frequency of randomized numbers of individuals of three lineages of Lepidocyrtus
lanuginosus in the three habitats studied. Red lines indicate observed numbers of individuals; bars
show the frequencies of simulated habitat distribution derived from 9,999 permutations. Stars
indicate p-values based on the rank of observed number compared to the simulated numbers. ***, p
< 0.001; **, p < 0.01; NS, not significant.

between L. cyaneus and L. lanuginosus L2 (2.8% in 28S and 4.5% in EF1-a) and L3 (2.5% in 28S D1-2
and 4.6% in EF1-a). Patterns for uncorrected p-distances were similar (Table 2.2). K2P distances of COI
between the three lineages of L. lanuginosus were larger than 20% (larger than 17.8% for uncorrected
p-distances). This resembled distances between the three lineages of L. lanuginosus and four other
well-defined species of Lepidocyrtus, i.e. L. cf. arrabonicus, L. paradoxus, L. cf. violaceus and L. cf.
weidneri (Table 2.2). By contrast, for COIl, 285 D1-2 and EF1-a mean genetic distances between the
three lineages of L. lanuginosus were lower than the distances between these three lineages and the

other four Lepidocyrtus species.
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Figure 2.3 Bayesian phylogenetic tree of three lineages of Lepidocyrtus lanuginosus and five other
species of Lepidocyrtus based on concatenated data of four molecular markers: 28S D1-2, elongation
factor 1-a, COl and COIl. Bayesian posterior probabilities are indicated on nodes. Labels of OTUs
represent sampling locations (refer to Table 1) and habitats (A, arable land; G, grassland; F, forest).

The phylogenetic tree based on the combined matrix of the four genes (285 D1-2, EF1-a, COl and
COIl) show that all lineages of L. lanuginosus are monophyletic (Bayesian posterior probabilities (PP)
= 1; Figure 2.3). Applying the standard mutation rate of COI for arthropods of 1.5-2.3% sequence
divergence per million years (Avise, 1994; Brower, 1994) to the mean K2P distances suggests that the
three L. lanuginosus lineages diverged 15.9-9.7 million years ago (Mya) in the Miocene (13.4-8.2 Mya

based on p-distances).

2.4 Discussion

2.4.1 Habitat sorting

Results of the present study suggest that the morphotype of L. lanuginosus does not represent a
single monophyletic species but rather they suggest the existence of three distinct genetic lineages in
a narrow region in Central Europe. One lineage occurred in each of the three habitat types (L1) and

might be regarded as a habitat generalist but with a preference for arable fields. The other two
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Table 2.2 Mean inter- and intraspecific K2P and uncorrected p-distances (%) between the three lineages of Lepidocyrtus lanuginosus (L1-L3) and between
these lineages and five other species of the genus Lepidocyrtus. Upper rows represent distances in COIl (left panel) and 28S D1-D2 (right panel), lower rows
highlighted in grey represent distances in COIl (left panel) and elongation factor 1-a (right panel). For each lineage/species the number of individuals

analyzed is given (N).

col/coll

28S D1-2 / elongation factor 1a

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8

K2P distance
1 L. lanuginosus L1 (N=6)

2 L. lanuginosus L2 (N=6)

3 L. lanuginosus L3 (N=6)

4 L. cyaneus (N=6)

5 L. cf. arrabonicus (N=6)

6 L. paradoxus (N=5)

7 L. cf. violaceus (N=5)

8 L. cf. weidneri (N=6)

p-distance
1 L. lanuginosus L1 (N=6)

2 L. lanuginosus L2 (N=6)

11
1.2
238 04
27 0.3

238 222 0.2

275 23 0.3

16.8 228 216 O

17.7 255 259 O

23.2 236 231 222 58

26.2 30 30 279 7

258 25,5 265 26 247 2.8

333 372 319 31 31 1.8

21.7 227 233 208 235 229 0.2

30.5 339 333 308 304 317 0.2

203 229 221 198 20 242 216 2.1
29.6 299 294 274 222 327 306 1.7

11
1.2
20.2 04

0

0

31 0

5 0

25 13 O
5 14 0

01 29 26 O

15 44 44 O

41 46 44 43 0

93 65 6 93 0

32 38 32 34 34 O

8 81 86 9.7 108 O

29 41 35 31 32 2.9 0
84 51 58 9 53 7.4 0
41 46 44 43 0 3.4 32 0
95 68 62 95 12 122 61 O

Il 433dey)d

snsouibnup| sn3iAoop1da7 Jo sa3eaul| 92443 9Y3 JO UOIIII|DS JeHgeH
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COl/ coll 28S D1-2 / elongation factor 1a
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
223 03 48 0

L. lanuginosus L3 (N=6) 201 19 0.2 24 13 0
228 196 03 48 14 0

L. cyaneus (N=6) 14.8 19.6 186 01 29 26 0
154 215 218 O 14 43 43 0

L. cf. arrabonicus (N=6) 19.7 201 196 19 55 4 44 43 42 0
22 244 246 232 65 86 62 57 86 0

L. paradoxus (N=5) 21.7 214 221 218 209 2.7 32 37 32 33 33 0
267 29 258 252 252 18 76 76 81 91 10 O

L. cf. violaceus (N=5) 187 194 198 18 199 195 0.2 29 4 34 3 31 29 0
248 269 266 25 247 255 0.2 8 49 56 84 51 7 0

L. cf. weidneri (N=6) 17.6 195 19 172 173 205 186 2 4 44 43 42 0 33 31 0
243 243 241 228 19 263 249 1.7 89 65 6 89 12 112 58 0
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lineages were restricted either to forests (L2) or to grasslands (L3), suggesting more specialized
ecotypes of L. lanuginosus. The proximity of the different habitats at the six sites support differential
colonization of forest and open habitats (arable fields and grassland) indicating that the different
lineages were sorted by environmental factors. The high genetic distances between lineages suggest
impeded gene flow either by isolation by distance (van der Wurff et al., 2005) or isolation by
environment (Wang and Summers, 2010). Dispersal limitation between habitats is unlikely because L.
lanuginosus is a mobile and surface active species (Ponge et al., 2006; Salmon et al., 2014), exhibiting
high mobility in grasslands as well as forests (Auclerc et al., 2009). Rather, sorting of lineages into
different habitats due to lineage-specific preferences or physiological constraints to habitat
characteristics is more likely. Forests are stable habitats usually with thick organic layers and high soil
carbon content providing a variety of resources (Hopkin, 1997). In contrast, open habitats such as
arable fields and grasslands typically are characterized by disturbances due to agricultural practices
and stronger fluctuations in temperature and soil moisture (Batlle-Aguilar et al., 2011). Differences in
tolerance to disturbances among lineages are possible, but ecophysiological experiments are needed
to test this hypothesis. Our results suggest habitat preferences of genetic lineages in L. lanuginosus
but this needs to be confirmed by more extensive sampling of different habitats over a larger

geographic area in particular for the rare genotype L. lanuginosus L3.

2.4.2 Genetic distances

High genetic distance between the three L. lanuginosus lineages suggests the existence of cryptic
species in the collected morphologically coherent specimens. Each of the four genetic markers
allowed to separate the three lineages of L. lanuginosus and thus can be used as barcoding marker.
Inter-lineage K2P distances in COIl were larger than 0.21%, which is similar to the inter-lineage
distances of cryptic species described by Porco et al., (2012a), and almost twice as high as the
suggested boundary of intraspecific variability of Collembola (Anslan and Tedersoo, 2015; Porco et al.,
2014). The inter-lineage genetic distances of the nuclear marker 28S D1-2 also exceeded the
previously suggested minimum interspecific genetic distance between different Collembola species
(Anslan and Tedersoo, 2015). In addition, K2P and uncorrected p-distances in both of the
mitochondrial and nuclear markers between the three lineages of L. lanuginosus exceeded those
between L. cyaneus and L. lanuginosus L1 emphasizing the existence of cryptic species within L.

lanuginosus.

Lepidocyrtus lanuginosus is widespread and frequently reported in soil ecological studies, as we

obtained 355 hits for this species in Google Scholar for publications before 2016. Cryptic species within
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L. lanuginosus without clearly delimiting morphological characters suggest that the diversity of
Collembola is underestimated. Our study adds to recent evidence that cryptic species commonly exist
within morphospecies of Collembola such as Heteromurus major (Moniez, 1889), Deutonura
monticola (Cassagnau, 1954) (Porco et al., 2012a), and Parisotoma notabilis (Schaffer, 1896) (Porco et
al., 2012a,b). Generalist Collembola species colonize a variety of habitats (Auclerc et al., 2009; Heiniger
et al., 2015). However, except for few studies (Carapelli et al., 1995; Porco et al., 2014) only single
habitat types were investigated (Cicconardi et al., 2013; Porco et al., 2012b; Timmermans et al., 2005;
von Saltzwedel et al., 2016), thereby disregarding environmental associations of cryptic species.
Taking habitat types into account when investigating genetic diversity of ubiquitous Collembola may
lead to the discovery of cryptic or new species and provide a more accurate picture of local and

regional diversity.

2.4.3 Systematics

According to identification keys (Fjellberg, 2007; Hopkin, 2007; Mateos, 2008) all three lineages
in this study unequivocally belong to L. lanuginosus with common main characters, differing clearly
from L. cyaneus in pigmentation. Earlier studies based on COI proposed that color patterns are valid
to discriminate Lepidocyrtus species in North America (Soto-Adames, 2002). However, as shown in the
concatenated phylogenetic tree of this study, the three lineages of L. lanuginosus are well separated,
at least in Central Europe. At our study sites, L. cyaneus is more closely related to L. lanuginosus L1
than L. lanuginosus L1 to L2 and L3, suggesting that L. cyaneus may form part of L. lanuginosus
complex. Further taxonomic investigations are needed to explore morphological differences of the L.
lanuginosus lineages found in our study and in the Mediterranean (Cicconardi et al., 2010), e.g. body
chaetotaxy (Mateos, 2012). Unequivocal identification of lineages of L. lanuginosus with each of the
four genetic markers used in this study demonstrates that molecular markers are a reliable and fast
tool to detect cryptic species, which may facilitate taxonomic research of Collembola species and the

identification of possible species-specific morphological characters.

2.5 Conclusions

Our findings show that even at a narrow geographical scale different genetic lineages or cryptic
species of L. lanuginosus occur. Lineage sorting by habitat suggests that specimens from different
habitats in close vicinity may belong to different cryptic lineages. Genetically the three L. lanuginosus

lineages are as distant to each other as good species. Future studies need to explore the physiological
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characters responsible for habitat sorting of cryptic species / lineages of the L. lanuginosus species

complex.

Acknowledgements

We thank Jo-Fan Chao for her help in laboratory work. The study was supported by the German
Ministry of Education, Science and Technology (BMBF). Bing Zhang was supported by the China

Scholarship Council.

References

Anslan, S., Tedersoo, L., 2015. Performance of cytochrome c oxidase subunit | (COIl), ribosomal DNA Large
Subunit (LSU) and Internal Transcribed Spacer 2 (ITS2) in DNA barcoding of Collembola. Eur. J. Soil Biol. 69,
1-7. doi:10.1016/j.ejsobi.2015.04.001

Auclerc, A., Ponge, J.F., Barot, S., Dubs, F., 2009. Experimental assessment of habitat preference and dispersal
ability of soil springtails. Soil Biol. Biochem. 41, 1596-1604. doi:10.1016/j.s0ilbio.2009.04.017

Avise, J.C., 1994. Molecular Markers, Natural History and Evolution. Chapman & Hall, New York.

Batlle-Aguilar, J., Brovelli, A., Porporato, A., Barry, D. a, 2011. Modelling soil carbon and nitrogen cycles during
land use change. A review. Agron. Sustain. Dev. 31, 251-274. doi:10.1051/agro/2010007

Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, P.K.L., Meier, R., Winker, K., Ingram, K.K., Das, 1., 2007. Cryptic species
as a window on diversity and conservation. Trends Ecol. Evol. 22, 148-155. doi:10.1016/j.tree.2006.11.004

Bidochka, M.J., Kamp, A.M., Lavender, T.M., Dekoning, J., De Croos, J.N.A., 2001. Habitat association in two
genetic groups of the Insect-pathogenic fungus Metarhizium anisopliae: uncovering cryptic species? Appl.
Environ. Microbiol. 67, 1335-1342. doi:10.1128/AEM.67.3.1335-1342.2001

Brower, A. V., 1994. Rapid morphological radiation and convergence among races of the butterfly Heliconius
erato inferred from patterns of mitochondrial DNA evolution. Proc. Natl. Acad. Sci. 91, 6491-6495.
doi:10.1073/pnas.91.14.6491

Carapelli, A., Frati, F., Fanciulli, P.P., Dallai, R., 1995. Genetic differentiation of six sympatric species of
Isotomurus (Collembola, Isotomidae): is there any difference in their microhabitat preference? Eur. J. Soil
Biol. 31, 87-99.

Cicconardi, F., Fanciulli, P.P., Emerson, B.C., 2013. Collembola, the biological species concept and the
underestimation of global species richness. Mol. Ecol. 22, 5382-5396. d0i:10.1111/mec.12472

Cicconardi, F., Nardi, F., Emerson, B.C., Frati, F., Fanciulli, P.P., 2010. Deep phylogeographic divisions and long-
term persistence of forest invertebrates (Hexapoda: Collembola) in the North-Western Mediterranean

basin. Mol. Ecol. 19, 386—400. d0i:10.1111/j.1365-294X.2009.04457 .

35



Chapter Il Habitat selection of the three lineages of Lepidocyrtus lanuginosus

D’Haese, C.A., 2002. Were the first springtails semi-aquatic? A phylogenetic approach by means of 28S rDNA
and optimization alignment. Proc. R. Soc. B Biol. Sci. 269, 1143-1151. doi:10.1098/rspb.2002.1981
Davidson-Watts, I., Walls, S., Jones, G., 2006. Differential habitat selection by Pipistrellus pipistrellus and
Pipistrellus pygmaeus identifies distinct conservation needs for cryptic species of echolocating bats. Biol.

Conserv. 133, 118-127. doi:10.1016/j.biocon.2006.05.027

Dufréne, M., Legendre, P., 1997. Species assemblages and indicator species: The need for a flexible asymmetrical
approach. Ecol. Monogr. 67, 345-366. doi:10.2307/2963459

Eisenring, M., Altermatt, F., Westram, A.M., Jokela, J., 2016. Habitat requirements and ecological niche of two
cryptic amphipod species at landscape and local scales. Ecosphere 7, 1-13. doi:10.1002/ecs2.1319

Emerson, B.C., Cicconardi, F., Fanciulli, P.P., Shaw, P.J.A., 2011. Phylogeny, phylogeography, phylobetadiversity
and the molecular analysis of biological communities. Philos. Trans. R. Soc. B Biol. Sci. 366, 2391-2402.
doi:10.1098/rstb.2011.0057

Fjellberg, A., 2007. The Collembola of Fennoscandia and Denmark, Part Il: Entomobryomorpha and
Symphypleona, Brill. Brill, Boston. doi:10.1163/ej.9789004157705.i-265

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R., 1994. DNA primers for amplification of mitochondrial
cytochrome c oxidase subunit | from diverse metazoan invertebrates. Mol. Mar. Biol. Biotechnol. 3, 294—
299.

Frati, F., Dell’Ampio, E., Casasanta, S., Carapelli, A., Fanciulli, P. Pietro, 2000. Large amounts of genetic divergence
among ltalian species of the genus Orchesella (Insecta, Collembola) and the relationships of two new
species. Mol. Phylogenet. Evol. 17, 456-461. doi:10.1006/mpev.2000.0854

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows
95/98/NT. Nucleic Acids Symp. Ser. 41, 95-98. doi:citeulike-article-id:691774

Hebert, P.D.N., Cywinska, A., Ball, S.L., DeWaard, J.R., 2003. Biological identifications through DNA barcodes.
Proc. R. Soc. B Biol. Sci. 270, 313-321. doi:10.1098/rspb.2002.2218

Heiniger, C., Barot, S., Ponge, J.-F., Salmon, S., Meriguet, J., Carmignac, D., Suillerot, M., Dubs, F., 2015.
Collembolan preferences for soil and microclimate in forest and pasture communities. Soil Biol. Biochem.
86, 181-192. doi:10.1016/].s0ilbio.2015.04.003

Hogg, I.D., Hebert, P.D.., 2004. Biological identification of springtails (Hexapoda: Collembola) from the Canadian
Arctic, using mitochondrial DNA barcodes. Can. J. Zool. 82, 749-754. doi:10.1139/z04-041

Hopkin, S.P., 2007. A Key to the Springtails (Collembola) of Britain and Ireland, Field Studies Council (AIDGAP
Project). FSC Publicatio, Shrewsbury.

Hopkin, S.P., 1997. Biology of the springtails: (Insecta: Collembola). Oxford University Press, Oxford, UK.

James, S.W., Porco, D., Decaéns, T., Richard, B., Rougerie, R., Erséus, C., 2010. DNA barcoding reveals cryptic
diversity in Lumbricus terrestris L., 1758 (Clitellata): resurrection of L. herculeus (Savigny, 1826). PLoS One
5. d0i:10.1371/journal.pone.0015629

Katz, A.D., Giordano, R., Soto-Adames, F.N., 2015. Operational criteria for cryptic species delimitation when
evidence is limited, as exemplified by North American Entomobrya (Collembola: Entomobryidae). Zool. J.

Linn. Soc. 173, 818-840. doi:10.1111/z0j.12220

36



Chapter Il Habitat selection of the three lineages of Lepidocyrtus lanuginosus

Kempson, D., Lloyd, M., Ghelardi, R., 1963. A new extractor for woodland litter. Pedobiologia. 3, 1-30.

King, R.A., Tibble, A.L., Symondson, W.0.C., 2008. Opening a can of worms: Unprecedented sympatric cryptic
diversity within British lumbricid earthworms. Mol. Ecol. 17, 4684-4698. doi:10.1111/j.1365-
294X.2008.03931.x

Lanfear, R., Calcott, B., Ho, S.Y.W., Guindon, S., 2012. PartitionFinder: Combined selection of partitioning
schemes and substitution models for phylogenetic analyses. Mol. Biol. Evol. 29, 1695-1701.
doi:10.1093/molbev/mss020

Mateos, E., 2012. The European Lepidocyrtus lanuginosus group (Collembola: Entomobryidae), definition and
description of a new species from Spain. Zootaxa 3570, 69-81.

Mateos, E., 2008. The European Lepidocyrtus Bourlet, 1839 (Collembola: Entomobryidae). Zootaxa 1769, 35-59.

Miller, M.A., Pfeiffer, W., Schwartz, T., 2010. Creating the CIPRES Science Gateway for inference of large
phylogenetic trees, in: 2010 Gateway Computing Environments Workshop (GCE). |EEE, pp. 1-8.
doi:10.1109/GCE.2010.5676129

Ponge, J.F., Dubs, F., Gillet, S., Sousa, J.P., Lavelle, P., 2006. Decreased biodiversity in soil springtail communities:
the importance of dispersal and landuse history in heterogeneous landscapes. Soil Biol. Biochem. 38,
1158-1161. doi:10.1016/j.s0ilbio.2005.09.004

Porco, D., Bedos, A., Greenslade, P., Janion, C., Skarzynski, D., Stevens, M.l., Jansen van Vuuren, B., Deharveng,
L., 2012a. Challenging species delimitation in Collembola: cryptic diversity among common springtails
unveiled by DNA barcoding. Invertebr. Syst. 26, 470-477. d0i:10.1071/1S12026

Porco, D., Potapov, M., Bedos, A., Busmachiu, G., Weiner, W.M., Hamra-Kroua, S., Deharveng, L., 2012b. Cryptic
diversity in the ubiquist species Parisotoma notabilis (Collembola, Isotomidae): a long-used chimeric
species? PLoS One 7, e46056. doi:10.1371/journal.pone.0046056

Porco, D., Skarzynski, D., Decaéns, T., Hebert, P.D.N., Deharveng, L., 2014. Barcoding the Collembola of Churchill:
A molecular taxonomic reassessment of species diversity in a sub-Arctic area. Mol. Ecol. Resour. 14, 249—
261. doi:10.1111/1755-0998.12172

Posada, D., 2008. jModelTest: Phylogenetic model averaging. Mol. Biol. Evol. 25, 1253-1256.
doi:10.1093/molbev/msn083

Querner, P., Bruckner, A., Drapela, T., Moser, D., Zaller, J.G., Frank, T., 2013. Landscape and site effects on
Collembola diversity and abundance in winter oilseed rape fields in eastern Austria. Agric. Ecosyst. Environ.
164, 145-154. doi:10.1016/j.agee.2012.09.016

Ramirez-Gonzalez, R., Yu, D.W., Bruce, C., Heavens, D., Caccamo, M., Emerson, B.C., 2013. PyroClean: denoising
pyrosequences from protein-coding amplicons for the recovery of interspecific and intraspecific genetic
variation. PLoS One 8, 1-11. doi:10.1371/journal.pone.0057615

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D.L., Darling, A., H6hna, S., Larget, B., Liu, L., Suchard, M.A,,
Huelsenbeck, J.P., 2012. Mrbayes 3.2: Efficient Bayesian phylogenetic inference and model choice across

a large model space. Syst. Biol. 61, 539-542. d0i:10.1093/sysbio/sys029

37



Chapter Il Habitat selection of the three lineages of Lepidocyrtus lanuginosus

Rosenberger, M., Maraun, M., Scheu, S., Schaefer, I., 2013. Pre- and post-glacial diversifications shape genetic
complexity of soil-living microarthropod species. Pedobiologia. 56, 79-87.
doi:10.1016/j.pedobi.2012.11.003

Salmon, S., Ponge, J.F., Gachet, S., Deharveng, L., Lefebvre, N., Delabrosse, F., 2014. Linking species, traits and
habitat characteristics of Collembola at European scale. Soil Biol. Biochem. 75, 73-85.
doi:10.1016/j.s0ilbio.2014.04.002

Schaffer, S., Pfingstl, T., Koblmiiller, S., Winkler, K.A., Sturmbauer, C., Krisper, G., 2010. Phylogenetic analysis of
European Scutovertex mites (Acari, Oribatida, Scutoverticidae) reveals paraphyly and cryptic diversity: A
molecular genetic and morphological approach. Mol. Phylogenet. Evol. 55, 677-688.
doi:10.1016/j.ympev.2009.11.025

Soto-Adames, F.N., 2002. Molecular phylogeny of the Puerto Rican Lepidocyrtus and Pseudosinella (Hexapoda:
Collembola), a validation of Yoshii’s “color pattern species.” Mol. Phylogenet. Evol. 25, 27-42.
doi:10.1016/51055-7903(02)00250-6

Stevens, M.I., Frati, F., McGaughran, A., Spinsanti, G., Hogg, 1.D., 2007. Phylogeographic structure suggests
multiple glacial refugia in northern Victoria Land for the endemic Antarctic springtail Desoria klovstadi
(Collembola, Isotomidae). Zool. Scr. 36, 201-212. doi:10.1111/j.1463-6409.2006.00271.x

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5: Molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Mol. Biol. Evol. 28, 2731-2739. doi:10.1093/molbev/msr121

Tarjuelo, I., Posada, D., Crandall, K.A., Pascual, M., Turon, X., 2001. Cryptic species of Clavelina (Ascidiacea) in
two different habitats: Harbours and rocky littoral zones in the northwestern Mediterranean. Mar. Biol.
139, 455-462. doi:10.1007/s002270100587

Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. CLUSTAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res. 22, 4673—-4680. doi:10.1093/nar/22.22.4673

Timmermans, M.J.T.N., Ellers, J., Marién, J., Verhoef, S.C., Ferwerda, E.B., van Straalen, N.M., 2005. Genetic
structure in Orchesella cincta (Collembola): Strong subdivision of European populations inferred from
mtDNA and AFLP markers. Mol. Ecol. 14, 2017-2024. doi:10.1111/j.1365-294X.2005.02548.x

van der Wurff, AW.G., Gols, R., Ernsting, G., van Straalen, N.M., 2005. Population genetic structure of Orchesella
cincta (Collembola; Hexapoda) in NW Europe, as revealed by microsatellite markers. Pedobiologia. 49,
167-174. doi:10.1016/j.pedobi.2004.10.004

von Saltzwedel, H., Scheu, S., Schaefer, |., 2017. Genetic structure and distribution of Parisotoma notabilis
(Collembola) in Europe: Cryptic diversity, split of lineages and colonization patterns. PLoS One 12,
€0170909. doi:10.1371/journal.pone.0170909

von Saltzwedel, H., Scheu, S., Schaefer, |., 2016. Founder events and pre-glacial divergences shape the genetic

structure of European Collembola species. BMC Evol. Biol. 16, 148. doi:10.1186/512862-016-0719-8

38



Chapter Il Habitat selection of the three lineages of Lepidocyrtus lanuginosus

Wang, I.J., Summers, K., 2010. Genetic structure is correlated with phenotypic divergence rather than
geographic isolation in the highly polymorphic strawberry poison-dart frog. Mol. Ecol. 19, 447-458.
doi:10.1111/j.1365-294X.2009.04465.x

39



Chapter Il Habitat selection of the three lineages of Lepidocyrtus lanuginosus

Supplementary Materials

Supplementary Figure S2.1 Sampling sites of Lepidocyrtus cyaneus and L. lanuginosus in Central
Europe near Goéttingen, Germany. The map was generated with ArcGIS version 10.0. Inlet: Location of
the three habitat types shown at Site 3 as example.
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Supplementary Table S2.1 Collembola specimens used for DNA barcoding with accession numbers of sequences of 28S D1-2, COIl, COIl and elongation factor
1-a (EF1-a) in GenBank.

Species Individual code Site No. Village name Habitat 285 D1-D2 coll Col EFl-a
Lepidocyrtus cyaneus  Lepidocyrtus_cyaneus_S4A1 4 Ossenfeld arable land MH160158 MH144023 MH143938 MH178011
Lepidocyrtus_cyaneus_S4G1 4 Ossenfeld grassland MH160159 MH144024 MH143939 MH178012
Lepidocyrtus_cyaneus_S4G2 4 Ossenfeld grassland MH160160 MH144025 MH143940 MH178013
Lepidocyrtus_cyaneus_S5A1 5 Waake arable land MH160161 MH144026 MH143941 MH178014
Lepidocyrtus_cyaneus_S5A2 5 Waake arable land MH160162 MH144027 MH143942 MH178015
Lepidocyrtus_cyaneus_S5A3 5 Waake arable land MH160163 MH144028 MH143943 MH178016
Lepidocyrtus Lepidocyrtus_lanuginosus_S1A1 1 Herberhausen arableland MH160100 MH143965 MH143920 MH177993
lanuginosus Lepidocyrtus_lanuginosus_S1A2 1 Herberhausen arable land MH160101 MH143966 MH143921 MH177994
Lepidocyrtus_lanuginosus_S1A3 1 Herberhausen arable land MH160102 MH143967
Lepidocyrtus_lanuginosus_S1A4 1 Herberhausen arable land MH160103 MH143968
Lepidocyrtus_lanuginosus_S1F3 1 Herberhausen forest MH160104 MH143969
Lepidocyrtus_lanuginosus_S1F4 1 Herberhausen forest MH160105 MH143970
Lepidocyrtus_lanuginosus_S1F5 1 Herberhausen forest MH160106 MH143971
Lepidocyrtus_lanuginosus_S1F6 1 Herberhausen forest MH160107 MH143972 MH143922 MH178004
Lepidocyrtus_lanuginosus_S1F7 1 Herberhausen forest MH160108 MH143973
Lepidocyrtus_lanuginosus_S1G2 1 Herberhausen grassland MH160109 MH143974 MH143924 MH177996
Lepidocyrtus_lanuginosus_S1G3 1 Herberhausen grassland MH160110 MH143975 MH143925 MH177997
Lepidocyrtus_lanuginosus_S1G4 1 Herberhausen grassland MH160111 MH143976 MH143926 MH177998
Lepidocyrtus_lanuginosus_S1G5 1 Herberhausen grassland MH160112 MH143977
Lepidocyrtus_lanuginosus_S1G6 1 Herberhausen grassland MH160113 MH143978 MH143923 MH177995
Lepidocyrtus_lanuginosus_S2A3 2 Deppoldshausen arable land MH160114 MH143979 MH143927 MH177999
Lepidocyrtus_lanuginosus_S2A4 2 Deppoldshausen arableland MH160115 MH143980
Lepidocyrtus_lanuginosus_S2A5 2 Deppoldshausen arableland MH160116 MH143981
Lepidocyrtus_lanuginosus_S2A6 2 Deppoldshausen arableland MH160117 MH143982
Lepidocyrtus_lanuginosus_S2A7 2 Deppoldshausen arableland MH160118 MH143983
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Species Individual code Site No. Village name Habitat 285 D1-D2 coll Col EFl-a
Lepidocyrtus_lanuginosus_S2F1 2 Deppoldshausen forest MH160119 MH143984
Lepidocyrtus_lanuginosus_S2F2 2 Deppoldshausen forest MH160120 MH143985
Lepidocyrtus_lanuginosus_S2F3 2 Deppoldshausen forest MH160121 MH143986
Lepidocyrtus_lanuginosus_S2F4 2 Deppoldshausen forest MH160122 MH143987 MH143928 MH178002
Lepidocyrtus_lanuginosus_S2F5 2 Deppoldshausen forest MH160123 MH143988 MH143929 MH178003
Lepidocyrtus_lanuginosus_S3A1 3 Ellershausen arable land MH160124 MH143989
Lepidocyrtus_lanuginosus_S3A2 3 Ellershausen arable land MH160125 MH143990
Lepidocyrtus_lanuginosus_S3A3 3 Ellershausen arable land MH160126 MH143991
Lepidocyrtus_lanuginosus_S3F1 3 Ellershausen forest MH160127 MH143992
Lepidocyrtus_lanuginosus_S3F2 3 Ellershausen forest MH160128 MH143993
Lepidocyrtus_lanuginosus_S3F3 3 Ellershausen forest MH160129 MH143994
Lepidocyrtus_lanuginosus_S3F4 3 Ellershausen forest MH160130 MH143995
Lepidocyrtus_lanuginosus_S3F5 3 Ellershausen forest MH160131 MH143996
Lepidocyrtus_lanuginosus_S4A1 4 Ossenfeld arable land MH160132 MH143997
Lepidocyrtus_lanuginosus_S4F1 4 Ossenfeld forest MH160133 MH143998 MH143930 MH178005
Lepidocyrtus_lanuginosus_S4F2 4 Ossenfeld forest MH160134 MH143999
Lepidocyrtus_lanuginosus_S4F3 4 Ossenfeld forest MH160135 MH144000
Lepidocyrtus_lanuginosus_S5A1 5 Waake arable land MH160136 MH144001 MH143931 MH178000
Lepidocyrtus_lanuginosus_S5A2 5 Waake arable land MH160137 MH144002
Lepidocyrtus_lanuginosus_S5A3 5 Waake arable land MH160138 MH144003
Lepidocyrtus_lanuginosus_S5A4 5 Waake arable land MH160139 MH144004
Lepidocyrtus_lanuginosus_S5A5 5 Waake arable land MH160140 MH144005 MH143932 MH178001
Lepidocyrtus_lanuginosus_S5F1 5 Waake forest MH160141 MH144006 MH143933 MH178006
Lepidocyrtus_lanuginosus_S5F2 5 Waake forest MH160142 MH144007
Lepidocyrtus_lanuginosus_S5F3 5 Waake forest MH160143 MH144008
Lepidocyrtus_lanuginosus_S5F4 5 Waake forest MH160144 MH144009 MH143934 MH178007
Lepidocyrtus_lanuginosus_S5F5 5 Waake forest MH160145 MH144010
Lepidocyrtus_lanuginosus_S6A1 6 Billingshausen arable land MH160146 MH144011
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Species Individual code Site No. Village name Habitat 285 D1-D2 coll Col EFl-a
Lepidocyrtus_lanuginosus_S6A2 6 Billingshausen arable land MH160147 MH144012
Lepidocyrtus_lanuginosus_S6A3 6 Billingshausen arable land MH160148 MH144013 MH143935 MH178008
Lepidocyrtus_lanuginosus_S6F1 6 Billingshausen forest MH160149 MH144014 MH143936 MH178009
Lepidocyrtus_lanuginosus_S6F2 6 Billingshausen forest MH160150 MH144015
Lepidocyrtus_lanuginosus_S6F3 6 Billingshausen forest MH160151 MH144016
Lepidocyrtus_lanuginosus_S6F4 6 Billingshausen forest MH160152 MH144017
Lepidocyrtus_lanuginosus_S6F5 6 Billingshausen forest MH160153 MH144018
Lepidocyrtus_lanuginosus_S6G1 6 Billingshausen grassland MH160154 MH144019 MH143937 MH178010
Lepidocyrtus_lanuginosus_S6G2 6 Billingshausen grassland MH160155 MH144020
Lepidocyrtus_lanuginosus_S6G3 6 Billingshausen grassland MH160156 MH144021
Lepidocyrtus_lanuginosus_S6G4 6 Billingshausen grassland MH160157 MH144022

Lepidocyrtus cf. LEarrabonicus_Leb 1 7 Lebeny grassland MH160164 MH144029 MH143945 MH178017

arrabonicus LEarrabonicus_Leb_2 8 Lebeny grassland MH160165 MH144030 MH143946 MH178018
LEarrabonicus_Lebe 2 8 Lebeny grassland MH160166 MH144031 MH143944 MH178019
LEarrabonicus_Mpa_1 9 Mantova Park grassland MH160167 MH144032 MH143947 MH178020
LEarrabonicus_Niea_2 10 Nitra East grassland MH160168 MH144033 MH143948 MH178021
LEarrabonicus_Niea_3 10 Nitra East grassland MH160169 MH144034 MH143949 MH178022

Lepidocyrtus LEparadoxus_Goe_1 2 Goettingen grassland MH160170 MH144035 MH143950

paradoxus LEparadoxus_Goe_5 2 Goettingen grassland MH160171 MH144036 MH143951
LEparadoxus_Mas_1 11 Masetti grassland MH160172 MH144037 MH143952 MH178032
LEparadoxus_Ott_1 12 Otterbach grassland MH160173 MH144038 MH143953
LEparadoxus_Sha_1 12 Sala Baganza grassland MH160174 MH144039 MH143954 MH178033

Lepidocyrtus cf. LEviolaceus_Pga_1 13 Park Gardasee grassland MH160175 MH144040 MH143955 MH178023

violaceus LEviolaceus_Pga 2 13 Park Gardasee grassland MH160176 MH144041 MH143956
LEviolaceus_Pga_3 13 Park Gardasee grassland MH160177 MH144042 MH143957 MH178024
LEviolaceus_Pga 4 13 Park Gardasee grassland MH160178 MH144043 MH143958 MH178025
LEviolaceus_Pga_ 5 13 Park Gardasee grassland MH160179 MH144044
LEweidneri_Brn_1 14 Brno grassland MH160180 MH144045 MH143959 MH178026
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Species Individual code Site No. Village name Habitat 285 D1-D2 coll Col EFl-a
LEweidneri_Brn_2 14 Brno grassland MH160181 MH144046 MH143960 MH178027
] LEweidneri_Brn_4 14 Brno grassland MH160182 MH144047 MH143961 MH178028
ﬁ/e:ij::r’; rtus cf. LEweidneri_Goe_1 1 Goettingen grassland  MH160183 MH144048 MH143962 MH178029
LEweidneri_Put_2 15 Putlitz grassland MH160184 MH144049 MH143963 MH178030
LEweidneri_Put_4 15 Putlitz grassland MH160185 MH144050 MH143964 MH178031
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Abstract

DNA sequence data and phylogenies are useful tools for species delimitation, especially in taxa
comprising cryptic species. The Lepidocyrtus lanuginosus species group (Collembola: Entomobryidae)
comprises three morphospecies and distinct cryptic species. We applied three DNA-based methods to
delimit species boundaries of the three morphospecies of the L. lanuginosus species group across
Central and Southern Europe. Based on COl and COIl we identified gaps of genetic distances that
indicate species boundaries, and found ten and nine distinct genetic lineages in L. cyaneus and L.
lanuginosus, respectively. The nuclear gene elongation factor 1-a (EF1-a) delimited 89% of the
lineages but 28S rDNA (D1-2 domain) was too conserved for this purpose. The phylogenetic trees
showed that L. cyaneus and L. lanuginosus are polyphyletic, suggesting that body color is insufficient
for delimiting species in the L. lanuginosus species group. Our study challenges the current
morphology-based species delimitation in the L. lanuginosus species group and suggests that
molecular approaches are needed for fast and accurate determination of Collembola species in both
taxonomic and ecological studies. Overall, the results suggest that wide geographic sampling
combined with molecular phylogenetic approaches is needed to delimit species and to understand

the full range of cryptic diversity in Collembola.

Keywords: springtail; color; barcoding; ribosomal subunit 28S rDNA D1-2 domain; elongation factor

1-a; cytochrome c oxidase subunit | and Il

3.1 Introduction

Accurate species identification and assessment of species diversity is essential for a wide range
of biological studies because species differ in their evolutionary history, adaptation and ecological
function (Carstens et al., 2013; Struck et al., 2017). Various operational criteria are used for species
identification depending on the species concept invoked e.g., the biological, ecological, evolutionary,
or phylogenetic species concept (de Queiroz, 2007, Wiens, 2007). Incompatible species concepts and
their associated definitions can lead to different conclusions concerning the boundaries and number
of species. Morphological data have been largely used to delimit and describe species, but
morphologically coherent species may comprise cryptic species (Bickford et al., 2007). Analyses of
DNA sequences demonstrated that cryptic species exist in a range of taxa, i.e., genetically distinct
lineages exist in morphologically undifferentiated species resulting in an unregistered biodiversity

(Feulner et al., 2006; Grundt et al., 2006; Hebert et al., 2004).
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Due to considerable morphological conservatism, species delimitation is particularly difficult in
Collembola, which are one of the most numerous soil animals on earth and occur in virtually all
terrestrial ecosystems and habitats (Hopkin, 1997). Some morphology-based Collembola species
comprise high levels of cryptic diversity as indicated by molecular studies (Cicconardi et al., 2013, 2010;
Porco et al., 2012b; von Saltzwedel et al., 2017). Among Collembola, the genus Lepidocyrtus Bourlet,
1839 comprises approximately 300 species (Bellinger et al. 1996-2018), which in Europe have been
ascribed to five monophyletic groups based on chaetotaxy and molecular phylogenetic analysis
(Mateos et al., 2018). However, DNA-based analyses indicated the existence of cryptic species in the
L. lanuginosus species group, showing that genetically distinct lineages of L. lanuginosus (Gmelin, 1788)
occurin arable land, forest and grassland (B. Zhang et al., 2018), and exist in different forest types and

regions of the Mediterranean basin (Cicconardi et al., 2010).

Coloration has been used as character for delimiting species in Collembola since the 19*" century
(Rusek, 2002), and the use of color as valid character is well supported in the family Entomobryidae
(Ding et al., 2018; Soto-Adames, 2002), but similar body color pattern exist among distinct species
(Katz et al., 2015b). The L. lanuginosus species group (Mateos, 2012) comprises three morphospecies
which are separated by body color patterns: (1) the body of L. lanuginosus is yellow and lacks dark
blue pigmentation, (2) the body of L. bicoloris Mateos, 2012 is partially dark blue pigmented, and (3)
the body of L. cyaneus Tullberg, 1871 is entirely dark blue pigmented. Even though additional
morphological characters (i.e., seta Fe4 and E4p of the fourth abdominal segment) differ between L.
cyaneus and L. lanuginosus (Mateos, 2012), color still is the main character to differentiate species of
the L. lanuginosus species group in determination keys (Fjellberg, 2007; Hopkin, 2007; Mateos, 2008a).
Using these keys L. cyaneus and L. lanuginosus are reported as being abundant and widely distributed
springtails in Europe (Salmon et al., 2014). However, high intra- and interspecific genetic variation and
phylogenetic reconstruction of species indicated the non-monophyly of the morphospecies L.
lanuginosus (Mateos et al., 2018; B. Zhang et al., 2018), challenging the validity of body color as

character to identify species of the L. lanuginosus species group.

Methods that use gaps of genetic distances and gene trees to infer species boundaries have been
developed to improve the evaluation of true and cryptic species diversity (Knowles and Carstens, 2007;
Wiens, 2007). Automatic Barcode Gap Discovery (ABGD) is a fast and simple method which splits
sequence alignment datasets into candidate species based on a barcode gap (Puillandre et al., 2012).
This method has been used for identification of species in Collembola, e.g., Protaphorura and
Coecobrya. However, a universal threshold of genetic distance for species delimitation in these genera
was not recommended, but rather that barcoding gaps or species boundaries should be based on

calculations within specific groups (Sun et al., 2017; F. Zhang et al., 2018). Methods using single or

47



Chapter llI Cryptic diversity of the European Lepidocyrtus lanuginosus species group

multiple markers and consider evolutionary models improved molecular species delimitation (Hailer
et al.,, 2012; Knowles and Carstens, 2007). Recently developed methods for species delimitation based
on multispecies coalescent (MSC) models, such as the Poisson Tree Processes model (PTP, Zhang et al.
2013) and Bayesian delimitation of species (Bayesian Phylogenetics and Phylogeography, BPP; Yang
and Rannala 2010), also improved molecular delimitation of species, including Collembola, using

either single or multi-locus sequence data (Yang and Rannala, 2017; F. Zhang et al., 2018).

In this study we delimited molecular species boundaries in the L. lanuginosus species group by
analyzing genetic distances among 38 populations of L. cyaneus and L. lanuginosus across Central and
Southern Europe. The sampling included L. bicoloris from the locality in Spain where its holotype was
described (Mateos, 2012) and three lineages of L. lanuginosus from central Germany (B. Zhang et al.,
2018). We checked if species diversity delimited by morphology is consistent with that delimited by
genes. The three above mentioned DNA-based methods ABGD, PTP, and BPP were applied to delimit
genetic boundaries using mitochondrial COl and COIl. COIl is widely used as barcoding marker for
Collembola (and soil animals in general, Rougerie et al. 2009), while COIl often has been used to study
intraspecific genetic variation in European Lepidocyrtus species (Cicconardi et al., 2013, 2010; Mateos
etal.,, 2018; B. Zhang et al., 2018). Nuclear 285 D1-2 and EF1-a were also proposed as potential species
markers in Collembola (Anslan and Tedersoo, 2015; B. Zhang et al., 2018; Zhang et al., 2014), thus we
also evaluated their efficiency as species marker in the L. lanuginosus group by analyzing inter- and
intra-specific genetic divergence. Another aim of our study was to analyze the validity of body color
as morphological character to distinguish the three species by investigating phylogenetic relationships
within and between morphospecies. For that purpose we reconstructed phylogenetic trees based on
the four above mentioned genetic markers using Bayesian Inference and Maximum Likelihood
methods. We hypothesized that (1) the three morphospecies in the L. lanuginosus group are
genetically well-separated, with the genetic divergence within morphospecies being lower than
between morphospecies, and (2) body color is a valid species character reflecting monophyly of

species of the L. lanuginosus species group.

3.2 Material and methods

3.2.1 Sampling and DNA extraction

Specimens were collected from 34 localities in Southern and Central Europe (supplementary
Table S3.1). Specimens in grasslands and arable fields were collected using a modified leaf blower
functioning as aspirator (diameter of opening 14 cm), while specimens in forests were collected from

litter and soil, and extracted by heat with temperature gradually increasing from 25 to 55°C during 10
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days (Kempson et al., 1963). Animals were preserved in 96% ethanol and stored at -20°C until further
analyses. Individuals of Lepidocyrtus were sorted under a stereo microscope using the key of Hopkin
(2007). A total of 91 individuals of L. cyaneus, 89 individuals of L. lanuginosus, and five individuals of
L. bicoloris were analyzed. Additionally, one individual of L. paradoxus Uzel, 1891 and L. cf. violaceus
Lubbock, 1873 were sorted and used as outgroups in phylogenetic analyses (supplementary Table
S3.1). The head of the specimens was cut off and placed on a microscope slide for microscopic
inspection of chaetotaxy and the body was used for DNA extraction. After DNA extraction body
cuticles were rescued, rinsed with 96% ethanol and mounted on the microscope slide with the
respective head. Then, head and body cuticles were inspected under a phase contrast microscope
(Zeiss Axio Scope. Al, Jena, Germany) for cephalic and dorsal chaetotaxy using the key of Mateos
(2008). Cuticles and heads are kept as vouchers and deposited in the collections of the J.F. Blumenbach

Institute of Zoology and Anthropology, University of Gottingen, Germany.

Genomic DNA was extracted using the DNeasy® Blood and Tissue Kit (Qiagen, Hilden, Germany),
following the manufacturer’s protocol. Purified DNA was eluted in 30 ul HPLC water for PCR. PCR
reactions of COI, COIl, EF1-a and 28S rDNA comprised of 12.5 ul SuperHot Tag Mastermix (Genaxxon
Bioscience GmbH, Ulm, Germany), 1.5 pl each of the respective forward and reverse primers (10 pM),
3 pl H20, 1.5 pl MgCl, (25 mM) and 5 pl template DNA. Primer sequences, fragment lengths and
references are summarized in supplementary Table S3.2. PCR conditions included one initial activation
step at 95°C for 15 min, followed by 35 amplification cycles of denaturation at 94°C (COIl and 28S D1—
2) or 95°C (COIl and EF1-a) for 30 s, annealing at 45°C (COI) or 56°C (COIll and EF1-a) for 30 s or 50°C
(285 D1-2) for 45 s and elongation at 72°C for 30 s, and a final elongation step at 72°C for 6 min. PCR
products were purified using the Genaxxon PCR Purification Kit (Genaxxon Bioscience GmbH, Ulm,
Germany) following the manufacturer’s protocol, eluted in 30 pl HPLC water and sent to the Gottingen
Genome Laboratory (Institute for Microbiology and Genetics, University of Gottingen) for sequencing.
All sequences are available at NCBI GenBank and all accession numbers are provided in supplementary

Table S3.1.

3.2.2 DNA-based species delimitation

Sequences were checked by eye aided by the chromatographs and ambiguous positions were
corrected in Sequencher v5.0 (Gene Codes Corporation, Ann Arbor, MI, USA). Nucleotide sequences
were aligned separately for each genetic marker using ClustalW (Thompson et al., 1994) implemented

in BioEdit v7.2.5 (Hall, 1999).
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Following Zhang et al. (2018b), single-locus discovery approaches were employed to generate
initial species hypotheses, followed by a multilocus validation approach, which was used to assess the
support for the initial grouping. Both distance- and evolutionary model-based methods were applied

for the single mitochondrial marker datasets of COl and COIll without a priori species hypothesis.

Automatic Barcode Gap Discovery (ABGD) clustered sequences into candidate species by
detecting barcoding gaps using a command-line version (Puillandre et al., 2012). Prior intraspecific
divergence varied from 0.001 (Pmin, a single nucleotide difference) to 0.15 (Pmax). Relative gap width
was set to 1.5, with 10 recursive steps, 40 bids for the graphic histogram of distances, K2P model for

distance calculation and remaining parameters were set as default.

The Poisson Tree Processes model (PTP) was used for testing species boundaries on non-
ultrametric phylogenies by inspecting difference in the number of substitutions between and within
species (Zhang et al., 2013). A maximum likelihood (ML) tree was generated for COl and COIll in RAXML
under the GTR+I model. Both single- and multi-rate PTP models were performed in mptp v0.2.3 (Kapli
et al., 2017). Bayesian support values were calculated for each clade with a total of 10 million

generations, with a burn-in discarding the first 20%.

Consensus molecular operational taxonomic units (MOTUs) based on the results of the ABGD
and PTP analyses were designated as candidate species for the subsequent validation approach, i.e.
Bayesian species delimitation (BPP). This analyzes multilocus data under the multispecies coalescent
model (Rannala and Yang, 2003) using a reversal jump Markov Chain Monte Carlo (rjMCMC) algorithm
(Rannala and Yang, 2013; Yang and Rannala, 2010). It also calculates the posterior probabilities of
species assignments given a user-specified guide tree. The input species tree was estimated using
BEAST v1.8.4 (Heled and Drummond, 2010) based on all four loci. Gene partitions were unlinked and
site models were HKY+Y (28S D1-2), GTR+I+G (COIl and COIl) and HKY+G (EF1-a). We used a Yule
speciation prior and an uncorrelated lognormal relaxed clock and a Markov chain Monte Carlo (MCMC)
run of 108 generations with sampling after 10* generations. Effective sample size (ESS) of parameters
sampled from the MCMC chain were checked in Tracer 1.6 (Rambaut et al., 2013). Each specimen was
a priori assigned to species based on the consensus results of the ABGD and PTP analyses, remaining
parameters were set as in previous analyses of the ultrametric tree. Each analysis was repeated twice
using different starting seeds in BP&P v3.3 using algorithm 0 and fine-tune € = 2, and was run for
220,000 generations with the first 20,000 as burnin, and samples taken every 5 generations. We used
three different combinations of prior distributions for the ancestral population size (8) and root age
(t0), as proposed by Leaché and Fujita (2010). These combinations assumed (i) large population sizes

0~G(1, 10) and deep divergences 10~G(1, 10), (ii) small population sizes 6~G(2, 2000) and shallow

50



Chapter llI Cryptic diversity of the European Lepidocyrtus lanuginosus species group

divergences t0~G(2, 2000), and (iii) large population sizes 6~G(1, 10) and relatively shallow
divergences t0~G(2, 2000).

3.2.3 Data analyses

Genetic Kimura-2 parameter (K2P) distances and uncorrected p-distances of each marker within
and between lineages were calculated in Mega 5 with pairwise deletion for gaps (Tamura et al., 2011).
The four genetic markers were concatenated using SequenceMartrix v1.7.8 (Vaidya et al., 2011), with
a final length of 2,251 bp including COI (651 bp), COII (681 bp), EF1-a (210 bp) and 28S rDNA (709 bp)
sequences. Lepidocyrtus paradoxus and L. cf. violaceus were used as outgroup for phylogenetic
analyses. Identical sequences were removed in all likelihood methods. All three coding positions of
the protein-coding genes were included (COI, COIl and EF1-a divided into three partitions — 1%, 2",
and 3™ codons) in the analyses. Best-fitting substitution models were assessed for each locus (partition)

under the BIC criterion in PartitionFinder v2.1.1 (Lanfear et al. 2017, supplementary Table S3.3).

The partitioned dataset was analyzed by both ML and Bayesian Inference (Bl) methods on online
CIPRES services (Miller et al., 2010). Maximum Likelihood trees were reconstructed in RAXML v8.1.2
(Stamatakis, 2014) with the GTRGAMMA model for all subsets and 1,000 bootstrap replicates.
Bayesian Inference analyses were done in MrBayes v3.2.6 (Ronquist et al., 2012) with different models
for eight subsets (supplementary Table S3.3). Model parameters were unlinked and the model allowed
the overall rate across partitions to be different. To avoid branch-length overestimation, the
compound Dirichlet priors “brlenspr=unconstrained: gammadir (1, 1, 1, 1)” for branch lengths was
incorporated (Zhang et al., 2012). The number of generations for the total analysis was set to 50
million, with the chain being sampled every 5,000 generations. The burn-in value was 25% and
remaining parameters were set as default. To confirm convergence, the average standard deviation
of split frequencies (ASDSF) and the potential scale reduction factor (PSRF) values were visualized in

MrBayes, and effective sample size (ESS) values were checked in Tracer 1.6 (Rambaut et al., 2013).

3.3 Results

3.3.1 MOTUs / cryptic species delimitation based on mitochondrial markers

In total, we obtained 148 COIl and 184 COIl sequences from 185 individuals of the three
morphospecies of the L. lanuginosus species group (supplementary Table S3.1). The three
morphospecies comprised 19 MOTUs / cryptic species, corresponding to =0.07 divergence threshold,

which were congruent across ABGD and BPP delimitations (Figure 3.1). Ten MOTUs / cryptic species
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(lineages 2-11, L2—-11) were assigned to L. cyaneus and nine (L1 and L12-19) to L. lanuginosus.

Lepidocyrtus bicoloris was grouped to L1 of the L. lanuginosus species group.

ABGD generated 19 and 25 initial partitions / MOTUs and 19-55 and 25-58 recursive partitions
for COIl and COlIl, respectively, while prior intraspecific divergences (P) varied from 0.001 to 0.0493
(Figure 3.2b, d) for both COI and COIl. Rough “barcoding gaps” of COIl were observed at K2P distance
of 0.055—0.095 (Figure 3.2a), corresponding to plateaus of 19 MOTUs (Figure 3.2b). Barcoding gaps of
COIl were observed at K2P distance of 0.02-0.03 and 0.06-0.115 (Figure 3.2c), corresponding to
plateaus of 25 and 19 MOTUs (Figure 3.2d). Initial and recursive partitions were identical at 19 MOTUs
for both COIl and COII.

Both single- and multi-rate PTP based on concatenated dataset of COl and COIl estimated 20
MOTUs (Figure 3.1), and divided L10 generated by ABGD into two partitions by isolating individual
LEcyaneus_Rap_2 from the others. BPP analyses validated a nineteen-species hypothesis for all three
prior distributions of ancestral population size and root age with high speciation probabilities (PP:
0.96-1). In the following sections, we refer to the term “lineage” to represent each MOTU / cryptic

species in the L. lanuginosus species group.

3.3.2 Genetic distances of both nuclear and mitochondrial markers

The mean K2P and uncorrected p-distances of each of the four genetic markers within
morphospecies of L. cyaneus (10 lineages) and L. lanuginosus (9 lineages) were very similar to
distances between morphospecies, reaching 0.17 in both COIl and COIl (Table 3.1). Sequences of both
28S rDNA and EF1-a varied within the two morphospecies, showing their limited value as markers for

morphospecies in the L. lanuginosus species group (Table 3.1).

In general, mean intra-lineage K2P and uncorrected p-distances were smaller compared to inter-
lineage distances for both COl and COIl in the L. lanuginosus species group (supplementary Table S3.4).
The mean intra-lineage K2P distances were below 0.032 for both COI and COIl, with the largest
distances (0.053 for COl and 0.059 for COIl) within L13. The mean inter-lineage distances were 0.115—
0.252 for COl and 0.128-0.295 for COIl, with the lowest distances between L13 and L18.

The nuclear markers varied less than the mitochondrial markers both within and between
lineages. Elongation factor 1-a was more efficient than 28S rDNA in reflecting the lineages delimited
by COl and COIl. The mean intra-lineage K2P and uncorrected p-distances of 28S rDNA and EF1-a were
zero or below 0.015 in all 19 lineages (supplementary Table S3.4). Nucleotide sequences of 28S rDNA

were identical in L14 and L18 and in L5-8, L10-11 and L14, and sequences of EF1-a were identical in
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Table 3.1 Mean K2P (upper rows) and uncorrected p-distances (lower rows in gray background) of
four genetic markers between different lineages within and between Lepidocyrtus cyaneus and L.
lanuginosus species complexes. Data represent the average + stand errors.

col coll 285 D1-2 EFl-a
Within the L. cyaneus species 0.197+0.022  0.211+0.032  0.0041+0.004  0.026+0.01
complex (10 lineages) 0.171+0.017  0.174+0.023  0.004:0.004  0.025+0.01
Within the L. lanuginosus species 0.205£0.023  0.244+0.039  0.016%0.01 0.029+0.014
complex (9 lineages) 0.177+0.018  0.198+0.028  0.015:0.01  0.028+0.013
Between L. cyaneus and L. 0.209+0.017 0.238+0.024 0.01+0.009 0.028+0.011
lanuginosus species complexes 0.181+0.013  0.193+0.016  0.01¥0.009  0.0270.01

L7 and L8, and in L14 and L18 (supplementary Table S3.4). Mean K2P distances between lineages were

0.019 with a range of 0-0.05 for EF1-a, higher than that in 28S rDNA (mean inter-lineage K2P distances

0.009 with a range of 0—0.032).

3.3.3 Phylogenetic analysis
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Topologies of ML and Bl trees based on the concatenated dataset of the four markers were
similar. The majority of lineages of the two morphospecies clustered in separate clades with high
support (Bayesian posterior probabilities, pp = 1, Figure 3.1). The phylogenetic trees indicated that
both L. cyaneus and L. lanuginosus are polyphyletic and L. bicoloris was grouped with L. lanuginosus
L1 with strong support (pp = 0.96, Figure 3.1). Overall, the three morphospecies L. bicoloris, L. cyaneus
and L. lanuginosus formed a monophyletic clade in the L. lanuginosus species group with strong

support (pp = 1, Figure 3.1).

3.4 Discussion

3.4.1 High cryptic diversity of the Lepidocyrtus lanuginosus species group

Approaches based on genetic distances and evolutionary models showed that both species, L.
cyaneus and L. lanuginosus, comprised multiple genetic lineages / cryptic species. The similar K2P
distances of both mitochondrial and nuclear markers within and between these two morphologically
defined species suggest that our first hypothesis has to be rejected. ABGD delimited a distance gap of
0.055-0.095 based on COl in the L. lanuginosus species group which is similar to other Collembola
species groups such as Protaphorura (Sun et al., 2017) and Coecobrya (F. Zhang et al., 2018). The intra-
lineage distances in the L. lanuginosus species group of about 0.05 were significantly smaller than the
inter-lineage distances (around 0.2). This is also supported by other studies that suggested the
existence of distinct lineages / cryptic species in Collembola (Anslan and Tedersoo, 2015; Katz et al.,
2015a; Nilsai et al., 2017; F. Zhang et al., 2018). Numbers of lineages delimited by ABGD based on COI
and COIl were congruent and resembled the results of the BPP analysis; while the PTP analyses based
on the concatenated dataset of COIl and COIl distinguished one more lineage. This incongruence was
due to the five individuals of L10 from locality Rapallo in Italy which were assigned to two lineages
(supplementary Table S3.1 and Figure 3.1). However, we considered them as one lineage since the
K2P distance of COl and COIl between these two lineages were 0.04, i.e. lower than the boundary of

the detected gap.

Results of the nuclear markers differed in some respect from those of the mitochondrial genes.
Elongation factor 1-a confirmed the presence of 17 lineages with nearly no intra-lineage variation
(except in L1 and L5) and supports the efficiency of EF1-a in delimiting lineages of L. lanuginosus from
Southern Europe (Cicconardi et al., 2010). Sequences of 285 rDNA D1-2 failed to delimit all lineages
within the L. lanuginosus species group as sequences from several lineages were identical: inter-
lineage K2P distances were zero in 285 rDNA D1-2 but varied between 0.13 and 0.23 in COIl and COIl.

The D1-2 fragment of the 28S rDNA gene proved to efficiently reflect the phylogeny of Collembola
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(D’Haese, 2002) and also has been used for species identification (Sonnenberg et al., 2007). Anslan
and Tedersoo (2015) found no intraspecific variation, whereas the interspecific variability ranged
between 0.007 and 0.287 among 33 species suggesting the D1-2 fragment of the 28S rDNA gene may
be a good Collembola species marker. However, in our study, 28S rDNA did not separate closely
related lineages in the L. lanuginosus species group as delimited by mitochondrial genes, which is in
agreement with earlier studies (Porco et al., 2012a; Zhang et al., 2014) and demonstrates that its
validity as Collembola species marker likely is not universal across all taxa. Due to the low variation in
28S rDNA as compared to COIl and COIll, 28S rDNA is likely to underestimate the true species diversity
in some groups. K2P distances of EF1-a were approximately twice as high as those in 28S rDNA among
lineages of the L. lanuginosus species group and therefore outperformed the latter as Collembola

species marker.

3.4.2 Phylogenetic analysis

The molecular phylogeny based on concatenated data did not support monophyly of L. cyaneus
or L. lanuginosus, thus rejecting the second hypothesis that body color is a good species marker.
According to the phylogenetic tree, lineages of the L. lanuginosus species group split irrespective of
body coloration, suggesting multiple losses or gains of body coloration. Body color is one of the most
important characters used in separating species in the genus Lepidocyrtus (Soto-Adames, 2002), and
has been shown great to be of significant phylogenetic and taxonomic value in Entomobrya species
occurring in China (Ding et al., 2018). However, results of the present study suggest that body color is
insufficient to delineate species in the L. lanuginosus species group, supporting that body color pattern
variation sometimes are uncorrelated with genetic divergence as demonstrated in North American
Entomobrya species (Katz et al., 2015b). The value of body color as a species marker in Collembola
depends on region, species group and possibly sampling size (Ding et al., 2018), but it can be a useful,

easily observable, and valid diagnostic tool when combined with other characters.

Molecular data supported the monophyly of the L. lanuginosus species group (Mateos et al.,
2018). Compared to the restricted sampling of populations and genetic markers in previous studies
(Mateos et al., 2018; B. Zhang et al., 2018), we sampled a wider range of populations across Central
and Southern Europe, and included a larger number of populations of two species and two additional
genetic markers (COl and 28S rDNA), which supports the validity of chaetotaxy as character for
delimiting monophyletic clades in the genus Lepidocyrtus (Mateos et al., 2018). However, more effort
is needed to distinguish lineages / cryptic species within the L. lanuginosus species group. Zhang et al.

(2018a) proposed that L. cyaneus forms part of the L. lanuginosus species complex in a local study.
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The larger dataset of this study showed that L. cyaneus comprises at least ten lineages. Thus, we
suggest that a wide sampling across the range of this species complex is needed for uncovering

lineages / cryptic species and to understand their relationships.

3.4.3 DNA-based approaches help discovering species diversity

Lepidocyrtus lanuginosus L1 comprised specimens of the morphospecies L. bicoloris and L.
lanuginosus. This suggests that L. bicoloris is a polymorphic species including blue colored and
uncolored forms. As the only morphological difference between L. bicoloris and L. lanuginosus is the
body color pattern (blue pigment on th.ll to abd.Il in L. bicoloris, without pigment in L. lanuginosus;
Mateos 2012), uncolored specimens of L. bicoloris in the clade L. lanuginosus L1 were misidentified as
L. lanuginosus. These two morphospecies could only be differentiated by molecular analyses.
Molecular data combined with morphological characters may help strengthening species hypotheses
(De Queiroz, 2007; Samadi and Barberousse, 2006). Integrative taxonomy and more detailed analyses
of morphological characters are needed to substantiate the proposition of the existence of nineteen
(or more) cryptic species in the L. lanuginosus species group. Genetic information, chaetotaxy and
other morphological characters have been combined to delimit species and cryptic Collembola species
(Felderhoff et al., 2010; Katz et al., 2015b; Schneider and D’Haese, 2013; Sun et al., 2017; Yu et al.,
2017; F. Zhang et al., 2018).

DNA-based approaches used in the present study clearly separated lineages of Central Europe
from those in Southern Europe. These lineages need to be inspected for subtle morphological
differences. For example, the typical labial seta M1 has been proposed to be absent in specimens of L.
cyaneus and L. lanuginosus from Fennoscandia and Denmark (Fjellberg, 2007), whereas Mateos (2012)
found it to be typically present in adult specimens from Southern Europe. Mateos (2012) also found
morphological characters, i.e. labium chaetotaxy, in specimens of L. lanuginosus from the
Northeastern Iberian Peninsula to vary between populations. Large genetic variation among lineages
of the L. lanuginosus species group revealed by our study suggests that there might be differences in
chaetotaxy among the different lineages. The results of our study highlight the need for additional
ecological, evolutionary, and taxonomic research of species complexes in Collembola (and other soil
invertebrates). Importantly, cryptic species of Collembola may vary in the colonization of different
habitats and in species-environment interrelationships. As shown in this study, L. cyaneus L5-11 mainly
collected from grasslands surrounded by forests in Southern Europe, while the genetically very distant
L. cyaneus L3 mainly from open grassland and arable land in Central Europe (Fig. 1, supplementary

Table S3.1). Zhang et al. (2018a) found that different lineages / cryptic species of L. lanuginosus
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preferentially colonize certain habitats, suggesting that DNA-based approaches are useful to uncover
species- and / or lineages-environment interrelationships in soil mesofauna, especially when samples

are collected from a large geographical area or different habitats.

The genetically diverse lineages detected by Cicconardi et al. (2010), Zhang et al. (2018a), and in
this study, and the morphological variability of L. lanuginosus documented in Mateos (2012), indicates
that sampling additional habitats would reveal even more lineages / cryptic species in the L.
lanuginosus species group. For gaining a coherent picture on the distribution, genetic structure and
species-environment interrelationships of lineages on L. lanuginosus a wide sampling is indispensable.
The number of published European Lepidocyrtus species has increased in recent years to 33 (Mateos
2008a, b, 2011, 2012; Traser and Danyi 2008; Mateos and Petersen 2012; Winkler and Traser 2012;
Winkler 2016, 2017). DNA-based approaches may accelerate the discovery of new species and provide
guidelines for identification of morphological characters of genetically distinct lineages thereby

helping to document the full species diversity of European Lepidocyrtus and other Collembola species.

3.5 Conclusions

DNA-based approaches revealed distinct MOTUs / lineages in the L. lanuginosus species group,
suggesting the existence of cryptic species in both L. cyaneus and L. lanuginosus. Phylogenetic analyses
based on nuclear and mitochondrial markers indicated that both L. cyaneus and L. lanuginosus are
polyphyletic. The results suggest that body color is insufficient to distinguish species in the L.
lanuginosus species group. Further, our results indicate that COIl is as efficient as COl in delimiting
lineages of the L. lanuginosus species group and may be used as alternative DNA barcoding marker in
Collembola. Elongation factor 1-a had a higher resolution than 28S rDNA D1-2 in distinguishing closely
related genetic lineages, suggesting that it is a more appropriate species marker than 28S rDNA D1-2
for the L. lanuginosus species group but less powerful than COIl and COIl. Overall, this study provides
guidelines for understanding and documenting the complex structure of the L. lanuginosus species
group by integrating genetic and morphological characters. We recommend that phylogeographic
studies on closely related species based on a wide range of sampling are needed before analyzing their

phylogenetic relationships.
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Supplementary Materials

Supplementary Table $3.1 Sampling data of Collembola specimens used for DNA barcoding. 28SD1-2, COIl, COl and elongation factor 1-a (EF 1-a) accessions

represents the registration numbers of sequences in GenBank. Loc. Abb.: Locality abbreviations.

Species Individual name Locality Loc. Country Habitat Position Collecting 28SD1 2 coll col EF 1-a
Abb. date

Lepidocyrtus  LEbicoloris_090_1 Tagamanent Tag Spain Grassland 41°45'3.68"N, 15/10/2011 MH570534 MH570690 MH570984

bicoloris LEbicoloris_090_2 ;‘:’r][;’r“e’l‘t’ 2°18'20.50"E MH570535 MH570691 MH570985
LEbicoloris_090_3 MH570536 MH570692 MH570854 MH570986
LEbicoloris_090_4 MH570537 MH570693
LEbicoloris_090_5 MH570538 MH570694 MH570855

Lepidocyrtus  LEcyaneus_Ale_1 Ax-les-Thermes Ale France Grassland 42°44'33.41"N, 11/05/2015 MH570539 MH570695 MH570856 MH570987

cyaneus LEcyaneus_Ale_2 Z‘;rfrg:‘e"s‘: 1°46'59.04"€ MH570540 MH570696 MH570857 MH570988
LEcyaneus_Ale_3 MH570541 MH570697 MH570858 MH570989
LEcyaneus_Ale_4 MH570542 MH570698 MH570859 MH570990
LEcyaneus_Ale_5 MH570543 MH570699 MH570860 MH570991
LEcyaneus_Ami_1 Amiens Ami France Grassland 42°44'33.41"N, 11/05/2015 MH570544 MH570700
LEcyaneus_Ami_2 :;f:stto 1°46'59.04"€ MH570545 MH570701 MH570861 MH570992
LEcyaneus_Ami_3 MH570546 MH570702 MH570862 MH570993
LEcyaneus_Ami_4 MH570547 MH570703 MH570994
LEcyaneus_Ami_5 MH570548 MH570704 MH570863 MH570995
LEcyaneus_Ant_1 Antwerpen Ant Belgium Grassland-  49°50'33.9"N, 18/04/2016 MH570549 MH570705 MH570996
LEcyaneus_Ant_2 I"‘ar:z'e 2°31'35.7"E MH570550 MH570706 MH570864 MH570997
LEcyaneus_Ant_3 MH570551 MH570707 MH570865 MH570998
LEcyaneus_Ant_4 MH570552 MH570708 MH570866 MH570999
LEcyaneus_Ant_5 MH570553 MH570709 MH570867 MH571000
LEcyaneus_Bre_1 Bremen North Bre Germany 53°14'36.1"N, 19/04/2016 MH570554 MH570710 MH570868 MH571001
LEcyaneus_Bre_2 8739'20.1"E MH570555 MH570711 MH570869 MH571002
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Species Individual name Locality Loc. Country Habitat Position Collecting 28SD1_2 coll col EF 1-a
Abb. date

LEcyaneus_Bre_3 Grassland MH570712 MH570870 MH571003
LEcyaneus_Bre_4 next to MH570556 MH570713 MH570871 MH571004
LEcyaneus_Bre_5 forest MH570714 MH570872 MH571005
LEcyaneus_Cas_1 Cassine Cas Italy Grassland 44°46'8.09"N, 07/05/2015 MH570557 MH570715 MH570873 MH571006
LEcyaneus_Cas_2 Z‘:Ir;;’r“e”s‘t’ 8°29'28.64"E MH570558 MH570716 MH570874 MH571007
LEcyaneus_Cas_3 MH570559 MH570717 MH570875 MH571008
LEcyaneus_Cas_4 MH570560 MH570718

LEcyaneus_Cas_5 MH570561 MH570719 MH570876 MH571009
LEcyaneus_Cth_1 Chateau-Thierry Cth France Grassland-  49°5'45.17"N, 13/05/2015 MH570562 MH570720 MH571010
LEcyaneus_Cth 2 farsg'e 3°26'12.35"E MH570563 MH570721 MH570877 MH571011
LEcyaneus_Cth_3 MH570564 MH570722 MH571012
LEcyaneus_Cth_4 MH570565 MH570723 MH570878 MH571013
LEcyaneus_Cth_5 MH570566 MH570724 MH570879 MH571014
LEcyaneus_Goe_1 Ossenfeld Ossg Germany Grassland 51°32'50.3"N, 17/04/2014 MH160159 MH144024 MH143939 MH178012
LEcyaneus_Goe_2 grassland ;‘:If‘(:stto 9°47'50.4"€ MH160160 MH144025 MH143940 MH178013
LEcyaneus_Goe_3 Waake arable Waaa Germany Arable 51°33'47.1"N, 19/06/2014 MH160161 MH144026 MH143941 MH178014
LEcyaneus_Goe_4 land land 10°03'30.4"€ MH160162 MH144027 MH143942 MH178015
LEcyaneus_Goe_5 Ossenfeld arable  Ossa  Germany Arable 51°32'52.4"N, 17/04/2014 MH160158 MH144023 MH143938 MH178011

land land 9°47'52.9"E

LEcyaneus_lII_1 Illertissen 1] Germany Grassland 48°13'41.43"N, 03/05/2015 MH570567 MH570725 MH570880
LEcyaneus_lll_2 ;‘;’:Stto 10°7'1.12%€ MH570568 MH570726 MH570881 MH571015
LEcyaneus_lII_3 MH570569 MH570727 MH570882 MH571016
LEcyaneus_lII_4 MH570570 MH570728 MH570883 MH571017
LEcyaneus_lII_5 MH570571 MH570729 MH570884
LEcyaneus_lII_6 MH570572 MH570730 MH570885
LEcyaneus_Jen_1 Jena Jen Germany 12/05/2016 MH570573 MH570731 MH570886 MH571018
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Species Individual name Locality Loc. Country Habitat Position Collecting 28SD1_2 coll col EF 1-a
Abb. date

LEcyaneus_Jen_2 MH570574 MH570732 MH570887
LEcyaneus_Jen_3 aG::;S;and‘ 50°57'0.96"N, MH570575 MH570733 MH570888 MH571019
LEcyaneus_Jen_4 land 11°37'16.43"E MH570576 MH570734 MH570889 MH571020
LEcyaneus_Jen_5 MH570577 MH570735 MH570890 MH571021
LEcyaneus_Lei_1 Leipzig Lei Germany Grassland 51°19'33.78"N, 25/04/2016 MH570578 MH570736 MH570891 MH571022
LEcyaneus_Lei_2 ;‘;rfr;’:‘e'l‘t’ 12°21'21.05"€ MH570579 MH570737 MH570892 MH571023
LEcyaneus_Lei_3 MH570580 MH570738 MH570893 MH571024
LEcyaneus_Lei_4 MH570581 MH570739 MH570894 MH571025
LEcyaneus_Lei_5 MH570582 MH570740

LEcyaneus_Mal_1 Marseille-Allauch ~ Mal France Grassland 43°22'16.57"N, 09/05/2015 MH570583 MH570741 MH570895 MH571026
LEcyaneus_Mal_2 Z‘;r;g:‘e”s‘t’ 5732'9.46"E MH570584 MH570742 MH570896 MH571027
LEcyaneus_Mal_3 MH570585 MH570743 MH570897 MH571028
LEcyaneus_Mal_4 MH570586 MH570744 MH571029
LEcyaneus_Mal_5 MH570587 MH570745

LEcyaneus_Oyp_1 Oye-Plage Oyp France Grassland 50°59'47.5"N, 18/04/2016 MH570588 MH570746 MH570898
LEcyaneus_Oyp_2 (Calais) ;‘::‘:S‘;O 2°02'31.9"E MH570589 MH570747 MH570899
LEcyaneus_Oyp_3 MH570590 MH570748 MH570900
LEcyaneus_Oyp_4 MH570591 MH570749

LEcyaneus_Oyp_5 MH570592 MH570750

LEcyaneus_Pin_1 "Ordesay Monte  Pin Spain Grassland 42°40'35.3"N, 30/05/2009 MH570593 MH570751 MH570901 MH571030
LEcyaneus_Pin_2 ;zﬁ;:‘;l i Z‘;rfrg:‘er:tj 0°05'07.5"E MH570594 MH570752 MH570902 MH571031
LEcyaneus_Pin_3 Pineta valley MH570595 MH570753 MH571032
LEcyaneus_Pin_4 MH570596 MH570754 MH571033
LEcyaneus_Pin_5 MH570597 MH570755 MH571034
LEcyaneus_Rap_1 Rapallo Rap Italy Grassland 44°22'48.53"N, 06/05/2015 MH570598 MH570756 MH570903
LEcyaneus_Rap,_ 2 Zl;r;g?e:? 9730'40.63"E MH570599 MH570757 MH570904 MH571035
LEcyaneus_Rap_3 MH570600 MH570758
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Species Individual name Locality Loc. Country Habitat Position Collecting 28SD1_2 coll col EF 1-a
Abb. date

LEcyaneus_Rap_4 MH570601 MH570759 MH570905
LEcyaneus_Rap_5 MH570602 MH570760 MH570906 MH571036
LEcyaneus_Sch_1 Schwechat (Wien  Sch Austria Grassland 48°08'38.0"N, 23/04/2016 MH570603 MH570761 MH570907 MH571037
LEcyaneus_Sch_2 Airport) ?:rxets‘;" 16731'32.1"€ MH570604 MH570762 MH570908 MH571038
LEcyaneus_Sch_3 MH570605 MH570763 MH570909 MH571039
LEcyaneus_Sch_4 MH570606 MH570764 MH570910 MH571040
LEcyaneus_Sch_5 MH570607 MH570765 MH570911 MH571041
LEcyaneus_Smen_1 Sainte- Smen  France Grassland-  49°5'46.17"N, 14/05/2015 MH570608 MH570766 MH570912 MH571042
LEcyaneus_Smen_2 Menehoult f‘ar:z'e 4°55'26.67"E MH570609 MH570767 MH570913 MH571043
LEcyaneus_Smen_3 MH570610 MH570768 MH570914 MH571044
LEcyaneus_Smen_4 MH570611 MH570769 MH570915 MH571045
LEcyaneus_Smen_5 MH570612 MH570770 MH570916 MH571046
LEcyaneus_Utr_1 Utrecht Utr The Grassland 52°08'50.6"N, 19/04/2016 MH570613 MH570771 MH570917 MH571047
LEcyaneus_Utr 2 Netherlands Z‘;rfr;’fensf 5°12'21.9"€ MH570614 MH570772 MH570918 MH571048
LEcyaneus_Utr_3 MH570615 MH570773 MH570919 MH571049
LEcyaneus_Utr_4 MH570774 MH571050
LEcyaneus_Utr_5 MH570616 MH570775 MH570920 MH571051
LEcyaneus_Ver_1 Vernante Ver Italy Grassland 44°12'6.99"N, 07/05/2015 MH570617 MH570776 MH570921 MH571052
LEcyaneus_Ver 2 Z‘;rfrg:‘er:tj 7730'17.58"E MH570618 MH570777 MH570922 MH571053
LEcyaneus_Ver_3 MH570619 MH570778 MH570923
LEcyaneus_Ver_4 MH570779 MH571054
LEcyaneus_Ver_5 MH570620 MH570780 MH570924

Lepidocyrtus  LElanuginosus_Aig_1 "Montseny" Aig Spain Forest 41°46'13.8"N, 10/02/2007 MH570621 MH570781 MH570925 MH571055

lanuginosus | £januginosus_Aig_ 2 [Z?guur:fe:'i:da) 2°16'19.9"E MH570622 MH570782 MH570926 MH571056
LElanuginosus_Aig_4 MH570623 MH570783 MH570927 MH571057
LElanuginosus_Aig 5 MH570624 MH570784 MH570928 MH571058
LElanuginosus_Alt_1 Altmoorhausen Alt Germany 18/05/2016 MH570625 MH570785 MH570929 MH571059
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Species Individual name Locality Loc. Country Habitat Position Collecting 28SD1_2 coll col EF 1-a
Abb. date

LElanuginosus_Alt_2 MH570626 MH570786 MH570930 MH571060
LElanuginosus_Alt_3 Grassland-  53° MH570627 MH570787 MH570931 MH571061
LElanuginosus_Alt_4 fars;"e Zi?ng MH570628 MH570788 MH570932 MH571062
LElanuginosus_Alt_5 MH570629 MH570789 MH570933 MH571063
LElanuginosus_Brn_1 Brno Brn Czech Grassland 24/04/2016 MH570630 MH570790

LElanuginosus_Brn_2 Republic next to 49°11'32.15"N, MH570791

forest 16°25'33.73"E

LElanuginosus_Brn_3 MH570631 MH570792

LElanuginosus_Brn_4 MH570793 MH570934
LElanuginosus_Brn_5 MH570794 MH570935 MH571064
LElanuginosus_Cat_1 "Serra de Cat Spain Forest 42°13'44.0"N, 05/04/2008 MH570632 MH570795 MH570936 MH571065
LElanuginosus_Cat_2 Cma(::if‘iz?n 1°56'16.8"E MH570633 MH570796 MH570937 MH571066
LElanuginosus_Cat_3 MH570634 MH570797 MH570938 MH571067
LElanuginosus_Cat_4 MH570635 MH570798 MH570939 MH571068
LElanuginosus_Cat_5 MH570636 MH570799 MH570940 MH571069
LElanuginosus_Goe_4 Herberhausen Herf Germany Forest 51°31'50.6"N, 19/06/2014 MH160107 MH143972 MH143922 MH178004

forest 9°59'26.4"E
LElanuginosus_Goe_6 Herberhausen Herg  Germany Grassland 51°31'58.6"N, 19/06/2014 MH160110 MH143975 MH143925 MH177997
LElanuginosus_Goe_7  £ressland ;‘:If‘(:stto 9°59'33.8"E MH160111 MH143976 MH143926 MH177998
LElanuginosus_Goe_8 MH160113 MH143978 MH143923 MH177995
LElanuginosus_Goe_10 MH160109 MH143974 MH143924 MH177996
LElanuginosus_Goe_11  Herberhausen Hera  Germany Arable 51°32'02.7"N, 19/06/2014 MH160100 MH143965 MH143920 MH177993
LElanuginosus_Goe_12  arableland field 10°00'02.1"€ MH160101 MH143966 MH143921 MH177994
LElanuginosus_Goe_13 MH160102 MH143967 MH570982 MH571118
LElanuginosus_Goe_15 Deppoldshausen  Depa  Germany Arable 51°32'02.7"N, 27/03/2014 MH160114 MH143979 MH143927 MH177999
arable land field 10°00'02.1"E
LElanuginosus_Goe_16  Ossenfeld forest Ossf Germany Forest 51°32'56.3"N, 14/04/2014 MH160133 MH143998 MH143930 MH178005

9°48'01.5"E
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Species Individual name Locality Loc. Country Habitat Position Collecting 28SD1_2 coll col EF 1-a
Abb. date
LElanuginosus_Goe_17  Waake forest Waaf  Germany Forest 51°33'34.0"N, 19/06/2014 MH160141 MH144006 MH143933 MH178006
LElanuginosus_Goe_18 10°04'14.9"€ MH160144 MH144009 MH143934 MH178007
LElanuginosus_Goe_19 MH160145 MH144010 MH570983 MH571119
LElanuginosus_Goe_20  Waake arable Waaa Germany Arable 51°33'47.1"N, 19/06/2014 MH160136 MH144001 MH143931 MH178000
land field 10°03'30.4"E
LElanuginosus_Goe_21  Waake arable Waaa Germany Arable 51°33'47.1"N, 19/06/2014 MH160140 MH144005 MH143932 MH178001
land field and 10°03'30.4"E
grassland

LElanuginosus_Hor_1 Horka Hor Czech Grassland-  50°28'40.2"N, 24/04/2016 MH570637 MH570800 MH570941 MH571070
LElanuginosus_Hor 2 (ungbunzlau) Republic farsg'e 14°58'43.0"€ MH570638 MH570801 MH571071
LElanuginosus_Hor_3 MH570639 MH570802 MH570942 MH571072
LElanuginosus_Hor_4 MH570640 MH570803 MH570943

LElanuginosus_Hor_5 MH570641 MH570804 MH571073
LElanuginosus_Jen_1 Jena Jen Germany Grassland-  50°57'0.96"N, 12/05/2016 MH570642 MH570805 MH571074
LElanuginosus_Jen_2 ’I"‘ar:z'e 11°37'16.43"€ MH570643 MH570806 MH571075
LElanuginosus_Jen_3 MH570644 MH570807 MH570944 MH571076
LElanuginosus_Jen_4 MH570645 MH570945 MH571077
LElanuginosus_Kut_1 Kutno Kut Poland Grassland 52°16'38.8"N, 21/04/2016 MH570646 MH570808 MH570946 MH571078
LElanuginosus_Kut_2 ;‘oer’::to 19°20'54.4"€ MH570647 MH570809 MH570947 MH571079
LElanuginosus_Kut_3 MH570648 MH570810 MH570948 MH571080
LElanuginosus_Kut_4 MH570811 MH570949 MH571081
LElanuginosus_Kut_5 MH570649 MH570812 MH570950 MH571082
LElanuginosus_Lebe_1 Lebeny west Lebe Hungary Grassland-  47°44'55.8"N, 23/04/2016 MH570813 MH570951

LElanuginosus_Lebe_2 farsg'e 17°21'08.7"¢ MH570814 MH570952 MH571083
LElanuginosus_Lebe_3 MH570650 MH570815 MH570953 MH571084
LElanuginosus_Lebe_4 MH570651 MH570816 MH570954 MH571085
LElanuginosus_Mon_1 Mon Spain Forest 18/04/2007 MH570652 MH570817 MH570955 MH571086
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Species Individual name Locality Loc. Country Habitat Position Collecting 28SD1_2 coll col EF 1-a
Abb. date

LElanuginosus_Mon_2 MH570653 MH570818 MH570956 MH571087
LElanuginosus_Mon_3 "Montnegre" 41°39'52.2"N, MH570654 MH570819 MH570957 MH571088
LElanuginosus_Mon_4 mountain 2°33'46.0"E MH570655 MH570820 MH570958
LElanuginosus_Mon_5 MH570656 MH570821 MH570959 MH571089
LElanuginosus_Niea_10  Nitra East Niea Slovakia Grassland-  48°18'13.9"N, 23/04/2016 MH570657 MH570822 MH570960 MH571090
LElanuginosus_Niea_6 far:;"e 18°09'11.8"E MH570658 MH570823 MH570961 MH571091
LElanuginosus_Niea_7 MH570659 MH570824 MH570962 MH571092
LElanuginosus_Niea_8 MH570660 MH570825 MH570963 MH571093
LElanuginosus_Niea_9 MH570661 MH570826 MH570964 MH571094
LElanuginosus_Ott_1 Otterbach Ott Germany Grassland 49°26'31.74"N,  14/05/2015 MH570662 MH570827 MH570965 MH571095
LElanuginosus_Ott_2 Z‘;r;g:‘e”s‘t’ 7°55'19.24"¢ MH570663 MH570828 MH570966 MH571096
LElanuginosus_Ott_3 MH570664 MH570829 MH570967 MH571097
LElanuginosus_Ott_4 MH570665 MH570830 MH571098
LElanuginosus_Ott_5 MH570666 MH570831 MH570968 MH571099
LElanuginosus_Pga_1 Park Gardasee Pga Italy Grassland 45°42'15.73"N,  04/05/2015 MH570667 MH570832

LElanuginosus_Pga_2 Z‘;rfr;’fensf 10°58'23.94"€ MH570668 MH570833 MH571100
LElanuginosus_Pga_3 MH570669 MH570834 MH571101
LElanuginosus_Pga_5 MH570671 MH570835 MH570969 MH571102
LElanuginosus_Rad_1 Radom Rad Poland Grassland-  51°22'49.0"N, 22/04/2016 MH570672 MH570836 MH570970 MH571103
LElanuginosus_Rad_2 f‘ar:;"e 21°06'57.5"E MH570673 MH570837 MH570971 MH571104
LElanuginosus_Rad_3 MH570674 MH570838 MH570972 MH571105
LElanuginosus_Rad_4 MH570675 MH570839 MH570973 MH571106
LElanuginosus_Rad_5 MH570676 MH570840 MH570974 MH571107
LElanuginosus_Utr_2 Utrecht Utr The Grassland 52°08'50.6"N, 19/04/2016 MH570677 MH570841 MH571108
LElanuginosus_Utr_3 Netherlands Z‘;rfrg:‘er:: 5712'21.9%¢ MH570678 MH570842 MH571109
LElanuginosus_Utr_5 MH570679 MH570843 MH570975 MH571110
LElanuginosus_Vic_1 Vichy Vic France 13/05/2015 MH570680 MH570844 MH570976

11 423deyd

dnoJ3 saads snsoulbnup| sniiAoop1da7 ueadouny ayy Jo ANsiaAlp 213dAID



TL

Species Individual name Locality Loc. Country Habitat Position Collecting 28SD1_2 coll col EF 1-a
Abb. date
LElanuginosus_Vic_2 MH570681 MH570845
LElanuginosus_Vic_3 ﬁ;’itsstlsnd 46° 6'24.04"N, MH570682 MH570846 MH570977 MH571111
LElanuginosus_Vic_4 forest 3°22'16.84"E MH570683 MH570847 MH570978 MH571112
LElanuginosus_Vic_5 MH570684 MH570848 MH570979 MH571113
LElanuginosus_Vil_1 near EDAR east Vil Spain Forest 41°32'49.2"N, 25/10/2006 MH570685 MH570849 MH571114
LElanuginosus_Vil_2 (Viladecavalls) 1°57'36.4"€ MH570686 MH570850 MH571115
LElanuginosus_Vil_3 MH570687 MH570851 MH571116
LElanuginosus_Vil_4 MH570688 MH570852 MH570980 MH571117
LElanuginosus_Vil_5 MH570689 MH570853 MH570981
Lepidocyrtus  LEparadoxus_Mas_1 Masetti Mas Italy Grassland 46°3'23.22"N,  04/05/2015 MH160172 MH144037 MH143952 MH178032
paradoxus surround 11°15'29.51"E
by forest
Lepidocyrtus  LEviolaceus_Pga_1 Park Gardasee Pga Italy Grassland 45°42'15.73"N,  04/05/2015 MH160175 MH144040 MH143955 MH178023
cf. violaceus surround 10°58'23.94"E
by forest
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Supplementary Table S3.2 Sequencing primers and fragment length.

Gene Primer name Sequence (5'-3") Length (bp) Reference

Col LCO1490 GGTCAACAAATCATAAAGATATTGG 709 (Folmer et al., 1994)
HCO2198 TAAACTTCAGGGTGACCAAAAAATCA (Folmer et al., 1994)
ColFol-for TTTCAACAAATCATAARGAYATYGG (Ramirez-Gonzalez et al., 2013)
ColFol-rev TAAACTTCNGGRTGNCCAAAAAATCA (Ramirez-Gonzalez et al., 2013)

coll tRNA-20-Lcul GGTTTAAGAGACCGTGGCTTAC 750 (Cicconardi et al., 2010)
tRNA-13-LcuN TCTAACGTGGCAGACTAGTGC (Cicconardi et al., 2010)
tRNA-K-LculJ GAGCGTATTATAAAGCGGTTTAAG (Cicconardi et al., 2010)
tRNA-L-LcuN CAGACTAGTGCCATGAATTTAAGC (Cicconardi et al., 2010)

EF 1-a EFLcul ATGGGGGCAAGATAGCGTCAA 470-580 (Cicconardi et al., 2010)
EFLcuN TGAAGGCTGAACGTGAACGTGG (Cicconardi et al., 2010)

28S_D1-2 D2 ACCACGCATGCWTTAGATTG ~760 (D’Haese, 2002)
c1' ACCCGCTGAATTTAAGCAT (D’Haese, 2002)
Lepi_28S_nest R GGTACAGACAACGTGCTACGG
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Supplementary Table S$3.3 Best-fitting substitution models for each locus (partition) under the BIC criterion in PartitionFinder v2.1.1.

Subset Best Model sites Partition names

1 HKY+I 709 28S

2 SYM+I+G 227 COll_posl

3 F81+I+G 227 COll_pos2

4 GTR+G 444 COl_pos3, COIll_pos3
5 SYM+G 217 COl_pos1

6 F81+l 217 COIl_pos2

7 JC+I 140 EF_posl, EF_pos3

8 K80+G 70 EF_pos2
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Supplementary Table S3.4 Genetic K2P distances within and between lineages of the Lepidocyrtus lanuginosus species group.

Gene Within lineages Between lineages
range mean
L1 L2 L3 L4 L5 L6 L7 L8 L9 10 L1 12 113 14 115 16 117 L8

col

L1 0-0.016 0.008

2 0-0.03 0.012  0.209

13  0-0.02 0.011  0.203 0.208

L4 0-0.024 0.012 0.192 0.22 0.208

L5  0.005-0.035 0021 0191 022 0202 0.177

L6 / / 0.207 0.216 0.19 0.231 0.183

7/ / 0.216 0199 0.195 0.204 0.197 0.154

L8 / / 0.187 0.202 0.204 0.226 0.191 0.128 0.149

19 0.002 0.002 0231 0214 0206 0217 0178 0227 0.202 0.205

L10 0-0.038 0.021 0.208 0.216 0.212 0.213 0.198 0.162 0.17 0.163 0.21

11  0.002-0.041 0.023  0.199 0232 0.196 0203 0.185 0.197 0187 0.181 0215 0.183

L12 0.005-0.016 0.011 0.192 0.221 0.208 0.213 0.218 0.215 0.186 0.199 0.207 0.218 0.203

113 0-0.053 0.03 021 0198 0173 0.208 0224 0195 0.195 0193 0.226 0208 0.194 0.209

L14  0-0.006 0.004 0.198 0.229 0.211 0.203 0.166 0.176 0.197 0.187 0.221 0.218 0.188 0.185 0.214

L15  0-0.005 0.002 0187 0225 0214 0224 0227 0218 0218 0223 0223 0231 0216 0221 0234 0213

116 0-0.003 0.002 0198 0252 0228 023 0194 0219 023 019 0232 0209 0212 0207 0232 0212 0219

17/ / 0209 0232 0222 0216 0192 0229 0239 0174 0215 0218 022 0237 0225 0193 0.229 0.207

118 0.002-0.028 0.019  0.195 0217 0.179 0204 0209 0212 0208 0.198 0218 0233 0215 0221 0115 0221 0225 0.215 0.206

L19  0.003 0.003 0184 025 0201 0193 018 0199 0211 0185 0.188 0208 0192 0195 0212 0143 0.195 0196 0.204 0.213
coll

11 0-0.01 0.004

L2 0-0.016 0.007  0.225
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Gene Within lineages Between lineages
range mean

13  0-0.028 0.014 0239 0.198

L4 0-0.023 0.012 0.254 0.221 0.219

L5  0.003-0.035 0022 0207 0188 0.253 0258

L6 0 / 0.214 0.196 0.214 0.225 0.199

L7 0.015 0.015 0237 0.199 023 0262 0228 0.132

F: I 0 0.189 0.193 0.246 025 0214 0.139 0.152

19 0-0.016 0.01 0.247 0234 0231 0231 0229 0203 0.204 0.204

L10 0.002-0.04 0018 0211 0206 0.243 0258 0.228 0.154 0.163 0.157 0237

111 0-0.045 0.025 0224 0201 0224 0265 022 0183 0202 018 0227 0213

L12  0.011-0.013 0.012 0.188 0.217 0.261 0.266 0.196 0.216 0.234 0.219 0.237 0.229 0.226

113 0-0.059 0.032 0242 0232 0185 0231 0247 023 0246 0247 0226 0237 0241 0.253

L14  0-0.006 0.004 0.202 0.205 0.24 0.242 0.196 0.214 0.224 0.194 0.208 0.214 0.211 0.19 0.255

L15  0-0.006 0.003 0265 023 0266 0248 0248 0258 0.252 0257 0273 0246 0253 0.258 028  0.282

L16 0-0.006 0.004 0246 0255 0273 0278 0269 0295 0.289 0258 0276 0259 0278 0.279 0284 0288 0.237

117 0-0.003 0.002 0245 0239 026 0221 0245 0246 0249 0254 0241 0247 0257 0238 0227 0235 0244 0284

L18 0-0.015 0.009 0.25 0.25 0.18 0.248 0.275 0.235 0.229 0.263 0.214 0.244 0.234 0.276 0.128 0.256 0.295 0.28 0.226

119 0 0 0.207 021 0255 0242 0202 0228 0245 0229 0204 0225 0225 0182 0266 0145 0268 0284 0.244 0.262
285 D1-2

1 0-0.009

2 0 0.01

3 0 0.009  0.009

4 0 0.009 0.006 0.006

5 0 0.004 0.006 0.009 0.006

6 0 0.004 0.006 0.009 0.006 O

7 o0 0.004 0.006 0.009 0.06 O 0

8 0 0.004 0.006 0009 0.006 O 0 0
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Gene Within lineages Between lineages
range mean

9 o 0.006 0.004 001 0007 0001 0001 0001 0.001

L10 O 0.004 0.006 0.009 0.006 O 0 0 0 0.001

111 o 0.004 0.006 0.009 0.006 O 0 0 0 0.001 ©

112 0 0.007 0.007 001 0.007 0004 0004 0004 0004 0.006 0.004 0.004

113 0 0.009 0.009 O 0.006 0.009 0.009 0009 0009 001 0009 0009 001

114 0 0.004 0.006 0.009 0.06 O 0 0 0 0.001 0 0 0.004 0.009

115 0 0.025 0.022 0026 0.022 0022 0022 0022 0022 0024 0022 0022 0022 0026 0.022

L16 O 0.031 0.027 0.03 0.027 0.027 0.027 0.027 0.027 0.029 0.027 0.027 0.027 0.03 0.027 0.012

117 o0 0.012 0.007 0004 0007 001 001 001 001 0009 001 001 0012 0004 001 0027 0.032

118 0 0.009 0.009 O 0.006 0.009 0009 0.009 0009 001 0009 0009 001 O 0.009 0026 0.03  0.004

119 0-0.001 0.004 0.007 0.008 0.007 0001 0001 0001 0001 0002 0001 0001 0005 0008 0001 0023 0028 0011 0.008
EF1-a

L1 0-0.011

2 o 0.012

3 0 0.035 0.024

4 0 0.032 002 0.035

L5  0-0.011 0.024 0017 0042 0.027

6 0 0.017 0.02 0025 0.035 0.026

7 o0 0.021 0024 004 0035 0032 001

18 0 0.019 0.022 0.027 0042 0029 O 0.01

9 o0 0.024 0026 0026 0036 0034 0017 0021 0019

10 0 0.022 0024 004 0045 0032 001 001 001 0021

111 o 0.015 0019 0045 0.039 0.024 002 0024 0022 0026 0.024

112 o 0.011 0.018 0033 0.038 0025 0018 0023 002 0025 0023 0016

113 0 003 002 0015 003 0037 003 0035 0032 0027 0034 004 0028

114 o 0.008 0011 0036 0031 0018 0011 0016 0013 0018 0.016 0.008 0.009 0.031
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Gene Within lineages Between lineages
range mean
115 0 0.039 0035 0045 004 0035 003 005 0037 0046 005 0024 0041 005 0.033
L6 O 0.034 0.029 0.045 0.04 0.027 0.025 0.045 0.032 0.046 0.045 0.029 0.036 0.05 0.028 0.015
117 0 0.035 0024 0015 0.04 0042 0025 0039 0027 0037 0039 0045 0033 002 0036 0045 0.045
118 0 0.03 0019 0015 0.03 0037 003 0034 0032 002 0034 0039 0028 0 0031 005 005 0.2
119 0 0.007 001 0034 0029 0017 001 0015 0012 0017 0015 001 0008 003 0001 0.034 0029 0034 0.029

"/" indicates no data were available.
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Late Miocene-Pliocene diversification and Pleistocene-Holocene
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Chapter IV Phylogeography of the European Lepidocyrtus lanuginosus species group

Abstract

Climatic, geographical and geological history are the main factors that determine the
biogeography of present day biota. A growing number of phylogeographic studies have attempted to
explain the origin and diversification of European biota, in order to better understand the mode and
speed of speciation and the establishment of species. The European Lepidocyrtus lanuginosus species
group (Collembola: Entomobryidae) is a monophyletic clade comprising two widely distributed
species, but genetic analysis uncovered distinct lineages / cryptic species inhabiting different regions
in Europe. We studied the phylogeography of this species group using a molecular multi-locus
approach. Fragments of two mitochondrial (COI and COIl) and two nuclear genes (28S rDNA D1-2
region and elongation factor 1-a, EF1-a) were used to infer the phylogeographic origin of the different
lineages. We identified 18 lineages that did not overlap in their distribution range in Central, Southern,
and Southeastern Europe, suggesting high genetic structure and limited gene flow between these
three regions. Divergence date estimates based on the mitochondrial dataset and a relaxed molecular
clock revealed that major lineages diverged in the Late Miocene and Pliocene (17-2.59 million years
ago, Mya), i.e. before Quaternary ice ages, indicating that distinct lineages survived in multiple refugia
in each sampling region during the Quaternary glacial periods. The genetic structure of the 18 lineages
of the group supported a model of sequential allopatric diversification within each sampling region.
Further, three distinct lineages which diverged during the Pleistocene and Holocene were widely
distributed across Central Europe; suggesting that glacial cycles in the Quaternary affected the spread
of these lineages. Identical haplotypes of both of these lineages, occurring in localities hundreds of
kilometers apart, suggest recent human-mediated dispersal across Central Europe. The European L.
lanuginosus species group is globally distributed and the lineages inhabiting other continents need to
be included to understand its evolutionary history, radiation and distribution in a comprehensive way.
The species complex provides an ideal model system to investigate the effects of historical,
geographic, and climate processes as well as recent human activities on the evolution and

biogeographic pattern of soil dwelling invertebrates across continents.

Keywords: springtail; Lepidocyrtus cyaneus; Quaternary ice ages; ribosomal subunit 285 rDNA D1-2

domain; elongation factor 1-a; cytochrome c oxidase subunit 1 and Il

4.1 Introduction

Climatic, geographical, and geological history determine the present day biogeographic patterns

of organisms that show a latitudinal diversity gradient, with species richness of most taxa increasing
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Chapter IV Phylogeography of the European Lepidocyrtus lanuginosus species group

towards the equator (Mittelbach et al., 2007). The palaeoecological record provided two broad and
overlapping hypotheses on the localities where taxa survived glacial periods: (i) small and localised
refugia in Southern European mountain areas, and (ii) broader, less well-defined, cryptic refugia of
scattered populations (Provan and Bennett, 2008). Species’ responses to climate change depend
largely on their adaptations and environmental tolerances, resulting in individual responses in space
and time (Stewart et al., 2010; Taberlet et al., 1998). Species of temperate regions likely survived
glacial periods by retreating to southern refugia and recolonized higher latitude regions during
warming periods (Hewitt, 2000, 1999; Hewitt et al., 1996). In contrast, cold-adapted species
responded to climatic changes in the opposite way to temperate species, by retreating to refugia with
small population sizes during periods of warm climate and expanding from refugia with large
population sizes during cold phases (Dalén et al., 2005; Stewart and Dalén, 2008). Cryptic refugia for
cold-adapted species were found north of Alps, e.g., the refugium area around the Carpathians for
mammals (Kotlik et al., 2006; Sommer and Nadachowski, 2006), the adder (Vipera berus)
(Ursenbacher et al., 2006), a moor frog (Babik et al., 2004), and newts (Babik et al., 2005), as well as
polar refugia for bison (Shapiro et al., 2004) and the arctic fox (Dalén et al., 2005). Additionally, barrier
effects by high mountains (e.g., the Pyrenees, Alps and Balkans) prevented exchange of biota (and
genes) among these distinct regions and subsequently triggered an independent evolution of species
and intraspecific lineages, e.g. in plants (Normand et al., 2011), vertebrates (Gassert et al., 2013), and
invertebrates (Varga and Schmitt, 2008). Phylogeographic analyses of taxa inhabiting both sides of
these barriers provide insight into the combined effects of historical climate change and geographic

barriers on the present day genetic structure of species.

European Collembola comprise more than 2,500 species with species richness decreasing at
higher latitude (Deharveng et al., 2008; Fiera and Ulrich, 2012; Ulrich and Fiera, 2009). Postglacial
colonization from several glacial refugia was suggested as the main process that shaped the spatial
distribution patterns of European and holarctic Collembola (Avila-Jiménez and Coulson, 2011; Fiera et
al., 2017; Fiera and Ulrich, 2012). However, many widely distributed European Collembola species
show high intra-specific genetic variance (up to 20% in COI or COIl), suggesting that they comprise a
number of cryptic species, i.e., genetically distinct but morphologically undifferentiated lineages
(Cicconardi et al., 2010; Porco et al., 2012a,b, 2014; Timmermans et al., 2005; von Saltzwedel et al.,
2017, 2016; B. Zhang et al., 2018). According to divergence estimates of three Collembola species
based on a strict molecular clock using mtDNA (Hebert et al., 2003; Papadopoulou et al., 2010), cryptic
species or distinct lineages inhabiting different regions of Europe diverged in the Miocene (23.8-5.3
Mya) (von Saltzwedel et al.,, 2016), i.e., long before Quaternary glaciation. This suggests that

Collembola do not follow the common pattern that species colonize from Southern (SE and SWE) to
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Central Europe (CE) during Quaternary interglacial periods (Hewitt, 2000, 1999; Hewitt et al., 1996).
Collembola colonize extreme habitats like deserts, high mountain soils and even the Antarctica
(Hopkin, 1997), indicating that climate has a minor role on species richness and distribution compared
to other arthropods, and lineages of Collembola survived Quaternary glaciation in refugia in Central

Europe.

The European Collembola Lepidocyrtus lanuginosus species group comprises three
morphospecies (Mateos, 2012), including L. cyaneus (dark blue body color) and L. lanuginosus (yellow
body color) inhabiting both cold and warm regions across Europe (Cicconardi et al., 2010; Leinaas,

1981; Mateos, 2012; Salmon et al.,, 2014; https://fauna-eu.org/). However, DNA-based analyses

revealed a gradient of intra-specific genetic distances of mitochondrial COl and COII (0-0.28) and
discovered distinct lineages / cryptic species of both morphospecies inhabiting different regions of
Europe (Cicconardi et al., 2010; Mateos et al., 2018; B. Zhang et al., 2018), indicating that this species
group has evolved both temperate and cold-adapted lineages during the past millions of years. Both
L. cyaneus and L. lanuginosus are paraphyletic but the species group is monophyletic (Mateos et al.,
2018; B. Zhang et al., 2018), thus in all lineages of this species group were pooled to explore whether
the Quaternary glacial cycles affect distribution and divergences of this complex. We investigated two
hypotheses: (1) Lineages of the L. lanuginosus species group within sampling regions are
phylogenetically clustered and isolated from lineages from other sampling regions, reflecting that
lineages inhabiting CE originated from SE or SWE. (2) Divergent times of lineages of the L. lanuginosus
species group fall into the Quaternary suggesting that Quaternary glaciation drove the dispersal and
divergence of these lineages. For testing these hypotheses, we analyzed the genetic structure of these
two morphospecies of the L. lanuginosus species group using cytochrome oxidase Il (COIl). The
mitochondrial COI and two nuclear 28S rDNA D1-2 and EF1-a were also included and concatenated

with COIl to reconstruct a phylogeny and calculate the divergence times of all the lineages.

4.2 Material and methods

4.2.1 Data collection and lineage assignment

Nucleotide sequences of four genetic markers of the two morphospecies L. cyaneus and L.
lanuginosus (Chapter Il and IV; accession numbers available at NCBI GenBank; supplementary Table
S4.1) were used to construct a phylogenetic tree (see Chapter Il for details) with Lepidocyrtus
paradoxus Uzel, 1890 and L. cf. violaceus Lubbock, 1873 as outgroups. For species collection and
determination and assignment of genetic lineages, please refer to Material and Methods and Results

in Chapter lll. Lineage 2 of L. cyaneus was excluded from further analysis due to uncertainty in its
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relationship to the other lineages as demonstrated by bootstrap values and Bayesian posterior
probabilities (see Chapter lll). The final tree included 224 individuals representing 18 lineages of the
L. lanuginosus species group sampled across Europe. To analyze spatial genetic variance and structure,
we assigned sampling localities to three geographical regions: Southern Europe (SE, south of the Alps,
Italy and Southeastern France), South-western (SWE, Spain) and Central Europe (CE, north of the Alps)
(Table 4.1).

4.2.2 Genetic diversity, population structure and haplotype reconstruction

We calculated standard genetic diversity indices for COIl, assessed population structure within
lineages through Fst and performed AMOVA using sampling regions as geographical groups and
lineages in DnaSP v.5.10 (Librado and Rozas, 2009) with 20,000 permutations. Further, we calculated
the number of polymorphic sites (s), haplotype number (H), haplotype diversity (Hd) and nucleotide
diversity () of each lineage and sampling region in DnaSP. The geographical distribution, genetic
relationship, and the numbers of mutational steps among haplotypes of COIl (alighment of 681
nucleotide characters and 152 accessions) were inferred by a TCS network using PopART v.1.7 (Leigh

and Bryant, 2015).

4.2.3 Phylogenetic analyses and divergence time estimation

The four genetic markers were concatenated using SequenceMartrix v1.7.8 (Vaidya et al., 2011),
with a final length of 2,242 bp including COI (651 bp), COIll (681 bp), EF1-a (210 bp) and 28S rDNA (700
bp) sequences. Substitution models that best fitted each gene were defined according to the Bayesian
Information Criterion (BIC) on IQ-TREE 1.6.6 (Nguyen et al., 2015) and were GTR+|+F+G (COl),
HKY+I+F+G (COIl), HKY+I+F (28S rDNA), and SYM+I (EF1-a). We estimated divergence times estimation
using the concatenated alignment of all four loci in BEAST v.1.8.4 (Heled and Drummond, 2010) on
online CIPRES services (Miller et al., 2010). Input files for BEAST v.1.8.4 were created with BEAUTI
v.1.8.4 (Drummond et al., 2012). Runs were performed using the best fitted models under the
assumption of an uncorrelated lognormal relaxed molecular clock using the estimated rate of 0.0169
+ 0.0019 substitutions/site/million years, according to the improved estimates of the mtDNA clock in
insects (Papadopoulou et al., 2010). The number of generations for the total analysis was set to 600

million, with each chain sampled every 60,000 generations. The burn-in value was 10% and remaining
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Table 4.1 Locality data of the lineages of the Lepidocyrtus lanuginosus species group and numbers of individuals of each population that sequenced for each
gene. Loc. Abb.: Locality abbreviations.

Sampling region  Lineage Locality Loc. Abb. Country Numbers 285D1-2 COIl COl EFl-a
Central Europe (CE)
L3 Amiens Ami France 5 5 5 3 4
L4 Antwerpen Ant Belgium 5 5 5 4 5
L3 Bremen North Bre Germany 5 3 5 5 5
L3 Chateau-Thierry Cth France 5 5 5 3 5
L4 lllertissen I Germany 6 6 6 6 3
L3/L13 Jena Jen Germany 9 9 8 7 8
L3 Leipzig Lei Germany 5 5 5 4 4
L3/L13 Ossenfeld arable land Ossa Germany 2 2 2 1 1
L3 Ossenfeld grassland Ossg Germany 2 2 2 2 2
L3 Oye-Plage (Calais) Oyp France 5 5 5 3 0
L3 Schwechat Sch Austria 5 5 5 5 5
L3 Sainte-Menehoult Smen France 5 5 5 5 5
The
L4/L13 Utrecht Utr Netherlands 8 7 8 5 8
L3/L13/L15 Waake arable land Waaa Germany 8 8 8 5 5
L13 Altmoorhausen Alt Germany 5 5 4 5 5
L13 Billingshausen arable land Billa Germany 3 3 3 1 1
L13 Billingshausen forest Billf Germany 5 5 5 1 1
L13 Billingshausen grassland Billg Germany 4 4 4 1 1
L13 Brno Brn Czech Republic 5 2 5 2 1
L13 Eizpoldshausen arable Depa Germany 5 5 5 1 1
L16 Deppoldshausen forest Depf Germany 2 2
L13 Ellershausen arable land Ella Germany 3 3 3 0 0
L16 Ellershausen forest Ellf Germany 5 5 5 0 0
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Sampling region  Lineage Locality Loc. Abb. Country Numbers 285D1-2 COIl COl EFl-a
L13 Herberhausen arable land Hera Germany 4 4 4 2 2
L16 Herberhausen forest Herf Germany 5 5 5 1 1
L15 Herberhausen grassland Herg Germany 5 5 5 4 4
L13 Horka Hor Czech Republic 5 5 5 3 4
L13 Kutno Kut Poland 5 4 5 5 5
L13 Lebeny west Lebe Hungary 4 2 4 4 3
L13 Nitra East Niea Slovakia 5 5 5 5 5
L16 Ossenfeld forest Ossf Germany 3 3 3 1 1
L13 Otterbach Ott Germany 5 5 5 4 5
L13 Radom Rad Poland 5 5 5 5 5
L18 Vichy Vic France 5 5 5 4 3
L16 Waake forest Waaf Germany 5 5 5 2 2

Southern Europe (SE)
L5 Aiguafreda Cas Italy 5 5 5 4 4
L6/7/8 Marseille-Allauch Mal France 5 5 5 3 4
L10 Rapallo Rap Italy 5 5 5 4 2
L11 Vernante Ver Italy 5 4 5 4 3
L17 Park Gardasee Pga Italy 4 4 4 1 3

Southwestern Europe (SWE)
L1 Tagamanent Tag Spain 5 5 5 2 3
L9 Pineta valley Pin Spain 5 5 5 2 5
L1/12 Aiguafreda Aig Spain 4 4 4 4 4
L12/14 Serra de Catllaras Cat Spain 5 5 5 5 5
L1 Montnegre Mon Spain 5 5 5 5 4
L19 Viladecavalls Vil Spain 5 5 5 2 4
Total 224 214 222 147 153
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parameters were set as default. Chains were run in three independent times and subsequently
combined using LogCombiner v.1.8.4 (http://beast.community/index.html). To confirm convergence,
the effective sample size (ESS) values were checked in Tracer 1.6 (Rambaut et al., 2013). The trees
were sampled at every 60,000 steps and then summarized in a maximum clade credibility tree using
TreeAnotator v.1.8.4 (Drummond et al., 2012). The final tree was visualized in FigTree v.1.4.2

(Rambaut, 2012).

4.3 Results

4.3.1 Genetic diversity

In total, we used 222 COIl sequences from 224 specimens of 18 lineages to study the genetic
diversity of the L. lanuginosus species group (Table 4.1). We recorded a large number of haplotypes
(93) and high haplotype (0.97 £ 0.01) and nucleotide diversity (0.17 + 0.004, Table 4.2). The majority
of the sequences (169, 76%) and haplotypes (55, 59%) were collected in CE. The highest haplotype
and nucleotide diversity was found in SE (0.98 and 0.15, respectively), followed by SWE (0.95 and 0.14,
respectively), and CE (0.95 and 0.13, respectively) (Table 4.2).

About 63% of the sequences were assigned to L3, L13 and L16, all occurring in CE and comprising
46, 71, and 23 sequences, and 16, 13, and 11 haplotypes, respectively (Table 4.1 and 4.2). Of these
three lineages, L13 had the highest nucleotide diversity (0.03) but lowest haplotype diversity (0.78).
Lineage L3, conversely, had the lowest nucleotide diversity (0.01) but the highest haplotype diversity
(0.91).

4.3.2 Genetic structure

No lineages were shared among the three sampling regions (Figure 4.1). Six lineages (L3-4, L13,
L15-16 and L18) were collected from CE, seven (L5-8, L10—-11 and L17) from SE, and five (L1, L9, L12,
L14 and L19) from SWE. Distinct lineages coexisted in populations within each sampling region (Table
4.1), for example, L3 and L13 co-occurred in Germany and the Netherlands, CE; L6-8 in France, SE;
and L1 and L12 in Spain, SWE. In CE all lineages except L18, were found in at least three different
localities. Lineages in SE were all local and endemic. In SWE three lineages (L9, L14 and L19) were

endemic but L1 and L12 were found in at least two localities.

For all 18 lineages, genetic variability within lineages was extremely low (1.6%) as compared to

the variability among lineages (98.4%) (Table 4.3), and all lineages were clearly separated from each
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& Lepidocyrtus cyaneus

[ \‘ :
LoNa L lanuginosus
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Figure 4.1 Map with sampling locations of all 18 lineages of the Lepidocyrtus lanuginosus species group.
The light blue thick lines separate sampling regions: CE, Central Europe; SE, Southern Europe; and SWE,
Southwestern Europe. Numbers in read indicate lineages of L. lanuginosus, numbers in blue those of
L. cyaneus. The 18 lineages were assigned to four clades marked with different colors and shapes:
Clade I-1IV which refers to Figure 4.3, yellow diamonds, green rounds, blue squares, and pink triangles,
respectively.

other (TSC network, Figure 4.2). The geographic structure of the 46 populations was weak, with the
genetic variability (~60%) within regions among populations being almost twice as high as that among
regions (~31%) (Table 4.3). However, the geographic structure within each region was strong, with
genetic variability among populations of ~86%, ~89%, and ~82% in CE, SE, and SWE, respectively (Table

4.3). Fu’s Fs was significant for all three regions but Tajima’s D was not significantly different from O,

suggesting selective neutrality of the observed nucleotide polymorphisms.

Lineages L3, L4, and L13 were widely distributed in CE, in particular L3 and L13 that ranged from
the west of France and the Netherlands to Germany and Austria (Figure 4.1). The geographic structure
of L3 was weak; most of the genetic variability was within populations (86.7%) rather than among
populations (13.3%) (Table 4.3), with seven out of the 11 populations comprising more than three
haplotypes in the five individuals studied (supplementary Table S4.2 & Figure S4.1a); haplotype

Lcya_Ami_1 was distributed the widest, occurring in Amiens, Oye-Plage and Sainte-Menehoult, France,
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Table 4.2 Genetic diversity indices for lineages of the European Lepidocyrtus lanuginosus species group, calculated according to genetic lineages and
geographic regions.

Lineage/region N ss Eta h Hd(SD) 1t (SD) k D* F* Fs D Fsr

L1 12 9 9 7 0.879(0.075) 0.00454 (0.00059) 3.091 -0.32484  -0.22958  -1.281 0.15071

L3 46 31 33 16 0.913(0.019) 0.01289(0.00049) 8.776 -0.07795  0.17965 0.523 0.57301 0.13269
L4 16 23 23 6 0.800(0.068) 0.01189(0.00124) 8.1 -0.13007  0.1139 3.85* 0.68552

L5 5 27 27 5 1.000(0.126) 0.02026 (0.00438) 13.8 0.48338 0.52024 0.075 0.48338

L6 1 1

L7 2 10 10 2 1.000(0.500) 0.01468(0.00734) 10

L8 2 1 1 2 1.000 (0.500) 0.00147 (0.00073)

L9 5 12 13 4 0.900(0.161) 0.01057 (0.00269) 7.2 1.35005 1.38429 1.072 1.11728

L10 5 27 28 5 1.000 (0.126) 0.01689 (0.00810) 11.5 -1.02194 -1.11235 -0.156 -1.07748

L11 5 32 32 3 0.800(0.164) 0.02261 (0.00675) 15.4 0.0195 0.02103 4.846 0.0195

L12 3 11 11 3 1.000(0.272) 0.01077 (0.00295) 1

L13 71 78 83 13 0.779(0.034) 0.02951(0.00160) 20.096 0.94721 0.95924 15.559*%* 0.57631 0.78532***
L14 4 5 5 3 0.833(0.222) 0.00441 (0.00130) 3 0.95621 0.90358 0.731 0.95621

L15 8 7 7 5 0.786(0.151) 0.00257 (0.00085) 1.75 -1.82716* -1.97974  -1.449 -1.67405

L16 23 12 12 11 0.877(0.049) 0.00293(0.00039) 1.992 -1.11988  -1.38072  -5.381** -1.34232

L17 4 2 2 2 0.500(0.265) 0.00147 (0.00078) 1 -0.7099 -0.60427  1.099 -0.7099

L18 5 10 10 4 0.900(0.161) 0.00793(0.00209) 5.4 0.8945 0.94334 0.612 0.8945

L19 5 0 0 1

CE 169 261 371 55 0.951(0.008) 0.14227(0.00471) 96.884  2.49809** 2.45589** 29.623** 1.58491 0.86216***
SE 24 235 327 20 0.982(0.018) 0.15489(0.00528) 105.478 1.45217* 1.47268 2.614 0.82488 0.88849***
SWE 29 217 274 18 0.951(0.024) 0.13216(0.00856) 90 1.79438** 1.86109** 9.468**  1.13192 0.81920***
Total 222 300 488 93 0.970(0.005) 0.16510(0.00353) 112.432 2.61078** 2.25261** 12.519** 1.20018 0.88629***

N, number of sequences; h, number of haplotypes; ss, number of segregating sites; Eta, total number of mutations; Hd, haplotype diversity; i, nucleotide diversity;
k, average number of pairwise nucleotide differences; D*, Fu and Li's D* test statistic; F*, Fu and Li's F* test statistic; Fs, Fu's Fs statistic; D, Tajima’s D; SD, standard
deviation.*0 .02 < p < 0.05; **0.001 < p < 0.02, ***P < 0.01. CE = Central Europe; SE = Southern Europe; SWE = Southwestern Europe.
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Table 4.3 Results of the AMOVA on the variation in COll among sampling regions and lineages,
among populations, within populations and lineages and in total. Populations with less than two
individuals were excluded from the analysis.

Sum of Variation df squares sigma”?2 % variation
All 46 populations

Among regions 2 306076.397 2878.541 31.12914
Among populations 43 1181513.739 5530.662 59.80973
Within populations 176 147468.842 837.891 9.06113
All 221 1635058.977 9247.094

All populations in CE

Among populations 34 921711.773  5283.964 86.2164
Within populations 134 113197.642 844.759 13.7836
All 168 1034909.414 6128.723

All populations in SE

Among populations 4 133750.567 5458.76 88.84926
Within populations 19 13016.600 685.084 11.15074
All 23 146767.167 6143.844

All populations in SWE

Among populations 5 126051.400 4187.270 81.92049
Within populations 23 21254.600 924.113 18.07951
All 28 147306.000 5111.383

All 18 lineages

Among lineages 17 1610535.839 7245.461 98.36795
Within lineages 204 24523.138 120.211 1.63205
All 221 1635058.977 7365.672

All populations of L3

Among populations 10 742.639 6.669 13.26887
Within populations 35 1525.600 43.589 86.73113
All 45 2268.239 50.257

All populations of L13

Among populations 17 16261.241 214.961 78.53152
Within populations 53 3114.533 58.765 21.46848
All 70 19375.775 273.726

CE = Central Europe; SE = Southern Europe; SWE = Southwestern Europe.
and Bremen, Jena, and Leipzig, Germany (supplementary Figure S4.1a). By contrast, the geographic
structure of L13 was very strong with most of the genetic variability among populations (78.5%, Table
4.3) and the majority of the populations comprising only one haplotype (supplementary S4.2 & Figure

S4.1b); haplotype Llan_Hera_1 was distributed the widest, occurring in Utrecht, The Netherlands,
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Waake and Herberhausen, Germany, Kutno and Radom, Poland, and Nitra, Slovakia (supplementary

Figure S4.1b).

Figure 4.2 TCS haplotype network for COIl of all 18 lineages of the Lepidocyrtus lanuginosus species
group. Solid circle size is proportional to the frequency of each lineage and dashes represent
mutational events. The 18 lineages were assigned to four clades marked with different colors: Clade
I-1V refer to Figure 4.3, yellow, green, blue, and pink, respectively.

4.3.3 Phylogenetic inferences and divergence time estimation

The 18 lineages were grouped into four monophyletic clades; major divergences between and
within clades occurred during the Late Miocene (5.3—-11.3 Mya, Figure 4.3). The oldest split in the L.
lanuginosus species group separated Clade | (L15 and L16 in CE) from all remaining clades (Clade 1I-IV)

and was dated to the Middle Miocene (8.62-16.89 Mya).

All 13 lineages of Clade Il and Il were from SE and SWE, and separated from Clade IV during the
Late Miocene (8.07—-15.57 Mya). Clade Il and Il also separated during the Late Miocene (6.85-13.56
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Mya), and lineages in these two clades diverged from the Late Miocene to the Pliocene (1.59-11.79

Mya).

All five lineages of Clade IV were from CE, except L17 which was from SE (Figures 4.1 and 4.3) and
separated from the CE clades during the late Miocene. The oldest split was between L4 and the
remaining lineages (6.33—13.19 Mya), followed by the split of L17 and L3, L13, and L18 (5.27-11.57

Mya). The most diverse and widely distributed lineages L3 and L13 separated between 3.96 and 8.48

Mya.
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Figure 4.3 Phylogenetic relationships and molecular divergence time estimates of 18 lineages (L1, L3-
19) of the Lepidocyrtus lanuginosus species group in Europe. The Bayesian phylogenetic tree is based
on nucleotide sequence data of four genes (285r DNA, EF1-a, COl and COIl). Molecular divergence
time estimates based on COI (651 bp) and COIlI (681 bp) sequences calculated with BEAST. Blue bars
on nodes represent divergence times with 95% confidence intervals in millions of years, Mya. A
geological timescale is provided below the tree, indicating the Miocene (23.03-5.33 Mya), the
Pliocene (5.33-2.59 Mya), the Pleistocene (Pl, 2.59-0.0117 Mya), and the Holocene (Ho, 0.0117 to
present). Terminal clades are collapsed, following by lineage names. The red branches indicate
lineages of L. lanuginosus, the blue ones lineages of L. cyaneus. Numbers on nodes are posterior
probabilities. The 18 lineages were assigned to four clades marked with different colors: Clade I-1V,
yellow, green, blue, and pink, respectively.
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4.4 Discussion

4.4.1 Biogeographic distribution pattern

We detected 18 lineages belonged to two morphospecies, L. cyaneus and L. lanuginosus (Chapter
1), which were previously thought to be two of the most widespread and abundant species of

Collembola in Europe (https://fauna-eu.org/). But genetic data provided an incongruent perspective

on the biogeography of these two morphospecies, indicating that distinct lineages of each
morphospecies have very limited range size, especially in SE and SWE (Figure 4.1). The European L.
lanuginosus species group comprises four monophyletic clusters with two of them colonizing more
than one geographic region. The pattern suggests that lineages of the L. lanuginosus species group in
at least three of the regions are non-monophyletic and include both morphospecies L. cyaneus and L.
lanuginosus which are non-monophyletic (Figure 4.2). Thus we reject our first hypothesis, but rather
suggest the existence of multiple colonization in each of the three regions (SE, SWE, and CE) by
lineages of the L. lanuginosus species group. This study suggests that the molecular phylogeny of
widely distributed European Collembola species differs from phylogenies based on morphological
characters (Fiera et al., 2017). Therefore, the integration of genetic and morphological data is
important for more accurate understanding of the spatial distribution and genetic structure of

Collembola.

Lineages inhabiting CE were never found in SE and SWE, suggesting that the Pyrenees and Alps
function as dispersal barriers preventing dispersal of Collembola from CE to SE or SWE and vice versa.
Notably, this pattern opposes the common perspective that European species retreated to southern
refugia during Quaternary glaciation and recolonized CE thereafter (Hewitt, 2000, 1999; Hewitt et al.,
1996). Distinct lineages of the Collembola species Orchesella cincta which occurs in different regions
of Europe also suggest that the Alps form a strong barrier to gene flow between ltaly and CE
(Timmermans et al., 2005). Collembola evolved a number of strategies to adapt to low temperature,
including freeze avoidance, freeze tolerance and desiccation resistance (Avila-liménez et al. 2010;
Teets and Denlinger 2014). Many Collembola species, including L. cyaneus, are found under snow, e.g.,
in Norwegian spruce forests (Hagvar, 2010; Leinaas, 1981) and Northeastern China (Zhang et al.,
2014). Additionally, during glacial periods, Collembola, including L. lanuginosus, may have avoided low
temperature conditions and frost by moving deeper into the soil (Gass et al., 2006; Healey, 1967).
Thus, regions north of the Alps likely allowed the six lineages detected in CE to survive Quaternary
glaciation north of the Alps, along with other Collembola species (Timmermans et al., 2005; von
Saltzwedel et al., 2017, 2016). However, the six lineages in CE were non-monophyletic (Figure 4.2),

indicating that multiple lineages colonized CE with this colonization presumably occurring in the
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middle Miocene and shaping the present day genetic structure of the European L. lanuginosus species
group. This agrees that multiple colonization from different refugia have shaped the spatial
distribution of European Collembola, butterflies and beetles (Fattorini and Ulrich, 2012; Fiera et al.,
2017; Fiera and Ulrich, 2012; Habel et al., 2011). A larger sampling area across Northern Europe and

Russia are needed to substantiate the origins of the six lineages and their phylogenetic relationships.

The number of lineages / cryptic species in SE and SWE (12) were twice as high in CE (6) and this
complies with the latitudinal gradient of increasing Collembola diversity towards the Balkans and the
Mediterranean region (Ulrich and Fiera, 2009). Similar to other Collembola species (von Saltzwedel et
al.,, 2016), both SE and SWE were rich in endemic lineages of the L. lanuginosus species group,
suggesting that the true lineage richness in these regions is likely to be underestimated. DNA-based
taxonomy has identified gaps in genetic distances (Sun et al., 2017; F. Zhang et al., 2018) and suggests
that the lineages of the European L. lanuginosus species group resemble different species (Chapter Ill).
This further supports the notion that the true diversity of Collembola is largely underestimated
(Cicconardi et al.,, 2010; Deharveng, 2004). Indeed, the Mediterranean region is rich in endemic

Collembola species with many still undescribed (Deharveng et al., 2008; Fiera and Ulrich, 2012).

4.4.2 Late Miocene-Pliocene diversification across Europe

Results of the present study suggest that the four monophyletic clades of the European L.
lanuginosus species group diverged during the Miocene (6.85-16.89 Mya, Figure 4.2), thus rejecting
our second hypothesis. Global climate has undergone significant and complex changes throughout the
Cenozoic (65.5-0 Mya), with gradual trends of cooling and warming, and glacial cycles during the
Miocene, Pliocene and Pleistocene (Louwye et al., 2008; Zachos et al., 2001). The four clades of the
European L. lanuginosus species group separated in the late Miocene when the global climate changed
from warm and humid to cool and dry (Zachos et al., 2001). The general cooling trend in the late
Miocene caused increased seasonality in Europe (15.97-7.25 Mya), while the simultaneous decrease
of atmospheric CO, concentration and increase of fire frequency contributed to the expansion of C4
grasslands in Europe (Beerling and Osborne, 2006; Bruch et al., 2007; Mosbrugger et al., 2005). Most
lineages in the present study were sampled from grasslands (supplementary Table S4.1), so their

common ancestor may have colonized the three sampling regions with the expansion of grasslands.

Additionally, in contrast to the strict isolation by distance in O. cincta (van der Wurff et al., 2005),
genetically similar lineages are not always geographically close, for example, L17 is genetically closer
to lineages in CE but geographically closer to lineages in SE, and L9 is genetically closer to lineages in

SE but geographically closer to lineages in SWE (Figures 4.1 and 4.3). Clade IV diverged from Clade |l
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and Il and colonizes both SE (L17) and CE (all other lineages). This pattern suggests colonization of
Italy from CE by Clade IV, i.e. from north to south, rather than commonly assumed from south to north
(Figure 4.2). These complicated colonization events may relate to the past climate changes as
environmental factors were indicated to play a significant role in shaping the species or even lineages

distribution of Collembola (Kovac et al., 2016; Salmon et al., 2014; B. Zhang et al., 2018).

Lineages inhabiting SE and SWE comprised two monophyletic clades (Clade Il and IIl), which also
diverged in the late Miocene, as indicated by our molecular clock dating. The Mediterranean region is
rich in cryptic species of L. lanuginosus, comprising numerous distantly related genetic lineages
colonizing sites in close vicinity to each other (Cicconardi et al., 2010). The divergence times of L6-8
and L10 in SWE and L12, L14, and L19 in SE dated to the Messinian salinity crisis (MSC, between 5.59
and 5.33 Mya) of the Mediterranean region. At this time, the sea level of the Mediterranean Sea
dropped by about 1,000 m below the current level, transforming the basin into a continuous landmass
(Clauzon et al., 1996; Krijgsman et al., 1999), which may have facilitated the spread of Collembola
across the Mediterranean region and contributed to later split up into different lineages. However,
Cicconardi et al. (2010) may have underestimated the divergence time of Mediterranean lineages of
the L. lanuginosus species group by using a mutation rate for COIl of 4.96% per Ma, more than twice
that used by von Saltzwedel et al. (2016) and in this study (~ 2.3% per Ma). Nevertheless, our results
support the conclusion that sea level changes during the MSC shaped the distribution of genetic
lineages of morphospecies of Lepidocyrtus and contributed to their high intra-specific genetic

divergence (Cicconardi et al., 2010).

4.4.3 Pleistocene-Holocene colonization patterns in Central Europe

Three lineages, i.e., L3, L4, and L13, were widely distributed in CE with high haplotype diversity
(Table 4.2 and Figure 4.1), similar to the three main lineages of Parisotoma notabilis which are
distributed across Europe (Porco et al., 2012b; von Saltzwedel et al., 2017). The common ancestor of
each main lineage was dated to the Pleistocene (Figure 4.2), suggesting that Quaternary glaciation
likely drove the expansion and isolation of these lineages. Collembola are small and wingless hexapods
with presumed limited dispersal ability (Bengtsson et al., 1994; Hopkin, 1997). However, some winter-
active species utilize the snow surface for long distance dispersal (Hagvar, 2000, 1995; Zhang et al.,
2017). The L. lanuginosus species group inhabits both cold and warm environments and the ancestor
of the cold-adapted or cold-tolerant lineages likely was able to survive or even expand its range during
Quaternary glaciation of CE. Some species of Collembola are able to survive frost conditions of below

-20°C for more than four years (Coulson and Birkemoe, 2000) and in seawater for at least two weeks
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(Coulson et al., 2002), and far-flung dispersal in ice packs through the Arctic has been suggested
(Moore, 2002). Ocean current patterns have been suggested as important factor shaping the
distribution of Arctic and Antarctic Collembola (Avila-Jiménez and Coulson, 2011; McGaughran et al.,
2010). Due to the remarkable ability of Collembola to survive and disperse at low temperature
conditions species / lineages inhabiting CE today may have colonized CE from northern Europe or

northern Asia during Quaternary glacial times.

Additional to ancient divergences and distributions, humans also likely shaped the present day
distribution of Collembola in Europe. Identical and closely related haplotypes of the three widespread
lineages L3, L4, and L13 originated from grasslands hundreds of kilometers apart (supplementary
Figures S4.1a, b), suggesting that human activity associated with grassland management may have
facilitated the dispersal of lineages of the L. lanuginosus species group across Europe. DNA barcode
analysis has revealed multiple introduction of five Collembola species between Europe and North
America (Porco et al., 2013). Further, Cicconardi et al. (2017) recently showed that almost 30% of the
Collembola species from Mascarene Islands in the Indian Ocean are genetically identical or near
identical to individuals from very distant geographic regions of the world, suggesting that they were
spread by humans. Thus the present day distribution pattern of soil-living Collembola may be strongly
affected by human trading and travelling. This likely contributed to high haplotype diversity of
populations in and near to cities. In fact, in the present study haplotype diversity was at a maximum
in sampling sites close to cities such as Bremen and Brno. More sites need to be sampled to reconstruct

dispersal routes of Collembola in Europe and to uncover their origin, spread and radiation.

4.5 Conclusions

The structure of genetic lineages of the European L. lanuginosus species group suggests multiple
colonization events of species / lineages across CE, SE and SWE. Divergence time estimation of the
four clades identified date to the middle and late Miocene with each clade further diversifying during
the Pliocene. The late Miocene divergence of clades may have been due to declining temperature and
expansion of grasslands in Europe, while Pliocene divergences in SE and SWE may have been favored
by sea level changes during the Messinian salinity crisis. SE and SWE are rich in endemic lineages
suggesting that the Pyrenees and Alps functioned as dispersal barriers. By contrast, a number of
lineages in CE are widely distributed potentially due to population expansion during Quaternary
interglacial periods or recent human-mediated dispersal. Overall, the results indicate that colonization
of Europe by soil-living invertebrates such as Collembola is more complex than previously assumed

and markedly differs from that of plants and mammals. Species of the L. lanuginosus species group
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are globally distributed, genetic comparison with these two morphospecies from outside Europe may
provide additional evidence on how the past climate changes shape the dispersal and divergence of
this species group. Thus we call for global scale phylogeographic studies on the present day globally
distributed Collembola and other soil invertebrates to uncover their dispersal, speciation, and

evolution.
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Supplementary Materials

Supplementary Table S4.1 Sampling data of Collembola specimens used for DNA barcoding. 285SD1-2, COIl, COIl and elongation factor 1-a accessions
represents the registration numbers of sequences in GenBank.

Al J91deyd

Species Individual name Locality Habitat Position Collecting date 28SD1 2 coll col EFl-a
Lepidocyrtus bicoloris LEbicoloris_Tag_1 Tagamanent Grassland 41°45'3.68"N, 15/10/2011 MH570534 MH570690 MH570984
Lepidocyrtus bicoloris LEbicoloris_Tag 2 Z‘;r]fgr“e’;‘: 2°1820.50"E MH570535 MH570691 MH570985
Lepidocyrtus bicoloris LEbicoloris_Tag_3 MH570536 MH570692 MH570854 MH570986
Lepidocyrtus bicoloris LEbicoloris_Tag_4 MH570537 MH570693

Lepidocyrtus bicoloris LEbicoloris_Tag_5 MH570538 MH570694 MH570855

Lepidocyrtus cyaneus LEcyaneus_Ami_1 Amiens Grassland 42°44'33.41"N, 11/05/2015 MH570544 MH570700

Lepidocyrtus cyaneus LEcyaneus_Ami_2 ?:::etst to  1°46'59.04"E MH570545 MH570701 MH570861 MH570992
Lepidocyrtus cyaneus LEcyaneus_Ami_3 MH570546 MH570702 MH570862 MH570993
Lepidocyrtus cyaneus LEcyaneus_Ami_4 MH570547 MH570703 MH570994
Lepidocyrtus cyaneus LEcyaneus_Ami_5 MH570548 MH570704 MH570863 MH570995
Lepidocyrtus cyaneus LEcyaneus_Ant_1 Antwerpen Grassland-  49°50'33.9"N, 18/04/2016 MH570549 MH570705 MH570996
Lepidocyrtus cyaneus LEcyaneus_Ant_2 arable land  2°31'35.7"E MH570550 MH570706 MH570864 MH570997
Lepidocyrtus cyaneus LEcyaneus_Ant_3 MH570551 MH570707 MH570865 MH570998
Lepidocyrtus cyaneus LEcyaneus_Ant_4 MH570552 MH570708 MH570866 MH570999
Lepidocyrtus cyaneus LEcyaneus_Ant_5 MH570553 MH570709 MH570867 MH571000
Lepidocyrtus cyaneus LEcyaneus_Bre_1 Bremen North Grassland 53°14'36.1"N, 19/04/2016 MH570554 MH570710 MH570868 MH571001
Lepidocyrtus cyaneus LEcyaneus_Bre_2 ;‘;:‘etst to  83920.1"E MH570555 MH570711 MH570869 MH571002
Lepidocyrtus cyaneus LEcyaneus_Bre_3 MH570712 MH570870 MH571003
Lepidocyrtus cyaneus LEcyaneus_Bre_4 MH570556 MH570713 MH570871 MH571004
Lepidocyrtus cyaneus LEcyaneus_Bre_5 MH570714 MH570872 MH571005
Lepidocyrtus cyaneus LEcyaneus_Cas_1 Cassine Grassland 44°46'8.09"N, 07/05/2015 MH570557 MH570715 MH570873 MH571006
Lepidocyrtus cyaneus LEcyaneus_Cas_2 Z‘\‘/rfrgr”e’;‘tj 8°29'28.64"E MH570558 MH570716 MH570874 MH571007
Lepidocyrtus cyaneus LEcyaneus_Cas_3 MH570559 MH570717 MH570875 MH571008
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Species Individual name Locality Habitat Position Collecting date 28SD1_2 coll col EFl-a
Lepidocyrtus cyaneus LEcyaneus_Cas_4 MH570560 MH570718
Lepidocyrtus cyaneus LEcyaneus_Cas_5 MH570561 MH570719 MH570876 MH571009
Lepidocyrtus cyaneus LEcyaneus_Cth_1 Chateau-Thierry  Grassland-  49° 5'45.17"N, 13/05/2015 MH570562 MH570720 MH571010
Lepidocyrtus cyaneus LEcyaneus_Cth 2 arable land  3°26'12.35"E MH570563 MH570721 MH570877 MH571011
Lepidocyrtus cyaneus LEcyaneus_Cth_3 MH570564 MH570722 MH571012
Lepidocyrtus cyaneus LEcyaneus_Cth_4 MH570565 MH570723 MH570878 MH571013
Lepidocyrtus cyaneus LEcyaneus_Cth_5 MH570566 MH570724 MH570879 MH571014
Lepidocyrtus cyaneus LEcyaneus_lll_1 Illertissen Grassland 48°13'41.43"N, 03/05/2015 MH570567 MH570725 MH570880
Lepidocyrtus cyaneus LEcyaneus_Ill_2 ?;rx:st to  10°7'1.12%€ MH570568 MH570726 MH570881 MH571015
Lepidocyrtus cyaneus LEcyaneus_lIll_3 MH570569 MH570727 MH570882 MH571016
Lepidocyrtus cyaneus LEcyaneus_lll_4 MH570570 MH570728 MH570883 MH571017
Lepidocyrtus cyaneus LEcyaneus_lII_5 MH570571 MH570729 MH570884
Lepidocyrtus cyaneus LEcyaneus_llI_6 MH570572 MH570730 MH570885
Lepidocyrtus cyaneus LEcyaneus_Jen_1 Jena Grassland-  50°57'0.96"N, 12/05/2016 MH570573 MH570731 MH570886 MH571018
Lepidocyrtus cyaneus LEcyaneus_Jen 2 arableland  11°37'16.43"E MH570574 MH570732 MH570887
Lepidocyrtus cyaneus LEcyaneus_Jen_3 MH570575 MH570733 MH570888 MH571019
Lepidocyrtus cyaneus LEcyaneus_Jen_4 MH570576 MH570734 MH570889 MH571020
Lepidocyrtus cyaneus LEcyaneus_Jen_5 MH570577 MH570735 MH570890 MH571021
Lepidocyrtus cyaneus LEcyaneus_Lei_1 Leipzig Grassland 51°19'33.78"N, 25/04/2016 MH570578 MH570736 MH570891 MH571022
Lepidocyrtus cyaneus LEcyaneus_Lei_2 ;‘;r;(‘)’fe”s‘t’ 12°21'21.05"€ MH570579 MH570737 MH570892 MH571023
Lepidocyrtus cyaneus LEcyaneus_Lei_3 MH570580 MH570738 MH570893 MH571024
Lepidocyrtus cyaneus LEcyaneus_Lei_4 MH570581 MH570739 MH570894 MH571025
Lepidocyrtus cyaneus LEcyaneus_Lei_5 MH570582 MH570740
Lepidocyrtus cyaneus LEcyaneus_Ossa_1 Ossenfeld Arable land 51°32'52.4"N, 17/04/2014 MH160158 MH144023 MH143938 MH178011
9°47'52.9"E
Lepidocyrtus cyaneus LEcyaneus_Ossg_1 Ossenfeld Grassland 51°32'50.3"N, 17/04/2014 MH160159 MH144024 MH143939 MH178012
Lepidocyrtus cyaneus LEcyaneus_Ossg_2 ?oerxt:st to  9%47'50.4"E MH160160 MH144025 MH143940 MH178013
Lepidocyrtus cyaneus LEcyaneus_Waaa_1 Waake Arable land 19/06/2014 MH160161 MH144026 MH143941 MH178014
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Lepidocyrtus cyaneus LEcyaneus_Waaa_2 51°33'47.1"N, MH160162 MH144027 MH143942 MH178015
Lepidocyrtus cyaneus LEcyaneus_Waaa_3 10°03'30.4"E MH160163 MH144028 MH143943 MH178016
Lepidocyrtus cyaneus LEcyaneus_Mal_1 Marseille- Grassland 43°22'16.57"N, 09/05/2015 MH570583 MH570741 MH570895 MH571026
Lepidocyrtus cyaneus LEcyaneus_Mal_2 Allauch Z‘;r;;’:‘er;‘t’ 5732'9.46"E MH570584 MH570742 MH570896 MH571027
Lepidocyrtus cyaneus LEcyaneus_Mal_3 MH570585 MH570743 MH570897 MH571028
Lepidocyrtus cyaneus LEcyaneus_Mal_4 MH570586 MH570744 MH571029
Lepidocyrtus cyaneus LEcyaneus_Mal_5 MH570587 MH570745

Lepidocyrtus cyaneus LEcyaneus_Oyp_1 Oye-Plage Grassland 50°59'47.5"N, 18/04/2016 MH570588 MH570746 MH570898

Lepidocyrtus cyaneus LEcyaneus_Oyp_2 (Calais) ?;X;t to  2°02'31.9"€ MH570589 MH570747 MH570899

Lepidocyrtus cyaneus LEcyaneus_Oyp_3 MH570590 MH570748 MH570900

Lepidocyrtus cyaneus LEcyaneus_Oyp_4 MH570591 MH570749

Lepidocyrtus cyaneus LEcyaneus_Oyp_5 MH570592 MH570750

Lepidocyrtus cyaneus LEcyaneus_Pin_1 "Ordesay Monte Grassland 42°40'35.3"N, 30/05/2009 MH570593 MH570751 MH570901 MH571030
Lepidocyrtus cyaneus LEcyaneus_Pin_2 ;zi‘l"c')‘:']‘;l i Z‘;";g:‘e:‘: 0°05'07.5"€ MH570594 MH570752 MH570902 MH571031
Lepidocyrtus cyaneus LEcyaneus_Pin_3 Pineta valley MH570595 MH570753 MH571032
Lepidocyrtus cyaneus LEcyaneus_Pin_4 MH570596 MH570754 MH571033
Lepidocyrtus cyaneus LEcyaneus_Pin_5 MH570597 MH570755 MH571034
Lepidocyrtus cyaneus LEcyaneus_Rap_1 Rapallo Grassland 44°22'48.53"N, 06/05/2015 MH570598 MH570756 MH570903

Lepidocyrtus cyaneus LEcyaneus_Rap_2 ;‘;rgr“e’;‘t‘ 9730'40.63"E MH570599 MH570757 MH570904 MH571035
Lepidocyrtus cyaneus LEcyaneus_Rap_3 MH570600 MH570758

Lepidocyrtus cyaneus LEcyaneus_Rap_4 MH570601 MH570759 MH570905

Lepidocyrtus cyaneus LEcyaneus_Rap_5 MH570602 MH570760 MH570906 MH571036
Lepidocyrtus cyaneus LEcyaneus_Sch_1 Schwechat Grassland 48°08'38.0"N, 23/04/2016 MH570603 MH570761 MH570907 MH571037
Lepidocyrtus cyaneus LEcyaneus_Sch_2 (Wien Airport) ;‘;:‘etst to  16°31'32.1% MH570604 MH570762 MH570908 MH571038
Lepidocyrtus cyaneus LEcyaneus_Sch_3 MH570605 MH570763 MH570909 MH571039
Lepidocyrtus cyaneus LEcyaneus_Sch_4 MH570606 MH570764 MH570910 MH571040
Lepidocyrtus cyaneus LEcyaneus_Sch_5 MH570607 MH570765 MH570911 MH571041
Lepidocyrtus cyaneus LEcyaneus_Smen_1 14/05/2015 MH570608 MH570766 MH570912 MH571042
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Lepidocyrtus cyaneus LEcyaneus_Smen_2 Sainte- Grassland-  49° 5'46.17"N, MH570609 MH570767 MH570913 MH571043
Lepidocyrtus cyaneus LEcyaneus_Smen_3 Menehoult arable land  4°55'26.67"E MH570610 MH570768 MH570914 MH571044
Lepidocyrtus cyaneus LEcyaneus_Smen_4 MH570611 MH570769 MH570915 MH571045
Lepidocyrtus cyaneus LEcyaneus_Smen_5 MH570612 MH570770 MH570916 MH571046
Lepidocyrtus cyaneus LEcyaneus_Utr_1 Utrecht Grassland 52°08'50.6"N, 19/04/2016 MH570613 MH570771 MH570917 MH571047
Lepidocyrtus cyaneus LEcyaneus_Utr 2 Z‘;r;;’:‘e’;‘: 5°1221.9% MH570614 MH570772 MH570918 MH571048
Lepidocyrtus cyaneus LEcyaneus_Utr_3 MH570615 MH570773 MH570919 MH571049
Lepidocyrtus cyaneus LEcyaneus_Utr_4 MH570774 MH571050
Lepidocyrtus cyaneus LEcyaneus_Utr_5 MH570616 MH570775 MH570920 MH571051
Lepidocyrtus cyaneus LEcyaneus_Ver_1 Vernante Grassland 44°12'6.99"N, 07/05/2015 MH570617 MH570776 MH570921 MH571052
Lepidocyrtus cyaneus LEcyaneus_Ver 2 Z‘;r][g:‘e’;‘t’ 7°30'17.58'E MH570618 MH570777 MH570922 MH571053
Lepidocyrtus cyaneus LEcyaneus_Ver_3 MH570619 MH570778 MH570923

Lepidocyrtus cyaneus LEcyaneus_Ver_4 MH570779 MH571054
Lepidocyrtus cyaneus LEcyaneus_Ver_5 MH570620 MH570780 MH570924

Lepidocyrtus lanuginosus LElanuginosus_Aig_1 "Montseny" Forest 41°46'13.8"N, 10/02/2007 MH570621 MH570781 MH570925 MH571055
Lepidocyrtus lanuginosus  LElanuginosus_Aig_2 ?/;?g“u’:f""r ie“da) 2°16'19.9"E MH570622 MH570782 MH570926 MH571056
Lepidocyrtus lanuginosus LElanuginosus_Aig_4 MH570623 MH570783 MH570927 MH571057
Lepidocyrtus lanuginosus LElanuginosus_Aig_5 MH570624 MH570784 MH570928 MH571058
Lepidocyrtus lanuginosus LElanuginosus_Alt_1 Altmoorhausen Grassland- 53° 18/05/2016 MH570625 MH570785 MH570929 MH571059
Lepidocyrtus lanuginosus  LElanuginosus_Alt_2 arable land :LSZ%“;;;E MH570626 MH570786 MH570930 MH571060
Lepidocyrtus lanuginosus LElanuginosus_Alt_3 MH570627 MH570787 MH570931 MH571061
Lepidocyrtus lanuginosus LElanuginosus_Alt_4 MH570628 MH570788 MH570932 MH571062
Lepidocyrtus lanuginosus LElanuginosus_Alt_5 MH570629 MH570789 MH570933 MH571063
Lepidocyrtus lanuginosus LElanuginosus_Bila_1 Billingshausen Arable land  51°35'24.2"N, 30/04/2014 MH160146 MH144011

Lepidocyrtus lanuginosus LElanuginosus_Bila_2 arable land 10°01'35.6"€ MH160147 MH144012

Lepidocyrtus lanuginosus LElanuginosus_Bila_3 MH160148 MH144013 MH143935 MH178008
Lepidocyrtus lanuginosus LElanuginosus_Bilg_1 Billingshausen 51°35'37.4"N, 30/04/2014 MH160154 MH144019 MH143937 MH178010
Lepidocyrtus lanuginosus LElanuginosus_Bilg_2 grassland 10°01'51.6"€ MH160155 MH144020
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Lepidocyrtus lanuginosus LElanuginosus_Bilg_3 Grassland MH160156 MH144021

Lepidocyrtus lanuginosus LElanuginosus_Bilg_4 :cfrxetst to MH160157 MH144022

Lepidocyrtus lanuginosus LElanuginosus_Bilf_1 Billingshausen Forest 51°35'32.5"N, 30/04/2014 MH160149 MH144014 MH143936 MH178009
Lepidocyrtus lanuginosus  LElanuginosus_Bilf 2 forest 10°01'57.1"€ MH160150 MH144015

Lepidocyrtus lanuginosus LElanuginosus_Bilf_3 MH160151 MH144016

Lepidocyrtus lanuginosus LElanuginosus_Bilf_4 MH160152 MH144017

Lepidocyrtus lanuginosus LElanuginosus_Bilf_5 MH160153 MH144018

Lepidocyrtus lanuginosus LElanuginosus_Brn_1 Brno Grassland 24/04/2016 MH570630 MH570790

Lepidocyrtus lanuginosus LElanuginosus_Brn_2 ?c?rxetst to ig:;;:;g;:::g’ MH570791

Lepidocyrtus lanuginosus LElanuginosus_Brn_3 MH570631 MH570792

Lepidocyrtus lanuginosus LElanuginosus_Brn_4 MH570793 MH570934

Lepidocyrtus lanuginosus LElanuginosus_Brn_5 MH570794 MH570935 MH571064
Lepidocyrtus lanuginosus LElanuginosus_Cat_1 "Serra de Forest 42°13'44.0"N, 05/04/2008 MH570632 MH570795 MH570936 MH571065
Lepidocyrtus lanuginosus  LElanuginosus_Cat_2 ;a;:ii ’t'zfn 1°56'16.8"E MH570633 MH570796 MH570937 MH571066
Lepidocyrtus lanuginosus LElanuginosus_Cat_3 MH570634 MH570797 MH570938 MH571067
Lepidocyrtus lanuginosus LElanuginosus_Cat_4 MH570635 MH570798 MH570939 MH571068
Lepidocyrtus lanuginosus LElanuginosus_Cat_5 MH570636 MH570799 MH570940 MH571069
Lepidocyrtus lanuginosus LElanuginosus_Depa_3 Deppoldshausen  Arableland 51°34'32.3"N, 27/03/2014 MH160114 MH143979 MH143927 MH177999
Lepidocyrtus lanuginosus LElanuginosus_Depa_4 arable land 9°58'23.2"¢ MH160115 MH143980

Lepidocyrtus lanuginosus LElanuginosus_Depa_5 MH160116 MH143981

Lepidocyrtus lanuginosus LElanuginosus_Depa_6 MH160117 MH143982

Lepidocyrtus lanuginosus LElanuginosus_Depa_7 MH160118 MH143983

Lepidocyrtus lanuginosus LElanuginosus_Depf_1 Deppoldshausen  Forest 51°34'30.2"N, 27/03/2014 MH160119 MH143984

Lepidocyrtus lanuginosus LElanuginosus_Depf_2 forest 9°58'28.0"E MH160120 MH143985

Lepidocyrtus lanuginosus LElanuginosus_Depf_3 MH160121 MH143986

Lepidocyrtus lanuginosus LElanuginosus_Depf_4 MH160122 MH143987 MH143928 MH178002
Lepidocyrtus lanuginosus LElanuginosus_Depf_5 MH160123 MH143988 MH143929 MH178003
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Lepidocyrtus lanuginosus LElanuginosus_Ella_1 Ellershausen Arable land  51°30'45.5"N, 14/04/2014 MH160124 MH143989

Lepidocyrtus lanuginosus LElanuginosus_Ella_2 arable land 9°40'05.9"E MH160125 MH143990

Lepidocyrtus lanuginosus LElanuginosus_Ella_3 MH160126 MH143991

Lepidocyrtus lanuginosus LElanuginosus_EIlIf_1 Ellershausen Forest 51°30'47.7"N, 14/04/2014 MH160127 MH143992

Lepidocyrtus lanuginosus ~ LElanuginosus_EIIf_2 forest 9739'58.6"E MH160128 MH143993

Lepidocyrtus lanuginosus LElanuginosus_EIlIf_3 MH160129 MH143994

Lepidocyrtus lanuginosus LElanuginosus_ElIf_4 MH160130 MH143995

Lepidocyrtus lanuginosus LElanuginosus_ElIf_5 MH160131 MH143996

Lepidocyrtus lanuginosus LElanuginosus_Hera_1 Herberhausen Arable land  51°32'02.7"N, 19/06/2014 MH160100 MH143965 MH143920 MH177993
Lepidocyrtus lanuginosus  LElanuginosus_Hera_2 arable land 10°00'02.1"€ MH160101 MH143966 MH143921 MH177994
Lepidocyrtus lanuginosus LElanuginosus_Hera_3 MH160102 MH143967

Lepidocyrtus lanuginosus LElanuginosus_Hera_4 MH160103 MH143968

Lepidocyrtus lanuginosus LElanuginosus_Herg_2 Herberhausen Grassland 51°31'58.6"N, 19/06/2014 MH160109 MH143974 MH143924 MH177996
Lepidocyrtus lanuginosus  LElanuginosus_Herg_3 grassland ?;:‘etst to 9°59'33.8°E MH160110 MH143975 MH143925 MH177997
Lepidocyrtus lanuginosus LElanuginosus_Herg_4 MH160111 MH143976 MH143926 MH177998
Lepidocyrtus lanuginosus LElanuginosus_Herg 5 MH160112 MH143977

Lepidocyrtus lanuginosus LElanuginosus_Herg_6 MH160113 MH143978 MH143923 MH177995
Lepidocyrtus lanuginosus LElanuginosus_Herf_3 Herberhausen Forest 51°31'50.6"N, 19/06/2014 MH160104 MH143969

Lepidocyrtus lanuginosus LElanuginosus_Herf_4 forest 9759'26.4"E MH160105 MH143970

Lepidocyrtus lanuginosus LElanuginosus_Herf_5 MH160106 MH143971

Lepidocyrtus lanuginosus LElanuginosus_Herf_6 MH160107 MH143972 MH143922 MH178004
Lepidocyrtus lanuginosus LElanuginosus_Herf_7 MH160108 MH143973

Lepidocyrtus lanuginosus LElanuginosus_Hor_1 Horka Grassland-  50°28'40.2"N, 24/04/2016 MH570637 MH570800 MH570941 MH571070
Lepidocyrtus lanuginosus  LElanuginosus_Hor 2 (Jungbunzlau)  arable land ~ 14°58'43.0"E MH570638 MH570801 MH571071
Lepidocyrtus lanuginosus LElanuginosus_Hor_3 MH570639 MH570802 MH570942 MH571072
Lepidocyrtus lanuginosus LElanuginosus_Hor_4 MH570640 MH570803 MH570943

Lepidocyrtus lanuginosus LElanuginosus_Hor_5 MH570641 MH570804 MH571073
Lepidocyrtus lanuginosus LElanuginosus_Jen_1 Jena 12/05/2016 MH570642 MH570805 MH571074
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Lepidocyrtus lanuginosus LElanuginosus_Jen_2 Grassland-  50°57'0.96"N, MH570643 MH570806 MH571075
Lepidocyrtus lanuginosus  LElanuginosus_Jen_3 arable land  11°37'16.43"E MH570644 MH570807 MH570944 MH571076
Lepidocyrtus lanuginosus LElanuginosus_Jen_4 MH570645 MH570945 MH571077
Lepidocyrtus lanuginosus LElanuginosus_Kut_1 Kutno Grassland 52°16'38.8"N, 21/04/2016 MH570646 MH570808 MH570946 MH571078
Lepidocyrtus lanuginosus  LElanuginosus_Kut_2 ?;rx:st to  19°20'54.4"€ MH570647 MH570809 MH570947 MH571079
Lepidocyrtus lanuginosus LElanuginosus_Kut_3 MH570648 MH570810 MH570948 MH571080
Lepidocyrtus lanuginosus LElanuginosus_Kut_4 MH570811 MH570949 MH571081
Lepidocyrtus lanuginosus LElanuginosus_Kut_5 MH570649 MH570812 MH570950 MH571082
Lepidocyrtus lanuginosus LElanuginosus_Lebe_1 Lebeny west Grassland-  47°44'55.8"N, 23/04/2016 MH570813 MH570951
Lepidocyrtus lanuginosus  LElanuginosus_Lebe 2 arable land  17°21'08.7"E MH570814 MH570952 MH571083
Lepidocyrtus lanuginosus LElanuginosus_Lebe_3 MH570650 MH570815 MH570953 MH571084
Lepidocyrtus lanuginosus LElanuginosus_Lebe_4 MH570651 MH570816 MH570954 MH571085
Lepidocyrtus lanuginosus LElanuginosus_Mon_1 "Montnegre" Forest 41°39'52.2"N,  18/04/2007 MH570652 MH570817 MH570955 MH571086
Lepidocyrtus lanuginosus  LElanuginosus_Mon_2 mountain 2733'46.0"E MH570653 MH570818 MH570956 MH571087
Lepidocyrtus lanuginosus LElanuginosus_Mon_3 MH570654 MH570819 MH570957 MH571088
Lepidocyrtus lanuginosus LElanuginosus_Mon_4 MH570655 MH570820 MH570958
Lepidocyrtus lanuginosus LElanuginosus_Mon_5 MH570656 MH570821 MH570959 MH571089
Lepidocyrtus lanuginosus LElanuginosus_Niea_10 Nitra East Grassland-  48°18'13.9"N, 23/04/2016 MH570657 MH570822 MH570960 MH571090
Lepidocyrtus lanuginosus  LElanuginosus_Niea_6 arableland  18°09'11.8"E MH570658 MH570823 MH570961 MH571091
Lepidocyrtus lanuginosus LElanuginosus_Niea_7 MH570659 MH570824 MH570962 MH571092
Lepidocyrtus lanuginosus LElanuginosus_Niea_8 MH570660 MH570825 MH570963 MH571093
Lepidocyrtus lanuginosus LElanuginosus_Niea_9 MH570661 MH570826 MH570964 MH571094
Lepidocyrtus lanuginosus LElanuginosus_Ossa_1 Ossenfeld arable  Forest 51°32'52.4"N, 14/04/2014 MH160132 MH143997

land 9°47'52.9"E
Lepidocyrtus lanuginosus LElanuginosus_Ossf_1 Ossenfeld forest ~ Forest 51°32'56.3"N, 14/04/2014 MH160133 MH143998 MH143930 MH178005
Lepidocyrtus lanuginosus LElanuginosus_Ossf_2 9°48'01.5"E MH160134 MH143999
Lepidocyrtus lanuginosus LElanuginosus_Ossf_3 MH160135 MH144000
Lepidocyrtus lanuginosus LElanuginosus_Ott_1 Otterbach 14/05/2015 MH570662 MH570827 MH570965 MH571095
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Lepidocyrtus lanuginosus LElanuginosus_Ott_2 Grassland 49°26'31.74"N, MH570663 MH570828 MH570966 MH571096
Lepidocyrtus lanuginosus  LElanuginosus_Ott_3 Z‘\‘/rfrg:‘er;‘t’ 7°55'19.24"E MH570664 MH570829 MH570967 MH571097
Lepidocyrtus lanuginosus LElanuginosus_Ott_4 MH570665 MH570830 MH571098
Lepidocyrtus lanuginosus LElanuginosus_Ott_5 MH570666 MH570831 MH570968 MH571099
Lepidocyrtus lanuginosus LElanuginosus_Pga_1 Park Gardasee Grassland 45°42'15.73"N,  04/05/2015 MH570667 MH570832

Lepidocyrtus lanuginosus  LElanuginosus_Pga_2 Z‘;r;;’:‘e’;‘: 10°58'23.94"€ MH570668 MH570833 MH571100
Lepidocyrtus lanuginosus LElanuginosus_Pga_3 MH570669 MH570834 MH571101
Lepidocyrtus lanuginosus LElanuginosus_Pga_5 MH570671 MH570835 MH570969 MH571102
Lepidocyrtus lanuginosus LElanuginosus_Rad_1 Radom Grassland-  51°22'49.0"N, 22/04/2016 MH570672 MH570836 MH570970 MH571103
Lepidocyrtus lanuginosus  LElanuginosus_Rad_ 2 arable land  21°06'57.5"E MH570673 MH570837 MH570971 MH571104
Lepidocyrtus lanuginosus LElanuginosus_Rad_3 MH570674 MH570838 MH570972 MH571105
Lepidocyrtus lanuginosus LElanuginosus_Rad_4 MH570675 MH570839 MH570973 MH571106
Lepidocyrtus lanuginosus LElanuginosus_Rad_5 MH570676 MH570840 MH570974 MH571107
Lepidocyrtus lanuginosus LElanuginosus_Utr_2 Utrecht Grassland 52°08'50.6"N, 19/04/2016 MH570677 MH570841 MH571108
Lepidocyrtus lanuginosus  LElanuginosus_Utr_3 Z‘;r;;’:’e’;‘t‘ 5°12'21.9"E MH570678 MH570842 MH571109
Lepidocyrtus lanuginosus LElanuginosus_Utr_5 MH570679 MH570843 MH570975 MH571110
Lepidocyrtus lanuginosus LElanuginosus_Vic_1 Vichy Grassland 46° 6'24.04"N, 13/05/2015 MH570680 MH570844 MH570976

Lepidocyrtus lanuginosus LElanuginosus_Vic_2 :c?rxetst to  3°22'16.84"E MH570681 MH570845

Lepidocyrtus lanuginosus LElanuginosus_Vic_3 MH570682 MH570846 MH570977 MH571111
Lepidocyrtus lanuginosus LElanuginosus_Vic_4 MH570683 MH570847 MH570978 MH571112
Lepidocyrtus lanuginosus LElanuginosus_Vic_5 MH570684 MH570848 MH570979 MH571113
Lepidocyrtus lanuginosus LElanuginosus_Vil_1 near EDAR east Forest 41°32'49.2"N, 25/10/2006 MH570685 MH570849 MH571114
Lepidocyrtus lanuginosus LElanuginosus_Vil_2 (Viladecavalls) 1°57'36.4"€ MH570686 MH570850 MH571115
Lepidocyrtus lanuginosus LElanuginosus_Vil_3 MH570687 MH570851 MH571116
Lepidocyrtus lanuginosus LElanuginosus_Vil_4 MH570688 MH570852 MH570980 MH571117
Lepidocyrtus lanuginosus LElanuginosus_Vil_5 MH570689 MH570853 MH570981

Lepidocyrtus lanuginosus LElanuginosus_Waaa_1 Waake arable 51°33'47.1"N, 19/06/2014 MH160136 MH144001 MH143931 MH178000
Lepidocyrtus lanuginosus LElanuginosus_Waaa_2 land 10°03'30.4"€ MH160137 MH144002
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Species Individual name Locality Habitat Position Collecting date 28SD1_2 coll col EFl-a
Lepidocyrtus lanuginosus LElanuginosus_Waaa_3 Arable land MH160138 MH144003
Lepidocyrtus lanuginosus LElanuginosus_Waaa_4 and land MH160139 MH144004
grasslan
Lepidocyrtus lanuginosus LElanuginosus_Waaa_5 MH160140 MH144005 MH143932 MH178001
Lepidocyrtus lanuginosus LElanuginosus_Waaf 1 Waake forest Forest 51°33'34.0"N, 19/06/2014 MH160141 MH144006 MH143933 MH178006
Lepidocyrtus lanuginosus LElanuginosus_Waaf 2 10°04'14.9"€ MH160142 MH144007
Lepidocyrtus lanuginosus LElanuginosus_Waaf 3 MH160143 MH144008
Lepidocyrtus lanuginosus LElanuginosus_Waaf 4 MH160144 MH144009 MH143934 MH178007
Lepidocyrtus lanuginosus LElanuginosus_Waaf 5 MH160145 MH144010
Lepidocyrtus paradoxus LEparadoxus_Mas_1 Masetti Grassland 46° 3'23.22"N, 04/05/2015 MH160172 MH144037 MH143952 MH178032
surround 11°15'29.51"E
by forest
Lepidocyrtus cf. violaceus LEviolaceus_Pga_1 Park Gardasee Grassland 45°42'15.73"N, 04/05/2015 MH160175 MH144040 MH143955 MH178023
surround 10°58'23.94"E
by forest
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Supplementary Table S4.2 Results of the AMOVA on the variation in nucleotide sequences of COll among populations of lineages 3 and 13 (L3 and L13) of
the European Lepidocyrtus lanuginosus species group. Results were not provided for populations with less than two individuals. Locations refer to Tables 4.1

and Supplementary Table S4.1.

Lineage Location Population N ss Eta h Hd Hd (SD) n 1t (SD) k D* F* Fs Tajima's D
L3 Ami CE_1 5 16 16 4 09 0.161 0.0138 0.00332 9.4 1.64189 1.75174 1.502 1.64189
Bre CE_3 5 18 18 4 09 0.161 0.01351 0.00318 9.2 0.47737 0.51048 1.467 0.47737
Cth CE_4 5 18 19 4 0.9 0.161 0.01322 0.00348 9 0.06473 0.03465 1.432 -0.0971
Jen CE_6 5 15 15 3 0.7 0.218 0.01028 0.00359 7 -0.20309 -0.21638 3.005 -0.20309
Lei CE_7 5 18 19 4 0.9 0.161 0.01204 0.00304 8.2 -0.58259 -0.65827 1.281 -0.74443
Ossa CE_S8 1
Ossg CE_9 2 0 O 10 0 0 0 0
Oyp CE_10 5 15 15 3 0.8 0.164 0.01233 0.00314 8.4 1.21852 1.29828 3.405 1.21852
Sch CE_11 5 15 15 5 1 0.126 0.0094 0.00371 6.4 -0.81235 -0.86552 -0.964 -0.81235
Smen CE_12 5 15 15 2 04 0.237 0.00881 0.00523 6 -1.21852 -1.29828 5.342 -1.21852
Waaa CE_14 3 0 O 10 0 0 0 0
L13
Alt CE_15 4 0 O 10 0 0 0 0
Billa CE_16 3 0 O 10 0 0 0 0
Billf CE_17 5 0 O 10 0 0 0 0
Billg CE_18 4 0 O 10 0 0 0 0
Brn CE_19 5 37 37 3 07 0.218 0.02203 0.01265 15 -1.16701 -1.26058 4.781 -1.16701
Depa CE_20 5 0 10 0 0 0 0
Ella CE_22 3 1 2 0.667 0.314 0.00098 0.00046 0.667
Hera CE_24 4 24 24 2 05 0.265 0.01762 0.00935 12 -0.85786 -0.89474 6.118* -0.85786
Hor CE_27 5 14 14 2 04 0.237 0.00822 0.00488 5.6 -1.21472 -1.29226 5.145 -1.21472
Jen CE_28 3 2 2 2 0.667 0.314 0.00196 0.00092 1.333
Kut CE_29 5 0 O 10 0 0 0 0
Lebe CE_30 4 0 O 10 0 0 0 0
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Lineage Location Population N ss Eta h Hd Hd (SD) n 1t (SD) k Tajima's D
Niea CE_31 5 0 O 10 0 0 0 0
Ossa CE_32 1
Ott CE_34 5 40 42 4 09 0.161 0.03172 0.00661 21.6 0.53759
Rad CE_35 5 1 1 2 06 0.175 0.00088 0.00026 0.6 1.22474
Utr CE_36 3 0 O 10 0 0 0 0
Waaa CE_38 2 24 24 2 1 0.5 0.03524 0.01762 24

N, number of sequences; h, number of haplotypes; ss, number of segregating sites; Eta, total number of mutations; Hd, haplotype diversity; i, nucleotide
diversity; k, average number of pairwise nucleotide differences; D*, Fu and Li's D* test statistic; F*, Fu and Li's F* test statistic; Fs, Fu's Fs statistic; SD,

standard deviation.*0.02 < p < 0.05.
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Chapter IV Phylogeography of the European Lepidocyrtus lanuginosus species group

damse
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Supplementary Figure S4.1 Distribution of haplotypes of Lineage 3 (L3, a) and L13 (b) in Central Europe.
Pie charts represent the frequency of COIl lineages in each location. Circle size is proportional to the
number of individuals in each location.
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Chapter V

General Discussion

The DNA-based analyses presented in this thesis advances our views on the biodiversity, ecology,
phylogeny, and phylogeography of European L. lanuginosus species group. Two nuclear and two
mitochondrial markers demonstrated high intra- and inter-specific genetic divergences, indicating several
cryptic species / lineages in both L. cyaneus and L. lanuginosus (Chapter Il and Ill). These lineages differ in
habitat preferences (Chapter Il) and occur in different geographic regions (Chapter Il and IV). Phylogenetic
analyses demonstrated that the European L. lanuginosus species group is monophyletic but the two
morphologically described species L. cyaneus and L. lanuginosus are both paraphyletic, thus questioning
the current morphological species hypothesis and body color as species marker in this group (Chapter Ill).
This study also showed that Southern (SE) and Southwestern Europe (SWE) regions are rich in endemic
lineages which are genetically very distinct from lineages in Central Europe (CE), thus rejecting the
hypotheses that L. lanuginosus (and Collembola in general) went extinct north of the Alps during
Quaternary glaciation and recolonized CE from SE and SWE thereafter (Chapter IV). At least two lineages
co-occur in large areas of CE and both diverged during the Pleistocene and Holocene, which may be due to

Quaternary dispersal and isolation and recent human-mediated colonization (Chapter IV).

5.1 Incongruence of morphological and molecular species delimitation

It is generally accepted that species are separately evolving metapopulation lineages (the primary
defining property of species) and different lines of data (e.g., intrinsic reproductive isolation, diagnosability,
and monophyly) provide evidence for defining species (secondary species criteria) (De Queiroz, 2007).
Morphological and genetic analyses provide two lines of evidence for species delimitation, but yielded
conflicting results for the European L. lanuginosus species group in this thesis. DNA-based methods
disagreed with the three species hypothesis based on the morphological species concept (MSC) using
mainly body color as diagnostic character (Hopkin, 2007; Mateos, 2012, 2008). Rather, the results suggest
the existence of nineteen cryptic species / lineages (L1-19) in the species group (Chapter Ill). Similar to
other Collembola species groups, such as Protaphorura (Sun et al., 2017) and Coecobrya (F. Zhang et al.,
2018), a threshold of around 5% intraspecific K2P distances were identified in the L. lanuginosus species
group, which exceeded the widely used 2—-3% distance threshold between species (Hebert et al., 2003). The
genetic distances within populations of L. lanuginosus lineage 13 (Chapter Ill) reached 5% in COI, but
whether gene flow exists in different haplotypes within these populations remains unclear. More variable
genetic markers such as microsatellites (Rastorgueff et al., 2016; Spinsanti et al., 2006; van der Wurff et al.,
2005) and a large set of informative markers such as single nucleotide polymorphisms (SNPs, Brumfield et

al., 2003; Shaffer and Thomson, 2007) are needed to explore the gene flow among these lineages.
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The phylogenetic analysis further rejected the monophyly of each species (the phylogenetic species
concept, PSC), which strongly questions the taxonomic value of body color in the L. lanuginosus species
group (Chapter Ill). Unlike the genus Entomobrya (Collembola: Entomobryidae) and Puerto Rican
Lepidocyrtus, (Ding et al., 2018; Soto-Adames, 2002), the European L. lanuginosus species group is much
less diverse in body color patterns, and other morphological characters such as chaetae (Mateos, 2012)
may be more helpful in distinguishing these lineages. Integrating genetic and morphological characters is
assumed to greatly help strengthening species hypotheses in Collembola (Katz et al., 2015; Sun et al., 2017;
Yu et al., 2016; F. Zhang et al., 2018). However, morphological delimitation of Collembola species heavily
relies on taxonomic experts and some important morphological characters are delicate and sometimes lost
during specimen preservation and slide preparation. Alternative laboratory hybridization tests (c.f.,
Skarzynski, 2005, 2004) are helpful to confirm the reproductive isolation of these lineages (the BSC), thus

provide one of the most important evidences to support the unified species concept (De Queiroz, 2007).

5.2 Environmental filtering of cryptic species of Collembola

The first study (Chapter Il) compared, for the first time, genetic divergence among populations of a
Collembola species from different but connected habitats. The morphologically defined species L.
lanuginosus was suggested as habitat generalist (Auclerc et al., 2009; Cicconardi et al., 2010; Ferlian et al.,
2015; Heiniger et al., 2015; Querner et al., 2013) and was sampled from arable lands, grasslands and forests
in this thesis. However, the DNA barcoding gene COI (Herbert 2003, 2004), as well as COIl, 28S D1-2 and
EF1-a, clustered the individuals to three distinct lineages, i.e., L. lanuginosus L1, L2, and L3. These three
lineages were included to the European-wide data set of Chapter Ill for DNA taxonomic analysis and were
again assigned to three cryptic species / lineages, here L13, L16, and L15, respectively. The habitat
preference analysis indicated that only one of the three lineages, i.e., the L. lanuginosus L1 in Chapter Il
(L13 in Chapter Ill), occurred in all three habitats with a preference for arable land but was also common in
grasslands across Central Europe (Chapter lll, Figure 3.1). By using the BLAST function of National Center

for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/genbank/), we detected several COI

sequences (e.g., accession numbers TUZ031549-TUZ0355) which are nearly identical with this common
lineage from different types of forests (Anslan and Tedersoo, 2015), strongly suggesting L13 of the L.

lanuginosus species group is a habitat generalist.

Another lineage (L. lanuginosus L2 in Chapter Il and L16 in Chapter lll) was restricted to forests and
was never found in grasslands and arable fields in this study. This suggests that at least one lineage of the
L. lanuginosus suggesting a restricted ecological niche. Similar to the morphospecies L. lanuginosus, the
morphospecies L. cyaneus also occurred in open habitats (Salmon et al., 2014), e.g., grasslands (Auclerc et
al., 2009; Migliorini et al., 2003) and arable field (Scheunemann et al., 2015), but they were also collected

from forests (Heidemann et al., 2014; Urbanovicova et al., 2014). Considering the high diversity of cryptic
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species / lineages and large genetic distances among these lineages, genetic analysis of specimens of L.
cyaneus from a wider range of locations are necessary to test whether the populations from different

habitats and studies belong to a widespread lineage or to distinct genetic lineages.

The species distribution of Collembola significantly links to their morphological traits and
environmental factors (Kovac et al., 2016; Salmon et al., 2014). Some species are restricted to particular
habitats while others occupy a broad ecological niche (Auclerc et al.,, 2009). The three lineages of L.
lanuginosus share a number of morphological traits, such as body size, shape, scales, length of legs and
antennae (Mateos, 2012), but differed in their distribution pattern (Chapter Il). Thus, rather than
morphological traits, the distribution of the three lineages of L. lanuginosus were more closely related to
environmental characteristics. Further studies including investigating physiological characteristics, food
resources, and the resistance to soil humidity and disturbances are needed to further understand ecological
differentiation. DNA barcoding has revealed that a widely distributed butterfly species in fact comprised a
complex of more than ten food plant specialist species (Hebert et al., 2004), and the generalist flower beetle
Mordellistena convicta has been shown to comprise six cryptic species with distinct sympatric host ranges
(Blair et al., 2005), suggesting that ‘generalist’ species in fact may comprise cryptic complexes of specialist
species. DNA barcoding is more accurate and efficient than morphological identification in delimiting these
cryptic lineages, thus ecophysiological experiments involving DNA barcoding and laboratory investigations
on their physiological characteristics are needed to understand the effects of environmental factors on the

distribution patterns of cryptic species, and this is most important in Collembola.

5.3 Geographic and environmental factors limiting gene flow in Collembola

The monophyly of the two morphologically defined species L. cyaneus and L. lanuginosus was rejected,
rather, lineages assigned to each morphospecies represented independent clades that have the same body
color (Chapter Il & Ill). The biogeographic analysis of all these lineages further rejected a general, wide-
spread distribution pattern across-Europe of the two morphospecies L. cyaneus and L. lanuginosus (Salmon

et al., 2014; https://fauna-eu.org), but showed that distinct lineages were distributed in each of the three

sampling regions, i.e., SE, SWE, and CE (Chapter IV, Figure 4.1). SE and SWE are rich in genetically endemic
lineages, supporting the notion that these regions represent hotspots of Collembola diversity (Deharveng
et al., 2008; Fiera and Ulrich, 2012). However, not a single lineage was distributed across all three sampling
regions, and lineages from SE and SWE showed small range sizes, in contrast to three lineages from CE that
were widely distributed. These results indicate that the Pyrenees and Alps function as dispersal barriers,
and reduce gene flow among the three sampling regions as well as within SE and SWE, probably due to the

high environmental heterogeneity in SE and SWE than in CE.

Landscape barriers and geographical distances that restrict gene flow result in isolation-by-distance
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(IBD; Wright, 1943). Selection can drive phenotypic divergence between populations inhabiting different
environments and restrict the role of dispersers moving between them to limit gene flow, resulting in
isolation-by-environment (IBE, Wang and Summers, 2010). IBD was supported by the population genetic
analysis of the Collembola species Orchesella cincta (van der Wurff et al., 2005), but was not supported in
this thesis. Lineages in each sampling region were non-monophyletic, with genetically closely related
lineages being geographically distant (Chapter IV, Figures 4.1 and 4.3); genetically distinct lineages
overlapped in range size and even coexisted in one habitat (L3 and L13 in Chapter IV). Apparently, the
genetic pattern in the L. lanuginosus species group is more complex than in O. cincta. However, IBE is
supported as three lineages of the morphospecies L. lanuginosus showed preferences for a certain habitat,
despite the close vicinity of habitats (Chapter Il) and free dispersal of this fast dispersing species (Auclerc
etal., 2009; Ponge et al., 2006) re-colonizing habitats quickly after disturbances (Gonzalez-Macé and Scheu,
2018). Rather, certain lineages of the L. lanuginosus species group were either restricted to certain habitats
in the same region (Chapter Il) or to different environmental regions (the three sampling regions in Chapter
Il & IV). Thus in general, the results suggest that IBE plays a more important role than IBD in shaping the

distribution of the lineages of the L. lanuginosus species group.

Divergence time estimations allow to infer the relevance of historical geography and climatic changes
for lineage divergence. The main lineages of the L. lanuginosus species group diverged during the late
Miocene, indicating that the common ancestors of these lineages colonized Europe more than ten million
years ago. Climate changes in the late Miocene, i.e., slow transition from warm and humid to cool and dry
climate (Zachos et al., 2001), the increase of seasonality (Bruch et al., 2007) and fire frequency (Beerling
and Osborne, 2006), and the decrease of atmospheric CO, concentration (Mosbrugger et al., 2005),
contributed the expansion of C4 grasslands in Europe (Klrschner et al., 2008) and significant shifts of forest
types (Utescher et al., 2007). Populations of Collembola may have experienced large scale dispersal and
later on long-term isolation across Europe, particularly in the Mediterranean region (Cicconardi et al., 2010).
Quaternary glaciation was indicated to play a minor role for the survival of Collembola, as lineages of a
number of Collembola species from CE separated from those in SE and SWE long before the Quaternary
(Cicconardi et al., 2010; Porco et al., 2012; Timmermans et al., 2005; von Saltzwedel et al., 2017, 2016; B.
Zhang et al., 2018). However, a number of haplotypes of two widely distributed lineages (L3 and L13 of the
L. lanuginosus species group) dated back to the Pleistocene and Holocene, suggesting that Quaternary
glaciation drove the dispersal and diversification of Collembola within CE (Chapter IV). Identical or very
similar haplotypes of these two lineages inhabited grasslands hundreds of kilometers apart. This is possibly
due to recent human-introduced species invasion as indicated by population genetic analyses on
Collembola (Cicconardi et al., 2017; Porco et al., 2013). More variable genetic markers are needed to

confirm this hypothesis.
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5.4 Future perspectives

Morphological identification of Collembola to species level requires great amount of time, money and
taxonomic experts. As revealed by this thesis and previous genetic studies (Cicconardi et al., 2010; Porco et
al., 2012), conventional microscopic examination has ignored cryptic species and underestimated their
biodiversity. As alternative, Sanger sequencing of hundreds to thousands of specimens extracted from soil
or litter samples in ecological studies is time consuming and expensive. Recently DNA metabarcoding has
been proposed as an efficient way in delimiting diagnostic operational taxonomic units (OTUs) of certain
DNA fragments from bulk Collembola community samples (Saitoh et al., 2016; Taberlet et al., 2012).
However, unlike the exact 90% (Saitoh et al., 2016) or 97% sequence similarity threshold (Arribas et al.,
2016; Yu et al., 2012), this thesis suggested a range of 90.5-94.5% sequence similarity threshold in COI
according to the 5.5-9.5% K2P distances gap identified in the L. lanuginosus species group (Chapter Iil). A
universal threshold of genetic distance for species delimitation was not recommended in Collembola,
rather the barcoding gaps or species boundaries should be based on calculations within specific groups of
species (Sun et al., 2017; F. Zhang et al., 2018), particularly in species comprising cryptic species / lineages.
Thus, rather than just deliver OTUs under a common threshold, genetic sequences should be assigned to
certain morphological taxa before delivering OTUs under specific thresholds in metabarcoding studies. The
effects of using certain thresholds for species delimitation on false positive (over-splitting) and false
negative (over-lumping) rates should be evaluated in future studies (Meyer and Paulay, 2005). Additionally,
DNA metabarcoding can explore within-population haplotype and nucleotide diversity thus benefiting

phylogeographic studies of sympatric species / lineages.

Studies on the molecular phylogeny of Collembola are mainly based on one or few selected genes
obtained by Sanger sequencing (but see, Carapelli et al., 2014), while next-generation sequencing has been
recommend in biological applications due to the advantages of faster and larger data generation and lower
sequencing costs (Schuster, 2008). Phylogenetic analyses based on hundreds to thousands of genes
obtained by high-throughput sequencing and appropriate analytical methods have produced statistically
robust and congruent results resolving phylogenies of arthropods (Misof et al., 2014; Regier et al., 2010;
Rota-Stabelli et al., 2013; Thomas et al., 2018). Mitochondrial genomes provided an excellent data source
to recover inter- and intra-ordinal phylogeny in insects (reviewed by Cameron, 2014) such as Diptera
(Cameronetal., 2007), Coleoptera (Doucet-Beaupré et al., 2010; Song et al., 2010; Timmermans et al., 2010;
Timmermans and Vogler, 2012), Neuropterida (Cameron et al., 2009), Hemiptera (Song et al., 2012), and
Acari (Xue et al., 2017). However, base compositional heterogeneity and among-site rate variation affect
their phylogenetic inference, causing unexpected relationships but with high branch support (Song et al.,
2010). Integrating mitochondrial genomes, nuclear gene sequences, and morphology and utilizing refined
analytical methods are necessary to understand insect evolution (Cameron, 2014), as well as other

arthropods including Collembola.
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Many species or genera of Collembola, as the morphospecies L. cyaneus and L. lanuginosus in this
thesis, are globally distributed, even though they are assumed to have limited dispersal capacity (Hopkin,
1997). The long-term historical geographic and climate changes and dispersal of species by humans both
shaped the biogeographical distribution pattern of Collembola which very likely differs from that of plants
and vertebrates. Population genetic analyses based on genomic data and global scale sampling of a range
of taxa is needed to deepen understanding of dispersal, speciation, and evolution of Collembola. Such
studies will reveal if evolutionary patterns in Collembola resemble those of above-ground species, or show

specific patterns typical for below-ground species.

Conclusions

Genetic analyses based on sampling across-Europe allowed novel insight into the diversity,
ecology, phylogeny, and phylogeography of species of the European L. lanuginosus species group. The
genetic diversity and structure of two species of the L. lanuginosus species group, i.e. L. cyaneus and
L. lanuginosus, correlated with habitat types, geographical regions, and historical climate changes.
DNA-based approaches revealed distinct cryptic species / lineages in each of these morphologically
defined species, and demonstrated their paraphyly, but supported monophyly of the L. lanuginosus
species group. Body color, which has been considered as one of the most important characters in
species delimitation in the L. lanuginosus species group, was proven to be an improper species and
lineage marker. COI, COIl, and EF1-aseparated main lineages of the L. lanuginosus species group, but
28S is too conserved and neither allows reconstructing phylogeny nor delimiting these closely related
lineages. This thesis suggests that historical geographic and climatic changes dating back to the late
Miocene, but also recent human-mediated dispersal shaped the present-day distribution of
Collembola species. The isolation of lineages of the L. lanuginosus species group was not related to
geographic distances. In contrast, environmental differences, among and within sampling regions, was
assumed to be the main factors impeding gene flow. Climate changes in the Miocene and the
accompanied expansion of grasslands and shifts of forest types may have been responsible for the
dispersal and later isolation of ancestral lineages of the L. lanuginosus species group. Quaternary
glaciation presumably contributed little to the sorting of lineages of the L. lanuginosus species group
and to the dispersal from CE to SE and SWE or vise visa, but likely shaped the distribution of Collembola
within CE. Further, the results suggest that human-mediated dispersal contributed to the colonization
of distant localities by similar or identical haplotypes. Overall, the results of this thesis suggest that
soil animals likely experienced different and more complex evolutionary forces than aboveground

animals and plants shaping their genetic diversification and biogeographic distribution. Global scale
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phylogeographic studies on a number of Collembola species are needed for a deeper understanding

of the dispersal, speciation, and evolution of Collembola and soil animals in general.
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