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Cryptic mitochondrial (mt) lineages are known to exist in the earthwormmorphospecies Lumbricus rubel-
lus and L. terrestris. The latter was recently split into two species, L. terrestris and L. herculeus, based on
large genetic distances and a statistical difference in body size. There is support for the separation of
some lineages in L. rubellus into species, whereas other lineages, separated by similar mt genetic
distances, have been found to be part of the same species. However, no study has evaluated the status
of the cryptic mt lineages in L. terrestris-L. herculeus and L. rubellus using nuclear genes. We use a combi-
nation of methods to reveal extensive cryptic speciation and limited hybridization in Lumbricus, based on
one nuclear (H3) and one mitochondrial (COI) marker. Using a Bayesian multi-locus species delimitation
method, as well as single gene haplotype networks and gene trees, we delimit seven well supported cryp-
tic species within the morphospecies L. rubellus, and confirm the split within the species-pair L. terrestris-
L. herculeus. Limited hybridization was found between the most common species of L. rubellus (A) in
northern Europe and two other species (B and H) in this complex, as well as between L. terrestris and
L. herculeus. Deep mt divergence was found within L. terrestris s.str. but no support for further splitting
of this taxon was found. Both L. rubellus and L. terrestris are well studied model organisms, and consider-
ing that cryptic species and hybridization were found within them, it is important that they are properly
identified in future studies.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Cryptic species, i.e. species that are morphologically so similar
that they have been classified under the same nominal species,
are common in many organism groups (e.g., Bickford et al., 2007;
Pfenninger and Schwenk, 2007), including annelid worms (Erséus
and Gustafsson, 2009; Nygren, 2014). Some of the most
well-studied annelids are earthworms (Crassiclitellata), and cryp-
tic lineages have been discovered in several earthworm families.
The best studied family is Lumbricidae, with a mainly Palearctic
distribution, and cryptic lineages have been reported in numerous
lumbricid morphospecies (e.g., Fernández et al., 2011; Heethoff
et al., 2004; King et al., 2008; Shekhovtsov et al., 2016, 2013).
Cryptic lineages have also been found in the Mediterranean family
Hormogastridae (e.g., Novo et al., 2012, 2010), in morphospecies of
Megascolecidae from New Zealand (Buckley et al., 2011) and
Taiwan (Chang et al., 2008), and in Glossoscolecidae from Brazil
(Siqueira et al., 2013). This list of where cryptic lineages are found
within Crassiclitellata should not been seen as complete, and the
distribution of cryptic lineages probably reflects research intensity
more than anything else.

The discovery of cryptic species was accelerated with the intro-
duction of DNA-barcoding (Hebert et al., 2003), where a short stan-
dard marker is used to identify specimens to species. For animals,
the standard barcoding marker is a fragment of the mitochondrial
(mt) gene Cytochrome Oxidase B subunit I (COI). However, COI alone
should not be used to delimit species, as deep mt divergence is
found within many biological species (e.g., Achurra and Erséus,
2013; Dasmahapatra et al., 2010; Hogner et al., 2012; Martinsson
et al., 2015; Webb et al., 2011), which is likely to result in over-
splitting. It is also problematic to use COI alone for identification
of animals, if hybridization is possible among the species studied,
as it will identify the hybrids as belonging to the same species as
their mother. It is estimated that at least 10% of all animal species
can hybridize with at least one other species (Mallet, 2005). To
correctly delimit species, DNA-barcoding must be supplemented
by additional data, such as nuclear markers and morphology.

The development of multi species coalescent methods is not
only beneficial for phylogeny estimations and species delimita-
tions (Degnan and Rosenberg, 2009; Fujita et al., 2012), it also
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makes it possible to explore the causes for gene-tree conflicts. Set-
ting aside errors in the phylogenetic estimation, the main causes
are incomplete lineage sorting (ILS) and hybridization, but also
paralogy will cause problems, if not detected. ILS occurs when an
ancestral species, which has more than one allele lineage at a given
locus, divides into two species. Both alleles can be kept in both of
the new species, and when one of the species divides again the
alleles may be fixed in different species. Depending on how the
alleles become fixed in the species, the gene tree for a locus may
differ from the species tree, this is incomplete lineage sorting
(ILS) (Degnan and Rosenberg, 2009; Rogers and Gibbs, 2014). ILS
is most prevalent when the time between speciation is short and
the population sizes are large (Degnan and Rosenberg, 2009).
Hybridization will also cause gene tree conflicts, but in this case
the gene flow occur after the speciation event, which will lead to
shorter genetic distances between taxa affected by hybridization,
compared to if no hybridization was present. This difference
between hybridization and ILS can be used to separate the two
as causes of gene tree conflicts (Joly et al., 2009).

In the earthworm genus Lumbricus L., 1758 (Clitellata: Lumbri-
cidae), cryptic mt lineages have been found in the two well-known
morphospecies, L. terrestris L., 1758, (James et al., 2010), and L.
rubellus Hoffmeister, 1843, (e.g., Donnelly et al., 2013; King et al.,
2008). In L. terrestris two lineages were found and separated into
two nominal species, L. terrestris s.str. and L. herculeus (Savigny,
1826), based on large genetic distances in COI and statistically sig-
nificant differences in body size (James et al., 2010). However, it is
known for other earthworm species that mt lineages can differ in
body size and still be part of the same species (Martinsson et al.,
2015; Shekhovtsov et al., 2014), and no study using nuclear data
to verify the separation of L. terrestris and L. herculeus has been
published. In L. rubellus, several well separated mt lineages have
been found (e.g., Sechi, 2013). There is support from microsatellite
(Donnelly et al., 2013), morphological (Donnelly et al., 2014) as
well as behavioral (Jones et al., 2016) data that two rubellus lin-
eages found in Great Britain are separate species. On the other
hand, a recent study using RADseq data found no support for three
Polish lineages of L. rubellus being reproductively isolated,
although the mt genetic distances were similar to those found
between the British lineages (Giska et al., 2015). However, it
should be noted that the British and Polish worms studied had only
one lineage in common. According to these previous studies there
is still no nuclear support for the split between L. terrestris and L.
herculeus, but there is some support (of varying kinds) for the exis-
tence of cryptic species within L. rubellus.

The lineages of L. rubellus have to some extent different geo-
graphic distributions. Lineages A and B (sensu Sechi, 2013) are
the most common lineages found in Great Britain and Scandinavia
(Sechi, 2013; C. Erséus, unpubl. data), and A is widespread in
Europe. Lineage C and D are found in Central Europe; lineage E is
widespread across Europe, and F is restricted to the Iberian penin-
sula, whereas G and H are found in Central Europe (Donnelly et al.,
2014; Giska et al., 2015; Sechi, 2013). In the L. herculeus-L. terrestris
complex, L. terrestris has a more northern distribution, and is found
in most of Scandinavia, whereas L. herculeus is a more southern
species found in continental Europe, and only in the southern most
parts of Scandinavia (James et al., 2010). Lumbricus rubellus A (as L.
rubellus L2) and L. terrestris are also found in N. America (Porco
et al., 2013), and in this paper we also report L. rubellus A from
New Zealand, and L. rubellus H2 and M from USA (present study).

The aim of this study is to test the nuclear support (using the
gene Histone 3) for cryptic lineages found in morphospecies of
Lumbricus by COI DNA-barcoding. We do this by using both single
gene trees and networks, as well as multi-locus methods. Finding
nuclear support for these lineages will strengthen the hypothesis
that they are reproductively isolated, and therefore should be
treated as different species. We also examine and test for
hybridization between the cryptic species delimited.
2. Material and methods

2.1. Specimens, DNA sequencing and assembly

In total 122 specimens representing five nominal Lumbricus
species, viz. L. castaneus (Savigny, 1826), L. festivus (Savigny,
1826), L. herculeus, L. rubellus and L. terrestris were included in
the study. The specimens were mainly from Norway and Sweden
(Scandinavia), but also from local populations in the Czech Repub-
lic, Denmark, Germany, New Zealand and USA (Table S1). The
Scandinavian specimens were selected from a much larger set of
DNA-barcoded specimens (CE unpublished data), and specimens
were selected to maximize the genetic variation among the
samples/species, and some of the COI sequences for L. terrestris
and L. herculeus are from James et al. (2010). For tree estimations,
three out-group taxa, viz. Aporrectodea caliginosa (Savigny, 1826),
A. longa (Ude, 1885) and Dendrodrilus rubidus (Savigny, 1826), were
used. The sequences from the Aporrectodea species are from
Martinsson et al. (2015).

DNA was extracted from a small piece of the body wall taken
from the posterior part of each specimen. The DNA was extracted
either using Epicentre’s QuickExtract DNA Extraction Solution 1.0
or Qiagen’s DNeasyBlood & Tissue Kit. The two genetic markers
Cytochrome Oxidase B subunit I (COI) and Histone 3 (H3) were
amplified using the primers and programs described by
Martinsson et al. (2015). The PCR-reactions were carried out as
25 ll reactions. To confirm amplification, the PCR products were
run on a 1% agarose gel, and purified using ExoTAP (Exonuclease
I and FastAP Thermosensitive Alkaline Phosphatase) (Werle et al.,
1994). Sequencing was carried out by Eurofins MWG Operon
(Ebersberg, Germany) or Macrogen (Geumcheon-Gu, Seoul, Korea).
For mismatched specimens (see Sections 3.2 and 3.3) both COI and
H3 were re-amplified and sequenced again to exclude possible
mix-up during original amplification and sequencing.

Sequences were assembled into consensus sequences using
Geneious v.7.1.8 (Biomatters Ltd., Auckland, New Zealand). The
sequences of each marker were aligned using the Geneious align-
ment with default settings in Geneious v. 7.1.8. In the H3 dataset
several individuals showed clear sign of heterozygosity, i.e., show-
ing distinct double peaks at certain positions in the chro-
matograms. Due to this we separated the H3 alleles using the
PHASE algorithm (Stephens and Donnelly, 2003; Stephens et al.,
2001) as implemented in DNAsp v.5.10 (Librado and Rozas,
2009), the phasing was run for 100 iterations after 100 initial
burn-in iterations, with a thinning interval of 1 using default set-
tings. For homozygous specimens only one of the two identical
alleles was kept. All sequences are deposited in GenBank; see
Table S1 for accession numbers.
2.2. Distance analysis and preliminary division of specimens into
clusters

To divide the specimens into barcoding clusters, the uncor-
rected genetic p-distances were calculated for the COI dataset in
MEGA 6 (Tamura et al., 2013). The specimens were divided based
on the existence of a barcoding-gap, i.e., that the COI distances
within the group are clearly smaller than the distances between
the group and the closest other group. Lumbricus rubellus was
divided into 8 mt lineages, L. terrestris into 2, and L. castaneus,
L. festivus and L. herculeus formed one group each; in total 13
lineages. In order to ensure consistent naming of cryptic lineages,
the lineages of L. rubellus were compared with a small dataset
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obtained by researchers at the University of Cardiff (GenBank nos.
KP642290-KP642109); this dataset was also used by Giska et al.
(2015) for naming the lineages included in their study. Previously
known COI lineages were named with letters based on this dataset,
and new lineages were denoted with consecutive letters, whereas
the lineages of L. terrestris were denoted with numbers (1–2). The
mt lineages referred to in the present study are summarized in
Table 1.

2.3. Haplotype networks

To visualize haplotype diversity, haplotype networks were
constructed for both genes in PopART v1 (Leigh and Bryant,
2015) using statistical parsimony (Clement et al., 2002;
Templeton et al., 1992). For the COI network, a trimmed alignment
of 588 bp was used to ensure that the alignment had no missing
data. For the H3 network, the full length alignment could be used.

2.4. Gene tree estimations

Individual gene trees were estimated using Bayesian Inference
in MrBayes v3.2.6 (Ronquist et al., 2012). Model testing was con-
ducted in MEGA 6.06 (Tamura et al., 2013): for the COI analysis
the GTR + C substitution model was selected, for H3 the HKY + C
model. The analyses were conducted in MrBayes with 4 MC3,
running for 20 million generations and sampling every 20,000th
generation. An initial ‘burn-in phase’ of 25% was discarded. Result-
ing p-files were examined in Tracer v1.6 (Rambaut and
Drummond, 2007) to evaluate convergence and to ensure suffi-
cient burn-in for the trees.

2.5. Molecular species delimitation

To delimit species, a joint Bayesian multi-locus species delimi-
tation and species tree estimation was conducted using the pro-
gram BPP v3.1. The method uses the multispecies coalescent
model to compare different models of species delimitation and
species phylogeny in a Bayesian framework, accounting for incom-
plete lineage sorting due to ancestral polymorphism and gene tree-
species tree conflicts (Rannala and Yang, 2013; Yang and Rannala,
2010, 2014). As the priors for the population size (hs) and the
divergence time at the root (s0) are known to have a considerable
effect on the result of the analysis, and in particular so for hs
(Leache and Fujita, 2010; Rannala, 2015), two analyses with differ-
ent values assigned to these priors were performed. In both of
them, the 13 mt lineages, divided based in the existence of a
barcoding-gap (see Section 2.2) were used as the input species to
be tested in the analyses. In analysis A the population size
Table 1
Genetic distances (COI), in percent, given for within group comparisons as maximum pairw
All values are uncorrected pairwise distances. Within group comparisons of groups consis

1. 2. 3. 4. 5. 6.

1. L. castaneus 5.0
2. L. festivus 18.8 1.4
3. L. herculeus 18.1 15.2 4.3
4. L. rubellus A 19.6 17.4 17.7 4.9
5. L. rubellus B 16.5 16.2 17.0 12.5 2.6
6. L. rubellus G 19.8 17.0 17.8 12.9 13.2 n/a
7. L. rubellus H1 18.8 16.0 17.1 11.9 12.6 10.2
8. L. rubellus H2 19.5 17.5 16.3 12.8 13.1 10.2
9. L. rubellus J 17.9 15.2 17.3 16.4 13.8 14.1
10. L. rubellus K 17.2 16.9 18.9 14.9 13.3 13.7
11. L. rubellus M 19.6 15.7 18.4 16.4 14.1 16.0
12. L. terrestris 1 19.0 16.0 14.2 15.4 15.0 16.4
13. L. terrestris 2 19.4 14.5 15.5 19.1 17.2 18.1
parameter (hs) was assigned the gamma prior G(2,100), with mean
2/100 = 0.02, and the divergence time at the root of the species tree
(s0) was assigned the gamma prior G(2,20). Analysis B had the
population size parameters (hs) assigned the gamma prior G
(2,400), with mean 2/400 = 0.005, and the divergence time at the
root of the species tree (s0) was assigned the gamma prior G
(2,40). In both analyses the other divergence time parameters were
assigned the Dirichlet prior (Yang and Rannala, 2010, equation 2).
The analyses were both run three times to confirm consistency
between runs. Lineages delimited with a posterior probability of
>0.95 in all analyses are considered as well supported.
2.6. Species tree estimation and testing for incomplete lineage sorting
vs. hybridization

To investigate causes of mitochondrial-nuclear discordance in
the placement of four mismatching individuals, which were found
in different lineages depending on the marker (see Sections 3.2 and
3.3), we used the statistical, posterior predictive checking method,
based on genetic distances, developed by Joly et al. (2009). The
method compares the pairwise genetic distances to gene trees sim-
ulated in species trees, to test the probability that the distances
observed are caused by Incomplete Lineage Sorting (ISL) alone;
i.e., if ILS can be excluded as the cause of discordance, hybridiza-
tion is the main source of this kind of differences between trees.
This method is implemented in the software JML (Joly, 2012),
and uses the posterior distribution of species trees estimated in
*BEAST (Heled and Drummond, 2010), as implemented in the
BEAST software (Drummond and Rambaut, 2007; Drummond
et al., 2012). Species trees were estimated both with and without
the four mismatched specimens, and the same settings were used
in both analyses. The sequences were divided into the species
delimited using BPP (see Section 3.4). The substitution models
used were GTR +C for COI and HKY +C for H3, and empirical base
frequencies were used. The Yule process speciation prior, and
the piecewise linear with constant root population size prior were
used, and the population size (ploidy level) of COI was set to half of
that of the H3. Uncorrelated lognormal clocks were used, the rate
was fixed to 1 for COI and estimated for H3 with a uniform prior
of 0–1 for the relax clock rate (ucld.mean). For species population
mean and mean growth rate priors, an exponential distribution
with mean 1 was used. For all other priors, default settings were
used. The analyses were run for 100 million generations, sampling
every 10,000 generation. Tracer v1.6 was used for examining effec-
tive sample size (ESS) for parameters and determining burn-in, and
trees were summarized using TreeAnnotator v1.8, using the maxi-
mum clade credibility tree, discarding the first 10% as burn-in.
ise distance, between groups comparisons are given as minimum pairwise distances.
ting of singletons are not applicable (n/a).

7. 8. 9. 10. 11. 12. 13.

n/a
5.9 n/a
14.7 14.4 0.8
14.0 14.2 12.3 1.3
13.7 14.4 9.0 13.1 n/a
14.9 13.9 16.0 16.1 17.5 6.2
16.0 16.3 18.8 15.8 18.3 14.1 0.2
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For each of the two species tree analyses, we compared the
genetic distances from 1000 gene trees, simulated under species
trees from the posterior distribution of the *BEAST analysis, to
the pairwise genetic distances in both the H3 and COI datasets,
with the mismatching specimens placed according to their COI as
well as to their H3 sequences. That is, in total eight analyses were
run. The mean clock rates and heredity scalar, for each gene from
the *BEAST analyses were used, i.e. the effective population size
for the mitochondrial COI was set to half of that of the nuclear
H3 and the mutation rate of H3 was set to about 0.2 of that of
COI. The default significance level was set to P 6 0.1 for the analy-
ses. If the specimens are of hybrid origin we expect significantly
shorter distances than those to be expected by ILS alone in the
analyses where the mismatched specimen is placed according to
the gene that is not analyzed, i.e. we expect significant distances
for a mismatched specimen placed according to its COI sequence
when we compare the pairwise distances of H3 to the simulated
distances, and vice versa. We also expect that we will find more
significant results when we use the species tree analysis without
the mismatched specimens as input, compared to when we use
the species tree analysis with them as input. As the inclusion of
hybrids will affect the species tree estimations, i.e., the trees esti-
mated are likely to find the species involved in the hybridization
as more closely related and with smaller genetic distances between
them compared to trees estimated without hybrids.
3. Results

3.1. DNA sequencing, assembly and distance analysis

All 122 included specimens were successfully sequenced for
both markers, and after phasing the H3 dataset included 172
sequences. The COI alignment was 658 bp long and the H3 align-
ment 306 bp long. The maximal intra-group pairwise distances
varied between 0.2% in L. terrestris 2–6.2% in L. terrestris 1, and
the minimum inter-group distances varied between 5.9% for L.
rubellus H1 and H2 to 19.8% for L. castaneus and L. rubellus G. Three
groups, L. rubellus G, H1 and H2, only comprise one specimen each,
and thus no intra-group comparisons could be done for them
(Table 1).
3.2. Haplotype networks

To visualize haplotype diversity and distribution in the two
markers (COI and H3) we constructed haplotype networks. In the
COI network (Fig. 1A) all lineages form distinct, well separated
haplotype groups. However, in the H3 network (Fig. 1B), no separa-
tion between L. terrestris 1 and 2 exists, four haplotypes are shared
between them, and all haplotypes are intermixed with each other.
Moreover, one individual of L. terrestris 1 (CE4550) shares its
(homozygous) H3 haplotype with L. herculeus, which otherwise
was found as a distinct group. In the group consisting of H3 haplo-
types of L. rubellus lineage A are also the H3 sequences from 2 indi-
viduals of L. rubellus B (CE8089 and CE11832) and the only
individual of L. rubellus H2 (CE3584). With the exception of these
four mismatching specimens, and the complete mixing of L. ter-
restris 1 and 2 haplotypes, all lineages form distinct haplotype
groups, while the mismatched specimens are signs of possible
hybridization.
3.3. Gene tree estimations

To test the support for monophyly of the mt groups we
estimated single gene genealogies using Bayesian Inference. The
estimated genealogies for both markers showed good convergence
and high ESS (estimated sample size) values.

In the COI tree (Fig. 2A) all groups with more than one sequence
are monophyletic with maximum support, and groups with only
one sequence were always found as distinct lineages, but deeper
branches often have low support. The genus Lumbricus as such
was found monophyletic, but only with some support (PP = 0.90);
L. terrestris 2 and L. festivus form a clade (PP = 0.99); L. rubellus J,
M and K was found together (PP = 0.99) and in this clade L. rubellus
J and M are sister-groups (PP = 1); the remaining lineages of L.
rubellus form another group (PP = 0.96), in this group L. rubellus B
is sister to the remaining lineages (PP 0.96), and there is support
(PP = 1) for a sister-group relationship between L. rubellus H1 and
H2.

In the H3 tree (Fig. 2B) Lumbricus was found monophyletic with
maximum support. Lumbricus castaneus was found as sister-group
to the remaining Lumbricus (PP = 0.98), which splits into one clade
consisting of L. terrestris, L. herculeus and L. festivus (PP = 1), and one
consisting of all lineages of L. rubellus (PP = 0.85). As also seen in
the haplotype network, sequences of L. terrestris 1 and 2 are com-
pletely mixed, L. herculeus is monophyletic, with the exception of
the specimen of L. terrestris 1 (CE4550) that was found within L.
herculeus (PP = 0.96). Even if this specimen is not considered L. ter-
restris was found paraphyletic with respect to L. herculeus. In the
clade consisting of all L. rubellus lineages, L. rubellus A is a basal,
poorly resolved and paraphyletic group, also including the two
specimens of L. rubellus B (CE8089 and CE11832), and the specimen
of L. rubellus H2 (CE3584); the four mismatched specimens that are
placed together with a species different from the one suggested by
COI, are indicated in red in Fig. 2B. The remaining lineages of L.
rubellus were found in a weakly supported (PP = 0.76) clade nested
inside L. rubellus A. This clade forms a polytomy consisting of four
groups: L. rubellus B (excluding the two specimens found within L.
rubellus A); L. rubellus J; L. rubellus H1; and a clade consisting of L.
rubellus G, K and M. Within the last-mentioned clade L. rubellus M
is monophyletic with maximum support, whereas L. rubellus K is
paraphyletic; L. rubellus G is a single specimen only.

3.4. Molecular species delimitation

We tested the support for mt lineages (see Section 2.2) and
delimited species by performing multi-locus species delimitation
analyses. In two different analyses the influence of the population
size and root divergence priors was tested. The runs in each anal-
ysis gave consistent results and the means of the posterior proba-
bility values of the three runs are considered here. In analysis A, all
species except L. rubellus H1 and L. rubellus H2 were delimited with
a posterior probability (PP) of <0.95, and in analysis B, L. terrestris 1
and L. terrestris 2 were not strongly supported (PP 0.736) either.
Both analyses found the same species tree as the most probable,
but with low support (PP 6 0.1), and a summary of the support
of all species hypotheses is mapped on this tree (Fig. 3). Based on
these results we consider L. castaneus, L. festivus, L. herculeus, L.
rubellus A, L. rubellus B, L. rubellus G, L. rubellus J, L. rubellus K, and
L. rubellus M well delimited and they can be seen as different spe-
cies, but we do not have support to split L. rubellus H1 and H2 or L.
terrestris 1 and 2 from each other. This gives us 11 well supported
species in our dataset.

3.5. Species tree estimation and testing for incomplete lineage sorting
vs. hybridization

To find the relationships between the species, and to explore
the effect of the mismatched specimens on the phylogeny we esti-
mated species trees, using the species delimited in the analyses
above as input. Two species tree estimations were performed,



Fig. 1. Statistical parsimony haplotype networks. The size of the circles is relative to the number of sequences sharing that haplotype, the colors correspond to mt lineages,
and the number are the number of substitutions between haplotypes. A. COI network. B. H3 network. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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one with all specimens (A) and one without the mismatched spec-
imens (B). Trees from the posterior distribution of these two anal-
yses were used as input for testing if the four mismatched
specimen are of hybrid origin, or if they can be explained by
incomplete lineage sorting (ILS) alone. The two maximum clade
credibility species trees (Fig. 4A and B) from the *BEAST analyses
are similar: in both trees, Lumbricus is monophyletic with low sup-
port, and L. castaneus is sister to the remaining Lumbricus species,
also with low support. The remaining species are divided into
two clades, both with maximum support; one consists of L. festivus,
L. herculeus, and L. terrestris, the other clade is the species within L.
rubellus s.lat. In the first clade L. terrestris and L. herculeus are found
as sister-group with no to low support. The L. rubellus clade is
divided into two groups, one well supported in both analyses, con-
sisting of L. rubellus J, K and M, and the other low to well supported
group consisting of L. rubellus A, B, G and H. In the analysis with the
mismatched specimens placed according to their COI sequences
(Fig. 4A), L. rubellus A and B are sister-groups and sister to them



Fig. 2. Single gene trees estimated using Bayesian inference. Scale is given as expected number of substitutions/base. A. COI tree. B. H3 tree, specimens marked in red are
placed in together with another species than in the COI tree. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3. Species tree estimated in BPP, with posterior probabilities (PP) for species
delimitations given as mean of analysis A/analysis B, species with both PP > 0.95 are
considered as well supported species, whereas we do not consider species with
PP < 0.95 supported and therefore consider L. rubellus H1 and H2 to constitute one
species, the same for L. terrestris 1 and 2, they are also considered as one single
species.

24 S. Martinsson, C. Erséus /Molecular Phylogenetics and Evolution 106 (2017) 18–27
is L. rubellus H, whereas L. rubellus G is sister to all these three.
However, the relationship between these four species has low or
no support. In the species tree with the mismatched specimens
removed (Fig. 4B), the branching order is reversed, with L. rubellus
G and H as sisters, followed by L. rubellus A, and as sister to these
three L. rubellus B. The support for these relationships is higher
than in the other species tree, but still low.

The results of the posterior predictive checking analyses are
summarized in Table 2. When the pairwise distances in the H3
and COI datasets were tested against the distribution of pairwise
distances in the simulated gene trees, we found significantly smal-
ler distances than expected under the assumption of incomplete
lineage sorting (ILS) alone in the following cases: (1) for H3 dis-
tances between CE4550 (a L. terrestris according to its COI) and
specimens of L. herculeus in both analyses where CE4550 was
placed in L. terrestris, and (2) for COI distances between CE4550
and specimens of L. terrestris in both analyses where CE4550 was
placed in L. herculeus (where it belongs as suggested by H3). (3)
For H3 distances between CE3584 (a L. rubellus H according to its
COI) and specimens of L. rubellus A in both analyses where
CE3584 was placed in L. rubellus H (as suggested by its COI
sequence). (4) For H3 distances between both CE8089 and
CE11832 (both L. rubellus B according to COI) and specimens of L.
rubellus A in the analysis based on species trees estimated without
the mismatched specimens included. (5) For COI distances
between both CE8089 and CE11832 (both L. rubellus A according
to H3) and specimens of L. rubellus B in the analysis based on spe-
cies trees estimated without the mismatched specimens included.
To summarize, for CE4550 we found significant results in all four
analysis were we expected it, if the specimen is of hybrid origin,
and for the other the specimens (CE3584, CE8089 and CE11832)
Fig. 4. Species trees estimated using *BEAST. A. Species tree including the mismatched, hy
probability >0.5 are shown as support values.
we found significant results in two of the four analyses where
we expected it. For CE8089 and CE11832 we found significantly
short distances only when using the species trees estimated with-
out the mismatched specimens included. However, for specimen
CE3584 we only found significant H3 distances when it was placed
according to COI, regardless of which species trees were used
(Table 2). In all analyses comparing the simulated distances to
the H3 dataset many other comparisons, not involving these four
mismatched specimens, gave significant results, indicating a poor
fit of this data set to the assumption of ILS only. The results from
the JML analyses are what can be expected if the four mismatched
specimens are of hybrid origin (see Section 2.6), and therefore they
support the hypothesis of a hybrid origin for these four specimens.

4. Discussion

Our results confirm the split between L. terrestris and L. her-
culeus suggested by James et al. (2010), and the separation of L.
rubellus A and B into different species, as suggested in studies on
British L. rubellus (Donnelly et al., 2013, 2014; Jones et al., 2016).
Unfortunately, of the Polish mt lineages studied by Giska et al.
(2015) we only had material of L. rubellus A available for this study,
making it impossible to compare our result with theirs. However,
we have support for the existence of five additional cryptic species
of L. rubellus s.l.

In general, studies on hybridization in earthworms are rare, but
hybridization between lineages of Allolobophora chlorotica has been
found (Dupont et al., 2011, 2016). This is the first study that
explores hybridization between Lumbricus species, and we found
evidence of limited hybridization between L. terrestris and L. her-
culeus, as well as between some species within L. rubellus s.lat.
However, the analyses do not tell us anything about the age of
the hybridization events. It is noteworthy that all cases of
hybridization observed by us seem to be unidirectional, i.e., the
hybrids always contain COI sequences of one of its parent species
but not the other, whereas they contain the H3 species from the
other parent species. In our case, all mismatched worms in the L.
rubellus complex clustered with L. rubellus A using the nuclear data,
and with either L. rubellus B or H using COI. A similar pattern was
also observed by Dupont et al. (2016) in their study of the A.
chlorotica complex, and it has also been showed experimentally
that hybrids between the two color forms of that species are male
sterile (Lowe and Butt, 2008), i.e., the male sexual system in the
worms is non-functional, while the female system remains func-
tional. As the observed hybridization within the L. rubellus complex
is unidirectional, it is possible that L. rubellus A-B/H crosses are also
male sterile. However, this needs to be tested in breeding experi-
ments. It is also worth noting that in all Lumbricus species, as far
as it is known, the chromosome number is always the same (i.e.,
2n = 36) and no polyploid specimens have been reported (Sims
brid specimens. B. Species tree excluding the mismatched specimens. Only posterior



Table 2
Results from posterior predictive checking analyses performed in JML. Mismatched specimens are compared to specimens of the species that either their COI or their H3 sequence
places them in. P-values for the probability that observed pairwise genetic distances between specimens are explained by incomplete lineage sorting (ILS) alone are given for each
comparison and analysis. If the null-hypothesis of ILS can be rejected, the alternative hypothesis of hybridization is accepted. Only P-values <0.1 are given.

Species trees with mismatched specimens Species trees without mismatched specimens

Mismatched specimens
placed according to COI

Mismatched specimens
placed according to H3

Mismatched specimens
placed according to COI

Mismatched specimens
placed according to H3

Comparisons COI dist. H3 dist. COI dist. H3 dist. COI dist. H3 dist. COI dist. H3 dist.

CE4550 – L. herculeus – 0.024 – – – 0.002 – –
CE4550 – L. terrestris – – 0.012 – – – 0.003 –

CE3584 – L. rubellus A – 0.025 – – – 0.005 – –
CE3584 – L. rubellus H – – – – – – – –

CE8089 – L. rubellus A – – – – – 0.003 – –
CE8089 – L. rubellus B – – – – – – 0.004 –

CE11832 – L. rubellus A – – – – – 0.01 – –
CE11382 – L. rubellus B – – – – – – 0.004 –
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and Gerard, 1985; Csaba Csuzdi, pers. comm.). The mismatched L.
terrestris/herculeus specimen (CE4550) was found in the Swedish
province of Jämtland, which is about 500 km north of the northern-
most record of (other) L. herculeus, which in Scandinavia are mainly
found in Denmark, and the south of Sweden and Norway (James
et al., 2010; C. Erséus, unpublished records). It seems likely that
the record of an L. herculeus H3 haplotype that far north is due to
human introduction, either of the specimen itself or of L. herculeus
specimens that have hybridized with local L. terrestris.

In L. terrestris there are two well separated mt lineages
(terrestris 1 and 2), but these were completely mixed in our H3
haplotype network (Fig. 1B) and H3 tree (Fig. 2B). Similar results
were previously reported for Aporrectodea longa (Martinsson
et al., 2015), but in that case the COI distances between the two
groups were not as large as in L. terrestris (approx. 7% in A. longa
vs. 14% in L. terrestris). The COI distances between the L. terrestris
1 and 2 are more in line with what is seen between other Lumbricus
species, and also what was observed by Giska et al. (2015) for three
lineages of L. rubellus, that were separated by approximately
13–17% pairwise differences. Giska et al. (2015), however, did
not find, using RADseq data, any support for their lineages to be
different species. Lumbricus terrestris now is yet another example
of deep intraspecific coalescence in COI (with up to 14% distances),
and as a general conclusion, it cannot be automatically assumed
that COI lineages which are that far apart, represent different spe-
cies, without testing this with nuclear data. This illustrates the big
problem with a DNA-barcoding gap as the sole criterion for species
delimitation in Clitellata, which has also been noted in other stud-
ies (e.g., Achurra and Erséus, 2013; Martinsson et al., 2013, 2015).
Deep intra-specific splits between different lineages have been
observed in other organisms as well (e.g., Hogner et al., 2012;
Munoz et al., 2011; Webb et al., 2011).

When using the program BPP for species delimitation, as we
have done in this study, it is recommended to run the analyses sev-
eral times with different values of the priors for the population size
(hs) and the divergence time at the root (s0) (Rannala, 2015). These
priors can drastically affect the results, especially the h prior
(Leache and Fujita, 2010; Rannala, 2015). A small h generally
increases the probability for splitting (Rannala, 2015). However,
we observed an opposite result. When h was reduced the probabil-
ity for a split between L. terrestris 1 and 2 was lowered (PP = 0.74
compared to PP = 0.99). We noted small increases in PP for some
species, mainly L. rubellus H1 and H2, but these changes were
not as dramatic as for L. terrestris 1 and 2.

Lumbricus rubellus and L. terrestris are both well-studied model
organisms (Giska et al., 2015; James et al., 2010), e.g., with L. rubel-
lus commonly used in ecotoxicological research. Several other
clitellate species are also popular in experimental lab work
(Halanych and Borda, 2009), and many morphospecies used are
complexes of cryptic species, and in other cases described species
are misidentified and either used alone under the wrong name or
as a mixture with the species it has been identified to (e.g.,
Gustafsson et al., 2009; Martinsson and Erséus, 2014; Römbke
et al., 2016; Siddall et al., 2007). The existence of cryptic lineages
among such model morphospecies is problematic, as they may dif-
fer in both physiological and ecological traits (Feckler et al., 2013,
2014). For L. rubellus it has been shown that two lineages vary in
their methylation pattern in response to arsenic pollution (Kille
et al., 2013). It is important to better define the species boundaries
in taxa used as models, and then to explore the possible ecological
and physiological differences between the cryptic taxa revealed.
Needless to say, in all these cases the species studied should be
identified by molecular methods, e.g., DNA-barcoding. However,
if the cryptic species are known to hybridize it is problematic to
use DNA-barcoding based on COI alone, as it makes it impossible
to identify hybrids.

To conclude, using nuclear DNA we found good support for the
existence of seven cryptic species within the morphospecies Lum-
bricus rubellus, and confirmation of the separation of L. terrestris
and L. herculeus. We also found evidence for limited hybridization
between the latter two species and within the L. rubellus species
complex.
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