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Behavioural processes such as species recognition and mate attraction signals enforce and reinforce the
reproductive isolation required for speciation. The earthworm Lumbricus rubellus in the UK is deeply
differentiated into two major genetic lineages, ‘A’ and ‘B’. These are often sympatric at certain sites, but it
is not knownwhether they are to some extent reproductively isolated. Behavioural tests were performed,
in which individually genotyped worms were able to choose between soils previously worked either by
genetically similar or dissimilar individuals (N ¼ 45). We found that individuals (75%) were significantly
(P < 0.05) more likely to orientate towards the soil conditioned by worms of their own lineage. Further
testing involved a choice design based on filter papers wetted with water extracts of soils worked by a
different genotype on each side (N ¼ 18) or extracts fromworked soil vs. un-worked control soil (N ¼ 10).
Again, earthworms orientated towards the extract from their kindred genotype (P < 0.05). These findings
indicate that genotype-specific water-soluble chemicals are released by L. rubellus; furthermore, they are
behaviour-modifying, and play a role in reproductive isolation between sympatric earthworm lineages of
cryptic sibling species, through pre-copulatory assortative mate choice.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

An important question in the understanding of speciation is:
what mechanisms are involved in the origin and maintenance of
reproductive isolation between populations? Behavioural pro-
cesses such as mate choice potentially play an important role in
pre-copulatory reproductive isolation, leading to genetic diver-
gence between the isolated lineages and, ultimately, to speciation
(Mendelson and Shaw, 2012). Divergence in mate choice prefer-
ences can occur between populations that become geographically
isolated (allopatric reproductive isolation), leading to the persis-
tence of reproductive isolation following secondary contact be-
tween the populations (sympatric reproductive isolation).
Examples of signals that have contributed to behavioural isolation
involve visual signals observed in butterflies (Wiernasz and
Kingsolver, 1992), damselflies (Saetre et al., 1997), fish (Seehausen
and Van Alphen, 1998) and frogs (Maan and Cummings, 2008),
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acoustic signals observed in insects, frogs (Gerhardt and Huber,
2002) and bats (Barlew and Jones, 1997), and chemical signals
observed in moths (Linn and Roelofs, 1995), spiders (Trabalon et al.,
1997), and flies (Coyne et al., 1994). Variation in these signals be-
tween lineages can result in pre-mating reproductive isolation,
providing a behavioural mechanism driving speciation (Smadja and
Butlin, 2009).

“Cryptic species” are morphologically indistinguishable, but
genetically distinct taxa. The advent of molecular techniques has
led to many such cryptic species being identified among many
animal taxa in recent years (Bickford et al., 2007), and they are
particularly common among soil dwellers, such as earthworms
(King et al., 2008; James et al., 2010; Novo et al., 2010; Buckley et al.,
2011). Morphological stasis despite genetic divergence is
commonly manifest in non-visually guided invertebrates that live
in opaque media such as soil or turbid waters, where chemical
signalling may play a more important role than morphology in
sexual selection (Lee and Frost, 2002). Soil-dwelling cryptic species
therefore provide an ideal model for investigating veiled processes
of behavioural isolation and mate recognition systems.

Lumbricus rubellus Hoffmeister, 1843 is a lumbricid earthworm
species that comprises two cryptic lineages (namely A and B) living
in sympatry in the UK (King et al., 2008; Andre et al., 2010;
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Donnelly et al., 2014). These lineages are genetically differentiated
deeply enough to warrant the status of cryptic species (King et al.,
2008). According to Sechi (2013), speciation within the L. rubellus
taxonmay have first arisen through allopatric speciation during the
last European glaciation event whereby lineages were geographi-
cally isolated into separate refugia during the glacial period, fol-
lowed by secondary contact between lineages in the post-glacial
period. The two lineages have remained genetically distinct despite
living in sympatry (Andre et al., 2010), but differ in subtle aspects of
phenotypic expression, such as disparate responses to high levels of
arsenic exposure (Kille et al., 2013) or minor morphological traits
(Donnelly et al., 2014).

Chemical communication through pheromones has been
described in earthworms, serving as alarm systems (Ressler et al.,
1968), or as signals inducing migration (Zirbes et al., 2010) or
egg-laying (Oumi et al., 1996). Attractin, Temptin, Enticin and
Seductin are small molecules that act as water-borne sex phero-
mones promoting mate attraction (Painter et al., 1998, 2004;
Cummins et al., 2004). These pheromones were first described in
the marine mollusc Aplysia (sea slug/sea hare), and in terrestrial
snails where they are implicated in trail-following (Ng et al., 2013).
The expression of Attractin and Temptin has been detected in the
transcriptomes of earthworm tissues, including epidermis and
digestive tract (Novo et al., 2013), forming physical and functional
interfaces with the environment, thus suggesting that the
behaviour-modulating molecules could be released through the
mucus or faeces (“casts”) to create a trail (Ressler et al., 1968)
analogous to those in snails for the attraction of potential mates.

Given the known existence of cryptic, sympatric, earthworm
lineages (cryptic species) and the identification of sex pheromones
in L. rubellus (Novo et al., 2013), our aim was to test the hypothesis
that chemical cues play a role in reproductive isolation, through
pre-copulatory assortative mate choice between cryptic species of
earthworms. This hypothesis was tested using a behavioural assay
on genotyped individual L. rubellus derived from a site where
preliminary observations indicated that the two lineages co-exist in
approximately equal numbers. A further experiment tested
whether the behaviour-modulating chemical substances released
by the two lineages are water-soluble and retain their specific ac-
tivities on worm behaviour when presented as soil water-extracts.

2. Material and methods

2.1. Earthworm collection and housing

Earthworms of the species L. rubellus were collected by manual
digging and hand sorting from a single site in Rudry, South Wales
(Fig. 1A; N51º3401900 W3º1005200) and were transported back to the
laboratory in their native soil. The site was a lowland dry acid
grassland, not polluted by heavy metals (Supplementary Table S1).
Only mature worms (i.e. with a clearly visible clitellum) were used
in the experiments. On return to the laboratory, the worms were
individually weighed, and placed into numbered containers filled
with native soil from the extraction site. Throughout the duration of
the experiments the worms were maintained in an unlit climate
chamber of 13 �C. Posterior segments (‘tail clips’) of
approximately � 1 cm were amputated from each individual and
preserved in Eppendorf tubes of absolute ethanol prior to DNA
extraction for genotyping. Experiments were started two weeks
after caudal amputation.

2.2. Molecular techniques for lineage identification

In total, 134 earthworms were genotyped; including 5 in-
dividuals of the species Lumbricus castaneus and a single individual
of Aporrectodea longa, in order to be used as outgroups for the
phylogenetic tree. The remaining 128 earthworms were of
L. rubellus lineages A or B. Genomic DNAwas extracted from 25 mg
of tissue with the Qiagen DNeasy Blood and Tissue kit (Qiagen lTD,
UK) following the manufacturer's instructions. A 407 bp fragment
of the mitochondrial gene cytochrome oxidase subunit II (COII) was
amplified using specific primers for L. rubellus (Andre et al., 2010).
PCR reactions had a final volume of 20 ml, with 1 ml of DNA template,
0.5 mM of each primer, 0.25 mM dNTPs and 1.25 units of GoTaq®
DNA polymerase (PROMEGA) buffered with 1.3� GoTaq® reaction
buffer and supplemented with 2.5 mM MgCl2. The PCR reaction
included a denaturation step of 95 �C for 5 min and then cycled 35
times, at 95 �C for 30 s, 55 �C for 30 s and 72 �C for 1 min. This was
followed by a 10 min final extension at 70 �C. PCR products were
purified and sequenced by Eurofins (www.eurofinsgenomics.eu).
Sequences were aligned and cut using Mega 6.06 (Tamura et al.,
2013) and the ClustalW option. Genetic variability was measured
in DNAsp v 5.10.1 (Librado and Rozas, 2009) and a parsimony
network with a 95% connection limit was built in TCS v1.21
(Clement et al., 2000). Unique haplotypes were retrieved with
DNAcollapser in FaBox (Villesen, 2007) and were then used for
maximum likelihood tree construction in Mega with 1000 boot-
strap repetitions under the model GTR þ I þ G.

2.3. Experiment 1: preferences of worms for lineage-specific
secretants in soil

The primary experiment was carried out in the form of a clas-
sical animal behaviour side-choice experiment, similar to that
carried out on earthworms by Lukkari and Haimi (2005). Experi-
ments were conducted in food-quality plastic container meso-
cosms (length: 27 cm, width: 10 cm, height: 5.5 cm). A vertical PVC
divider was placed in the middle of each container. A well-mixed
‘standard soil’ was made in a separate container for each meso-
cosm in turn, totalling 871 g, and was made up of 732 g Boughton
Kettering Loam (composition shown in Supplementary Table S2),
39 g of Organic Farmyard Manure Gro-sureManure (product found
at: http://www.gardenhealth.com/), and 100 g of water. From this
mixture, 400 g was placed in each compartment of the mesocosm,
in order to ensure homogeneity within each replicate. In each
mesocosm (n ¼ 51), one worm from lineage A was placed in one
compartment, and a worm from lineage B placed in the other
compartment (Fig. 2A). Pairs of worms from the two lineages were
chosen according to similarity in weight in order to account for the
possibilities of larger earthworms secreting more chemical signals,
and thus mate selection decisions being made on the basis of size
(Michiels et al., 2001). The worms were then left in the mesocosms
for a period of 31 days, in an unlit climate chamber at 13 �C, in order
for them to secrete potential chemical signals into the surrounding
soil. After the elapsed conditioning period both worms were
carefully removed from the mesocosms, the central divider was
removed so that the soils in both halves of the mesocosm were in
contact, and a third worm (of known lineage, either A or B) was
placed on the soil surface in the middle of the mesocosm (i.e.
aligned with the boundary between the two contrasting lineage-
worked soils). Due to stock limitations, earthworms used for
working the soils were used afterwards for the test. A small number
of the mesocosmswere discarded from the subsequent behavioural
tests because of the death of one of the pre-test worms (final n¼ 45
mesocosms). The containers were left in a climate chamber at 13 �C
and after 48 h the side choice of the worm was recorded, either as
that of the same lineage (deemed the ‘correct side choice’), or that
of the opposite lineage (‘incorrect’). If there was a part of the worm
still in the central area, the side chosen was considered to be the
side where the anterior part of the worm lay. For a subset of worms
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Fig. 1. Phylogenetic analysis of Lumbricus rubellus cryptic lineages. Lineage B is represented in green; lineage A in red. A: Map of UK showing the position of the locality sampled
and the proportion of lineages of Lumbricus rubellus found. B: Maximum likelihood tree based on the mitochondrial COII showing the two cryptic lineages whose mean uncorrected
pairwise distance is 11.52% Bootstrap values higher than 70 are shown on the branches. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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(n¼ 27), the distance that theworm had burrowed into the soil was
also recorded, as a measure of the extent to which a worm had
exhibited a preferred direction of movement.
2.4. Experiment 2: preferences of worms for lineage-specific soil
water extracts

Genotyped earthworms were placed into plastic mesocosms
with 400 g of soil (same size and composition as described in
Experiment 1) and left for one month at 13 �C. Due to earthworm
stock limitations, 22 lineage A worms and only 6 lineage B worms
were available for the second experiment. In order to observe
whether the pheromones involved in mate attraction are water-
soluble and if they have the same effect on the worms as in the
primary experiment, 4 g of soil from each container was mixed
with10 ml of de-ionized water and then vigorously shaken over-
night. The solutions were then centrifuged at 6000 rpm for 4 min.
After centrifugation, 10 ml of the supernatant was transferred to
new test tubes. Control samples (i.e. aliquots of the standard soil
mix with no earthworms maintained in it) were also created, for
comparison with the lineage-specific samples (Fig. 2B).

Filter paper (calculated to be able to absorb approximately
640 ml of liquid) was placed inside Petri dishes (8.5 cm in diameter)
and were used as mesocosms for Experiment 2. A line was drawn
down the centre of the filter paper using a wax DakoPen, creating a
non-permeable barrier between the two solutions and preventing
any spill over or absorption between the two halves of the filter
paper. Then, 320 ml of each solution (A or B; A or control) was
pipetted onto each side of the filter paper. Next, a worm of known
lineage was placed in the middle of the filter paper, aligned with
the wax barrier, and the side choice of the worm was recorded
every 3 min for the first 15 min and then noted every 15 min, for a
total of 3 h. In total,12 lineage Aworms and 6 lineage Bwormswere
used for the A/B selection, and a further 10 lineage A worms were
used for the A/control selection. Extracts came from different
worms and separate control samples for each replicate and no
worms used to create the soil solutions were used in the same
choice trials.
2.5. Statistical analyses

Statistical analysis were conducted using the software R (R
Development Core Team, 2012). Chi-squared tests were used to
examine deviation in worm head orientation from expected (i.e.
random) orientation. The data for Experiment 1 were also analysed
using a Generalised Linear Model (GLM) with a binomial error
structure and logit link function (starting model) and cauchit link
function (minimal model). The dependent variable was whether



Fig. 2. Experiments settings and main results. A. Setting of the primary experiment and results showing that earthworms tended to go to the side where their same lineage had
left their chemical substances. B. Setting of the secondary experiment and results showing that those chemicals may be water-borne substances since the earthworms had the same
behaviour as in the primary experiment when left to choose between sides with water incubated with the soils. Control refers to an extra treatment where water for one side was
incubated with soil with no worm on it. L. rubellus image: Copyright Malcolm Storey/www.discoverlife.org.
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the worm turned towards the side of the mesocosm that had pre-
viously housed aworm of the same lineage, or towards the side that
had previously housed a worm of the other lineage. Independent
variables were: lineage (same/different), body mass, experimental
round block, and the distance that theworm had burrowed into the
soil. Model selection was based on AIC comparisons, to identify a
minimal adequate model. Biologically relevant two-way in-
teractions were examined, and retained in the minimal model on
the basis of AIC comparisons and significance tests. Model valida-
tion was based on examination of residual plots, following Thomas
et al. (2015).

The data for Experiment 2 were analysed using a Generalised
Linear Mixed Model (GLMM) with a binomial error structure and
complimentary logelog (“cloglog”) link function. The dependent
variablewaswhether theworm turned towards the side of the Petri
dish containing extract from soil that had previously housed the
same lineage. The repeated measurements of the same individuals
over time were represented in the model, by including individual
identity as a random variable. The fixed terms were; time, body
mass of the focal worm, and treatment (a factor with three levels,
namely “treatment A” comprising lineage A worms choosing be-
tween lineage A extracts and lineage B extracts; “treatment B”
comprising lineage B worms choosing between lineage B extracts
and lineage A extracts; and a control group, comprising lineage A
worms choosing between lineage A extracts and a control solution
containing no worm extracts). Model selection and validation
procedures were as for Experiment 1, above.

The null hypothesis for both of these experiments was that there
would be no significant attraction to a specific side, i.e. the number
of worms showing a preference for soil previously housing the
same lineage would be the same as the number of worms showing
a preference for soil previously housing the opposite lineage, or no
worm (control). Conversely, our expectationwas that wormswould
be significantly more likely to turn towards the side of the meso-
cosm (Experiment 1) or Petri dish (Experiment 2) containing soil or
soil water-extract, respectively, derived from its own lineage.

3. Results

3.1. Lineage identification

Generated sequences have been deposited in GenBank
(Supplementary Table S3). The 128 genotyped individuals of
L. rubellus belonged to two distinct lineages (named A and B as in
Andre et al., 2010); 56 individuals belonging to lineage A and 72
individuals belonging to lineage B were found. The total number of
haplotypes was 20 (haplotype diversity h: 0.724; nucleotide di-
versity p: 0.058), 6 of those haplotypes being unique to lineage A
(h: 0.51; p: 0.0023) and 14 unique to lineage B (h: 0.417; p: 0.0014).
Sixty segregating sites were found within the 407 bp sequence.
Networks from both species were separated according to the
parsimony limit and each showed a more abundant haplotype,
considered as the ancestral by the program (indicated by a square
network shape), and less abundant derived ones, showing a star-
like network shape in case of lineage B (see Supplementary
Fig. S1). Mean uncorrected p-distance between both lineages was
11.52%, whereas within-lineage the distances ranged from 0.25% to
1.47% for lineage A and from 0.25% to 0.98% for lineage B. The
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phylogenetic tree presented in Fig. 1B clearly shows the phyloge-
netic divergence between the two cryptic lineages. Earthworms
from lineage B were substantially heavier (mean ¼ 0.98 g;
s.d ¼ 0.31) than earthworms from lineage A (mean ¼ 0.63 g;
s.d. ¼ 0.24). A GLM (Gaussian error, log-link) explaining body mass
demonstrated a significant difference in mass between the two
lineages (F1,100 ¼ 43.264, p < 0.0001).

3.2. Experiment 1: earthworms are attracted to soil previously
inhabited by worms of the same lineage

Earthworms showed a tendency to move into the side of the
mesocosms containing soil that had previously occupied by worms
from the same lineage (Fig. 2A). This was true for both lineages
separately, with 75% of worms from lineage A choosing the side of
their same lineage (significantly different from random; c2 ¼ 6,
DF ¼ 1, p ¼ 0.0143) and 76% of the worms from lineage B
(c2 ¼ 5.762, DF ¼ 1, p ¼ 0.0164) moving into the side previously
occupied by worms of the same lineage. A 2 � 2 contingency table
test showed that there was no significant difference between lin-
eages in this regard (c2 ¼ 0, DF ¼ 1, p > 0.999) and that, therefore,
they could be analysed together in order to improve statistical
power. The combined results showed that worms exhibited a sig-
nificant preference to move into soils previously occupied by
worms of the same lineage as themselves (c2 ¼ 11.756, DF ¼ 1,
p ¼ 0.0006). A GLM to explain whether worms moved into soils
occupied by worms of either the same or different lineage (bino-
mial error GLM, logit-link) showed that there was no significant
effect of lineage, body mass or experimental round on the outcome
(all LRT values < 0.06, DF ¼ 1 in each case, all p > 0.800). The
minimal adequate GLM also revealed a significant association be-
tween outcome and the distance that the worm had burrowed into
the soil (binomial error GLM, cauchit-link; LRT ¼ 7.696, DF ¼ 1,
p ¼ 0.006), with worms that had burrowed further into the soil
being more likely to have moved towards soil that had previously
contained the same genotype (Supplementary Fig. S2).

3.3. Experiment 2: secreted attractants are water-soluble molecules

The results of Experiment 2 mirrored those from Experiment 1,
with the difference being that each earthwormwas presented with
a choice between two halves of a Petri dish, containing filter paper
wetted on one half with water-soluble chemicals extracted from
soil previously occupied by worms of the same lineage as them-
selves and on the other half with water extracted from soil worked
by individual worms belonging to the other lineage (treatments A
and B), or a control solution (control group). Overall, there was a
high proportion of ‘correct side’ choice (72% of worms; c2 ¼ 84.01,
DF ¼ 1, p < 0.0001) exhibited by worms of both lineages across the
3-h test period (Fig. 2B).

A GLM (binomial error, clog-log link) revealed that there was no
significant variation in the orientation behaviour of the earth-
worms across the observation period (covariate ¼ Time,
LRT ¼ 2.476, DF ¼ 1, p ¼ 0.116), (Supplementary Fig. S3). There was
also no difference in the ability of the two lineages to orientate
towards the side containing extract of the same lineage (pairwise
comparison of treatment A vs. treatment B; Z ¼ 0.750, DF ¼ 1,
p ¼ 0.451). Nevertheless the behaviour of the control group was
significantly different from the earthworms in treatments A and B,
with worms in the control group showing a stronger preference for
the ‘correct side’ (factor ¼ Treatment; LRT ¼ 6.454, DF ¼ 2,443,
p¼ 0.040. Pairwise comparison of control vs. treatment A; Z¼ 2.48,
DF ¼ 1, p ¼ 0.013. Pairwise comparison of control vs. treatment B;
Z ¼ 2.28, df ¼ 1, p ¼ 0.022). The same GLM revealed a significant
positive association between the body mass of the worm and its
preference with heavier worms showing a stronger preference for
the extract from the same lineage (covariate ¼ body mass;
LRT ¼ 7.768, DF ¼ 1, p ¼ 0.005) (Supplementary Fig. S4).

4. Discussion

Our results provide evidence that water-soluble molecules
mediate the attraction of individual L. rubellus to individuals of the
same genetic lineage. This behavioural response to chemical signals
released by con(cryptic)specifics into the soil is a candidate
mechanism to explain the maintenance of pre-copulatory repro-
ductive isolation between cryptic lineages of earthworms. Our
study examined the direction of movement towards or away from
soil- and water-borne extracts from different lineages as a measure
of attraction; future studies could examine whether these behav-
ioural responses do indeed lead to assortative mating between the
two lineages.

4.1. Cryptic speciation in Lumbricus rubellus

Genetic characterization through the mitochondrial gene COII
and phylogenetic analyses, confirmed the presence of two cryptic
lineages within L. rubellus collected from the field site. The subtle
intraspecific genetic variation shown within this species has been
previously documented by King et al. (2008) and Andre et al. (2010)
and our sequences clustered together with the described lineages A
and B in these previous studies. Donnelly et al. (2013) confirmed
the lack of gene flow between these two lineages using microsat-
ellite markers. Although RAD-Seq analyses revealed that certain
European L. rubellus lineages may not be reproductively isolated
(Giska et al., 2015), a similar genetic analysis observed that no hy-
bridization occurs between A and B lineages in a number of UK
locations where the lineages co-existed (Anderson pers. comm.).
According to Sechi (2013) the two sympatric lineages appear to
have evolved in allopatry during the last glaciation, thus suggesting
that pre-copulatory isolation mechanisms may have developed
during allopatry (see below) before their secondary contact. How-
ever, as stated above, post-copulatory isolation mechanisms (such
as the production of unviable cocoons) cannot be dismissed and
experiments addressing this point are worth considering. This is an
example of cryptic speciation, which appears to be relatively
common within soil invertebrate taxa and perhaps especially in
earthworms (James et al., 2010; Novo et al., 2010; Buckley et al.,
2011). The named L. rubellus cryptic lineages were found in a 44/
56 A:B abundance, and their mean genetic uncorrected inter-
lineage divergence was 11.5%, at the field site chosen for the pre-
sent study. In contrast, the intraspecific divergence for lineage A
(0.25e1.47%) and lineage B (0.25e0.98%) are much lower and may
reflect reproductive isolation between lineages. Constructed
haplotype networks suggest that Haplotypes 1 and 2 are ancestral
in lineages B and A, respectively, and may therefore represent the
genotype of the founders of the lineages in the studied population.

4.2. Chemical attraction of cryptic lineages

The data gathered in Experiment 1 support the hypothesis that
chemicals released into their surrounding environment by
L. rubellus have properties involved in mate attraction. Worms
showed a significant preference to move towards the mesocosm
side that had previously been occupied by a worm of the same
lineage. This suggests that the worms are able to detect the specific
chemical signals secreted by con(cryptic)specifics into soil in the
relatively confined space in our laboratory-based mesocosms.
Whether this phenomenon is operative under field conditions re-
mains an open question, as is the persistence of the molecules
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involved. The fact that the choice tests were conducted in meso-
cosms using singleworms (i.e. in the absence of theworms that had
provided the chemical signals) eliminates non-chemical modes of
driving directional movement, for example direct tactile contact or
locomotion-mediated vibrations. L. rubellus has already been
shown to be able to actively avoid soils laced with Cu and Zn
(Lukkari and Haimi, 2005), supporting the conclusion that
chemoreception is an effective means of detecting abiotic chemical
stimuli within their environment. The behaviour-modifying role of
biogenic compounds secreted and released by conspecific earth-
worms adds considerably to the present knowledge of the behav-
ioural- and population-ecology of this taxon of soil-dwelling
ecosystem engineers. The relationship between distance moved
from the centre of the mesocosm and the apparent preference
recorded, suggests a methodological approvement for such
behavioural choice assays; the further the worms moved into the
mesocosm, the more likely the choice was to be “correct”. (i.e.
worms that were near the middle of the mesoscosms were more
prone to be “wrong”about their choice). Therefore, subsequent
analyses of this type should record the preferences of worms once
they have moved more than 2 cm in either direction from the
centre line.

4.3. Chemical attraction is driven by water-borne molecules

With mate-attraction pheromones (Attractin and Temptin)
having previously been identified in L. rubellus (Novo et al., 2013),
we hypothesize that the release of lineage-specific pheromones
acts as a means of lineage-specific mate choice. These pheromones
are water-borne molecules, analogous to those originally identified
in the marine mollusc Aplysia, that function as mate attractants
(Cummins et al., 2007). The data generated over the 3 h in Exper-
iment 2 indicates that more worms of lineage A and B are attracted
to a filter paper side that was soaked with a soil solution derived
from soils occupied by worms of the same lineage. The same was
true for the trials comparing lineage A solutes versus controls,
which showed even an stronger effect since there was no
confounder in the other side of the test arena. The results
demonstrate that the worms of both lineages of L. rubellus detected
specifically water-borne chemicals and altered their movements
accordingly. Further studies are clearly needed to identify the
molecular attractants secreted by the two L. rubellus lineages, to
characterise their individual and combined effects, and to evaluate
their persistence under a range of realistic environmental
conditions.

4.4. Weight differences and niche partitioning

The mean body mass of lineage B worms was shown to be
significantly greater than that of lineage A worms in the study site,
indicating possible size dimorphism between the two cryptic lin-
eages, something previously reported for other cryptic species of
Lumbricus (James et al., 2010). This may be a contributing factor in
their reproductive isolation, as size assortative mating is known to
occur in other earthworm species such as Eisenia fetida (Monroy
et al., 2005) and has been documented to occur to a degree
within Lumbricus terrestris (Michiels et al., 2001). The difference in
average weights could also suggest niche partitioning, whereby the
two lineages use different strategies for the exploitation of available
resources. Kille et al. (2013) reported distinct adaptive responses to
soil contamination of the two lineages, which also exhibit differing
environmental preferences (Spurgeon pers. comm.). These studies
could suggest commencement of niche specialization. Klok et al.
(2006) found that frequent floods made the reproductively
mature L. rubellus to be half weight of those from non-flooded sites.
Further work on several mixed lineage A þ B populations is war-
ranted to determine if mature lineage B individuals are consistently
larger than their lineage A counterparts, and to establish whether
the size difference if it exists plays a role in assortative mating.

5. Conclusions

The results show that two cryptic species of the earthworm
L. rubellus, which evolved initially as allopatric lineages, live in
sympatry and are found in a similar proportion within the studied
area, where they maintain their genetic diversity and differentia-
tion by means of reproductive isolation. This study has provided
evidence for pre-copulatory sexual selectionmechanisms driven by
the release of lineage-specific chemical signals, which act as a
recognition flag for worms of the same lineage to aggregate to-
wards. An experiment involving soil extracts indicated that this
attraction is mediated by water-borne molecules. Further studies
would shed light on the exact nature and blend of molecules
exerting this effect and their genetic basis.

Acknowledgements

We would like to thank John Harris for elaboration of meso-
cosms, Lydie Samuel for sampling support, Elma Lahive and Dave
Spurgeon for useful comments on earthworm cultures, Craig
Anderson for insights on lineages isolation and two anonymous
reviewers that helped improve an earlier version of this manu-
script. The earthworm population was originally identified, and
chemistry of the field soil determined, during the tenure of a Lev-
erhulme Trust grant (No. F/00407/AI) awarded to AJM. MN was
supported by Marie Curie Fellowship, FP7-IEF-GA-2012-329690
and by a Postdoctoral Fellowship (FPDI-2013-16407) from the
Spanish Government.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.soilbio.2016.03.015.

References

Andre, J., King, R.A., Stürzenbaum, S.R., Kille, P., Hodson, M.E., Morgan, A.J., 2010.
Molecular genetic differentiation in earthworms inhabiting a heterogeneous
Pb-polluted landscape. Environ. Pollut. 158, 883e890. http://dx.doi.org/10.1016/
j.envpol.2009.09.021.

Barlew, K.E., Jones, G., 1997. Differences in songflight calls and social calls between
two phonic types of the vespertilionid bat Pipistrellus pipistrellus. J. Zool. 241,
315e324. http://dx.doi.org/10.1111/j.1469-7998.1997.tb01962.x.

Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, P.K.L., Meier, R., Winker, K., Ingram, K.K.,
Das, I., 2007. Cryptic species as a window on diversity and conservation. Trends
Ecol. Evol. 22, 148e155. http://dx.doi.org/10.1016/j.tree.2006.11.004.

Buckley, T.R., James, S., Allwood, J., Bartlam, S., Howitt, R., Prada, D., 2011. Phylo-
genetic analysis of New Zealand earthworms (Oligochaeta: Megascolecidae)
reveals ancient clades and cryptic taxonomic diversity. Mol. Phylogenetics Evol.
58, 85e96. http://dx.doi.org/10.1016/j.ympev.2010.09.024.

Clement, M., Posada, D., Crandall, K.A., 2000. TCS: a computer program to estimate
gene genealogies. Mol. Ecol. 9, 1657e1659. http://dx.doi.org/10.1046/j.1365-
294x.2000.01020.x.

Coyne, J.A., Crittenden, A.P., Mah, K., 1994. Genetics of a pheromonal difference
contributing to reproductive isolation in Drosophila. Sci. (New York, N. Y. 265,
1461e1464. http://dx.doi.org/10.1126/science.8073292.

Cummins, S.F., Nichols, A.E., Amare, A., Hummon, A.B., Sweedler, J.V., Nagle, G.T.,
2004. Characterization of Aplysia enticin and temptin, two novel water-borne
protein pheromones that act in concert with attractin to stimulate mate
attraction. J. Biol. Chem. 279, 25614e25622. http://dx.doi.org/10.1074/
jbc.M313585200.

Cummins, S.F., Xie, F., De Vries, M.R., Annangudi, S.P., Misra, M., Degnan, B.M.,
Sweedler, J.V., Nagle, G.T., Schein, C.H., 2007. Aplysia temptin - the “glue” in the
water-borne attractin pheromone complex. FEBS J. 274, 5425e5437. http://
dx.doi.org/10.1111/j.1742-4658.2007.06070.x.

Donnelly, R.K., Harper, G.L., Morgan, A.J., Orozco-Terwengel, P., Pinto-Juma, G.A.,
Bruford, M., 2013. Nuclear DNA recapitulates the cryptic mitochondrial lineages

http://dx.doi.org/10.1016/j.soilbio.2016.03.015
http://dx.doi.org/10.1016/j.soilbio.2016.03.015
http://dx.doi.org/10.1016/j.envpol.2009.09.021
http://dx.doi.org/10.1016/j.envpol.2009.09.021
http://dx.doi.org/10.1111/j.1469-7998.1997.tb01962.x
http://dx.doi.org/10.1016/j.tree.2006.11.004
http://dx.doi.org/10.1016/j.ympev.2010.09.024
http://dx.doi.org/10.1046/j.1365-294x.2000.01020.x
http://dx.doi.org/10.1046/j.1365-294x.2000.01020.x
http://dx.doi.org/10.1126/science.8073292
http://dx.doi.org/10.1074/jbc.M313585200
http://dx.doi.org/10.1074/jbc.M313585200
http://dx.doi.org/10.1111/j.1742-4658.2007.06070.x
http://dx.doi.org/10.1111/j.1742-4658.2007.06070.x


G.L. Jones et al. / Soil Biology & Biochemistry 98 (2016) 11e17 17
of Lumbricus rubellus and suggests the existence of cryptic species in an eco-
toxological soil sentinel. Biol. J. Linn. Soc. 110, 780e795. http://dx.doi.org/
10.1111/bij.12171.

Donnelly, R.K., Harper, G.L., Morgan, A.J., Pinto-Juma, G.A., Bruford, M.W., 2014.
Mitochondrial DNA and morphological variation in the sentinel earthworm
species Lumbricus rubellus. Eur. J. Soil Biol. 64, 23e29. http://dx.doi.org/10.1016/
j.ejsobi.2014.07.002.

Gerhardt, H.C., Huber, F., 2002. Acoustic Communication in Insects and Anurans:
Common Problems and Diverse Solutions. University of Chicago Press.

Giska, I., Sechi, P., Babik, W., 2015. Deeply divergent sympatric mitochondrial lin-
eages of the earthworm Lumbricus rubellus are not reproductively isolated. BMC
Evol. Biol. 15, 217. http://dx.doi.org/10.1186/s12862-015-0488-9.

James, S.W., Porco, D., Deca€ens, T., Richard, B., Rougerie, R., Ers�eus, C., 2010. DNA
barcoding reveals cryptic diversity in Lumbricus terrestris L., 1758 (Clitellata):
resurrection of L. herculeus (Savigny, 1826). PloS One 5, e15629. http://
dx.doi.org/10.1371/journal.pone.0015629.

Kille, P., Andre, J., Anderson, C., Ang, H.N., Bruford, M.W., Bundy, J.G., Donnelly, R.,
Hodson, M.E., Juma, G., Lahive, E., Morgan, a. J., Stürzenbaum, S.R.,
Spurgeon, D.J., 2013. DNA sequence variation and methylation in an arsenic
tolerant earthworm population. Soil Biol. Biochem. 57, 524e532. http://
dx.doi.org/10.1016/j.soilbio.2012.10.014.

King, R.A., Tibble, A.L., Symodson, W.O.C., 2008. Opening a can of worms: unprec-
edented sympatric cryptic diversity within British lumbricid earthworms. Mol.
Ecol. 17, 4684e4698. http://dx.doi.org/10.1111/j.1365-294X.2008.03931.x.

Klok, C., Zorn, M., Koolhaas, J.E., Eijsackers, H.J.P., Van Gestel, C.A.M., 2006. Does
reproductive plasticity in Lumbricus rubellus improve the recovery of pop-
ulations in frequently inundated river floodplains? Soil Biol. Biochem. 38,
611e618. http://dx.doi.org/10.1016/j.soilbio.2005.06.013.

Lee, C.E., Frost, B.W., 2002. Morphological stasis in the Eurytemora affinis species
complex (Copepoda: Temoridae). Hydrobiologia 480, 111e128. http://
dx.doi.org/10.1023/A:1021293203512.

Librado, P., Rozas, J., 2009. DnaSP v5: a software for comprehensive analysis of DNA
polymorphism data. Bioinformatics 25, 1451e1452. http://dx.doi.org/10.1093/
bioinformatics/btp187.

Linn Jr., C.E., Roelofs, W.L., 1995. Pheromone communication in moths and its role in
the speciation process. In: Lambert, D.M., Spencer, H.G. (Eds.), Speciation and
the Recognition Concept: Theory and Application. Johns Hopkins University
Press.

Lukkari, T., Haimi, J., 2005. Avoidance of Cu- and Zn-contaminated soil by three
ecologically different earthworm species. Ecotoxicol. Environ. Saf. 62, 35e41.
http://dx.doi.org/10.1016/j.ecoenv.2004.11.012.

Maan, M.E., Cummings, M.E., 2008. Female preferences for aposematic signal
components in a polymorphic poison frog. Evolution 62, 2334e2345. http://
dx.doi.org/10.1111/j.1558-5646.2008.00454.x.

Mendelson, T.C., Shaw, K.L., 2012. The (mis)concept of species recognition. Trends
Ecol. Evol. 27, 421e427. http://dx.doi.org/10.1016/j.tree.2012.04.001.

Michiels, N.K., Hohner, A., Vorndran, I.C., 2001. Precopulatory mate assessment in
relation to body size in the earthworm Lumbricus terrestris: avoidance of
dangerous liaisons? Behav. Ecol. 12, 612e618. http://dx.doi.org/10.1093/beheco/
12.5.612.

Monroy, F., Aira, M., Velando, A., Domínguez, J., 2005. Size-assortative mating in the
earthworm Eisenia fetida (Oligochaeta, Lumbricidae). J. Ethol. 23, 69e70. http://
dx.doi.org/10.1007/s10164-004-0127-1.

Ng, T.P.T., Saltin, S.H., Davies, M.S., Johannesson, K., Stafford, R., Williams, G.A., 2013.
Snails and their trails: the multiple functions of trail-following in gastropods.
Biol. Rev. 88, 683e700. http://dx.doi.org/10.1111/brv.12023.

Novo, M., Almod�ovar, A., Fern�andez, R., Trigo, D., Díaz Cosín, D.J., 2010. Cryptic
speciation of hormogastrid earthworms revealed by mitochondrial and nuclear
data. Mol. Phylogenetics Evol. 56, 507e512. http://dx.doi.org/10.1016/
j.ympev.2010.04.010.

Novo, M., Riesgo, A., Fernandez-Guerra, A., Giribet, G., 2013. Pheromone evolution,
reproductive genes, and comparative transcriptomics in mediterranean earth-
worms (Annelida, Oligochaeta, Hormogastridae). Mol. Biol. Evol. 30, 1614e1629.
http://dx.doi.org/10.1093/molbev/mst074.

Oumi, T., Ikeda, T., Fujita, T., Minakata, H., Nomoto, K., 1996. Annetocin, an annelid
oxytocin-related peptide, induces egg-laying behavior in the earthworm,
Eisenia foetida. J. Exp. Zool. 276, 151e156 doi:10.1002/(SICI)1097-
010X(19961001)276:2<151::AID-JEZ8>3.0.CO;2-N.

Painter, S.D., Cummins, S.F., Nichols, A.E., Akalal, D.B.G., Schein, C.H., Braun, W.,
Smith, J.S., Susswein, A.J., Levy, M., de Boer, P.A.C.M., ter Maat, A., Miller, M.W.,
Scanlan, C., Milberg, R.M., Sweedler, J.V., Nagle, G.T., 2004. Structural and
functional analysis of Aplysia attractins, a family of water-borne protein pher-
omones with interspecific attractiveness. Proc. Natl. Acad. Sci. U. S. A. 101,
6929e6933. http://dx.doi.org/10.1073/pnas.0306339101.

Painter, S.D., Clough, B., Garden, R.W., Sweedler, J.V., Nagle, G.T., 1998. Character-
ization of Aplysia attractin, the first water-borne peptide pheromone in in-
vertebrates. Biol. Bull. 194, 120e131.

R Development Core Team, 2012. R: a language and environment for statistical
computing. R Found. Stat. Comput. Vienna Austria doi:ISBN 3-900051-07-0.

Ressler, R.H., Cialdini, R.B., Ghoca, M.L., Kleist, S.M., 1968. Alarm pheromone in the
earthworm Lumbricus terrestris. Sci. (New York, N.Y.) 161, 597e599.

Saetre, G.P., Moum, T., Bures, S., Kral, M., Adamjan, M., Moreno, J., 1997. A sexually
selected character displacement in flycatchers reinforces premating isolation.
Nature 387, 589e592. http://dx.doi.org/10.1038/42451.

Sechi, P., 2013. An Evolutionary History of the Peregrine Epigeic Earthworm Lum-
bricus rubellus. PhD Thesis. Cardiff University, UK.

Seehausen, O., Van Alphen, J.J.M., 1998. The effect of male coloration on female mate
choice in closely related Lake Victoria cichlids (Haplochromis nyererei com-
plex). Behav. Ecol. Sociobiol. 42, 1e8. http://dx.doi.org/10.1007/s002650050405.

Smadja, C., Butlin, R.K., 2009. On the scent of speciation: the chemosensory system
and its role in premating isolation. Heredity 102, 77e97. http://dx.doi.org/
10.1038/hdy.2008.55.

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725e2729.
http://dx.doi.org/10.1093/molbev/mst197.

Thomas RJ & the Guidebook Development Team, 2015. Data Analysis with R Sta-
tistical Software: a Guidebook for Scientists (Eco-explore, Machen, Wales).

Trabalon, M., Bagneres, A.G., Roland, C.C.M.B., 1997. Contact sex signals in two
sympatric spider species, Tegenaria domestica and Tegenaria pagana. J. Chem.
Ecol. 23, 747e758 doi:10.1023/B: JOEC.0000006408.60663.db.

Villesen, P., 2007. FaBox: an online toolbox for FASTA sequences. Mol. Ecol. Notes 7,
965e968. http://dx.doi.org/10.1111/j.1471-8286.2007.01821.x.

Wiernasz, D.C., Kingsolver, J.G., 1992. Wing melanin pattern mediates species
recognition in Pieris occidentalis. Anim. Behav. 43, 89e94. http://dx.doi.org/
10.1016/S0003-3472(05)80074-0.

Zirbes, L., Deneubourg, J.L., Brostaux, Y., Haubruge, E., 2010. A new case of
consensual decision: collective movement in earthworms. Ethology 116,
546e553. http://dx.doi.org/10.1111/j.1439-0310.2010.01768.x.

http://dx.doi.org/10.1111/bij.12171
http://dx.doi.org/10.1111/bij.12171
http://dx.doi.org/10.1016/j.ejsobi.2014.07.002
http://dx.doi.org/10.1016/j.ejsobi.2014.07.002
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref11
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref11
http://dx.doi.org/10.1186/s12862-015-0488-9
http://dx.doi.org/10.1371/journal.pone.0015629
http://dx.doi.org/10.1371/journal.pone.0015629
http://dx.doi.org/10.1016/j.soilbio.2012.10.014
http://dx.doi.org/10.1016/j.soilbio.2012.10.014
http://dx.doi.org/10.1111/j.1365-294X.2008.03931.x
http://dx.doi.org/10.1016/j.soilbio.2005.06.013
http://dx.doi.org/10.1023/A:1021293203512
http://dx.doi.org/10.1023/A:1021293203512
http://dx.doi.org/10.1093/bioinformatics/btp187
http://dx.doi.org/10.1093/bioinformatics/btp187
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref19
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref19
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref19
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref19
http://dx.doi.org/10.1016/j.ecoenv.2004.11.012
http://dx.doi.org/10.1111/j.1558-5646.2008.00454.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00454.x
http://dx.doi.org/10.1016/j.tree.2012.04.001
http://dx.doi.org/10.1093/beheco/12.5.612
http://dx.doi.org/10.1093/beheco/12.5.612
http://dx.doi.org/10.1007/s10164-004-0127-1
http://dx.doi.org/10.1007/s10164-004-0127-1
http://dx.doi.org/10.1111/brv.12023
http://dx.doi.org/10.1016/j.ympev.2010.04.010
http://dx.doi.org/10.1016/j.ympev.2010.04.010
http://dx.doi.org/10.1093/molbev/mst074
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref28
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref28
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref28
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref28
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref28
http://dx.doi.org/10.1073/pnas.0306339101
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref30
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref30
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref30
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref30
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref31
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref31
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref32
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref32
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref32
http://dx.doi.org/10.1038/42451
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref34
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref34
http://dx.doi.org/10.1007/s002650050405
http://dx.doi.org/10.1038/hdy.2008.55
http://dx.doi.org/10.1038/hdy.2008.55
http://dx.doi.org/10.1093/molbev/mst197
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref38
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref38
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref38
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref39
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref39
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref39
http://refhub.elsevier.com/S0038-0717(16)30023-2/sref39
http://dx.doi.org/10.1111/j.1471-8286.2007.01821.x
http://dx.doi.org/10.1016/S0003-3472(05)80074-0
http://dx.doi.org/10.1016/S0003-3472(05)80074-0
http://dx.doi.org/10.1111/j.1439-0310.2010.01768.x

	The worm has turned: Behavioural drivers of reproductive isolation between cryptic lineages
	1. Introduction
	2. Material and methods
	2.1. Earthworm collection and housing
	2.2. Molecular techniques for lineage identification
	2.3. Experiment 1: preferences of worms for lineage-specific secretants in soil
	2.4. Experiment 2: preferences of worms for lineage-specific soil water extracts
	2.5. Statistical analyses

	3. Results
	3.1. Lineage identification
	3.2. Experiment 1: earthworms are attracted to soil previously inhabited by worms of the same lineage
	3.3. Experiment 2: secreted attractants are water-soluble molecules

	4. Discussion
	4.1. Cryptic speciation in Lumbricus rubellus
	4.2. Chemical attraction of cryptic lineages
	4.3. Chemical attraction is driven by water-borne molecules
	4.4. Weight differences and niche partitioning

	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


