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Summary

In many organisms, including hermaphroditic species, received sperm can be either digested or
stored. If they do not get digested, the sperm are often stored for prolonged periods of time
during which copulations with several partners occur. Due to these processes, sexual selection
favours tactics that increase the chances of the donated sperm fertilizing the partner’s eggs. One
way to achieve this is by transferring a bioactive substance (an allohormone) that affects the
reproductive processes of the mating partner. The hermaphroditic earthworm Lumbricus
terrestris uses 40 needle-like setae (chitinous hairs) to inject a substance into the mating partner.
During mating, these copulatory setae are pierced through the partner’s skin. Compared to the
normal (crawling) setae, these setae are longer and grooved; they are situated ventrally on
segments 10, 26, and 31 to 38 (the clitellar segments). This body piercing results in the injection
of the product from the setal glands which accompany these setac. We propose that the setal
glands may produce an allohormone that manipulates the reproductive physiology of the mating
partner. The damage and possible loss of control over fertilization as a result of body piercing
hint at the existence of a sexual conflict in simultaneous hermaphrodites.
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Introduction

In promiscuous species, sexual conflicts occur
when the reproductive interests of mating partners do
not coincide. This is usually the case because males
will compete among each other for the fertilization of
eggs in order to increase their own reproductive
success. Sexual selection will, therefore, favour tactics

that increase the fertilization chances of the male’s
sperm. However, such tactics can at the same time
negatively affect the female’s reproductive success.
Examples of such sexual conflicts are abundant for
species with separate sexes (e.g., Rice, 1996). Few
clear examples are known for hermaphroditic animals
except for dart shooting in the garden snail Helix
aspersa (Koene and Chase, 1998; Rogers and Chase,
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2001) and penis fencing in the tropical flatworm
Pseudoceros bifurcus (Michiels and Newman, 1998).

Nonetheless, sexual conflicts are expected to be
common in hermaphroditic animals because they
possess specialized organs for long-term storage as
well as organs for digestion of allosperm (reviewed in
Michiels, 1998). Additionally, hermaphrodites
copulate with several partners during a mating season
and often have elaborate pre-copulatory behaviours to
assess the quality of these partners (e.g., Nuutinen and
Butt, 1997; Vreys and Michiels, 1997; Michiels et al.,
2001). Hence, just as in species with separate sexes,
success-ful copulation with a partner does not imply
successful fertilization of that partner. As a
consequence, sexual selection will favour strategies
that help assure paternity. Such strategies potentially
result in sexual conflicts between the male and female
function in hermaphrodites.

One tactic that can help to assure paternity is the
introduction of biologically active substances (allo-
hormones: Koene and Ter Maat, 2001, 2002) into the
partner. Such allohormones can have various effects
that help to increase the chances of the sperm
fertilizing the eggs. By introducing bioactive sub-
stances, the reproductive system of the recipient can be
influenced in different ways; and these allohormones
can act either directly on the target organs, via the
blood, or via the central nervous system (Koene and
Ter Maat, 2001). Such effects include induction of
oviposition (e.g., the fruit fly Drosophila funebris:
Baumann, 1974a, 1974b), inhibition of remating (e.g.,
the adder Vipera berus: Andrén and Nilson, 1987), and
elevation of survival and storage of sperm
(respectively, the “assassin bug” Rodnius prolixus:
Davey, 1958; the fruit fly Drosophila melanogaster:
Harsmann and Prout, 1994).

These examples reflect the fact that such chemical
substances have been investigated in many species
with separate sexes (reviewed by Eberhard and
Cordero, 1995), but the presence of allohormones has
remained largely unexplored in hermaphrodites. One
exception is the so-called love dart of hermaphroditic
land snails. In the garden snail Helix aspersa this dart
is forcefully stabbed through the skin of the mating
partner during courtship. This dart shooting serves to
transfer an allohormone, which is present in the mucus
on the dart, into the blood of the mating partner. As a
result of successful dart shooting, the subsequently
donated sperm are less likely to be digested and have a
higher chance of being stored for later use in
fertilization (Koene and Chase, 1998; Rogers and
Chase, 2001; Landolfa et al., 2001).

Here we report that a similar introduction of an

allohormone may occur in the hermaphroditic
earthworm Lumbricus terrestris. During copulation,
these worms use specialized setae (chitinous hairs) to
pierce through the skin of the mating partner in order
to introduce a product from the setal glands. This body
piercing was reported in the 1920s (Feldkamp, 1924;
Grove, 1925) and subsequently fell into oblivion. Here
we present some new results on this bizarre behaviour
and discuss them in a sexual selection context.

Methods

Specimens of the common earthworm, Lumbricus
terrestris L., were either collected on a sports field in
Miinster (Germany) or obtained from an angler shop.
They were kept in isolation in the laboratory in small
jars containing several centimetres of moist earth. They
were fed frozen lettuce twice a week.

For scanning electron microscopy, the ventral setac
of three worms were removed from segments 1 to 40.
These worms had been fixed in 95% ethanol several
days prior to setae removal. The setac were glued on
small aluminium plates with an electrically conducting
adhesive (Leit-Tab, Plano) and air-dried.
Subsequently, they were coated with gold using a
Metalloplan (Leitz). The setae were then placed under
a scanning electron microscope (S-530 SEM, Hitachi)
and photos were taken. The different types of setae
were determined and a map of the setac was
constructed. Whenever we refer to the size of the
different setae, we indicate the mean length of 10 setae
as well as the standard deviation.

For histological observations, worms were fixed in
aqueous Bouin’s solution and subsequently embedded
in Paraplast (Sherwood). They were then cut in 10 pm
sections and stained using Goldner’s trichrome stain-
ing. The same procedure was used for worms that were
collected in copula. The latter were collected by
simultaneously cutting the worms behind the clitellum
during copulation (Grove, 1925). The two anterior
parts, which remained attached, were immediately
placed in the fixative.

For the behavioural experiments, recordings were
made with time-lapse video recorders. Because
earthworms are active at night, these recorders were
attached to infrared-sensitive cameras and the set-ups
were irradiated with infra-red diodes. Earthworms are
insensitive to the red and infrared range of the light
spectrum (Nuutinen and Butt, 1997). These experi-
ments were performed in a climate chamber where the
light was set to a day:night cycle of 14h:10h. For the
dark period, the temperature was gradually lowered
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from 15 to 10°C and the humidity was gradually raised
from 70 to 85%. At the end of each experiment, which
lasted 1 month each, the burrows were checked for
cocoons. Whenever we refer to behavioural events we
indicate the mean and standard deviation.

To test whether setae regenerate and whether the
absence of the setac on the clitellum affects repro-
ductive behaviour, the ventral setae of the clitellum
were removed from live animals. Before removal of
the setae, worms were anaesthetized by placing them
in 2.0 N Chloretone for 10 to 15 min. The setac were
removed with the help of two pairs of fine forceps after
which the worms were rinsed with water and allowed
to recover for several days. Subsequently, they were
placed in individual burrows in the climate chamber
and were allowed to interact with each other.

To test the effect of the setal gland product on
cocoon production and mating behaviour, extracts of
the setal glands were injected into worms. For these
injections, the setal glands from the clitellar region
were removed from the skin of eight worms, placed in
0.5 ml earthworm saline solution (Prosser and
Zimmermann, 1943), and homogenized in a hand
homogenizer. A homogenate of the dorsal side of the
clitellum was also made. The homogenates were spun
at 13000 rpm for 1 min in a centrifuge to remove larger
pieces of tissue from the homogenate; the supernatants
were used for injections. The homogenate of the body
wall from the dorsal side of the clitellum and saline
solution were used as controls. The extracts were
injected into segment 10, which is one of the segments
where the copulatory setae of the clitellum would
normally pierce the partner. Each worm was only
injected with one type of test substance, resulting in
three groups of 16 worms. For the injections, worms
were placed on a smooth surface which had a
temperature of -5°C. The result was that, during the
injection, the worm briefly froze to the surface which
prevented it from reacting too violently to the
injection. Immediately after injection the behaviour
was observed for several minutes. However, none of
the injections induced any overt behaviours; for
example, behaviours associated with cocoon
production — which can be induced within minutes
(Oumi et al., 1996) — were not observed. Therefore,
the worms were placed in individual burrows where
they were allowed to come to the surface to mate and
to produce cocoons in their burrows. We found that a
total of four worms had died at the end of the
experiment; three gland-injected individuals and one
saline-injected individual died, resulting in N=13 and
N=15 for the respective groups.

Results

By creating an overview of all the ventral setae of
three worms, we were able to reconstruct the position
of the copulatory setae as well as any other setae that
had a different shape than the crawling setae. In this
way we were able to confirm and extend earlier reports
on the position of differently shaped setae
(Stephenson, 1921; Feldkamp, 1924; Grove, 1925).

Four ventral setae are present on each segment and
three different types of setae occur. We found that the
ventral setae of segments 6 to 9 are enlarged crawling
setae with an average length of 1.51 mm (Fig. 1A).
They are approximately one and a half times as long as
the similarly-shaped crawling setae located on other
segments. Most crawling setae are usually worn-off at
the tips, confirming that they are extensively used
during crawling through the earth (see Fig. 1A). On its
side this first type of seta has a typical pattern of
indentations. The second type are the copulatory setae
which are located on segments 10, 26 (sometimes also
25) and 31 to 38; they are nearly twice as long as the
crawling setae (Fig. 1B). Copulatory setae are very
slender and end in a sharp tip. Along most of their
length they have four grooves. Within these grooves a
hair-like structure is present; the hairs in these grooves
point forward. The third type of seta is found on
segment 15 and is referred to as penial seta (Fig. 1C)
because it occurs next to the male gonopore. These
four setae have the same indented structure as crawling
setae along their base, but have short grooves at the tip.
Due to the shape of these grooves the tip is spoon-
shaped.

Note that the complete length of a seta does not
correspond to its functional length because the basal
part of each seta, which is about half of the complete
length, remains embedded in the skin. The functional
portion can be extended and retracted with the help of
muscles. The tips of crawling setae usually protrude
from the skin via the setal pore (Fig. 2A). The
copulatory setae are also controlled by muscles but
their tips are usually not visible in the live animal; they
only come out of the skin via the setal pores during
copulation. In contrast to the crawling setae, the
copulatory setae are accompanied by glands (Fig. 2B).
The lumen of the setal gland forms a circular duct
surrounding the seta near the epidermis. In Fig. 2C it
can be seen that the lumen of the setal gland connects
via the setal pore to the outside of the worm.

The histological sections made of worms in copula
reveal that the copulatory setae are used to pierce
through the skin of the mating partner and by doing so
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Crawling seta

Fig. 1. Scanning electron microscopic photographs of the
different types of ventral setae of the earthworm Lumbricus
terrestris. A. The crawling seta. These setae are present on
most segments, both ventrally and laterally, and have an
average length of 1.06 mm (+ 0.09, N=10). On segments 6 to
9 they are enlarged (1.51+£0.07 mm, N=10). Details of the
side and the worn-off tip are shown. B. The copulatory seta
(1.81+0.17 mm, N=10). These setae are present on segments
10, 26, and 31 to 38 (i.e., the clitellum). In the enlarged
images two of the four grooves as well as the sharp tip can be
seen. C. The penial seta (1.00+£0.07 mm, N=10). These setaec
are present on segment 15 and are slightly grooved near the
tip, resulting in a typical spoon-shaped ending. The scale bar
(20 pum) applies to the enlarged images only.

they inject a substance into the body wall, presumably
originating from the setal gland (Fig 2D). This
substance has mucus-like properties because histo-
logically it is similar to mucus produced by the
epidermis and PAS staining was positive. Due to the
head-on position of the worms during copulation, each
worm injects its partner at several different places. The
setae of segment 10 pierce into the partner’s clitellum;
the setae of segment 26 pierce segment 15; the setae of
the clitellar segments pierce around segments 9 and 10.
In Fig. 2D “worm 1” injected its partner in segment 10,
while “worm 2” injected its partner in the clitellar
region. Fig. 2D also illustrates the impressive amounts
that are injected into the tissue under the epidermis
where also many small blood vessels are known to be
present (Grove, 1925). The penial setae are not used
for piercing the partner.

When the setae were removed, from the clitellar
region or elsewhere, they had not regenerate after two
months (N=10 worms). More importantly, the removal
of the ventral setae on the clitellum affected neither the
ability to produce cocoons (N=3 worms), nor the
ability to mate (N=10 pairs). The injections of the
extract from the setal glands of the clitellum did not
significantly increase cocoon production (2.14 = 1.07
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Fig. 2. Histological sections illustrating body piercing in the
earthworm Lumbricus terrestris. A. Section of a normal seta.
B. Section of a copulatory seta showing that such setae are
accompanied by glands (G, glandular lumen). C. Section of
the setal gland showing that its lumen connects to the outside
via the setal pore (P). D. Section showing reciprocal body
piercing in worms in copula. The worms were fixed 90 min
after the start of copulation; copulation normally lasts around
180 min. Worm 1 injects (Inj.1) its partner in segment 10
with two setae (S1). Worm 2 injects (Inj.2) its partner in the
clitellar region with one seta (S2). Note the impressive
amounts that have been injected into the tissue under the
epidermis of Worm 2 by Worm 1 (Inj.1). CM, circular
muscle layer; LM, longitudinal muscle layer. All scale bars:
250 pm.

—

cocoons per individual, N=7 worms) compared to the
tissue-control (1.57+0.79, N=7) or saline-control
injections (1.71+0.76, N=7) (one-way ANOVA: F =
0.448, df =2, p = 0.648). The duration of copulation of
the worms was also not significantly affected by the
injection (one-way ANOVA: F = 0.780, df = 2,
p=0.477). However, we did observe a non-significant
trend in the duration of pre-copulatory behaviour
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where the gland-injected animals (N=4 pairs) inter-
acted longer than the worms from the control groups
(tissue control: N=6 pairs; saline control: N=7 pairs)
(one-way ANOVA: F=2.00,df=2,p=0.172). As a
measure of mating delay we looked at the time
between injection and the first mating; we found no
significant increase in this time for the experimental
group (14.75+ 8.42 days, N=4 pairs) compared to the
tissue (13.83 £ 6.85, N=6) and saline (12.00 + 5.54,
N=7) controls (one-way ANOVA: F=0.243,df=2,p
=0.787).

Discussion

The earthworm L. terrestris has 40 copulatory setae
that pierce through the skin of the mating partner
during copulation. These setae are present on segments
10, 26, and 31 to 38 (i.e., the clitellum). By piercing
through the skin of the partner, they transfer a large
quantity of a substance, which most likely originates
from the setal glands. The copulatory setae cause
substantial damage to the body wall of the mating
partner and it is possible that this damage itself inflicts
a cost on the mating partner that serves to decrease the
partner’s tendency to remate, thereby increasing the
male reproductive success of the actor (Johnstone and
Keller, 2001). However, it is also possible that a
bioactive substance (i.e., allohormone: Koene and Ter
Maat, 2001, 2002) is transferred, which manipulates
reproductive processes in the partner.

Due to the small sample size, the behavioural data
do not allow us to rule out either of the above-
mentioned hypotheses. We found no significant effects
on cocoon production or the duration of mating
behaviours, and we found no indication of remating
inhibition. This latter effect would be expected if the
setal glands produce an allohormone that is toxic for
the recipient (Rice, 1996). However, it is also possible
that the extensive physical damage caused by the setae
itself inflicts a cost on the recipient that causes such an
inhibition of remating (Johnstone and Keller, 2001).
This was not considered in our present experiments
because, by directly injecting the setal gland product,
we minimized the physical damage.

That the observed piercing of the partner’s skin
occurs in order to manipulate the mating partner is
supported by our finding that the setac are not
necessary for holding on to the partner during copula-
tion, as was initially proposed (Feldkamp, 1924).
Matings were observed in pairs where either one or
both animals had the copulatory setae on the clitellum
removed. This now allows us to test in future
experiments whether sperm storage processes are

affected by the absence of copulatory setae. One could
imagine that an injected allohormone could affect the
uptake of sperm into the spermathecae, especially
given that the copulatory setae of the clitellum inject
into the partner’s segments where the sperm are taken
up (the spermathecae are located in segment 9 and 10).

The forward-pointing hairs within the grooves of
the copulatory setae may function to drive the injected
secretion deeper into the partner’s body wall. Due to
the presence of four grooves in between four blades
and a sharp tip, the slender copulatory setac show a
striking resemblance with love darts of some species of
land snails. The dart is also used to pierce through the
skin of the mating partner in order to introduce an allo-
hormone that manipulates the female reproductive
organs (Koene and Chase, 1998; Rogers and Chase,
2001). Examples of the direct injection of allo-
hormones are also found in animals with separate
sexes. For example, the sexual sting of some scorpion
species, e.g., the giant hairy desert scorpion Hadrurus
arizonensis (Tallarovic et al., 2000) is thought to be
used to increase the probability that the female will
accept the male’s spermatophore (Weygoldt, 1977).
The male dusky salamander Desmognathus fuscus
injures the female’s skin with specialized teeth to
inject an allohormone which also increases the
female’s willingness to accept the subsequently
donated sperma-tophore (Arnold and Houck, 1982;
Houck and Reagan, 1990; Houck, 1998).

All these examples of allohormone introductions
result in an increase in male reproductive success.
However, female reproductive success may be nega-
tively affected by these allohormones. In earthworms,
as well as in several of the other examples given, the
method of introduction of the allohormone causes
substantial damage to the body wall of the mating
partner. Besides the cost of repairing this damage,
there would be an additional cost if manipulation of
the recipient’s reproductive processes occurs. Such a
manipulation could cause the recipient to partly lose
control over its fertilization processes. The foregoing,
therefore, suggests that body piercing could cause a
sexual conflict in this simultaneous hermaphrodite.

Acknowledgements

We thank H. Schulenburg and T.G. d’Souza for
valuable comments on the manuscript and J. Lange and
C. Mehlis for technical assistance. This research was
partly funded by a research fellowship from the
Alexander von Humboldt Stiftung to JMK.



40 J.M. Koene et al. /IRD 41 (2002) 35-40

References

Andrén, C and Nilson, G., The copulatory plug of the adder,
Vipera berus: does it keep sperm in or out? Oikos, 49
(1987) 230-233.

Arnold, S.J. and Houck, L.D. Courtship pheromones: evolu-
tion by natural and sexual selection. In: Biochemical
Aspects of Evolutionary Biology, M.H. Nitecki (ed.),
University of Chicago Press, 1982, pp. 173-211.

Baumann, H., The isolation, partial characterization, and
biosynthesis of the paragonial substances PS-1 and PS-2,
of Drosophila funebris. J. Insect Physiol., 20 (1974a)
2181-2194.

Baumann, H., Biological effects of paragonial substances
PS-1 and PS-2, in females of Drosophila funebris. J.
Insect Physiol., 20 (1974b) 2347-2362.

Davey, K.G., The migration of spermatozoa in the female of
Rodnius prolixus Stal. J. Exp. Biol., 35 (1958) 694-701.

Eberhard, W.G. and Cordero, C., Sexual selection by cryptic
female choice on male seminal products — a new bridge
between sexual selection and reproductive physiology.
TREE, 10 (1995) 493-495.

Feldkamp, J., Untersuchungen {iiber die Geschlechts-
merkmale und die Begattung der Regenwurmer. Zool.
Jaarb. Anat., 46 (1924) 609-632.

Grove, A.J., On the reproductive process of the earthworm,
Lumbricus terrestris. Q. J. Microsc. Sci., 69 (1925) 245—
290.

Harsmann, L.G. and Prout, T., Sperm displacement without
sperm transfer in Drosophila melanogaster. Evolution,
48 (1994) 758-766.

Houck, L.D., Integrative studies of amphibians: from
molecules to mating. Am. Zool., 38 (1998) 108-117.
Houck, L.D. and Reagan, N.L., Male courtship pheromones
increase female receptivity in the plethodontid

salamander. Anim. Behav., 39 (1990) 729-734.

Johnstone, R.A. and Keller, L., How males can gain by
harming their mates: Sexual conflict, seminal toxins, and
the cost of mating. Am. Nat., 156 (2000) 368-377.

Koene, J.M. and Chase, R., Changes in the reproductive
system of the snail Helix aspersa caused by mucus from
the love dart. J. Exp. Biol., 201 (1998) 2313-2319.

Koene, J.M. and Ter Maat A., “Allohormones”: A class of
bioactive substances favoured by sexual selection. J.
Comp. Physiol. A, 187 (2001) 323-326.

Koene, .M. and Ter Maat, A., The distinction between
pheromones and allohormones. J. Comp. Physiol. A, 188
(2002) 163-164.

Landolfa, M.A., Green, D.M. and Chase, R., Dart shooting
influences paternal reproductive success in the snail
Helix aspersa (Pulmonata, Stylommatophora). Behav.
Ecol., 12 (2001) 773-777.

Michiels, N.K., Mating conflicts and sperm competition in
simultaneous hermaphrodites. In Sperm Competition and
Sexual Selection, T.R. Birkhead and A.P. Maller (eds.),
Academic Press, 1998, pp. 219-254.

Michiels, N.K., Hohner, A. and Vorndran, 1.C., Dangerous
liaisons in the earthworm Lumbricus terrestris: the
importance of pre-copulatory mate assessment in relation
to body size. Behav. Ecol., 12 (2001) 612-618.

Michiels, N.K. and Newman, L.J., Sex and violence in
hermaphrodites. Nature, 391 (1998) 647.

Nuutinen, V. and Butt, K.R., The mating behaviour of the
earthworm Lumbricus terrestris (Oligochaeta: Lumbrici-
dae). J. Zool. Lond., 242 (1997) 783-798.

Oumi, T., Ukena, K., Matsushima, O., Ikeda, T., Fujita, T.,
Minakata, H. and Nomoto, K., Annetocin, an annelid
oxytocin-related peptide, inducing egg-laying behavior in
the earthworm, Eisenia foedita. J. Exp. Zool., 276 (1996)
151-156.

Prosser, C.L. and Zimmermann, G.L., Effects of drugs on the
heart of Arenicola and Lumbricus. Physiol. Zool., 16
(1943) 77-83.

Rice, W.R., Sexually antagonistic male adaptation triggered
by experimental arrest of female evolution, Nature, 381
(1996) 232-234.

Rogers, D. and Chase, R. Dart receipt promotes sperm
storage in the garden snail Helix aspersa. Behav. Ecol.
Sociobiol., 50 (2001) 122-127.

Stephenson, J., Penial and genital setae of Lumbricus
terrestris, L., Mill. Nature, 108 (1921) 337-338.

Tallarovic, S.K., Melville, J.M. and Brownell, P.H.,
Courtship and mating in the giant hairy desert scorpion,
Hadrurus arizonensis (Scorpionida, Iuridae). J. Insect.
Behav., 13 (2000) 827-837.

Vreys, C. and Michiels, N.K., Flatworms flatten out to size
up each other. Proc. R. Soc. Lond. B, 264 (1997) 1-6.

Weygoldt, P., Communication in crustaceans and arachnids.
In: How Animals Communicate, T.A. Sebeok (ed.),
Indiana University Press, 1977, pp. 303—333.



