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1 Introduction, aims and outline of thesis 

To successfully procreate, an organism must survive long enough to reach 
sexual maturity and find a mate to pass on its genetic makeup. Cumulative changes 
in the heritable traits passed on to offspring have been at the heart of evolutionary 
theory since Darwin’s time. A key mechanism of evolution is selection on variation 
in heritable traits; survival differences due to phenotypic variation (natural selection) 
and/or reproductive differences due to variation in copulation success (sexual 
selection). Competition for limited resources under changing physical environments, 
both within and between species, drives natural selection. Under natural selection, 
traits will be selected that increase an organism’s chance of survival. However, such 
survival traits change over time, as characteristics giving advantage under certain 
environmental conditions may be costly to maintain when conditions change. Sexual 
selection, on the other hand, favours traits that increase an organism’s chance to 
copulate with a partner, not necessarily their chance of survival. Sexual and natural 
selection pressures can, then, work in opposing directions. All species alive today are 
the result of well-adapted and reproductively successful ancestors (see below). 

 

Precopulatory sexual selection 
Sexual selection, as Darwin suggested in 1871, drives the evolution of traits 

that benefit an individual’s mating success, which enhances through competition for 
a sexual partner. Before any sexual encounter, two processes of sexual selection can 
occur within a given species, namely intra- and intersexual selection 1. Intrasexual 
selection is the competition between same-sexed individuals (usually males) for 
resources, territory, or access to potential mates, often referred to as male-male 
(contest) competition. A trait that increases a male’s reproductive success, such as 
elaborate weaponry, mating behaviours, or sexual displays, will come under sexual 
selection. Sexual characteristics can become so extravagant and conspicuous that 
they can detract from other vital functions and ultimately affect survival 2–4. 
Intersexual selection, in contrast, is usually referred to as female choice, where 
members of one sex (usually females) select a mate from the opposite sex. Females 
often base their choice on phenotypic male mating traits, consequently increasing 
sexual dimorphism 5, the difference in appearance between the sexes (form, size, 
colour, and structure). 

1



 

 

Sexual dimorphism has given rise to differentiated male and female 
reproductive roles. The origin of sexual dimorphism lies in anisogamous gametes, 
the evolution of differential investment in gametes. Females produce relatively few 
immobile eggs, provisioned with resources for the developing offspring, and males 
produce numerous small mobile sperm 6–9. An asymmetry in the allocation of 
resources between the sexes to both mating and offspring comes from anisogamy 
10,11. A single male produces enough sperm to potentially fertilise numerous females 
in the population results in sexual selection on males to allocate more resources to 
traits that will benefit the outcome of male-male interactions. A male’s reproductive 
success and overall fitness are then limited by his access to females, while a female’s 
ability to produce eggs limits her reproductive success 12,13. A female’s reproductive 
success is less variable than an average male, resulting in a stronger selection on 
male traits. Any successful sexually selected trait will propagate throughout the 
population as long as the reproductive benefits of carrying the trait outweigh the 
costs imposed by natural selection (e.g. earlier death due to suppressed immune 
function or being more conspicuous to predators) 14. 

 

Postcopulatory sexual selection 
Since Darwin, new insights on sexuality have come to light; the notion that 

all species are monogamous throughout their lifetimes is now outdated 15. That both 
males and females of many species have multiple mating partners has changed our 
views on sexual selection and expanded our understanding from mainly 
precopulatory mechanisms to include competition for fertilisation beyond mate 
choice, namely postcopulatory sexual selection 10,15,16. As a result of such 
promiscuity, a female can have sperm from two or more rivalling males within her 
reproductive tract. The success of a male fertilising female eggs will depend on the 
performance of the ejaculate within the female. As such, male-male competition can 
continue long after copulation ends, aptly named sperm competition 17. Due to 
female promiscuity, male traits that enable the monopolisation of females during 
copulation or the breeding season will be favourably selected, as will traits that 
physically remove or kill rival sperm from within the female tract 15. 

Cryptic female choice, the corresponding postcopulatory equivalent of 
female choice 18, occurs when females influence the fertilisation success of the 
sperm from their mating partners (paternity bias) through, for example, differential 
sperm storage, rejection of an ejaculate, or preferential sperm choice. However, 
favourable male traits decrease the control a female has on fertilisation resulting in 

 

 
 

a conflict of interest 7. When traits that increase the fitness of one sex are harmful 
to the other 7,19, sexual conflicts may have severe implications on the evolution of 
extreme and costly mating behaviours and (secondary) sexual characteristics. Sexual 
conflicts can be physical, such as the spines and barbs on the penises found in 
various animal groups (from nematodes to mammals). Such attributes potentially 
benefit the male by prolonging copulation time and/or removing rival sperm but may 
inadvertently damage the female reproductive tract 20–22. Sexual conflicts can also 
occur internally via accessory gland products (Acps) transferred during copulation. 
Such Acps can adversely affect female fecundity by physically creating a barrier to 
postpone re-mating (e.g. copulatory plugs 23,24) or by affecting neuroendocrine 
pathways and altering egg production, ovulation, receptivity, sperm storage and 
longevity 25–30. 

Most studies on sexual conflicts, the counter-adaptive coevolution (or arms 
races) and the evolutionary consequences thereof (e.g. secondary sexual 
characteristics), have focused on separate-sexed organisms, gonochorists (reviewed 
in 7). Hermaphrodites, because of their supposed limited sensory abilities, limited 
locomotion, and lack of sexually dimorphic traits, have historically been 
underexposed 31. Relatively new research has discovered that hermaphrodites 
follow the same principles regarding sexual conflict and adaptations that apply to 
gonochorists 32,33.  

 

Hermaphrodites 
Hermaphroditism is thought to evolve under low population densities or if 

organisms have a parasitic or largely sessile lifestyle 34–38. Hermaphrodites can be 
either sequentially hermaphroditic, physically changing sex either once or 
continuously throughout their lives depending on the species, or simultaneously 
hermaphroditic, physically maintaining both sex functions for (most of) their lives 39–

41. Hermaphroditism dominates the plant kingdom and represents around 5% of all 
animal species (±30% when excluding insects); having evolved independently several 
times, it occurs in twenty-four of the thirty-four animal phyla 35,39,42. 
Hermaphroditism is maintained if the reproductive success through both the male 
and female functions combined is greater than either sex alone 33,34,43. 

Hermaphrodites differ from gonochorists in several aspects. 
Hermaphrodites need to maintain fully functional male and female reproductive 
organs at some time during their lives. Although maintaining both gametes is more 
costly than maintaining just the one 32, hermaphrodites have the potential to mate 
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with all adults within the population rather than just the opposite sex 35,44. In 
addition, intrasexual male competition for females is impossible to optimise because 
hermaphrodites lack specifically male (or female) traits. Hermaphrodites, therefore, 
look alike, their sexual characteristics deviating from their sex-specific optima 45. By 
contrast, gonochorists can optimise sex-specific trait values to whether an individual 
is male or female through sex-specific gene regulation and sex chromosomes, such 
as large size differences between the sexes. Hermaphrodites also have the option to 
self or fertilise their own eggs 46. For most hermaphrodites, selfing is not the 
preferred mode of reproduction, considering the consequences of inbreeding the 
offspring may experience. It is, however, preferential to leaving eggs unfertilised, 
where a proportion of eggs in each egg mass can be self-fertilised 47,48. Selfing may 
be beneficial under stable environmental conditions, and some species even 
preferentially self 46.  

 

Sex allocation 
Two key aspects of sexual conflicts in hermaphrodites that I focus on in this 

thesis are sex allocation and postcopulatory sexual conflicts. Hermaphrodites have 
the unique    ability to alter resources allocated to their male and female functions 
depending on the current situation, thus maximising their reproductive fitness under 
more extensive conditions than gonochorists 49. Sex allocation theory predicts the 
optimal distribution of an organism’s reproductive resources to their male or female 
function under varying social and environmental conditions 43,49–52. For gonochorists, 
sex allocation determines offspring sex ratio 53. Sequential hermaphrodites can 
modify the timing and direction of their sex change 54,55, while simultaneous 
hermaphrodites can adjust resource allocation to their male and female functions. 
Several simultaneously hermaphroditic species can alter resource allocation 
depending on their immediate social and environmental conditions to increase 
reproductive success 49, opening up new reproductive strategies. 

The overall reproductive success of a simultaneous hermaphrodite is the 
combined fitness obtained through both the male and female function 43. However, 
reproductive resources are assumed to be finite, often considered separate from 
other life-history traits (but see 56), with a linear trade-off between the sexes (any 
increase of resources allocated to one sex will proportionally decrease to the other) 
49,56. To gain maximum fitness, reproductive resources must be invested to the more 
efficient sexual function 49. Under favourable environmental conditions, both sex 
functions receive resources, where the female function consists of egg production 

 

 
 

and allosperm storage organ size and the male function entails sperm production. 
Under harsh environmental conditions, the male function is the least costly, so 
continues receiving reproductive resources 57,58. Aside from social and 
environmental conditions, sex allocation models also include optimal allocation 
depending on body size 59–61.  

An organism’s body size can positively affect mobility, foraging efficiency, 
and mate searching, thereby changing the relative efficiency of the sexual functions 
62–64. In theory, with increasing body size, the female sex function will be more 
efficient, as the fitness return from eggs will be linear with investment; the larger 
the body, the more eggs are produced, the higher the fecundity 49. Investment 
towards sperm production should have a decreasing fitness gain curve with 
increasing body size due to the cost of filling sperm storage organs or sperm 
displacement abilities of the recipient 61. Hence, a preference to inseminate a larger 
partner can come under sexual selection due to the higher gains obtained through 
the male function 65. Mate choice based on body size has been observed in some but 
not all species 66. In simultaneously hermaphroditic populations with a high variation 
in body size and age found between the adults 67, there is great potential for size 
assortative mating to maximise reproductive success. 

 

Postcopulatory sexual conflicts 
Simultaneously hermaphroditic organisms often live under high population 

densities and are decidedly promiscuous 39, conditions conducive for postcopulatory 
conflicts (sperm competition and cryptic female choice) 17,60,68. Multiple mating is a 
common occurrence in simultaneous hermaphrodites, after which the recipient 
digests most of the sperm 39,69. The undigested sperm cells are transferred to a 
sperm storage organ for later use 70.  Any traits the sperm donors carry that influence 
the recipient to preferentially use their sperm will come under selection.  

Traits that maximise reproductive success can occur on several levels. First, 
behavioural traits have evolved to augment sperm transfer success or reduce the 
amount of accessory gland proteins (Acps) received. In the nudibranch, Chromodoris 
reticulata, sperm donors can use the backwards-facing spines on their penis to 
displace/remove a competitor’s sperm from the recipient’s sperm storage organ(s) 
71. In the free-living flatworm, Macrostomum lignano, recipients often perform a 
sucking behaviour on their female genital opening right after sperm receipt, 
presumably to dislodge sperm or remove received Acps 72–75.  
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Secondly, trait adaptations can be morphological. For some simultaneous 
hermaphrodites, increased sperm competition from higher population densities has 
resulted in larger testis, allowing higher mating rates, promoting an individual’s 
sperm production and paternity success (e.g. M. lignano 8 and Helobdella 
papillornata, a leech 76). Under sperm competition, changes in sperm morphology 
may also assist in sperm transfer success. Bristles on the sperm of M. lignano may 
either prevent dislodgement from the sucking behaviour of the recipient or deter 
rival sperm from anchoring in a subsequent mating 72. 

 Lastly, sperm competition may result in physiological adaptations. By 
carrying both sex functions, hermaphrodites can co-opt available hormones and 
signalling compounds by transferring these to their partners for manipulative 
strategies, primarily to increase the sperm donor’s reproductive success 45,77. The 
earthworm, Lumbricus terrestris, transfers Acps through the partner’s body wall 
using copulatory setae to aid in sperm uptake and potentially displacing rival sperm 
from the sperm storage organ 78. Likewise, land snails stab their partners with 
mucus-covered love-darts to transfer Acps, aiding spermatophore (spermatozoa 
package) uptake and inhibiting sperm digestion 79–81.  

 

Lymnaea stagnalis 
In Lymnaea stagnalis, a simultaneously hermaphroditic freshwater snail, 

seminal fluids get transferred via an ejaculate 82, with eight novel seminal 
compounds identified to date. One such Acp, Ovipostatin, has been shown to -
suppress egg-laying of the recipient in the short term, indicating sexual conflict. Egg-
laying suppression is accompanied by increased egg investment, which may aid egg 
development and hatching success 47,83–86. What remains unknown is whether such 
a change in allocation after recent insemination is unique to L. stagnalis or whether 
such plasticity is a common phenomenon in simultaneously hermaphroditic snails. 
Accordingly, if egg-laying suppression is common, is this always paired with a 
reallocation of resources to the individual eggs? 

To address these questions, a large section of this thesis will focus on the 
great pond snail, Lymnaea stagnalis, followed by multispecies comparisons. 
Lymnaea stagnalis is a model organism that is easy to rear under laboratory 
conditions. Historically, the species has lent itself to endocrine, neurobiological, and 
parasitological research generating a large body of literature covering its ecology, 
behaviour, evolution, and physiology 87,88. Prior research has elucidated many 
aspects of the species’ internal morphology, energy budgets, neuro-endocrinology 

 

 
 

regulating male and female reproduction and reproductive behaviours 87,89–92. 
Research on L. stagnalis has shown that egg masses are frequently fertilised by more 
than one sperm donor 93, with sperm recipients storing sperm for up to two months 
94. Sperm donors prefer to inseminate novel partners 95 and transfer more sperm to 
virgins 96. These findings are all indicative that sperm competition and sexual 
conflicts are occurring. 

Being simultaneously hermaphroditic, L. stagnalis can assume either the 
male or the female role for each sexual encounter. The decision on which role to 
assume is triggered by prostate fullness 97, with male motivation increasing with time 
since the last ejaculation. The female role is considered the less active, although 
avoidance behaviour is a possible response to receiving too many Acps that alter the 
physiology of the female 98. However, reciprocal mating is not uncommon when both 
individuals are motivated to perform in the male role; after an initial/primary mating 
interaction, the once female-acting of the pair takes on the male role, and vice versa 
in a secondary mating 99. Numerous studies on hermaphrodites have revealed sex-
role decisions to be highly plastic and complex, but by looking at various traits, I will 
elucidate the underlying reasons behind this sex-role decision.  

The Acps transferred to the receiving partners has been shown to not only 
affect egg-laying (Ovipostatin), but research by Nakadera et al. (2014) shows that 
two of the eight novel Acps (LyAcp5 and LyAcp8b) may be targeting the male 
function of a recipient. During a reciprocal sexual encounter, a recently-inseminated 
individual (secondary donor) transfers 50% less sperm than a non-inseminated 
individual (primary donor), significantly reducing the paternity of the secondary 
donor. What remains unknown about ejaculate transfer is whether this reduced 
postcopulatory male performance will result in a reluctance to mate in the male role 
during a subsequent mating. Moreover, the transfer of fewer spermatozoa in an 
ejaculate does not imply fewer Acps are transferred, so the question of whether Acp 
transfer differs between primary and secondary donors needs answering. Finally, it 
is of evolutionary interest to address whether this reduction in the number of sperm 
a secondary donor transfers is found only in L. stagnalis or whether this is common 
in closely related species.  
 

Aims and outline of this thesis 
As explained above, in my thesis, I expand on the growing body of knowledge 

on simultaneous hermaphrodites, particularly on Lymnaea stagnalis, and try to 
extend this to include other closely related pulmonates in the hygrophila clade. In 
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chapters two and three, the focus lies on learning more about the investment in the 
different mating roles. In a precopulatory context, hermaphrodites lack male traits 
to resolve intrasexual competition, such as elaborate weaponry, or traits for females 
to assess good mates. So, here I looked at other factors affecting sex-role decisions. 
In chapter two, I try to disentangle two main mechanisms known to influence this 
decision, namely age and body size. Hermann et al. (2009) show that age largely 
determines sex-role decisions in Lymnaea stagnalis. Sex allocation theory, on the 
other hand, predicts that larger individuals are more efficient females (more eggs), 
with males gaining more from inseminating a larger partner 61,100,101. In this chapter, 
I performed a full-factorial experiment with two different ages and sizes to evaluate 
each factor, while standardising male motivation. In chapter three, I provide the 
complete mRNA and gene sequence of Ovipostatin, an Acp known to affect egg-
laying. A temporal expression profile of the Ovipostatin gene is determined at set 
times after copulation to indicate any changes in Acp production. In addition, I 
wanted to assess whether the reduction in sperm transfer found in secondary 
donors could be a proxy for a reduction in the amount of Acps transferred. To do so, 
I tested whether an individual’s mating history affects Ovipostatin expression by 
comparing primary and secondary donors, where the increase in the production of 
mRNA is also (timing of) investment at different levels. 

Chapter four deviates from the norm, being a video protocol for the 
methods used on the different snail species in the following two chapters. In our 
breeding facility, we demonstrate the techniques required for snail 
sedation/euthanisation, prostate and seminal vesicle extraction, and intravaginal 
insemination. Chapters five and six extend our knowledge to other species of 
freshwater snails to learn more about the evolution of postcopulatory effects. In 
chapter five, by focussing on the female function, I investigate whether mating 
causes a reduction in egg-laying across freshwater snails. To do so, I compared the 
egg output of isolated and paired snails for eight pulmonate snail species. In 
addition, I wanted to determine if any reduction in egg-laying saw a shift in resources 
towards the eggs we found in L. stagnalis. In chapter six, I looked at whether the 
prostate fluid of related species affected the male function of L. stagnalis as a 
secondary donor. I performed cross-reactivity tests on L. stagnalis by artificially 
injecting them with the prostate fluid of four different hygrophila species. By 
comparing the number of sperm L. stagnalis transfers in the male role, we test to 
see if the function of the proteins in their prostate fluid is evolutionarily conserved.  

 

 
 

To integrate these chapters, a summary of my results is provided in chapter 
six. This is followed by a general discussion of the main conclusions and, based on 
our findings, I put relevant follow-up studies forward to further help fill our gaps in 
knowledge. 
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Abstract  

 

Introduction 
Simultaneous hermaphrodites (hereafter, hermaphrodites) can have several 

reproductive strategies that separate sexes do not possess. For instance, on 
copulation, they need to decide whether to mate as a male or female (sex-role 
decision), which is predetermined in separate-sexed animals 1. Although the decision 
to mate in one sex role is restricted to hermaphrodites with unilateral copulation 
(i.e. mating as either a male or a female in a single insemination event), the same 
considerations can apply to reciprocal copulation, though such hermaphrodites 
mate as male and female at the same time. In the latter, though, the endpoint of this 
decision is the resource allocation to male or female functions 2. Thus, 
hermaphrodites, with their availability of sex-role options, provide a unique arena 
for having precopulatory reproductive strategies that allow them to flexibly change 
sex roles depending on their immediate circumstances. 

In hermaphrodites, sex-role decisions seem highly flexible and condition-

Contrasting with separate-sexed animals, simultaneous hermaphrodites display 
unique reproductive strategies as they are male and female at the same time. 
Simultaneous hermaphrodites that copulate unilaterally, for instance, make a 
decision to mate as a male or female. Previous studies have demonstrated that sex-
role preference in hermaphrodites is flexible and is controlled by several, often 
confounding, factors. We examined the relationship between sex-role decisions 
and three life-history traits (age, size, and mating history) in the great pond 
snail, Lymnaea stagnalis. Based on our field observations, which indicate that adult 
individuals show overlapping generations and large variation in body size during 
the breeding season, we performed a sex-role choice experiment in the laboratory. 
We found that young and small snails mate as males first. Both age and size 
significantly affected sex-role decision, with age having a stronger effect. 
Furthermore, we tested whether L. stagnalis becomes reluctant to inseminate a 
mate after being inseminated because it is known that after insemination, male 
investment substantially reduces. Contrary to expectations, our results indicate 
that the receipt of seminal fluid does not seem to reduce male motivation. In sum, 
sex-role decisions in L. stagnalis are largely determined by age and size but not by 
having received seminal fluid. This mating pattern, however, does not fully support 
the size-advantage model because large or old individuals did not perform better 
as females in our experiment. These results imply a conflicting mating interest, 
rather than harmonious agreement, between age- and size-different 
hermaphrodites. 
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dependent 1 (Table 2.1). It has often been assumed that hermaphrodites have a fixed 
male or female role preference, preferring the one with the least expenditure 3–5. 
However, recent theoretical and empirical studies demonstrated that patterns of sex-
role decisions are highly flexible, depend on multiple cues, and vary between closely 
related species 1,43 (summary of pulmonates in Table 2.1). This flexibility in sex-role 
decisions could be an important consequence of sexual selection, analogous to the 
plastic female mate preference in separate-sex species 44–46. Thus, previous studies 
have unveiled great plasticity and vast complexity in sex-role decisions in 
hermaphrodites, though the underlying mechanism still needs elucidation. 

We propose two approaches to further understand sex-role decisions in 
hermaphrodites. First, an explicit experimental design is required to evaluate the 
relationship between sex-role decision and candidate factors and traits because 
most of the identified ones are confounded (Table 2.1). Body size, which is the best-
documented trait, strongly correlates with age in animals with indeterminate 
growth 39,47 (Table 2.1). However, when one tests the effect of size on sex-role 
decision, the influence of age is usually not controlled for or even described (11 out 
of 12 cases, except for 8). In previous studies, either the effect of body size on sex-
role decision was specifically excluded by size matching 39, or the age was unknown 
because animals were caught from the wild 1,48,49 (Table 2.1). Hence, we have 
designed an experiment to separately evaluate the effects of age and body size on 
sex-role decisions in hermaphrodites. 

Second, it is necessary to integrate the knowledge of pre- and 
postcopulatory processes to predict a potential decision-making process on sex-role. 
Despite the ability to self-fertilise in many hermaphrodites, they mate repeatedly 
and polyandrously 2,50, suggesting a significant role for postcopulatory processes in 
sexual selection 51,52. Moreover, the impact of postcopulatory processes could 
interact with precopulatory processes because both levels of sexual selection are 
expected to coevolve for optimal reproduction 53,54. This means that 
hermaphrodites could reach their precopulatory decision based on recent 
postcopulatory events. For instance, the great pond snail, Lymnaea stagnalis (L.), 
nearly halves the number of sperm transferred in a subsequent male mating when 
they recently received seminal fluid proteins 55. Given such a postcopulatory 
change in this species, one would anticipate snails to be reluctant to mate as males 
after being recently inseminated because their expected male reproductive 
performance is reduced 55. 
 

 

 
 

Table Table Table Table 2.2.2.2.1 1 1 1 A review of factors influencing sex-role decision in pulmonates    
 
FactorFactorFactorFactor Sex role decisionSex role decisionSex role decisionSex role decision SpeciesSpeciesSpeciesSpecies OriginOriginOriginOrigin RefRefRefRef 

Body size  Small snails donate  Physa gyrina,  
P. heterostropha  

Wild, laboratory  6 

Small snails donate  Helisoma trivolvis  Laboratory  7 
Small snails donate?  Bulinus africanus  Laboratory  8 
NS  Cepaea nemoralis  Wild  9 
NS  Lymnaea stagnalis  Laboratory  10 
Small snails donate  Physa acuta  Wild  11 
Donate to large snails  Radix lagotis  Wild  12 
NS, donate to large snails  Succinea putris  Wild  13-15 
NS  Siphonaria capensis  Wild  16 
NS  Arianta arbustorum  Wild  17-18 
Size assortative mating?  Helix pomatia  Wild  19 

Mating history  Isolated snails donate  L. stagnalis  Laboratory  20-21 
NS (virgin or non-virgin)  L. stagnalis  Laboratory  22 
Isolated snails donate  P. heterostropha pomilia  Lab  23 
Isolated snails receive  P. acuta  Laboratory  24 
Isolated snails donate  P. gyrina  Wild  25  
Isolated snails donate  S. putris  Wild  15 
Virgins donate/receive more  Euhadra quaesita  Laboratory  26 
NS (virgin or non-virgin)  A. arbustorum  Wild  18 

Genetic  

background 
a
  

Avoid allopatric snails  Biomphalaria glabrata,  
B. pfeifferi  

Laboratory  27 

Avoid sympatric or allopatric snails  P. gyrina  Wild, laboratory  25,28 
Avoid sympatric snails  P. acuta  Laboratory  29 
Avoid sympatric or allopatric snails  A. arbustorum  Wild  30 
NS (full-sib or non-sib)  A. arbustorum  Laboratory  31 
Avoid sympatric or allopatric snails  Cornu aspersum  Wild  32 

Morphology  
  
  

  

Donate to same coiling direction  Partula suturalis  Wild, laboratory  33 
Donate to same coiling direction  Bradybaena similaris  Laboratory  34 
Donate to same coiling direction  L. stagnalis  Laboratory  35 
Donate to opposite coiling 
direction  

Amphidromus inversus  Wild  36  

Mate identity  Donate to new mates  L. stagnalis  Laboratory  37 
NS (new or familiar)  B. glabrata  Laboratory  38 

Age  Young snails donate  L. stagnalis  Laboratory  39 
Donate to old snails  Achatina fulica  Wild  40  

Infection state  Avoid infected snails  B. glabrata  Laboratory  41 
Shell colour, band 
pattern  

NS  C. nemoralis  Wild  9 

Dart shooting  NS (sperm transfer)  C. aspersum  Wild  42 

 
NS = no significant pattern observed; ? = weak trend with or without statistical test. 
a Difference in genetic background is usually assumed due to geographic distance of original 
populations and low dispersal ability of pulmonates. 
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Here, we examined the effect of age and size on the sex-role decision in L. 
stagnalis by adopting a two-by-two factorial experimental setup. First, we 
estimated natural variation in age and size in a field population. Then, including 
age and size as independent factors within the ranges found in the wild, we carried 
out a laboratory experiment to pair large or small, young or old snails to observe 
which ones copulate as a male first. Given the resulting mating pattern, that young 
or small snails tend to perform the male role first, we examined whether old or 
large snails are more fecund or allocate less to their male function. In addition, we 
tested whether they become reluctant to mate as a male after being inseminated, 
either due to the reduced postcopulatory male performance that they experience 
or due to the action of a seminal fluid protein that specifically targets male 
motivation. 

 

Materials and Methods 
Field survey 

We collected a total of 564  L. stagnalis (Lymnaeidae, Panpulmonata) from 
the ditches in Eempolder near Amsterdam, the Netherlands, over two years (see also 
56). Samples were collected monthly using a sweep net to obtain a representative 
subset of the population. The shell lengths of all individuals were measured on 
collection using callipers. In the laboratory, we dissected the snails to determine the 
state of parasitic infection, which is known to affect both body size (e.g. gigantism) 
and reproductive ability (castration 57,58). On average, 50% of the snails collected 
were infected with one or more parasitic species, and the infection rate varied 
seasonally 56,59,60 (see Results). All infected individuals and the juveniles (being too 
small to diagnose confidently, shell length < 18 mm) were removed from the 
analyses, giving us a sample size of 281 adults. Based on these data, we estimated 
age cohorts and growth rates in the wild (see Statistics). 

Additionally, we measured water temperature in the ditches during 
sampling and noted the photoperiod because both these factors have been shown 
to affect the reproduction of L. stagnalis 56,61,62. Also, we recorded reproductive 
activity, that is, the presence of egg masses and pairs that were copulating. Although 
we could not measure all the copulating pairs seen in the field, observed copulations 
included pairs with large size differences. This is consistent with previous work 
showing that spontaneously copulating individuals, ranging between 18 and 31 mm, 
can and do mate with each other 10. 

 

 

 
 

Sex role choice experiment 
We used a laboratory culture of L. stagnalis, which has been maintained at 

VU University Amsterdam for about 50 years. The original collection site of this 
culture is the same area where we did our field survey. In the flow-through tanks, 
snails are kept in aerated, low-copper water at 20 ± 1 °C, with a light/dark cycle of 
12:12 h. They are fed broadleaf lettuce and fish flakes (TetraPhyll, Tetra GmbH) ad 
libitum. Several age-synchronised cohorts (hatched from egg masses laid within 24 
h), ranging from eggs to four months old, are bred continuously. To test their sex-role 
decision, we allowed pairs of snails to mate under observation. Freshwater snails 
copulate unilaterally, whereby one of the individuals acts in the male role, whereas 
the other acts in the female role. After showing stereotypical precopulatory 
behaviour 4 , 6 3 , the male-acting individual (donor) inseminates its partner 
(recipient). In short, the donor mounts the recipient’s shell, positions itself, and 
eventually everts its penis-carrying organ, the preputium, to ultimately reach 
intromission into the female genital pore (gonopore). Insemination takes 20 - 60 
min. The frequency of mating is relatively high as snails can donate ejaculates twice 
per day after a week of isolation 37. The mating characteristics of this species allow 
us to readily discriminate which individual mates in the male role first (primary 
donor) in any pair of snails. 

We investigated whether age or size determines the primary donor by 
adopting a two-by-two factorial design. From our mass culture, we obtained small 
and large snails with a 5 mm difference in shell length (mean ± standard error [SE]: 
small = 24.84 ± 0.07 mm, N = 84; large = 29.54 ± 0.08 mm, N = 84) from two different 
age cohorts (3- and 4-month olds from egg-laying date). Although their life span can 
reach over a year, for simplicity we called the age-different snails Young and Old 39,64. 
Thus, this collection gave us four groups: Young/Small, Young/Large, Old/Small, and 
Old/Large. Shell length strongly correlates with body mass, making it a suitable 
measure for body size 22,65. In addition, it has been shown that a difference in shell 
length of 5 mm does not physically inhibit mating 10. Although this species first 
matures as male (slight protandry 13), 3-month-old snails are already fully 
hermaphroditic, which is indicated by egg-laying capabilities 22,66. As most freshwater 
snail species, L. stagnalis shows indeterminate growth. Crucially, at this stage (3- to 
4-month old), they undergo a rapid growth phase, giving rise to a large variance in 
body size within each age-synchronised cohort 22,39,65. Such variation within both age 
cohorts allowed us to find suitable individuals differing only in size. 
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To measure which snail assumes the male role first, we assigned the four 
groups to two treatments: same age but different sizes (Young/ Small × Young/Large 
pair, N = 21; Old/Small × Old/Large pair, N = 21) or similar size but different ages 
(Young/Small × Old/ Small pair, N = 21; Young/Large × Old/Large pair, N = 21). These 
four combinations were selected as they allowed us to isolate the effect of age and 
size on sex-role decisions. Hence, combinations where both traits were different (i.e. 
Young/Small × Old/Large, Young/ Large × Old/Small) were excluded, though they 
might represent the interactive effect of age and size. Combinations of snails of the 
same age and size were also excluded because they cannot provide a comparable 
measurement (i.e. whether young or old, large or small snail is the primary donor). 

In order to standardise male mating motivation, we isolated the snails in 
perforated containers within a large flow-through tank. During eight days of 
isolation, the snails fully replenish the seminal fluid in their prostate glands 67, 
thereby enhancing male motivation 20,39. During isolation, each snail was fed one 
lettuce disc (≈19.6 cm2) per day, which is slightly below its maximum intake 65. The 
isolation period also allowed us to observe if the snails were fully matured 
(hermaphroditic) by examining their egg-laying capabilities. All non-laying individuals 
were excluded from the experiment. 

After isolation, we paired the snails and observed their mating behaviour. We 
put preassigned snails together into a closed container (500 mL) filled with low-
copper water at room temperature. For identification, we marked one of the snails 
in the pair with a small dot of nail polish. During observation, we recorded if there 
was no contact or whether one of them was mounting, probing (here called 
“courtship behaviour”), or inseminating (attachment of the preputium onto the 
gonopore), every 15 min for 6 h or until the completion of reciprocal mating (both 
snails mated as male and female). The observation time is long enough for a pair of 
snails to reciprocate insemination. 

 
Effect of  age  and  size  on  female  reproductive output and sex  allocation 

We carried out an independent observational study to test the female 
reproductive output between the different ages and sizes. In total, we isolated small 
and large snails for 11 days from two different age cohorts (3.5- and 4.5-month-old). 
Four days of isolation were necessary to allow the physiological effects of previous 
inseminations to disappear 63,68,69 and seven days to collect new egg masses laid. The 
egg masses were scanned under glass plates on a flatbed scanner (Canoscan LiDE 
700F, Canon) at ×150 magnification, including an eyepiece micrometre as a scale. 

 

 
 

From these scanned images, we determined egg number and size (ImageJ; NIH, 
Wayne Rasband). For egg size, we measured the area (mm2) of five randomly 
selected eggs per egg mass. Egg masses were then freeze-dried to determine their 
dry weights.  

Sex allocation was estimated by measuring the dry weights of male and 
female reproductive organs. On day 11 after measuring their shell lengths, they were 
sacrificed by injecting about 3 mL of 50 mM MgCl2 through their foot. We then 
dissected out their prostate glands (producing seminal fluid, male organ), seminal 
vesicles (storing autosperm, male organ), and albumen glands (producing albumin 
for eggs, female organ). We freeze-dried the organs and the remaining soft body 
parts to measure their dry weights. Given the function of the albumen gland, we also 
noted whether the snails had laid egg masses within the last 24 h. At the end of this 
experiment, shell lengths were as follows (mean ± SE): Young/ Small, 28.18 ± 0.21 
mm (N = 19); Young/Large, 32.16 ± 0.16 mm (N = 20); Old/Small, 28.20 ± 0.19 mm 
(N = 13); and Old/Large, 31.43 ± 0.18 mm (N = 17).  

 
Postcopulatory male reluctance experiment 

We tested whether being recently inseminated affected male mating 
motivation. First, we isolated 38 snails for a week to ensure high male mating 
motivation and assigned them as inseminators 20,39,67. Next, focal and recipient snails 
(N = 76) were isolated for four days, just long enough to remove any physiological 
effects of previous matings 63,68,69. We randomly assigned these snails according to 
body size, ensuring no size difference between these three snail types (mean ± SE: 
inseminators = 31.27 ± 0.27 mm; focals = 30.81 ± 0.29 mm; recipients = 30.67 ± 0.25 
mm; ANOVA, F2,99 = 0.643, p = .528) or within each pair (differences of focals and 
recipients between treatments, t-test, t26,32 = 0.424, p = .675; differences between 
inseminators–focals and focals–recipients, t19.42 = 0.762, p = .455). For identification, 
the shells of the focal snails were marked with a small dot of nail polish. 

Half the focals were paired to inseminators, thereby becoming inseminated 
donors (N = 38), while their mating behaviour was monitored by following the 
procedure above. During observation, the focals in the control group were placed in 
closed containers without a mating partner. The inseminators successfully 
inseminated the focal snails in 19 of the 38 pairs, but four of them were discarded 
due to handling errors. After measuring shell lengths, the 15 inseminated and 30 
control focals were isolated in perforated containers again. The following day, in 
closed observation containers, focals were randomly paired to a recipient snail 
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under observation (control pairs, N = 30; inseminated focal pairs, N = 15). Note that 
all the snails were equally motivated to mate as males, and the only difference 
between the two groups was the fact that the inseminated focal snails received one 
ejaculate the day before. 

 
Statistics 

To examine their overlapping generations in terms of different age cohorts 
in the field, we performed a K-means clustering, partitioning the observations into 
two clusters, based on date of collection and shell length. An observation is assigned 
to a cluster with the nearest mean, thereby the smallest Euclidean distance. 
Diagnostic checks allowing for more than two clusters did not yield meaningful 
results. For each of the two clusters, we fitted a Von Bertalanffy growth curve 22,56,65, 
relating size increase to equal time intervals between age groups by the method of 
least squares. These estimates allowed us to examine whether these two clusters 
show a similar growth pattern, to provide support for distinct age cohorts in the 
wild. 

In the sex-role choice experiment, to ensure that each snail within a pair was 
capable of insemination, we excluded all pairs where one or both snails did not mate 
as a male (see Results). Our data set, therefore, comprised reciprocating pairs, that 
is, both individuals having mated as a male and a female. We registered whether or 
not a young or small snail mated as the primary donor (yes/no) within age- and size-
different treatment, respectively (e.g. in the age-different data set, 1 means young 
snails inseminate first and 0 means it was inseminated first). These two data sets 
were entered into binomial tests to examine whether young or small snails tend to 
play the male role first. Then, we used a generalised linear model (GLM) with 
binomial distribution together with logit link function, giving size and age as fixed 
factors to age- and size-different treatment, respectively. This procedure allows us 
to test whether the first male tendency differed between the two groups. In 
addition, we tested whether mating behaviour (courtship and insemination 
duration) differed between ages and sizes. We adopted Mann–Whitney–Wilcoxon 
tests because the dependent variables were discrete (15-min intervals) and not 
normally distributed (Shapiro–Wilk normality tests, p <.001). To compare mating 
behaviour between mating order (primary or secondary donor) within a 
reciprocating pair, we used paired Wilcoxon rank-sum tests due to the same 
rationale as above (Shapiro–Wilk normality tests, p < .001). 

 

 
 

To compare female reproductive output between the different ages and sizes, 
we used type III ANCOVAs, with age (young or old) and size (large or small) as fixed 
factors. We examined four dependent variables: total dry weight of egg masses, the 
total number of eggs and egg masses, and egg size. As egg size, we used average egg 
area of all the egg masses laid by an individual. For total number of egg masses, we used 
a GLM with Poisson distribution. We also applied a type III multivariate ANCOVA to all 
measurements, providing the same independent variables. 

To compare sex allocation between ages and sizes, we used type III 
ANCOVAs with similar settings as above but with whole-body weight (excluding 
target organs) as a covariate. We obtained dry weights of prostate glands, seminal 
vesicles, and albumen glands as dependent variables, which were square-root 
transformed to obtain a normal distribution. For albumen glands, we added egg-
laying status as a fixed factor. Also, we entered the matrix of these three variables 
and the covariate into a type III multivariate ANCOVA. 

In the postcopulatory male reluctance experiment, we used a GLM with 
binomial distribution entering whether focal snails inseminated their partner first, 
with treatment (control or inseminated focals) as a fixed factor. Given the sex-role 
choice experiment, we tested whether the body size of primary donors was smaller 
than the recipients’ by testing for size differences within each pair using a paired t-
test. All statistical analyses were conducted in R 3.0.1 (R Core Development Team 
2013). For multivariate analyses, we used the R package “car.” 

 

Results 
Field survey 

Our field survey revealed a large variation in size in the studied population, 
so the range of shell length exceeded 5 mm at any given month (Figure 2.1). Also, 
the collected individuals were separated into two age cohorts, with a bimodal 
distribution of body size over time (Figure 2.1): one that newly emerged in spring and 
the other that originated from the preceding year. Estimates of the Von Bertalanffy 
growth rate show that these two cohorts do not grow differently as the 95% 
confidence intervals (CIs) overlap (Figure 2.1; mean ± 95% CI: open circles = 0.046 ± 
0.035 - 0.104; closed circles = 0.030 ± 0.015 - 0.0046 per month). 

There was a seasonal variation in the proportion of infected individuals, 
which was lower during the winter compared with the rest of the year (

  = 38.50, 
p < .001, N = 487. Additionally, we observed reproductive activity (e.g. mating pairs 
and egg-laying) from April until October, suggesting that individuals from different 
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generations could copulate with each other, particularly at the start of the breeding 
season. Therefore, it is reasonable to assume that copulating pairs in the wild can 
have a 5-mm shell length difference while being the same age, but may also have 
over 1-month, up to 1-year, age difference and have the same size. 

 

Sex role choice experiment 
We observed 78 reciprocating pairs (two age-different and four size-

different pairs did not reciprocate). Young and small snails tend to be male first 
(binomial tests, 34 out of 40 cases in age-different treatment, p < .001; 29 out of 38 
cases in size-different treatment, p = .002: Figure 2.2). Also in the age-different 
treatment, young and small snails were significantly more likely to be primary donors 
(GLM: size, 

 = 3.88, p = .049: Figure 2.2), but this was not the case in the size-
different treatment (GLM: age, 

 = 2.55, p = .110). The latter implies an interactive 
effect of age and size. Mating behaviour also differed between mating order, age, 
and size (Figure 2.3). Primary donors had significantly shorter insemination durations 
than secondary ones (paired Wilcoxon test: V = 425.5, p < .001: Figure 2.3B), but 
they did not differ in courtship durations (paired Wilcoxon test: V = 668, p = 
.067: Figure 2.3A). Both old and large snails took longer for courtship (Mann–
Whitney test: age, W = 2206, p = .003; size, W = 3584, p = .050; Figure 2.3C, E), but 
they did not differ in insemination duration (Mann–Whitney test: age, W = 2866, p 
= .536; size, W = 2880, p = .557; Figure 2.3D, F) compared with either young or small 
snails. 

 

Female reproductive output  
Contrasting with their clear behavioural choice for sex roles, female 

reproductive output neither differed between age nor size, regardless of whether it 
was measured as total dry weight of egg masses, total number of egg masses and 
eggs, or egg size (N = 69; Supplementary Figure S2.1 and Table S2.1). Only the 
multivariate test for overall female reproductive output showed a significant 
difference between size classes (MANOVA: size, Pillai = 3.50, p = .013: 
Supplementary Table S2.1). Though this probably implies the general trend that 
larger snails have higher egg production, the potential benefits of inseminating large 
snails are small and strongly contrasts with their behavioural pattern.  
 

Sex allocation 
In addition, we found that small snails invest more in their male function. 

 

 
 

Based on a multivariate test, body size seemed to influence their sex allocation 
(Supplementary Table S2.2). Consistently, prostate gland weight (male organ) 
increased with body size (ANCOVA: size, F1,56 = 5.28, p = .025; whole body, 
F1,56 = 22.88, an effect on their sex allocation (Supplementary Table S2.2). 
Consistently, prostate gland weight (male organ) increased with body size (ANCOVA: 
size, F1,56 = 5.28, p = .025; whole body, F1,56 = 22.88, p < .001; Figure 2.4A and 
Supplementary Table S2.2), but not with age (ANCOVA: F1,56 = 1.89, p = .175). It is 
noteworthy that small snails had relatively larger prostate glands, given their body 
size (ANCOVA: size × whole body, F1,56 = 9.82, p = .003: Figure 2.4A). On the other 
hand, seminal vesicles only differed between size treatments (ANCOVA: size, F1,54 = 
10.14, p = .002; Figure 2.4B) but did not correlate with other factors (Supplementary 
Table S2.2). Last, as a female organ, albumen gland weight depended primarily on 
egg-laying status (ANCOVA: F1,47 = 23.86, p < .001) and whole-body weight (ANCOVA: 
F1,47 = 18.69, p < .001; Figure 2.4C and Supplementary Table S2.2). Although there is 
an interaction between age and size (ANCOVA: F1,47 = 5.76, p = .020), the effect of 
age and size did not affect albumen gland weight (ANCOVA: age, F1,47 = 0.17, p = 
.683; size, F1,47 = 0.58, p = .452). Therefore, small snails invested relatively more in 
their male function, whereas large and/or old snails did not clearly invest more in 
their female function. 

 

Postcopulatory male reluctance experiment 
In the postcopulatory male reluctance experiment, we did not detect any 

reduction in male mating motivation after being inseminated. We obtained 44 
reciprocally mated pairs (one pair in the inseminated group did not mate 
reciprocally). Eight of the 14 recently inseminated focal snails mated as primary 
donors, and 18 out of 30 control focals were primary donors (GLM: 


 
= 0.01, p = 

.861). The primary focal donors did not differ between treatments (control or 
inseminated) in insemination duration or body size (p > .4). Although these snails 
were the same age, there was a slight difference in size within the pairs (0.49 ± 0.38 
mm) because they were randomly paired concerning body size. Such a difference in 
size was too small to detect a possible effect of size on being a primary donor (paired 
t-test: t43 = −1.26, p = .214). 

 

Discussion 
When two fully male-motivated L. stagnalis interact to copulate, both age 

and size influence sex-role decisions, whereas the recent receipt of ejaculate has no 
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bearing on this decision. Small snails are predominantly primary donors, particularly 
when they are young (Figure 2.2). Although age is probably the major factor 
influencing sex-role decisions 39, our results are the first to experimentally 
disentangle and evaluate the effects of both age and size in this species. 
Furthermore, we show that such an age- and size-dependent sex-role choice could 
occur in the wild, given the overlapping generations and considerable variation in 
body size (Figure 2.1). In general, this study emphasises the unexplored link 
between age and size on sex-role decisions in hermaphrodites (Table 2.1). 

The observed mating pattern, where young and/or small snails inseminate 
first, could arise from either a harmonious mating agreement or a sexual conflict 
70,71. If the partners have complementary mating interests, our results would fit the 
size-advantage model or size-depending sex allocation strategies 72–74. In this 
scenario, large and/or old snails invest more in their female function and show 
higher female reproductive success, so they are willing to mate as females. In 
contrast, small and/or young snails invest more in their male function and are 
therefore more willing to mate as males. Consistently, large individuals usually 
produce more eggs (L. stagnalis, 10,39,75; other hermaphroditic taxa 13,76). 
Furthermore, our experiment demonstrated that small snails have relatively large 
prostate glands 39 (Figure 2.4), which hints at their male-biased sex allocation if one 
assumes that prostate gland weight is indicative of male sex allocation 77. However, 
within the range of our experimental setup (1-month and 5-mm shell length 
difference), we did not detect a higher egg production in large or old snails, which is 
required for a harmonious mating agreement between mating partners of different 
ages and sizes. Although L. stagnalis can live for more than a year in captivity 39,64, 
we refer to 4-month-old snails as old for the sake of simplicity. Nonetheless, given 
the age and size differences used in our experimental setup, it is unlikely that, at this 
life stage, the two factors are guiding a harmonious agreement between two mates. 

Alternatively, we can interpret our results to illustrate that the mating 
interests of the mating partners are conflicting. In accordance with Van Duivenboden 
and Ter Maat (1985), two previously isolated individuals in a pair were equally and 
highly motivated to mate as males, implying a conflicting sexual interest. 
Furthermore, any snail would be motivated to inseminate first because primary 
donors transfer approximately double the amount of sperm, giving higher paternity 
success, than secondary donors 78. To inseminate a mating partner, however, they 
have to court and position themselves on the shell of the partner 4,63. Importantly, 
female-acting snails are not always passive and cooperative, which is well  

 

 
 

 
 

Figure Figure Figure Figure 2.2.2.2.1 1 1 1 Field observation of a wild population of Lymnaea stagnalis. The top scatter plot 
depicts the shell length of the snails that were collected monthly over two years (data are 
depicted according to the month of the year). Based on a K-means clustering on collection 
date and body size, the collected samples could be separated into two age cohorts (white 
and black circles). The top histograms represent the bimodal distribution of two age cohorts 
over the year (respectively, white and black), but their shell length distributions are similar, 
as shown by the histogram on the right side. As abiotic factors affecting their reproductive 
activity, the middle graph shows the daylight hours over the year and the bottom graph 
indicates the water temperature measured during the field sampling. The bar at the bottom 
of the figure indicates the period during which reproductive activities, that is, mating and 
egg-laying, were observed (black).  
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FigureFigureFigureFigure    2.2.2.2.2222 Mating role frequency in the sex role choice experiment.    Primary donor rate is 
shown as proportion of individuals that inseminate first in a pair of snails with the same size 
but different age (age-different group) and same age but different size (size-different group). 
The numbers in parentheses indicate the sample size of each treatment, and error bars 
indicate 95% CIs.    

 

 
 

 
Figure Figure Figure Figure 2.2.2.2.3 3 3 3 Mating behaviour in the sex-role choice experiment.    Courtship and insemination 
duration are shown in comparison to mating order (A and B), age (C and D), and size (E and 
F). Because each pair includes primary and secondary donors, we used paired Wilcoxon rank-
sum tests. Asterisks indicate significant differences between groups (* p < .05; ** p < .01; 
*** p < .001). The whiskers indicate minimum and maximum values, the box is for quartiles, 
and the thick line in the box stands for median. The open circles show outliners.    
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documented in other freshwater snails, Physa spp. (e.g. shell swinging, genital biting 6, 

24, 25, 28, 29). To accomplish this rather difficult task, high locomotory or adhesive ability can 
be pivotal. Young and small snails may have advantages to position themselves and 
maintain access to the female gonopore, supported by their shorter courtship 
duration (Figure 2.3C, E). Hence, the observed mating pattern can arise from 
behavioural interactions between two individuals with conflicting interests and is 
possibly settled by the locomotion or adhesive ability. Although the proximate 
mechanism (if any) to detect the age or size of conspecifics is largely unknown, our 
hypothesis proposes that locomotive ability alone may determine primary donors 
and thus individuals may not need to perceive their partners’ age or size. 

In this experiment, we disentangled age and size effects on sex-role decision 
using a two-by-two factorial design, though some confounding factors remain. For 
instance, mating experience could affect their mating role decision 39. Mating 
experience most likely correlates with age and indirectly with size. Hypothetically, 
Old/Large well-experienced snails could readily inseminate or reject a mate, but our 
behavioural data do not support this scenario. Nonetheless, the influence of mating 
experience on sex-role decision is very intriguing to examine in the future. 

Our postcopulatory male reluctance experiment demonstrated that recent 
receipt of seminal fluid does not decrease male mating motivation, despite their 
reduced male performance. This may be because our individuals were isolated, 
whereby mating in the male role is less costly, given their fully replenished prostate 
glands and seminal vesicles (for seminal fluid and sperm, respectively). This is also 
supported by the fact that the content of a full prostate gland can be enough for 
multiple matings, up to three inseminations 37,68. Alternatively, male-acting snails 
could gain more benefits by using their stored ejaculate components to prepare 
fresh ones. These two lines of thought can explain why recently inseminated snails 
are still motivated to mate as males compared with noninseminated controls. 
Moreover, this lack of reluctance after being inseminated suggests that it is not a 
target trait for manipulation via seminal fluid proteins. Thus, receipt of seminal fluid 
seems not to change male mating motivation in L. stagnalis. 

In sum, we found that both age and size influence sex-role decisions in L. 
stagnalis and that age seems to have the stronger influence. This identified effect 
of age and size would expand our understanding of sex-role decisions in 
hermaphrodites 39, which often give inconsistent conclusions (Table 2.1). Although 
recently inseminated L. stagnalis show a reduction in their male performance 
(sperm transfer, paternity success 78), they do not show any reluctance to 

 

 
 

inseminate a mate. The clear mating pattern (young and/or small snails inseminate 
first) does not support the size-advantage model, with no explicit evidence 
supporting that old or large individuals are better females with the tested range of 
age and size differences. It may still be there for larger differences in age (>1 month) 
or size (> 5mm in shell length), as found in the field population. Also, it is worthwhile 
to note that the snails may be choosing their sex roles based on traits different from 
those we have currently quantified. Collectively, our results suggest the importance 
of sexual conflict in precopulatory processes of L. stagnalis; yet, further 
investigation is required for the proximate mechanism and impact on overall 
reproductive success. 
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Figure 2.4Figure 2.4Figure 2.4Figure 2.4 Sex allocation proxies of Lymnaea stagnalis of different ages and sizes.... Dry weight 
of prostate glands, seminal vesicles (male investment: AAAA and BBBB), albumen glands (female 
investment: CCCC), and whole-body weight are represented. The lines in the first figure represent 
significant regressions with whole-body weight. A closed symbol indicates a small individual 
and an open symbol a large one. The two types of symbols, square and circle, show age 
difference, although we did not detect any difference between ages (see Results). 
 
 
 
 
 
 
 
 

 

Whole body (mg) 

 

 
 

Supplementary data 
    

Figure SFigure SFigure SFigure S2.2.2.2.1111. . . . Female reproductive output. The whiskers indicate min and max values, the box 
is quartiles, and the thick line in the box stands for median. The open circles show outliners. 
Abbreviation: Nr = number of. 
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  Egg massEgg massEgg massEgg mass    Nr eggsNr eggsNr eggsNr eggs    Nr egg massNr egg massNr egg massNr egg mass    Egg sizeEgg sizeEgg sizeEgg size    
♀    RORORORO    

ModelModelModelModel    df F value  p value F value  p value LR p value F value  p value Pillai p value 

Age Age Age Age     1 0.01  .934  <0.01 .953 0.32  .574  0.06 .804 0.90  .498  

SizeSizeSizeSize    1 0.01  .906  0.21 .648 0.56  .453  0.26 .613 3.50  .013 .013 .013 .013     

A × SA × SA × SA × S    1 0.68  .412  0.04 .836 <0.01 .996  0.11  .743 1.90  .120  

 

Table S2.1. Table S2.1. Table S2.1. Table S2.1. Statistical results of female reproductive output.... The combined matrix of four 
variables was used as female reproductive output for multivariate MANCOVA. Significant p-
value is indicated in bold. Abbreviations: Nr = number of; df = degree of freedom; LR = 
likelihood ratio, ♀ RO = female reproductive output, A x S = age x size.  
 

        Prostate gland*Prostate gland*Prostate gland*Prostate gland*    Seminal vesicle*Seminal vesicle*Seminal vesicle*Seminal vesicle*    Albumen gland*Albumen gland*Albumen gland*Albumen gland*    Sex allocationSex allocationSex allocationSex allocation    
ModelModelModelModel    df F value p value F value p value F value p value Pillai p value 
Age Age Age Age     1 1.89  .175  0.40  .531  0.17  .683  0.01 .939 
SizeSizeSizeSize    1 5.28  .025 .025 .025 .025     10.14  .002 .002 .002 .002     0.58  .452  0.13 .065 
Whole body (WB)Whole body (WB)Whole body (WB)Whole body (WB)    1 22.88  <<<<.001.001.001.001    2.76  .103  18.69  <<<<.001.001.001.001    0.36 <<<<.001.001.001.001    
Age × SizeAge × SizeAge × SizeAge × Size    1 0.51  .480  0.01  .918  5.76  .020 .020 .020 .020     0.06 .408 
Age × WBAge × WBAge × WBAge × WB    1 0.57  .454  0.30  .588  0.62  .436  0.01 .917 
Size × WBSize × WBSize × WBSize × WB    1 9.82  .00.00.00.003 3 3 3     1.48  .230  2.48  .122  0.15 .047.047.047.047    
Age × Size × WBAge × Size × WBAge × Size × WBAge × Size × WB    1 1.67  .202  1.47  .231  0.37  .547  0.05 .422 
Egg laying (EL)Egg laying (EL)Egg laying (EL)Egg laying (EL)    1     23.86  <<<<.001.001.001.001      
Age × ELAge × ELAge × ELAge × EL    1     3.87  .055    
Size × ELSize × ELSize × ELSize × EL    1     3.71  .060    
WB × ELWB × ELWB × ELWB × EL    1     0.99  .325    
Age × Size × ELAge × Size × ELAge × Size × ELAge × Size × EL    1     <0.01 .952    
Age × WB × ELAge × WB × ELAge × WB × ELAge × WB × EL    1     3.65  .062    
Size × WB × ELSize × WB × ELSize × WB × ELSize × WB × EL    1         0.14  .706      
* * * * square root transformed    

 

Table S2.2. Table S2.2. Table S2.2. Table S2.2. Statistical results of sex allocation test. As a variable of sex allocation, we used the 
combined matrix of the prostate gland, seminal vesicle, and albumen gland weights. 
Significant p-values are indicated in bold. 
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Abstract  

 

Introduction 
In species that reproduce by internal fertilisation, males transfer complex 

ejaculates into females, delivering sperm in fluid containing a cocktail of proteins 1. 
Accessory-gland proteins (Acps; also referred to as seminal fluid proteins, Sfps) are 
produced in male accessory glands and can affect both male and female fitness. 
Upon receipt, Acps have been shown to affect female physiology, behaviour, 
immunity, and life history 2. Males achieve these changes either by inducing 
oviposition 3,4, decreasing female sexual receptivity after copulation (i.e. latency to 
copulate 5), or inhibiting other males from accessing female gametes (i.e. mating 
plug formation 6,7), thereby facilitating sperm storage 8–10. Particularly in species 
where females mate with multiple partners, Acps can play an important role in 
postcopulatory sexual selection, by affecting sperm storage, sperm digestion, and 
sperm displacement, thereby reducing competition between rival males and 
increasing male reproductive success 9,11–13. 

The role of Acps is well established in internally fertilising gonochoristic 
species such as rats 12, bees 14 and fruit flies 7,15,16. In the last of these, Acps have 

Male accessory-gland proteins are known to affect female physiology in multiple 
ways, maximising a male’s reproductive success - often at a cost to the female. 
Due to this inherent sexual conflict, accessory gland proteins (Acps) are generally 
studied in separate-sex organisms. While Acps have also been identified in 
simultaneous hermaphrodites as an important part of postcopulatory sexual 
selection processes, their study has lagged behind that of Acps in organisms with 
separate sexes. In the great pond snail, Lymnaea stagnalis, an Acp affecting egg-
laying, ovipostatin, is produced in the prostate gland. Based on the published 
partial Ovipostatin gene sequence, we now provide the complete mRNA and 
gene sequences and confirm that gene expression is prostate gland-specific. 
More importantly, we observed a significant increase in Ovipostatin expression 
in sperm donors after ejaculation. Ovipostatin gene expression did not differ 
between donors giving their ejaculate first (primary donors) and those donating 
an ejaculate after having been inseminated (secondary donors). These 
observations support a role for ovipostatin in reproduction and highlight the 
importance of standardising the time point when measuring expression levels of 
Acps. 
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been shown to be strategically allocated to females depending on the level of sperm 
competition 9. In organisms where both sexes occur within a single individual, such 
as in simultaneous hermaphrodites (hereafter referred to as hermaphrodites), the 
study of Acps lags some way behind. Some studies have analysed the effect of Acps 
transferred with love darts in land snails (e.g. 17,18). It has been argued that Acps are 
a key evolutionary driving force for hermaphrodites and form an important part of 
postcopulatory sexual selection processes 19,20. 

In the hermaphroditic freshwater pulmonate, the great pond snail Lymnaea 
stagnalis (Linnaeus, 1758), the presence of Acps was initially inferred from a 
decrease in oviposition in multiply mated individuals compared with isolated 
individuals 21. Later, an analysis of the seminal fluid of this species was conducted by 
identifying some of the secretory products produced by its male accessory gland, 
the prostate gland 22. Eight of these Acps were individually tested to determine 
effects on oviposition, growth, lettuce consumption, and hatching of the oviposited 
eggs. A protein was found to be responsible for decreasing oviposition and was 
named ovipostatin (or Lymnaea accessory gland protein 10 or LyAcp10; 22–24). Using 
the bioactive HPLC fraction, a partial amino-acid sequence was obtained for 
ovipostatin 22. This protein has so far only been found in the genome of one other 
species (the freshwater snail Biomphalaria glabrata 25) and does not resemble other 
known proteins 22. Other studies have since established that the decrease in egg-
laying found in copulating individuals is accompanied by an increase in investment 
per egg 26 and that this may be responsible for better egg development and hatching 
27. More recently, it has been discovered that two of the novel Acps (LyAcp5 and 
LyAcp8b) possibly target the male function of a recipient: Nakadera et 
al. (2014) reported that, after receiving Acps during insemination, the recipient 
transferred less than half the sperm in the male role in a subsequent mating than an 
uninseminated counterpart, with a significant decrease in paternity gain. Acps in 
simultaneous hermaphrodites may therefore be targeting both the male and female 
function of a female receiving partner. 

In this study, we first provide a complete sequence of the Ovipostatin gene. 
We subsequently determine the temporal expression profile of Ovipostatin in 
multiple tissues of the sperm donor after the prostate has been depleted (i.e. several 
hours after copulation, 28). This was done to find out whether the expression 
of Ovipostatin is prostate-specific and whether the production of this Acp changes 
over time. In addition, we test whether Ovipostatin expression is influenced by the 
donor’s mating history by determining if recently inseminated (secondary) donors 

 

 
 

show reduced expression compared with uninseminated (primary) donors. If this 
were the case, and if Acp expression is a proxy for replenishment of spent seminal 
fluid 9, this would be in line with the reduction in sperm transfer observed 
by Nakadera et al. (2014). 

 

Materials and Methods 
Study organism and experimental conditions 

Lymnaea stagnalis is widely distributed across the Northern Hemisphere 
(e.g. 29). It can be reared successfully under laboratory conditions and is easy to 
handle, making it a suitable model organism (e.g. 30). The Vrije Universiteit 
Amsterdam maintains a continuous laboratory culture of this species, consisting of 
breeding tanks of various age-synchronised cohorts, ranging from eggs through to 
4-month old snails. All the breeding and experimental laminar-flow basins are 
maintained under similar environmental conditions: oxygenated low-copper water 
at a constant temperature of 20 °C (±1 °C) and a light: dark regime of 12 h: 12 h. The 
cultures are alternately fed broadleaf lettuce or fish flakes (TetraPhyll, Tetra GmbH, 
Melle, Germany) three times per week (e.g. 30). 

 

Molecular characterisation of the Ovipostatin gene  
Ovipostatin genomic DNA 

Genomic DNA was isolated from foot tissue of Vrije Universiteit L. 
stagnalis stock animals using a modified protocol of the SV DNA isolation kit 
(Promega®): the tissue was homogenised in Nuclei Lysis Solution and Proteinase K; 
the homogenate was incubated for 15 min at 65 °C prior to further lysis with 
Promega DNA Lysis Buffer; after centrifugation, the DNA was isolated from the 
supernatant using the spin columns of Promega®. 

We performed PCR with TaKaRa LA taq® polymerase (TaKaRa Bio Inc., 
Kusatsu, Japan) using primers Ls_ovi_OPS-F and Ls_ovi_OPS-R (see Supplementary 
Material Table S3.1 and Figure S3.1 for all primer sequences and their positions). The 
cycling programme was: 1 min at 94 °C followed by 2 cycles of 1 min at 94 °C, 1 min 
at 64 °C, and 8 min at 68 °C; 2 cycles of 1 min at 94 °C, 1 min at 62 °C, and 8 min at 
68 °C; 32 cycles of 1 min 94 °C, 1 min 60 °C and 8 min 68 °C; a final extension of 10 
min at 68 °C. Amplicons were purified, ligated into pGEM-T vector, transformed in E. 
coli XL-1 Blue, and sequenced as described above. 

The gDNA fragments obtained were aligned with an unpublished gene 
prediction extracted from the genomic data to which we have access as part of the L. 
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stagnalis genome consortium (Lsta_scaffold5:2642153–2646668; genome 
publication in prep.) along with the partial sequence previously obtained from 
Edman sequencing (GenBank acc. no. GQ906707 22). With two additional primers 
(Ls_629438F and Ls_49805R), a final gap was bridged and a consensus sequence was 
completed. The complete gDNA sequence was submitted to GenBank (acc. 
no. KT378132). 

We translated the coding sequence using ExPASy Translate (Swiss Institute 
of Bioinformatics, SIB) and used SignalP v. 4.1 31 to identify the signal peptide. 
Subsequently, we determined the theoretical isoelectric point (pI; i.e. the pH at 
which the protein’s net charge is zero) and molecular weight (Mw) using ExPASy 
Compute pI/Mw (SIB) and checked for known protein domains using SMART 32. 

 
Ovipostatin messenger RNA 

Prostate tissue samples of L. stagnalis were obtained from 2- to 3-month-
old, sexually mature adult snails from the Vrije Universiteit Amsterdam breeding 
stock. To remove the prostate, the snails were sacrificed by injecting 2 ml 50 mM 
MgCl2 through the foot, directly into the haemocoel. The prostate was quickly 
dissected out, snap-frozen in liquid nitrogen, and stored at −80 °C. 

The Ovipostatin fragment was amplified by PCR using cDNA derived from six 
individuals based on the Ovipostatin sequence GQ906707 22. RNA was isolated from 
the prostate tissue using the Promega® SV RNA isolation kit (Promega Corporation, 
Madison, WI) with minor modifications. For reverse transcription, we used the M-
MLV reverse-transcription protocol of Promega® in a PTC-100 thermal cycler (BioRad 
Laboratories). PCR was performed with primers Ls_ovi_OPS-F and Ls_ovi_OPS-R at 
an annealing temperature of 55 °C for 30 cycles, using the Go-taq DNA polymerase 
kit (Promega®). Amplification products were purified, ligated into pGEM-T vector 
(Promega®), and cloned into E. coli XL-1 Blue (Stratagene Corporation, La Jolla, CA). 
Positive clones were cultured and plasmids were isolated using SV miniprep DNA 
isolation kit (Promega®). For each sample of prostate tissue, we sequenced four 
positive clones on an ABI 3100, using the Big Dye sequencing chemistry of Applied 
Biosystems (Thermo Fisher Scientific, Waltham, MA). Consensus sequences were 
generated using Vector NTI® software (Invitrogen, Thermo Fisher Scientific, 
Waltham, MA). 

The full-length cDNA of the Ovipostatin gene was obtained with 3′RACE and 
5′RACE. For 3′RACE we applied the protocol of the Gene Racer™ kit (Invitrogen, 
Thermo Fisher Scientific). After transcription, we used the primer Ls_ovi_OPS-F or a 

 

 
 

nested primer Ls_ovi_168F in combination with the antisense Gene Racer™ 3′RACE 
primer in PCR. For the 5′RACE, we used the SMART™ RACE cDNA amplification kit 
from Clontech® (Clontech Laboratories, Mountain View, CA). After transcription, we 
performed PCR with the primer Ls_ovi_OPS-R or a nested antisense primer 
Ls_ovi_278R in combination with primer mix UPM from the Clontech kit. 

PCR cycling was the same for both 3′RACE and 5′RACE. PCR conditions were 
as follows: 2 min at 95 °C followed by 5 cycles of 30 s at 94 °C, 30 s at 64 °C and 1 
min at 72 °C; 5 cycles of 30 s at 94 °C, 30 s at 62 °C and 1 min at 72 °C; 25 cycles of 
30 s at 94 °C, 30 s at 60 °C and 1 min at 72 °C; a final extension phase at 72 °C for 7 
min. 

Fragments were purified, ligated in pGEM-T vector, transformed into E. 
coli XL-1 Blue and sequenced as described above. The Ovipostatin full-length mRNA 
sequence has been submitted to GenBank (acc. no. KT378132.1). 

 

Quantitative PCR assays 
We performed RNA isolation and cDNA transcription from experimental 

tissues as described above. For quantitative PCR (qPCR), we developed a primer set 
based on Exon 4 from the Ovipostatin mRNA. The RNA input was normalised with 
two reference genes, Elongation Factor 1-alpha (EF; DQ278441.1) and Beta-
tubulin (β-tubulin; X15542.1) (e.g. 33). All primer sets were developed using Primer 
Express v. 1.5 (Applied Biosystems) with the following parameters: annealing 
temperature 60 °C, GC content 45–55%, amplicon length 80–120 bp, and amplicon 
melting temperature 78–85 °C (Supplementary Material Table S3.1, Figure S3.1). 

Plate results were collected in a single ‘gene study’ and mean normalised 
expression values (MNEs) were calculated using the Comparative CT (ΔΔCT) method 
34 with the Bio-Rad CFX Manager software (v. 3.1, BioRad Laboratories). Basic 
settings were manually adjusted, including primer efficiencies and baseline 
threshold (set at 103 relative fluorescence units, RFU). To determine PCR efficiency, 
standard curves were obtained for the primer sets with six four-fold dilutions of a 
standard batch L. stagnalis cDNA in duplicate. Primer PCR efficiencies were then set 
to 96.4% for EF, 94.4% for β-tubulin, and 113.3% for Ovipostatin. Real-time qPCR 
was performed on the cDNA samples to yield cycle threshold values (Ct) in duplicate 
for target genes and reference genes. 
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Temporal Ovipostatin expression profiles across multiple tissues 
Ovipostatin expression was compared over time in six different tissues, to 

determine where and when Ovipostatin is expressed. Because Ovipostatin is a 
known component of an ejaculate, donors were dissected at set time points after 
having copulated in the male role. Twenty non-virgin 3-month-old L. stagnalis were 
obtained from the breeding tank and isolated for eight days in perforated plastic 
containers (460 ml). During the experiment, each snail was fed one broadleaf lettuce 
disc/day (c. 19.6 cm2), which is slightly below their optimum 35. Eight days in isolation 
is sufficient to determine if the slightly protandrous snails are fully hermaphroditic, 
which they should be when 3 months old (indicated by egg-laying), and to increase 
male mating motivation 30,36–38. Subsequently, the isolated snails (donors) were size-
matched (based on shell length, SL) to 20 partners (recipients) selected directly from 
the breeding tank; this was done to remove body-size bias in sex-role decisions 39 
and gave a total of 20 pairs. The donors were marked with coloured nail varnish 40, 
to distinguish them from the recipients. Lymnaea stagnalis copulates unilaterally, 
with one partner assuming the male role (primary donor) while the other assumes 
the female role (recipient). Thus, it is easy to identify the sexual role of copulating 
snails. During observation, the pairs were placed in plastic containers (460 ml) filled 
with water from the laminar-flow basins. All copulations were observed until the end 
(i.e. penis and preputium withdrawal). Following the end of copulation, donors were 
placed in isolation, while non-copulating individuals were removed from the 
experiment. The donors were then randomly allocated to a time point 
postcopulation (3, 24, 48 and 196 h) and dissected. After the donors were sacrificed 
for dissection, six tissues were snap-frozen in liquid nitrogen and stored at −80 °C. 
These tissues are classified as follows: two neutral tissues (from the buccal mass and 
foot, i.e. not involved in reproduction); two female tissues (oothecal and albumen 
gland) and two male tissues (preputium and prostate gland). We performed RNA 
isolation, cDNA transcription and qPCR as described above. 

 
Expression profiles in prostate glands of primary and secondary donors 

One hundred and twenty non-virgin 3-month-old L. stagnalis were obtained 
from the breeding tank and isolated for eight days (see above). Subsequently, the 
snails were size-matched (based on SL), giving a total of 60 pairs, with both partners 
in each pair equally motivated to mate in the male role. The pairs were then 
allocated to a treatment, either a single mating, where we collected the primary 
donors, or a reciprocal mating, where we collected the secondary donors. Although 

 

 
 

mating is not obligately reciprocal, after sexual isolation the frequency of role 
switching is high 28,37, resulting in a second copulation (reciprocal mating by a 
secondary donor) 22,30. One of each pair was marked with coloured nail varnish 40, 
distinguishing the individuals for the purpose of observation. The pairs were placed 
in plastic containers (460 ml) filled with water from the laminar-flow basins. During 
6 h of observation, we recorded three levels of interaction: (1) no contact; (2) 
mounting or probing (courtship behaviour), and (3) intromission (insertion of the 
male copulatory organ into female gonopore), every 15 min or until the end of a 
single or reciprocal mating encounter. Of the 60 pairs of snails, two-thirds copulated, 
giving a total sample size of 41; all non-copulating pairs were removed from the 
experiment. The donors from these 41 pairs were allocated to a time point 
postcopulation (3, 18, 24, 48, and 196 h) and kept in isolation until the set time. 
Between two and five primary and secondary donors were dissected at each time 
point after copulation. The prostate glands were extracted, snap-frozen in liquid 
nitrogen, and stored at −80 °C. Total RNA isolaon, cDNA synthesis, and qPCR were 
performed as outlined above. 

Data that were not normally distributed (Shapiro-Wilk test) were log-
transformed. As multiple-significance tests were performed, P values were 
Bonferroni-adjusted by multiplying each nominal p-value from the ANOVA test by 
the number of tests performed. All statistical analyses were performed using IMB 
SPSS v. 21 (IMB, Armonk, NY). 

 

Results 
Ovipostatin gDNA and cDNA 

The genomic consensus sequence (gDNA) for Ovipostatin, from the ATG 
start codon up to the TAA stop codon, has a total length of 4,515 bp (Figure 3.1). 
The Ovipostatin gene is composed of five exons, respectively 117, 55, 81, 135, and 
128 bp long, and four introns, respectively 139, 2,659, 780, and 526 bp long 
(Figure 3.1A). All introns begin with GT and end with AG and represent consensus 
sequences for splicing signals. The resulting full-size transcript (cDNA) sequence is 
516 bp and encodes for a 183 amino acid (aa) long precursor protein with the first 
16 aa forming the signal peptide (Figure 3.1B). The mature 167 aa protein has a 
predicted theoretical pI of 4.74 and Mw of 18.78 kDa. No SMART domains were 
detected. A comparison between the translated Ovipostatin cDNA and the 
previously published partial amino acid sequence 22 elucidated the unidentified 
positions (indicated as ‘X’ in Figure 3.1C) and confirms those that were determined 
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through Edman sequencing (except for position 19 in the mature protein, where G 
is replaced by C). 

 
Temporal Ovipostatin expression profiles across multiple tissues 

To determine Ovipostatin expression in the prostate gland and other tissues, 
we analysed the relative normalised expression level in the time series of 3, 24, 48, 
and 192 h after copulation. We did this for three individuals/time frame for the two 
neutral tissues, two female organs, and two male organs. A significant effect of time 
was found for Ovipostatin expression in the prostate gland (F3,9 = 7.539, p = .019; 
Figure 3.2). Post-hoc comparisons using a Bonferroni correction indicated a 
significant increase in mean transcription score between the expression level at 3 
and 24 h (p < .05), while expression at the other two time points did not differ 
significantly from the 3 and 24 h treatments (Figure 3.2). Ovipostatin mRNA activity 
was very low in the other tissues tested and no significant differences were found in 
expression over time in any of these tissues (p > .05; data not shown). The amplicon 
from the oothecal gland was largely absent. 

 
Expression profiles in prostate glands of primary and secondary donors 

To determine if there is a difference in expression between primary and 
secondary donors, the expression of Ovipostatin in the prostate gland (normalised 
to the reference genes) was investigated for both types of donors. Of the 41 pairs 
that copulated, 25 were primary donors and 16 were secondary donors. The primary 
and secondary donors were split up into a time series of 3, 18, 24, 48, 96, and 192 h 
after donating an ejaculate during copulation, giving a minimum of two samples per 
time point (Supplementary Material Figure S3.2). A two-way ANOVA was conducted 
to examine the effect of donor type and time on the expression profile 
of Ovipostatin in the prostate (log-transformed) and this revealed that the two 
donor types did not differ in their level of Ovipostatin expression (F1, 41 = 2.175, p = 
.15). There was a significant effect of time on the expression profile (F5, 41 = 5.132, p = 
.002), but no significant interaction was found between time and donor type (F5, 41 = 
1.70, p = .166). 

 

Discussion 
In this study we extend and confirm the complete sequence of 

the Ovipostatin gene, showing that the full transcript of the mature protein LyAcp10 
consists of 167 aa, elucidate all previously unidentified aa positions and detect one 

 

 
 

variable position (this may be due to heterogeneity in the population 22). In addition, 
we show that the expression of Ovipostatin increases after copulation in the male 
role and that it is tissue-specific, being expressed, as suggested by Koene et 
al. (2010), mainly in the prostate gland. Interestingly, we found no evidence for our 
expectation that expression would differ between the different donor types. In what 
follows we discuss these findings in greater detail and explore the implications of 
this work for future research. 

The finding that there is a temporal change in expression 
of Ovipostatin after the prostate has been largely depleted (i.e. when an ejaculate 
has been donated, see 28), strongly suggests that much of this Acp has been 
transferred to the partner and that its production is increased. In other words, 
transcription, in this case, seems to be a reasonable proxy for replenishment of spent 
seminal fluid. The timing of increased expression seems to correspond with what is 
known about the increase in the size of the prostate gland. After donation of an 
ejaculate, the prostate is drastically reduced in size. Over the days following mating, 
the prostate gland increases in size, with the more enlarged states providing a 
permissive signal for male mating 28,30,36–38. In other words, the motivation for male 
mating increases with the duration of sexual isolation (i.e. prostate gland product is 
stored and not spent), reaching a plateau after 192 h (eight days). Nevertheless, 
individuals that have undergone such periods of isolation are known to be able to 
ejaculate again within 24 h 41, which indicates that relatively rapid replenishment of 
the products of the prostate gland can occur and/or that smaller amounts of the 
products are transferred in subsequent copulations. Our results show that the 
highest levels of Ovipostatin mRNA were found within 24 h post-copulation, so this 
agrees with the physiological demands placed on this gland. 

The comparison of Ovipostatin expression at various time points after 
copulation across different tissues indicates that transcription increased only in the 
prostate gland. This suggests that Ovipostatin has tissue-specific RNA expression and 
regulation. Tissue-specific expression of Acps has also been found in a range on 
invertebrate taxa, including crickets 42, fruit flies 43,44 and tiger beetles 45. Such sex-
specific proteins are generally thought to be under positive selection, exhibiting 
higher levels of polymorphism and changes in abundance with age, when compared 
with non-sex-related proteins. We also expected the level of expression to differ 
depending on the donor’s male mating history (i.e. being a primary or secondary 
donor), similar changes in allocation of different Acps having been reported 
in Drosophila 46. Nevertheless, we found no such difference between the different 
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donor types, even though these are known to be affected by other Acps that reduce 
the amount of sperm that they transfer 23. This may indicate that the amount of 
ovipostatin transferred is not modulated depending on the donor’s male-mating 
history. Evidence for this is provided by the experiments of Hoffer et al. (2010), 
which showed that although more sperm was transferred to feminised recipients 
(equivalent to isolated recipients), prostate weight did not differ, suggesting that the 
amount of accessory-gland products transferred does not change. However, it 
should be noted that the Hoffer et al. (2010) study considered only the total weight 
of the prostate gland and not the amounts of individual Acps. Our findings suggest 
that work on the latter would be an interesting line of inquiry for future research. 

Given the expression patterns of Ovipostatin over time, and assuming that 
this reflects overall activity of the prostate gland, investment into the male function 
after a single ejaculation event can be hypothesised to change over time. In other 
words, a sexually isolated snail (represented in our study by treatment 192 h post-
ejaculation) with a fully replenished prostate gland can be expected to invest 
minimal resources in that part of its male function. Except for a slight investment in 
maintenance and renewal of the Acp stores, the sexual resources that remain 192 h 
after ejaculation are allocated to the female function. However, after a copulation 
event in the male role, resources are necessary to replenish the prostate gland with 
accessory-gland products. Such a change in female investment, as a consequence of 
only donating ejaculates, has been previously reported, with a c. 50% reduction in 
egg-laying in snails restricted to the male function 47, indicating likely investment in 
both sperm and seminal fluid. Taken together, this supports the suggestion that 
allocation of resources to the male function is relatively high in this species and that 
changes in investment with respect to sexual function are rather flexible 48. 

In summary, we show that Ovipostatin expression profiles change in the 
prostate after copulation, highlighting that this Acp is transferred during sexual 
encounters and has to be replenished afterwards. The expression does not seem to 
depend on the donor’s mating histories, as investigated here. Our data do, however, 
underline the importance of temporal standardisation when such expression is 
measured. To determine whether Ovipostatin expression is a good proxy for 
prostate-gland replenishment, the expression of other Acps in the prostate gland 
should now be examined. The role of these proteins in the reproductive process and 
their potentially different allocation should also be assessed. Work is needed on 
other snail species in which such Acps have already been identified 
(e.g. Biomphalaria glabrata 25) or remain to be discovered. Finally, our finding that 

 

 
 

Acp production in a simultaneous hermaphrodite seems to be regulated in a similar 
way to separate-sexed organisms, suggests that such proteins are at least as 
important in the postcopulatory processes of hermaphrodites as they are in 
organisms with separate sexes. 

 

    

Figure Figure Figure Figure 3.3.3.3.1111 Gene, transcript, and mature protein of Ovipostatin (LyAcp10) in Lymnaea 
stagnalis. A. The gene consists of four introns (I1–4) and five exons (E1–5) of varying lengths 
(bp). Note the separation between the coding region for the signal peptide and the start of 
the mature protein (dotted lines) in the first exon. The second intron (I2) is long, so has been 
abbreviated (dashed line) in the figure, but all the other parts are to scale. B. The cDNA 
sequence of the Ovipostatin gene accompanied by the translated precursor protein (i.e. 
including the signal peptide, shown in bold). Amino acids are centred under their respective 
codons and the asterisk indicates the stop codon. C. The original partial Edman sequence 
from Koene et al. (2010) aligned with the complete ovipostatin translation. The previously 
unidentified positions (X) and one variable position are indicated in bold.    
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Figure Figure Figure Figure 3.3.3.3.2 2 2 2 Change in expression over time of the target gene (Ovipostatin) in the prostate 
gland of sperm donors of Lymnaea stagnalis. Expression is shown relative to the internal 
reference genes (Elongation factor 1α and β-tubulin) and for the different time points (h) 
after the individual had copulated in the male role (i.e. had donated sperm from seminal 
vesicles and seminal fluid from the prostate gland). Letters indicate statistical post-hoc 
significance at p < 0.05. Error bars indicate standard deviations. 
 
 
 
 
 
 
 
 
 

 

 
 

Supplementary data 
 
Table S3.1 Table S3.1 Table S3.1 Table S3.1 Primer sets, including sequences (5’-3’) and application,    see Figure S3.1 for their 
exact location within the gDNA.    
 

Primer namePrimer namePrimer namePrimer name    PrimPrimPrimPrimer sequence (5’er sequence (5’er sequence (5’er sequence (5’----3’)3’)3’)3’)    ApplicationApplicationApplicationApplication    

Ls_ovi_OPS-F TGA AGC TAA CCT TTA CTG CAC TGA cDNA PCR, 3’RACE 

Ls_ovi_OPS-R CAG GAT CGT AAC CCT CGA AAT AT cDNA PCR, 5’RACE 

Ls_ovi_168F AAA TGA AGA GGA ATG CAA CAC 3’RACE 

Ls_ovi_278R AAG TCA GCT CCA AAA GCA TTT C 5’RACE 

Ls_ovi_5P-R TGT ACG ACG CTC ACA TTT TTG gDNA PCR 

Ls_ovi_780R GTC TCT CTT TGT CTG CGG ATG gDNA PCR  

Ls_ovi_317F CGT GGT ACA CTG AAA AGG AGC gDNA PCR 

Ls_629438F GAG ATG CTG AAT TGT GAT AAA TG gDNA PCR 

Ls_40805R CAT GAC CAG AAA ATT GCT TAC C gDNA PCR 

Ls_ovi_exon4F ATG CTT TTG GAG CTG ACT TCT T Q-PCR 

Ls_ovi_exon4R CAG TAT TTT GTG AAC ATG CTC CTT Q-PCR 

Ls_EF_RT-F CCA CAA CTG GCC ACT TGA TCT AC Q-PCR 

Ls_EF_RT-R AGG AAC CCT TGC CCA TCT CTT Q-PCR 

Ls_Tub_RT-F GGA ATG GAT CCC CAA CAA TGT Q-PCR 

Ls_Tub_RT-R CGG TGC TAT TTC CGA TGA ATG T Q-PCR 
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Figure S3.1Figure S3.1Figure S3.1Figure S3.1 Location of the primer sets used for sequencing (underlined) and qPCR (bold). 
Red nucleotides represent intron sequences; capital blue nucleotides represent exon 
sequences; capital black letters represent amino acids of the ovipostatin protein; *** 
indicates the stop codon. 

 

 
 

 

 
Figure S3.2Figure S3.2Figure S3.2Figure S3.2 The change in expression over time of the target gene (Ovipostatin) in the 
prostate gland of primary and secondary donors. Expression is shown relative to the internal 
reference genes (elongation factor 1α and β-tubulin) and for the different time points (hours, 
h) after the individual had copulated in the male role as primary or secondary donor 
(respectively, white and black bars). Error bars indicate standard deviation. 
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ttactttgta tatatatata tatatatata tatctaagta attgcaggta cgaaccataa  2642092 
aaataattca gccatctaca actcataggt aaggcagtcg tcaaaggaag aaactcaaaa  2642152 
ATGAAGTTCC TTGTATTCGC CGTCTCAGCA CTTACAGCAG TCCTTGCAGA AAAGGACCAA  2642212 
 M  K  F   L  V  F  A   V  S  A   L  T  A   V  L  A  E   K  D  Q 
ACCCCCTCCT GCTCGCCAGA CACATTTGAA GCTAACCTTT ACTGCACTGA CGGCTCT 
 T  P  S   C  S  P  D   T  F  E   A  N  L   Y  C  T  D  G   S   
                                                              gta  2642272 
agttacgaca taagtgtgca ttatgcattg gacgtacaat gtgttagatg tatttaaaag  2642332 
ttaaaaattt ttatatatat ttttttgaaa aactcgataa ttatgccgtg taaattatat  2642392 
tttggtaaaa atttag 
                 GTGT GCGGAAAGTA TGCTGTCGAT TGGACCAAAA ATGTGAGCGT  2642452 
                V   C  G  K  Y   A  V  D   W  T  K   N  V  S  V 
CGTACAACTC AAGAGTTTTC GTTTAGTATT CTACATAAAT caa 
  V  Q  L   K  S  F   R  L  V  F   Y  I  N   Q 
                                               gtaagta tttcgccaac  2642512 
taaagtaagt attttactaa ctgcagtacg gtaagtattt ctataactgc agtaagtatt  2642572 
tcgctaattg cagtaagtat ttcgctaact gctttaagta ttttgctaac taggttaaga  2642632 
attttcttta actacagtaa gtatgtccct aacttctgta agaatttcgc taactgcagt  2642692 
aagtattccg ctaattgcag taagtattcc gctaactgtc gtaagtattt tgttaactag  2642752 
gttaagaatt ttctttaact acagtaggta tttccctaac ttctgtaaga atttcgctaa  2642812 
ctgcagtaag tattccgcta attgtagtat ttcactaact gctgtaagaa tttcgctggt  2642872 
taaaaaaacc ccccaaagaa tgaaaagcaa acgaaaaatc cttcctgtcg taattttgta  2642932 
ggcgtgctca tctgtgtgca gttaaacagg caaatcctgt ttaactgcac actttagtac  2642992 
tgaagtgttc gatatcacat tatttagaga tgctgaattg tgataaatgt ttattatgag  2643052 
attctttctc ttctttttct tagcaatata tatatatata tatatatatc attttaggtg  2643112 
tagggtaagc aattttctgg tcatgtggat tacttatcat ccaaagtgaa actattggct  2643172 
catgcaaacg tgttatgaaa caaaaatatt ttactttcaa ccatgcttta aacaagataa  2643232 
taataagtat tttgtagaga gcctttcgct ctagttattt tccttctttt tgtcacaatt  2643292 
gtatacaaac ttttcactct agttttgtct ctaccaccaa tgtagagaac attttcactc  2643352 
tagttctgtc tttgtcacca tttgtagaaa attgtctttc tagttctgtc tctgctcact  2643412 
aactatttca gctggatgat aacctctttc actctttcac tcgaactgca acaataagtt  2643472 
tagaaactgt ttatgtttag ctttccactt ctattctcgg caattatgtt caagcgcaag  2643532 
attttgaaaa tcagctagga ctgtcccgac ttttctgact gtccagttgg tccactgctt  2643592 
gatcttcggt ccttcaacca cccgtctcaa tgactcaccc cttcgtctct acgacttaac  2643652 
cctacgtctc ggctctgctc tgctctccga ctaggctctt ccacagttct ccagaatttt  2643712 
ttttaataag cctccaactc tacccttata ttcgtgtccc tgtctcctcc atttgttgac  2643772 
cataaaccta atttctccct ggtcactctg tttaatgata ggatcacttg gataaccaac  2643832 
tggcaggatg ttagtacgga cgagagaaag cgataaacca gcttgtgtgt atcggcctcc  2643892 
catccaactt gcatccctgc actgctacat tttataaccc aataaagata ttacaactaa  2643952 
aacaaaaatg acactctaaa ttgatataaa cgttttaaca ttggttagcc ttaagtccat  2644012 
attgtcttag ctgaagtctt agctgaagtc ttagctgaag tagctcttca aactgcagca  2644072 
tcaaatccac tttgctaaat taaatgcaat ttctaacaaa taaccaatcg ggtaatctaa  2644132 
atatatcctc caaaattcaa tgaaacttat ttccatagca caaacctagc agattatcat  2644192 
catataaatt gttatgttca ttcaaaatca gacgcgacat taaaaaatgc atccgacgat  2644252 
agcttaaatg ccctaatttt gatacaagcg ttaactttta ttaagaccta ttgctgctct  2644312 
tctcagtggt atttcctgca attgtattta ttttaaataa aaaatttcaa atttatttcc  2644372 
aagatcaact caattagtca tttttatatt ttaccactga tatttttttt ttttaattta  2644432 
cttttttttt ttcaaagtta ctcacgcagt ttgactcttg atttgaaata aaatggaaat  2644492 
aattctttat agaagcccca ctaacgttgt cgtcataagg gaaaccaact tcacactttg  2644552 
tgttatagtt cgtttcttac atatagccag ggacctccca taaataaacc tagtttgcaa  2644612 
aatggtggca cctcatacat tgataaaatg tagcatcatt tacattgaga aatgttggaa  2644672 
ccaaatacat tgagaaatag tggcgacaca cattgataaa tggtagtacc acagcattaa  2644732 
taaatggtga caccacatgc attgagaaat tagggcacca caaattttga gaaatagtgg  2644792 
caccatatac attgagaaat atatacattc acctcaattt aaaatatatt aaaaataaac  2644852 
tttcacatca cttgtaaata attataaatt taaatattca acttacttga aaatagatac  2644912 
aaatgtatac attctcctca cttgtaaata tttataaata taaatattcg ccttatttga  2644972 
aaatatatac aaacataaac ttttacatca tttcattaac ag 
                                              ataaaagg ttttagaatt  2645032 
                                               I  K  G   F  R  I  
acaaatgaag aggaatgcaa cacagttgac gggagaagta atcagatccc tatacgttgc  2645092 
 T  N  E   E  E  C  N   T  V  D   G  R  S   N  Q  I  P   I  R  C 
Ataccac 
 I  P 
       gta agagaacttg tattaatttc actagtgtaa tttgggaggt cagcgtgcag  2645152 
gtcaaagcaa tatgaaataa atcatacaga tagggcgaaa acatgtgagg tcgttagact  2645212 
taccaaagaa tgtttagact gaaaagttgt catccgcaga caaagagaga cataaatagc  2645272 
cacttagccg atagaaggtc acctaagaat tctgtagacc cctacagcta atcgtgtctg  2645332 
tttgtccact tttgtctgtg ttgaagaccg tccagtcgac acgttcttct tttagctcaa  2645392 
ctatccaact accttttgtg tttattgcac gttcatgtta ctattgggac ttatgtttta  2645452 
tttggcggta atatgataac cgtcaccttg tcaaaactca gtgtaataat ccagggctga  2645512 
atttacaggg ctgaatcgtt tccaaacttt tatatcgaaa aattaccatt tgtattgtag  2645572 
atagcgtgag atagagagag agagagagga gagagaggaa agagagacag agagtgagag  2645632 
agagagagtg agagagagag agtgagagag agagagagag agagcgagaa aggagtagat  2645692 
ttagaaaaga ttatttttat gtacaatagt ttgaagaaaa cgtgtttttg ttatttgtgt  2645752 
gtgtttttgt tttaaatcat gcattttaaa tatctgatca tgcgcgttta acgtttatga  2645812 
tataagatgt ttttttaaaa actagcttaa attaaatata aataaatata tgtttctggt  2645872 
ctttcag                                                      
       caa atgctgtaat acggttaaaa ggaaatgctt ttggagctga cttcttatcc  2645932 
       P   N  A  V  I   R  L  K   G  N  A   F  G  A  D   F  L  S  
tacgatgttg tcagcacatc cacaaccgta acgtggtaca ctgaaaagga gcatgttcac  2645992 
 Y  D  V   V  S  T  S   T  T  V   T  W  Y   T  E  K  E   H  V  H  
aaaatactga aaattcttat cg 
 K  I  L   K  I  L  I 
                        gtacgtcc cgaaaaaatc gcaacaatct taccataatt  2646052 
aatgaacaag ctgctctcgt tgatctggct ctttttagtg gtgcagatcg aatttgaacc  2646112 
gtgcagacag ggatgttgag cgtttagagg aacagatgag atgtttaaca catgatagtt  2646172 
gacaaaaact tagactcttg ttacccatat tgtaaatatc tcaagggata ttttaataat  2646232 
ggaaccccat tttttgtcta tcagagcatg tgataaaaac gtctggtcaa actgatattt  2646292 
ctcaacacgt tttttttaaa aactttgtga gatctgaggt ctgagtttaa tctttttaaa  2646352 
atatttagtc tttgactgca tggtctaaac gtcatgacat cagccaaaaa agtgtcagag  2646412 
actacgtgct ctaattatca tgacaacggt ctacaaacta ccaattgtta cttaaaacca  2646472 
aacaataatt ttaatttgtt tttaaattag tattttttcc acgtttcttt gcaatttttc  2646532 
tcttccaG 
        AT GGAGGCAGTC TATCTCCAGG AGATTTTGTC TTTTTCACAG ACCTATTAAA  2646592 
        D   G  G  S   L  S  P  G   D  F  V   F  F  T   D  L  L  K 
GACCGATGAT TTGTCCTCGT CATTATTTGA TTTTCCGGTT ACCTGCCCAT ATTTCGAGGG  2646652 
  T  D  D   L  S  S   S  L  F  D   F  P  V   T  C  P   Y  F  E  G 
TTACGATCCT CAGtaa 
  Y  D  P   Q *** 
                 ttgc taatttattg tcaatgttga aaattaaaaa aaaaaaatga  2646712 
actccaaaat tcatgcataa tgttttttta aaattccgta atgttaatca acttttggct  2646772 
 

Figure S3.1 Location of the primer sets used for sequencing (underlined) and qPCR (bold). Red nucleotides 
represent intron sequences; capital blue nucleotides represent exon sequences; capital black letters represent 
amino acids of the ovipostatin protein; *** indicates the stop codon 
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Red nucleotides are intron sequences; CAPITAL BLUE 

NUCLEOTIDES ARE EXON SEQUENCES; CAPITAL BLACK 

LETTERS ARE AMINO ACID TRANSLATIONS; *** 
indicated the stop codon. 
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Abstract 

 

Introduction 
Upon transfer, spermatozoa are usually accompanied by seminal fluid 

produced by male accessory glands. While some ejaculate components play roles in 
nourishing and activating sperm 1, others influence female physiology to increase 
fertilisation success of the sperm donor 2-4. Such effects are especially selected for, 
via sexual selection, when a species is highly promiscuous and has efficient sperm 
storage and sperm digestion. Under such conditions, sperm donors compete heavily 
for the fertilisation of eggs 5. While there is abundant correlational evidence for the 
importance of seminal fluid substances for male fertilisation success, direct evidence 
is rare and few studies have delved into the details of the physiological change 
and/or substances involved 6. 

In species with separate sexes (i.e. males and females; gonochorists) there 
are a few well-investigated model species when it comes to seminal fluid 
composition and their effects. Examples include the fruit fly, Drosophila 
melanogaster 6, the malaria mosquito, Anopheles gambiae 7, and the red flour 
beetle, Tribolium castaneum 8. Such seminal fluid studies are much rarer when it 
comes to species that are simultaneously hermaphroditic (i.e. individuals are 

In internally fertilising animals, seminal fluid is usually added to the 
spermatozoa, together forming the semen or ejaculate. Besides nourishing and 
activating sperm, the components in the seminal fluid can also influence female 
physiology to augment fertilisation success of the sperm donor. While many 
studies have reported such effects in species with separate sexes, few studies 
have addressed this in simultaneously hermaphroditic animals. This video 
protocol presents a method to study effects of seminal fluid in gastropods, using 
a simultaneously hermaphroditic freshwater snail, the great pond snail Lymnaea 
stagnalis, as a model organism. While the procedure is shown using complete 
prostate gland extracts, individual components (i.e. proteins, peptides, and 
other compounds) of the seminal fluid can be tested in the same way. Effects of 
the receipt of ejaculate components on egg-laying can be quantified in terms of 
frequency of egg-laying and more subtle estimates of female reproductive 
performance such as egg numbers within each egg masses. Results show that 
seminal fluid proteins affect female reproductive output in this simultaneous 
hermaphrodite, highlighting their importance for sexual selection. 
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functionally male and female at the same time), even though this mode of 
reproduction is common throughout the animal kingdom 9. The most notable 
hermaphroditic example of the transfer of an accessory gland substance is probably 
the shooting of so-called love-darts in land snails 2,10, where the substance is 
transferred by the sperm donor via hypodermic injection 11,12, i.e. not along with the 
spermatozoa. But many simultaneous hermaphrodites transfer male accessory 
gland products along with their sperm, such as the model species used here, the 
great pond snail Lymnaea stagnalis. Previous research has already demonstrated 
that the receipt of seminal fluid influences the female reproductive output of this 
species 13-15, and several of the involved seminal fluid proteins have been identified 
16, 17. 

The overall goal of this protocol, which is an extension of the methods 
reported in Koene et al. 16, is to test the effects of seminal fluid proteins on various 
parameters of egg laying in gastropod molluscs. This is accomplished by dissection 
of the prostate gland (i.e. the male accessory gland producing the seminal fluid) of 
sexually isolated donor snails from a standardised laboratory culture. Second, the 
donor’s sperm is collected from the seminal vesicles and different treatment 
solutions are made. Subsequently, test snails are anaesthetised and intravaginally 
injected with a test solution (for example, prostate gland extract alone, prostate 
gland extract with sperm, sperm alone, carrier medium alone). These test snails are 
then monitored for the following days to weeks, under standard conditions, to 
record egg-laying. Egg masses are collected, digitally scanned for counting and 
measuring various parameters, and then put in individual vials for hatching. After 
about two weeks, the hatchlings are counted and digitally scanned. All the scans, of 
both egg masses and hatchlings, are then analysed using a freely available image 
analysis software package. 

For this protocol, the laboratory strain of the great pond snail, Lymnaea 
stagnalis, is used, which is bred at VU University in Amsterdam. This species serves 
as a model system for investigating questions about sexual selection and 
reproduction in hermaphrodites. The animal’s relatively large size makes it 
experimentally very accessible. In addition, because it is used as a model species in 
many biological disciplines we already know a lot about the basic biology of these 
animals. This method will help to study questions about processes of sexual selection 
that are mediated via seminal fluid proteins in general. Also, because these are 
simultaneous hermaphrodites, it is possible to address whether such proteins act in 

 

 
 

similar and/or different ways as they do in species where the sexes are separated 16, 

17. 
 

Protocol 
Breeding Facility 

1. Obtain adult specimens of Lymnaea stagnalis (L.) from a laboratory culture 
like the one at VU University. 

2. Maintain the low-copper water at 20°C in both the breeding facility 
(molluscarium) and experimental tanks, which have continuous water 
exchange. 

3. Set the light/dark cycle at 12 hr: 12 hr. 
4. For breeding, feed the adult snails pesticide-free lettuce ad libitum, feed the 

young juveniles with TetraPhyll (fish food) flakes. Maintain snails in separate 
tanks according to their age, starting from egg masses which are laid within 
a 24 hr time frame. 

5. Once snails are removed from the breeding tanks they are not returned, to 
avoid the effects of having been kept under slightly different conditions as 
well as to prevent pseudo replication. 
 

Dissection 
1. Isolate the snails for one week, and feed them ad libitum, to ensure that 

they have full sperm and seminal fluid stores. 
2. Prepare a stereo microscope, a dissection plate with pins, small surgical 

scissors, coarse and fine forceps, a 10 ml syringe filled with a 50 mM 
MgCl2 solution, injection needles (0.3 mm x 13 mm), and some paper towels. 

3. Euthanise a snail by injecting MgCl2 solution (generally 3 ml or more for 
adult snails with a shell length of 31.6 ± 2.1 mm and wet weight of 2.89 ± 
0.55 g). Penetrate the foot with the injection needle at a 45° angle and inject 
by gently applying pressure continuously until the snail relaxes and remains 
extended (within seconds). Remove the injection needle and check whether 
the snail is euthanised (for example, by checking whether the tentacle 
withdrawal reflex is absent). 

4. Carefully remove the shell following its curvature by using coarse forceps. 
Halfway, gently detach the columellar muscle from the shell by scraping with 
the forceps. Gently twist the snail out of its shell, following the winding 
direction of the shell. 
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5. Place the snail on the dissection plate and pin down the back end of the foot. 
Then, place a pin through the head and put some tension on the snail to 
facilitate dissection. 

6. Localise the female gonopore, which will later on be a reference point for 
dissection. 

7. Using the surgical scissors and fine forceps, make the first incision, just 
under the edge of the mantle and cut towards the female gonopore. When 
one of the scissors’ blades is pushed under the body wall, lift it slightly to 
ensure that only the body wall, and none of the internal organs, is cut. 
Continue cutting above the gonopore towards the head and cut in a straight 
line. 

8. Localise the prostate gland (posterior) and seminal vesicles (anterior). 
Dissect these out carefully and keep them on ice. Use these to make the test 
solutions containing seminal fluid and/or sperm. Use 
physiological Lymnaea saline (5.83 mmol/L CaCl2 ·2H2O, 3.76 mmol/ 
L MgCl2·6H2O, 42.69 mmol/L NaCl, 37.53 mmol/L KCl) as a carrier medium. 

9. Collect the seminal fluid that is present in the lumen of the prostate gland 
as well as the sperm from the seminal vesicles. Subsequently, suspend both 
in saline in separate vials by gently expressing their contents and removing 
the organ tissue with forceps. Keep on ice and use the same day. Later, mix 
these suspensions to create the different treatment solutions. 
 

Intravaginal Injection 
1. Before starting the intravaginal injection procedure, prepare a silicon shell-

mould (made to fit the tip of the shell), 1 mm syringes, 10 -12 cm silicon 
tubing with a diameter of 1 mm, blunted injection needles (0.3 mm x 13 
mm), coarse forceps and the same 10 ml syringe filled with a 50 
mM MgCl2 solution fitted with a sharp injection needle. 

2. Collect the sperm, needed to add to the seminal fluid (or individual seminal 
fluid proteins) in some treatments; a biologically relevant dose equals 1/3 of 
a prostate gland and seminal vesicle per injection. NOTE: In the 
representative results section (Figure 4.1) the results of an experiment with 
three different treatments are shown: Control (carrier medium, i.e. saline), 
Ovipostatin (one of the identified seminal fluid proteins) alone, and 
Ovipostatin accompanied with sperm. In addition, to estimate the 
biologically relevant dose in other species, determine the difference in 

 

 
 

weight of the prostate gland of individuals that have recently mated and 
individuals that remained sexually isolated 16. 

3. Prepare 1 ml syringes for each of the prepared test solutions. Fill each 
syringe with one solution and ensure that there are no air bubbles inside. 

4. Fit a blunted injection needle on each syringe. 
5. For injection use a 1 mm diameter silicon tube with a minimum length of 10 

cm. 
6. Carefully slide the silicon tube over the injection needle, making sure not to 

pierce the tube, and remove the air from the tube by gently applying the 
pressure on the syringe. 

7. Anaesthetise a snail by following the same protocol as in point 2.3. This time 
make sure not to inject more than 2-3 ml of 50 mM MgCl2. 

8. Lay the snail in the shell-mould to keep it in a stable position. 
9. Locate the female gonopore, which is clearly visible as a white spot on the 

right side of the animal, anterior to the right tentacle and male gonopore 
(this location also applies to other species of freshwater snails). Make sure 
to have unobstructed access. 

10. Use forceps to hold the end of the silicon tube and gently insert 
approximately 2-4 mm of the silicon tube into the female gonopore. 

11. Carefully apply pressure to the syringe and inject 0.03 ml of the test solution. 
Wait half a minute to allow the pressure in the tube to spread into the 
female tract before removing the tube. 

12. Return the treated snail to its isolation container, where it can be monitored, 
and allow it to recover from sedation in the experimental tank. 

Bioassay 
1. Label each snail for identification and measure its shell length. The latter is 

a good indicator of the size, which is relevant when quantifying reproductive 
output. 

2. Keep each snail isolated in a 460 ml container that is perforated to allow for 
water exchange within the experimental tank. It is important to place all 
containers in the right orientation, with the perforations in the direction of 
the water flow, to allow for efficient water exchange. 

3. During the bioassay, feed snails regularly with a standardised amount of 
lettuce. Use a round, metal puncher to cut lettuce. In this protocol lettuce 
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discs of 19.6 cm2 are used, which approximates the amount they maximally 
can eat in one day. 

4. Collect an egg mass using the flat side of a spatula and scrape the egg mass 
from the container wall. Use the spoon side to collect the egg mass.∞  
NOTE: Opaque egg masses that have just been laid cannot be used for 
scanning (they become transparent within a few hours after laying). For the 
model species in this protocol, Lymnaea stagnalis, check for egg masses 
every day, since they produce 2-3 egg masses per week. This can differ in 
other species. 

5. Scan the collected egg masses digitally, using a (laptop) computer containing 
the scanner driver, a flatbed scanner, a standard millimetre scale, a spatula, 
transferring plates, and glass tiles. 

6. Place each egg mass on the transferring plates and repeat until the plates 
are full. Subsequently, dab the egg masses dry on a paper towel and transfer 
them onto the glass tiles in the same order as on the transferring plates. 

7. Turn each tile upside down (the egg masses will stick to the glass tile) and 
carefully place it on the flatbed scanner, just under the millimetre scale. 
Apply a bit of pressure to flatten the egg masses, which will distribute the 
eggs evenly so they are all visible within the same focus plane. Fit the tiles 
with a standardised amount of tape around two edges to assure that all eggs 
are flattened equally. 

8. Adjust the scanner settings. It is important to adjust the resolution to its 
maximum, make a preview scan, crop the working area, and adjust the 
brightness and contrast. Scan the egg masses. 

9. Place each egg mass in its own labelled 20 ml glass vial for further 
development and hatching. 

10. Refresh the water in hatching vials every other day to keep it properly 
oxygenated. Do this according to hatchling numbers and size in the following 
order: decanting/pouring off (no hatchlings), overflowing (start of hatching), 
and extracting out the water with a pipette (many hatchlings). 
 

Measuring and Counting Eggs 
1. Install the freely available image analysis software ImageJ (NIH, USA) and the 

cell counter plugin. 
2. Open ImageJ as well as a spreadsheet program to transfer the data to. Then 

open a scanned picture of egg masses in ImageJ. 

 

 
 

3. Set the scale by using the zoom tool to navigate to the millimetre scale. 
Zoom in and adjust the window for 1 mm to fill up the screen. Draw a line 
using the line tool between the two lines that indicate 1 mm. Navigate to 
Analyse, and Set scale. In the pop-up menu the measured length option 
becomes visible, adjust Known distance to 1 and unit of length to mm. Check 
the box Global, and close the window. 

4. Set the preferred measurements (length, width, and circumference) by 
navigating to Analyse, and Set Measurements by selecting Area and Feret’s 
Diameter (length and width). Click OK to confirm and continue with the 
image analyses. 

5. To measure the eggs, zoom in on an egg of the first egg mass that needs to 
be measured. A zoom of 800% is recommended. Then, using the elliptical 
tool draw an oval exactly around the egg, press ctrl+D to draw the 
circumference on the image (to prevent measuring the same egg twice). 
Then press ctrl+M to record the measure of the properties of the oval 
(length, width, and circumference); a pop-up screen opens displaying the 
measurements.  
NOTE: The use of the elliptical tool to measure eggs does not apply to all 
species. For species with non-uniformly shaped eggs, use the freehand 
selections instead. 

6. Measure as many eggs as necessary and then save the measures as .xls 
worksheet. Optionally, copy the data directly into a worksheet. 

7. Subsequently count the eggs within an egg mass, by using the counter 
window and put the counts manually into the worksheet. 

8. Alternatively, count the individual eggs per egg mass with the help of the 
cell counter plug-in. For this, navigate to Plug-ins, then, Analyse and select 
Cell counter. The cell counter window will pop up, check the 'keep original' 
box and press 'initialise'. A new counter window appears, select the 
crosshair tool from the toolbar and select a counter type in the cell counter 
menu. Count the individual eggs by clicking on the individual eggs in the cell 
counter window. Observe the total count next to the counter type in the cell 
counter menu. Copy this number manually to a spreadsheet or obtain the 
results by pressing Results. 

9. Count multiple egg masses within one counting event by adding counter 
types, if necessary. 
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Representative Results 

Figure 4.1Figure 4.1Figure 4.1Figure 4.1    shows the percentage of animals laying eggs after intravaginal injection of either 
the control substance (saline), Ovipostatin, or Ovipostatin accompanied with sperm. . . . N = 15 
for each treatment; see Koene et al.16 for details and statistics (Source: Figure 3 from 
Koene et al. 2010, PLoS ONE). 
 

Discussion 
The presented protocol shows how to collect seminal fluid and how to test 

this in a biologically meaningful way. Although this procedure here is shown using 
the prostate gland extract, the effect of a single purified seminal fluid protein can 
also be tested following the same procedure. Obviously, in such tests, it is always 
crucial to include proper controls (sham treatments) to ensure that the procedure 
and/or the carrier medium do not affect the parameters in questions 14, 16. Using this 
method, it has already been shown that there is a single seminal fluid protein, 
namely Ovipostatin, which mediates a reduction in egg-laying 14, 16. This protein, 
produced in the prostate gland and transferred during mating along with the 
spermatozoa, represents the first fully characterised seminal fluid component in a 
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simultaneous hermaphrodite and does, so far, not show any resemblance to known 
proteins. 

The finding that Ovipostatin reduces egg mass production in the recipient 
corroborates earlier work indicating that substances in the semen may influence egg 
laying13-15. By transferring biologically relevant amounts (see Intravaginal injection 2. 
16), one can convincingly demonstrate that it is a seminal fluid protein, and not the 
presence of spermatozoa themselves, that mediates the observed reduction in egg-
laying (Figure 4.1). Given that repeated receipt of seminal fluid via natural matings 
increases the investment per egg 15, it now becomes highly relevant to quantify other 
parameters of egg-laying. The presented protocol now provides the necessary 
methods to do so. Although no effect was found of Ovipostatin on hatching success 
of the eggs laid by the recipient 16, there may be other seminal fluid proteins that act 
in concert with this protein. Hence, parameters that need to be quantified in this 
context - next to laying frequency and egg numbers - include egg size, hatching time, 
hatchling development, and hatchling size. In addition, it is possible to look at effects 
on other female processes than egg-laying, such as sperm storage and usage, as well 
as the allocation of reproductive resources towards the female and male function 14, 

17. The presented method is instrumental in addressing these follow-up issues, both 
in Lymnaea stagnalis and in other fresh water snails. 

In sum, experiments using this protocol show that transferred seminal fluid 
proteins affect the female reproductive performance of the recipient in these 
simultaneous hermaphrodites. Given that few studies have addressed this, it is likely 
to be much more common in internally fertilising hermaphrodites than is currently 
reflected in the scientific literature. Especially when one realises that precopulatory 
mate choice and sperm competition have been shown to play an important role in 
these hermaphrodites 14, which highlights the potential of such male accessory gland 
proteins to be sexually selected in this system. Finally, this research helps to support 
the developing notion that seminal fluid proteins are of equal importance for 
simultaneous hermaphrodites as they are for separate-sexed species. 
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Abstract 

 

Introduction 
During sexual interactions, reproductive optima often differ between the 

sexes as each sex tries to maximise its own reproductive success 1. Females 
generally invest relatively heavily in offspring production and, as a result, their 
reproductive success is largely determined by the choice of the right mating 
partner(s). Males invest substantially less towards offspring production, in terms 
of gametes; their reproductive success is therefore restricted by mate availability 
and thus mating opportunities 2. What is more, traits that increase the 
reproductive success of one sex may be maladaptive to the other, thereby 
displacing one or both sexes from their evolutionary fitness optimum 3. Such 
interlocus conflicts can give rise to extreme and costly mating behaviours, setting 
off a sexually antagonistic arms race 1,4,5. One typical example of sexual conflict is 

Sexual conflicts often arise between mating partners because each sex tries to 
maximise its own reproductive success. One major male strategy to influence a 
partner's resource allocation is the transfer of accessory gland proteins. This has 
been shown to occur in simultaneous hermaphrodites as well as in organisms 
with separate sexes. Although accessory gland proteins affect the investment of 
resources in both male and female function, we here specifically focus on 
female investment. In the great pond snail, Lymnaea stagnalis, previous studies 
found that the accessory gland protein ovipostatin reduced female fecundity by 
suppressing egg-laying in the partner in the short term (days). To investigate 
whether this reduction in egg-laying is a commonly found effect of mating in 
freshwater snails, we compared egg output for evidence of suppression in 
isolated and paired snails of eight pulmonate species. Furthermore, we 
determined whether the suppression of egg-laying caused a shift in resource 
allocation to the eggs. We found that in five of the eight species egg-laying was 
suppressed, with fewer and lighter egg masses being laid when they had access 
to a mating partner. In mated pairs of L. stagnalis and Biomphalaria alexandrina, 
allocation of resources to the eggs was altered in opposite ways: individuals of 
L. stagnalis laid fewer but larger and heavier eggs; individuals of B. alexandrina 
laid smaller and lighter eggs, with no change in egg numbers. Such changes in 
the female function are most likely the result of combined effects of receiving 
accessory gland proteins, and the cost of mating in both male and female roles. 
Thus, effects of the maternal environment, including the receipt of accessory 
gland proteins, on offspring investment are not restricted to species with 
separate sexes. 
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mating frequency, because males of many species have higher optimal rates of 
mating than do females 6,7, while the costs of multiple mating in females are often 
relatively high. The cost of mating in females is not only due to the direct costs of 
mating but also to physical damage that incurs survival and reproductive costs 
3 , 8 – 1 0.  

Differences in reproductive strategies between the sexes find their origin 
in anisogamy (i.e. gamete size difference between the sexes) and should therefore 
also be present in hermaphroditic organisms 11. Recent research has indeed shown 
that sexual conflict does occur in simultaneous hermaphrodites and that it forms 
a driving force that is as important as that for the evolution of separate-sexed 
organisms. For example, sexual conflict is thought to have resulted in the evolution 
of seemingly harmful matings involving traumatic insemination in separate-sexed 
organisms such as bedbugs 4, strepsiptera insects 12, and some cephalopods 13, and 
in hermaphrodites such as sea slugs and polyclad flatworms 14–16 (for a review see 
17). Besides injection of sperm, hypodermic injection of accessory gland products 
alone can also be harmful, which is the case in land snails 18–20 and earthworms 21 
(for a review see 22). 

Being both male and female, simultaneous hermaphrodites can strategically 
allocate shared reproductive resources to the sexual function with the highest 
reproductive gains 23. This reallocation often seems to be dependent on body size, 
because larger individuals lay substantially more eggs, allocating more towards their 
female function, while smaller individuals allocate proportionally more towards 
their male function 24–27. In addition, simultaneous hermaphrodites can allocate 
resources to either their male or female function, depending on mating opportunity 
and partner quality 28 (reviewed in 29). Studies on the great pond snail, Lymnaea 
stagnalis, found that sperm donors preferred new partners and that more sperm 
were transferred to virgins 30,31. Such flexibility, however, also opens up the 
possibility for manipulation, in which a sperm donor can alter the allocation of 
resources in a partner to benefit its own reproductive success 15,32,33. 

One way of influencing a partner's allocation of resources is via accessory 
gland proteins (Acps), often referred to as seminal fluid proteins when such proteins 
are transferred together with sperm in an ejaculate. Accessory gland proteins have 
been found to alter the behaviour and/or physiology of the recipient in many 
species. In some insects, such as seed beetles, coccinellid beetles, fruit flies, and 
mosquitoes, these proteins induce post-mating responses such as a reduction in the 
willingness to re-mate 34,35. In Drosophila melanogaster, at least 138 identified 

 

 
 

accessory gland proteins seem to be transferred during mating 36, and many of these 
proteins have been shown to each affect a specific aspect of the female physiology, 
such as increasing egg production 37–41. 

The role of seminal fluid components in simultaneous hermaphrodites has 
predominantly been studied in the pond snail L. stagnalis (but see 42 for recent 
developments in Macrostomum lignano). These snails are capable of storing, 
digesting, and using sperm from multiple sperm donors, thus enhancing the level 
of sperm competition between rivals 33,43. Several studies indicate that high mating 
rates decrease egg laying, suggesting a probable effect of accessory gland proteins 
44,45. In fact, ovipostatin (LyAcp10), an accessory gland protein produced in the 
prostate gland, was identified as the protein that suppressed egg-laying by nearly 
50% in the recipient 46, although the known physiological effects were short-lived 
(less than a week). Studies have since shown that continuously-paired, as well as 
repeatedly-mated, individuals laid fewer eggs than individuals with less frequent 
mating opportunities, suggesting that higher mating frequencies displace females 
from their reproductive optima, even though the remaining weight per egg 
increases 32 and hatching success may increase 47. As a result, it has been suggested 
that repeated receipt of ejaculates, caused by high mating rates, in combination 
with lower female fecundity indicate that sexual conflict also occurs in 
hermaphrodites that transfer accessory gland proteins via their ejaculate. 

To investigate whether the effects observed in L. stagnalis are also present 
in other hermaphrodites, we compared snails within the molluscan clade 
hygrophila, which are pulmonate freshwater snails belonging to the informal group 
Basommatophora 48, to study allocation changes after recent mating 
opportunities. Our eight study species, which included the model organisms L. 
stagnalis and Biomphalaria glabrata, comprised three different families 
(lymnaeids, planorbids, and physids). We tested whether mating opportunities 
would lead to a reduction in egg-laying across snail species. If so, this would be an 
indicator that an ovipostatin-like effect evolved in the common ancestor of these 
three families. If, however, reduction in egg- laying was unique to L. stagnalis, it 
would suggest that the evolution of this accessory gland protein is determined by 
more recent selection pressures. In addition, we quantified and analysed 
morphological measurements of eggs, including dry weight, surface area, length, 
and volume, to determine whether egg-laying suppression would result in a 
reallocation of resources to the individual eggs. Overall, our work deepens the 
knowledge from previous reports of changes in egg investment in L. stagnalis 49 
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and extends our understanding of egg investment in different species, showing a 
generality of reallocation in response to changes in egg-laying. 

 

Methods 
Study species 

For this study, we used eight simultaneously hermaphroditic species in the 
hygrophila clade. The study species included five lymnaeids (L. 
stagnalis, Pseudosuccinea columella, Stagnicola palustris, Stagnicola corvus, 
and Radix auricularia), one physid (Physa acuta), and two planorbids (Biomphalaria 
glabrata and B. alexandrina). Our group at the Vrije Universiteit Amsterdam 
maintains several age-synchronised breeding tanks of the selected species in its 
molluscarium. Individuals of L. stagnalis (Linnaeus 1758) are easily reared under 
laboratory conditions, making this species a suitable model organism 50. The 
culture has been maintained for 50 years, originating from a wild population in a 
nature reserve and an agricultural area near Eemnes, The Netherlands. The culture 
of P. acuta (Draparnaud 1805) is a lab strain originating from the Netherlands that 
has successfully been reared for 20 years. The cultures of S. 
palustris (Müller 1774), S.corvus (Gmelin 1791), and R. auricularia (Linnaeus 1758) 
have been bred for nearly five years, and originate from Belgium and The 
Netherlands. As with L. stagnalis, all these species have a Holarctic 
distribution. Pseudosuccinea columella (Say 1817) is endemic to eastern North 
America but occurs over large parts of the Neotropics and has successfully been 
introduced into Europe. Our culture of this species originates from a greenhouse 
in Belgium and had been bred for nearly five years. Biomphalaria 
glabrata (Say 1818) came from a Brazilian lab strain 15 years ago and has a 
Neotropical distribution. B. alexandrina (Ehrenberg 1831) originates from the Nile 
region and has been bred successfully for four years. 

The breeding and experimental laminar-flow basins for cultures of all 
species were maintained under similar environmental conditions at 20°C (±1°C), in 
oxygenated low-copper water, with a light/dark regime of 12:12 hr. The cultures 
were alternately fed broadleaf lettuce (Lactuca sativa L., frozen and then thawed 
for some species) or fish flakes (TetraPhyll, Tetra GmbH, Melle, Germany) three 
times per week 50. 

All study species, except P. columella, generally mate unilaterally by 
performing a single sex role during a given mating, but can, after completing a 
unilateral sperm donation, reciprocate by switching roles 50,51. In P. 

 

 
 

columella, there is some evidence for a predominance of selfing over outcrossing 
52–54. In addition, all the species lay gelatinous capsules filled with eggs, which we 
refer to as egg masses 55. Within each egg is an embryo surrounded by nutrient-
rich perivitelline fluid provided by the albumen gland 56. After having received 
sperm from a sperm donor, the recipient can store and use this sperm for the 
fertilisation of its eggs several weeks to months after mating 57. All the adult 
individuals, when entering the experiment, had ample opportunity to donate and 
receive sperm. 

 

Experimental setup 
In order to determine whether mating opportunities cause a reduction in 

egg laying, we compared the egg output of isolated snails to that of paired snails in 
the following experiment. For each of eight species, 65 age-synchronised adult 
snails were collected from our breeding facility (see 58  for details), where they 
would have had previous mating opportunities, and their shell lengths were 
measured before experimentation. The experiment consisted of two phases (see 
below): an 11-day pre-treatment phase, in which all snails were kept isolated; and 
an 11-day treatment phase, during which snails were either assigned to an isolated 
treatment (N = 20) or a paired treatment (N = 40; Figure 5.1). In this way, we could 
account for individual differences in fecundity by either comparing the same 
individual under isolated and paired conditions or by comparing egg-laying of the 
same individual during two subsequent periods of isolation. Note that individuals 
of L. stagnalis can store sperm for up to two months 59; thus paired (single partner; 
Figure 5.1) and isolated snails (no partner; Figure 5.1) were assumed to lay 
outcrossed egg masses. Our focus was on the immediate effect of additional 
mating opportunities on female fecundity during the treatment phase, including 
the receipt of Acps (ovipostatin in particular). Previous work by Hoffer et al. (2012) 
showed that in L. stagnalis, the presence of an inaccessible mating partner does 
not affect female reproductive investment. Based on those findings, we here 
assumed that investment changes were induced by actual mating, and for that 
reason (and to keep the experimental setup simple and manageable) we chose to 
contrast the isolated and paired treatment of adult snails only.  

The first four days of the pre-treatment and treatment phase consisted of a 
standardisation period, during which the individuals were allowed to accommodate 
to the new condition. For the pre-treatment phase, standardisation meant isolating 
the snails, thereby removing any direct physiological effects (including the recent 
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receipt of ovipostatin) of previous copulations from their time in the lab culture 45, 
or to control for increases in egg-laying due to clean-surface stimulus, which is 
triggered when snails are placed in clean containers 60. Isolation also served to 
increase male motivation for mating 61,62. All non-laying individuals were removed 
from the experiment after the pre-treatment standardisation period. For the 
treatment phase, standardisation was needed to ensure copulation between the 
pairs occurred. Note that all egg masses laid during the standardisation periods were 
discarded. Also, egg masses laid by individuals or pairs in which one of the partners 
died during the experiment were removed from the analysis. 

Standardised snails remained isolated in perforated plastic containers 
(460 ml) for the pre-treatment week, during which time all egg masses laid were 
collected twice to determine each individuals’ egg output during one week in 
isolation (Figure 5.1). In the treatment phase, all snails were ranked according to size 
and allocated to either an isolated treatment or a paired treatment, ensuring each 
treatment had a similar range in body size. The pairs were matched according to size 
(±1 mm), thereby removing size effect between partners 58. As above, the 
standardisation period was followed by a treatment week, during which time all egg 
masses laid by isolated and paired snails were collected twice to determine 
treatment effect on egg-laying (Figure 5.1). Although not quantified systematically, 
pairs of all the species were seen mating during the experimental period, and most 
have been reported to mate multiple times within a few days after a period of 
isolation. 

The number of egg masses, eggs per mass, as well as dry weight per egg 
mass and per egg were recorded for the two phases of the experiment. Egg masses 
were scanned at 150× magnification (Canoscan LiDE 700F Scanner), with a 
micrometre for scale, then freeze-dried (Lyph-Lock 6, Labconco, Kansas City, MO) to 
determine dry weight (microbalance, Mettler Toledo, UMT2, GmbH, Switzerland) 
per egg mass (g) and per egg. From the scans, the number of eggs per egg mass was 
later counted manually with the help of ImageJ Cell Counter plugin 
(http://rsb.info.nih.gov/ij/; http://rsbweb.nih.gov/ij/plugins/cell-counter.html). 
ImageJ was used to measure different variables (surface area and Feret's diameter: 
length and width) from the outer periphery of each of five randomly selected eggs 
from each egg mass. Using Feret's diameter, egg volume was calculated following 
the standard formula of an ellipsoid (for an overview of methods see 63). 

All statistics were performed with IBM SPSS 20. To reduce the effect of 
individual differences in reproduction, pre-treatment week data were subtracted 

 

 
 

from the treatment week data per individual, and this difference in values was 
indicated with delta (δ). A Student's t-test was performed to determine the 
treatment effect on relative changes in fecundity (egg mass number, egg number, 
dry weight of egg mass) and reallocation of resources to eggs (egg dry weight, 
surface area, width, and volume). The number of eggs, egg masses, and total dry 
weight of egg masses were calculated per pair from the pre-treatment period by 
summing the egg output of both snails during isolation and dividing this by two. This 
was done so that the combined egg output during the treatment period could also 
be divided by two, to reflect output per snail. Individuals that did not lay egg masses 
during the treatment week were excluded from statistical analyses of variables 
associated with the reallocation of resources to eggs (see Table S5.1 for percentages 
of individuals from each species that did not lay eggs). The percent change between 
the paired and the isolated treatments was calculated for each egg variable during 
the treatment week as [(δpaired−δisolated)/ |δisolated|] × 100, where “|” symbols indicate 
mean absolute value and δ is the calculated relative difference. 

To address the phylogenetic relationships among the species used in this 
study, the maximum likelihood (ML) method was applied by using 16S mitochondrial 
gene sequences from GenBank (accession numbers: B. alexandrina AY030204.1; B. 
glabrata KF892020.1; L. stagnalis AY577461.1; P. columella U82073.2; S. corvus 
U82079.2; S. palustris U82082.2; P. acuta U038308.1; R. auricularia AF485646.1). To 
provide a robust rooting, we used Latia neritoides and an unidentified species of 
Chilina as outgroups (accession numbers: EF489307.1 and HQ659898.1, 
respectively). Sequences were aligned with MUSCLE and curated using Gblocks. The 
ML tree was built using PhyML and TreeDyn and tested for reliability by performing 
1,000 bootstraps 64. It should be noted that it was not our aim to reconstruct the full 
phylogeny of the freshwater snails but to use this tree to assess the phylogenetic 
signal in the egg-laying response. To do so, we used Blomberg's K with the 
phyloSignal function in the statistical packages Phytools and Ape within R software 
version 3.3.3 65. The degree to which a trait shows phylogenetic signal predicted 
under Brownian evolution is indicated by K (K= 0 means that there is no phylogenetic 
signal, K < 1 means that closely related species weakly resemble each other, and K > 
1 indicates that closely related species strongly resemble each other 66). To obtain p-
values of K we used 1,000 randomisations. 
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Figure Figure Figure Figure 5.5.5.5.1 1 1 1 A schematic diagram of the experimental setup to test female reproductive output 
in several species of hermaphroditic freshwater snails.    During the four-day acclimatisation 
period preceding the pre-treatment and treatment weeks, all egg masses were discarded 
(acclimatisation time, depicted as grey and pink egg masses). Egg masses were only collected 
during the two experimental weeks (seven days, depicted as black and red egg masses). The 
pre-treatment phase started once all snails were isolated, and the treatment phase started 
once the snails were divided into the two treatments, either remaining isolated (no partner) 
or being paired up with a size-matched partner (single partner, as indicated by black and red 
individuals). Note that there are no focal individuals within the pairs, and measurements 
from the egg masses produced by the paired black and red individuals were averaged. All 
snails were adults prior to the pre-treatment and are thus assumed to have sperm stored 
from previous mates that they use for producing outcrossed eggs.    
 
Results 
Relative change in female fecundity 

In L. stagnalis we found a significant decrease in female fecundity of paired 
individuals compared to isolated snails, with a 70% reduction in the number of egg 
masses laid (t41 = 2.06, p = .046), while a three-fold reduction was found in the 
number of eggs laid (t41 = 3.68, p = .001; Table 5.1; see Table S5.1 for averages per 
species per treatment). In total, the paired snails laid lighter egg masses, decreasing 

 

 
 

total dry weight of egg masses by 140%, compared to isolated individuals 
(t41 = 2.9, p = .006; Table S5.1). 

Two of the other lymnaeids, namely P. columella and S. corvus, showed a 
similar decrease in fecundity. In both species, paired individuals laid significantly 
fewer egg masses than isolated individuals (P. columella, −1,065%, t31 = 3.13, p = .004; 
S. corvus, −69%, t30 = 3.4, p = .002; Table 5.1). Total egg numbers laid by pairs were 
significantly lower than for isolated individuals (P. columella, −887%, t31 = 2.83, p = 
.008; S. corvus, −64%, t38 = 3.22, p = .003). The total dry weight of egg masses 
decreased in the paired treatment (P. columella, −658%, t31 = 0.11, p = .03; S. corvus, 
−51%, t38 = 2.77, p = .009; Table S5.1). As in L. stagnalis, paired individuals of P. 
columella and S. corvus laid fewer and lighter egg masses, with a significant reduction 
in egg numbers compared to isolated snails (Table 5.1 and Table S5.1). 

For the two planorbids, B. alexandrina and B. glabrata, the number of egg 
masses laid decreased as a result of pairing, though no difference was found in the 
number of eggs laid. A greater than two-fold decrease was found in the number of 
egg masses laid by paired individuals of B. alexandrina and B. glabrata compared to 
isolated counterparts (B. alexandrina, −229%, t41 = 7.45, p = .001; B. 
glabrata, −243%, t38 = 3.88, p = .001; Table 5.1). No difference in the number of eggs 
laid by either species was found between the two treatments (B. 
alexandrina, t41 = −0.38, p = .7; B. glabrata, t38 = 0.438, p = .66). Total dry weight of 
egg masses, however, did decrease significantly in the paired treatment in both the 
species (B. alexandrina, −91%, t41 =2.27, p = .03; B. glabrata, −376%, t38 = 4.76, p 
= .001; see Table S5.1). Thus, paired individuals of both species of Biomphalaria laid 
fewer and lighter egg masses, but no change in egg numbers was detected 
compared to isolated snails, although this was, in part, due to high variation 
(Table 5.1 and Table S5.1). 

No change in female fecundity was found in the remaining lymnaeids, S. 
palustris and R. auricularia, nor in P. acuta, with egg mass number (Table 5.1), egg 
number, and dry weight of egg masses not significantly different between isolated 
and paired snails (p > .05; Table S5.1). However, there was a trend for paired 
individuals of S. palustris to lay fewer egg masses than isolated individuals (−81%, t23 
= 1.85, p = .077). 

 

Change in allocation of resources to eggs 
Paired individuals of L. stagnalis laid heavier and larger eggs than isolated 

snails. In L. stagnalis, the change in the dry weight of eggs laid by paired snails did 
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not differ between the two weeks, while a significant decrease in egg weight was 
detected in isolated snails (96%, t36 = −3.02, p = .005). Relative egg surface area, egg 
width, and egg volume all increased in the paired treatment but decreased in the 
isolation treatment (for all species, p < .01). Egg surface area was thus used as a 
proxy for egg size as it adequately represented the other egg measurements 
(Table 5.2 and Table S5.1). A 271% increase in egg size was found after pairing 
compared to isolation (t36 = −8.14, p = .001; Figure 5.2; Table 5.2 and Table S5.1). 

In B. alexandrina, the reduction in number of egg masses in the paired 
treatment was not associated with a reallocation of resources to the eggs; in isolated 
individuals, egg weight and size increased over time, whereas paired snails laid 
significantly lighter and smaller eggs (egg weight, −251%, t41 = 3.69, p = .001; egg 
size, −94%, t41 = 6.53, p = .001) than their isolated counterparts (Figure 5.2). In B. 
glabrata, there was no difference in relative egg dry weight between the treatments, 
although there was a tendency for paired snails to lay smaller eggs (−78%, t38 
= 1.82, p = .08; Figure 5.2; Table 5.2 and Table S5.1). None of the other species 
showed a significant reallocation of resources to the eggs (Table 5.2 and Table S5.1). 
 

Phylogeny 
In order to assess the phylogenetic relationships among the species tested, 

we performed a phylogenetic reconstruction analysis which resulted in a tree 
(Figure 5.2) that is consistent with the phylogeny of Basommatophora (e.g. 67,68). We 
found no significant association between presence/absence of a change in egg-
laying and phylogenetic position of the test species, but we did find that closely 
related species resembled each other in their quantitative response (egg masses, K 
= 0.975, p = .023; egg numbers, K = 1.081, p = .008), which is consistent with our 
findings that pairing affected egg number only in the Lymnaeidae, and that the 
directions of change in egg dry weight and surface area were opposite in the 
Planorbidae compared to the Lymnaeidae. 
 
 
 
 
 
 
 
 

 

 
 

Table 5.1Table 5.1Table 5.1Table 5.1    The relative change in female fecundity (pre-treatment week subtracted from 
treatment week), for number of egg masses and eggs, between the paired treatment and 
the isolated treatment; p < .05 are indicated in bold. . . . The percent difference and the 
corresponding difference δ (in parentheses) between the two treatments are also shown. 
Abbreviations: IIII = isolated, PPPP = paired 
 

FamilyFamilyFamilyFamily    SpeciesSpeciesSpeciesSpecies    
Relative number of egg massesRelative number of egg massesRelative number of egg massesRelative number of egg masses    Relative number of eggsRelative number of eggsRelative number of eggsRelative number of eggs    

IIIIa PPPPa p 
% diff 

(δ) IIIIa PPPPa p 
% diff 

(δ) 

Lymnaeidae 
Stagnicola 
palustris 

-1.00 
±1.04 

-1.80 
±1.13 

.077 -36 (0.6) 
-41 
±22 

-46 
±52 

.75 -5 (1) 

    S. corvus 
-3.25 
±2.57 

-5.50 
±1.46 

.002.002.002.002    -33 (1.7) 
-49 
±25 

-80 
±36 

.003.003.003.003    
-19 
(8) 

    
Lymnaea 
stagnalis 

-0.96 
±1.25 

-1.60 
±0.81 

.046.046.046.046    -36 (0.5) 
-36 
±89 

-150 
±113 

.001.001.001.001    
-54 
(98) 

    
Pseudosuccinea 
columella 

0.13 
±1.45 

-1.21 
±0.95 

.004.004.004.004    -33 (1.3) 
-3 
±38 

-33 
±21 

.008.008.008.008    
-42 
(44) 

    Radix auricularia 
-1.90 
±1.60 

-2.50 
±1.70 

.26 -10 (0.5) 
-64 
±57 

-69 
±56 

.81 
-15 
(23) 

Physidae Physa acuta 
-2.60 
±2.00 

-3.50 
±1.20 

.22 -18 (1.1) 
-110 
±66 

-122 
±54 

.64 
-7 
(10) 

Planorbidae 
Biomphalaria 
glabrata 

1.35 
±2.56 

-1.93 
±2.77 

.001.001.001.001    -20 (3.3) 
47 
±55 

24 
±166 

.66 
27 
(77) 

    B. alexandrina 
4.04 
±5.06 

-5.20 
±2.43 

.001.001.001.001    -47 (8.5) 
-47 
±163 

-29 
±141 

.70 
-2 
(10) 

a Values are means ± SD. 
 
Table Table Table Table 5.5.5.5.2222 Change in allocation of resources to eggs: the relative change in egg dry weight and 
surface area (pre-treatment week subtracted from treatment week), between the paired 
treatment and the isolated treatment; p < .05 are indicated in bold.    
 

FamilyFamilyFamilyFamily    SpeciesSpeciesSpeciesSpecies    
Relative egg dry weightRelative egg dry weightRelative egg dry weightRelative egg dry weight    Relative egg surface areaRelative egg surface areaRelative egg surface areaRelative egg surface area    

Isolateda Paireda p Isolateda Paireda p 

Lymnaeidae Stagnicola palustris -3.09 ± 10.3 -5.45 ± 23 .80 -2 ± 30 -7 ± 43 .64 

    S. corvus -7.56 ± 10.1 -5.30 ± 4.4 .37 -13 ± 45 -3 ± 22 .38 

    Lymnaea stagnalis -11.6 ± 5.4 -0.41 ± 16 .005.005.005.005    -68 ± 65 108 ± 65 .001.001.001.001    

    
Pseudosuccinea 
columella 

-0.80 ± 4.7 0.20 ± 3.5 .49 -14 ± 41 3 ± 41 .23 

    Radix auricularia -2.65 ± 16.1 -0.73 ± 8.8 .64 -24 ± 58 -21 ± 2 .82 

Physidae Physa acuta -2.75 ± 7.7 -5.60 ± 3.4 .26 -43 ± 80 -59 ± 51 .58 

Planorbidae 
Biomphalaria 
glabrata 

8.50 ± 17.9 2.90 ± 13 .26 143 ± 204 31 ± 186 .077 

    B. alexandrina 3.30 ± 6.7 -4.90 ± 7.9 .001.001.001.001    156 ± 77 9 ± 69 .001.001.001.001    

a Values are means ± SD. 
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Discussion 
Our findings highlight that the effects of the maternal environment, 

including the presence of a mate, on offspring investment and possibly fitness are 
not restricted to species with separate sexes. For five of the eight hermaphroditic 
snail species we investigated, female reproductive investment was altered by having 
the opportunity to mate. When comparing the egg production of paired snails to 
isolated snails, we found that egg-laying was suppressed after pairing in the majority 
of species that we tested. However, this reduction in egg production was not 
associated with an increased investment of resources per egg in any of the species 
except in L. stagnalis. In fact, in both species of Biomphalaria, individuals in the 
paired treatment showed a reduction not only in the number of egg masses laid but 
also in the investment per offspring (measured as either weight and/or size of eggs), 
leading to an overall decrease in reproductive investment when mated. In summary, 
these results provide evidence for a common phylogenetic signal that is indicative 
of an ovipostatin-like effect in multiple species, but also suggests that other factors 
may be involved in determining egg size. The possibility that ovipostatin may be 
involved is supported by the recent report that sequences matching the gene that 
encodes this accessory gland protein were found in the genome of B. glabrata 69. 

The reduction in egg-laying found in the paired treatment could be due to 
high energetic investment in mating in either the male or the female role, causing a 
reallocation of resources away from egg-laying in the short term. A high cost of 
mating in either sex role has been indicated by numerous studies on insects 8, 
ungulates 70, pinnipeds 71,72, and primates 73, to name a few. This would reflect a 
direct trade-off in the allocation of resources between the sexes predicted by sex 
allocation theory 28,29. Isolated snails that are previously mated and non-selfing are 
restricted to the female role, and they therefore only lay eggs and do not receive or 
donate ejaculates. By contrast, paired snails must divide their resources between 
both sex roles (egg-laying, courtship behaviours, and ejaculate production). Hoffer 
et al. (2010) found that individuals of L. stagnalis that were experimentally restricted 
solely to the male function (sperm donation) experienced a similar reduction in 
fecundity as those mating reciprocally (in both sex roles; receiving and donating 
ejaculates). The high costs of mating in the male role (courtship behaviours, 
producing and delivering an ejaculate containing sperm and accessory gland 
proteins) can cause a direct reallocation of resources from female to male function 
within the same individual 74. Similar suppression in egg laying after mating or after 
grouping (in studies where copulations were not monitored) seems to be quite 
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widespread across hermaphroditic gastropods; it has been reported in the sea hare 
Aplysia brasiliana 75, the land snail Bradybaena pellucida 76, and the freshwater snail 
species Lymnaea elodes 77, B. glabrata 78, Bulinus truncatus 79, and P. columella 52. 
Although the experimental set-ups and research goals were different in those 
studies, the similarity among the effects is evident. 

Reduced fecundity observed in the paired snails may also be due to the 
direct costs of mating in the female role 7,9, the receipt of excess sperm 80, or the 
receipt of ejaculates containing accessory gland proteins that are harmful to the 
female 81–83. Hoffer et al. (2010) found that individuals of L. stagnalis that were 
experimentally restricted to the female function (receiving ejaculates) showed a 
similar reduction in egg-laying to those allowed to mate reciprocally, suggesting that 
female mating costs for this species may be high due to the receipt of both excess 
sperm and accessory gland proteins such as ovipostatin, which is known to suppress 
egg-laying 74,84. 

Some species, namely P. acuta, R. auricularia, and S. palustris, showed no 
change in fecundity after mating. This could be due to several different factors: 
individuals of these species did not copulate at all or only infrequently; the costs of 
mating are not high enough to elicit a change in fecundity; females have adapted to 
counter the effect(s) of accessory gland proteins that are transferred in an ejaculate; 
and/or males of these species do not invest in costly accessory gland proteins to 
affect the partner's physiology (note that these factors are not mutually exclusive). 
As a result, individuals of these species may not show resource allocation away from 
the female function. 

Any of the mating costs associated with the male or female role reduce the 
resources available for the female function, which may affect the rate at which the 
female organs involved in egg production recover after egg laying. For example, the 
albumen gland, which provides perivitelline fluid containing carbohydrates and 
proteins to the eggs, has been shown to restore almost completely in the time it 
takes to form a new egg mass (±32 hr) 85,86. As already shown by Koene and Ter Maat 
(2004), snails that lay many eggs deplete their albumen gland; the degree to which 
this gland is full may provide a signal for egg-laying. In addition, starvation (low 
resources) affects albumen gland enzyme activity and substantially reduces egg-
laying 87. Thus, a delay in repletion of the albumen gland could affect egg-laying rates 
by limiting the number of eggs that can be provisioned and/or could result in smaller 
eggs. 

 

 
 

Given this framework, one could hypothesise that females with lower 
albumen gland recovery rates have three main strategies in the trade-off between 
offspring numbers and size (quantity–quality), in which finite resources need to be 
partitioned between these different components of fecundity 88,89. The first is to 
delay egg-laying, with an overall decrease in egg numbers and no reallocation of 
resources to egg pro visioning, as we found in P. columella and S. corvus. The second 
is to delay egg-laying, with no change in egg numbers but instead lay smaller eggs, 
as we found in B. glabrata and B. alexandrina. And third is to delay egg-laying and to 
lay fewer eggs, but maintain or increase the provisioning per egg, as in L. stagnalis. 
In accordance with Hoffer et al. (2012), for the latter species, we found that egg 
production decreased as a result of mating, but egg size increased. The eggs that 
were laid were not only heavier but also larger, suggesting an increase in albumen 
gland products towards egg provisioning rather than a thicker gelatinous matrix 
surrounding the eggs. Being larger or better provisioned may affect hatchling 
survival and success 90, although the adaptive advantage may depend on the 
environment 47. 

Which of the three allocation strategies outlined above is most beneficial for 
each species depends on environmental factors, among others, which affect the 
relationship between egg size and offspring fitness. Egg size and mass shape are 
important to meet the oxygen demands of the embryo and can affect the 
developmental temperature of the eggs 91. For example, in the frog species Rana 
temporaria, it was found that not only did larger eggs retain heat better than smaller 
eggs, but that globular egg masses dissipated heat better than disc-like masses 91,92. 
In L. stagnalis, a species with a Holarctic distribution, the larger eggs laid by mated 
snails may retain heat better and therefore develop faster and hatch earlier. Given 
the reduced resources available for mated snails, it may be that L. stagnalis copes 
best by increasing egg size. Additionally, the globular egg masses of L. stagnalis may 
retain heat better, potentially being warmer than the surrounding water, while the 
gelatinous layer surrounding the eggs is porous enough for the dissolved oxygen to 
reach the centrally located eggs. However, a contrasting pattern was found in mated 
pairs of B. alexandrina and B. glabrata, in which egg numbers did not change, but 
egg size decreased, suggesting a different evolutionary strategy 88,89. The habitat of 
these species is rather different. Biomphalaria glabrata is Neotropical and B. 
alexandrina comes from Egypt. In such warmer waters, the eggs of the mated snails 
in this genus may not suffer too much from being smaller, as the lower oxygen 
demands of small eggs minimise hypoxia 93. Chronic hypoxia in a salamander species 
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was found to increase developmental time, delay hatching, and produce hatchlings 
that were less developed 94. In addition, the disc-like egg masses of the two species 
of Biomphalaria 95 may dissipate heat better and potentially be lower in temperature 
than the surrounding water, while exposing each egg to the water for oxygen, often 
a limiting factor in warm water. Both egg size and mass shape have been shown to 
be adaptive to the oxygen demands of the embryo 91. As such, previous findings 
support that the trade-off between offspring number and size and egg mass shape 
is governed in part by environmental factors, with females opting for the strategy 
that will maximise their reproductive success. 

A trade-off between offspring number and offspring quality in response to 
the maternal environment is consistent with life history that maximises maternal 
fitness 88,96. In L. stagnalis, individuals can adjust offspring quality to seasonal 
changes by providing more serotonin to eggs earlier in the year or when population 
densities are high, thereby increasing developmental and behavioural characteristics 
such as enhanced locomotion for better dispersal potential 97. This supports work on 
separate-sexed organisms, in which the maternal environment (population density 
and environmental stress) influences investment to the offspring, such as in 
Orchesella cincta 98,99, least killifish 96, moor frogs 100, apple snails 101, black widow 
spiders 102, and dusky sharks 103. 

For future research, simple experiments could determine the validity of the 
three allocation strategies outlined above, and test whether there is an effect on 
albumen gland recovery rates after insemination and whether offspring from 
isolated and paired snails differ in survival and fitness at different temperatures. 
Assessing the average dry weight of the gland before egg-laying (from isolated 
snails), then, through a time series and monitoring albumen gland recovery rates of 
isolated and paired snails would indicate whether the albumen gland recovers 
slower in the mated pairs. Obtaining eggs from isolated and paired snails and 
comparing their survival rates at varying temperatures would indicate whether 
larger eggs of paired L. stagnalis, being better provisioned, would survive better at 
lower temperatures and whether smaller eggs laid by paired individuals of 
Biomphalaria spp. do nearly as well as the larger eggs of isolated snails at warmer 
temperatures. Both experiments would aid in elucidating the mechanisms behind 
the quality-quantity trade-off. 

 
 

 

 
 

Supplementary data 

    
    

Table S5.1Table S5.1Table S5.1Table S5.1 The average number of egg masses and eggs, as well as the dry weight of the total 
egg mass, laid by isolated and paired individuals over time during the Pre-treatment and 
Treatment phases of the experiment. Mean (M), standard errors (SE), and significance values 
(p) are given when below 0.05 (otherwise ns indicates non- significant). 
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Abstract 

  

Introduction 
During a sexual encounter, both males and females try to maximise their 

own reproductive success 1. The two sexes often have contrasting reproductive 
strategies 2 by investing disproportionate resources towards reproduction and 
offspring care, behaviour, and secondary sexual characteristics 3. Such sexual 
conflicts are rooted in anisogamy, where females invest large amounts of energy 
towards a few well-provisioned gametes while males produce numerous small and 
relatively cheap gametes. A female can increase her reproductive success through 
mate choice, while mate availability and mating opportunities limit a male’s 
reproductive success 4. Traits increasing the fitness of one sex can negatively affect 
the other. Sexually antagonistic conflicts often result in extreme and costly mating 
behaviours through counter-adaptive coevolution 1,5,6.  

In internally fertilising organisms, a typical example of sexual conflict is 
mating frequency, often only beneficial to males 7,8, while females experience the 
direct and indirect costs of mating 9–12. An indirect cost can result when male 
accessory gland products (Acps) accompany the sperm during mating. To date, the 
seminal fluid of the Drosophila genus contains over 130 identified Acps 13–15. Many 

In internally fertilising species accessory gland proteins are transferred along 
with the sperm to the partner during sexual encounters. These proteins often 
affect the female’s behaviour and physiology and can result in sexual conflicts. 
Such conflicts are not exclusive to separate-sexed organisms, with increasing 
evidence of it occurring in simultaneous hermaphrodites, i.e. organisms having 
functional male and female reproductive organs. In the simultaneously 
hermaphroditic pond snail, Lymnaea stagnalis, accessory gland proteins have 
been identified that alter not only the partner's female reproductive output 
(oviposition) but also the partner's male reproductive output (decrease sperm 
numbers).    To test whether the prostate fluid of related species had a similar 
effect on the male function of L. stagnalis in a subsequent mating in the male 
role, cross-reactivity tests were performed. Our results show that the prostate 
fluid of the lymnaeids reduced the number of sperm transferred while the 
planorbid species did not affect the numbers. While this suggests a conserved 
function, testing for a phylogenetic signal did not support this but a broader 
range of species is likely needed to reveal whether such an evolutionary pattern 
does exist. 
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such proteins affect a female’s post-mating physiological and behavioural responses 
to the extent that it becomes costly. For example, Acp70A (or sex peptide) has 
numerous effects, from increasing egg production to reducing receptivity to re-mate 
16–19. Sexual conflicts can have serious consequences on the evolution of seminal 
fluid components, reproductive behaviours and, secondary sexual characteristics. 
Together with reproductive isolation, sexual conflicts can contribute to speciation 20. 

In organisms that lack secondary sexual characteristics, such as 
simultaneous hermaphrodites, the presence of the above postcopulatory sexual 
conflicts has only recently gained interest 21. Simultaneous hermaphrodites carry 
both male and female reproductive functions together and have evolved different 
methods of transferring sperm. Unlike conventionally copulating species, where 
Acps are transferred together with the sperm, some simultaneously hermaphroditic 
species transfer Acps separately from sperm. Irrespective of whether sperm is 
transported along an external body groove or encased in a spermatophore, these 
species inject Acps directly into their partners 22. Such injection also happens via 
hypodermic insemination, for example, in tropical flatworms, sea slugs, and leeches 
23–25, while land snails use calcareous ‘love darts’ to transfer Acps through the body 
wall of their mates, often inflicting injury 26–29. 

Even species without Acp injection devices, such as the great pond 
snail Lymnaea stagnalis, where Acps are transferred conventionally in the ejaculate 
via a penis into a female gonopore, novel Acps have been identified. The prostate 
gland produces these proteins, with three such proteins having a known function, 
referred to as LyAcp5 and LyAcp8b (Lymnaea accessory gland protein 5 and 8b) 
named after their original reverse-phase high-performance liquid chromatography 
absorbance values and Ovipostatin (LyAcp10) 30. Ovipostatin is already fully 
characterised and affects the female function by suppressing egg-laying in the 
recipient 30,31, whilst multiple mating (and the receipt of Acps) causes an overall 
increase in investment per egg 32,33. Accessory gland proteins LyAcp5 and 8b have an 
oligospermia effect. After being inseminated, the recipient's male function is 
affected by transferring fewer sperm in a subsequent mating (a 61% reduction), 
reducing paternity success 34. The presence of these Acps indicates that both the 
female and the male function of the recipient is affected 34 , resulting in a clear shift 
away from the reproductive optima for each sex, suggesting sexual conflicts may be 
occurring in Lymnaea stagnalis. 

To test whether Acps have a conserved function within freshwater snails, we 
exposed L. stagnalis to the prostate fluid of hermaphroditic freshwater snails from 

 

 
 

the hygrophila clade. Hygrophila is pulmonate freshwater snails that belong to the 
informal group the Basommatophora and consist of around 300 species 35. The 
experimental work includes three lymnaeids, Stagnicola corvus, S. palustris, 
Pseudosuccinea columella and two planorbids, Biomphalaria glabrata and B. 
alexandrina. Through cross-reactivity experiments, we could determine if the 
alloprostate fluid caused a similar oligospermia effect in L. stagnalis. If the prostate 
fluids of the other species cause a reduction in the number of sperm transferred in 
a subsequent mating in the male role of our focal snails, this would indicate 
evolutionary conservation of the effect mediated by LyAcp5 or LyAcp8 within the 
hygrophila. 

 

Materials and methods 
Cross-reactivity experimental set-up  

The experimental setup consisted of repeated runs in which 10 L. stagnalis 
focals were intravaginally inseminated with saline, 10 with L. stagnalis prostate fluid, 
and either 10 or 20 individuals with one test species’ prostate fluid, depending on 
the species prostate size (see Standardising Prostate Fluid below). For each of the 
five test species we used in the experiment, independent runs were performed 
(once for S. palustris, B. glabrata, B. alexandrina, and twice for S. corvus and P. 
columella (due to the low number of copulations).  

For each experimental run, fifty non-virgin 4-month old L. stagnalis snails 
were collected from the VU University breeding facility (see 36 for details) and their 
shell lengths were measured. The snails were ranked according to size and 
sequentially allocated to one of the three treatments, removing any size effect 
between partners 34. During each experimental run, the snails were fed fish-flakes 
(TetraPhyll®) ad libitum and housed in perforated plastic containers (460 ml), which 
were placed in a laminar-flow basin with 20 °C (±1) aerated low-copper fresh water 
and a 12h light/dark regime.  

All focal snails were isolated for a total of 11 days before treatment, 
consisting of a four-day standardisation period and a pre-treatment week. The 
standardisation period ensured that any physiological effects of previous 
copulations were removed; non-laying individuals were removed from the 
experiment 37. The additional week in isolation was to make certain that the prostate 
was full, thereby maximising motivation to perform male mating behaviour 38. On 
day seven of the pre-treatment week the focal snails were anesthetised, marked 
with nail polish, and intravaginally injected with the previously assigned treatment 
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fluid, namely saline (negative control), L. stagnalis prostate fluid (positive control), 
or test species prostate fluid (treatment) (see protocol in 30,39; See Figure 6.1).  

The following day, the marked focal snails were paired with a standardised 
non-virgin recipient of similar size (± 1 mm) and observed for a maximum of six hours 
or until copulation finished. After copulation, the recipient was euthanised (3 mL 50 
mM MgCl2 injected through the foot directly into the haemocoel), allowing for the 
removal of the female tract 35,40. To determine the effect of the intravaginally 
inseminated fluids on the male function of the focal snails, the numbers of sperm 
transferred to the recipients were counted (See Measuring Male Function below). 

 

 
 

Figure Figure Figure Figure 6.6.6.6.1111    After 11 days in isolation, focal snails (F) were intravaginally (artificially) injected 
with a treatment solution. The following day, the focal snails were paired with a recipient (R) 
that was isolated for four days, thereby encouraging male mating behaviour by the focal 
individual.    As soon as the sperm was transferred to the recipient, the recipient was 
anesthetised before removing the female tract. The received sperm was extracted and 
counted under a stereo microscope using a Neubauer counting chamber.    
 

SpeciesSpeciesSpeciesSpecies    Shell length (mm)Shell length (mm)Shell length (mm)Shell length (mm)    Prostate weight (mg)Prostate weight (mg)Prostate weight (mg)Prostate weight (mg)    
Prostate Prostate Prostate Prostate 
equivalent doseequivalent doseequivalent doseequivalent dose    

Pseudosuccinea columella 17.42 (±1.07) 3.70 (± 1.87) 4 
Lymnaea stagnalis 29.11 (± 1.66) 43.96 (± 7.27) 0.33 

Stagnicola corvus 24.81 (± 1.58) 11.05 (± 2.35) 1.33 

Stagnicola palustris 14.99 (± 1.21) 2.26 (± 0.70) 6 
Biomphalaria glabrata 23.93 (± 0.87) 1.80 (± 1.74) 8 
B. alexandrina 18.30 (± 0.94) 3.19 (± 0.81) 5 

 

Table Table Table Table 6.6.6.6.1111 The average shell lengths, fresh prostate weights and the total number of prostates 
needed from each of the study species to be equivalent to a biologically relevant dose for 
Lymnaea stagnalis, namely a third of a fresh prostate (14.65 mg). The species used were four 
Lymnaeids (Pseudosuccinea columella, Lymnaea stagnalis, Stagnicola corvus and S. palustris) 
and two Planorbids (Biomphalaria glabrata and B. alexandrina).    

 

 
 

Standardising prostate fluid 
To standardise the amount of prostate fluid injected into the focals, the 

number of prostates equivalent to one-third of an L. stagnalis’ prostate, considered 
a biologically effective dose 30, were determined based on their wet weight. Twenty 
individuals from each test species, of similar size and age to our experimental 
prostate donors, were isolated for eight days before removing their prostates, thus 
ensuring prostate fullness. The average shell length of four-month-old L. stagnalis 
was 29.11 (± 1.66) mm, with a fresh prostate weight of 43.96 (± 7.27) mg. As one-
third prostate is equivalent to a biologically effective dose, 14.65 mg of fresh 
prostate is needed from each of the species for one intravaginal insemination (Table 
6.1).  

Measuring male function 
To determine any changes in the male function post-insemination, the 

number of sperm cells the focal snails transferred in a subsequent mating were 
counted. After the female tract of the recipient was dissected out, the tract, filled 
with sperm, was placed in 200 µl of saline solution (5.83 mM CaCl2·2H2O, 3.76 mM 
MgCl2·6H2O, 42.69 mM NaCl, 37.53 mM KCl), vortexed for 30 s, then transferred to 
a new vial with 200 µl saline solution. This step was repeated three times after which 
the tissue was discarded. The three vials of sperm solution were combined (600 µl) 
and vortexed an additional 30 s. With the coverslip already in place, 10 µl sperm 
solution was loaded onto the two Neubauer counting chambers (depth, 0.1 mm; 
area, 0.0025 mm2). Using a stereo microscope, sperm were counted in five of the 
central squares (0.025 mm2) (diagonal) of each counting chamber, avoiding sperm 
heads that crossed the lower and left edges, and added up. Each counting chamber 
was counted twice to obtain an average count per chamber. The total number of 
sperm transferred was calculated using the following formula from Loose and 
Koene41(2008). 

  
Number of sperm = (average count x total volume of sperm solution)/ 
(Number of squares counted x area x depth of the chamber) 

 

Phylogeny 
To address the phylogenetic relationship between the species used in this 

study, the maximum likelihood (ML) method was applied by using 16S nuclear gene 
sequences from GenBank (B. alexandrina AY030204.1; B. glabrata KF892020.1; L. 
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stagnalis AY577461.1; P. columella U82073.2; S. corvus U82079.2; S. palustris 
U82082.2). To provide a robust rooting, we used Latia neritoides, Salinator fragilis, 
and a Chilina species as outgroups (accession numbers: EF489307.1, JQ228516.1, 
and HQ659898.1, respectively). Sequences were aligned with MUSCLE and curated 
using Gblocks. The ML tree was built using PhyML and TreeDyn and tested for 
reliability by performing 1000 bootstraps 42,43. The presence of such a signal would 
indicate that closely related species induce a similar (conserved) response. 
 

Statistics 
We first tested whether there was an overall difference in mating propensity 

depending on the species’ prostate extract used, taking the factors Treatment and 
Experimental Run into account. To display and compare the results, which were 
performed in different runs, we expressed all the sperm counts as differences from 
their Saline treatment counts (i.e. the Saline value within each run was set to zero). 
To do so, we first tested for potential differences between the Saline and L. stagnalis 
treatments of the different runs. We did so non-parametrically because Shapiro-Wilk 
tests indicated that counts in none of the treatments were normally distributed. 
Subsequently, we tested whether the number of transferred sperm differed in 
response to the different ejaculate types (or prostate gland extracts treatments) 
used. We used non-parametric Wilcoxon and Wilcoxon multiple comparisons, 
respectively, to test for the overall response and to compare responses between 
treatments. For the latter, to get a full picture of all the differences, we tested all 
possible combinations. 

Using the reconstructed phylogeny, we tested for a phylogenetic signal in 
the response to the alloprostate extract (response or not) by using Blomberg’s K with 
the phyloSignal function in the statistical packages Phytools and Ape within R 
software version 3.3.3 44. K indicates the degree to which a trait shows phylogenetic 
signal predicted under Brownian evolution (K = 0 means that there is no phylogenetic 
signal, K < 1 means that closely related species weakly resemble each other, and K > 
1 indicates that closely-related species strongly resemble each other) 45. To obtain 
p-values of K we used 1000 randomisation. 

 

Results 
The number of individuals mating in the male role after treatment did not 

differ between the different species’ prostate extract. Using a Nominal Logistic 
Model with Treatment and Experimental Run as factors, we found that neither factor 

 

 
 

nor their interaction was significant (Treatment: F6, 18 = 6.741, p = .346; Experimental 
Run: F5, 18 = 4.471, p = .484; Treatment*Experiment: F7, 18 = 4.265, p = .749). 

For the number of sperm transferred, neither the Saline (negative) nor the 
L. stagnalis (positive) controls differed significantly between the different runs of the 
experiment (Wilcoxon: 

 < 8.87; p > .05). 
A non-parametric comparison across all treatments reveals a highly 

significant overall difference in the number of sperm transferred (Wilcoxon: 


 = 
60.13; p> .0001; Figure 6.2). Post-hoc testing confirms the previously reported effect 
of L. stagnalis prostate extract (Z = -6.12; p < .0001) on reducing the number of 
sperm transferred; hereafter referred to as oligospermia effect. Additionally, the 
species that is most closely related to L. stagnalis, P. columella, induced a very similar 
reduction in L. stagnalis recipients, thus also differing significantly from the Saline 
control (Z = -3.47; p = .0005). The species S. corvus and S. palustris also induced a 
reduction, but not to the same extent as L. stagnalis and P. columella do. As such, 
they significantly differed from the Saline control (resp. Z = -2.76; p = .0058; Z =-3.74; 
p = .0002) but also from L. stagnalis (resp. Z = 3.73; p = .0002; Z = 2.76; p = .0058) 
and P. columella (Z = 2.65; p = .008; Z = 2.10; p = .036). The last two species, B. 
glabrata, and B. alexandrina did not induce a significant reduction, are statistically 
similar to each other as well as to the Saline treatment. The only other species 
comparison that was not significant in this respect is B. glabrata versus S. palustris, 
while B. alexandrina versus S. palustris was close to significance (Z = 1.94; p = .052). 
There was no significant relationship between the oligospermia effect and 
phylogenetic position of the test species as we did not detect a significant 
phylogenetic signal (K = 0.40, p = .22). 

 

Discussion 
This study reveals that the oligospermia effect first identified in L. 

stagnalis is mediated by LyAcp5 and 8b 34, representing a conserved Acp function in 
the Lymnaeidae. The three species tested belonging to that family induced a 
reduction in L. stagnalis recipients, while the prostate gland extracts from the 
Planorbidae, the two Biomphalaria species, did not. While this pattern is suggestive 
of a phylogenetic signal, this is not detected. The lack of such a signal may be due to 
the low number of species included in this study, while a more comprehensive set 
might well yield a phylogenetic signal. Such follow-up studies could be classical 
organismal studies, experimental manipulations, genetic and transcriptomic studies 
but would ideally be a combination thereof.  
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For instance, one classical route would be to do sperm count studies on a 
number of these (and related) species after natural insemination by a sperm donor, 
i.e. received ejaculate (for methods see e.g. 34). To do such organismal studies 
successfully, the species’ mating conditions and anatomy will need consideration. 
For example, the two Stagnicola species preferred to copulate in the dark, while 
their long coiled penises suggest sperm are released further up the female tract than 
in L. stagnalis, thus potentially making it harder to recover the ejaculate after 
insemination (personal observation35). 

The second line of evidence could come from finding out whether such 
proteins are present and/or produced in these species through proteomic, 
transcriptomic, and genomic data or a combination thereof. For example, further 
inspection of the B. glabrata genome suggests that LyAcp8b, besides Ovipostatin 
(LyAcp10), may be present in that species 46. Subsequently, one could test whether 
such proteins are expressed only in the prostates of the species in question. 
Determining sequence similarity and general protein structure will make it possible 
to look for functional domains to elucidate their mode of action, helping to identify 
the receptor(s) involved. Developing an intravaginal insemination set-up for such 
species would help establish the functionality of the different proteins. 

A remaining question about the sperm-reducing effect in hermaphrodites 
(male reproductive suppression 47), is whether this affects sex allocation directly 
(34,48). An integrated approach where both male and female reproductive success is 
measured concurrently is needed. So far, Hoffer et al.49(2017) best resemble such 
an approach, although due to the experimental setup to measure reproductive 
success, they did not determine sperm counts. 

An unexpected result came from P. columella 50–53, having a similar 
oligospermia effect as L. stagnalis. Microsatellite research on P. columella indicates 
overall low genetic diversity in populations of this species 51–53 . Low genetic diversity 
implies high rates of selfing or being a preferential selfer. Nonetheless, paired P. 
columella strongly reduce the number of egg masses and eggs laid compared to 
isolated individuals 33,50, indicating an effect similar to Ovipostatin found in L. 
stagnalis 30. Additional studies on the mating behaviour of P. columella would be 
beneficial, as we observed copulation in our lab. The reported low genetic diversity 
may have masked outcrossing (see also 53). More detailed studies of the 
reproductive behaviour of this species could then confirm whether this is a 
preferential selfer or rather an outcrosser (which would be in line with still producing 
functional Acps). 

 

 
 

In sum, this research has touched on some crucial questions remaining on 
sexual conflicts occurring in simultaneous hermaphrodites. Additional comparative 
studies would help elucidate the rate and dynamics of the evolution of seminal fluid 
proteins. Since the limited set of species used in this study did not allow for the 
detection of a significant phylogenetic signal, including more species in this 
comparison will most likely reveal the evolutionary history of the sperm-reducing 
effect and allow for a comparison of its evolutionary rates with those of gonochorist 
Acps. The lack of a phylogenetic signal may indicate that these Acps evolve rapidly, 
but obviously, this requires follow-up research to test this.  

 

 
Figure Figure Figure Figure 6.6.6.6.2222    Phylogenetic relationship between the species and the relative number of sperm 
transferred after intravaginal injection of treatment fluids.    The number of sperm transferred 
is expressed as differences from their Saline treatment counts (i.e. the Saline value within 
each experimental run was set to zero). Significant differences between the treatments are 
indicated by letters. On the left, the phylogeny that was used to test for a phylogenetic signal 
is indicated, including the outgroup species. 
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7 Discussion and conclusion                                  

In this thesis, I investigate various aspects of sexual conflict that 
simultaneously hermaphroditic organisms face and discuss my findings here. 
Laboratory experiments were performed with Lymnaea stagnalis, as well as other 
closely related species in the hygrophila clade, to investigate pre- and 
postcopulatory processes. My first two chapters extend our current knowledge on 
the great pond snail, L. stagnalis. I determine which life-history traits influence the 
precopulatory process of sex-role decision in the great pond snail (chapter two). I 
then explore whether mating history affects the expression of Ovipostatin, the 
allohormone known to affect egg-laying post copulation, by providing a temporal 
expression profile of both primary and secondary donors (chapter three). In the 
following two chapters, I determine whether closely related species show a similar 
change in resource allocation to their female (chapter four) and male function 
(chapter five) after insemination (natural or artificial) as found in L. stagnalis. Here, 
I summarise each chapter’s main findings, followed by future opportunities by 
integrating these findings and end with an overall conclusion. 

In chapter two, I first look at sexual conflict in a precopulatory context and 
aim to disentangle some factors that may influence sex-role decisions in the great 
pond snail. The question that I addressed was when two partners are equally 
motivated to perform in the male role, which factors come into play to help resolve 
this conflict? Based on previous works, likely factors that came forward were mating 
history, age, and size. Under our experimental setup, we were able to standardise 
recent mating history. Isolating all experimental individuals for ten days ensures not 
only prostate fullness, which maximises male mating motivation, but is long enough 
to remove physiological effects of previously received accessory gland proteins 
(Acps). Under the condition of equal male mating motivation, without the 
physiological effects of recent insemination, we show that both young and small 
individuals assume the male role first, as predicted by the size-advantage model 1–3. 

This model predicts that gender role preference occurs when the fitness 
gains (reproductive success) of one gender increase much more with body size than 
fitness gains of the other. Under the assumption that larger individuals produce 
more eggs per clutch, the model predicts that smaller individuals will prefer to 
assume the male role more frequently, while larger individuals the female role. 
Depending on body size, the more favourable gender role will reflect higher 
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reproductive success and be selected. In L. stagnalis, we can also apply the size-
advantage model to explain the earlier onset of male maturation 4. With the size and 
age ranges used in our experiment (1 month, 0.5cm, respectively), we did not find 
that the large and old individuals invest more towards their female function (larger 
eggs), even though this is one of the predictions of the size-advantage model 1–3. In 
natural populations, much bigger ranges in age and size are found (≤12 months, 
≤3cm, respectively), with larger individuals laying more eggs per clutch than their 
smaller counterparts 5. 

There are also other possible explanations for young and small individuals 
assuming the male role first. For example, such individuals have a mobility advantage 
by being able to mount the partner's shell faster, but this needs further investigation 
given that evidence so far suggests no link between the size and speed of adult snails 
(e.g. 6). Alternatively, such individuals may have slightly higher motivation; if prostate 
size correlates to body size and motivation, the smaller individuals could experience 
male mating motivation earlier than their larger counterparts if their prostates 
replenish faster. 

Additionally, the experiment revealed that secondary donors, individuals 
that first mated as females before reciprocating and inseminating primary donors, 
did not show a decrease in male mating motivation. This latter finding provides two 
additional but important insights. Firstly, motivation to mate as a male does not 
decrease after first mating in the female role, even though their male reproductive 
success is near halved due to the lower number of sperm transferred in a subsequent 
mating in the male role (as a result of specific Acps 7). And secondly, Acps are not 
targeting or affecting male-mating motivation specifically. 

In chapter three, I want to know whether there is a similar reduction in Acps 
transferred by secondary donors as found for sperm transfer. Based on the complete 
mRNA and gene sequence of Ovipostatin, i.e. the Acp affecting egg-laying in L. 
stagnalis, I determined if we can use the gene expression of the protein as a proxy 
for prostate replenishment. An expression profile of the gene is provided at set times 
after copulation, indicating temporal changes in Acp production are occurring. I 
determine Ovipostatin expression of primary and secondary donors over time, 
hypothesising that the reduction in sperm transfer might show a similar decrease in 
the amount of Acps transferred. Contrary to my expectations, I found mating history 
does not affect expression, remaining the same for primary and secondary donors, 
but the overall expression changes over time. These findings emphasise the 
importance of temporal standardisation when measuring gene expression. Looking 

 

 
 

at the expression profiles of other Acps will now be insightful 8,9 as they are known 
to have different effects on the reproduction of the recipient than Ovipostatin. 

Ovipostatin is transferred via an ejaculate and suppresses egg-laying in the 
recipient in the short term, thereby reducing female fecundity 10. However, L. 
stagnalis also shows a shift in resources after insemination, producing fewer but 
larger eggs. In chapter four, I investigate whether egg-laying suppression is a 
common effect of mating across freshwater snails and if there is a similar shift of 
resources towards the eggs. I found egg-laying suppression in five of the eight 
species, laying fewer and lighter egg masses when they had access to a mating 
partner. The allocation of resources towards the eggs is not consistent amongst the 
species; where L. stagnalis laid fewer but larger, heavier eggs, Biomphalaria 
alexandrina laid smaller, lighter eggs without reducing egg numbers. Such 
inconsistencies suggest that changes in the female function are the result of more 
than one factor; it is possibly linked to the species’ ecology, together with the 
combined effect of mating history (before receipt of Acps) and the overall costs of 
mating in the male and female role. Research to quantify the costs of mating for 
both the male and female roles of the compared species could help elucidate which 
factors are important in explaining changes in the female function.  

Lymnaea stagnalis ejaculate contains Acps that target both the female and 
the male function of their partners, with secondary donors transferring nearly 50% 
fewer sperm than an uninseminated primary donor 9. In chapter five, I test whether 
the prostate fluid of related species similarly affects the male function of L. stagnalis. 
To do this, I performed cross-reactivity tests using the prostate fluid of four other 
freshwater pulmonates on L. stagnalis. By comparing the number of sperm 
transferred for each species, I test for a phylogenetic signal to see if this response 
(and consequently the protein) is evolutionarily conserved. Although the sample size 
is low, there is an indication that the prostate fluid of more closely related species 
has a conserved function by reducing the number of sperm transferred in L. 
stagnalis after (artificial) receipt. The prostate fluid of less-related species did not 
have such an effect on the number of sperm transferred. However, to statistically 
determine a conserved function, the analysis should include more replicates per 
species and broaden the number of species included. The replication numbers were 
low because of two main factors. The first is the relatively high number of prostates 
needed from the donor species with small prostates to inseminate the larger test 
species (L. stagnalis). The second, because several of the intravaginally-inseminated 
individuals did not perform in the male role (this reduction was consistent between 
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species). The initial experimental plan to pair individuals of the same species met too 
many drawbacks; no copulations occurred during the experiment (possibly due to 
the presence of light for species that mate in darkness: personal observation), very 
long insemination times, diverse penis morphologies (resulting in different locations 
of sperm release, complicating sperm count), and difficulties in dissection due to 
some species being small. The small body size of some species made it difficult to 
inject the anaesthetic, stopping me from intravaginally inseminating them 11. 

My chapters have added to our continuing accumulation of knowledge on 
reproductive processes and their evolutionary conservation in hermaphrodites, both 
in a pre-and postcopulatory context, bringing new avenues for future research to 
light. For example, we know that while male mating motivation increases with 
prostate fullness, the female role is assumed to be passive and that sperm recipients 
are therefore always receptive 12,13. However, recent research has indicated that 
freshwater snails, including L. stagnalis 14,15, often display remating avoidance 
behaviour after insemination. A recent intravaginal insemination experiment has 
helped reveal that avoidance behaviour is indeed induced by the ejaculate 
containing Acps and sperm cells, and not the result of the mechanical stimulation of 
copulation. It would be fruitful to determine whether such inhibition of remating is 
a female behavioural response to minimise the receipt of potentially harmful 
ejaculates or if it is a manipulative function of one or more Acps received to 
maximise the reproductive success of the donor under sperm competition (by 
preventing females from (re)mating with other males). Besides a few examples from 
simultaneously hermaphroditic organisms 16, the transfer of male Acps to 
physiologically alter female receptivity has, of course, already been shown in 
numerous gonochoristic species such as various fruit fly species 17–19, melon flies 20, 
dung beetles 21, and mirid bugs 22,23. Importantly, even though simultaneous 
hermaphrodites perform both sexual roles, it is becoming clear that female 
receptivity, like male motivation, can vary depending on previous sexual encounters, 
highlighting the subtlety of such conflicts. 

A large section of this thesis is based on previous findings on Ovipostatin and 
focused on building data on this protein, but future research may further advance 
our understanding of postcopulatory effects by providing temporal expression 
profiles on the other identified allohormones known to affect the recipient’s male 
and female function. To date, studies on the two Acps that affect the male function 
of the partner, LyAcp5 and 8b, have indicated that not all genes change expression 
in time after ejaculation. The temporal expression profile of Ovipostatin is, 

 

 
 

therefore, not a proxy for all Acps transferred in an ejaculate (Koene et al., 
unpublished). One possible interpretation could be that, even though the number of 
sperm transferred by a secondary donor is near halved, a similar reduction is not 
shown for all the Acps transferred.  

Accessory gland proteins are known to evolve rapidly in separate-sexed 
species, so the setup that I used to look at the effect of mating on female 
reproduction across species would also be interesting to look at differences between 
populations of the same species. Our L. stagnalis lab strain has been sheltered, 
maintained indoors for several decades, compared to those living in their natural 
habitat, maybe giving rise to changes in Acp quantity, quality, and possibly gene 
sequences. By comparing egg output from various populations, one could determine 
whether the quantitative reduction we see in egg-laying of our L. stagnalis lab strain 
is similar to the natural populations. A very recent first study indicates that this may 
well be the case 24. The selective pressures on Ovipostatin (and other Acps) in our 
relatively high-density lab population may be very specific to their maintenance 
under favourable climatic conditions. For example, natural populations exposed to 
varying environmental conditions, including predation and food competition, with 
lower or higher population densities, may experience very different selective 
pressures. Such potential changes in Ovipostatin on a molecular level, together with 
its effectiveness in suppressing egg laying, will be interesting to follow up and might 
reveal rapid evolution of an Acp in hermaphrodites for the first time, something 
already well established in gonochoristic organisms (review 25, passerine birds 26; 
butterflies 27, fruit flies 28, and tiger beetles 29). The potential changes of other Acps 
could follow suit.  

That the receipt of an ejaculate causes a reduction in egg laying in five of the 
eight species studied suggests that an Ovipostatin-like Acp is present within the 
hygrophila. It is interesting that not all species respond in the same way and warrants 
further research. To expand on the data presented here, research groups working 
on additional species should continue this avenue of research. For example, it would 
be interesting to see if more or all Planorbidae respond by laying smaller eggs or if 
more species do not reduce egg-laying and see if this relates to selfing, outcrossing 
or costly reproduction (behaviour, allohormone production, etc.). Further studies 
are also needed to test the benefits of eggs laid by paired individuals compared to 
non-virgin isolated individuals under challenging conditions (e.g. variation in 
temperature, oxygen, and pH) to determine the advantages of egg size for the 
differing species. 
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That the larger, heavier eggs of L. stagnalis 30, which are assumed to be better 
provisioned, have higher hatching success 31 may not hold across environmental 
gradients in oxygen saturation, temperature, or pH, and may even be species-
specific. Likewise, whether comparable benefits for the larger eggs laid by other 
species within the clade also occurs remains to be determined.  

For species outside of the Mollusca, factors such as temperature can trigger a 
plastic response in egg size. Numerous species with varying reproductive strategies 
have shown phenotypic plasticity in egg size in response to temperature as a means 
to adjust offspring provisioning, with egg size being inversely related to temperature, 
suggesting a trade-off between offspring quality and quantity. Temperature is 
usually a good indicator of food availability, so in theory, females would need to 
provision eggs less at higher temperatures (see springtails 32, rotifers 33, butterflies 
34, beetles 35, and snapping shrimp 36). Given that plasticity in egg size in response to 
cues in the maternal environment is widespread may have made such traits 
susceptible to alteration through Acps.  

In sum, this thesis demonstrates that both pre and postcopulatory factors 
need consideration in simultaneous hermaphrodites. As explained for L. stagnalis, 
both age and body size influence precopulatory mate choice decisions. Recent 
studies show that both male and female motivation to mate needs explicit 
consideration when one tries to explain the mating outcome, not only in 
simultaneous hermaphrodites but also in species with separate sexes. For 
simultaneous hermaphrodites, this requires detailed behavioural observations and 
experimental setups specifically aimed to disentangle male and female-driven 
processes. The same goes for postcopulatory factors, where further cross-species 
comparison now seem opportune since this thesis research only allowed room for a 
limited set of species and parameters to be measured. For changes in sperm number 
in response to Acp receipt (i.e. investment in an ejaculate), it would be insightful to 
investigate this in more hermaphroditic species (using a natural mating or artificial 
insemination approach). As indicated, this would contribute to a better evolutionary 
understanding of the more general phenomenon of male reproductive 
suppression (e.g. 37). Another fundamental evolutionary question is whether 
simultaneous hermaphrodites are more susceptible to physiological manipulation by 
their mating partner than gonochoristic species. Each individual produces both male 
and female regulatory substances, so to transfer (modified versions of) those to the 
mating partner seems like an easy route for such Acps to evolve. The partner may 
then not be able to simply counter-adaptively become insensitive to such 

 

 
 

substances, as that would undermine the regular reproductive process. Even 
elucidating Acp sequence presence in other species’ genomes or transcriptomes 
would also be helpful in this respect. The suggested future inquiries about Acps in 
hermaphrodites, along with the ones presented in this thesis, broaden this field of 
research (which has been largely dominated by research on separate-sexed 
organisms) but also helps to put predictions made by sexual selection theory to the 
test in other sexual systems. 
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8.1 Summary 

Sexual and natural selection drives evolutionary change. Sexual selection 
favours the reproduction of high-quality individuals over low-quality ones, increasing 
the abundance of favourable heritable traits in the next generation so that overall 
population reproductive fitness increases. Sexual selection can, however, cause a 
discrepancy between male and female optimal fitness, potentially creating a conflict 
of interest between the sexes. Such conflicts can lead to antagonistic coevolution of 
sexually reproductive traits. Adaptations to maximise the reproductive success in 
one sex often displace the other sex from its fitness optimum, resulting in counter-
adaptations to minimise such displacement.  

Through rapid and divergent evolution, antagonistic coevolution can drive 
evolutionary change within a species. Such selective pressures on reproductive traits 
result in different sex-specific optima displayed (phenotypic differences), such as 
sexually dimorphic or sexually antagonistic traits between the two sexes. Since 
sexually dimorphic traits are visible (e.g. differences in size, shape, colour, and or 
structures between the sexes), studies on separate-sexed organisms have occurred 
since Darwin’s time. Until recently, studies on sexual selection have often 
overlooked organisms lacking sexually dimorphic traits, most notably 
hermaphrodites. However, researchers realising this have revealed that 
hermaphrodites not only experience strong selection on reproductive traits, they 
can also experience sexual conflicts. If anything, possessing both male and female 
reproductive organs in a single organism provides a new dimension for sexual 
conflict and warrants more attention. 

As with separate-sexed organisms, hermaphrodites produce numerous 
small sperm to fertilise a few large and well-provisioned eggs. Gamete dimorphism, 
or anisogamy, lays at the basis of the differences in male and female functions and 
reproductive strategies. In hermaphrodites, conflicts over sex-role decisions and sex 
allocation further complicate the matter. Furthermore, hermaphrodites can 
experience severe sexual conflicts as they are flexible in allocating resources to 
either sex function. 

In this thesis, I look at the reproductive investment strategies employed 
by Lymnaea stagnalis, a hermaphroditic freshwater snail, and try to expand this to 
include other species from the hygrophila clade. L. stagnalis, as with many 
freshwater snails, lays egg masses every two to three days, regardless of mating 
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history. To fertilise these eggs, they use sperm from several partners; they can store 
sperm received during mating for up to two months. In addition, they can also 
choose to fertilise their eggs with their own sperm; egg masses with multiple 
paternity alongside a small portion of selfed eggs are common. After being 
inseminated, individuals experience a short-term fitness loss in both its female and 
male function where both egg-laying and sperm transfer are reduced by nearly half. 
Because of such a reduction in fitness, we expect both mating partners to prefer 
taking on the male role, so equally male-motivated individuals are confronted by a 
conflict of interest. In the second chapter, I establish that younger and, to a lesser 
extent, smaller individuals take on the male role first. In addition, after being 
inseminated, motivation to mate as a male in older and larger snails does not 
decrease, even though this will reduce the amount of sperm they transfer.  

The presence of accessory gland proteins (Acps) present in the semen can 
cause suppression of both egg-laying and sperm transfer. Ovipostatin, the Acp that 
causes an egg-laying reduction in the recipient, is fully characterised in the third 
chapter, where I provide the complete gene and mRNA sequence. Additionally, I 
show that emptying some prostate fluid via ejaculation significantly increases the 
expression of Ovipostatin in the prostate for both primary (only ejaculate) and 
secondary (ejaculate after being inseminated) donors. These findings suggest that 
Ovipostatin plays a key role in (the regulation of) reproduction. 

Most experiments are behavioural or observational by nature, but 
sometimes it is necessary (and possible) to manipulate factors. For this reason, 
chapter four is primarily a visual aid on how to sedate or euthanise a snail and how 
to remove the prostate and the seminal vesicles. Intravaginally inseminating a 
sedated snail with different compounds, sperm, prostate fluid (or its separate 
compounds), or a combination of the two helps elucidate their effects on female 
reproduction by quantifying egg-laying and reproductive success. To do so, the 
number of egg masses laid, the number of eggs per mass, the size of individual eggs 
within the egg mass, and the size and number of hatchlings are measured. The video 
protocol accompanying chapter four clearly illustrates the procedures employed 
throughout the thesis to measure female reproductive output. Using the above 
techniques helped identify the effect of seminal fluid proteins in L. stagnalis, with 
ovipostatin affecting the female function (egg-laying) and LyAcp5 and LyAcp8b the 
male function (sperm transfer) of the partner. 

To investigate if suppression in female fecundity is common amongst 
pulmonate freshwater snails, we determine egg output for eight species in the fifth 

 

 
 

chapter. We compare the egg output of isolated non-virgin snails to paired snails to 
calculate changes in female reproductive success per species. The total number and 
weight of the egg masses with the number and size of eggs determine any shift in 
resource allocation in eggs (e.g. fewer but bigger eggs). However, a reduction in 
female fecundity and resource allocation varied between the species. Changes in 
fecundity may be due to differing costs of mating in either the male or female 
function combined with receiving Acps. Hence, alterations in the maternal 
environment, including receiving Acps, affect investment in offspring in these snail 
species highlighting that this is not exclusive to gonochorists. 

As with ovipostatin suppressing the female function of L. stagnalis, the 
receipt of an ejaculate has a comparable effect on the male function resulting in 
nearly a 50% reduction in sperm transfer (via LyAcp5 and LyAcp8b). Cross-reactivity 
tests examined whether the Acps of related species caused a comparable reduction. 
Of the species used, only the lymnaeids affected the male function in L. stagnalis 
by reducing sperm transfer, while the planorbids had no effect. Although this implies 
an evolutionarily conserved function, I tested too few species to confirm this 
supposed phylogenetic signal. Broadening the range of species while at the same 
time increasing the replications for each of the species will likely reveal a more 
robust evolutionary pattern. 

In sum, my thesis encompasses both pre- and postcopulatory processes that 
govern sexual conflicts in simultaneous hermaphrodites. If anything, I hope I opened 
up new avenues and perspectives when looking at sexual conflict and sexual 
selection in hermaphrodites. One thing is clear: sexual conflicts include but are not 
limited to separate-sexed organisms and, simultaneous hermaphrodites are more 
complex and fascinating than many realise and deserve more attention from the 
scientific world. 
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8.2 Samenvatting  

Evolutie wordt grotendeels veroorzaakt door seksuele- en natuurlijke 
selectie. Seksuele selectie kan de voortplanting van hoogwaardige individuen 
bevorderen waardoor de reproductieve fitness van de populatie zal toenemen. 
Onaantrekkelijke partners paren minder vaak en zullen daardoor hun genen ook 
minder vaak doorgeven. Door deze vorm van selectie kan er echter discrepantie 
ontstaan tussen de optimale fitness van het mannelijke- en vrouwelijke geslacht, 
met als gevolg een conflict tussen beiden. Dergelijke seksuele conflicten kunnen 
leiden tot antagonistische co-evolutie van seksueel reproductieve eigenschappen. 
Immers aanpassingen die het reproductieve succes van het ene geslacht 
optimaliseren en een negatief effect hebben op het fitnessoptimum van het andere 
geslacht, zal resulteren in aanpassingen om dergelijke verplaatsingen te 
minimaliseren. 

Antagonistische co-evolutie, kan binnen een soort een belangrijke motor zijn 
van evolutionaire verandering in de vorm van snelle, divergerende evolutie. Zulke 
selectiedruk op voortplantingskenmerken resulteert in verschillende 
geslachtsspecifieke optima (fenotypische verschillen), zoals seksueel dimorfe- of 
seksueel antagonistische kenmerken. Seksueel dimorfe eigenschappen zijn duidelijk 
zichtbaar, bijvoorbeeld verschillen in grootte, vorm, kleur en/of anatomie tussen de 
seksen. Sinds Darwin zijn vooral organismen met gescheiden seksen bestudeerd. Tot 
voor kort liet dit soort onderzoek organismen zonder seksueel dimorfe 
eigenschappen, waaronder simultaan hermafrodieten, grotendeels links liggen. 
Onlangs hebben onderzoekers aangetoond dat hermafrodieten niet alleen aan 
sterke selectie op reproductieve eigenschappen onderhevig zijn, maar dat deze 
organismen ook seksuele conflicten kunnen ervaren. Organismen met zowel 
mannelijke- als vrouwelijke voortplantingsorganen bieden daarmee een nieuw 
perspectief op seksuele conflicten en verdienen daarom meer aandacht. 

Net als bij organismen met gescheiden geslachten, produceren 
hermafrodieten veel kleine spermacellen om een beperkt aantal, grote- en goed 
bevoorrade eieren te bevruchten. Het dimorfisme tussen deze twee typen van 
gameten (geslachtscellen) wordt anisogamie genoemd en ligt aan de basis van de 
verschillen tussen mannelijke- en vrouwelijke gedragingen en 
reproductiestrategieën. Daarnaast wordt voorplanting in hermafrodieten verder 
bemoeilijkt door conflicten over beslissingen om (bij voorkeur) een bepaalde 
seksuele rol uit te voeren of om meer energie te investeren in voortplanting via één 
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van beide rollen. Bovendien kunnen zulke seksuele conflicten extreme vormen 
aannemen omdat hermafrodieten flexibel zijn in de verdeling van energie over de 
beide seksuele rollen. 

In dit proefschrift onderzoek ik de reproductieve investeringsstrategieën die 
worden gebruikt door Lymnaea stagnalis, een hermafrodiete zoetwaterslak. Ik 
probeer die bevindingen uit te breiden richting andere soorten uit de hygrophila 
clade. Zoals veel soorten zoetwaterslakken, legt L. stagnalis elke twee tot drie dagen 
een eierpakket, ongeacht de paringsgeschiedenis. Deze slakkensoort gebruikt bij de 
bevruchting van die eitjes de spermacellen van verschillende partners. Deze 
spermacellen kunnen ze daarvoor tot twee maanden na paring bewaren. Daarnaast 
kan L. stagnalis er ook voor kiezen om eicellen te bevruchten met eigen sperma, 
d.w.z. zelfbevruchting. Als gevolg hiervan zijn eierpakketten waarin nakomelingen 
van verschillende spermadonoren voorkomen gebruikelijk. Daarnaast kan in zo’n 
eierpakket een kleine hoeveelheid zelfbevruchte eieren aanwezig zijn. Na ontvangst 
van een ejaculaat (inseminatie) ervaart een individu een kortstondig fitnessverlies in 
zowel zijn vrouwelijke als mannelijke functie. Aan de ene kant wordt de eileg 
dusdanig onderdrukt dat er binnen een week slechts de helft van het gebruikelijke 
aantal eitjes wordt gelegd. Aan de andere kant wordt de overdracht van het aantal 
spermacellen verminderd, waardoor bijna 50% minder spermacellen in het volgende 
ejaculaat wordt overgedragen. 

De hypothese die hieruit volgt is, dat verwacht wordt dat beide 
paringspartners een voorkeur vertonen voor de mannelijke rol en dat deze voorkeur 
tot een belangenconflict kan leiden over wie de mannelijke rol mag vervullen. In het 
tweede hoofdstuk van dit proefschrift laat ik zien dat jongere- en, in mindere mate, 
kleinere individuen eerst de mannelijke rol op zich nemen. Ook laat ik zien dat voor 
de grotere en oudere individuen de mannelijke motivatie niet afneemt nadat ze 
geinsemineerd zijn, ondanks dat hun overdracht van spermacellen wordt 
verminderd. 

Onderdrukking van zowel de eileg als spermaoverdracht wordt veroorzaakt 
door de aanwezigheid van accessoire kliereiwitten (Acps) in het ejaculaat. Een van 
deze eiwitten is ovipostatine, de Acp waarvan is aangetoond dat het de eileg van de 
ontvanger onderdrukt. Ovipostatine is volledig gekarakteriseerd waarbij zowel het 
volledige gen als de mRNA-sequentie wordt opgehelderd, zoals beschreven in 
hoofdstuk drie van dit proefschrift. Bovendien laat ik zien dat ovipostatine-expressie 
in de prostaat kort na ejaculatie statistisch significant toeneemt. Dit gebeurt 
ongeacht of individuen alleen zelf insemineerden (primaire donor) of eerst 

 

 
 

geïnsemineerd werden alvorens zelf te insemineren (secundaire donor). Deze 
bevindingen geven aan dat ovipostatine een belangrijke rol speelt bij de regulatie 
van voortplanting  

Veel experimenten zijn observationele gedragsbeschrijvingen, maar soms is 
het nodig (en mogelijk) om factoren te manipuleren. Daarom dient het vierde 
hoofdstuk in de eerste plaats als visuele instructie voor het verdoven van een slak 
en het verwijderen van de prostaat en de seminale vesiculae. Vervolgens kunnen 
ofwel de prostaatvloeistof (of afzonderlijke componenten daarin); de 
prostaatvloeistof met spermacellen; of alleen spermacellen worden gebruikt om een 
verdoofde slak intravaginaal te insemineren. Met behulp van deze technieken 
kunnen individuele effecten van ejaculaat-componenten op de voortplanting 
worden verklaard. Het vrouwelijke voorplantingssucces wordt gekwantificeerd door 
middel van de eileg. Dit wordt gedaan door het aantal gelegde eierpakketten; het 
aantal eieren per pakket; de grootte van individuele eieren; en het aantal en de 
grootte van nakomelingen te bepalen. De methodologie die wordt gebruikt om dit 
vrouwelijke reproductieve succes te meten wordt ook gedemonstreerd in het 
videoprotocol behorend bij hoofdstuk vier. Deze technieken worden later in dit 
proefschrift gebruikt en vormen daarmee de basis voor de volgende hoofdstukken. 
Door middel van deze technieken werd het effect van Acps in L. stagnalis voor het 
eerst geïdentificeerd, waarbij eerst het effect van ovipostatine op de vrouwelijke 
functie (het leggen van eieren) werd aangetoond en later het effect van LyAcp5 en 
LyAcp8b op de mannelijke functie (sperma-overdracht) van de partner. 

Om te onderzoeken of een onderdrukking van de vrouwelijke functie 
gebruikelijk is bij zoetwaterslakken, heb ik in het vijfde hoofdstuk de eiproductie van 
acht soorten bepaald. Door de eiproductie van geïsoleerde, niet-maagdelijke slakken 
te vergelijken met gepaarde slakken, konden zo veranderingen in de vrouwelijke 
reproductieve output voor elk van de soorten in kaart worden gebracht. Ook werden 
het gewicht en het aantal eierpakketten, evenals de grootte en het aantal eieren 
gebruikt om een eventuele verschuiving in de investering per ei te bepalen 
(bijvoorbeeld minder- maar grotere eieren). Aangezien niet alle soorten een 
onderdrukking van de vrouwelijke functie vertoonden en de investering in eileg 
tussen de soorten verschilden, zijn dergelijke veranderingen waarschijnlijk het 
gevolg van de kosten van paring in zowel de mannelijke- als de vrouwelijke functie 
in combinatie met het ontvangen van Acps. Kortom, veranderingen in de 
paringsgeschiedenis van de eilegger (moeder), inclusief het ontvangen van Acps, 
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heeft invloed op de investering in nakomelingen in deze slakkensoorten, wat 
aangeeft dat dit niet alleen in dieren met gescheiden geslachten gebeurt. 

Net als de eileg-onderdrukkende rol van ovipostatine in L. stagnalis, 
onderdrukt de ontvangst van ejaculaat ook de mannelijke functie door een 
vermindering van bijna 50% in spermaoverdracht te veroorzaken (via LyAcp5 en 
LyAcp8b). Door het uitvoeren van een kruisreactiviteitstest heb ik getest of de Acps 
van verwante soorten een vergelijkbare vermindering in spermaoverdracht 
veroorzaken. Van de soorten die gebruikt werden, veroorzaakten die binnen de 
Lymnaeïden familie een vermindering van de overdracht van spermacellen, terwijl 
die binnen de Planorbiden familie de mannelijke functie van L. stagnalis niet 
beïnvloedden. Hoewel dit een evolutionair geconserveerde functie impliceert, kan 
dit veronderstelde fylogenetische signaal door het lage aantal geteste soorten niet 
bevestigd worden. Door meer soorten op deze manier te testen, en dit daarnaast 
voor de reeds geteste soorten te repliceren, ligt het in de lijn der verwachting dat 
hier uiteindelijk een robuuster- en interessanter- evolutionair patroon uit naar voren 
zal komen. 

Tot slot, mijn proefschrift beschrijft hoe zowel pre- als post-copulatoire 
processen seksuele conflicten in simultaan hermafrodieten creëren. Ik hoop dat mijn 
proefschrift hiermee in ieder geval nieuwe en interessante wegen en perspectieven 
heeft onthuld voor verder vervolgonderzoek naar seksuele conflicten en seksuele 
selectie in hermafrodieten. Eén ding is duidelijk: seksuele conflicten zijn niet beperkt 
tot organismen met gescheiden geslachten. Het onderzoek naar seksuele conflicten 
in simultaan hermafrodieten is complexer en interessanter dan tevoren gedacht en 
verdient meer aandacht van de wetenschappelijke wereld. 
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