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1  | INTRODUC TION

Seminal fluid proteins (SFPs, also referred to as accessory gland pro-
teins or ACPs) contained in the ejaculate are transferred together 

with sperm to mating partners. Laboratory studies have examined 
within-population variation of SFPs at sequence, expression and 
functional levels, and established that these proteins exhibit a wide 
range of functions, such as inducing ovulation or defending mating 
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Abstract
Seminal fluid proteins (SFPs) can trigger drastic changes in mating partners, mediating 
post-mating sexual selection and associated sexual conflict. Also, cross-species com-
parisons have demonstrated that SFPs evolve rapidly and hint that post-mating sexual 
selection drives their rapid evolution. In principle, this pattern should be detectable 
within species as rapid among-population divergence in SFP expression and function. 
However, given the multiple other factors that could vary among populations, isolat-
ing divergence in SFP-mediated effects is not straightforward. Here, we attempted 
to address this gap by combining the power of a common garden design with func-
tional assays involving artificial injection of SFPs in the simultaneously hermaphro-
ditic freshwater snail, Lymnaea stagnalis. We detected among-population divergence 
in SFP gene expression, suggesting that seminal fluid composition differs among four 
populations collected in Western Europe. Furthermore, by artificially injecting semi-
nal fluid extracted from these field-derived snails into standardized mating partners, 
we also detected among-population divergence in the strength of post-mating ef-
fects induced by seminal fluid. Both egg production and subsequent sperm transfer 
of partners differed depending on the population origin of seminal fluid, with the 
response in egg production seemingly closely corresponding to among-population 
divergence in SFP gene expression. Our results thus lend strong intraspecific support 
to the notion that SFP expression and function evolve rapidly, and confirm L. stagnalis 
as an amenable system for studying processes driving SFP evolution.
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partners against sexually transmitted diseases (Gioti et al., 2012; 
McGraw, Clark, & Wolfner, 2008; Peng, Grassl, Millar, & Baer, 2016, 
review: Avila, Sirot, LaFlamme, Rubinstein, & Wolfner, 2011; 
Chapman, 2001; Morrow & Innocenti, 2012; Poiani, 2006; Sirot, 
Wong, Chapman, & Wolfner, 2015). In addition to their immedi-
ate effects, SFPs may also be responsible for seminal fluid-me-
diated transgenerational effects (Bromfield et al., 2014; Crean, 
Kopps, & Bonduriansky, 2014; Priest, Roach, & Galloway, 2008; 
Simmons & Lovegrove, 2019). Moreover, although some effects of 
SFPs are essential and beneficial for both parents, other functions 
appear sexually antagonistic (Chapman, Liddle, Kalb, Wolfner, & 
Partridge, 1995; Patlar, Weber, Temizyürek, & Ramm, 2020, review: 
Sirot et al., 2015). For example, sex peptide, the best studied SFP in 
Drosophila melanogaster, makes females reluctant to re-mate (Chen 
et al., 1988). This effect is likely beneficial, in terms of reproduc-
tive success, for the SFP-transferring male, but not necessarily for 
the SFP-receiving female (Fricke, Wigby, Hobbs, & Chapman, 2009; 
Wigby & Chapman, 2005). Their sexually harmonious and antago-
nistic functions underlie the notion that SFPs are key mediators of 
sexual selection and sexual conflict (Sirot et al., 2015; Swanson & 
Vacquier, 2002a, b).

Another striking feature of SFPs is their rapid evolution, al-
though their driving forces remain elusive. Based on interspe-
cific comparisons, especially to date in mammals and insects, SFP 
genes often exhibit signatures of positive selection (Dorus, Evans, 
Wyckoff, Choi, & Lahn, 2004; Ramm, Oliver, Ponting, Stockley, 
& Emes, 2008; Rowe et al., 2020; Walters & Harrison, 2011) and 
overall evolve at higher rates than most other tissue-specific genes 
(Civetta & Singh, 1998; Good et al., 2013; Haerty et al., 2007). 
Proteomic investigations further confirm and expand this general 
trend of accelerated evolution in SFPs (Dean et al., 2009; Findlay, 
MacCoss, & Swanson, 2009; Ramm, McDonald, Hurst, Beynon, & 
Stockley, 2009). Thus, in the light of their known functions and 
evolutionary dynamics, it has frequently been proposed that 
SFP evolution is driven by sexual selection and associated sex-
ual conflict (Sirot et al., 2015; Swanson & Vacquier, 2002a, b). 
Several cross-species studies have sought molecular evolution-
ary evidence in support of this hypothesis. For example, Dorus 
et al. (2004) found a positive correlation between the evolutionary 
rate of an SFP gene and the inferred level of sperm competition in 
primates. However, others did not observe such association (Hurle, 
Swanson, Comparative Sequencing Program, & Green, 2007 
[but see Ramm et al., 2008]; Walters & Harrison, 2011; Good 
et al., 2013). Nevertheless, cross-species studies can only partially 
answer whether SFP evolution is driven by sexual selection, since 
macro-evolutionary trajectories of SFPs are obscured by uncer-
tainty over ancestral states and other confounding factors, for ex-
ample ecological factors (Perry, Garroway, & Rowe, 2017; Perry & 
Rowe, 2012, 2018). Moreover, it is also challenging to verify any 
association established between evolutionary changes and the 
functional consequences of SFPs. Although plausible, it therefore 
remains a largely unanswered question to what extent sexual se-
lection provides a general explanation for rapid SFP evolution.

In this study, we therefore focused on an alternative means to 
study the driving force of SFP evolution, based on intraspecific vari-
ation in the expression of SFP genes and their biological functions. If 
sexual selection indeed drives the rapid evolution of SFPs, diversifi-
cation of SFPs is expected to be detectable also at a within-species, 
among-population level. It is necessary to empirically test this hy-
pothesis at different levels, as other studies have shown that a plau-
sible explanation at one scale does not always apply to a different 
scale (Blanckenhorn, Stillwell, Young, Fox, & Ashton, 2006; Johnson 
& Wade, 2010; Perry & Rowe, 2012). For instance, male body size 
evolutionarily diversified more than female body size among species 
(Rensch, 1950), but this is not the general rule at a population level 
(Blanckenhorn et al., 2006). More importantly, intraspecific variation 
would more readily allow us to conduct experiments to test whether 
functional divergence in the strength of post-mating responses of 
mating partners induced by SFPs is correspondingly divergent, 
in order to examine the link between evolutionary and functional 
changes in SFPs.

Although fewer in number, intraspecific studies of SFP variation 
have already provided some important insights. In the early phase of 
SFP research, the detection of intraspecific variation indicated that 
sequence polymorphism of SFP genes is often maintained despite the 
fact that these proteins are expected to be under positive selection 
(Aguadé, 1998, 1999; Tsaur & Wu, 1997; Coulthart & Singh, 1988, 
but see Palopoli et al., 2008). Many subsequent studies extensively 
documented within-population variation of SFPs using inbred fami-
lies from a single population, particularly focusing on the influence on 
sperm competition (e.g. sequence: Clark, Aguadé, Prout, Harshman, 
& Langley, 1995; Fiumera, Dumont, & Clark, 2005; Fiumera, Dumont, 
& Clark, 2007; Zhang, Clark, & Fiumera, 2013, gene expression: 
Patlar, Weber, & Ramm, 2019; Patlar & Ramm, 2020, protein abun-
dance: Brandon, Heusnes, Caudle, & Fayrer-Hosken, 1999). More di-
rect attempts to compare SFP divergence between populations have 
recently begun, providing empirical support for diversified SFPs, 
likely associating with differential effects (protein abundance: Baer, 
Zareie, Paynter, Poland, & Millar, 2012; Goenaga, Yamane, Rönn, & 
Arnqvist, 2015; Mangels et al., 2015). More importantly, Goenaga 
et al. (2015) have demonstrated that differences in SFP abundance 
were indeed associated with male performance in sperm competi-
tion and fecundity (also see Brandon et al., 1999).

Given the findings above, we aim here to expand the scope 
of studying intraspecific variation in SFPs, using the simultane-
ously hermaphroditic great pond snail, Lymnaea stagnalis, by uti-
lizing the following advantages, especially the known functions of 
their SFPs and an established bioassay. First, this species is abun-
dant, widespread, and populations are genetically well-structured 
(Bouétard, Côte, Besnard, Collinet, & Coutellec, 2014; Kopp, Wolff, 
& Jokela, 2012; Nakadera, Mariën, Van Straalen, & Koene, 2017; 
Puurtinen, Hytönen, et al., 2004; Puurtinen, Knott, Suonpää, Ooik, 
& Kaitala, 2004). Thus, we can readily sample from populations with 
distinct evolutionary histories. Second, it has been documented 
that SFPs in L. stagnalis have important functions in reproduction, 
affecting both egg production and subsequent sperm transfer of 
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mating partners: receiving the SFP LyAcp10 is known to delay egg 
laying (Koene et al., 2010), whereas two other SFPs, LyAcp5 and 
LyAcp8b, mediate a reduction in sperm transfer by recipient snails 
in their subsequent mating in the male role (Nakadera et al., 2014). 
Receiving seminal fluid is also suggested to increase egg size (Swart 
et al., 2020). Thirdly, we have an established SFP bioassay based on 
intravaginally injecting seminal fluid in L. stagnalis (Koene, Hoffer, 
& Brouwer, 2009; Koene et al., 2010; Nakadera et al., 2014). This 
species therefore provides an excellent opportunity to examine the 
functional consequences of intraspecific variation in SFP expression 
in controlled laboratory experiments. That is, we can specifically iso-
late SFP-mediated effects from potentially confounding influences 
including mate choice and sperm numbers.

We collected snails from four natural populations to establish iso-
mother families in a ‘common garden’ laboratory environment, keep-
ing snails at two different group sizes to control for social conditions 
that are a prominent source of variation in SFP expression (Hopkins 
et al., 2019; Ramm et al., 2015; Simmons & Lovegrove, 2017; Sloan, 
Lovegrove, & Simmons, 2018). Through a series of gene expression 
and follow-up functional assays of SFPs, we first tested whether 
seminal fluid expression indeed differs consistently among popula-
tions and then whether this leads to corresponding variation in part-
ner responses to SFP receipt.

2  | MATERIAL S AND METHODS

2.1 | Field collection

We collected L. stagnalis from four locations: Utrecht in the 
Netherlands (NL), Rennes and Lyon in France (F1 and F2, respectively) 

and Hamburg in Germany (DE), from July to August 2017 (Figure 1, 
Table S1). Upon collection, we kept each snail in a small container 
to avoid copulation between collected individuals. Then, we trans-
ported the snails to the breeding facility at Bielefeld University to 
rear the next generation. To do so, we collected an egg mass from 
each snail laid in the laboratory to establish iso-mother families for 
each population (number of families: DE = 6, F1 = 6, F2 = 8, NL = 9; 
the egg collection dates after sampling ranged from 1 to 14 days, 
mostly within a week). Since this species shows multiply paternity 
(Nakadera et al., 2017), the offspring within such a family may not be 
full-sibs but are at least half-sibs. After on average 16 days of incu-
bation (Figure S1), hatchlings came out of the egg mass. Two weeks 
after hatching, we randomly selected 20 individuals per family and 
transferred them into new larger containers and reared them for a 
further three weeks. This step was to standardize the density and 
social condition of juveniles across families and populations. During 
these rearing steps, we fed the snails with broadleaf lettuce and 
Sepia shell ad libitum and kept them in filtered water at 20°C under 
L:D = 12:12-hr conditions.

2.2 | Common garden design

We reared the field-derived snails under standardized laboratory 
conditions, in order to measure variation in SFP gene expression 
and their functions (Figure 1). We randomly assigned the five-week-
old snails of each family to either a paired or a grouped treatment, 
as social conditions are potential factors to alter SFP gene expres-
sion (Nakadera, Giannakara, & Ramm, 2019; Ramm et al., 2015). 
To do so, we put together, respectively, either two or five snails 
from the same family into a container (150 × 90 × 80 mm) to rear 

F I G U R E  1   Schematic overview of the 
experimental design. We collected field 
snails from four localities in 2017, and 
immediately after collection, we isolated 
the snails to avoid copulation between 
collected individuals. We established 
at least six iso-mother families for 
each population in the laboratory (see 
Methods). All the families were then 
used to quantify SFP gene expression, 
represented by squares labelled ‘G’. A 
subset of at least four families from each 
population was then used for the SFP 
bioassay, represented by squares labelled 
‘F’. Note that, in each family, different sibs 
were used for the SFP gene expression 
and bioassays
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them together until they became fully matured. We had two rep-
licates for each family and group size combination. We provided a 
standardized amount of water (200 ml) and food per capita (broad-
leaf lettuce, ca. 19.6 cm2 per day when they matured, Zonneveld 
& Kooijman, 1989). We also added Sepia shell into each container 
as a calcium source. We provided a new container with freshwater 
and checked the presence of egg masses in the container every 
week. We also measured the shell length of all the individuals 
every two weeks, using a Vernier calliper.

2.3 | SFP gene expression

When the field-derived snails had matured, we measured the level 
of SFP gene expression in the prostate gland, using quantitative re-
verse transcription PCR (qPCR). One week after all the replicates of 
a family laid egg masses, indicating their maturation, we randomly 
selected one snail from each container. Since the growth rate and 
timing of sexual maturation differed substantially across populations 
(Figures S2 and S3), we thus aimed to sample prostate glands in a 
similar developmental stage (= one week after their first egg laying), 
rather than at a fixed age. Also, we did not assign focal snails in ad-
vance, since all the snails in a container experienced the same social 
situation until the point of sampling. To randomly select a snail from 
each container, we detached the snails from the surface and gently 
swirled the water to blindly pick one individual. Then, we injected ca. 
2 ml of 50 mM MgCl2 into the foot for anesthetization. After remov-
ing the shell, we carefully dissected out the prostate gland. Given 
that the prostate gland consists of different cell types distributed 
along its anteroposterior axis (Koene et al., 2010), we cut it from 
top to bottom using a razor blade and stored half of the total pros-
tate gland in 500 µl of RNAlater® (Ambion™) at −20°C until further 
processing.

For running qPCR, we followed the protocol published in 
Nakadera et al. (2019). In brief, we extracted total RNA from pros-
tate glands, using TRI reagent (Sigma) and RQ1 DNase (Promega). 
Next, we synthesized cDNA from RNA extracts using the GoScript™ 
Reverse Transcription System (Promega). Then, we ran qPCRs to 
measure the expression of all six SFP genes known to date in L. 
stagnalis (LyAcp5, LyAcp7a, LyAcp7b, LyAcp8a, LyAcp8b and LyAcp10; 
Koene et al., 2010; Nakadera et al., 2019; Swart et al., 2019), using 
a CFX Connect Real-Time PCR Detection System (Bio-Rad). In a 96-
well plate, we measured the gene expression of all six SFP genes, 
plus three housekeeping genes as reference [histone 2a (Lhis), ubiq-
uitin-conjugating enzyme E2 (Lubi) and 14-3-3 protein zeta (Lyh); 
Davison et al., 2016]. We had three technical replicates for each 
gene on the same plate. In addition to negative controls, we pre-
pared the plate controls to standardize the difference between 
plates using amplification efficiency (cDNA from a single individual, 
three dilution factors, two technical replicates, LyAcp10). The result-
ing raw cycle threshold (Ct) values from the software CFX Connect 
(ver. 3, Bio-Rad) were then used to calculate the relative expression 
level of SFP genes (see ‘Statistical analysis’ below).

2.4 | SFP bioassay

We next conducted a bioassay to characterize variation in SFP func-
tions among field populations. In brief, we intravaginally injected 
seminal fluids of selected families into standardized focal snails, 
and then assessed the reproductive performance of focals, in terms 
of both egg production and sperm transfer in subsequent mat-
ings, as reported in previous studies (Koene et al., 2010; Nakadera 
et al., 2014; Swart et al., 2020).

For the SFP bioassay, due to logistic limitations we blindly se-
lected approximately half of the families from each population 
(Figure 1, N = 18 families in total, including the laboratory strain). 
In order to obtain the material for this bioassay, we set aside 20 in-
dividuals of each family two weeks after hatching. We kept these 
snails in a large container and provided broadleaf lettuce and Sepia 
shell ad libitum. When these snails were fully matured, we trans-
ported them to the breeding facility of Vrije University Amsterdam, 
the Netherlands. We kept the snails in a perforated container placed 
in a large flow-through tank with low-copper water at 20 ± 1°C. The 
light–dark cycle is L:D = 12:12 hr. Again due to logistic limitations, 
we divided the whole experiment described below into seven runs. 
That is, we examined three randomly selected families and one con-
trol group in each run, and repeated this seven times. We conducted 
all of these bioassays in a single 3.5-week block. Note that, we chose 
to standardize the condition of focal snails from the laboratory 
strain and other unperceived factors (e.g. transportation) by carry-
ing out this assay in a single time block. It, in turn, hindered us to use 
age-synchronized field-derived snails (range: 31 days in egg-laying 
date). That is because, for example, field-caught snails took varying 
amounts of time to acclimate and lay eggs in the laboratory.

We artificially injected the prostate gland extract of selected 
field-derived families into the standardized individuals from the lab-
oratory strain (hereafter called focal snails). We followed the pro-
tocol of artificial injection published elsewhere (van Iersel, Swart, 
Nakadera, van Straalen, & Koene, 2014; Koene et al., 2009; Nakadera 
et al., 2014). Specifically for this experiment, we isolated the focal 
snails by keeping them in perforated containers for seven days, to 
standardize their mating history and increase their male mating 
motivation (Van Duivenboden & Ter Maat, 1985). After letting the 
field-derived snails acclimate to their new environment for at least 
one week, we isolated these snails for one week, in order to let them 
replenish the contents of their prostate glands (De Boer, Jansen, 
Koene, & Ter Maat, 1997; Van Duivenboden & Ter Maat, 1985). 
Next, we dissected prostate glands out from representatives of each 
target family. Then, we pooled and suspended the contents of pros-
tate glands using Lymnaea saline solution, according to the estimated 
expenditure of an ejaculate in this species (equivalent to one third of 
the prostate gland secretion, Koene et al., 2009; Koene et al., 2010). 
Using 1-ml syringes and thin tubes (Silastic® Laboratory Tubing), we 
intravaginally injected prostate gland extract of field-derived snails 
into focal snails. In controls, we injected the same amount of saline 
solution into focals, and we aimed to have 10 replicates for each 
family.
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The next day, we observed the focal snails’ copulations and mea-
sured their sperm transfer. We placed a focal snail in a container with 
400 ml of water and a standardized mating partner. The mating part-
ners were from the laboratory strain, and we attached a bee tag on 
the shell of a partner for identification during the observation. Since 
focal snails had been sexually isolated for one week, they were more 
likely to act in the male role, compared with their partners that had 
been isolated for four days (De Boer et al., 1997; Van Duivenboden 
& Ter Maat, 1985). We carried out mating observations for six hours 
(9:00–15:00); we recorded the mating behaviour of 40 pairs every 
15 min (Nakadera et al., 2015). When the partners started showing 
male behaviour (extending preputium towards female gonopore of 
a focal), we gently pulled the snails apart to avoid a focal snail re-
ceiving ejaculate from the partner. Due to logistical constraints, we 
aimed to measure sperm transfer of the first five focal snails that 
copulated in each family, following the established protocol (Loose 
& Koene, 2008; Nakadera et al., 2014). For those trials, immediately 
after a focal snail finished inseminating, we dissected out the va-
gina of partners, which is swollen with received ejaculate. Then, we 
placed the ejaculate containing duct into a tube with 200 µl of saline 
solution and tore the duct using fine forceps to release sperm. After 
vigorous vortexing and transferring the duct into new solutions, we 
obtained 600 µl of suspended sperm solution. Based on the counts 
from 5 µl subsamples taken four times per replicate on an Improved 
Neubauer counting chamber, we estimated the number of sperm 
in the original solution. To quantify egg production, we digitally 
scanned egg masses of focal snails deposited two and four days after 
artificial injection (Van Iersel et al., 2014; Swart et al., 2020). Briefly, 
we scanned the egg masses using a flatbed scanner (CanoScan LiDE 
700F Scanner), and based on these images, we manually counted the 
number of eggs and measured egg sizes using ImageJ. To estimate 
egg size, we randomly selected and measured the area of five eggs in 
an egg mass and calculated the average area as the proxy of egg size.

In total, 233 focal snails received prostate gland extracts via arti-
ficial injection, but we removed six samples from the following anal-
yses due to handling errors during mating observation; 11 samples 
due to the shortage of partners (i.e. they did not encounter a mate); 
and 10 samples due to background mortality during the monitoring 
period of four days. From the remaining 206 samples, we observed 
that 151 focal snails showed courtship behaviour and 122 insemina-
tions (overall mating rate: 59.0%).

2.5 | Statistical analysis

Life-history traits under a common garden design. We measured 
body size and the timing of maturation of field-derived snails, to 
test whether their life-history traits differ between populations. We 
compared the week when the snail started laying egg masses, using 
Kruskal–Wallis test, since it is a discrete variable. We used a nested 
ANOVA (Population and Family as fixed factor and Family is nested 
by Population) to test whether body size at the prostate gland sam-
pling differed across populations. As expected, sampled populations 

indeed differed in these life-history traits (body size at matura-
tion: N = 419, nested ANOVA, Population: F3,384 = 67.31, p < .001, 
Population/Family: F31,381 = 1.72, p = .011, the timing of matura-
tion: Kruskal–Wallis test, �2

3
 = 78.88, p < .001: Figures S2–S3). These 

differences would support that these populations are genetically 
distinct, though we did not directly examine this. These life-history 
differences also justified our approach of sampling seminal fluid ac-
cording to maturation stage rather than at a fixed age.

SFP gene expression. We ran qPCR for 92 individuals to partition 
variation in the relative expression of SFP genes between popula-
tions, families and treatments. We excluded the paired snails with 
extreme size difference (>7 mm in shell length). Since it would be 
physically difficult for larger snails to inseminate the smaller partner, 
the mating frequency of these is expected to differ from pairs with 
similar body sizes. We included the replicates of the grouped treat-
ment with four snails, instead of five, for the analyses as grouped 
treatment (N = 7 of 92), since they were still under actual sperm com-
petition, even if one snail had died. As a quality control of qPCR runs, 
we screened and removed the technical replicates that showed more 
than 1.0 difference in Ct value from the average of three replicates. 
In those cases, we re-calculated the average using the remaining two 
(N = 153 of 2,484 runs). In a few cases, where all three replicates 
differed substantially from one another, all three replicates for the 
particular gene were excluded (N replicates with missing data = 22 
of 828, 7 replicates of SFP genes, 15 replicates of reference genes). 
After we confirmed that the expression level of housekeeping genes 
could be used as reference by running nested ANOVAs (Treatment, 
Population and Family as fixed factor, Family is nested by Population, 
Figure S4), we used the average Ct value of three reference genes 
to calculate relative expression of SFP genes, using the formula 
2Ct(Reference)–Ct(Target) (Livak & Schmittgen, 2001). We then log-trans-
formed the relative expression of SFP genes. To test whether SFP 
gene expression differs across populations and treatments, we used 
nested ANOVAs for each gene (Treatment, Population and Family 
as fixed factor, Family nested by Population). Moreover, we com-
puted marginal and conditional R2 to evaluate the goodness of fit 
of our model (Nakagawa, Johnson, & Schielzeth, 2017; Nakagawa 
& Schielzeth, 2013). To do so, we fitted linear mixed models using 
Population as a fixed factor and Family as a random factor. In order 
to further visualize the data set of SFP gene expression, we ran a 
principal component analysis (PCA).

SFP bioassay. We focused on measuring the egg production (num-
ber of eggs, egg size) and sperm transfer of standardized focal snails 
that had each been artificially injected with prostate gland extracts 
from one of the field-derived families. In order to standardize the dif-
ference between experimental runs (N = 7), we used the average value 
of a given trait of control snails as reference of each run. That is, we 
calculated the relative values of egg production and sperm transfer by 
subtracting the average of these traits in controls, which had saline 
solution injected (N without controls = 112 for egg production). To 
compare egg production, we had 219 snails that survived throughout 
our five-day monitoring period, and 155 of 219 snails laid at least one 
egg mass (1–3 egg masses laid, overall egg-laying rate 69.4%). We used 
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their total number of eggs laid and their egg sizes. During the mating 
observation, we counted the number of sperm transferred in 76 of 122 
focal snails. To compare these three reproductive traits across popu-
lations and families, we used nested ANOVAs (Treatment, Population 
and Family as fixed factor, Family nested by Population). We ran all the 
statistical analyses in R (ver. 3.3.3, R Core Team 2018).

3  | RESULTS

3.1 | SFP gene expression differs among 
populations

Two of the six SFP genes varied in their expression by population. 
Specifically, the expression of LyAcp5 was highest in DE and was 
higher in F2 than F1 and NL (Figure 2a, Table 1). In contrast, the ex-
pression of LyAcp7b was lowest in DE and was lower in F2 than F1 and 
NL (Figure 2c, Table 1). Since adding the factor of treatment did not 
change the outcome (i.e. paired and grouped snails did not differ in SFP 
gene expression, Table S2), we did not include the effect of treatment 
in subsequent analyses. The calculation of marginal and conditional R2 
values suggested that, when the expression differs between popula-
tions, most variance is explained by population and much less so by 

family (Table 1). Nevertheless, in the case of LyAcp7b, we detected a 
significant difference among families (Table 1). However, even here the 
marginal R2 showed that Population explained 39.3% of variance, and 
the combined effect of Population and Family was only 55.1% (Figure 2, 
Table 1). In order to further confirm the among-population divergence 
in SFP expression, we calculated principal components. PC1 explained 
67.0% of overall variance, and PC2, 23.3% (Table 2). Based on the load-
ings for the different genes, PC1 appeared to represent overall seminal 
fluid expression level, except the expression of LyAcp5, a pattern which 
is consistent from previous experiments (Nakadera et al., 2019). In turn, 
PC2 captured well the among-population variation observed in the 
initial analyses, where we examined the expression variation of each 
SFP gene separately (Figure S5a). That is, the loadings for PC2 indicated 
that this axis is due to the differential expression of LyAcp5 and LyAcp7b 
(Figure S5b). Overall, we detected significant variation in SFP gene ex-
pression between populations, but not so distinctively across families.

3.2 | SFP gene expression changes are accompanied 
by functional divergence

When standardized focal snails received seminal fluid from the dif-
ferent field populations, they showed differential responses in egg 

F I G U R E  2   Individual-, family- and population-level variation in SFP gene expression in L. stagnalis. Each data point represents a single 
replicate (individual) from a given family within a given population in one of the two treatments (paired—filled circles; grouped—open circles). 
Relative gene expression stands for Log(2∆Ct), and ∆Ct is the difference in expression between reference genes and a target gene (see 
Methods). The characters above the plot of LyAcp5 and LyAcp7b indicate the outcome of post hoc tests using Tukey's multiple comparison 
tests (populations labelled with different letters differ significantly from one another)
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production and sperm transfer (Figure 3). As reported previously, 
the snails injected with seminal fluid from the laboratory strain 
reduced egg production (Figure 3a, Koene et al., 2009, 2010). 
Interestingly, the focal snails injected with seminal fluid from DE 
and F2 produced significantly fewer eggs than the snails injected 
with seminal fluid from the other two populations (Figure 3a; 
Table 1). Furthermore, the snails injected with seminal fluid from 
DE and F2 laid smaller eggs (Table 1, Figure 3b). In this assay, 
we did not detect an increase in egg size of the focal snails in-
jected with seminal fluid from the laboratory strain, although this 

was expected based on indirect evidence from a previous study 
(Figure 3b, Swart et al., 2020). The R2 value indicated that the fixed 
factor Population explained most variance in egg number, and also 
explained an approximately equal amount of variance in egg size, 
as did the random factor, Family (Table 1).

For sperm transfer, the response to receiving SFPs was some-
what different. Although receiving SFPs from the laboratory strain 
indeed reduced the number of sperm transferred as previously 
reported (Figure 3c, Nakadera et al., 2014), seminal fluid from 
other populations did not induce such a response. In fact, seminal 

TA B L E  1   Variation of SFP gene expression and their functions between populations

Trait (N) Nested ANOVA Num. df Denom. df F p R2
m R2

c

SFP gene expression

LyAcp5 (92) Population 3 63 45.11 <.001 0.630 0.630

Population/Family 25 63 0.55 .948

LyAcp7a (91) Population 3 62 0.61 .609 0.020 0.053

Population/Family 25 62 1.02 .454

LyAcp7b (92) Population 3 63 28.84 <.001 0.393 0.551

Population/Family 25 63 2.10 .009

LyAcp8a (90) Population 3 61 0.91 .442 0.029 0.056

Population/Family 25 61 1.04 .438

LyAcp8b (92) Population 3 63 1.06 .371 0.035 0.085

Population/Family 25 63 1.13 .340

LyAcp10 (88) Population 3 59 0.58 .629 0.020 0.159

Population/Family 25 59 1.36 .164

SFP bioassay

Egg number (112) Population 4 94 6.32 <.001 0.181 0.197

Population/Family 13 94 1.11 .358

Egg size (112) Population 4 94 4.62 .002 0.114 0.231

Population/Family 13 94 1.87 .043

Sperm transfer (76) Population 4 58 2.64 .043 0.087 0.406

Population/Family 13 58 3.22 .001

Note: We ran nested ANOVAs to test whether SFP gene expression and function differ between populations. In order to calculate marginal and 
conditional R2 (R2

m, R2
c), we fitted linear mixed models, using Population as a fixed factor, and Family as a random factor. p values shown in bold are 

less than .05.

PC1 PC2 PC3 PC4 PC5 PC6

SD 2.005 1.182 0.606 0.375 0.204 0.186

Prop. Var. 0.670 0.233 0.061 0.023 0.007 0.006

Cum. Prop. 0.670 0.903 0.964 0.987 0.994 1.000

LyAcp5 0.080 −0.775 0.597 0.175 −0.074 −0.022

LyAcp7a 0.489 −0.022 −0.132 0.191 0.371 −0.754

LyAcp7b 0.258 0.616 0.738 0.080 −0.038 0.023

LyAcp8a 0.484 −0.001 −0.240 0.261 −0.800 0.028

LyAcp8b 0.486 −0.058 −0.151 0.312 0.465 0.652

LyAcp10 0.465 −0.124 0.033 −0.873 −0.010 0.074

Note: The top three rows show the explained variance of each PC, and the rest shows the loadings 
of each SFP gene (N = 85). Visual presentation of PC1 and PC2 is in Figure S5.

TA B L E  2   Principal components of 
variation in SFP gene expression
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fluid from DE actually increased the number of sperm transferred 
(Table 1, Figure 3c). Also, R2 indicated that the family structure 
accounted for most of the explained variance in sperm transfer, 
contrasting with the results for SFP gene expression and egg pro-
duction (Table 1).

4  | DISCUSSION

We found clear evidence that SFP gene expression differs among 
natural populations of L. stagnalis and demonstrate using an artificial 

injection that this likely has functional consequences for egg produc-
tion and subsequent sperm transfer by SFP recipients. Specifically, 
the expression of LyAcp5 and LyAcp7b was significantly different be-
tween the DE and F2 compared with the F1 and NL populations. 
Snails receiving seminal fluid from the DE and F2 populations pro-
duced fewer but larger eggs, and the snails receiving seminal fluid 
from the DE population transferred more sperm to subsequent mat-
ing partners.

Since the combination of a common garden experiment fol-
lowed by artificial injection of standardized mating partners ex-
cludes various confounding factors, the detected SFP divergence 
in gene expression and functions implies that it is the variation in 
SFP expression that we have now documented that likely causes 
the variation in egg production and sperm transfer of mating part-
ners. Previous studies showed that several factors alter SFP gene 
expression (e.g. developmental stage: Simmons et al. 2014, social 
condition: Hopkins et al., 2019, ecological conditions: Wigby & 
Chapman, 2005). Adopting a common garden design let us standard-
ize these factors in SFP gene expression of field-derived snails. Also, 
we did not let field-derived snails copulate with laboratory snails, but 
artificially injected their seminal fluid. So, we can see the effects of 
injected seminal fluid on post-copulatory responses, without inter-
ferences of mating preference or mate choice of laboratory snails. 
However, one important proviso in this study is that we measured 
variation in only a subset of SFP genes. Thus, among-population 
variation of SFP expression might actually be greater than currently 
documented. This further implies that the functional effects we 
have observed are not necessarily mediated by these specific SFP 
genes (LyAcp5, LyAcp7b) that were observed to differ in expression. 
This discrepancy between SFP gene expression and functions ap-
plies particularly to sperm transfer, since the pattern with which this 
differed among populations did not obviously correspond to the pat-
tern of gene expression (Nakadera et al., 2014). For egg production, 
the close correspondence between gene expression and functional 
responses would speak more in favour of the direct involvement of 
LyAcp5 and/or LyAcp7b, but again we emphasize that this is a correla-
tional pattern. Nevertheless, it is now clear from our study both that 
differential SFP composition is likely among populations and that 
this drives functional variation.

Our study also illustrates how insights from the laboratory are 
sometimes consistent in the field, and sometimes not. Firstly, we did 
not detect significant differences in SFP gene expression between 
paired and grouped snails, as recently observed also in the labo-
ratory strain of L. stagnalis (Nakadera et al., 2019). This apparently 
confirms that individuals of this species do not change SFP produc-
tion when they are exposed to ongoing sperm competition. On the 
other hand, SFP functions in L. stagnalis revealed in the laboratory 
are somewhat inconsistent with the SFP-mediated effects from field 
populations. For example, receiving LyAcp5 has been reported to 
reduce the number of sperm transferred in a subsequent mating of 
recipient snails (Nakadera et al., 2014). Although we detected the 
differential expression of LyAcp5 across populations, we did not ob-
serve differential reduction in sperm transfer in standardized snails. 

F I G U R E  3   Individual-, family- and population-level variation in 
SFP functions in L. stagnalis. Each point indicates one standardized 
focal snail which had been injected with seminal fluid from a given 
family within a given population. For each trait, we calculated 
the average of control snails, which had been injected with 
saline solution. Based on this average (shown as dashed line), we 
calculated the relative value of each individual (see Methods). The 
characters above each population indicate the outcome of post hoc 
tests using Tukey's multiple comparison tests (populations labelled 
with different letters differ significantly from one another). Abb.: 
Rel. = relative. The colour codes for populations are the same as in 
Figure 2
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In fact, snails from the DE population showed the highest expres-
sion of LyAcp5 (Figure 2a), but their seminal fluid rather increased 
the number of sperm transferred subsequently by SFP recipients 
(Figure 3c). Given the low sample size at the population and fam-
ily level of this study, we could not confidently conclude that the 
snails up-regulating LyAcp5 increase the sperm transfer of mating 
partners in future. However, this seemingly contradictory outcome 
between SFP gene expression and its function might have various 
explanations. First, it is likely that SFP gene expression is not strictly 
equal to SFP production or its functional consequence, or there is 
high differentiation of SFPs themselves or their receptors between 
field and laboratory populations. It could also be that an unknown 
trait co-varied with the expression of LyAcp5 and has an overriding 
effect on sperm transfer (Fay and Wittkopp 2008). Finally, it cannot 
be ruled out that different doses of LyAcp5 affect sperm transfer of 
the laboratory strain snails very differently. All these scenarios are 
plausible, given the complex network of SFPs (Ayroles, Laflamme, 
Stone, Wolfner, & Mackay, 2011; Patlar et al., 2019) and intricate 
interactions between mating partners and rivals revealed in other 
SFP research (Clark, Begun, & Prout, 1999; Zhang et al., 2013). 
Nonetheless, our study emphasizes that the investigation of field 
populations is vital to validate and generalize the knowledge so far 
obtained largely from laboratory studies and often using only a small 
number of genotypes (Gasch, Payseur, & Pool, 2016).

A remaining question concerns whether the variation in SFP 
gene expression we have documented is also accompanied by se-
quence divergence in these SFPs themselves. We estimated the 
gene expression levels of SFP genes in prostate glands, but to date, 
we have not examined the sequences of SFP genes for polymor-
phism and divergence in this species. Since sequence polymorphism 
and divergence have been documented in several studies (e.g. D. 
melanogaster: Tsaur & Wu, 1997; Aguadé, 1998; C. elegans: Palopoli 
et al., 2008), investigating sequence variation of SFPs in L. stagna-
lis is an obvious priority, and would allow us to test whether such 
polymorphism is also detectable in a simultaneously hermaphroditic 
species, and gain a fuller appreciation of all aspects of seminal fluid 
divergence and their relative importance. Based on our current find-
ings, we can now proceed to a more comprehensive investigation of 
SFP variation in the field. For instance, it would be highly pertinent 
to comprehensively identify all the SFPs of L. stagnalis using -omics 
methods since model species of SFP research usually express from 
50 to several hundreds of SFPs (Sirot et al., 2015), while to date we 
have full or partial sequence information on only eight in L. stagnalis 
(Koene et al., 2010). Moreover, future studies would certainly bene-
fit from a wider and deeper sampling of populations, allowing us to 
examine the association between SFP expression and its functional 
consequences with greater statistical power. Also, it will be essential 
to validate the functions of SFPs, particularly LyAcp5 and LyAcp7b, 
using molecular and transgenic approaches. Nevertheless, the cur-
rent study provides vital groundwork to investigate the full spec-
trum of SFP variation in natural populations of L. stagnalis.

In sum, we found marked divergence of SFP gene expression 
among field populations in L. stagnalis. Our bioassay further revealed 

functional divergence of seminal fluid between populations. 
Although further study is required, these two types of divergence 
hint that SFPs have diverged under selection, with gene expression 
changes driving functional divergence. Our study thus confirms L. 
stagnalis as a tractable model for quantifying intraspecific variation 
in SFPs and performing functional assays, helping to broaden our 
general understanding of SFP evolution and its driving force across 
animals and sexual systems.

ACKNOWLEDG EMENTS
We appreciate support from Carool Popelier for maintaining the 
laboratory strain at Vrije University Amsterdam; Thierry Caquet and 
Paul Boisseaux for assisting the sampling of Lyon population (F2); 
University Museum Utrecht (De Oude Hortus) for letting YN col-
lect snails; and Bahar Patlar, Michael Weber, Renate Feist and Klaus 
Reinhold for help conducting experiments. This research was funded 
by the Alexander von Humboldt foundation (Humboldt Research 
Fellowship for Postdoctoral Researchers to YN). Open access fund-
ing enabled and organized by Projekt DEAL.

AUTHOR CONTRIBUTIONS
YN, JMK and SAR conceived and designed the study. YN and MAC 
collected field snails. YN, ATS and LD conducted experiments and 
collected the data. YN analysed the data. YN and SAR wrote the 
manuscript with input from MAC, LA and JMK.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/jeb.13683.

DATA AVAIL ABILIT Y S TATEMENT
Data deposited at Dryad: Nakadera et al., 2020; https://doi.
org/10.5061/dryad.08kpr r50g.

ORCID
Yumi Nakadera  https://orcid.org/0000-0002-6342-4586 
Joris M. Koene  https://orcid.org/0000-0001-8188-3439 
Steven A. Ramm  https://orcid.org/0000-0001-7786-7364 

R E FE R E N C E S
Aguadé, M. (1998). Different forces drive the evolution of the Acp26Aa 

and Acp26Ab accessory gland genes in the Drosophila melanogaster 
species complex. Genetics, 150, 1079–1089.

Aguadé, M. (1999). Positive selection drives the evolution of the Acp29AB 
accessory gland protein in Drosophila. Genetics, 152, 543–551.

Avila, F. W., Sirot, L. K., LaFlamme, B. A., Rubinstein, C. D., & Wolfner, M. 
F. (2011). Insect Seminal Fluid Proteins: Identification and Function. 
Annual Review of Entomology, 56, 21–40. https://doi.org/10.1146/
annur ev-ento-12070 9-144823

Ayroles, J. F., Laflamme, B. A., Stone, E. A., Wolfner, M. F., & Mackay, T. F. 
C. (2011). Functional genome annotation of Drosophila seminal fluid 
proteins using transcriptional genetic networks. Genetic Research, 93, 
387–395.

Baer, B., Zareie, R., Paynter, E., Poland, V., & Millar, A. H. (2012). Seminal 
fluid proteins differ in abundance between genetic lineages of 

https://publons.com/publon/10.1111/jeb.13683
https://publons.com/publon/10.1111/jeb.13683
https://doi.org/10.5061/dryad.08kprr50g
https://doi.org/10.5061/dryad.08kprr50g
https://orcid.org/0000-0002-6342-4586
https://orcid.org/0000-0002-6342-4586
https://orcid.org/0000-0001-8188-3439
https://orcid.org/0000-0001-8188-3439
https://orcid.org/0000-0001-7786-7364
https://orcid.org/0000-0001-7786-7364
https://doi.org/10.1146/annurev-ento-120709-144823
https://doi.org/10.1146/annurev-ento-120709-144823


     |  1449NAKADERA Et Al.

honeybees. Journal of Proteomics, 75, 5646–5653. https://doi.
org/10.1016/j.jprot.2012.08.002

Blanckenhorn, W. U., Stillwell, R. C., Young, K. A., Fox, C. W., & Ashton, 
K. G. (2006). When Rensch meets Bergmann: Does sexual size 
dimorphism change systematically with latitude? Evolution, 60, 
2004–2011. https://doi.org/10.1111/j.0014-3820.2006.tb018 
38.x

Bouétard, A., Côte, J., Besnard, A.-L., Collinet, M., & Coutellec, M.-A. 
(2014). Environmental versus anthropogenic effects on population 
adaptive divergence in the freshwater snail Lymnaea stagnalis. PLoS 
One, 9, e106670. https://doi.org/10.1371/journ al.pone.0106670

Brandon, C. I., Heusnes, G. L., Caudle, A. B., & Fayrer-Hosken, R. A. 
(1999). Two-dimensional polyacrylamide gel electrophoresis of 
equine seminal plasma proteins and their correlation with fertil-
ity. Theriogenology, 52, 863–873. https://doi.org/10.1016/S0093 
-691X(99)00178 -8

Bromfield, J. J., Schjenken, J. E., Chin, P. Y., Care, A. S., Jasper, M. J., & 
Robertson, S. A. (2014). Maternal tract factors contribute to pa-
ternal seminal fluid impact on metabolic phenotype in offspring. 
Proceedings of the National Academy of Sciences, 111(6), 2200–2205. 
https://doi.org/10.1073/pnas.13056 09111

Chapman, T. (2001). Seminal fluid-mediated fitness traits 
in Drosophila. Heredity, 87, 511–521. https://doi.
org/10.1046/j.1365-2540.2001.00961.x

Chapman, T., Liddle, L. F., Kalb, J. M., Wolfner, M. F., & Partridge, L. 
(1995). Cost of mating in Drosophila melanogaster females is mediated 
by male accessory gland products. Nature, 373, 241–244. https://doi.
org/10.1038/373241a0

Chen, P. S., Stumm-Zollinger, E., Aigaki, T., Balmer, J., Bienz, M., & Böhlen, 
P. (1988). A male accessory gland peptide that regulates reproduc-
tive behavior of female D. melanogaster. Cell, 54, 291–298. https://
doi.org/10.1016/0092-8674(88)90192 -4

Civetta, A., & Singh, R. S. (1998). Sex-related genes, directional sexual 
selection, and speciation. Molecular Biology and Evolution, 15(7), 901–
909. https://doi.org/10.1093/oxfor djour nals.molbev.a025994.

Clark, A. G., Aguadé, M., Prout, T., Harshman, L. G., & Langley, C. H. 
(1995). Variation in sperm displacement and its association with 
accessory gland protein loci in Drosophila melanogaster. Genetics, 
189–201.

Clark, A. G., Begun, D. J., & Prout, T. (1999). Female × male interactions in 
Drosophila sperm competition. Science, 283, 217–220.

Coulthart, M. B., & Singh, R. S. (1988). Differing amounts of genetic 
polymorphism in testes and male accessory glands of Drosophila 
melanogaster and Drosophila simulans. Biochemical Genetics, 26(1-2), 
153–164. https://doi.org/10.1007/BF005 55496

Crean, A. J., Kopps, A. M., & Bonduriansky, R. (2014). Revisiting telegony: 
Offspring inherit an acquired characteristic of their mother’s previ-
ous mate. Ecology Letters, 17, 1545–1552. https://doi.org/10.1111/
ele.12373

Davison, A., McDowell, G. S., Holden, J. M., Johnson, H. F., Koutsovoulos, 
G. D., Liu, M. M., … Blaxter, M. L. (2016). Formin is associated with 
left-right asymmetry in the pond snail and the frog. Current Biology, 
26, 654–660. https://doi.org/10.1016/j.cub.2015.12.071

De Boer, P. A. C. M., Jansen, R. F., Koene, J. M., & Ter Maat, A. (1997). 
Nervous control of male sexual drive in the hermaphroditic snail 
Lymnaea stagnalis. Journal of Experimental Biology, 200, 941–951.

Dean, M. D., Clark, N. L., Findlay, G. D., Karn, R. C., Yi, X., Swanson, W. 
J., … Nachman, M. W. (2009). Proteomics and comparative genomic 
investigations reveal heterogeneity in evolutionary rate of male re-
productive proteins in mice (Mus domesticus). Molecular Biology and 
Evolution, 26, 1733–1743. https://doi.org/10.1093/molbe v/msp094

Dorus, S., Evans, P. D., Wyckoff, G. J., Choi, S. S., & Lahn, B. T. (2004). 
Rate of molecular evolution of the seminal protein gene SEMG2 cor-
relates with levels of female promiscuity. Nature Genetics, 36, 1326–
1329. https://doi.org/10.1038/ng1471

Fay, J.C. & Wittkopp, P.J. 2008. Evaluating the role of natural selection 
in the evolution of gene regulation. Heredity (Edinb). 100: 191–199.

Findlay, G. D., MacCoss, M. J., & Swanson, W. J. (2009). Proteomic dis-
covery of previously unannotated, rapidly evolving seminal fluid 
genes in Drosophila. Genome Research, 19, 886–896. https://doi.
org/10.1101/gr.089391.108

Fiumera, A. C., Dumont, B. L., & Clark, A. G. (2005). Sperm competitive 
ability in Drosophila melanogaster associated with variation in male 
reproductive proteins. Genetics, 169, 243–257.

Fiumera, A. C., Dumont, B. L., & Clark, A. G. (2007). Associations be-
tween sperm competition and natural variation in male reproductive 
genes on the third chromosome of Drosophila melanogaster. Genetics, 
176, 1245–1260.

Fricke, C., Wigby, S., Hobbs, R., & Chapman, T. (2009). The benefits of male 
ejaculate sex peptide transfer in Drosophila melanogaster: Sex peptide 
and male reproductive success. Journal of Evolutionary Biology, 22(2), 
275–286. https://doi.org/10.1111/j.1420-9101.2008.01638.x.

Gasch, A. P., Payseur, B. A., & Pool, J. E. (2016). The power of natural 
variation for model organism biology. Trends in Genetics, 32, 147–154. 
https://doi.org/10.1016/j.tig.2015.12.003

Gioti, A., Wigby, S., Wertheim, B., Schuster, E., Martinez, P., Pennington, 
C. J., … Chapman, T. (2012). Sex peptide of Drosophila melanogaster 
males is a global regulator of reproductive processes in females. 
Proceedings of the Royal Society B: Biological Sciences, 279, 4423–4432.

Goenaga, J., Yamane, T., Rönn, J., & Arnqvist, G. (2015). Within-species 
divergence in the seminal fluid proteome and its effect on male and 
female reproduction in a beetle. BMC Evolutionary Biology, 15, 266. 
https://doi.org/10.1186/s1286 2-015-0547-2

Good, J. M., Wiebe, V., Albert, F. W., Burbano, H. A., Kircher, M., Green, 
R. E., … Pääbo, S. (2013). Comparative population genomics of the 
ejaculate in humans and the great apes. Molecular Biology Evolution, 
30, 964–976. https://doi.org/10.1093/molbe v/mst005

Haerty, W., Jagadeeshan, S., Kulathinal, R. J., Wong, A., Ravi Ram, K., 
Sirot, L. K., … Singh, R. S. (2007). Evolution in the fast lane: Rapidly 
evolving sex-related genes in Drosophila. Genetics, 177, 1321–1335. 
https://doi.org/10.1534/genet ics.107.078865

Hopkins, B. R., Sepil, I., Thézénas, M.-L., Craig, J. F., Miller, T., Charles, P. 
D., … Wigby, S. (2019). Divergent allocation of sperm and the seminal 
proteome along a competition gradient in Drosophila melanogaster. 
Proceedings of the National Academy of Sciences of the United States of 
America, 116, 17925–17933.

Hurle, B., Swanson, W., Comparative Sequencing Program, N. I. S. C., & 
Green, E. D. (2007). Comparative sequence analyses reveal rapid and 
divergent evolutionary changes of the WFDC locus in the primate 
lineage. Genome Research, 17, 276–286. https://doi.org/10.1101/
gr.6004607

Johnson, M. A., & Wade, J. (2010). Behavioural display systems across 
nine Anolis lizard species: Sexual dimorphisms in structure and 
function. Proceedings of the Royal Society B: Biological Sciences, 277, 
1711–1719.

Koene, J., Hoffer, J., & Brouwer, A. (2009). Reduced egg laying caused 
by a male accessory gland product opens the possibility for sexual 
conflict in a simultaneous hermaphrodite. Animal Biology, 59(4), 435–
448. https://doi.org/10.1163/15707 5509X 12499 94974 4306

Koene, J. M., Sloot, W., Montagne-Wajer, K., Cummins, S. F., Degnan, B. 
M., Smith, J. S., … Ter Maat, A. (2010). Male accessory gland protein 
reduces egg laying in a simultaneous hermaphrodite. PLoS One, 5, 
e10117. https://doi.org/10.1371/journ al.pone.0010117

Kopp, K. C., Wolff, K., & Jokela, J. (2012). Natural range expansion and 
human-assisted introduction leave different genetic signatures in a 
hermaphroditic freshwater snail. Evolutionary Ecology, 26(3), 483–
498. https://doi.org/10.1007/s1068 2-011-9504-8

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2−ΔΔCT method. 
Methods, 25, 402–408. https://doi.org/10.1006/meth.2001.1262

https://doi.org/10.1016/j.jprot.2012.08.002
https://doi.org/10.1016/j.jprot.2012.08.002
https://doi.org/10.1111/j.0014-3820.2006.tb01838.x
https://doi.org/10.1111/j.0014-3820.2006.tb01838.x
https://doi.org/10.1371/journal.pone.0106670
https://doi.org/10.1016/S0093-691X(99)00178-8
https://doi.org/10.1016/S0093-691X(99)00178-8
https://doi.org/10.1073/pnas.1305609111
https://doi.org/10.1046/j.1365-2540.2001.00961.x
https://doi.org/10.1046/j.1365-2540.2001.00961.x
https://doi.org/10.1038/373241a0
https://doi.org/10.1038/373241a0
https://doi.org/10.1016/0092-8674(88)90192-4
https://doi.org/10.1016/0092-8674(88)90192-4
https://doi.org/10.1093/oxfordjournals.molbev.a025994
https://doi.org/10.1007/BF00555496
https://doi.org/10.1111/ele.12373
https://doi.org/10.1111/ele.12373
https://doi.org/10.1016/j.cub.2015.12.071
https://doi.org/10.1093/molbev/msp094
https://doi.org/10.1038/ng1471
https://doi.org/10.1101/gr.089391.108
https://doi.org/10.1101/gr.089391.108
https://doi.org/10.1111/j.1420-9101.2008.01638.x
https://doi.org/10.1016/j.tig.2015.12.003
https://doi.org/10.1186/s12862-015-0547-2
https://doi.org/10.1093/molbev/mst005
https://doi.org/10.1534/genetics.107.078865
https://doi.org/10.1101/gr.6004607
https://doi.org/10.1101/gr.6004607
https://doi.org/10.1163/157075509X12499949744306
https://doi.org/10.1371/journal.pone.0010117
https://doi.org/10.1007/s10682-011-9504-8
https://doi.org/10.1006/meth.2001.1262


1450  |     NAKADERA Et Al.

Loose, M. J., & Koene, J. M. (2008). Sperm transfer is affected by mat-
ing history in the simultaneously hermaphroditic snail Lymnaea 
stagnalis. Invertebrate Biology, 127(2), 162–167. https://doi.
org/10.1111/j.1744-7410.2007.00121.x

Mangels, R., Young, B., Keeble, S., Ardekani, R., Meslin, C., Ferreira, Z., 
… Dean, M. D. (2015). Genetic and phenotypic influences on cop-
ulatory plug survival in mice. Heredity, 115, 496–502. https://doi.
org/10.1038/hdy.2015.50

McGraw, L. A., Clark, A. G., & Wolfner, M. F. (2008). Post-mating gene 
expression profiles of female Drosophila melanogaster in response 
to time and to four male accessory gland proteins. Genetics, 179, 
1395–1408.

Morrow, E. H., & Innocenti, P. (2012). Female postmating im-
mune responses, immune system evolution and immuno-
genic males. Biological Reviews, 87, 631–638. https://doi.
org/10.1111/j.1469-185X.2011.00214.x

Nakadera, Y., Giannakara, A., & Ramm, S. A. (2019). Plastic expression of 
seminal fluid protein genes in a simultaneously hermaphroditic snail. 
Behavioral Ecology, 30, 904–1913. https://doi.org/10.1093/behec o/
arz027

Nakadera, Y., Mariën, J., Van Straalen, N. M., & Koene, J. M. (2017). 
Multiple mating in natural populations of a simultaneous hermaphro-
dite, Lymnaea stagnalis. Journal of Molluscan Studies, 83, 56–62.

Nakadera, Y., Swart, E. M., Hoffer, J. N. A., den Boon, O., Ellers, J., & 
Koene, J. M. (2014). Receipt of seminal fluid proteins causes reduc-
tion of male investment in a simultaneous hermaphrodite. Current 
Biology, 24, 859–862. https://doi.org/10.1016/j.cub.2014.02.052

Nakadera, Y., Swart, E. M., Maas, J. P. A., Montagne-Wajer, K., Ter 
Maat, A., & Koene, J. M. (2015). Effects of age, size, and mating 
history on sex role decision of a simultaneous hermaphrodite. 
Behavioral Ecology, 26, 232–241. https://doi.org/10.1093/behec o/
aru184

Nakadera, Y., Thornton Smith, A., Daupagne, L., Coutellec, M.-A., Koene, 
J. M., & Ramm, S. A. (2020). Data from: Divergence of seminal fluid 
gene expression and function among natural snail populations. 
Journal of Evolutionary Biology. https://doi.org/10.5061/dryad.08kpr 
r50g

Nakagawa, S., Johnson, P. C. D., & Schielzeth, H. (2017). The coefficient 
of determination R2 and intra-class correlation coefficient from gen-
eralized linear mixed-effects models revisited and expanded. Journal 
of the Royal Society Interface, 14, 20170213.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for 
obtaining R2 from generalized linear mixed-effects models. Methods 
in Ecology and Evolution, 4, 133–142.

Palopoli, M. F., Rockman, M. V., TinMaung, A., Ramsay, C., Curwen, S., 
Aduna, A., … Kruglyak, L. (2008). Molecular basis of the copulatory 
plug polymorphism in Caenorhabditis elegans. Nature, 454, 1019–
1022. https://doi.org/10.1038/natur e07171

Patlar, B., & Ramm, S. A. (2020). Genotype-by-environment interactions 
for seminal fluid expression and sperm competitive ability. Journal 
of Evolutionary Biology, 33, 225–236. https://doi.org/10.1111/
jeb.13568

Patlar, B., Weber, M., & Ramm, S. A. (2019). Genetic and environmen-
tal variation in transcriptional expression of seminal fluid pro-
teins. Heredity, 122, 595–611. https://doi.org/10.1038/s4143 
7-018-0160-4

Patlar, B., Weber, M., Temizyürek, T., & Ramm, S. A. (2020). Seminal 
fluid-mediated manipulation of post-mating behavior in a simulta-
neous hermaphrodite. Current Biology, 30, 143–149.e4. https://doi.
org/10.1016/j.cub.2019.11.018

Peng, Y., Grassl, J., Millar, A. H., & Baer, B. (2016). Seminal fluid of hon-
eybees contains multiple mechanisms to combat infections of the 
sexually transmitted pathogen Nosema apis. Proceedings of the Royal 
Society B: Biological Sciences, 283, 20151785.

Perry, J. C., Garroway, C. J., & Rowe, L. (2017). The role of ecology, neu-
tral processes and antagonistic coevolution in an apparent sexual 
arms race. Ecology Letters, 20(9), 1107–1117. https://doi.org/10.1111/
ele.12806

Perry, J. C., & Rowe, L. (2012). Sexual conflict and antagonistic coevo-
lution across water strider populations: Population-level sexu-
ally antagonistic coevolution. Evolution, 66, 544–557. https://doi.
org/10.1111/j.1558-5646.2011.01464.x

Perry, J. C., & Rowe, L. (2018). Sexual conflict in its ecological setting. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
373(1757), 20170418. https://doi.org/10.1098/rstb.2017.0418

Poiani, A. (2006). Complexity of seminal fluid: A review. Behavioral 
Ecology and Sociobiology, 60(3), 289–310. https://doi.org/10.1007/
s0026 5-006-0178-0

Priest, N. K., Roach, D. A., & Galloway, L. F. (2008). Cross-generational 
fitness benefits of mating and male seminal fluid. Biology Letters, 4(1), 
6–8. https://doi.org/10.1098/rsbl.2007.0473

Puurtinen, M., Hytönen, M., Knott, K. E., Taskinen, J., Nissinen, K., & 
Kaitala, V. (2004). The effects of mating system and genetic vari-
ability on susceptibility to trematode parasites in a freshwater snail, 
Lymnaea stagnalis. Evolution, 58, 2747–2753.

Puurtinen, M., Knott, K. E., Suonpää, S., Ooik, T. V., & Kaitala, V. (2004). 
Genetic variability and drift load in populations of an aquatic snail. 
Evolution, 58, 749–756. https://doi.org/10.1111/j.0014-3820.2004.
tb004 08.x

R Core Team (2018). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Ramm, S. A., Edward, D. A., Claydon, A. J., Hammond, D. E., Brownridge, 
P., Hurst, J. L., … Stockley, P. (2015). Sperm competition risk drives 
plasticity in seminal fluid composition. BMC Biology, 13, 87. https://
doi.org/10.1186/s1291 5-015-0197-2

Ramm, S. A., McDonald, L., Hurst, J. L., Beynon, R. J., & Stockley, P. (2009). 
Comparative proteomics reveals evidence for evolutionary diversifi-
cation of rodent seminal fluid and its functional significance in sperm 
competition. Molecular Biology and Evolution, 26(1), 189–198. https://
doi.org/10.1093/molbe v/msn237

Ramm, S. A., Oliver, P. L., Ponting, C. P., Stockley, P., & Emes, R. D. (2008). 
Sexual selection and the adaptive evolution of mammalian ejaculate 
proteins. Molecular Biology and Evolution, 25(1), 207–219. https://doi.
org/10.1093/molbe v/msm242

Rensch, B. (1950). Die Abhängigkeit der relativen Sexualdifferenz von 
der Körpergrösse. Bonner Zoolgie Beiträge, 1, 58–69.

Rowe, M., Whittington, E., Borziak, K., Ravinet, M., Eroukhmanoff, F., 
Sætre, G.-P., & Dorus, S. (2020). Molecular diversification of the 
seminal fluid proteome in a recently diverged Passerine species 
pair. Molecular Biology and Evolution, 37(2), 488–506. https://doi.
org/10.1093/molbe v/msz235

Simmons, L. W., & Lovegrove, M. (2017). Socially cued seminal fluid gene 
expression mediates responses in ejaculate quality to sperm com-
petition risk. Proceedings of the Royal Society B: Biological Sciences, 
284(1861), 20171486–https://doi.org/10.1098/rspb.2017.1486

Simmons, L. W., & Lovegrove, M. (2019). Nongenetic paternal ef-
fects via seminal fluid. Evolution Letters, 3(4), 403–411. https://doi.
org/10.1002/evl3.124

Simmons, L.W., Beveridge, M., Li, L., Tan, Y.-F.F. & Millar, A.H. 2014. 
Ontogenetic changes in seminal fluid gene expression and the pro-
tein composition of cricket seminal fluid. Evolution & Development 16: 
101–109.

Sirot, L. K., Wong, A., Chapman, T., & Wolfner, M. F. (2015). Sexual 
Conflict and Seminal Fluid Proteins: A Dynamic Landscape of Sexual 
Interactions. Cold Spring Harbor Perspectives in Biology, 7(2), a017533. 
https://doi.org/10.1101/cshpe rspect.a017533

Sloan, N. S., Lovegrove, M., & Simmons, L. W. (2018). Social manip-
ulation of sperm competition intensity reduces seminal fluid 

https://doi.org/10.1111/j.1744-7410.2007.00121.x
https://doi.org/10.1111/j.1744-7410.2007.00121.x
https://doi.org/10.1038/hdy.2015.50
https://doi.org/10.1038/hdy.2015.50
https://doi.org/10.1111/j.1469-185X.2011.00214.x
https://doi.org/10.1111/j.1469-185X.2011.00214.x
https://doi.org/10.1093/beheco/arz027
https://doi.org/10.1093/beheco/arz027
https://doi.org/10.1016/j.cub.2014.02.052
https://doi.org/10.1093/beheco/aru184
https://doi.org/10.1093/beheco/aru184
https://doi.org/10.5061/dryad.08kprr50g
https://doi.org/10.5061/dryad.08kprr50g
https://doi.org/10.1038/nature07171
https://doi.org/10.1111/jeb.13568
https://doi.org/10.1111/jeb.13568
https://doi.org/10.1038/s41437-018-0160-4
https://doi.org/10.1038/s41437-018-0160-4
https://doi.org/10.1016/j.cub.2019.11.018
https://doi.org/10.1016/j.cub.2019.11.018
https://doi.org/10.1111/ele.12806
https://doi.org/10.1111/ele.12806
https://doi.org/10.1111/j.1558-5646.2011.01464.x
https://doi.org/10.1111/j.1558-5646.2011.01464.x
https://doi.org/10.1098/rstb.2017.0418
https://doi.org/10.1007/s00265-006-0178-0
https://doi.org/10.1007/s00265-006-0178-0
https://doi.org/10.1098/rsbl.2007.0473
https://doi.org/10.1111/j.0014-3820.2004.tb00408.x
https://doi.org/10.1111/j.0014-3820.2004.tb00408.x
https://doi.org/10.1186/s12915-015-0197-2
https://doi.org/10.1186/s12915-015-0197-2
https://doi.org/10.1093/molbev/msn237
https://doi.org/10.1093/molbev/msn237
https://doi.org/10.1093/molbev/msm242
https://doi.org/10.1093/molbev/msm242
https://doi.org/10.1093/molbev/msz235
https://doi.org/10.1093/molbev/msz235
https://doi.org/10.1098/rspb.2017.1486
https://doi.org/10.1002/evl3.124
https://doi.org/10.1002/evl3.124
https://doi.org/10.1101/cshperspect.a017533


     |  1451NAKADERA Et Al.

gene expression. Biology Letters, 14(1), 20170659–https://doi.
org/10.1098/rsbl.2017.0659

Swanson, W. J., & Vacquier, V. D. (2002a). The rapid evolution of repro-
ductive proteins. Nature Reviews Genetics, 3(2), 137–144. https://doi.
org/10.1038/nrg733

Swanson, W. J., & Vacquier, V. D. (2002b). Reproductive protein evo-
lution. Annual Review of Ecology and Systematics, 33(1), 161–179. 
https://doi.org/10.1146/annur ev.ecols ys.33.010802.150439

Swart, E. M., Davison, A., Ellers, J., Filangieri, R. R., Jackson, D. J., Mariën, 
J., … Koene, J. M. (2019). Temporal expression profile of an acces-
sory-gland protein that is transferred via the seminal fluid of the 
simultaneous hermaphrodite Lymnaea stagnalis. Journal of Molluscan 
Studies, 85(2), 177–183. https://doi.org/10.1093/mollu s/eyz005

Swart, E. M., Starkloff, N. C., Ypenburg, S., Ellers, J., Straalen, N. M., & 
Koene, J. M. (2020). The effect of mating on female reproduction 
across hermaphroditic freshwater snails. Invertebrate Biology, 139, 
e12275. https://doi.org/10.1111/ivb.12275

Tsaur, S. C., & Wu, C. I. (1997). Positive selection and the molecular evolu-
tion of a gene of male reproduction, Acp26Aa of Drosophila. Molecular 
Biology and Evolution, 14(5), 544–549. https://doi.org/10.1093/oxfor 
djour nals.molbev.a025791

van Duivenboden, Y. A., & Maat, A. T. (1985). Masculinity and receptivity 
in the hermaphrodite pond snail, Lymnaea stagnalis. Animal Behaviour, 
33(3), 885–891. https://doi.org/10.1016/S0003 -3472(85)80022 -1

van Iersel, S., Swart, E. M., Nakadera, Y., van Straalen, N. M., & Koene, 
J. M. (2014). Effect of male accessory gland products on egg laying 
in Gastropod Molluscs. Journal of Visualized Experiments, 88, e51698. 
https://doi.org/10.3791/51698

Walters, J. R., & Harrison, R. G. (2011). Decoupling of rapid and adap-
tive evolution among seminal fluid proteins in Heliconius butterflies 

with divergent mating systems. Evolution, 65, 2855–2871. https://doi.
org/10.1111/j.1558-5646.2011.01351.x

Wigby, S., & Chapman, T. (2005). Sex peptide causes mating costs in fe-
male Drosophila melanogaster. Current Biology, 15, 316–321. https://
doi.org/10.1016/j.cub.2005.01.051

Zhang, R., Clark, A. G., & Fiumera, A. C. (2013). Natural genetic variation 
in male reproductive genes contributes to nontransitivity of sperm 
competitive ability in Drosophila melanogaster. Molecular Ecology, 22, 
1400–1415.

Zonneveld, C., & Kooijman, S. A. L. M. (1989). Application of a dynamic 
energy budget model to Lymnaea stagnalis (L.). Functional Ecology, 
3(3), 269–https://doi.org/10.2307/2389365

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Nakadera Y, Thornton Smith A, 
Daupagne L, Coutellec M-A, Koene JM, Ramm SA. 
Divergence of seminal fluid gene expression and function 
among natural snail populations. J Evol Biol. 2020;33:1440–
1451. https://doi.org/10.1111/jeb.13683

https://doi.org/10.1098/rsbl.2017.0659
https://doi.org/10.1098/rsbl.2017.0659
https://doi.org/10.1038/nrg733
https://doi.org/10.1038/nrg733
https://doi.org/10.1146/annurev.ecolsys.33.010802.150439
https://doi.org/10.1093/mollus/eyz005
https://doi.org/10.1111/ivb.12275
https://doi.org/10.1093/oxfordjournals.molbev.a025791
https://doi.org/10.1093/oxfordjournals.molbev.a025791
https://doi.org/10.1016/S0003-3472(85)80022-1
https://doi.org/10.3791/51698
https://doi.org/10.1111/j.1558-5646.2011.01351.x
https://doi.org/10.1111/j.1558-5646.2011.01351.x
https://doi.org/10.1016/j.cub.2005.01.051
https://doi.org/10.1016/j.cub.2005.01.051
https://doi.org/10.2307/2389365
https://doi.org/10.1111/jeb.13683

