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1  |  INTRODUC TION

Visible polymorphisms are valuable to expand the understand-
ing of underlying genetics as well as evolutionary processes in-
volved. The former is well demonstrated by the seminal work of 
Mendel (1865), providing the foundation of genetics. The latter can 
inform us about the maintenance of genetic variation and changes 
in selective pressure in natural populations, as in the case of in-
dustrial melanism in the peppered moth Biston betularia (reviewed 
in Cook, 2003; Cook & Saccheri, 2013). There are a vast number 
of studies which demonstrate the significance of color polymor-
phism and aided us in expanding the understanding of mutation and 

selection (e.g., Feiner et al., 2022; Kellenberger et al., 2019; Nadeau 
et al., 2016; Quattrocchio et al., 1999; Valverde et al., 1995).

Besides fundamental insights, the esthetic appeal of color poly-
morphism is highly compatible with citizen science, providing out-
reach opportunities and at the same time advancing the research 
with massive amounts of data (e.g., Kerstes et al., 2019; Silvertown 
et al., 2011). For example, the grove snail Cepaea nemoralis (and the 
closely related C. hortensis) is a historical model species of shell color 
polymorphism, given their various ground colors (yellow, pink, and 
brown), banding pattern (up to five bands) as well as band and lip pig-
mentation. Previous studies demonstrated that these phenotypes 
are controlled by a series of eight or more genes (e.g., Gonzalez 
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Abstract
Color	polymorphism	is	a	classic	study	system	for	evolutionary	genetics.	One	of	the	
most color-polymorphic animal taxa is mollusks, but the investigation of the genetic 
basis of color determination is often hindered by their life history and the limited avail-
ability of genetic resources. Here, we report on the discovery of shell color polymor-
phism in a much-used model species, the great pond snail Lymnaea stagnalis. While 
their shell is usually beige, some individuals from a Greek population show a distinct 
red shell color, which we nicknamed Ginger. Moreover, we found that the inheritance 
fits simple, single-locus Mendelian inheritance with dominance of the Ginger allele. 
We also compared crucial life-history traits between Ginger and wild-type individuals, 
and found no differences between morphs. We conclude that the relative simplicity of 
this polymorphism will provide new opportunities for a deeper understanding of the 
genetic basis of shell color polymorphism and its evolutionary origin.
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et al., 2019; Kerkvliet et al., 2017). Recently, citizen science pro-
vided massive data to confirm that Cepaea's shell morphs are cor-
related with their habitat, for example, urban snails tend to be more 
often yellow than pink, potentially due to thermal selection (Cain & 
Sheppard, 1950, 1954; Kerstes et al., 2019, but see also Silvertown 
et al., 2011).

The Gastropoda is one of the most color polymorphic an-
imal groups (e.g., Lee et al., 2022; Liu et al., 2009; Luttikhuizen & 
Drent, 2008; reviewed in Gefaell et al., 2022; Williams, 2017). 
However, except for a few cases like Cepaea, the genetic basis, evo-
lution and ecological meanings of these colors largely remain to be 
examined. The major logistical hindrances stem from the life histo-
ries of many gastropod species, such as their long life cycle or the 
presence of a planktonic life stage. Even more crucially, it is challeng-
ing to obtain progenies from desired crosses, due to, for example, 
low mating rate or fecundity. Consequently, their life history limits 
the genomic insights of color polymorphism in other mollusks other 
than Cepaea.

We here report the discovery of a new shell polymorphism in a 
Greek population of Lymnaea stagnalis, potentially a new model to 
expand the understanding of color polymorphism at the genetic, eco-
logical, and evolutionary level. We found that some snails from this 
field population have a distinctly red shell color (nicknamed Ginger), 
while the shell color of this species is usually beige (Figure 1b). To 
see whether the Ginger snails could provide a new model system 
for studying shell color polymorphism, we tested (1) if Ginger snails 
show any difference in life-history traits compared to the wild-type 
snails from the same population and (2) how this shell trait inherits 
to the next generation.

2  |  MATERIAL S AND METHODS

Lymnaea stagnalis is a hermaphroditic freshwater pulmonate, com-
monly distributed across the globe (Fodor et al., 2020; Kopp 
et al., 2012). This species is a simultaneous hermaphrodite, possess-
ing functional organs for both sexes, but when they copulate, one 
snail acts as sperm donor (male role) inseminating a recipient snail (fe-
male role, i.e., unilateral mating); roles can be swapped immediately 

after this interaction. Moreover, they are capable of self-fertilization 
(selfing) without showing obvious effects of inbreeding depres-
sion (e.g., Coutellec & Lagadic, 2006; Escobar et al., 2011; Koene 
et al., 2008).

We collected the snails from the shallow waters in Kerkini lake, 
Central Macedonia, Greece (GPS coordinates 41.24979 23.20994). 
There	was	little	to	no	water	flow	and	the	water	depth	was	30–50 cm	
at the site of collection. We collected the snails in July 2021 and 
transported	 the	 snails	 to	Vrije	Universiteit	Amsterdam	 for	 further	
investigation.

2.1  |  Sample preparation

We used 64 age-synchronized snails from the F2 generation of this 
Greek population [28 Ginger (G), 36 wild type (WT), in total N = 64].	
In	the	laboratory,	we	kept	the	snails	in	a	flow-through	tank	with	low-
copper	water	at	20 ± 1°C.	The	light:	dark	cycle	was	12:12 h.	To	keep	
track of the mating history of each snail, we raised these snails iso-
lated (i.e., virgins). That is, well before their maturation (Shell length 
ca.	1.5 cm),	we	placed	and	raised	each	snail	in	an	individual	container	
until and beyond their maturation. These containers were perfo-
rated	(ca.	460 mL)	and	placed	in	a	large	flow-through	tank,	providing	
the snails with clean aerated water while they could not have physi-
cal	contact	with	others.	We	replaced	the	containers	every	2 weeks,	
fed the snails with broad leaf lettuce ad libitum, and occasionally 
provided fish food (TetraPhyll®) as supplemental food.

2.2  |  Life-history comparison

We compared their onset of egg laying, body size, fecundity, and 
mating behavior between G and WT. We started isolating the snails 
when the snails were ca. 2-month-old. That is well before this spe-
cies	becomes	sexually	mature	(ca.	3 months).	To	record	their	onset	of	
egg laying, we checked for the presence of eggs in containers every 
week	for	10 weeks.	We	define	the	onset	of	egg	laying	as	the	week	
when an individual produced their first eggs via self-fertilization. To 
compare the body size between morphs, we measured their shell 

F I G U R E  1 (a)	Freshly	collected	Lymnaea stagnalis	and	other	freshwater	snail	species	from	Kerkini	lake,	Greece.	©Alexandra	Staikou.	
(b) The laboratory-reared Wild-Type (WT, left) and Ginger (G, right) snails. ©Cathy Levesque.
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length as the proxy of body size, using a Vernier caliper (DialMax, 
0.1 mm)	 at	Week	 7	 from	 the	 start	 of	 our	monitoring.	 To	 examine	
their fecundity, at week 9, we provided the snails each with a clean 
container. This procedure enhances their egg laying, as this spe-
cies tends to lay eggs on clean surfaces (Clean water stimulus, Ter 
Maat et al., 1983).	After	2 days,	we	collected	all	the	egg	masses	laid	
to	 scan	 them	using	a	 flatbed	scanner	 (Canon	LiDE	220,	van	 Iersel	
et al., 2014). Using these images, we counted the number of eggs 
using	ImageJ	(ver1.53 t,	Schneider	et	al.,	2012).

To compare mating behavior of G and WT from the Greek pop-
ulation, we let these snails mate with the snails from our standard 
laboratory	strain	maintained	at	Vrije	Universiteit	Amsterdam,	which	
never showed the Ginger phenotype since the start of the breed-
ing facility in the 1960s. From the 64 isolated Greek snails, we se-
lected	12 G	and	12	WT	for	mating	observations.	First,	we	 isolated	
24	 laboratory	 strain	 snails	 for	 2 days,	 to	 standardize	 their	 mating	
history.	In	Week	11,	we	observed	their	matings,	following	our	stan-
dard protocol (e.g., Nakadera et al., 2015).	 In	short,	we	placed	one	
Greek	and	one	laboratory	snail	into	a	container,	and	every	15 min	re-
corded for each pair the following behavioral categories: no contact, 
shell mounting, probing with the preputium and inseminating (e.g., 
Koene, 2010). We carried out the monitoring from 9:00 to 15:00, 
that	is,	for	6 h.	Based	on	this	record,	we	determined	mating	rate	(the	
number of mated individuals) as well as the duration of (a) mating 
latency (how long they took to start courtship, i.e., shell mounting), 
(b) courtship (the duration between shell mounting and probing) and 
(c) insemination.

2.3  |  Inheritance of shell color

To reveal the mode of inheritance, we carried out two experiments. 
First, we counted the number of G or WT progenies from self-ferti-
lized egg masses. Second, we crossed the Greek snails with the snails 
from our standard laboratory strain to measure the change of phe-
notypic ratios in progeny.

Selfing allowed us to see the mode of inheritance in this shell 
color polymorphism, without having to take the genotype of the 
mating partners into account. Note that selfing does not produce 
genetic clones, but the offspring are still produced via the fusion 
of a sperm and egg of the same individual within its reproductive 
tract. To obtain selfed progenies from G and WT, we collected one 
egg mass per capita from the 64 isolated Greek snails, prior to the 
mating	observation	described	above	(N:	G = 15	of	28,	WT = 21	of	36).	
Then,	we	incubated	these	egg	masses	in	small	plastic	vials	(ca.	10 mL)	
with	water.	After	hatching,	we	kept	rearing	them	in	non-perforated	
containers placed in a flow-through tank, until we were able to see 
the shell color of all hatchlings clearly. Then, we counted the number 
of offspring with G or WT phenotypes for each parent.

Letting the Greek snails cross-fertilize with the laboratory snails 
allowed us to verify the mode of inheritance predicted from the 
previous selfing test, since we knew that the laboratory snails did 
not have a Ginger allele. To obtain outcrossed progenies, we let the 

Greek	snails	mate	with	the	laboratory	snails	 (see	above).	After	ob-
serving	the	 initial	matings,	we	kept	these	pairs	together	for	3 days	
during which they could mate several times with the same partner. 
Next, we removed the laboratory snails and provided new contain-
ers.	After	5 days,	we	collected	the	outcrossed	egg	masses	from	the	
Greek snails. We reared these outcrossed eggs and hatchlings using 
the same method as explained above, until their shell color was 
clearly visible. Lastly, we counted the number of offspring with G or 
WT phenotypes for each parent.

2.4  |  Statistics

We conducted all the analyses in R (ver. 4.2.1, R Core Team, 2022). 
To compare the life-history traits between morphs, we mostly used 
t-tests, except mating rate (Chi-square test) and mating behavior 
data (Wilcoxon tests). To examine if the phenotypic ratio of offspring 
from heterozygous G mothers deviated from the expectation based 
on Mendelian single-locus inheritance, we used one sample t-tests 
with the expected mean of 0.75 or 0.5. Since the life stage when 
we were able to score the phenotype of offspring was much later 
than expected (see 3. Results), we here assume that the mortality of 
hatchlings was not significantly different between G and WT.

3  |  RESULTS

3.1  |  General observation of ginger snails

The shell of L. stagnalis is usually beige to slightly yellow in our labo-
ratory, but the Ginger snails showed a distinct pink to red color on 
their shells (Figure 1b). Both types of shells are relatively transpar-
ent, so that we can partly see coloration and patterns of soft body. 
In	the	field,	their	shells	are	typically	covered	with	algae	and	fungus	
and their soft body is much darker than the laboratory-reared snails 
(Figure 1a),	likely	due	to	their	food	and	higher	UV	exposure	(Ahlgren	
et al., 2013). Thus, the shell color differences are almost unnotice-
able	 in	field	collected	snails.	 In	fact,	we	only	noticed	the	polymor-
phism	in	the	F1	generation	reared	 in	the	 laboratory.	 In	retrospect,	
we also observed that the color is present in shell specimens after 
the snail died. We did not detect any snails with intermediate shell 
colors. Lastly, although we have tried using several optic methods 
during their development, these shell colors become clearly distin-
guishable	only	2 months	after	hatching	(Shell	length:	ca.	1 cm).

3.2  |  Life-history comparison

We did not detect any difference in life-history traits between G 
and WT snails of the Greek population (Figure S1). There was no 
difference in the onset of egg laying (t47.78 = −0.16,	p = .869),	 body	
size (t52.16 = 0.60,	 p = .548),	 fecundity	 (t34.03 = −0.58,	 p = .562)	 be-
tween G and WT. Regarding mating behavior, when the Greek snails 
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mated with the laboratory snails, the mating rates were not differ-
ent between morphs (χ2

1 = 2.27,	p = .132).	When	they	mate,	all	Greek	
snails	act	as	female	first.	In	mating	pairs,	we	did	not	see	any	differ-
ence in mating behavior between morphs (Mating latency: W = 38.5,	
p = .673,	 courtship:	W = 41,	p = .827,	 insemination:	W = 48,	p = .745,	
Figure S1).

3.3  |  Inheritance of shell color

When we monitored the phenotype of self-fertilized offspring, we 
did not find any G offspring produced by WT mothers, suggesting 
that the G allele is dominant and the WT are recessive homozygous 
for this locus (Figure 2).	Also,	4	of	15 G	mothers	produced	only	G	
offspring, suggesting their homozygosity (Figure 2). The rest of G 
mothers produced a few WT offspring, and the ratio of G produced 
did not significantly deviate from 0.75, as predicted in the model of 
single-locus	Mendelian	 inheritance	 (Mean = 0.716,	 95%	CI:	 0.652–
0.781, t10 = −1.17,	p = .271).

After	 crossing	 with	 the	 laboratory	 strain	 snails,	 WT	 mothers	
from the Greek population again did not produce any G offspring 
(Figure 3). For G mothers, we saw that two individuals produced 
only G offspring, suggesting that they were homozygous, produc-
ing heterozygous G offspring (Figure 3). The rest of G mothers pro-
duced both phenotypes, and the ratio of G offspring significantly 
deviated	from	0.75	(Mean = 0.630,	95%	CI:	0.537–0.724,	t9 = −2.88,	
p = .018),	 indicating	 that	 the	 segregation	 rate	 altered	 after	mating	

with the laboratory snails. However, the segregation ratio also sig-
nificantly deviated from 0.5 as expected in Mendelian inheritance 
model (t9 = 3.14,	p = .012).	Moreover,	the	data	set	of	outcrossed	off-
spring included six G mothers for which we also measured the ratio 
of selfed offspring (Figure S2). This confirms that two homozygous 
G mothers produce only G offspring, both through self-fertilization 
and outcrossing. Two heterozygous G mothers increased the ratio of 
WT offspring after mating, while two other heterozygous G mothers 
did not show such a pattern.

4  |  DISCUSSION

We found that the inheritance mode of Ginger phenotype fits single 
locus Mendelian inheritance with the dominance of Ginger pheno-
type	over	WT.	In	addition,	we	did	not	find	any	life-history	difference	
between G and WT individuals from the same population. Below, 
we discuss the inheritance of the Ginger phenotype, the potential 
adaptive significance and future research directions that this finding 
stimulates.

The phenotypic ratios of selfed and outcrossed offspring sug-
gest that the Ginger shell trait is determined by a single locus, and 
that the Ginger allele is dominant. We observed that the ratio of 
selfed G offspring produced by heterozygous G mothers was ap-
proximately 0.75, and that the ratio of outcrossed G offspring by G 
mothers became significantly lower than 0.75, but still higher than 
0.5. The former segregation rate and the change of segregation 

F I G U R E  2 The	phenotype	of	selfed	offspring	from	WT	and	G	mothers.	The	top	panels	show	the	number	of	offspring,	and	the	bottom	
ones	show	the	ratios.	The	individuals	are	ordered	by	the	total	number	of	offspring	we	counted	(i.e.,	the	used	mother	IDs	are	a	result	of	this	
and are non-informative). The dotted line in the right bottom panel indicates the expected ratio of segregation for single-locus Mendelian 
inheritance from heterozygous mothers.
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rate supports single-locus inheritance, while the latter does not 
perfectly fit the prediction. This discrepancy could be due to a 
smaller sample size of outcrossed offspring, as well as to biological 
reasons. For example, even though we observed that the Greek 
snails copulated with the laboratory snails, it is likely that the 
Greek snails did not use the received sperm for outcrossing but 
continued (partially) selfing. Previous studies support that L. stag-
nalis prefers outcrossing (Cain, 1956; Nakadera et al., 2014), but 
this is only confirmed in the case when mating partners are from 
the	same	population.	In	addition,	we	cannot	exclude	the	possibil-
ity that G and WT offspring have different hatching success, as 
we could only score their phenotypes when they are 2-month-old. 
Nonetheless, at this moment, the most likely mode of inheritance 
of the Ginger phenotype is that the trait is dominant with sin-
gle-locus inheritance, as found in other model species (e.g., Feiner 
et al., 2022; Kellenberger et al., 2019; Luttikhuizen & Drent, 2008; 
Vant Hof et al., 2016).

The fascinating question is whether Ginger snails have any eco-
logical advantages in the field. Snails do not see color, so it is unlikely 
that the trait is used in mate choice as it is in other animal groups 
(e.g., Cardoso & Mota, 2022).	Although	 it	 is	 possible	 that	 they	do	
not have any advantages (Williams, 2017), two hypotheses come to 
mind.	As	mentioned	above,	 their	shell	color	 is	hardly	visible	 in	the	
adult snails of natural populations due to, for example, algae grow-
ing on the shells. Thus, if Ginger snails have any advantages directly 

from their shell color, it would likely be in their juvenile stage when 
they are building their shells relatively quickly (thus limiting algal 
growth).	Also,	we	 like	 to	point	out	 that	 their	habitat	 is	a	 relatively	
shallow lake. So, it is possible that their red color is adaptive against 
UV radiation or elevated temperature (Han et al., 2022). Moreover, 
if our speculations are correct and given the difficulties of detecting 
the phenotype directly in the field, it is plausible that Ginger snails 
occur	in	other	locations	without	having	been	noticed.	It	would	be	an	
interesting follow-up project to make an inventory of field-collected 
shells as well as museum collection material.

We consider that this newly discovered shell color polymor-
phism in L. stagnalis can provide the opportunities to expand the 
understanding of the genomic and physiological mechanism to 
determine shell color as well as the evolution of this trait. This 
species is fecund, promiscuous, and very easy to maintain in the 
laboratory. We also observed that these Greek snails do mate with 
our laboratory strain (even though they are the same species, it 
cannot be taken for granted in field collected individuals), thus 
allowing us to backcross the trait. Finally, compared to Cepaea, 
the shell color polymorphism of L. stagnalis is much more straight-
forward	 to	 score:	Wild	 type	 or	 Ginger.	 In	 contrast,	 for	 example	
in C. nemoralis, one can score their shell ground color (yellow, 
pink, and brown), banding (presence and absence of five bands), 
band/lip pigmentation and spread or punctuated bands (Cain & 
Sheppard, 1950; Gonzalez et al., 2019). Understandably, recent 

F I G U R E  3 The	phenotype	of	outcrossed	offspring	from	WT	and	G	mothers.	The	top	panels	show	the	number	of	offspring,	and	the	
bottom	ones	show	their	ratios.	The	mothers	are	ordered	by	the	total	number	of	offspring.	Hence	Mother	ID	does	not	correspond	to	
Figure 2. The dotted line in the right bottom panel indicates the expected ratio of segregation or single-locus Mendelian inheritance from 
heterozygous mothers.
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studies often abbreviated the scoring system, although such a pro-
cedure could lead to confounding effects. Given the above, we are 
convinced that the ginger snails provide a great new model system 
for investigating shell color polymorphism.

In	sum,	we	found	a	new	shell	color	polymorphism	in	L. stagnalis, 
and revealed that the Ginger allele is dominant and inherits in a sin-
gle locus manner. We do not yet know if and why this polymorphism 
is maintained in the field, since we did not detect any advantage or 
disadvantage of being Ginger. Lastly, we consider these Ginger snails 
to be a useful model system to expand the understanding of shell 
color polymorphism in gastropods.

AUTHOR CONTRIBUTIONS
Matthijs Ledder: Data curation (lead); investigation (lead); formal 
analysis (equal); writing – review and editing (equal). Yumi Nakadera: 
Formal analysis (equal); writing – original draft (lead); supervision 
(equal); writing – review and editing (equal). Alexandra Staikou: 
Resources (lead); writing – review and editing (equal). Joris M. 
Koene: Conceptualization (lead); supervision (equal); project admin-
istration (lead); writing – review and editing (equal).

ACKNOWLEDG MENTS
We appreciate Dr. Marianthi Hatziioannou and Dr. Theodoros 
Naziridis	 for	 helping	 with	 collection	 of	 snails,	 Omar	 Bellaoui	 and	
Xaver Bartels for taking care of the snails, Cathy Levesque for the 
picture, and an anonymous reviewer for constructive comments. 
This	 research	 was	 supported	 by	 Netherlands	 Organization	 for	
Scientific	research	(NWO)	Open	Competition	Klein	to	JMK	and	YN.

DATA AVAIL ABILIT Y S TATEMENT
All	the	data	and	codes	for	this	study	are	openly	available	at	YODA	
(https://	doi.	org/	10.	48338/		VU01-	IREC95).

R E FE R E N C E S
Ahlgren,	J.,	Yang,	X.,	Hansson,	L.	A.,	&	Brönmark,	C.	(2013).	Camouflaged	

or tanned: Plasticity in freshwater snail pigmentation. Biology 
Letters, 9, 20130464.

Cain,	A.	J.,	&	Sheppard,	P.	M.	(1950).	Selection	in	the	polymorphic	land	
snail Cepaea nemoralis. Heredity, 4, 275–294.

Cain,	A.	J.,	&	Sheppard,	P.	M.	(1954).	Natural	selection	in	Cepaea. Genetics, 
39, 89–116.

Cain, G. L. (1956). Studies on cross-fertilization and self-fertilization in 
Lymnaea stagnalis	Appressa	say.	The Biological Bulletin, 111, 45–52.

Cardoso, G. C., & Mota, P. G. (2022). Same colors for different functions: 
Implications	for	the	evolution	of	carotenoid-based	ornamentation.	
The American Naturalist, 200, E237–E247.

Cook, L. M. (2003). The rise and fall of the carbonaria form of the pep-
pered moth. The Quarterly Review of Biology, 78, 399–417.

Cook,	L.	M.,	&	Saccheri,	 I.	J.	 (2013).	The	peppered	moth	and	industrial	
melanism: Evolution of a natural selection case study. Heredity 
(Edinb), 110, 207–212.

Coutellec,	M.	A.,	 &	 Lagadic,	 L.	 (2006).	 Effects	 of	 self-fertilization,	 en-
vironmental stress and exposure to xenobiotics on fitness-related 
traits of the freshwater snail Lymnaea stagnalis. Ecotoxicology, 15, 
199–213.

Escobar,	 J.	 S.,	 Auld,	 J.	 R.,	 Correa,	 A.	 C.,	 Alonso,	 J.	 M.,	 Bony,	 Y.	 K.,	
Coutellec,	M.-A.	A.,	Koene,	J.	M.,	Pointier,	J.	P.,	Jarne,	P.,	&	David,	P.	

(2011). Patterns of mating-system evolution in hermaphroditic an-
imals: Correlations among selfing rate, inbreeding depression, and 
the timing of reproduction. Evolution, 65, 1233–1253.

Feiner,	 N.,	 Brun-Usan,	 M.,	 Andrade,	 P.,	 Pranter,	 R.,	 Park,	 S.,	 Menke,	
D.	B.,	Geneva,	A.	 J.,	&	Uller,	T.	 (2022).	A	 single	 locus	 regulates	 a	
female-limited color pattern polymorphism in a reptile. Science 
Advances, 8, eabm2387.

Fodor,	N.,	Hussein,	A.	A.	A.,	Benjamin,	P.	R.,	&	Koene,	J.	M.	(2020).	The	
unlimited potential of the great pond snail, Lymnaea stagnalis. eLife, 
9, e56962.

Gefaell,	 J.,	Galindo,	J.,	&	Rolán-Alvarez,	E.	 (2022).	Shell	color	polymor-
phism in marine gastropods. Evolutionary Applications, 16, 202–222.

Gonzalez,	D.	R.,	Aramendia,	A.	C.,	&	Davison,	A.	(2019).	Recombination	
within the Cepaea nemoralis supergene is confounded by incom-
plete penetrance and epistasis. Heredity (Edinb), 123, 153–161.

Han, G., Du, Y., Du, L., Qu, F., & Zhao, Z. (2022). Cardiac performance 
and heat shock response variation related to shell colour morphs in 
the mudflat snail Batillaria attramentaria. The Journal of Experimental 
Biology, 225, jeb244796.

Kellenberger, R. T., Byers, K. J. R. P., De Brito Francisco, R. M., Staedler, Y. 
M.,	LaFountain,	A.	M.,	Schönenberger,	J.,	Schiestl,	F.	P.,	&	Schlüter,	
P. M. (2019). Emergence of a floral colour polymorphism by pollina-
tor-mediated overdominance. Nature Communications, 10, 63.

Kerkvliet, J., de Boer, T., Schilthuizen, M., & Kraaijeveld, K. (2017). 
Candidate genes for shell colour polymorphism in Cepaea nemor-
alis. PeerJ, 2017, 1–12.

Kerstes,	 N.	 A.	 G.,	 Breeschoten,	 T.,	 Kalkman,	 V.	 J.,	 &	 Schilthuizen,	 M.	
(2019). Snail shell colour evolution in urban heat islands detected 
via citizen science. Communications Biology, 2, 264.

Koene, J. M. (2010). Neuro-endocrine control of reproduction in her-
maphroditic freshwater snails: Mechanisms and evolution. Frontiers 
in Behavioral Neuroscience, 4, 167.

Koene, J. M., Loose, M. J., & Wolters, L. (2008). Mate choice is not af-
fected by mating history in the simultaneously hermaphroditic snail 
Lymnaea stagnalis. Journal of Molluscan Studies, 74, 331–335.

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, 483–498.

Lee, C. T., Huang, C. W., Hwang, C. C., Sutcharit, C., & Jirapatrasilp, 
P.	 (2022).	 Arboreal	 snail	 genus	 Amphidromus	 Albers,	 1850	 of	
Southeast	 Asia:	 Shell	 polymorphism	 of	 Amphidromus cruentatus 
(Morelet, 1875) revealed by phylogenetic and morphometric analy-
ses. PLoS One, 17, e0272966.

Liu,	X.,	Wu,	F.,	Zhao,	H.,	Zhang,	G.,	&	Guo,	X.	(2009).	A	novel	Shell	color	
variant of the Pacific abalone Haliotis Discus Hannai	Ino	subject	to	
genetic control and dietary influence. Journal of Shellfish Research, 
28, 419–424.

Luttikhuizen,	 P.	 C.,	 &	 Drent,	 J.	 (2008).	 Inheritance	 of	 predominantly	
hidden shell colours in Macoma balthica (L.) (Bivalvia: Tellinidae). 
Journal of Molluscan Studies, 74, 363–371.

Mendel, G. (1865). Experiments in plant hybridization (1865). 
Verhandlungen des naturforschenden Vereins Brünn.

Nadeau,	N.	J.,	Pardo-Diaz,	C.,	Whibley,	A.,	Supple,	M.	A.,	Saenko,	S.	V.,	
Wallbank, R. W., Wu, G. C., Maroja, L., Ferguson, L., Hanly, J. J., & 
Hines, H. (2016). The gene cortex controls mimicry and crypsis in 
butterflies and moths. Nature, 534, 106–110.

Nakadera, Y., Blom, C., & Koene, J. M. (2014). Duration of sperm storage 
in the simultaneous hermaphrodite Lymnaea stagnalis. Journal of 
Molluscan Studies, 80, 1–7.

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.

Quattrocchio, F., Wing, J., van der Woude, K., Souer, E., de Vetten, N., 
Mol, J., & Koes, R. (1999). Molecular analysis of the anthocyanin2 

 20457758, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10678 by C

ochrane N
etherlands, W

iley O
nline Library on [19/01/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.48338/VU01-IREC95


    |  7 of 7LEDDER et al.

gene of petunia and its role in the evolution of flower color. The 
Plant Cell, 11, 1433–1444.

R	 Core	 Team.	 (2022).	 R:	 A	 language	 and	 environment	 for	 statistical	
computing.

Schneider,	C.	A.,	Rasband,	W.	S.,	&	Eliceiri,	K.	W.	(2012).	NIH	image	to	
ImageJ:	25 years	of	image	analysis.	Nature Methods, 9, 671–675.

Silvertown, J., Cook, L., Cameron, R., Dodd, M., McConway, K., 
Worthington,	 J.,	 Skelton,	 P.,	 Anton,	 C.,	 Bossdorf,	 O.,	 Baur,	 B.,	
Schilthuizen, M., Fontaine, B., Sattmann, H., Bertorelle, G., Correia, 
M.,	 Oliveira,	 C.,	 Pokryszko,	 B.,	 Ożgo,	M.,	 Stalažs,	 A.,	 …	 Juan,	 X.	
(2011). Citizen science reveals unexpected continental-scale evolu-
tionary change in a model organism. PLoS One, 6, e18927.

Ter	Maat,	A.,	Lodder,	J.	C.,	&	Wilbrink,	M.	(1983).	Induction	of	egg-laying	
in the pond snail Lymnaea stagnalis by environmental stimulation 
of the release of ovulation hormone from the Caudo-dorsal cells. 
International Journal of Invertebrate Reproduction, 6, 239–247.

Valverde,	 P.,	 Healy,	 E.,	 Jackson,	 I.,	 Rees,	 J.	 L.,	 &	 Thody,	 A.	 J.	 (1995).	
Variants of the melanocyte–stimulating hormone receptor gene are 
associated with red hair and fair skin in humans. Nature Genetics, 
11, 328–330.

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.

Vant	Hof,	A.	E.,	Campagne,	P.,	Rigden,	D.	J.,	Yung,	C.	J.,	Lingley,	J.,	Quail,	
M.	A.,	Hall,	N.,	Darby,	A.	C.,	&	Saccheri,	I.	J.	(2016).	The	industrial	
melanism mutation in British peppered moths is a transposable ele-
ment. Nature, 534, 102–105.

Williams, S. T. (2017). Molluscan shell colour. Biological Reviews of the 
Cambridge Philosophical Society, 92, 1039–1058.

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Ledder, M., Nakadera, Y., 
Staikou,	A.,	&	Koene,	J.	M.	(2023).	Dominant	gingers	–	
Discovery and inheritance of a new shell polymorphism in 
the great pond snail Lymnaea stagnalis. Ecology and Evolution, 
13, e10678. https://doi.org/10.1002/ece3.10678

 20457758, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10678 by C

ochrane N
etherlands, W

iley O
nline Library on [19/01/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1002/ece3.10678

	Dominant gingers – Discovery and inheritance of a new shell polymorphism in the great pond snail Lymnaea stagnalis
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Sample preparation
	2.2|Life-history comparison
	2.3|Inheritance of shell color
	2.4|Statistics

	3|RESULTS
	3.1|General observation of ginger snails
	3.2|Life-history comparison
	3.3|Inheritance of shell color

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


