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Background: Gastropods as primary consumer serve the principal ecological function
of transporting nutrients and energy from food sources, such as phytoplankton and pe-
riphyton, to higher trophic levels in aquatic environments. In addition to their ecological
roles, freshwater gastropods have long been used by humans in Korea. Owing to biosyn-
thesis constraints, animals must consume important components, including fatty acids,
from their diet. Thus, the fatty acid composition of consumers reflects that of their diets.
To determine the patterns of fatty acid accumulation in gastropods in coexisting aquatic
habitats, we conducted a spatiotemporal study on the fatty acid composition of four fresh-
water gastropods associated to humans collected from reservoirs, rivers, and rice paddy
fields in Korea.

Results: Our results showed that the four gastropod species [Chinese mystery (Cipan-
gopaludina chinensis malleata), melanian (Semisulcospira gottschei), European ear (Radix
auricularia), and golden apple (Pomacea canaliculata) snails] had differentiated fatty acid
compositions according to sampling site based on the result of cluster analysis. Further-
more, principal component analysis showed that coexisting gastropods displayed intra-
specific variations in fatty acid profiles, even when inhabiting same areas and were pro-
vided similar potential food sources. By comparing biomarkers, it appears that fatty acid
accumulation patterns in gastropods are affected by their feeding strategies.
Conclusions: Taxonomic variations in fatty acid composition can be attributed to com-
petition for trophic niches with limited resources, survival, feeding strategies, and meta-
bolic requirements.
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has approximately 78,000 valid described species. They live
in diverse environments including freshwater (~4,000 spe-

Primary consumers, including benthic organisms and
zooplankton, perform important ecological functions by
transporting nutrients and energy from phytoplankton,
submerged plants, and periphyton to higher trophic levels
in aquatic ecosystems (Lampert and Sommer 2007;
Vadeboncoeur et al. 2002). Among the primary consumers,
gastropods contribute to energy flow and nutrient cycling
in benthic environments through feeding activity, excre-
tion, surface sediment mixing, and trophic interactions
with other benthos, such as amphipods and arthropods
(Covich et al. 1999). In addition to their ecological roles,
gastropods are utilized as human food and aquaculture
feed, similar to other primary consumers such as brine
shrimp or bivalves (Jeong et al. 1999; Sorgeloos et al. 2001).

Gastropoda, the largest group in the phylum Mollusca,

cies), terrestrial (~24,000 species), and marine (~50,000
species) habitats, globally (Strong et al. 2008). In Korea, the
National Institute of Biological Resources of the Ministry
of Environment has classified 1,363 gastropod species liv-
ing in those of ecosystems on the National Species List of
Korea (2023). Gastropods, particularly freshwater snails,
have been connected to human life in Korea for a long
time. Some freshwater snail species, such as the Chinese
mystery (Cipangopaludina chinensis malleata) and mela-
nian (e.g., Semisulcospira gottschei) snails, which live in
rivers, reservoirs, and rice paddy fields, have traditionally
been used as food resources, as have marine species (Jeong
et al. 1999; Lim et al. 2009; Oh et al. 2006). The effective-
ness of these snails was also described in an old Korean
medical encyclopedia known as the “Donguibogam” by

© 2024 The Author(s) Open Access

This article is licensed under a Creative Commons Attribution (CC BY) 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction

in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit
line to the material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
The publisher of this article is The Ecological Society of Korea in collaboration with The Korean Society of Limnology.


https://orcid.org/0000-0002-7335-2352
https://orcid.org/0000-0003-3049-0728
http://crossmark.crossref.org/dialog/?doi=10.5141/jee.24.080&domain=pdf&date_stamp=2024-12-19

Yang and Park Journal of Ecology and Environment (2024)48:50

Heo (1613). Recently, they were explored for investigated
biological activities such as antioxidant and antibacterial
properties from melanian snail extract in medical applica-
tions (Kim et al. 2009; Nam et al. 2021). An exotic species,
the golden apple snail (Pomacea canaliculata) was intro-
duced into Korea for weed control in organic rice farming
and was also tested for use in human food and feed prod-
ucts (Bae et al. 2012; Ghosh et al. 2017). On the contrary,
lymnaeid snails such as the European ear snail (Radix au-
ricularia), which is often found in freshwater lakes, ponds,
and rivers of Korea, serve as intermediate vectors for a wide
variety of parasites, particularly trematodes that are harm-
ful to humans through food chains (Chai and Lee 2002).
Gastropods utilization for food and medicinal resources
is linked to the make-up of crucial components in the
body, which is connected to feeding characteristics and ac-
cumulation patterns. Owing to their constraints on loco-
motion using their ventral feet, gastropods have a narrow
range of habitats. They compete with other benthos for nu-
trients, including essential metabolic components such as
fatty acids (FAs) and amino acids, which are transported to
higher consumers, including humans, within their limited
habitats. Animals, including gastropods, have restricted bi-
ological synthesis pathways for essential compounds such
as FAs (Muller-Navarra 2008). The conversion rates from
C18 w3-polyunsaturated FAs (PUFAs) to highly unsaturat-
ed FAs (HUFAs) are poor, and therefore, animals are un-
able to synthesize 3 PUFAs (Cook and McMaster 2002).
Thus, consumers obtain the required FAs from their diets
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and their FA profiles mirror those of their diets (Brett et al.
2006; Galloway and Budge 2020).

The trophic interactions among these gastropods must
be understood in terms of their ecological significance as
primary consumers and human food sources. FA variation
in gastropods is largely unknown in terms of its ecological
aspects in natural aquatic fields in Korea, despite studies
on their edible food items (Moon et al. 2015; Surh et al.
2003). To better understand the FA accumulation patterns
of gastropods commonly found in Korean aquatic fields,
we examined the spatiotemporal variation in FA in four
gastropod species, namely C. chinensis malleata, S. gottschei, R.
auricularia, and P. canaliculata, collected from freshwater en-
vironments, such as reservoirs, rivers, and rice paddy fields.

Collection of samples
Four gastropod species, the Chinese mystery (C. chinen-

sis malleata), melanian (S. gottschei), European ear (R. au-
ricularia), and golden apple (P. canaliculata) snails, were
collected at five sites of Korean aquatic fields, including a
reservoir (Site B), a river (Site D), and rice paddy fields (Sites
A, C, and E) in 2011 and 2012 (Fig. 1). In the rice paddy
fields, we surveyed two distinct farming fields at Site C,
unlike at Sites A and E. Eighteen Chinese mystery snails
were collected from the reservoir (Site B) and rice paddy
fields (Sites A, C, and E) in 2011 and 2012 (Table 1). Seven
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different individuals of melanian snails were collected

S| mma® e from Sites B and D in 2012. In contrast, only eight Europe-

an ear snails were sampled at Site B between July and Sep-
3 g g s tember 2012. Golden apple snails were collected from rice
.0_2_ 2.: = g 2: 2_ paddy fields in two different regions (Sites C and E) in 2011
SRS 8\ o L g s and 2012. All gastropods were sampled manually at the
= & %b %b a\ § & %b :g:b g\ waterfront (Sites B and D) or inside rice paddy fields, in-
3 E" :2 :3 <%O %" g :2 :2 :%D cluding small irrigation ponds (Sites A, C, and E). At site B,

where three gastropods (excluding the golden apple snail)
coexisted, their potential diets, such as periphyton on

. E 'g: :T:) ;: E stones, fresh/decomposed litterfall, and submerged plants
% § N % § L. ‘% § (Hydrilla verticillata), were also collected in September
- 88T &8 ST E 2012 to investigate the relationship between the grazers FA
i g; % é" f‘:d % Z‘é’ % g Gg profiles and their food sources. All the samples were trans-

<<E<<<CE < ferred to the laboratory and maintained at a low tempera-

ture in an icebox.

FA analysis

Gastropod and plant samples were rinsed with distilled
water, whereas periphyton samples were scraped from the
collected stones using a brush, followed by filtration with
pre-combusted glass fiber paper (GF/C, Whatman, Maid-
stone, UK). For pretreatment, collected samples were fro-
zen at —-80°C in a deep freezer then lyophilized for 24 hours
using a freeze dryer (FD2.5, Heto LAB Equipment, Al-
lered, Denmark). The dried flesh of the gastropods and
whole plants was ground using a ball mill (Retsch, Haan,
Germany), and filtration replicates (n = 3) were extracted
and methylated to FA methyl ester (FAME), according to the
method described by Kattner and Fricke (1986). The FAME
samples were analyzed using a gas chromatograph (5890 Se-
ries II, Hewlett Packard, Palo Alto, CA, USA) equipped with
a quadrupole mass spectrometer (5972A MSD Hewlett
Packard). The identification and quantification of the ex-
tracted FAs were performed by comparing the retention
times and mass spectra of commercial FAME standard
mixtures (Supelco 37 Component FAME Mix, Cat. No.
47885-u, and PUFA No.1, Cat. No. 47033, Sigma Aldrich, St.
Louis, MO, USA) and the area ratio of the sample peaks.

Regions
Hongdong-myeon, Hongseong-gun, Chungcheongnam-do

Hongdong-myeon, Hongseong-gun, Chungcheongnam-do
Jinyoung-eup, Gimhae-si, Gyeongsangnam-do

Cheongpyeong-myeon, Gapyeong-gun, Gyeonggi-do
Jinyoung-eup, Gimhae-si, Gyeongsangnam-do

Cheongpyeong-myeon, Gapyeong-gun, Gyeonggi-do
Chilseong-myeon, Goesan-gun, Chungcheongbuk-do
Cheongpyeong-myeon, Gapyeong-gun, Gyeonggi-do

Songhae-myeon, Ganghwa-gun, Incheon

Sampling sites
A
B
C
E
B
D
B
C
E

Statistical analysis
For gastropods and potential food sources, the FA com-

position was calculated as the percentage of FAs identified
to the total FA amount. To compare the similarity in FA
compositions among gastropod species, hierarchical cluster
analysis based on the Bray-Curtis distance was performed
using PRIMER 6 (PRIMER-E) after log transformation
(log(x+1)) of the data matrix. Principal component analysis
(PCA) was conducted to explore the intraspecific variation
in FA profiles influenced by spatiotemporal factors, such as
habitat and season. Prior to PCA, log-transformed data
were subtracted from the mean of each FA variable and di-
vided by the square root of their standard deviation to im-
prove the biological information content of the metabolo-

Overview of the sample data for four gastropods in the present study

Species (scientific name/common name)
Cipangopaludina chinensis malleata/Chinese mystery snail

Semisulcospira gottschei/melanian snail
Pomacea canaliculata/golden apple snail

Radix auricularia/European ear snail
n is total number of collected samples.
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mic data (van den Berg et al. 2006). Kruskal-Wallis analysis
and Dunn’s test with Bonferroni adjustment as post hoc
tests were conducted to compare the FA content among
gastropods. PCA and Kruskal-Wallis tests with post hoc
tests were conducted using R software (R Core Team 2024)
and the ‘dunn.test’ package in R (Dinno and Dinno 2017).

The FA profiles of the four gastropods were categorized
by species using hierarchical cluster analysis at approxi-
mately 90% similarity, and further separated according to
the sites under study as their habitat, except for the Euro-
pean ear snail, which was collected only at Site B (Fig. 2).

Interspecific variations in the indicated FA content that
contributes to the assemblage are represented by the group-
ing of the FA composition. Comparison of the FA content
of gastropod species across sites and sampling periods re-
vealed considerable differences in selected FAs based on
the results of the similarity percentage (SIMPER) analysis
(Fig. 3, p < 0.001). The Chinese mystery and melanian
snails showed higher gondoic (20:109, Fig. 3A) and docos-
apentaenoic (DPA, 22:503, Fig. 3B) acid contents than the
other snails, respectively. The oleic acid (18:1w9) content of
the European ear snail differed from those of the Chinese
mystery and melanian snails (Fig. 3C). The golden apple
snail had higher palmitic acid (16:0) content than the other
species (Fig. 3D).

The FA profiles of the gastropods were separated by
sampling period and site depending on the first and sec-
ond principal components (PC1 and PC2) based on the
PCA score plot (Fig. 4). The PCA score plot explained
66.3% to 90.7% of the total variance using PC1 and PC2
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for all gastropods. For the Chinese mystery snails, the FA
composition showed more spatial than seasonal variations
along the PC1 and PC2 axes in the PCA score plot (Fig.
4A). PCA loadings showed that saturated FAs, including
stearic (18:0), palmitic, and arachidic (20:0) acids, correlat-
ed positively with PCI1, while the contents of oleic and
eicosapentaenoic acids (EPA, 20:503) in the Chinese mys-
tery snails increased along the axis of PC2. In the melanian
and golden apple snails, the FA compositions were grouped
by site along the PC1 axis with a higher proportion of vari-
ance (60.7% and 80.8%, respectively) than the PCA results
for the other species (Fig. 4B, D, respectively). According to
PCI loadings, both linoleic (18:2w6) and arachidonic
(20:4w6) acids in the melanian and golden apple snails had
a positive correlation with the axis. In contrast, the Euro-
pean ear snails, collected from Site B showed that the FA
profiles were separated into seasons by the PC1 and PC2
axes (Fig. 4C). Linoleic and oleic acids are important FAs
for the PC1 axis, whereas linoleic acid and EPA are import-
ant FAs for the PC2 axis, according to the PCA loadings of
European ear snail FAs.

At Site B, where three species coexisted, excluding the
golden apple snail, the gastropods showed distinct FAs
composition among the species in the PCA score plot
during the study period (Fig. 5). PCI and PC2 in the PCA
score plot explained 71.7% of the total variance (44.8% and
26.9% for PCI and PC2, respectively). PC1 and PC2 load-
ings indicate that gadoleic acid (20:1w11), DPA, and oleic
acid are the main FAs that differentiate species groups on
the PCA score plot. To study the interactions between prey
and gastropod consumers, the FAs contents of potential
prey and coexisting gastropods were compared seasonally
at Site B (Fig. 6). Potential prey were collected only in Sep-
tember, and FAs, such as oleic and linoleic acids, with a

Site

Results of cluster analysis
showing four gastropod fatty acid
compositions. CC: Chinese mys-
tery snail (Cipangopaludina chin-
ensis malleata); SG: melanian snail
(Semisulcospira gottschei); RA: Eu-
ropean ear snail (Radix auricularia);

00000000 n000000000000 AAAVYVVYVVVVY and PC: golden apple snail (Pom-
wlmlmlmlhlcolI\Ieololmlmlwlmlmlmlwlhlhlmlolwlmlwlwlmlwlvlvlh N~ hlwlwlmlhlmlwlwlwlwl acea CanaIlCUIata). Numbers repre_
L B ECNCEONCNONONONS NS N O NSNS NS NO RO NSNS NSO NS NO NS NO NSNS NO NN NS NENENE] . . .
CEEEEEEENODNDONNONOOO0000000000000000AALAAAAM sentsamp]mgpenods(month),whﬂe
Species symbols denote sampling sites.
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(B) P <0.001

Docosapentaenoic acid (%)

35
(D) p <0.001
30
25

20 A
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Palmitic acid (%)

10 4

CcC SG RA PC

Gastropod species

Comparison of important fatty acid contents of the gastropods across all collected sites and sampling period in this study (mean +
standard deviation). (A) Gondoic acid: 20:1®9, (B) Docosapentaenoic acid: 22:5w3, (C) Oleic acid: 18:1®9, and (D) Palmitic acid: 16:0.
CC: Chinese mystery snail (Cipangopaludina chinensis malleata); SG: melanian snail (Semisulcospira gottschei); RA: European ear snail
(Radlix auricularia); and PC: golden apple snail (Pomacea canaliculata). Bars labeled with the same letter show no significant difference
across species according to Kruskal-Wallis test and Dunn’s pairwise comparisons.

content of more than 1%, were selected for comparison.
FAs contents of potential food sources were separated into
two types: waterthymes (H. verticillata) and fresh fallen
leaves of oak trees, which had higher content of alpha-lino-
lenic acid (ALA, 18:3w3), and decomposed fallen leaves of
oak trees and periphyton on stones, which had higher con-
tents of palmitoleic acid (16:1w7) and EPA than other food
sources (Fig. 6A). Furthermore, among the potential prey,
decomposed leaves contained the most oleic acid, whereas
linoleic acid was found in the periphyton. Oleic acid, lin-
oleic acid, and EPA contents in the Chinese mystery and
European ear snails were higher than those of the other se-
lected FAs (Fig. 6B, D). From July to September, ALA and
EPA contents of the Chinese mystery snail declined slight-
ly, whereas oleic acid content of the European ear snail in-
creased. In contrast, melanian snails had high linoleic acid
and EPA contents, which increased over time (Fig. 6C).

Our results demonstrate that the FA composition of
aquatic gastropods is influenced by certain environmental
conditions, particularly their habitat (Fig. 2). Mollusk FA
composition is affected by a variety of environmental fac-
tors, including diet and temperature. As a result, the FA
content of storage organs fluctuates according to the diet,
whereas that of membranes varies with temperature (Voogt
1983). In the present study, the FA content of gastropods
was comparable to that of a given diet source in a restricted
habitat (Fig. 6). Consumers retain essential nutritional bio-
molecules, including FA, for physiological purposes, so-
matic growth, and reproduction through de novo synthesis
or feeding in the ecosystem (Ruess and Miiller-Navarra
2019). Owing to the limited FA synthesis in animals, some
FAs produced by algae, bacteria, and fungi are used as tax-
onomic and trophic biomarkers (de Carvalho and Cara-
mujo 2018). In controlled experiments, some filter-feeding
consumers, Branchinella kugenumaensis and Daphnia
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Score plots of principal component analysis of fatty acid composition of four gastropods across all collected sites during the
study period. (A) Chinese mystery snail: Cipangopaludina chinensis malleata, (B) melanian snail: Semisulcospira gottschei, (C) European
ear snail: Radix auricularia, and (D) golden apple snail: Pomacea canaliculata. The symbols indicate sampling sites and periods.
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Score plots of principal component analysis of fatty acid
composition of coexisting gastropods collected from July to Sep-
tember 2012 at Site B. The symbols indicate gastropod species;
circle: Chinese mystery snail (Cipangopaludina chinensis mal-
leata), square: melanian snail (Semisulcospira gottschei), and dia-
mond: European ear snail (Radix auricularia).

magna, reflected the FA profiles of heterogeneous phyto-
plankton diets, such as Chlorophyceae, Bacillariophyceae,
and Cyanophyceae (Yang et al. 2016, 2022). Freshwater gas-
tropods are typically micro-herbivorous or -omnivorous

and consume diatoms, algae, and bacterial films (Strong et
al. 2008). According to our results, gastropods mostly in-
gested periphyton and decomposed materials on the sub-
strate beds at the reservoir site, as shown by the FA bio-
markers (Fig. 6). Although some FAs represent diverse
sources, others are employed as taxonomic biomarkers,
such as palmitoleic acid for bacteria and diatoms, linoleic
acid for cyanobacteria and fungi, oleic acid for green algae
and gram-positive bacteria, and EPA for diatoms and cryp-
tomonads (de Carvalho and Caramujo 2018).

Although they were collected from the same area and
seemed to have similar foraging strategies (Bae and Park
2020; Hu et al. 2018; Kingsbury et al. 2021), the coexisting
gastropods—the Chinese mystery, melanian, and Europe-
an ear snails at Site B, and the Chinese mystery and golden
apple snails at Sites C and E—appeared to have different
FA profiles (Figs. 2 and 5). Coexisting gastropods with var-
ied FA compositions may be associated with different met-
abolic demands and feeding strategies based on their mor-
phological feeding structures. To process food mechanically,
gastropods have unique radular morphologies such as chi-
tinous membranes studded with teeth. Consequently, their
dietary habits differ (Sitnikova et al. 2012). Among the in-
vestigated gastropods, the European ear snail of the lym-
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Comparison of important fatty acid (FA) contents of the gastropods collected from July to September with potential food sources

collected in September 2012 at site B (mean + standard deviation). (A) Potential food sources, HV: Hydrilla verticillata; FL: fresh fallen
leaves; DL: decomposed fallen leaves; Peri.: Periphyton on stones, (B) Chinese mystery snail: Cipangopaludina chinensis malleata, (C)
melanian snail: Semisulcospira gottschei, and (D) European ear snail: Radix auricularia. FA denote that palmitoleic acid: 16:107, oleic

acid: 18:109, linoleic acid: 18:2w6, alpha-linolenic acid (ALA): 18:3®3, and eicosapentaenoic acid (EPA): 20:5w3.

naeid family possesses 61 radular tooth rows and a tiny
center tooth that is well adapted to cropping algae (Lee et
al. 1998; Pyron and Brown 2015). In contrast, the melanian
snail has a Taenioglossan radula, which is appropriate for
herbivores and an average of 98 tooth rows (Ko et al. 2001).
In the present study, decomposed litter had a higher oleic
acid content than other food sources, and European ear
snails had the highest oleic acid content among the gastro-
pods (Figs. 3 and 6). Torres-Ruiz and Wehr (2010) reported
that deciduous autumn leaf litter collected from a stream
had high oleic acid content after falling and decomposing,
which was attributed to fungal FAs. This suggests that Eu-
ropean ear snails fed on detritus containing a fungal diet
on leaf litter using a small tooth rather than on stiff sub-
strates such as stones.

In contrast, the Chinese mystery snails of viviparids
showed that the estimated FAs from possible food origins
were not widely separated in comparison with the other
coexisting species (Fig. 6). Chinese mystery snails not only
graze on the habitat bed but also filter the particulate mat-
ter of water for feeding, similar to other viviparids (Hwang

et al. 2008; Olden et al. 2013; Pyron and Brown 2015).
Therefore, the FA profiles of Chinese mystery snails may
reflect mixed diet sources as well as stone surface periphy-
ton. The golden apple snail, which coexists with the Chi-
nese mystery snail in rice paddy fields at Sites C and E, has
robust teeth composed of large and long radular (Letelier
et al. 2016). They consume detritus, diatoms, mineral par-
ticles, and vascular plants, making them apt for weed re-
moval (Lopez-van Oosterom et al. 2016). The different
feeding characteristics of the coexisting snails may alter
their FA compositions. Furthermore, biological demand
may be regarded as another component that influences FA
composition. The Chinese mystery snail is dioecious and
ovoviviparous, whereas the golden apple snail is dioecious
but oviparous (Catalan et al. 2002; Pyron and Brown 2015).
These disparate reproductive systems require distinct met-
abolic component accumulation patterns. In a feeding ex-
periment with two filter feeders, parthenogenetic Daphnia
and sexually reproducing fairy shrimp demonstrated spe-
cies-specific FA accumulation patterns when fed identical
diets (Yang et al. 2022). Therefore, differentiated FA con-
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centrations that do not match probable diets in gastropods
may have been influenced by complex factors such as met-
abolic demand, ecological interaction, and environmental
circumstances in the current study.

In conclusion, the gastropods investigated in this study
showed varied FA profiles depending on their habitats,
which provided different food sources. Furthermore, dis-
tinct FA compositions are displayed by coexisting gastro-
pods in freshwater aquatic environments. The taxonomic
heterogeneity in the FA composition of gastropods could
be caused by competition for trophic niches with limited
resources, as well as survival and feeding strategies. Addi-
tionally, it appears that physiological factors related to de-
velopment and reproduction throughout the life cycle, such
as metabolic requirements and metabolite accumulation
patterns, have an impact. The current study focused on the
link between the food source and FA composition of gas-
tropods. To understand the accumulation pattern of each
taxonomic group, a comprehensive investigation that con-
siders variables, such as age, sex, life cycle, and relation-
ships with higher trophic levels, is required.
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