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sandy-mud tidal flat on the
west coast of Korea
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Gonad intrusion of the larval trematodes often results in substantial damage to
the reproductive capacity of some economically important marine bivalves.
Such detrimental impacts of the larval trematode infection are observed in
Manila clam Ruditapes philippinarum in the coastal Yellow Sea, although the
effects on the host's reproduction are poorly understood. Accordingly, this
study attempts to understand the impacts of parasitism on clam reproduction
using histology. Of the 1,255 adult clams collected in early June from a tidal flat
on the west coast of Korea, 68 individuals (5.4%) were infected by three
different larval trematodes, including Cercaria tapidis, Cercaria pectinata, and
Parvatrema duboisi. Histology revealed that the uninfected clams were in the
late developing or ripe stage, exhibiting fully developed gametes in the
expended follicles. In contrast, clams infected by the larval trematode
showed retarded gonad maturation. Some of those clams remained sexually
indifferent (13/68 infected clams) or early developing (9/68 infected clams). We
categorized the infection level into uninfected (0), light (1), moderate (2), heavy
(3), and very heavy (4), according to the area of sporocysts occupying the
histology section. The image analysis indicated that approximately 50% of the
infected clams were in "heavy” and “very heavy” conditions, and they occupied
16.7% and 26.9% of the total cross-section area, respectively. The
nonparametric Kruskal-Wallis's test and the post-hoc Tukey's test indicated
that the condition index (Cl) of clams in heavy and very heavy infection were
significantly lower than uninfected clams. In conclusion, the larval trematodes
infected about 5.4% of the clam population in the tidal flat on the west coast of
Korea, and we estimated that 32.4% of the infected clams might fail to
reproduce during a spawning period due to the severe infection.

KEYWORDS

Digenea, larval trematodes, Manila clam, gonad castration, histology, semiquantitative scale

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2022.936520/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.936520/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.936520/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.936520/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.936520/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.936520/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.936520&domain=pdf&date_stamp=2022-07-22
mailto:skchoi@jejunu.ac.kr
https://doi.org/10.3389/fmars.2022.936520
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.936520
https://www.frontiersin.org/journals/marine-science

Cho et al.

Introduction

Parasitic infection has been one of the hurdles in the global
finfish and shellfish aquaculture industries. According to Shinn
et al. (2015), numerous types of parasites impair the global fish
aquaculture industry; the world fish aquaculture may lose US$1.05
to 9.58 billion if the parasitism damages 1% to 10% of the market-
sized fish. Different types of parasitic organisms such as micro-
(i.e., bacteria and protozoa) and macroparasites (e.g., trematodes)
also hamper the world shellfish aquaculture industry, though the
economic losses caused by the parasites are yet to be known
(Bower, 2006; Paladini et al., 2017). Digenean trematodes are
among the largest group of metazoan parasites that infect various
invertebrates and vertebrates with a complex life history (Rhode,
2005). The digeneans in a sporocyst stage generally utilize
mollusks as the first intermediate host and invade a variety of
vertebrates and invertebrates in the form of metacercaria
(Littlewood, 2006). The metacercaria infection often results in
retarded growth (Wegeberg and Jensen, 2003; Thieltges, 2006a);
increased energy demand (Magalhdes et al., 2019); manipulation
of host behavior, leading the host to become conspicuous to their
predators (Lafferty and Morris, 1996; Thomas and Poulin, 1998;
Eliuk et al., 2020); and mortalities (Gordon and Rau, 1982;
Jacobson et al., 2008; Magalhaes et al, 2015). However, most
metacercaria infections pose a relatively minor impact on hosts, as
they do not reproduce in the host (Bower et al., 1994; Rhode,
2005). In contrast, a sporocyst gives rise asexually to tailed
cercaria, mainly in the gonad of the mollusks such as bivalves
and gastropods (Poulin, 1998; Galaktionov et al., 2006). Such
continuous asexual multiplication of daughter sporocysts and
cercariae increases the number and size of the larval trematodes,
causing host tissue deterioration. This destruction or alteration of
host tissue, distinctly in the gonad, refers to parasitic castration
(Noble and Noble, 1971; Baudoin, 1975). Several studies have
reported trematode infections and their impacts on some
commercial marine bivalves, including southern Australian
scallop Pecten fumatus by Bucephalus sp. (Heasman et al,
1996), edible cockle Cerastoderma edule by Bucephalus minimus
(Magalhaes et al., 2015), wedge clam Donax trunculus by Bacciger
bacciger (de Montaudouin et al., 2014), and blue mussel Mytilus
edulis by Proctoeces maculatus (Markowitz et al., 2016).

Such infection by trematode sporocysts has been observed in
Manila clam, Ruditapes philippinarum, inhabiting fine
sediments in the shallow to intertidal zones of temperate
regions around the world. In the Northwest Pacific, at least
three different species of sporocysts (i.e., Cercaria tapidis, C.
pectinata, and Parvatrema duboisi) have been morphologically
identified (Kim and Chun, 1981; Shimura et al.,, 1982;
Ponurovsky and Yakovlev, 1992; Ngo and Choi, 2004; Park
et al, 2008; Yanagida et al., 2009; Jung et al., 2021), while
sporocyst infection has not been observed in Manila clam
populations in the introduced regions, such as North America
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(Bower et al., 1992) and Europe, despite rigorous field surveys
(Navas et al., 1992; de Montaudouin et al., 2000; Lassalle et al.,
2007; Dang et al., 2009). Park et al. (2010) and Hong et al. (2016)
reported that the infection prevalence (i.e., percentage of the
infected individuals) of sporocysts ranged from 4.2% to 6.7% in
Manila clams in sandy-mud tidal flats on the west coast of Korea.
In histology, the heavily infected clams exhibited gonad
castrations as the ovaries and testis were completely void
during the spawning season. Accordingly, the gonad castration
by sporocyst infection is expected to cause substantial damage to
the clam population. However, the degree and impact of
parasitic castration on the Manila clam at a population level
are yet to be understood clearly.

The larval trematode infection level in marine bivalves can be
evaluated directly by counting the number of sporocysts or
metacercariae after extracting them from the host tissue by
squeezing or dissecting (Karatayev et al,, 2012; Fretas et al., 2014;
Galaktionov et al., 2015; Magalhaes et al., 2015; Sohn et al., 2017).
Alternatively, the presence and intensity of the larvae in the host
can be determined using histology (Bower et al., 1992; Powell et al.,
1999; Kim et al., 2006; Morgan et al., 2012). For example, in the
NOAA’s Status and Trends “Mussel Watch” program, impacts of
trematode infection on the health conditions of oysters and
mussels were scored from 0 (none) to 4 (the highest level of
infection) based on histology (Ellis et al., 1998; Kim and Powell
2007). Similarly, Powell et al. (1999) examined the impacts of
trematode parasitism on the health and reproduction of petroleum
seep mussels using histology in which the infection level was
categorized into numerical scales from 0 (none) to 4 (the highest
level). However, those semiquantitative scales developed based on
the mussel-trematode system were inapplicable to the Manila clam
population, as heavy and light infection could not be distinguished.
This could be due possibly to different host—parasite systems,
resulting in an erroneous estimation of the infection intensity.

To understand the effects of larval trematode infection on the
reproduction of clams, we collected and analyzed a substantial
number of clams quantitatively prior to the spawning period using
histology and subsequent image analysis. This study first reports
the negative impact of the larval trematode infection on the
reproductive capacity of the Manila clam population and
visually demonstrates a degree of infection.

Materials and methods

Sample collection and examination of
the larval trematode infection

Previous studies (Park et al, 2010; Hong et al, 2016)
reported a low prevalence of the larval trematodes, ranging
from 4.2% to 6.7% in the Manila clam on the west coast.
Therefore, a large number of samples were required to secure
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enough number of infected individuals. In addition, Uddin et al.
(2012) reported that most Manila clams on the west coast of
Korea are in the late developing or ripe stage in June.
Accordingly, we collected 1,255 adult Manila clams with a
mean shell length of 36.2 mm from an intertidal mudflat on
the west coast of Korea (Figure 1) in June 2018. After measuring
the whole tissue weight to the milligram, we screened for larval
trematode-infected clams using a needle biopsy. A small portion
of clam gonad tissues was excised using a fine syringe needle for
the assay. The gonad tissue extracts were placed on a glass slide,
and the presence of the larval trematode was examined using a
light compound microscope. The needle biopsy revealed that out
of 1,255 clams examined, 61 clams were identified to be infected
by a larval trematode. Although histology alone would not be
able to distinguish trematode species, we were able to identify the
larval trematode to species level according to Shimura et al.
(1982), as distinctive morphological characteristics of three
different species were observed. After the needle biopsy, we
randomly selected 428 clams identified as uninfected and 61
infected clams for histology. We also compared the observed
multiple infection frequency with the expected frequency,
according to Cort et al. (1937), to interpret the co-
infection phenomenon.

Histology and condition index

For histology, a thin (2-3 mm) dorsoventral section was
removed in the middle of the clam body, as previously described
by Uddin et al. (2012). A total of 489 clams, including 61 larval
trematode infections confirmed by the needle autopsy, were used
in the histological examination. The body section was fixed in

10.3389/fmars.2022.936520

Davidson’s fixative solution, and then the tissues went through
dehydration and embedding in paraffin. A 6-pm-thick paraffin
section was sliced from the paraffin block, deparaffinized, and
stained with Harris hematoxylin and eosin Y. Based on
microscopic appearance in histology, the reproductive stages
of the clams were categorized into six stages, including resting,
early developing, late developing, ripe, partially spawning, and
spent (Drummond et al., 2006; Uddin et al., 2012). Infection by
the protozoan parasite Perkinsus olseni was also examined to
determine whether the clam fecundity is further affected by co-
infection. The condition index (CI) of each clam was calculated
as CI = [dry tissue weight (g)/dry shell weight (g)] x 1,000
(Walne and Mann, 1975; de Montaudouin et al., 2016).

P. olseni infection intensity

The infection intensity of P. olseni was determined using
Ray’s fluid thioglycollate medium (RFTM, Ray, 1966) assay. A
piece of gill tissue was incubated in RFTM and dissolved in 2M
of NaOH to quantify Perkinsus cells according to previously
described methods (Choi et al., 1989; Park and Choi, 2001). The
intensity was recorded as the number of P. olseni cells/gram of
gill tissue.

Image analysis

The entire area of the histology section was first scanned
using a digital slide scanner (Axio Scan.Z1, ZEISS) that captured
the whole section image at a x400 magnification from a
compound light microscope. To determine the effect of the
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FIGURE 1
The sampling site, Jugyo tidal flat on the west coast of Korea.
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larval trematodes quantitatively, we then measured total surface
area (TSA), larval trematode area (LTA), and gonad area (GA) in
the digitized images using an image-contouring tool in Zen 2.3
software (ZEISS) (Figure 2). In addition, TSA and GA of 100
randomly selected clams that were not infected by the larval
trematodes were also measured to compare the proportion of
gonad area to the total surface area between the uninfected and
castrated clams.

Semiquantitative scale

As different infection phases were observed in the clam from
histology, we categorized larval trematode infections into five
types, including none (0), light (1), moderate (2), heavy (3), and
very heavy (4), based on the developmental stage of trematodes
and their distribution in the host. The differences among the five
infection categories were validated by comparing the mean
proportion of parasite surface area to host using boxplots. In
addition, the infection level of the larval trematodes in 68
infected clams was assessed using this semiquantitative scale.

Statistical analysis

The data were tested for normal distribution (Shapiro-Wilk
test) and homogeneity of variances (Levene’s test). As the
proportion of GA to TSA in the castrated clams was not

S

FIGURE 2
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normally distributed, a nonparametric Mann-Whitney U-test
was used to compare those with the uninfected clams. The ratio
of LTA to TSA of the four infection categories was compared
using nonparametric Kruskal-Wallis’s one-way analysis of
variance (ANOVA, Sokal and Rohlf, 1995) and Tukey’s post-
hoc range test. We also tested the effects of infection on clam
condition using a nonparametric Kruskal-Wallis’s one-way
ANOVA and Tukey’s range test. In addition, the observed co-
infection frequency and the expected frequency were compared
using the Chi-squared test. The statistical analysis was
performed using SPSS v.21.0 software (IBM Corporation, New
York, USA), and p < 0.05 was considered statistically significant.

Results

Identification of larval trematode species
and the prevalence

The needle biopsy analysis indicated that 61 out of 1,255
clams (4.9%) examined contained larval trematodes. However,
histology identified seven more infected clams, suggesting that
the needle autopsy is somewhat less sensitive than histology.
Consequently, the larval trematode infection prevalence in adult
clams was estimated to be 5.4% (68/1,255). It was noticeable that
the seven clams contained only germinal balls in the sporocysts,
which may have mislead those clams as uninfected in the
needle autopsy.

" Ventral

Digitized image of each histological slide. TA, the total area of the scanned slide, GA, the gonad area occupied by eggs or sperms, LTA, and the

larval trematode area.
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Three different species of larval trematode could be extracted
and identified from the sporocysts isolated from the visceral
mass/gonad by the needle. Under a light microscope, C. tapidis
exhibited distinct eyespots with a comparatively long tail
(Figure 3A), while C. pectinata included numerous setae on
the tail (Figure 3B). The cercaria stage of P. duboisi was
characterized by a bifurcated tail (Figure 3C).

The three larval trematode species were distinguishable in
histology based on the morphological characteristics
(Figures 4B, C). Out of the 68 infected clams, infection by C.
tapidis was most prevalent (40/68), followed by C. pectinata (18/
68) and P. duboisi (4/68 clams). Histology also indicated that C.
tapidis and C. pectinata co-infected a single clam (1/68). The
0.0008) was
significantly lower than the expected frequency (0.5737) (Chi-

observed co-infection frequency (1/1,255 =

squared test, p < 0.05), suggesting possible interspecific
competition. While most infected clams exhibited mature
larval cercaria in the sporocysts, some clams (7/68) included
only germinal cells or balls in the host tissues. Histology also
revealed that the larval trematodes infect both female (28/68)
and male clams (30/68). The female-to-male sex ratio was
0.93:1.00 in the cercaria-infected clam group and 0.85:1.00 in
the cercaria-uninfected group (Supplementary Table S2).

Distribution and pathology

In histology, the larval trematodes were found in the gonad,
digestive gland, gills, and mantle (Figure 4A). As shown in
Figure 4A, the gonad was the most common infection organ,
while the larval trematodes were not observed in the foot
muscular tissue. The developmental stages of the larval
trematodes observed in this study included the early-stage
sporocyst containing germinal cells or germinal balls and the
growing or mature sporocysts containing germinal balls and
mature cercariae (Figure 4B). The oval- to egg-shaped sporocysts
containing developing cercaria and germinal balls were the most

10.3389/fmars.2022.936520

prevalent form observed in the clam (Figure 4B). The sporocysts
were located in the interfollicular area and were separated clearly
from the host tissue and hemocytes by the outer tegumental layer of
the parasite (Figure 4C).

We identified four different types of larval trematode
infection consequences: (1) complete castration with an
absence of gonad follicles (Figure 3B), (2) partial castration
with normal gonad development (Figure 4C), (3) partial
castration with retarded gonad development (Figure 4D), and
(4) postcastration with a few mature residual gametes
(Figure 4E). The complete castration was characterized by the
full occupation of the gonad by sporocysts containing mature
cercariae and germ balls. The first type of partial castration was
characterized by the larvae and an unaffected normal gonad, the
same reproductive stage as an uninfected clam (Figure 4C). In
contrast, some clams exhibited previtellogenic oocytes attached
to the basal membrane of the follicular wall (Figure 4D) or
spermatogonia on the periphery of the acinus (Figure 5),
indicating that the gonad maturation was retarded, possibly
due to the infection. Clams in the postcastration phase showed
empty sporocysts or sporocysts containing a few germ balls in
the follicles (Figures 4E, F). Residual mature oocytes or
spermatozoa were found in clams in the postcastration phase.

Manila clam reproductive stages

As Manila clams in this study were collected in early June,
during which the common reproductive stage of the clam
includes the late-developing and ripe stage (Park and Choi,
2004; Uddin et al., 2012), we considered clams in the resting or
early developing stage as abnormal. Most clams in this study
were in the late developing or ripe stage (469/489, 94.5%),
whereas 5.5% (27/489) of the clams were in the early
developing (14/489) or the resting stage (13/489). Histology
revealed that such reproductively retarded clams were severely
infected by the larval trematodes. Nine out of 14 clams in the

FIGURE 3

Three different types of larval trematodes were identified from Manila clam. (A) Sporocyst (SP) discharging the immature and mature Cercaria
tapidis through the birth pore (BP). ES, eye spot. (B) Cercaria pectinata distinguished by a tail with setae (S). OS, oral sucker, VS, ventral sucker.
(C) Parvatrema duboisi in cercaria stage with a bifurcated tail (BT). GC, gut caeca.
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FIGURE 4

Microphotographs demonstrating the occupation of the Manila clam reproductive system by the larval trematodes. (A) Entire longitudinal clam
section, in which the larval trematodes fully occupy the clam gonad. (B) Magnified view of the affected area near digestive gland (DG), exhibiting
co-infection by Cercaria tapidis and Cercaria pectinata. Sporocysts (*) containing cercariae (C) and germinal balls (GB) are fully occupying the
gonad. C. tapidis is distinguished by eye spots (ES), while C. pectinata is characterized by a tail with setae (S). (C) Partially castrated male clam
with normal gametogenesis. (D) Partial castration with inhibited gametogenesis in the female clam. Oogonia (OG) are attached to the basal
membrane of the follicular wall, indicating that the clam is in the early developing stage. Castration is caused by the intrusion of Parvatrema
duboisi cercaria possessing the bifurcated tail (BT) and gut caeca (GC). (E, F) Postcastration demonstrating full occupation of the clam gonad by
sporocysts (*) containing germ balls (GB) or empty sporocysts. Some follicles contain relic oocyte (RO) or relic spermatozoa (RSZ).

early developing stages were heavily infected by the larval
trematodes (Figure 6).

Figure 6 represents the numbers and frequency distribution
of the reproductive stages of the Manila clams in different
infection categories. The reproductive condition of clams in
“free of infection” and “exclusively infected by P. olseni”
demonstrated a similar pattern, as more than 96% of clams in
these categories were in the late-developing or ripe stage. In
contrast, the normal reproductive stages only account for 61.5%
and 69.1% of the clams “exclusively infected by Cercaria spp.”
and “co-infected by Cercaria spp. and P. olseni,” respectively,
indicating that the occurrence of abnormal reproductive stages
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(i.e., indifferent and early developing) is closely related to the
larval trematode infection. The RFTM assay revealed that the
mean P. olseni infection intensity of clams “exclusively infected
by P. olseni” was 1,426,207 + 1,608,685 cells/g gill tissue and
1,094,303 + 1,559,695 cells/g gill tissue in the clams co-infected
by P. olseni and Cercaria spp. (Supplementary Table S1).

GA in castrated and uninfected clams

The image analysis indicated that in June, GA occupied
28.0% of the total section area when clams were fully ripe

frontiersin.org
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FIGURE 5

Frequency distribution of different reproductive stages of Manila clams in different infection statuses. Uninfected (0) clams exhibit well-
developed gonads and no larval trematode in any tissue. Light (1), early-stage sporocysts contain germinal cells or germinal balls, and the
sporocytes are found in the gonad. Moderate (2), the sporocysts contain germinal balls and a few mature cercaria.

and free from larval trematode infection (Table 1). In
contrast, clams infected by the larvae and exhibiting a
certain type of castration showed significantly smaller GA

(14.4%, p < 0.05).
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TABLE 1 The proportion of surface area occupied by larval
trematodes in the total cross-section and gonad area of the Manila
clam.

Group N GA/TA (%)

Mean + SD Min. Max.
Castrated clams 68 144 +125b 0.0 40.5
Normal Uninfected clams 100 28.0+98a 11.1 53.9

TA, total surface area; GA, gonad area; SD, standard deviation. Different letters indicate
significant differences between groups (p < 0.05, Mann-Whitney U-test).

infected). The early-stage sporocysts containing germinal cells are
solely observed in the light infection (score 1), while the mature
sporocysts containing germinal balls and cercariae are found in
moderate, heavy, and very heavy infections. In moderate infection
(score 2), the sporocysts containing mature cercariae and a few
germ balls occupy the gonad and digestive gland of the clam. The
heavy infection (score 3) can be differentiated from the moderate
by the area occupied by the larval trematodes. In very heavy
infection (score 4), sporocysts containing mature cercariae and a
few germ balls occupy the gonad, digestive gland, mantle, and gill.
Fully occupied follicles by the larval trematode are the
characteristics of the very heavy infection.

Boxplots in Figure 7 demonstrate the distribution pattern of
LTA/TSA (%) among the four infection categories. The percent
area ranged from 0.3 £ 0.0 in light, 9.2 £ 5.7 is moderate, 16.7 +
5.5 in heavy, and 26.9 + 7.2% in very heavy infection,
respectively. Nonparametric Kruskal-Wallis’s test and Tukey’s

10.3389/fmars.2022.936520

post-hoc range test revealed that the mean of LTA/TSA was
significantly different among the groups (p < 0.05).

Application of the semiquantitative score

When the semiquantitative infection score was applied to the
68 trematode-infected clams, 10 clams were in very heavy, 25
clams in heavy, 31 clams in moderate, and two clams in light
infection (Table 2). Each infection category also corresponded to
one or more castration types. While the very heavy infection
(four) and light infection (one) solely corresponded to “complete
castration” and “partial castration,” respectively, the moderate
(two) and heavy infection (three) were a mixture of two or more
castration types.

Histology also indicated that 46 individuals from 68 infected
clams (67.6%) were in normal reproductive condition (i.e., late-
developing or ripe), although the gonad is partially castrated. In
contrast, the rest of the 22 clams (32.4%) failed to reproduce, as
10 clams were in “complete castration,” three clams in
“postcastration,” and nine clams in “partial castration with
inhibited gametogenesis.”

Correlation between the infection and CI
of clam

Table 3 summarizes the CIs of Manila clams in different
cercaria-infection categories. The nonparametric Kruskal-
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FIGURE 7

Boxplots demonstrating proportion of parasite surface area by infection score in this study. Median and mean values are indicated with a line
within the box and “x,” respectively. LTA, larval trematode area; TA, total area; GA, gonad area. Different letters indicate significant differences

between groups (p < 0.05, Kruskal—Wallis test).
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TABLE 2 The number of the Manila clams in different infection and castration types.

Infection type

Complete castration
with gonad follicles

absent
(A) Exclusively infected by 2
Cercaria spp. (N = 13)
(B) Co-infected by Cercaria 8
spp. and P. olseni (N = 55)
(A)+(B) Clams infected by 10
the larval trematodes (N =
68)

Corresponding infection
intensity scores

Very heavy (4): 10 ind.

Heavy (3): 3 ind.

Castration type and reproductive condition of the clam

Postcastration with a few Partial castration with  Partial castration with
mature gametes remnant gametogenesis inhibited normal gametogenesis

2 8
7 38
9 46

Moderate (2): 3 ind.; heavy (3):
6 ind.

Light (1): 2 ind.; moderate
(2): 28 ind.; heavy (3): 16 ind.

The type of castration was classified based on the degree of infection and reproductive condition of the affected clam.

Wallis test and the post-hoc Tukey’s range test indicated that the
mean CI of cercaria-free clams (192 + 29, N = 421) is
significantly higher than the CI of clams in heavy (171 + 26, N
= 25) or very heavy (167 + 44, N = 10) infection (p < 0.05).
However, the test also indicated that the mean CI of uninfected
clams did not differ significantly from the light and
moderate infections.

Discussion

Larval trematodes infection in Manila
clam

Infection prevalence of Cercaria spp. in the adult Manila
clam (mean SL: 36.2 mm) in this study (5.4%) is comparable to
that observed in the clams (SL range: 28.2-39.5 mm) on the west
coast (4.2% to 6.7%) (Park et al., 2010; Hong et al., 2016), while
the prevalence reported in other regions are somewhat variable.
In a pathology survey of the adult Manila clam (mean SL range:
28.25-34.34 mm) carried out in three different clam beds on the
coast of Ariake Bay, Japan (Park et al., 2008), the mean infection
prevalence of Cercaria spp. was 12.2%, with the value ranging
from 7.1% to 25.0%. Meanwhile, a substantially high infection

prevalence of the larval trematode was reported in three clam
beds (R. decussatus, mean SL range: 30.2-45.1 mm) in Egypt
with an annual mean prevalence ranging from 17.9% to 24.2%,
and the highest monthly prevalence reached 81.7% in one of
the clam fisheries (El-Wazzan and Radwan, 2013). The variable
prevalence observed throughout the regions could be addressed
by two explanations (i.e., environmental heterogeneity and
different trematode species). According to Byers et al. (2016),
the infection prevalence of trematodes is closely related to
habitat characteristics and therefore shows site-specific
consistency. The prevalence of the larval trematodes depends
on the species as well. As the intermediate host and the definitive
host may vary depending specifically on the host-parasite
system, the spatial heterogeneity among the regions is believed
to be one explanation.

In this study, we first presented the infection prevalence of
three different sporocyst species separately, whereas previous
studies reporting sporocyst infection in Manila clams on the
west coast of Korea provided the merged infection prevalence
without distinguishing the species. It is somewhat surprising that
two different larval trematode species (i.e., C. tapidis and C.
pectinata) co-infect the clam individual, although the incidence
rate was low (one out of 68 infected clams). The very low
prevalence of co-infection and the fact that the observed co-

TABLE 3 Mean condition index of the Manila clams in different parasite infection profiles and infection scores.

Infection score

None (0)
Light (1)
Moderate (2)
Heavy (3)
Very heavy (4)

N

421
2
31
25
10

Condition index
Mean *+ SD

192 +£29 a
182 + 47 ab
185 + 45 ab
171 £26 b
167 £ 44 b

Means with the different superscripts indicate significant differences among the groups (p < 0.05, Kruskal-Wallis ANOVA on ranks test).
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infection frequency is lower than the expected value suggest that
competition might occur among the larval trematodes in the
clam population. This competition seems plausible as the three
different larval trematodes share a similar way of food
consumption in the same ecological community. Indeed, such
double infections by larval trematodes generally occur at a low
incidence rate (Kuris and Lafferty, 1994; Miura and Chiba, 2007;
Magalhdes et al., 2020), suggesting possible interspecific
competition within the parasite population. Similarly, several
trematode families in varying life stages seem to co-exist in the
clam individual and population. Although not recorded in this
study, the Manila clam not only harbors sporocysts but also
metacercarial P. duboisi in the mantle (Le et al., 2015; Cho et al.,
2020) and Echinostomatidae metacercariae in the foot (Kim
et al, 2004). Furthermore, the prevalence of co-infection among
these trematodes is much higher than the prevalence of co-
infection among the competing larval trematodes in the
sporocyst stage (unpublished data). This could be further
explained as a result of niche partitioning among the larval
trematode species. In other words, three larval trematode species
in the sporocyst stage (i.e., C. tapidis, C. pectinata, P. duboisi)
compete for limited resources in the clam visceral mass, while
the other two trematode metacercariae co-exist with the
trematode sporocysts by using different resources and forming
different niches.

Effects of the larval trematode infection
on the host reproduction

We found a substantial increase in gonad tissue atrophies
when the clams are associated with the infection. Among the 68
infected clams, 35 individuals were in very heavy (four) or heavy
(three) infection, indicating that more than half of the infected
clams are severely impacted, demonstrating markedly reduced
follicle area. Histology indicated that the severe infection
eventually leads to 32.4% of the infected clams failing to
reproduce during a spawning period. Several studies have also
observed such atrophies mediated by gonadal castration (Shelley
et al., 1988; Lasiak, 1992; Da Silva et al., 2002; Meng et al., 2019).

According to Sullivan et al. (1985), castration by the
parasites could be the consequence of either mechanical (i.e.,
ingestion or pressure) or chemical (i.e., secretion of inhibition
factors) activities of the parasites. The mechanical destruction of
host tissue is closely related to the feeding activity of the parasite.
Dubois et al. (2009) reported that Labratrema minimus
sporocysts feed on the dissolved organic matter metabolized
by the host cockle, Cerastoderma edule. Alternatively, Coustau
et al. (1991) suggested that parasitic castration of the mussel
Mytilus edulis is induced by antimitotic activity of the larval
trematodes. Coustau et al. (1991) found a mitosis-inhibiting
factor in the parasitized mussels, although it was not clearly
understood whether the parasites directly affect the host gametes
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or stimulate the gametogenesis inhibitory system of the host. As
we observed both reduced reproductive effort (ie., the gonad
area) and inhibited gametogenesis, it is believed that the larval
trematode in Manila clams exerts both mechanical and chemical
impacts, resulting in gonadal castration.

In this study, inhibition or retarded gametogenesis was also
found in the clams not infected by the larval trematodes,
suggesting that factors other than trematode infection, such as
limited food supply and environmental contamination, could
also be negatively associated with gonad development
(Kluytmans et al.,, 1988; Siah et al, 2003; Dukeman et al,
2005; Uddin et al., 2013). Furthermore, along with the larval
trematode, the protozoan parasite P. olseni may also deteriorate
the gonad maturation of Manila clam, as reported by Park et al.
(2006) and Uddin et al. (2010). In June 2018, clams in both “free
of infection (i.e., not infected by P. olseni or larval trematode)”
and “exclusively infected by P. olseni” reached late-developing
(80%) or ripe (17 to 20%), although the P. olseni infection
intensity was considerably high. This suggests a benign effect of
Perkinsus infection on clam reproduction. However, as histology
revealed, clams in reproductive rest in June, when most clams
were ready to spawn, were 100% infected by the larval
trematodes with the “heavy and very heavy” infections,
suggesting that the larval trematodes mainly cause the
observed abnormal gonad development. According to Park
and Choi (2004), female Manila clams in the tidal flat in
Gomso Bay, approximately 90 km to the south of this study
site, produce 0.94 to 11.79 million eggs during a spawning
period. Similarly, Uddin et al. (2012) estimated the fecundity
of Manila clams in a tidal flat in Incheon Bay, about 80 km to the
north of the study site, as 2.54 to 15.8 million eggs just prior to
spawning. Therefore, we believe that the female Manila clams in
Jugyo tidal flat may produce a similar quantity of eggs during the
spawning as Park and Choi (2004) and Uddin et al. (2012)
reported. Accordingly, it is estimated that the total castration by
the larval trematode infection would result in a deficit of several
million eggs during spawning, which may, in turn, affect the
population by damaging the subsequent recruitment.

Semiquantitative larval trematode
infection scale

Histology-based semiquantitative scores in previous studies
include a 5-point scale by Kim et al. (2006), a 3-point scale by El-
Wazzan and Radwan (2013), and a 4-point scale by Da Silva
et al. (2002). Based on the qualitative distribution of the parasite
within the host, Kim et al. (2006) categorized infection intensity
as follows: “0 (uninfected)”, “I (present in the gonads only)”, “2
(completely filling the gonads),” “3 (completely filling the
gonads; extensive invasion of the digestive gland and/or the
gills)”, and “4 (completely filling the gonads; substantially filling
the digestive gland or gill; individuals appear to be a sac of
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sporocysts).” The other two studies deployed stereology to
estimate the area occupied by the larval trematodes from the
histology section. Da Silva et al. (2002) measured the parasite
volume fraction from the gonad of brown mussel, Perna perna,
and described four intensity categories (light, parasite volume
fraction less than 5% of the gonad; moderate, 5%-25%; heavy,
25%-50%; very heavy, more than 50%). Similarly, EI-Wazzan
and Radwan (2013) measured the area of the parasite in the
gonad of the carpet shell clam, Ruditapes decussatus, and
classified them into “light (less than 25%),” “medium (26%-
75%),” and “heavy (more than 75%).” Despite the introduction
of these semiquantitative scores, no score was applicable to the
Manila clam histology due probably to differences in infection
patterns among host-parasite systems. According to Kim et al.
(2006), the previous 5-point scale was developed based on
mytilid mussels infected by sporocysts of the families
Fellodistomidae and Bucephalidae. Although the stereology-
based infection scales by El-Wazzan and Radwan (2013) and
Da Silva et al. (2002) could be an alternative, these methods are
applicable only when histology sections are stereologically
analyzed. Accordingly, we re-categorized the degree of
infection into five categories, among which the mean
proportion of PA/TA was significantly different. The
distribution within the host and the developmental stage of
the trematode larvae were the most important considerations in
classifying each category since those two factors were closely
related to the infection intensity. According to several studies
that addressed intramolluscan development of digenetic
trematodes, numerous sporocysts containing cercariae are
developed from a single miracidium that penetrates a host
(Wilson et al,, 1971; Ataev et al., 1998; Skala et al., 2014).
Thus, the suggested semiquantitative score could be simply
applicable in routine analysis of the Manila clam histology, as
demonstrated in this study. Furthermore, we emphasize the
importance of discriminating between light and heavy
trematode infection, as an increased mass of the larval
trematodes leads to decreased fecundity and CI of the clam.

Larval trematode infection and the clam
condition index

According to previous studies, larval trematodes could weigh
up to 34% of the total flesh mass of the cockle, Cerastoderma edule
(Baudrimont and de Montaudouin, 2007), and 19% of the wedge
clam, Donax trunculus (de Montaudouin et al., 2014). Taking this
into account, the negative impact of larval trematode infection on
a bivalve CI could be masked by the weight gain caused by
parasites. Nevertheless, in this study, the CI of the Manila clam
was significantly lower in the individuals with heavy (three) and
very heavy (four) infections when compared to the noninfection
group. This manifest difference was observable, as a gap between
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the CI of the normal clam and the heavily infected clam could be
maximized when the normal clams are in the ripe stage. In
previous studies conducted on the west coast of Korea, the CI
of the Manila clam reaches its annual peak in April and June as the
clams are ready to spawn (Park and Choi, 2004; Uddin et al., 2010;
Uddin et al,, 2012). If the CI of the normal clam in the resting
stage is compared with that of the heavily infected clams, there
would be no clear difference between the two groups. Indeed, de
Montaudouin et al. (2014) also demonstrated that the mean CI of
the larval trematode-infected wedge clams was lower than the
uninfected clams during the gametogenesis period, while there
was no significant difference during the postspawning season. In
any case, our results suggest that a heavy larval trematode
infection in the clam causes substantial damage to the
reproductive capacity.

Conclusion

The evidence from this study demonstrated that infection by
the three Cercaria spp. causes substantial damage to the
reproductive capacity of the Manila clam. Reproductive
abnormalities, including reduced gonad area and inhibition in
gametogenesis, were closely associated with the larval
trematodes infection. Such infection was observed in 5.4% of
the clam population on the west coast, and more than half of
those infected clams were severely affected, indicating that
trematode infection might pose a substantial impact on the
clam population. Based on the histology observation, we suggest
a semiquantitative score that could be simply applied to the
Manila clam histology.
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