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ABSTRACT: Conventionally, development of imposex, i.e., super-
imposition of male sexual characteristics on females, in marine
neogastropods has been solely linked to exposure to synthetic
organotin compounds, such as triphenyltin (TPT), in the marine
environment. Here, our experimental results show that marine
cyanobacteria can produce retinoic acids (RAs) and their oxidative
metabolites 4-oxo-RAs, and the most commonly distributed RA, i.e.,
all-trans-RA, can also trigger expression of genes related to imposex in
female whelks Reishia clavigera after chronic exposure of 60 days. Both
estimated concentrations of TPT and RAs and 4-oxo-RAs in seawater
are positively associated with the Vas Deferens Sequence Index (VDSI)
in female whelks collected from various sites along the coast of Hong
Kong; the concentration of TPT explains 28% of the total variation of VDSI, while the total concentrations of RAs and 4-oxo-RAs
contributed to 14% of the variation based on separate regression analyses. Our discoveries have implications on the cause and
magnitude of imposex in marine neogastropods, calling for more research in ecotoxicology of natural RAs and 4-oxo-RAs in the
marine environment in the future.

■ INTRODUCTION

The carnivorous whelk, Reishia clavigera (previously known as
Thais clavigera), inhabits coastal rocky shores of the Asia-
Pacific marine environments.1,2 Female whelks can develop
imposex, i.e., the superimposition of penis and vas deferens,
and this phenomenon has been associated with exposure to
organotin compounds (OTs) including tributyltin (TBT) and
triphenyltin (TPT) in marine environments.2,3 Positive
relationships were found between tissue concentrations of
OTs in whelks and the imposex index including the Vas
Deferens Sequence Index (VDSI), but the coefficients of
determination (r2) were usually small and variable (e.g., a
range of r2: 0.17−0.81).2,4 After global restrictions on OT-
based antifouling paints, populations of R. clavigera have
gradually recovered from imposex in some regions.1 However,
in Hong Kong, there has been no recovery of the population of
this whelk,2,5 in spite of decreasing trends of ambient
concentrations of TBT5 and TPT6 in seawater. Especially,
little or no TBT was found in seawater after the ban on
application of TBT-based antifouling paints.5,7 Similar results
were also observed in Shenzhen.8 It is, therefore, logical to
postulate that there is/are other chemical(s) that could also
contribute to imposex development in the whelk R. clavigera.
Retinoic acid (RA), the main active metabolite of vitamin A,

plays crucial roles in many biological processes including
cellular differentiation and proliferation, growth, and repro-

duction.9 However, excessive intake or deficiency of RA can
cause abnormal morphological development of aquatic animals
and pose ecological risks to aquatic ecosystems.10 For example,
RAs like all-trans-RA (at-RA) and 9-cis-RA (9c-RA) provoked
teratogenic effects to amphibian and zebrafish embryos.11−13

Growing evidence has shown that 9c-RA can induce
development of male sexual organs in female whelks.14,15

The size of a penis-like structure and VDSI of R. clavigera were
significantly greater after exposure to 9c-RA.14 RAs and their
oxidative metabolites 4-oxo-RAs could be eliminated from
humans and wildlife through urinary excretion, as well as used
as RA-containing drugs for treating skin and blood diseases.10

As a result, RAs and 4-oxo-RAs are commonly found in
effluents of sewage treatment plants (STPs),16−19 which would
be a source of RAs and 4-oxo-RAs into aquatic environments.
Nevertheless, these chemicals usually showed relatively low
levels in seawater. For example, no RAs and 4-oxo-RAs were
found in the seawaters of Liaodong Bay,20 and only 2.0−4.3
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ng/L of these chemicals were detected in seawaters adjacent to
sewage outfalls of STPs in Hong Kong.19

Results of recent studies have indicated that blooms of
freshwater cyanobacteria produce RAs and 4-oxo-RAs,11,21

which might be linked to abnormalities of wildlife in Tai Lake,
China. For example, a small number (<1%) of the snail
Bellamya aeruginosa exhibited abnormal tentacle bifurcations in
the regions with relatively high levels of chlorophyll a (i.e., high
biomass of cyanobacteria and algae) in Tai Lake.22

Considering the slightly increased expression of imposex-
related genes in the snails from these regions than the snails
from the control site in Tai Lake, they proposed a possible
linkage between algal retinoids and the deformities in the
snails.22 Moreover, extracts or exudates of cyanobacteria could
provoke teratogenic effects and interfere with growth and
development of zebrafish embryos11 and frog embryos,12 and
these effects were attributed to retinoids or proretinoids like
carotenoids.11,12 Along tropical or subtropical coastal waters
including those in Hong Kong, cyanobacteria dominate surface
films on hard substrates (e.g., boulders and rocks) throughout
the year and support a large population of grazers.23 Although
R. clavigera is not a grazer, it maintains close contact with
cyanobacteria as both of them inhabit rocky shores or
manmade seawalls at the intertidal zone (Figure S1A).
Cyanobacteria have also been found on the muscular foot of
every individual of R. clavigera collected in Hong Kong (Figure
S1B). However, there is a lack of evidence to show if marine
cyanobacteria are capable of producing RAs and 4-oxo-RAs, if
environmental concentrations of these chemicals could cause
imposex in the gastropods, and if the combined effects to

gastropods occur between RAs and 4-oxo-RAs and the major
known imposex-induced contaminant (i.e., TPT) in Hong
Kong seawaters.
Therefore, this study aimed to (1) investigate compositions

and levels of RAs and 4-oxo-RAs in surface films collected from
natural rocky shores in Hong Kong, (2) examine whether
marine cyanobacteria have the potential to produce RAs and 4-
oxo-RAs under laboratory conditions, (3) demonstrate effects
of RAs on gene expression and induction of imposex in the
whelk R. clavigera, and (4) study the relationship between
imposex index (VDSI) in the whelk and environmental
concentrations of TPT and RAs and 4-oxo-RAs. Having
obtained such information, together with the relationship with
TPT-induced imposex development to R. clavigera, we can
provide some insights on the possible underlying toxic
mechanism of RAs to the whelks in coastal marine environ-
ments.

■ MATERIALS AND METHODS

Chemicals and Sample Collection. The target chemicals
included all-trans-RA (at-RA), 13-cis-RA (13c-RA), 9-cis-RA
(9c-RA), and their oxidative metabolites, i.e., all-trans-4-oxo-
RA (at-4-oxo-RA), 13-cis-4-oxo-RA (13c-4-oxo-RA), and 9-cis-
4-oxo-RA (9c-4-oxo-RA). Samples for surface films were
collected within the intertidal zone (0.5−1.5 m above the
chart datum) at 12 locations covering a range of pollution
levels along the coast of Hong Kong in November 2013 (sites
A1−A12; Figure S2), while cyanobacterial species were
purchased from the Culture Collection of Algae and Protozoa
of the UK (CCAP). The details for chemicals and sample

Figure 1. Concentrations of retinoic acids (RAs) and 4-oxo-RAs in (A) surface films collected in various coastal shores in Hong Kong, (B) their
respective fraction in the samples, and (C) their concentrations in cultured cyanobacteria. CCAP 1406/1, Phormidium breve; CCAP 1410/9,
Calothrix crustacea; CCAP 1459/9, Oscillatoria nigroviridis; CCAP 1475/1, Spirulina subsalsa. Error bar: +1 SE (n = 3).
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collection are presented in the Supporting Information (Texts
S1, S2, and S3).
Extraction and Instrumental Analysis. Extraction of

RAs and 4-oxo-RAs in surface films and cultured cyanobacteria
was carried out following the method described by Wu et al.,21

and instrumental analysis for the target chemicals with high-
performance liquid chromatography-tandem mass spectrome-
try (HPLC-MS/MS) followed the method described by Wu et
al.20 and Zhou et al.19 The details for chemical extraction and
instrumental analysis are presented in the Supporting
Information (Texts S4 and S5). Relative recoveries for all
target compounds in surface films ranged from 80% ± 9% to
163% ± 16% and in cultured cyanobacteria ranged from 81%
± 6% to 141% ± 10% (mean ± SD; Table S1).
Chronic Exposure Experiment. Individuals of R. clavigera

were exposed to at-RA (1000 ng/L), TPT (500 ng/L), or their
mixture for 60 days under controlled laboratory conditions
(Text S6). Their tissues were then analyzed for the expression
of imposex-related genes including retinoic acid receptor
(RAR), retinoid X receptor (RXR), and peroxisome prolifer-
ator-activated receptor gamma (PPARγ) (Table S2), with the
details described in Texts S7−S9. The maximum concentration
of TPT in seawater was previously recorded as 1900 ng/L.24

The highest concentration of RAs was 421 ng/L when
cyanobacterial bloom occurred, while the released concen-
tration of RAs from cultured algae and cyanobacteria could be
up to 2390 ng/L.21 Thus, the selected concentrations of TPT
(i.e., 500 ng/L) and at-RA (i.e., 1000 ng/L at-RA) in this study
represented the worst-case scenarios with environmental
relevance in aquatic environments.

■ RESULTS AND DISCUSSION
RAs and 4-oxo-RAs in Surface Film and Cultured

Cyanobacteria. Relatively high concentrations (3.0−28.2 ng/
g dm) of RAs and 4-oxo-RAs in surface films were found at all
sampling sites (Figure 1A; Table S3). Here, at-RA was the
predominant compound, accounting for 31%−64% of total

concentrations, followed by 13c-RA (10%−49%; Figure 1B;
Table S3). Compounds 9c-RA and 9c-4-oxo-RA were detected
in six samples with concentrations ranging from 0.4 to 2.7 ng/g
dm, and both together accounted for 0%−31% of total
concentrations.
All four cyanobacterial species, which were cultured under

laboratory conditions, contained RAs and 4-oxo-RAs (Figure
1C; Table S4). The highest value of 31.0 ± 7.3 ng/g dm was
found in Oscillatoria nigroviridis (CCAP 1459/9), followed by
Calothrix crustacea (CCAP 1410/9; 24.8 ± 1.0 ng/g dm) and
Phormidium breve (CCAP 1406/1; 21.6 ± 9.6 ng/g dm).
Concentrations of RAs and 4-oxo-RAs detected in cyanobac-
terial cultures were similar to those in surface films collected
from coastal shores. It is, therefore, suggested that some RAs
and 4-oxo-RAs in surface films originate from cyanobacteria.
Relatively large concentrations of retinoids were also detected
in freshwater cyanobacteria including Microcystis aerugino-
sa.21,25−27 A recent study has suggested that RAs can be
transformed from retinal by a cyanobacterial aldehyde
dehydrogenase (ALDH)28 that is much evolutionarily closer
to its counterpart in animals.29 The production of retinoids by
algae and cyanobacteria was found to be dependent on species,
origin, and growth stage21,27 and could be affected by
environmental parameters like light, temperature, and nutrient
levels.26 For example, concentrations of RAs and 4-oxo-RAs in
O. nigroviridis (CCAP 1459/9; 31.0 ± 7.3 ng/g dm) were two
times higher than those in Spirulina subsalsa (CCAP 1475/1;
12.2 ± 2.1 ng/g dm). In cultured cyanobacteria, 13c-RA and
13c-oxo-RA were the dominant compounds, accounting for
51%−71% of total concentrations, followed by at-RA and at-4-
oxo-RA with 18%−26% (Figure 1C; Table S4). However, 9c-
RA and 9c-oxo-RA were found in low concentrations in these
cyanobacterial cultures. A slight discrepancy in profiles of RAs
and 4-oxo-RAs between surface films in the field and those in
cyanobacterial cultures under laboratory conditions was
observed perhaps due to mutual isomerization30 or metabolism
of RAs to 4-oxo-RAs.31 For instance, we added the stock of at-

Figure 2. Relative expressions of mRNA for the genes of (A) retinoic acid receptor (RAR), (B) retinoid X receptor (RXR), and (C) peroxisome
proliferator-activated receptor gamma (PPARγ) in gonad (g), digestive gland (dg), head ganglia (hg), pseudo-penis (p), and remaining body (rb)
of female Reishia clavigera after exposure to at-RA and TPT for 60 days. The 18S rRNA gene was used as a reference gene to normalize the
expression. SC, solvent control; at-RA, all-trans-retinoic acid; TPT, triphenyltin; and Mix, mixture of at-RA and TPT. Error bar: +1 SE (n = 4). The
scale of the y-axis varies among the three subfigures. For each tissue type and each gene, significant differences in gene expression levels between SC
and individual treatment were denoted by asterisk(s) on top of the bars (*p < 0.05 and ***p < 0.001). One-way ANOVA and posthoc Dunnett’s
tests were used for all comparisons, except that nonparametric Kruskal−Wallis and Dunn’s tests were adopted for the comparison of RAR gene in
dg due to the failure of the assumption of homogeneity of variances for the data set.
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RA in artificial seawater and extracted immediately with
dichloromethane for chemical analysis. Five compounds, i.e.,
at-RA, 13c-RA, 9c-RA, at-4-oxo-RA, and 13c-4-oxo-RA, were
found (Figure S3), and they accounted for 28.4%, 44.4%,
20.0%, 6.8%, and 0.4% of the total, respectively. The results
further demonstrated that at-RA can be isomerized and
metabolized instantly in seawater.
Expression of Imposex-Related Genes. The expression

of imposex-related genes in the treatments varied greatly
among different tissue types (Figure 2). The greatest
expression of RAR was found in head ganglia when whelks
were exposed to the mixture of at-RA and TPT, followed by
those whelks exposed to at-RA alone and TPT alone (Figure
2A). The expression of the RAR gene in head ganglia in the
treatment with the mixture of at-RA and TPT was significantly
higher than that in the solvent control (one-way ANOVA, p <
0.05; Figure 2A). However, the expression of the RXR gene in
the pseudo-penis of whelks exposed to the mixture of at-RA
and TPT was significantly lower than that in the solvent
control (one-way ANOVA, p < 0.05; Figure 2B). Essentially,
the exposure to at-RA caused a significant up-regulation of
RXR gene expression in the remaining body tissues of R.
clavigera when compared to the solvent control (one-way
ANOVA, p < 0.05; Figure 2B). It is worth noting that the
magnitude of the expression of RAR gene in the treatments was
generally higher than that of the RXR gene in the digestive
gland and head ganglia (Figure 2A and B).
This study showed that both RAR and RXR were responsive

to exposure to at-RA or the mixture of at-RA and TPT. Both
RARs and RXRs can mediate cell growth and differentiation by
direct interaction with retinoids.32 At-RA and its stereoisomer
13c-RA can bind to RARs, but 9c-RA binds to both types of
receptors (RARs and RXRs) with greater affinity to RXRs.32

Furthermore, several metabolites of RA, including at-4-oxo-RA
and 13c-4-oxo-RA can also bind to RARs.18,20 The results of

the present study were, however, different from previous
studies on R. clavigera33 and N. lapillus,34 in which RARs were
not responsive to at-RA. A recent study has shown that RAR
can bind at-RA and activate transcription in the marine annelid
Platynereis dumerilii.35 These apparent discrepancies may be
due to use of different isoforms of RAR. Nonetheless,
expressions of the RAR gene in this study indicated that the
mechanism of imposex should involve the RA signaling
pathway.
It is known that 9c-RA and synthetic agonists of RXR can

promote transcription of PPAR genes.36 It was suggested that
TBT-mediated imposex in dogwhelk N. lapillus might involve
the PPAR pathway,37 and putative PPARγ38 was also selected
as a candidate gene in the present study. When the whelks
were exposed to at-RA or/and TPT, significant up-regulations
of the PPARγ gene were observed in the head ganglia in all
treatment groups, i.e., at-RA alone (p < 0.001), TPT alone (p <
0.001), and their mixture (p < 0.05; all with one-way ANOVA;
Figure 2C). The greatest expression of PPARγ was found in
head ganglia when whelks were exposed to TPT, followed by
those whelks exposed to at-RA and the mixture of at-RA and
TPT. The current results were consistent with those of
previous studies, which suggested that the expression of PPARγ
in N. lapillus was responsive to exposure to TBT.37

Contribution of RAs to Imposex of R. clavigera.
Previous studies indicated that organotins were responsible for
imposex in R. clavigera in Hong Kong.2,4 After the partial ban
on application of TBT-based antifouling paints, no TBT was
found, and only small concentrations (<7 ng/L) of its
degraded products, such as monobutylin and dibutyltin, were
observed in seawaters.7 Neither of these metabolites cause
imposex in R. clavigera. TPT was the predominant compound
of organotins in R. clavigera from Hong Kong,5 and in
neighboring waters of Shenzhen,8 relatively great concen-
trations of TPT were also found in seawater and sediment

Figure 3. Relationships between Vas Deferens Sequence Index (VDSI, log10 transformed) and concentrations of (A) triphenyltin (TPT, ng/L, log10
transformed) and (B) retinoic acids and metabolites (RAs and 4-oxo-RAs, ng/L, log10 (x + 1) transformed). (C) A multiple regression model
describes the combined effects of TPT and RAs and 4-oxo-RAs on VDSI in Reishia clavigera. Relationships between sterility (i.e., proportion of
individuals having imposex stages of 5 and 6, log10 (x + 1) transformed) and the concentrations of (D) triphenyltin (TPT, ng/L, log10 transformed)
and (E) retinoic acids and metabolites (RAs and 4-oxo-RAs, ng/L, log10 (x + 1) transformed). (F) A multiple regression model describes the
combined effects of TPT and RAs and 4-oxo-RAs on sterility in R. clavigera.
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from typhoon shelters and marinas.5 However, we could not
find a single female R. clavigera without imposex even at very
clean and remote locations of Hong Kong, suggesting that
there could have other compounds, such as RAs and 4-oxo-
RAs, contributing to imposex in R. clavigera. Our study, for the
first time, reported that RAs and 4-oxo-RAs were widely
detected in surface films and cyanobacteria in Hong Kong’s
coastal environment, and the exposure to RAs and 4-oxo-RAs
could possibly affect development of imposex in R. clavigera.
We, therefore, further examined the relationships between
VDSI or sterility of R. clavigera and concentration of TPT and
total concentrations of RAs and 4-oxo-RAs in coastal waters of
Hong Kong (Text S10; Figure 3). Both compounds were
positively associated with VDSI, where TPT explained 28% of
total variation of VDSI in whelks, while RAs and 4-oxo-RAs
also explained 14% to VDSI when they were analyzed
separately in a regression analysis. When checking the
relationship between sterility and concentration of TPT and
total concentrations of RAs and 4-oxo-RAs, TPT explained
35% of the total variation of sterility in whelks, and RAs and 4-
oxo-RAs explained 11% of the sterility when they were
analyzed separately in a regression analysis. The two
compounds were then combined by multiple regression
analysis (eqs 1 and 2).

= [ ] + [ + ‐ ‐ ] + +

= = <r r p

log VDSI

0.096 log TPT 0.816 log( RAs 4 oxo RAs 1) 0.286

( 0.356, adjusted 0.319, 0.001)2 2 (1)

+

= [ ] + [ + ‐ ‐ ] + −

= = <r r p

log(Sterility 1)

0.101 log TPT 0.626 log( RAs 4 oxo RAs 1) 0.154

( 0.396, adjusted 0.362, 0.001)2 2 (2)

These model results suggested that development of TPT-
mediated imposex in R. clavigera could have been augmented
by the presence of RAs and 4-oxo-RAs in marine environ-
ments.
In conclusion, as demonstrated by the current results, RAs

and 4-oxo-RAs could play a role in triggering imposex in
marine neogastropods. More research in the ecotoxicology of
natural RAs and 4-oxo-RAs in the marine environment is
warranted.
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