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Abstract

Tri-Butyl Tin (TBT) remains as a legacy pollutant in the benthic environments. Although the
toxic impacts and endocrine disruption caused by TBT to gastropod molluscs have been
established, the changes in energy reserves allocated to maintenance, growth, reproduction
and survival of European oysters Ostrea edulis, a target species of concerted benthic habi-
tat restoration projects, have not been explored. This study was designed to evaluate the
effect of TBT chloride (TBTCI) on potential ions and relevant metabolomic pathways and its
association with changes in physiological, biochemical and reproductive parameters in O.
edulis exposed to environmental relevant concentrations of TBTCI. Oysters were exposed
to TBTCI 20 ng/L (n = 30), 200 ng/L (n = 30) and 2000 ng/L (n = 30) for nine weeks. At the
end of the exposure, gametogenic stage, sex, energy reserve content and metabolomic pro-
filing analysis were conducted to elucidate the metabolic alterations that occur in individuals
exposed to those compounds. Metabolite analysis showed significant changes in the diges-
tive gland biochemistry in oysters exposed to TBTCI, decreasing tissue ATP concentrations
through a combination of the disruption of the TCA cycle and other important molecular
pathways involved in homeostasis, mitochondrial metabolism and antioxidant response.
TBTCI exposure increased mortality and caused changes in the gametogenesis with cycle
arrest in stages GO and G1. Sex determination was affected by TBTCI exposure, increasing
the proportion of oysters identified as males in O. edulis treated at 20ng/l TBTCI, and with an
increased proportion of inactive stages in oysters treated with 2000 ng/| TBTCI. The pres-
ence and persistence of environmental pollutants, such as TBT, could represent an addi-
tional threat to the declining O. edulis populations and related taxa around the world, by
increasing mortality, changing reproductive maturation, and disrupting metabolism. Our
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findings identify the need to consider additional factors (e.g. legacy pollution) when identify-
ing coastal locations for shellfish restoration.

Introduction

Organotin compounds were extensively used in a variety of industrial products including anti-
fouling paints for boats [1-3], causing considerable damage to localized coastal areas before
being banned by the International Maritime Organisation (IMO) in 2008. The most well-
known organotin, tributyltin (TBT), is highly persistent in the environment [4-7] and is the
most toxic compound known to aquatic ecosystems [1] mainly due to its high lipid solubility
that provides easy cell penetration, facilitating cell absorption [1] with significant bioaccumu-
lation over time. The introduction of legislation to reduce TBT inputs from vessels and the
establishment of restrictions for using TBT as an anti-fouling paint occurred in the late 1980s
and successive bans were proposed since then [8, 9]. Studies in the decade after the 1987 TBT
restrictions showed a reduction in concentrations of this pollutant in water and organisms [10,
11]. However, TBT remains a widespread global contaminants and several years after the IMO
legislation organotin compounds such as Monobutyltin trichloride (MBTC), Dibutyltin
dichloride (DBTC), tributyltin chloride (TBTCI), diphenyltin dichloride (DphTC), and triphe-
nyltin chloride (TphTC) persists in some estuaries, ports and harbours [12-14]. Recently,
water samples from areas with international shipping and maritime recreation activities still
showed values of TBT above the threshold levels (e.g. in the Hamble Estuary in Southampton
Water, England; [11, 15]). TBT is strongly adsorbed to organic matter and sediments retain
concentrations of TBT for long periods and it can be released to the water column when sedi-
ment is disturbed, for example by dredging or during storm events [1, 2, 5].

The accumulation of TBT and its metabolites have been observed in mussels and oysters
[16-19]. Moreover, changes in growth, biochemical and physiological parameters (e.g. shell
thickening) [20-22] and toxicity at low concentrations of TBT for adult marine bivalves [22-
24] have been reported. O. edulis has been shown to be sensitive to concentrations of TBTCl as
low as 10 ng/L in seawater, exhibiting significant digestive cell atrophy correlated with autop-
hagic mechanisms, catabolic metabolism, reduced bioenergetic balances and reduced somatic
growth [22]. There have been few reports of the effect of TBTCI on bivalves suggesting
decrease in ATP synthesis [25] and TCA cycle disturbance [26] as some of the underlying
molecular mechanisms of action of this compound. However, the association between TBTCI,
these metabolic changes and effects on reproduction on O. edulis still remains unclear.

Ostrea edulis, the largest oyster native to Europe, is found from the low intertidal down to
the sublittoral zone throughout the Atlantic and Mediterranean coasts of Europe [27-29]. O.
edulis populations are ecologically and economically valuable but populations in Europe have
suffered several collapses during the last century [30-35]. Additionally, a skewed sex ratio
toward male phase oysters in members of the family Ostreidae, including the O. edulis, has
been reported [36-40]. Some of these studies have reported oyster populations in a good con-
dition in terms of growth, survival, and immune function but with male-biased sex ratio [36,
40]. A cyclically skewed sex ratio, especially a male-biased sex ratio, could decrease the effective
breeding population size [41] making the populations susceptible to other external factors that
precipitate population declines. Whilst a number of factors have been attributed to this
declines [28-29, 34], the presence of chemical pollutants in the aquatic environment poten-
tially adds an additional environmental stress causing the reduction of natural populations
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worldwide [42]. It is thus important to understand if pollution by TBT could be one of the fac-
tors that may trigger or affect sex changes in this species.

The effect of TBT on molluscs reproduction and, specifically, its masculinization effect have
been extensively reported in gastropods, causing imposex, sterility and ultimately affecting its
reproductive capability [43-46]. However, due to the complexity and variety of hermaphrodit-
ism strategies in bivalve molluscs changes are more nuanced and a reproductive effect caused
by organotin compounds is more difficult to understand. Ovarian spermatogenesis, female-
dominated populations resulting from the inhibition or delay in the normal switch from male
to female, and effects on larvae production have been shown to be affected by organotins in
different bivalve species [24, 46-49]. However, the changes in investment of energy resources
and metabolic pathways affected as a consequence of TBTCI exposure during gonadal develop-
ment have not been explored.

Therefore, this study aimed to investigate the changes in metabolite profile and metabolo-
mic pathways and associated changes in physiological, biochemical and reproductive parame-
ters in O. edulis exposed to environmentally-relevant concentrations of TBTCIL. With
reintroduction schemes for O. edulis around Europe and beyond [29, 50] and on-going dredg-
ing work potentially disturbing the TBT stored in the sediment in ports located close to impor-
tant restoration areas [13, 51-53], understanding the impacts of TBTCI on this species should
be a priority.

Results

Tri-butyl tin chloride (TBTCI) exposure is associated with disruptions in
multiple metabolic pathways

Exploiting multiple metabolomic platforms we demonstrate that metabolic disruption in the
digestive gland of O. edulis is associated with TBTCI exposure. Analyses demonstrated that
TBTCI exposure was associated with changes in a broad range of ion features by all three of the
liquid chromatography (LC) methods used [54]. The exploitation of three methods of liquid
chromatography-mass spectrometry (LC-MS) allowed for the detection of the broadest range
of metabolites and is evidenced by the subsequent detection of some 349 identified com-
pounds. Ion Exchange LC-MS detected 5,733 ion features, with 1773 showing coefficient of
variation (CV) <30% (and hence well-characterised); from these 157 compounds were identi-
fied with reference to authenticated standards. For C18-reverse phase LC-MS, 10103 ion fea-
tures were detected, with 2577 features showing CV<30% and of these 147 compounds were
identified. For the derivatised-C18-reverse phase LC-MS, detecting primary and secondary
amines, 16027 ion features were detected, with 10940 features with CV<30% and 58 com-
pounds being identified.

Principal Component Analysis (PCA) of raw data from ion exchange, C18-reverse phase
and derivatised-C18-reverse phase chromatography all indicated strong separation between
control tissue and TBTCl-exposed tissue. Interestingly, for all methods overlap was noted
between all groups exposed to TBTCl irrespective of concentration, suggesting common
changes as a consequence of TBTCI exposure (S1 Fig).

Energy metabolism and reserves. Estimates of adenine nucleotide concentrations indi-
cated that at 2000ng/L TBTCI, total adenine nucleotides (TAN) in the digestive tissue declined
50% (p<0.05; Fig 1A). Direct analysis of individual adenine nucleotides showed that both
200ng/L and 2000ng/L TBTCI exposure was associated with a significant increase in the per-
centage of TAN present as ATP (p<0.05 for both; Fig 1B) and significantly decreased ADP lev-
els by one-third (p<0.05 for both; Fig 1B). In addition, TBTCI exposure increased the
proportion of TAN as AMP (p<0.01; for both; Fig 1B) at 200ng/L and 2000ng/L TBTCL
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Fig 1. Estimates of (A) total, (B) percentage of individual adenine nucleotide concentrations and (C) ATP/AMP ratio in Ostrea edulis exposed
to 20 ng/L (n = 13), 200 ng/L (n = 13) and 2000 ng/L (n = 13) of TBTCI for 9 weeks.

https://doi.org/10.1371/journal.pone.0280777.9g001

The degree of metabolic stress within a tissue or organism can be estimated by quantifying
the ATP/AMP concentration ratio. We observed an dose-dependent inverse relationship
between the concentration of TBTCl and the ATP/AMP ratio. This was a function of decreas-
ing ATP concentrations coupled with increased AMP concentrations. Following exposure to
20ng/L TBTCI the ATP/AMP ratio halved (p<0.05; Fig 1C), for 200ng/L TBTCI the ATP/
AMP ratio decreased by 80% (p<0.001; Fig 1C) with 2000ng/L TBTCI decreased the ATP/
AMP ratio by 90% (p<0.001; Fig 1).

Free fatty acids (FFA) represent stored sources of oxidative energy, derived from nutrients
consumed. Tissue levels of certain FFA were significantly decreased with TBTCI exposure;
with palmitic (40%), stearic (40%), linoleic (60%) and oleic acids (40%) reduced following
TBTCL exposure at all doses (p<0.001; Fig 2A-2C and 2F). By contrast, tissue levels of decan-
doic, phytanic and hydroxyoctanoic acids as well as stearoylcarnitine were unchanged by
TBTCL exposure (NS for all; Fig 2D, 2E, 2G and 2H).

Krebs cycle metabolites. Mapping the fold-change for selected metabolites onto specific
metabolic pathways indicated that some molecules involved in the TCA cycle may be a primar-
ily impacted by exposure to TBTCI. Decreases in methyl-isocitrate and oxaloacetate (p<0.001)
(Fig 3) were noted following exposure to 2000ng/L TBTCL. TBTCI exposure was also associ-
ated with a depletion of fumarate at all concentrations (p<0.001; Fig 3E).

Digestive tissue retinoids. TBTCI exposure was associated with a significant decrease in
tissue retinol concentrations in digestive gland, with both 20ng/L and 200ng/L TBTCI decreas-
ing tissue levels 5-fold (p<0.001 for both; Fig 4A). However, at the highest TBTCL concentra-
tion (2000ng/L) retinol levels were restored. In contrast, 9/13-cis-retinoic acid showed a dose-
dependent increase. At 200ng/L TBTCI 9/13-cis-retinoic increased 1.2-fold (p<0.05; Fig 4B),
with 2000ng/L recording increases of 1.25 (p<0.05; Fig 4B). Tissue All-Trans Retinoic Acid
(ATRA) was unaffected by TBTCI exposure (NS for all doses; Fig 4C), however retinyl-ester
levels in digestive gland were decreased in a dose-dependent manner and halved at the high
dose (2000ng/L p<0.01; Fig 4D).

Antioxidant defense. Exposure to 200ng/L TBTCI was associated with a 1.2-fold increase
in reduced glutathione levels (p<0.05; Fig 5A); by contrast both low (20ng/L) and high dose
(2000ng/L) TBTCL had no effect on GSH concentration (NS for both; Fig 5A). Oxidised gluta-
thione (GSSG) was significantly decreased by 60% following exposure to TBTCl at all

PLOS ONE | https://doi.org/10.1371/journal.pone.0280777 February 6, 2023 4/21


https://doi.org/10.1371/journal.pone.0280777.g001
https://doi.org/10.1371/journal.pone.0280777

PLOS ONE

Effects of TBT exposure on oysters

[A] Palmitic Acid [B] St
La 12
i N
§’ 08 S ok 08
kkk
_g 0.6 06
O
% 0.4 0.4
'
0.2 0.2
04 04
Control  20ngl 200ng/A 2000ng/L Control
[E] Stearoylcarnitine [FlO

Fold Change

i f
08 08

06
0.4 04
02 02
04 04

Control  20ng/ 200nz/L 2000ng/L

TBT Concentration

Fig 2.

Control

TBT Concentration

earic Acid [C] Linoleic Acid
12
2.
kkk kK
0.8
EX T3 EX T3
0.6
04 kkk o
0.2
04
20ng/l 200ngA 2000ng/L Control  20ngL  200ngd  2000ng/L
leic Acid [G] Phytanic Acid

12

1
08
06
04
02
o4

Control  20ngd 200ngA 2000ng/L

20ngl 200ng/d 2000ng/L

TBT Concentration

[D] Decanedioic Acid

12

08
06
0.4

02

Control  20ngd 200ng/d 2000ng/L

[H] Hydroxyoctanoic Acid

Control  20ng/ 200ngL 2000ng/L

TBT Concentration

Fold-change of (A) palmitic acid, (B) stearic acid, (C) linoleic acid, (D) decanedioic acid, (E) stearoylcarnitine,

(F) oleic acid, (G) phytanic acid, and (H) hydroxyoctanoic acid in Ostrea edulis exposed to three different
concentrations of TBTCI: 20 ng/L (n = 13), 200 ng/L (n = 13) and 2000 ng/L (n = 13), and a negative control (n = 13)
kept under laboratory conditions for 9 weeks.

https://doi.org/10.1371/journal.pone.0280777.9002

[G] Oxaloacetic Acid

.

44 [A] Citric acid

]
L2
&
& o 1
. . £ 08 =)
[F] Malic Acid 3 g os
12 Yoe S
= 0.6
i 2 0. 3
. Acelyl CoA i
0.8 0.2
g’ 0
E & Control ~ 20ng/A. 200ng/ 2000ng/L 0
< Control  20ng/d. 200ngA 2000ng/L
5] Oxaloacetale Citric Acld
3 NADH
o

0.4
0.2 \y
Control  20ng/AL 200ngAL 2000ng/L Malate

4

o

[E] Fumaric Acid

=

",

Fumarate

FADH /5\

Fold Change
o o o
P o o

o
N

o

Control  20ngd 200ngA 2000ng/L .. 3
141 [D] Succinic Acid

Fold Change

Control  20ng/L 200ng/L 2000ng/L

FAD Succlnate

[B] Methyl isocitric acid

Fold Change
o o o -
F o ® ~ N

o
N

o

20mgl 2000z 2000ng/L

Control

Methyl isocitric acid

Isocitric Acid
\— co,

NA * 12
Krebs Cycle P
NADH

a- Ketoglutaric acld

L—o CO,

NAD

Fold Change
o
a

Succinyl COA NaDH

ATP spp

[C] a-Ketoglutaric acid

Control  20nz/L 200nz/L 2000ng/L

Fig 3. Fold-changes for (A) Citric acid, (B) Methyl isocitric acid, (C) a-ketoglutaric acid, (D) Succinic acid, (E) Fumaric acid, (F) Malic
acid, and (G) Oxaloacetic acid from the TCA cycle in Ostrea edulis exposed to three different concentrations of TBTCI: 20 ng/L
(n =13),200 ng/L (n = 13) and 2000 ng/L (n = 13), and a negative control (n = 13) kept under laboratory conditions for 9 weeks.

https://doi.org/10.1371/journal.pone.0280777.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0280777 February 6, 2023

5/21


https://doi.org/10.1371/journal.pone.0280777.g002
https://doi.org/10.1371/journal.pone.0280777.g003
https://doi.org/10.1371/journal.pone.0280777

PLOS ONE

Effects of TBT exposure on oysters

[A] 9-cis-retinol

O Control @ 20ng/L M 200ng/L 2000ng/L

21

1.8 1
1.6 1
1.4

1.2

14
0.8 4

0.6 4
°
0.4 4

Fold change

0

==

[B] 9/13-cis-retinoic acid

181
16 1
1.4
1.2

1]
0.8 1
0.6 1
0.4 1
021

o

[C] All-trans-retinoic acid [D] Retinyl-ester

[ Control [ 20ng/L [ 200ng/L 2000ng/L [ Control [ 20ng/L [l 200ng/L 2000ng/L

1.4 4 T

[ Control [ 20ng/L [ 200ng/L 2000ng/L
o
24
1.2 4
°
X

| .

1.5 11 X * %

1 5 T I 0.8 1 <
0.4 4 l

05 L
T

0 0J

Fig 4. Fold-change of retinoids in Ostrea edulis exposed to three different concentrations of TBTCI: 20 ng/L (n = 13), 200 ng/L (n = 13) and 2000 ng/L (n = 13), and
a negative control (n = 13) kept under laboratory conditions for 9 weeks.

https://doi.org/10.1371/journal.pone.0280777.9004

[A] Glutathione

[ Control [ 20ng/L M 200ng/L 2000ng/L

24

1.8

1.6

1.4 A

1.2

14

Fold change

0.8

0.6 q

0.4 1

0.2

04

concentrations (p<0.01 for all; Fig 5B). To quantify the redox status of digestive gland tissue the
ratio of GSH/GSSG was calculated. For untreated tissue the GSH/GSSG ratio was estimated at
2.1. Following exposure to low-dose TBTCI (20ng/L) this ratio doubled (p<0.05; Fig 5C). Fur-
ther increasing TBTCI concentration (200ng/L) increased the glutathione ratio to 5 (P<0.01;
Fig 5C) and TBTCl levels at 2000ng/L increased the glutathione ratio to 9 (p<0.01; Fig 5C).

Digestive gland gross biochemical composition

To understand if changes in metabolite profile were associated with changes in the biochemi-
cal composition of digestive gland of O. edulis, gross biochemical composition was determined
at the end of the experiment. Exposure to TBTCL at 200ng/L and 2000ng/L led to a 2-fold
increase in tissue lipid (p<0.001; Fig 6). Tissue lipid concentration was highest (55.60+5.21%
DW) in the 200 ng/L TBTCI treatment, followed by treatments with 2000 ng/L (46.73+3.81%
DW) and 20 ng/L (30.31+0.89%DW). Tissue protein also increased following exposure to
TBTCI, with 2-fold higher protein noted at 200ng/L TBTCI and 2.5-fold higher at 2000ng/L
(p<0.001 for both; Fig 6). However, carbohydrate concentration decreased after exposure to
the highest concentration of TBTCI (p<0.05; Fig 6) but did not show any effect at the other
two treatments.
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Fig 5. Fold-change of glutathione levels in Ostrea edulis exposed to three different concentrations of TBTCI: 20 ng/L (n = 13), 200 ng/L (n = 13) and 2000 ng/L
(n =13), and a negative control (n = 13) kept under laboratory conditions for 9 weeks.

https://doi.org/10.1371/journal.pone.0280777.9005
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TBTCI exposure caused disrupted gametogenesis in oysters

At the beginning of the experiment, two-thirds of the oysters were classified in gonad stage G1
(early gametogenesis), according to Da Silva et al. [39] and one-third in G2 (advanced gameto-
genesis), confirming that no gonadal maturation (follicles contained mature gametes such as
spermatozoa balls and mature ovocytes) had started before the exposure. By the end of the
TBTCI exposure 15% of the control group oysters were classified in stage GO (considered as
inactive,), 62% in stage G1, 15% in stage G2 and 8% in stage G3 (ripe gonad) (Fig 7A) showing
a progression in the gonad development as expected. No oysters were found in stages G4 (par-
tially spawned gonad) or G5 (reabsorbing gonad) for the control group. An interruption in
gonad development was observed at the end of the experiment for all TBTCI exposure groups
(Fig 7A). Exposure to TBTCl increased the proportion of animals classified as inactive, with
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Fig 7. Different stages of gonad development (A) and sex categories (B) of Ostrea edulis exposed to three different concentrations of TBTCI: 20 ng/L (n = 13), 200
ng/L (n = 13) and 2000 ng/L (n = 13), and a negative control (n = 13) kept under laboratory conditions for 9 weeks. Developmental stage and sexes were determined
according to da Silva et al. [39]. Gametogenic stage of the gonad classified as inactive (GO0), early gametogenesis (G1), advanced gametogenesis (G2), ripe gonad
(G3), partially spawned gonad (G4) and reabsorbing gonad (G5). Specimens sex was identified by histological examination as male (M), female (F), hermaphrodite
with both sexes equally represented (HBS), hermaphrodite predominantly male (HPF), and indeterminate (I).

https://doi.org/10.1371/journal.pone.0280777.9007
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33.33%, 30.77% and 69.23% inactive at 20ng/L, 200ng/L and 2000ng/L TBTCI, respectively (Fig
7B). It was not possible to discriminate the effect on gametogenesis respect to the sex categories
due to the low number of females and males obtained in some treatments (S2 Table).

To further investigate the effect of TBTCI on sex ratio, we histologically inspected the pro-
portion of males, females and hermaphrodites in O. edulis exposed to TBTCIL. At the beginning
of the experiment 60% of the animals were classified as females, 20% as males, and 20% were
determined to have both sexes equally represented (HBS). Exposure to TBTCI caused signifi-
cant changes (x* = 18.27, df = 1, p = 0.006) in the sex ratio in the experimental groups (Fig 7).
For control oysters, 54% were designated as female, 15% males, 8% identified as hermaphro-
dite-predominantly-male (HPF) and 15% were determined HBS. From the control group, one
oyster was designated as inactive. Exposure to TBTCI at 20ng/L and 200ng/L led to a dose-
dependent decrease in individuals identified as female, with a concomitant increase in oysters
declared male. Following exposure to the highest dose of TBTCI (2000ng/L) 23% presented as
female and a further 8% as HBS. Interestingly at 2000 ng/L of TBTCI no males were found.

TBTCI exposure impacts oyster condition, leading to mortality

Opyster biometric parameters of survivors at the end of the experiment were generally
unchanged in all groups, irrespective of TBT exposure (S1 Table). However, exposure to
2000ng/L led to a significant decrease in Body Condition Index (p < 0.05; Fig 8). Ultimately, a
dose-dependent increase in oyster mortality (p<0.05) was observed following exposure to
TBTCI. At the end of the exposure 7.01% of oysters died in the control group compared to
21.8% at 20ng/L TBTCL, 26.9% at 200ng/L and 34.3% for oysters exposed to 2000ng/L TBTCL
(p < 0.05, Fisher’s exact test) (Fig 8).

Discussion

Tributyltin has been considered to be the most toxic compound to aquatic ecosystems, mainly
due to its high lipid solubility that facilitates cell absorption and significant bioaccumulation
over time [1]. In this study we sought to establish the potential toxic effect of chronic exposure
to TBTCI on the metabolism, reproduction and biological condition of the European flat
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Fig 8. Cumulative mortality (A) and Body Condition index (B) of Ostrea edulis treated with 20 ng/L (n = 30), 200 ng/L (n = 30), 2000 ng/L of TBTCI (n = 30), and
a negative control (n = 30) during 9 weeks.

https://doi.org/10.1371/journal.pone.0280777.9g008
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oyster Ostrea edulis, both as a model species and as a particular species of focus for habitat res-
toration internationally. The digestive gland has been proposed as a reliable target-tissue for
exploring the effects of pollutants at cellular, biochemical, and molecular levels due to its
capacity to reflect metabolism and biotransformation of xenobiotics [55].

Through targeted metabolomics we recorded a decrease in tissues ATP concentrations
associated with an increase of ADP concentration, identifying this as an indicator of metabolic
stress [56]. It has previously been reported that the mitochondrial FoF; complex is a target of
TBTCI toxicity in mussel digestive gland mitochondria, preventing ATP formation by imped-
ing the proton flux that drives ATP synthesis from ADP and Pi [25, 57]. Given the direct inhib-
itory effect of TBT noted for Mg and Ca-ATPase and associated with osmoregulation [58-60].
TBT may directly affect solute transport through inhibition of ATPase activity and decreasing
tissue substrate concentrations, principally ATP.

The TCA cycle appears to be one important mechanism affected after chronic exposure
to TBTCI (Fig 3). This disruption occurred at multiple points in TCA cycle when oysters
were exposed at the highest TBT concentration. All TBTCI doses significantly decreased tis-
sue fumarate levels (p<0.001 for all exposures; Fig 3E) indicating impairment of the succi-
nate dehydrogenase step of TCA cycle. Moreover, the decrease in fumarate levels indicates a
break in the TCA cycle represented as a decrease in the contribution of the succinate dehy-
drogenase step to facilitate active proton shuttling against the concentration gradient.
TBTCI exposure was also associated with a depletion of oxaloacetate (p<0.001) (Fig 3G) fol-
lowing exposure to the highest dose of TBTCI; this was unexpected given the preservation
of malate levels in oyster tissue. One possible explanation may be the diversion of oxaloace-
tate towards pyruvate metabolism through pyruvate carboxylase. However, given that meta-
bolomic analysis measures only ‘steady-state’ metabolite levels and not rates of substrate
flux, we are unable to test these hypotheses. In addition, the reduction in fumarate levels
and oxaloacetate [61] supports the idea that disruption of the TCA cycle may have contrib-
uted to the decline in ATP levels following exposure to TBT; however, we cannot exclude
the possibility that TBT can act as an uncoupling agent to dissipate the mitochondrial pro-
ton gradient at the FoF; complex [62, 63]. This may be partially supported by the dose-
dependent nature of the decrease in ATP levels.

Free fatty acids represent a highly-efficient source of metabolic energy, in terms of ATP
produced per molecule of substrate [64]. The decline in tissue levels of palmitate, oleate, stea-
rate and linoleate may further reflect the recruitment of substrate to support the synthesis of
ATP. Together these observations imply that oysters maintain food intake in the presence of
TBT, but that this was insufficient to sustain the oxidative metabolism to support the produc-
tion of ATP.

It has been reported that organotins can trigger apoptosis via the mitochondrial pathway by
blocking mitochondrial ATP synthesis, loss of mitochondrial membrane integrity and increas-
ing the oxidative stress by promoting ROS production [65]. Oxidative stress occurs when there
is an imbalance between the production of free radicals and the cells ability to efficiently
remove them [66-68]. Reduced glutathione (GSH) plays a key role in the detoxification of a
large number of xenobiotics, and it has been reported alongside other antioxidant enzymes in
marine invertebrates as part of the antioxidant defences [69-71]. TBT has shown an oxidative
stress effect caused by inhibition of this enzyme in rat cell cultures [72], fish [73, 74] and oys-
ters (Fig 5, this paper, see also [75]). In this last instance it was suggested that lower levels of
GSH in TBT-exposed oysters can be explained by the conjugation of GSH with the antifouling
agent [75]. This could imply that after a prolonged environmental exposure to TBT, O. edulis
could face a GSH depletion and a subsequent reduction on the detoxification capacity which
can make these individuals more vulnerable to the oxidative stress. A mismatch between the
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cellular ATP demand and mitochondrial ATP generation, an increase in ROS production and
the lack of ability to efficiently remove them can result in energy deficiency [56].

The release of important second messengers and stress signals such as ROS and Ca®* as a
result of mitochondrial stress are involved in the regulation of the cellular signalling cascades
including AMP kinase, and other stress-responsive kinases that ultimately lead to upregulation
of the antioxidant defense [56]. However, recently a potential role for AMP-activated protein
kinase in gametogenesis with sex-specific regulation has been described for the hermaphrodite
Pacific oyster (Magallana gigas) [76]. The authors reported AMPKa mRNA and protein levels
were significantly higher in male oysters compared with female at the same stage of gonad
development [76]. Moreover, whilst AMPKa expression in female oysters was absent late in
gametogenesis, for male oysters the expression on AMPKoa protein levels increased throughout
gamete development [76]. Given that AMPKoa controls post-translational modification of a
range of processes within the oyster [77], can be activated in response to environmental stress
by pollutants [78], and may play a role in gonad development [76], our data suggest that the
declining ATP/AMP ratio may further contribute to the changes observed for gonads and
male:female ratio of native oysters exposed to TBTCI (Fig 7).

It is clear that high concentrations of TBTCI are associated with an arrest in gonadal matu-
ration and an increase in mortality in this species, but the environmentally relevant concentra-
tions used in this study (20 ng/L and 200 ng/L of TBTCI) showed an effect in sex
determination as well. A female-skewed trend was observed in the control which can be
explained by the possibility of investing in the production of female gametes, that can be more
energetically costly than the production of male gametes, when oysters have been fed with an
algal diet rich in carbohydrates [79]. In contrast, a higher proportion of males found at these
concentrations of TBTCI (Fig 7) could indicate that organotin compounds have a masculiniz-
ing effect in O. edulis. These findings might, in part, explain the bias towards males reported in
some natural populations of O. edulis [40]. The Solent (United Kingdom) fishery has reported
several collapses in O. edulis populations during the last century [30-35], and significant
reductions in the number of brooding female-phase oysters and a biased sex ratio towards
male-phase oyster [40].

Previous studies suggested a correlation of observed effect in molluscs and retinoid X recep-
tor (RXR) interaction with TBT [80, 81]. Furthermore, the RXR/PPAR heterodimer has been
suggested as the specific target for TBT [81]. We identify perturbations in the 9/13-cis-retinoic
acid metabolites in oysters exposed to increasing concentrations of TBTCI, in particular a
dose-dependent increase in 9/13-cis-retinoic acid concentration in digestive gland tissues asso-
ciated with exposure to increasing TBTCIl. Binding studies with the rockshell, Tritonia clavi-
gera, showed that TBT binds to the RXR with high affinity [80] and it has further been shown
that 9-cis retinoic acid induces imposex in females of Nucella lapillus to the same degree as tri-
butyltin when administered at similar concentrations (1 pg/g body weight) [82]. Collectively,
our observations combined with earlier studies suggest an alternative option to TBT-related
effects and a novel mechanism for organotin-induced toxic and reproductive effects in inverte-
brates that require further exploration.

Digestive tissue lipid and protein concentrations increased in oysters exposed to TBTCI (Fig
6). Tributyltin has been shown to be a potent inducer of adipogenesis in vertebrates [83] and
can also act as a potent inducer of lipid and fatty acid accumulation in gastropod snails [84]. It
has been reported that TBT exposure can influence the reproductive functions of fish through a
lipotoxic mechanism [85]. These authors showed that exposure of rockfish (Sebastiscus mar-
moratus) to TBT for 48 d induces a lipid accumulation response in the ovaries of this species,
showing an increase of interstitial ectopic lipid accumulation and total lipids. An increase in
lipid accumulation and altered fatty acid homeostasis were also observed in the digestive gland/
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gonad complex in the ramshorn snail (Marisa cornuarietis) exposed to 125 and 500 ng/L TBT
[84]. The accumulation of excess lipids in nonadipose tissues leading to metabolic disorders has
been reported [86]. There is no evidence of an adverse effect of lipids accumulation in gonadal
tissues of oysters but it is a key issue that requires further investigation. In addition, the exces-
sive accumulation of lipids in nonadipose tissues can exceed the cell’s capacity to store or use
them generating a lipotoxicity response, which is characterized by destruction of organelle
membranes and the activation of stress pathways that can lead to apoptosis [87].

We conclude that although gonad tissue developed in the visceral mass of all oysters, there
was limited evidence for maturation of sexually mature organs, evidenced by increased pro-
portion of stages GO and G1 in most oysters exposed to TBTCI, especially at 2000 ng/1 (Fig 7).
The absence or limited differentiation of lipid-rich gonadal tissue in O. edulis exposed to high
concentrations (2.6 pg/L) of TBT was also observed by Thain [24] after 75 days of exposure
confirming that elevated levels of this compound cause an apparent failure in gonad differenti-
ation in this species. The increase in stages GO and G1 was also observed for oysters treated
with 20 and 200 ng/L of TBTCL in this study, although the proportion was lower. The gonadal
tissue is the main organ that varies throughout the reproductive cycle in bivalves [88], so it
could be expected that in those oysters in which the gonad failed to develop (stages GO and
G1) there was an overall impact to body condition (Fig 8B). Gonadal development is an impor-
tant parameter that provides a useful indication about the reproductive status and activity at
individual and population levels [89, 90] but is an energy-consuming process [79]. Energy
reserves and lipid synthesis are processes required for gonadal maturation so it can be expected
that animals would use these reserves to complete gametogenesis [38, 79, 94]. During gameto-
genesis, glycogen stored in the gonad is broken down into glucose to produce ATP, NADPH,
and NADH which are necessary for the synthesis of other organic compounds including fatty
acids and nucleic acids [91]. With the reduction of ATP molecules, a lack of energy available
to undergo gametogenesis successfully could be expected and so hence the decrease in reach-
ing maturity. It has been suggested that reproductive processes may be compromised under
stressful conditions in an attempt to devote more energy toward survival [92]. In the same
manner, in mussels reproduction can be compromised to conserve energy that increases
changes of survival under stressful conditions and adverse environments [93]. It could be
expected that under stress and a reduction of ATP molecules available O. edulis may allocate
energy from reproduction towards survival as observed at the highest concentration of TBT
used in this study.

Sperm cells require less energy than oocytes to complete maturation, so it could be expected
that mature females allocate more energy per unit organ to mantle-gonads than mature males
showing differences in energy allocation between sexes during gonadal maturation [79]. This
has also been observed in Aulacomya atra and Scrobicularia plana males and females showing
that even when they can reach a similar energy content of the mantle-gonad, they use this
energy in a different way: males have gonads of larger size but with lower energy per unit of
mass than females [79, 94]. Environmental pollutants could create an additional stress that, in
addition to the reduction of ATP molecules and enough energy to initiate gametogenesis,
could stimulate the production of male gametes in a hermaphroditic species such as O. edulis.

We demonstrate that TBT exposure at environmentally relevant concentrations has the
potential to be toxic and have effects on different process related to the production of energy,
metabolism, affecting both reproduction and ultimately the survival of Ostrea edulis exposed
to this compound. Numerous restoration efforts for O. edulis and its habitat are in progress in
UK and Europe and restoration of other ostreid and crassostreid species is being pursued glob-
ally. However, our data suggest that it is necessary to consider pollution by organotin
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compounds in water and sediments in areas close to ports and areas influenced by shipping or
other industrial activities.

Conclusion

TBTCl has been widely recognized as an endocrine disruptor in gastropods. In this study,
20ng/1 and 200ng/l TBTCI caused a masculinization effect evidenced by the increase of male
oysters under these treatments at the end of the trial. At the highest concentration, an increase
in oysters classified as inactive and no males were found. These alterations in gonad matura-
tion were associated with other metabolic impacts to the exposed oysters, including a decrease
tissue ATP concentration through combination of the disruption of the TCA cycle and fatty
acid metabolite concentrations, the down-regulation of molecules involved in the TCA cycle,
an increase in tissue lipid and protein content. In addition, a reduction in the antioxidant
response supports the idea of toxicity through the imposition of oxidative damage, triggered
by exposure to TBT toxicity in this species. Ultimately, these processes were associated with
disruptions to the normal process of gonad maturation, a reduction in body condition, and an
increase in mortality over the duration of the experiment. The persistence of environmental
pollutants, such as TBTCI, could cause an additional threat to the declining Ostrea edulis popu-
lations and related taxa around the world by increasing mortality, changing metabolic
responses, reproductive maturation and skewing sex-ratios in natural populations, thereby
threatening current efforts to restore these species in coastal waters.

Materials & methods
Oysters

Ostrea edulis (5-7 cm at their maximum diameter) were obtained from Galway Bay in Ireland
in January 2018 and were transferred to the National Oceanography Centre Southampton
(NOCS) where they were acclimated for four weeks. During the acclimation period, they were
placed in seawater tanks (about 1L/oyster) with continuous aeration at the same temperature
(8°C) as at the grow-out site (https://www.seatemperature.org/europe/ireland/gaillimh.htm).
Opysters were fed ad libitum daily with 40000 cells/ml of a live mixed algae diet (40% Tetrasel-
mis suecica, 40% Pavlova lutheri and 20% Phaedactylum tricornutum). The research was
approved by written consent of the University of Southampton Faculty of Environmental and
Life Science Ethics Committee, under the University’s Ethics and Research Governance
Policy.

TBT treatments

After the acclimation process and before starting the exposure experiments, 6 oysters were
taken as a control and these data are referred to as initial time (t0). One-hundred and twenty
oysters were divided randomly among four treatment tanks (n = 30 per treatement): 20 ng/L
Tributyiltin chloride (TBTCI), 200 ng/L TBTCI 2000 ng/L TBTCl and a negative control.
TBTCI (Sigma-Aldrich; Stenheim, Germany) dissolved in 100% ethanol, which was then dried
under a nitrogen stream and diluted 1:100 with 1-um filtered sterilized seawater to give a
0.5mg/mL stock solution. Processes such as adsorption of TBT into the wall of the glass con-
tainers and/or microbial degradation can occur, so the water was renewed and spiked with
TBTCl every 48h (renewal volume 80% of total aquarium water). The 20 and 200 ng/! treat-
ments were designed to mimic environmentally relevant values and have been reported in sea-
water samples taken from the Solent [11]. The highest concentration tested in this study
exceeded environmental levels but it has been shown that TBT can be bioaccumulated in
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bivalves causing tissue concentrations much higher than in environment [95-97]. By 2009,
mean TBT concentrations in seawater (4.5-10 ng/L as Sn), sediment (0.02 pg/g as Sn) and
biota were reported [11]. TBT is strongly adsorbed to organic matter and sediments retain
concentrations of TBT for long periods and it can be released to the water column when sedi-
ment is disturbed, for example by dredging which happens regularly on a very large scale in
the Solent [1, 2, 5]. Remaining TBT in Southampton water could also reflect some residual
TBT on small boats and continuing influence of large vessels in Southampton Water.

All the treatments were kept at 10°C; previous experiments have shown that two months of
exposure at that temperature resulted in a slower but competent gonadal maturation [98].
Water temperatures were controlled throughout the experiments using a free-standing chiller
unit (TECO, model TR60). The salinity, pH, temperature, conductivity and dissolved oxygen
were measured in every aquarium at least twice per week.

At the beginning of the experiment 6 individuals were selected to determine sex and game-
togenic stage. After 9 weeks of exposure, individuals (n = 13 per treatment) were randomly
selected and sacrificed. Then gonadal tissues were fixed in Bouin’s solution for histological
analysis or kept at -20°C for biochemical analysis.

The temperature of the exposure experiment was maintained at 10°C because previous
experiments have shown that two months of exposure at that temperature resulted in a slower
but competent gonadal maturation [98].

Biological indices

Measurements of height (H), length (L), width (Wi; all to 0.01mm. Shell cavity volume (SVol),
Fresh tissue weight (FW) and total weight (W, to the nearest 0.1g) were measured. After
removal of the shells, the Condition Index (CI) was calculated for each bivalve: ([total fresh tis-
sue weight/total weight] x 100) [99, 100].

Histological analysis

Transverse tissue sections 5 mm thick parallel to the anterior—posterior axis were sampled
from each oyster for histological examination following a standard protocol [89, 90]. The sam-
ples were dehydrated through an ethanol series (70%, 80%, 90% and dehydrated ethanol) over-
night for each concentration. The samples were embedded in paraffin, and the wax blocks
were sectioned at 6-um using a rotary microtome (Leitz Wetzler, model 1212), and stained
with hematoxlyn/eosin (Cellpath Ltd) [89, 90]. Because maturation is not a homogenous pro-
cess and female and male gametes can be present in different follicles at different maturation
stages at the same time [101-104], three slides per animal were prepared from three different
sections separated by 500 um to determine sex and developmental stage of the gonad. Sex was
recorded as indeterminate (I), female solely (F), male solely (M), hermaphrodite with both
sexes equally represented (HBS), hermaphrodite predominantly male (HPM) and hermaphro-
dite predominantly male (HPF) according to da Silva et al. [39]). The gametogenic stage of the
gonad was identified as inactive (GO0), early gametogenesis (G1), advanced gametogenesis
(G2), ripe gonad (G3), partially spawned gonad (G4) and reabsorbing gonad (G5) adopted by
da Silva et al. [39].

Energy reserves

Energy reserves (lipids, carbohydrates and proteins) were quantified in the gonad of each ani-
mal. After homogenization by hand in liquid nitrogen with a porcelain mortar and pestle, Img
of the fine powder obtained was then homogenized with a motorised grinder with 1000 uL of
distilled deionized water. The samples were analysed in duplicate. From this initial
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homogenate 300 uL were mixed well with 100 uL of distilled water and a mixture of methanol/
chloroform (2:1, v/v) [105] following a gravimetric method suggested by Mann and Gallager
[106]. Cholesterol (95%, ACROS OrganicsTM) was used for method calibration. Recoveries
were reported at 90% for cholesterol every time the method was carried out. Carbohydrate and
protein assay began with extraction of the initial water homogenate (500 uL) with trichlorace-
tic acid to give a final concentration of 5% w/v after mixing [106]. The carbohydrate content of
the supernatant was assayed by the phenol-sulphuric acid method of Raymont et al. [107]
using glucose (D-glucose anhydrous, analytical grade, Fisher Scientific) as a standard. The
total protein content in the precipitate was measured using a Bicinchoninic Acid Protein
Assay Kit (BCA). The calculation of total protein, lipid, and carbohydrate was based on the dry
tissue weight (DW) of each individual and determined as a percentage (%).

Metabolomic profile of TBT-exposed Ostrea edulis

The visceral mass tissue section (0.1 g) was obtained such that the dorsal-ventral aspect passes
through the digestive gland and gill tissue just posterior to the palps. Samples were immedi-
ately placed into liquid nitrogen and stored at -80°C until further analysis. To characterize the
metabolic changes that occurred in O. edulis exposed to different steroid types and concentra-
tions, the metabolomic profiles of all the animals in each treatment was carried out by the
McCullagh Metabolomics Laboratory for untargeted metabolomics, Department of Chemistry
at the University of Oxford [54]. In brief, each sample was analysed using up to three separate
liquid chromatography with tandem mass spectrometry (LC-MS/MS) methods using two dif-
ferent LC systems (Thermo Scientific ICS-5000+ ion chromatography system and a Thermo
Ultimate 3000). Each was coupled directly to a Q-Exactive HF Hybrid Quadrupole-Orbitrap
mass spectrometer with a HESI II electrospray ionisation source (Thermo Scientific, San Jose,
CA). The IC-MS/MS was performed using a ICS-5000+ HPLC system incorporating an elec-
trolytic anion generator (KOH) which was programmed to produce a OH-gradient prior to
MS analysis (Thermo Scientific Dionex AERS 500). The C18 reversed-phase analysis of under-
ivatised samples was performed using a Thermo Utimate 3000 UHPLC system with a gradient
elution program coupled directly to a Q-Exactive HF Hybrid Quadrupole-Orbitrap mass spec-
trometer. And the third LC-MS method used a sample derivatisation protocol followed by
analysis based on a modified version of the Waters AccQ-Tag method [108]. C18 reversed-
phase analysis of derivatised samples was also performed using the Thermo Ultimate 3000
UHPLC system coupled directly to a Q-Exactive HF Hybrid Quadrupole-Orbitrap mass spec-
trometer. For data processing, ion species were identified with reference to an ‘in-house’ data-
base created from authenticated standards. Briefly, pure compounds were purchased from
chemical suppliers (e.g. Sigma-Aldrich, UK; Tocris UK; Tokyo Chemicals Industry, UK).
These standards were then diluted in appropriate solvent (80% methanol) and separated chro-
matographically by different methods. Each compound was then examined using QExactive
Mass Spectrometer (Thermo, UK). Each authenticated standard was identified by collection of
discrete data: this included chromatographic retention time; accurate mass (5 decimal places),
compound fragmentation hence allowing the identification if different structural isomers with
reference to differing fragmentation and retention characteristics. Raw data files were pro-
cessed using ProgenesisQI (Waters, Elstree, UK). This process included alignment of retention
times, peak picking by identification of the presence of natural abundance isotope peaks, char-
acterising multiple adducts forms and identification of metabolites using our in-house data-
base. Retention times, accurate mass values, relative isotope abundances and fragmentation
patterns were compared between authentic standards and the samples measured. Identifica-
tions were accepted only when the following criteria were met: <5ppm differences between
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measured and theoretical mass (based on chemical formula), <30 seconds differences between
authenticated standard and analyte retention times, isotope peak abundance measurements
for analytes were >90% matched to the theoretical value generated from the chemical formula.
Where measured, fragmentation patterns were matched to at least the base peak and two addi-
tional peak matches in the MS/MS spectrum to within 12ppm.

Statistical analysis

The normality of data and homogeneity of variances were evaluated using the Shapiro Wilk
and the Levene’s tests, respectively. The assumptions of parametric tests were not met, so non-
parametric tests were applied. The Kruskal-Wallis H-test was used to determine differences in
mortality, biometric parameters (W, H, Wi, SVol, FW, CI), biochemical variables (lipids, car-
bohydrates, proteins) and gonadal development. When non-parametric Kruskal and Wallis
test was significant, differences were then evaluated using a non-parametric the Mann and
Whitney test. Spearman’s correlation was used to test the relationship between biochemical
variables (lipids, carbohydrates, proteins). Chi-square statistics were used to test sex ratios
against a 1:1 ratio. Fisher’s exact test was used to compare mortality between treatments. Meta-
bolomics results between the treatments and the control were analysed using univariate statis-
tical analysis determining fold-change and t-tests between experimental groups for compound
features and combined in volcano plots (FDR-adjusted p-values should be reported). PCA and
PLS-DA were also used to analyse the patterns in metabolomic profiles among treatments.
Data is presented as MEAN +SEM. Statistical significance was assigned at p<0.05.
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S1 Fig. Principal component analysis and partial least square discriminant analysis model
comparing Ostrea edulis metabolomic profiles among TBTCI treatments: 20 ng/L (n = 13),
200 ng/L (n = 13) and 2000 ng/L (n = 13), and a negative control (n = 13) after 9 weeks of
exposure. IC-MS/MS was performed using a ICS-5000+ HPLC system, C18 reversed-phase
analysis of underivatised samples was performed using a Thermo Utimate 3000 UHPLC sys-
tem, and C18 reversed-phase analysis of derivatised samples was also performed using the
Thermo Utimate 3000 UHPLC system coupled directly to a Q-Exactive HF Hybrid Quadru-
pole-Orbitrap mass spectrometer. Models are assessed by cross validation (using R2, Q2 and
Accuracy; R2 should be higher than Q2 which should be >0.4 and within 0.3 if the R2 values,
the closer to 1 the R2 and Q2 the strong the model). Partial Least Squares-Discrimination
Analysis (PLSDA) indicated a high degree of correlation between the modelled data and the
predicted analysis for TBT'CI exposure. Furthermore, permutation test analysis indicated that
the results were significantly different (p<0.01 for all) implying the data were not overfitted.
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(H), length (L), width (Wi), Shell volume (SVol), flesh weight (FW) and Condition Index
(CI) at the beginning of the experiment (t0), under different treatments (20 ng/L, 200 ng/L
and 2000 ng/L of TBTCI), and a negative control after 9 weeks.
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S2 Table. Gonad development stages classified as inactive (G0), early gametogenesis (G1),
advanced gametogenesis (G2), ripe gonad (G3), partially spawned gonad (G4) and reab-
sorbing gonad (G5) according to the sex categories (females and males) identified at the
end of the exposure to TBTCI.
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