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Paralytic shellfish toxins (PSTs) are a group of natural
toxins produced by some species of phytoplankton dinofla-
gellates. Marine molluscs including mussels are particularly
susceptible to PST intoxification via exposing to the toxic
dinoflagellates due to their suspension-feeding behavior.
These toxins can be transferred within food webs. In addi-
tion to the economical loss and damage to the aquaculture
industries, paralytic shellfish poisoning (PSP) due to the
consumption of PSTs contaminated seafood has also posed
a serious health hazard in many countries in recent decades.

In a previous paper (Kwong et al., 2006), we reported
that the relative proportions of PSTs (e.g., C toxins/GTX

toxins) between the mussels and the toxic dinoflagellates
(to which the mussels were exposed) are different. The fate
of toxins is complicated by various mechanisms, such as
differential accumulation and retention, chemical or enzy-
matic transformation (Shimizu and Yoshioka, 1981; Sulli-
van et al., 1983; Oshima, 1995), bacterial conversion
(Kotaki et al., 1985). Several toxin transformations have
been identified and documented, including epimerization,
reduction and hydrolysis. However, processes of toxin con-
version and intoxification/detoxification occur simulta-
neously, thus making the direct measurements of toxin
kinetics difficult. Although, PSTs concentrations have been
assessed through dynamic modeling (Silvert and Cembella,
1995; Silvert et al., 1998; Li et al., 2005), extraction of
information on biotransformation from such dynamic
modeling has yet to be explored.

* Corresponding author. Tel.: +852 27887812; fax: +852 27887830.
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The objective of the present paper is to employ a math-
ematical model to assess the PSTs in the mussel Perna vir-

idis, because of its ecological and economic importance.
We used Alexandrium fundyense (clone 1719) as the pri-
mary source of toxins due to its relatively high toxicity.
The dynamic model provides quantitative prediction on
toxin concentrations in the organisms at different times.
Moreover, an attempt has been made to employ the detox-
ification rates derived for the uptake and depuration phases
to reconstruct the biotransformation scenarios.

The detailed experimental design, toxin extraction and
analytical procedures have been described in a previous
paper (Kwong et al., 2006). Briefly, we exposed toxic dino-
flagellate A. fundyense to the mussels P. viridis for 7 days,
followed by 3 weeks depuration. The mussels were dis-
sected into gills, hepatopancreas, gills, and foot and adduc-
tor muscle. After extraction, the toxins were quantified by
high-performance liquid chromatography with post-col-
umn fluorescence derivatization (HPLC–FLD).

The model employed in this study followed that pro-
posed by Silvert and Cembella (1995) for the uptake phase:

dC
dt
¼ I � kC ð1Þ

where C is the concentration of toxin in the mussel, I is the
ingestion rate and k is the detoxification rate. Separate
measurements were made for the toxin concentrations in
the gills, viscera, hepatopancreas, adductor muscle and
foot, but simultaneous studies of biokinetics among all
these compartments seem too complex. Therefore, for a
preliminary study, we have combined the measurements
for all the compartments into a single ‘‘combined’’
compartment. The differential equation governing the
time-dependent toxin concentrations in this combined
compartment during the uptake phase is then given by
Eq. (1) above. Similarly, the differential equation during
depuration is given by

dC
dt
¼ �kC ð2Þ

The time-dependent toxin concentration in the combined
compartment during uptake with the initial condition
C(t = 0) = 0 is given by Eq. (3)

C ¼ I
k
ð1� e�ktÞ ð3Þ

On the other hand, the time-dependent toxin concentration
in the combined compartment during depuration with the
initial conditions (on day 7) C(t = 7 days) = C0

C ¼ C0e�kt ð4Þ

The experimental data were fitted using user-defined
expressions in the non-linear curve fit program of the Micro-
calTM OriginTM (Version 6.0) with the interested parameters as
the user-defined parameters (Li et al., 2005). The fitted
results for the combined-compartment of P. viridis are
shown in Figs. 1–6 for C1, C2, GTX3, GTX4, STX and

NeoSTX toxins, respectively. A summary of results for
detoxification rates during uptake and depuration is given
in Table 1. The detoxification rates are in general toxin spe-
cific. As mentioned above, the dynamic model with these
detoxification rates provides quantitative prediction on the
temporal variation of toxin concentrations in the mussel.

From the detoxification rates determined for the uptake
and depuration phases, information on biotransformation
between toxins can also be extracted. When there is no bio-
transformation or sequestration/binding, the detoxification
rates of individual toxins during uptake and depuration are
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Fig. 1. Concentration (ng g�1) of C1 toxin at different culture time in the
combined compartment of P. viridis. Red line: best fit. Depuration started
on the 7th day. Error bars represent ±1SD, n = 3. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2. Concentration (ng g�1) of C2 toxin at different culture time in the
combined compartment of P. viridis. Red line: best fit. Depuration started
on the 7th day. Error bars represent ±1SD, n = 3. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)
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expected to be similar. While, a lower detoxification rate
during depuration (when compared to that during uptake)
can be a result of sequestration/binding, a significantly
higher detoxification rate during depuration can conceiv-
ably be viewed as an indicator for the occurrence of
biotransformation. There can be two plausible causes for
such a higher detoxification rate during depuration, namely,

(1) there is biotransformation from the toxin being con-
sidered to another toxin, through a mechanism with
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Fig. 3. Concentration (ng g�1) of GTX3 toxin at different culture time in
the combined compartment of P. viridis. Red line: best fit. Depuration
started on the 7th day. Error bars represent ±1SD, n = 3. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. Concentration (ng g�1) of GTX4 toxin at different culture time in
the combined compartment of P. viridis. Red line: best fit. Depuration
started on the 7th day. Error bars represent ±1SD, n = 3. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 5. Concentration (ng g�1) of STX toxin at different culture time in the
combined compartment of P. viridis. Red line: best fit. Depuration started
on the 7th day. Error bars represent ±1SD, n = 3. (For interpretation of
the references to color in this figure legend, the reader is referred to the
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Fig. 6. Concentration (ng g�1) of NeoSTX toxin at different culture time
in the combined compartment of P. viridis. Red line: best fit. Depuration
started on the 7th day. Error bars represent ±1SD, n = 3. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Table 1
Summary of detoxication rates (k) (in d�1) for different toxins in the
mussel during uptake and depuration

Uptake Depuration

C1 0.124 ± 0.042 0.074 ± 0.012
C2 0.149 ± 0.089 0.424 ± 0.110
GTX3 0.153 ± 0.064 0.221 ± 0.037
GTX4 0.791 ± 0.148 0.022 ± 0.011
STX Linear 0.143 ± 0.025
NeoSTX 0.259 ± 0.093 0.191 ± 0.050
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the transformation rate increasing on a time scale not
significantly shorter than the uptake period; and

(2) there is biotransformation from a precursor toxin
which is also biotransformed to a third toxin at a
higher rate during depuration.

From the results shown in Table 1, we see that the
detoxification rates during uptake and depuration are sig-
nificantly different for C1, C2, GTX3, GTX4 and STX tox-
ins, but not significantly different for the NeoSTX toxin.
Therefore, we will not discuss the case for the NeoSTX
toxin in the following. Using the above argument, we sug-
gest that biotransformation has occurred for the C2, GTX3
and STX toxins.

The biotransformation for the C2 toxin might be
explained by the epimerization between the C1/C2 toxin
epimer pair, where such a conversion from a less stable
b-epimer to a more stable a-epimer were commonly
observed in bivalves (Oshima, 1995). This biotransforma-
tion is also supported by the fact that the C1 toxin has a
lower detoxification rate during depuration.

The case for the STX toxin is particularly interesting,
because the detoxification rate derived for the uptake phase
is zero, i.e., the uptake is linear with time. This will almost
exclude the possibility (1) described above that the bio-
transformation from STX to another toxin can explain
the higher detoxification rate during depuration. We there-
fore focus on the possibility (2). From Table 1, biotransfor-
mations from C2 and/or GTX3 toxins to the STX toxin are
feasible. However, there seems to be no direct paths for
such biotransformations. A possibility is that the GTX3
toxin is first transformed to the GTX2 toxin through epi-
merization, which is then transformed to the STX toxin
through reduction. The GTX2 toxin is likely to be trans-
formed to STX with a very short time scale in the mussel,
which is inferred from the fact that the Alexandrium cells
contained a high ratio of GTX2/GTX3, but we were
unable to detect GTX2 in the mussel samples (Kwong
et al., 2006). It is also known that the C2 toxin can be con-
verted into GTX3 toxin under acidic conditions. At the
same time, as explained in the last paragraph, the C2 toxin
is also biotransformed to the C1 toxin through epimeriza-
tion. In this way, the C2 toxin can be viewed as a precursor
for the STX toxin (through conversion to GTX3 and then
GTX2), which is also biotransformed to a third toxin (C1
toxin) at a higher rate during depuration.

For the case of the GTX4 toxin, considering that the
involved concentrations are significantly higher for this
toxin, the small detoxification rate during depuration is
not due to biotransformations from other toxins, and is
likely due to sequestration/binding of the toxin itself.

In the present paper, we have explored the possibility of
using the detoxication rates for different toxins in the mus-

sel P. viridis during uptake and depuration to indicate the
presence of biotransformation. In particular, we have pro-
posed a significantly higher detoxification rate during dep-
uration as an indicator for the occurrence of
biotransformation. By using such an indicator, we suggest
that in the mussel P. viridis, the C2 toxin is biotransformed
to C1 toxin through epimerization and to GTX3 toxin
under acidic conditions; and that the GTX3 toxin is first
transformed to the GTX2 toxin through epimerization
and then to the STX toxin through reduction. The model
and the proposed indicator can be employed for experi-
ments with other marine organisms. It is desirable that
the dynamics of saxitoxins are verified with studies involv-
ing the toxins individually, which will be performed in
future research. When the data are sufficient, study of bio-
transformation of toxins among different compartments of
the same organism can also be possible. However, in such
cases, much more complicated multi-level and multi-com-
partment models are needed.
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