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Abstract: The benthic dinoflagellate genus Gambierdiscus is the primary producer of toxins respon-
sible for ciguatera poisoning (CP), a food intoxication endemic in tropical and subtropical areas of
the world. We used high-performance liquid chromatography tandem high-resolution mass spec-
trometry (HPLC-HRMS) to investigate the toxin profile of Gambierdiscus balechii 1123M1M10, which
was obtained from Marakei Island (2°01’'N, 173°15'E), Republic of Kiribati, located in the central
Pacific Ocean. Four new gambierone analogues including 12,13-dihydro-44-methylgambierone,
38-dehydroxy-12,13-dihydro-44-methylgambierone, 38-dehydroxy-44-methylgambierone, and
desulfo-hydroxyl gambierone, and two known compounds, gambierone and 44-methylgambierone,
were proposed by analyzing their fragmentation behaviors and pathways. Our findings provide
new insights into the toxin profile of Gambierdiscus balechii 1123M1M10, which can be used as
a biomarker for species identification, and lay the foundation for further toxin isolation and
bioactivity studies of gambierones.

Keywords: Gambierdiscus balechii; gambierone; dihydro-44-methylgambierone; dehydroxy-44-
methylgambierone; desulfo-hydroxyl gambierone

1. Introduction

Gambierdiscus is a genus of marine autotrophic epi-benthic dinoflagellate that grows
on the surface of macroalgae, corals, and sand grains [1-3]. This dinoflagellate has gained
scientists” attention due to its production of ladder-shaped polyether toxins, including
ciguatoxins (CTXs) [4,5], maitotoxins (MTXs) [6-8], gambierones [9-11], gambierol [9],
gambieric acids [10], and gambieroxide [11]. Most of these toxins can bioaccumulate in
the food chain, and the consumption of fish or shellfish contaminated with these toxins
can cause ciguatera food poisoning (CFP), which is the most common non-microbial
foodborne illness occurring in the tropical and subtropical regions of the world [12].
Patients with CFP may suffer from gastrointestinal, cardiological, and long-lasting neu-
rological symptoms [13]. It is estimated that nearly 50,000 people are affected by CFP
annually [14]. However, no effective CFP prevention and treatment strategy has been
presented thus far, which is attributable to a lack of pure toxins and a poor understand-
ing of their toxicity. Although these toxins are notoriously toxic, they have potential
medicinal value because of their desirable biological activities. For instance, gambieric
acids show significant antifungal properties [10], while gambierol inhibits voltage-gated
potassium channels [15,16]. Maitotoxins (MTXs) enhance calcium ion influx across cell
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membranes [17], and CTXs affect various sodium-dependent mechanisms [18]. Thus, the
identification of novel toxins from Gambierdiscus spp. could promote the development of
toxin detection methods and pharmacological applications.

The toxicity levels of Gambierdiscus show marked variation among species, and even
within species [19]. Although the underlying biosynthesis of toxins remains unclear, several
studies have illustrated that environmental factors including temperature, light, salinity, pH,
and bacterial communities, can affect toxin production in Gambierdiscus [20-22]. Moreover,
studies of polyether chemical structures suggest that the synthesis of polyketides mediated
by polyketide synthase is likely involved in the biosynthetic process of these toxins [23].
To date, there are 18 Gambierdiscus species that have been identified by morphology and
molecular methods [24]. Among them, the species G. balechii is less studied, and its
toxin profile has not been adequately investigated. Only a few studies have reported the
toxicology and toxins of this species. For instance, the strains originating from the Kiribati
Islands and Malaysia have shown CTX-like toxicity, and the strain from Indonesia showed
CTX-like and MTX-like toxicities in the neuroblastoma N2A cytotoxicity assay [19,25]. The
strain from the Philippines was confirmed to produce 44-methylgambierone by LC-MS/MS
analysis [26]. Since this species is a causative organism of CFP, and the degree to which
individual strains vary in toxicity and toxin profile, further investigations are needed to
analyze its toxin components.

It is reported that CTXs and MTXs are major toxins involved in CFP [27,28] and are
widely noticed and studied. However, nuclear magnetic resonance (NMR) and high-
performance liquid chromatography tandem mass spectrometry (HPLC-MS) analyses
have shown that only two species (G. toxicus and G. polynesiensis) are the producers of
CTXs [4,29-33], while five species (G. toxicus, G. australes, G. cheloniae, G. honu, and G.
excentricus) can produce MTXs [7,34-36]. In contrast to CTXs and MTXs, gambierone
and its analogues are frequently found in Gambierdiscus species. For instance, except
for three species (G. scabrosus, G. carolinianus, and G. jejuensis) with no information on
NMR or HPLC-MS analyses of toxins, all reported Gambierdiscus species have been
confirmed to produce gambierones [6,24,26,33,37-44]. Although gambierone and 44-
methylgambierone are less toxic than CTXs, their extensive distribution proves their vital
role [24,45]. Moreover, there are only four gambireones reported hitherto, including gam-
bierone, 44-methylgambierone, and two partially identified sulfo-gambierones [8,39,40].
A lack of structural information and insufficient samples have limited the compre-
hensive evaluation of these toxins. Thus, there is an urgent need to decipher novel
gambierones for a further understanding of their roles in CFP and potential applications
in pharmacology.

In this study, we applied high-performance liquid high-resolution mass spectrometry
(HPLC-HRMS) analyses to investigate the toxin profile of G. balechii 1123M1M10, which
was obtained from Marakei Island, Republic of Kiribati, located in the central Pacific
Ocean [19]. We identified six toxins, including four new toxins named 12,13-dihydro-
44-methylgambierone, 38-dehydroxy-12,13-dihydro-44-methylgambierone, 38-dehydroxy-
44-methylgambierone, and desulfo-hydroxyl gambierone, and two known compounds,
gambierone and 44-methylgambierone from the G. balechii 1123M1M10.

2. Results and Discussion
2.1. Investigation of Toxin Profile in Gambierdiscus balechii 1123M1M10

Some studies and our previous report have demonstrated that G. balechii 1123M1M10
has CTX-like toxicity, suggesting that it may be the producer of CTXs or gambierones [8,41,46].
To characterize the toxin profile of G. balechii 1123M1M10, an untargeted metabolomics study
was conducted using electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS)
operated with an information-dependent acquisition (IDA) method. The analysis performed
in positive mode yielded more chemical information than in the negative mode, and was there-
fore used for further investigation. It was reported that the general fragmentation pathways of
ladder polyether compounds were the dissociation of one covalent C-C bond, along with one
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or two covalent C-O bonds, and the typical feature of their fragmentations was the consecutive
loss of H,O (18 Da), since the dissociation of polarized C-O bonds occurs more easily than
C-C bonds [47]. According to the analyses of MS? fragments—including the fragment of the
side chain in the ring I m/z 109, specific fragments m/z 233 or m/z 219, sulfate loss (m/z 959
or 945), and successive water losses—six putative gambierone analogues were found from
fractions 3 to 8 from a total of 18 fractions obtained from the Sephadex LH-20 chromatogra-
phy performed in this study. Four of them were tentatively proposed as novel compounds
(desulfo-hydroxyl gambierone (2), 38-dehydroxy-12,13-dihydro-44-methylgambierone (3),
12,13-dihydro-44-methylgambierone (4) and 38-dehydroxy-44-methylgambierone (6)) and
were eluted at 5.35 min, 6.00 min, 6.01 min, and 6.29 min, respectively (Figure 1A). The other
two compounds were proposed as gambierone (1) and 44-methylgambierone (5), based on
the comparison of the fragmentation behaviors and retention times with the published data
and standards [40,48]. The retention time of putative 44-methylgambierone was 6.28 min,
consistent with the standard, while the putative gambierone (retention time: 5.26 min) was
eluted earlier than the standard (retention time: 5.92 min) (Figure 1). Under the same analysis
conditions, the putative gambierone and gambierone standard had similar mass spectra and
the same specific product ions, indicating that they may have the same structures with differ-
ent configurations. Of the six gambierone analogues, four of them were not detected by the
IDA method in the negative ESI mode due to their low concentration in the sample. In the ESI
(—)- MS? spectra, the deprotonated ions [M — H]~ and hydrogen-sulfate fragments [HOSO3] ~
at m/z 1039.4908 and 96.9598 in compound 4, and 1037.4748 and 96.9599 in compound 5, were
observed, showing the same pattern as the standards (Figure S2).
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Figure 1. (A) Extraction ion chromatograms (XICs) of putative gambierone analogues in fraction
3, and (B) XICs of standards of gambierone (5.92 min) at 345 ng/mL, and 44-methylgambierone
(6.32 min) at 315 ng/mL, using IDA method in positive ESI mode.

Compound 1 ([M + NHy]* m/z 1042.5006, C51HgoINO19S™, A 3.3 ppm) was considered
to have the same structure with different configurations as gambierone according to the
comparison of their retention times and fragment ions. The full-scan mass spectrum of
compound 1 showed proton, ammonium, and sodium adduct precursor ions at m/z 1025,
1042, and 1047, respectively, which corresponded with the standard but with different ion
ratios (Figure 2A). However, compound 1 showed similar product ions with gambierone in
the MS? spectra (Figure 2B). The proposed fragmentation pathways of this compound are
discussed below (Figure 2C). The fragmentation of the ammonium loss plus the water loss
produced the proton adduct ion at m/z 1025 and the pseudo-molecular ion [M + H — H,OJ*
at m/z 1007, which is consistent with that of the standard under the same condition. The
product ion at m/z 962, which was not present in the MS? spectrum of the standard, was
proposed as the pseudo-molecular ion [M + NHy — SO3]* with a mass difference (Appm)
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of 1.9 ppm. The precursor ion at m/z 1025 yielded the product ion at m/z 945, which was
attributed to the elimination of the neutral loss of SO3 (80 Da). Five product ions at m/z 927,
909, 891, 873, and 855 were generated by the loss of H,O (18 Da), 2 H,O (36 Da), 3 H,O
(54 Da), 4 H,O (72 Da), and 5 H,O (90 Da), respectively, from the ion at m/z 945, consistent
with the gambierone standard and reported MS data [48]. The product ion at m/z 867 was
generated by the cleavage of the right-side chain and the broken C-C bond was between
C-2 and C-3. In addition to the cleavage of the side chain, the common cleavage of ring I
was also observed in compound 1. The product ion at m/z 711 was formed by the cleavage
of one covalent C-C bond and one C-O bond in ring I (C33-C34 and Cs7-O), plus the further
loss of SO3 (80 Da). The fragment ion at m/z 219 was produced by the cleavage of the C-O
bond (C-37) along with the C-C bond between C-34 and C-35. The product ion at m/z 161
was formed by the cleavage of the C-O bond located at the C-37 and C-C bond (C-36 and
C-37), plus the further loss of H,O (18 Da). Furthermore, the cleavage of the ring G (Cp7-Cpg
and Cy-O) plus the loss of SO3 (80 Da) generated the fragment ion at m/z 567. The product
ion at m/z 457 was formed by the dissociation of one covalent C-C bond (C-22 and C-23)
and one C-O bond (C-27) in the ring F, and the elimination of SO3 (80 Da). The product
ion at m/z 621 was formed by the dissociation of one covalent C-C bond between C-13 and
C-14, and one C-O bond located at C-15 in the ring C. The fragmentation pathways were
proposed based on MS? data, and their mass differences (Appm) were less than 10 ppm
(Table S1).
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Figure 2. (A) Full-scan mass spectra (MS?) of compound 1 and gambierone standard, (B) fragment
ion spectra (MS?, MS/MS) of [M + NH4]* ion of compound 1 and [M + H]* ion of gambierone
standard, (C) fragmentation pathways proposed for compound 1.

Compound 5 ([M + H]* m/z 1039.4865, Cs5pH79019S*, A 6.3 ppm) could unambigu-
ously be identified as 44-methylgambierone by comparing the retention times and mass
spectra with the standard and analyzing the proposed fragmentation pathways. The
full-scan mass spectrum of compound 5 showed proton, ammonium, and sodium adduct
precursor ions at m/z 1039, 1056, and 1061, respectively, which were consistent with the
reference standard (Figure 3A). Under the same MS?2 condition, compound 5 showed
almost the same MS? ions as 44-methylgambierone (Figure 3B). The proposed fragmen-
tation pathways of the putative 44-methylgambierone were discussed below (Figure 3C).
The precursor ion yielded product ions at m/z 1021, 1003, 985, and 967, which were
attributed to the elimination of the sequential neutral loss of H,O (18 Da) from the
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precursor ion at m/z 1039. The product ion at m/z 959 was formed by the neutral loss of
SO3 (80 Da) from the [M + H]* precursor ion; then, the elimination of H,O (18 Da), 2
H,O (36 Da), 3 HyO (54 Da), 4 H,O (72 Da), 5 H,O (90 Da), and 6 H,O (108 Da) yielded
product ions at m/z 941, 923, 905, 887, 869, and 851, respectively. Except for the neutral
losses, there were many fragments obtained by the cleavage of the right-side chain. For
instance, the fragment ion at m/z 901 was achieved with the cleavage of the C-C bond
between C-38 and C-39, and then the elimination of H,O (18 Da) produced the product
ion at m/z 883, while the elimination of SO3 (80 Da) plus the further sequential loss of
H,O (18 Da) produced fragment ions at m/z 821, 803, 785, and 767. The small fragment
ion at m/z 123 was formed by the cleavage of the C-C bond between C-39 and C-40, and
then the elimination of the methyl group produced the fragment ion at m/z 109. The
product ion at m/z 95 was generated by the breaking of the C-C bond located at C-40
and C-41. In addition, the cleavage of the ring I was also observed in this study. The
product ion at m/z 693 was formed from the fragment ion at m/z 959 by the elimination
of C14Hp6O3 (266 Da), which corresponded to the dissociation of one covalent C-C bond
between C-33 and C-34, and one C-O bond located at C-32 in the ring I. The sequential
loss of H,O (18 Da) from the product ion at m/z 693 produced fragment ions at m/z 675,
657, and 639. Fragment ion at m/z 831 was also obtained by the cleavage of the ring I
but at different sites (C35-C34 and C37-O), and then the elimination of SO3 (80 Da) plus
the further sequential loss of H,O (18 Da) produced fragment ions at m/z 751, 733, and
715, respectively. Furthermore, the cleavage of ring I generated five small fragments
at m/z 247, 233, 215, 193, and 175, which have been commonly observed in previous
studies [40,48]. The fragment ion at m/z 303 was obtained by the cleavage of one covalent
C-Cbond (C-30 and C-31) and one C-O bond (C-29) in the ring H plus the neutral loss of
H,O (18 Da). Furthermore, the cleavage of the ring G generated two moieties. Then, the
loss of SO3 (80 Da) and sequential losses of H,O (18 Da) from the left moiety at m/z 647
generated two fragment ions at m/z 567 and 549, while the elimination of two and three
H,0 (18 Da) from the right moiety produced the fragment ions at m/z 357 and 339. The
fragmentation pathways were proposed based on MS? data, and their mass differences
(Appm) were less than 10 ppm (Table S2).
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Figure 3. (A) Full-scan mass spectra (MS') of compound 5 and 44-methylgambierone standard,
(B) fragment ion spectra (MS?, MS/MS) of [M + H]* ions of compound 5 and 44-methylgambierone
standard, (C) fragmentation pathways proposed for [M + H]* ion of compound 5.

2.2. Identification and Characterization of New Gambierone Analogues
2.2.1. Fragmentation Pathways of 12,13-Dihydro-44-Methylgambierone

Compound 4 ([M + H]* m/z 1041.5110, C5,Hg1019S™, A —2.2 ppm) was proposed to be
12,13-dihydro-44-methylgambierone based on the comparison of the retention times, pre-
cursor ions, fragment ions, and ion ratios with those of compound 5. The mass differences
of specific ions of both compounds were 2.0 Da, including three types of precursor ions
(Figure 4A), fragment ions yielded by sequential H,O (18 Da) losses from the precursor ions,
and product ions yielded by the loss of SO3 (80 Da) plus sequential losses of H,O (18 Da)
from the precursor ions (Figure 4B), suggesting the existence of two additional hydrogens
in the structure of compound 4. The proposed fragmentation pathways of the above-
mentioned compound 5 showed that the cleavage of the right-side chain, I, H, and G rings
yielded product ions at m/z 95, 123, 109, 233, 215, 193, 175, 303, and 357. These fragment
ions, which were diagnostically related to the characterization of right-side moieties, were
also observed in compound 4 (Figure 4C), suggesting that the two compounds shared the
same structure at the right side of ring G and the additional hydrogens were likely located
at the left side of ring G. Moreover, the fragmentation of putative 44-methylgambierone
showed that the cleavage of the C-C bond (C-38 and C-39) at the right-side chain plus the
further elimination of HyO (18 Da) and SO (80 Da) produced fragment ions at 1:/z 901, 883,
821, 803, and 785. The same fragment patterns were observed in compound 4, yielding
product ions at m/z 903, 885, 823, 805, and 787, which were 2.0 Da higher than those of the
fragment ions of putative 44-methylgambierone. The same phenomenon was observed in
other left-side moieties produced by the cleavage of rings I, H, and G (Figure 4C), which
supported our hypothesis that two additional hydrogens were located at the left side of
ring G. Since both compounds were very similar in ion ratios and in-source fragmentation,
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two additional hydrogens were proposed to be located at C-12 and C-13 which ensured the
intactness of the whole ladder-shaped backbone. Compound 4 was thus proposed to be
a new gambierone analogue named 12,13-dihydro-44-methylgambierone. The proposed
attributions of the ion formulas, along with mass differences, are presented in Table S3.
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Figure 4. (A) Full-scan mass spectra (MS!) of compounds 4 and 5, (B) fragment ion spectra (MS?,
MS/MS) of [M + H]" ions of compounds 4 and 5. The fragment ions that were identical to putative
44-methylgambierone are shown in blue, and fragment ions with 2.0 Da mass differences in both
compounds are shown in black, red, and green. (C) Fragmentation proposed for compound 4.

2.2.2. Fragmentation Pathways of 38-Dehydroxy-12,13-Dihydro-44-Methylgambierone

By comparing the retention time and MS data with compound 4, compound 3
(IM + HJ* m/z 1023.5005, Cs5,H79O18S*, A -2.2 ppm) was proposed to be 38-dehydroxy-
12,13-dihydro-44-methylgambierone (Figure 5). The precursor ion [M + H]* at m/z 1023,
the neutral loss of SO3, and sequential losses of H;O were observed using the IDA
mode, indicating that compound 3 was a gambierone analogue. Because of the low
concentration of this compound, the MS? spectrum obtained via the IDA mode was not
suitable for further fragmentation analysis. To solve this problem, the high-resolution
multiple reaction monitoring (MRM"R) acquisition method was applied to analyze
compound 3. The MRMHR workflow is similar to the MRM of the QTRAP system, which
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uses quadrupole filters to reduce noise and increase selectivity, but the third quadrupole
is replaced by TOF, and all fragments generated by a selected precursor can be analyzed
in this system. The mass differences of precursor ions and product ions produced by
the first SO3 loss from the precursor ions between compounds 3 and 4 were 18 Da,
indicating the presence of dehydroxylation in compound 3. The observation of fragment
ions at m/z 123, 109, and 95 in the MS? spectra of compounds 3 and 4 indicated that
both compounds had the same structure from C-40 to C-46. The product ions at m/z
815, 735, 695, 677, and 569 were formed by the cleavage of rings I and G, suggesting
the same structure as compound 4 from C-1 to C-37. The product ion of compound 4
at m/z 903, generated by the cleavage of the C-C bond located at C-38 and C-39, was
not observed in the MS? spectrum of compound 3, while the product ion at m/z 885
formed by the loss of H,O from m/z 903 in compound 4 was observed in compound
3, indicating that dehydroxylation occurred on C-38. The compound was thus named
38-dehydroxy-12,13-dihydro-44-methylgambierone. The proposed attributions of the
ion formulas, along with mass differences, are presented in Table S4.
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Figure 5. Fragment ion spectra (MS?, MS/MS) of [M + H]* ions of compounds 3 and 4, and
fragmentation proposed for compound 3. The product ions formed by H,O losses from precursor
ions are shown in green, and the ions formed by the SO; loss plus H,O losses from precursor ions are
shown in red.
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2.2.3. Fragmentation Pathways of 38-Dehydroxy-44-Methylgambierone

Compound 6 ([M + H]" m/z 1021.4759, C5,H770185", A 6.5 ppm) was proposed
to be 38-dehydroxy-44-methylgambierone, according to its similar features to those
of 44-methylgambierone, including retention time, ion ratios, adduct formation, the
observation of SO3 (80 Da) loss, specific fragments (m/z 109.0645, A 2.8 ppm,; m/z 233.1518,
A 7.7 ppm), and the fragmentation pattern of sequential H,O losses (Figure 6). The
proposed precursor ion [M + HJ* at m/z 1021 and product ion [M — SO3]* at m/z 941
produced by the first SO3 loss from the precursor ion were 18 Da lower than those of 44-
methylgambierone, suggesting that a hydroxyl group was removed from this compound
in comparison with 44-methylgambierone. The observation of fragment ions at m/z 123,
109, and 81 indicated that compound 6 had the same structure as 44-methylgambierone
from C-40 to C-46. The produced ions at m/z 813 and 693 revealed that the hydroxyls on
C-1, C-2, C-4, and C-5 remained unchanged in compound 6. Then, we deduced that the
position of dehydroxylation occurred on C-38. The product ion of 44-methylgambierone
at m/z 901 generated by the cleavage of the C-C bond located at C-38 and C-39 was not
observed in the MS? spectrum of compound 6, while the product ion at 1/z 883 formed
by the loss of H,O from m/z 901 was observed in compound 6, supporting the hypothesis
that dehydroxylation occurred on C-38. The compound was named 38-dehydroxy-44-
methylgambierone. The proposed attributions of the ion formulas, along with mass
differences, are displayed in Table S5.
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Figure 6. Fragment ion spectra (MS?, MS/MS) of [M + H]* ions of compounds 6 and 5, and
fragmentation proposed for compound 6. The product ions formed by H,O losses from precursor
ions are shown in green, and the ions formed by the SO;3 loss plus H,O losses from precursor ions are
shown in red.

2.2.4. Fragmentation Pathways of Desulfo-Hydroxyl Gambierone

Compound 2 ([M + NH4]* m/z 980.5568, C51HgpNO17*, A 1.5 ppm) has a similar
structure to that of compound 1, which is the putative gambierone. The full-scan mass
spectrum of compound 2 showed putative proton, ammonium, and sodium adduct
precursor ions at m/z 963, 980, and 985, respectively, and the ion ratio was similar to
compound 1 (Figure 7A). Moreover, the MS? spectrum of compound 2 showed similar
product ions to compound 1 and other gambierone analogues (Figure 7B). The obser-
vation of the first neutral loss was inferred to be an ammonium loss (m/z 963.5321,
A —0.9 ppm), and there were no fragments containing a sulfate group. The ammonium
adduct precursor ion of compound 2 was 18 Da higher than the ammonium adduct
ion at m/z 962 formed by SOj3 loss from the precursor ion of compound 1. In addition,
the product ion at m/z 945, the first H,O loss proton adduct [M — H,O + HJ*, was
consistent with the loss of the SOz proton adduct of gambierone [M — SOz + H]*. The
above information suggests that this gambierone analogue was desulfo-gambierone
with an additional hydroxyl group. The product ion at m/z 821 was formed by the
cleavage of the C-C bond between C-38 and C-39, corresponding to the fragment ion
of 44-methylgambierone yielded by the breakage of the same site plus the loss of SOs3,
which indicated the same structure of the left moiety in compound 2. The observation
of fragment ions at m/z 219, 161, 109, and 81, possessing water loss, indicated that the
additional hydroxyl group was located on one of the last six carbon atoms with no exact
location determined. The compound was thus named as desulfo-hydroxyl gambierone.
The fragmentation pathways and the proposed attributions of the ion formulas, along
with mass differences, are presented in Figure 7C and Table S6, respectively.
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Figure 7. (A) Full-scan mass spectra (MS!) and (B) fragment ion spectra (MS?, MS/MS)
of [M + NHy]* ions of compound 2; (C) fragmentation proposed for compound 2.

2.3. Toxin Detection in Gambierdiscus balechii 1123M1M10

This study identified six gambierone analogues by comparing their MS? spectra with
standards and the reported MS data. Their fragmentation pathways were proposed with
high accuracy between the monoisotopic mass of the measured ions and the theoretical
ones. NMR analyses need to be conducted for further structural elucidation. Herein,
gambierone and 44-methylgambierone were quantifiable in the algal crude extracts. The
limits of detection (LOD) and quantification (LOQ) of analytical methods were determined
by using the signal-to-noise (S/N) ratios of 3:1 and 10:1. The LODs of gambierone and
44-methylgambierone analyses were 0.09 ng/mL and 0.2 ng/mL, equating to 0.005 pg/cell
and 0.01 pg/cell, and the LOQs were 0.3 ng/mL and 0.8 ng/mL, equating to 0.02 pg/cell
and 0.05 pg/cell. The production level of gambierone (0.006 pg/cell) was below its LOQ
and 44-methylgambierone was 4.0 pg/cell. 44-Methylgambierone was the predominant
gambierone analogue in G. balechii 1123M1M10, accounting for around 40% of the total 6
gambierones with the comparison of their peak areas. 12,13-Dihydro-44-methylgambierone
was the second most predominant gambierone analogue, accounting for around 30%, while
the proportions of desulfo-hydroxyl gambierone, 38-dehydroxy-44-methylgambierone,
38-dehydroxy-44-methylgambierone, and gambierone were around 9%, 7%, 7%, and 2%,
respectively. To date, six types of polyether toxins, including CTXs, MTXs, gambierones,
gambierol, gambietic acid and gambieroxide, were found in different Gambierdiscus species,
and it appears that not all Gambierdiscus species can produce CTXs, the most important
CFP causative toxins (Table 1). Although G. balechii showed CTX-like activity based on the
neuroblastoma cell (N2A) assay, no CTXs were detected via HPLC-HRMS analyses [46].
Gambierone, 44-methylgambierone, and other gambierone analogues were likely respon-
sible for the CTX-like activity since these toxins showed weak activities on the sodium
channel [8,41]. The bioactivities of gambierone analogues warrant further investigation.
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Table 1. List of toxins detected in Gambierdiscus via NMR or LC-MS/MS analyses.

Species Toxins

P-CTX3C, P-CTX4A, P-CTX4B, 52-epi-54-deoxy-P-CTX1B,
54-deoxy-P-CTX1B, M-seco-P-CTX4A /B, 49-epi-P-CTX3C,
Gambierdiscus toxicus [4,10,11,15,29,30,34,37,38] 51-hydroxy-P-CTX3C, M-seco-P-CTX3C, M-seco-CTX3C methyl acetal,
44-methylgambierone, gambieric acid A, B, C and D, gambierol,
gambieroxide, MTX-1, MTX-2

P-CTX3C, P-CTX3B, P-CTX4A, P-CTX4B, M-seco-P-CTX3C,
gambierone, 44-methylgambierone

Gambierdiscus polynesiensis [31-33]

gambierone, 44-methylgambierone,

Gambierdiscus australes [35,39,48,49] gambieric acid C and D, gambieroxide, MTX-1, MTX-5

Gambierdiscus cheloniae [24,36] gambierone, 44-methylgambierone, MTX-6
Gambierdiscus honu [24,36] gambierone, 44-methylgambierone, MTX-7
Gambierdiscus excentricus [7,40] sulfo-gambierone, dihydro-sulfo-gambierone, MTX-4
Gambierdiscus belizeanus [41] gambierone, 44-methylgambierone
Gambierdiscus sylvae [42] gambierone, 44-methylgambierone
Gambierdiscus pacificus [6,24] gambierone, 44-methylgambierone
Gambierdiscus caribaeus [24] gambierone, 44-methylgambierone
Gambierdiscus holmesii [24,43] gambierone, 44-methylgambierone
Gambierdiscus lapillus [24,44] gambierone, 44-methylgambierone
Gambierdiscus lewisii [24,43] gambierone, 44-methylgambierone
Gambierdiscus carpenteri [26,44] 44-methylgambierone
Gambierdiscus balechii [26] 44-methylgambierone
Gambierdiscus scabrosus No information
Gambierdiscus carolinianus No information
Gambierdiscus jejuensis No information

3. Materials and Methods
3.1. Culture of Gambierdiscus balechii 1123M1M10

In our previous report, the G. balechii strain 1123M1M10 was isolated from Marakei
Island, Republic of Kiribati, located in the central Pacific Ocean [19]. The strain was cultured
in f/2-Si medium prepared with artificial seawater with a salinity of 30 in the State Key
Laboratory of Marine Pollution, the City University of Hong Kong, at 22 £ 1 °C under a
12h:12h (light/dark) cycle with a light intensity of 70-90 mol photon m~2s~ 1.

3.2. Sample Preparation for HPLC-MS/MS Analysis

Algal cells (6.5 x 10° cells) were collected by filtration with a 47 mm isopore PC
membrane (10 pm pore size, Merck Millipore). The cell pellet was transferred to glass
tubes and resuspended in 20 mL methanol (Merck, Darmstadt, Germany). Cells lysis was
performed using an ultrasonic processor (Sonicator Q700, QSONICA, CT, USA) operated
at 30 amplitudes for 2 min in pulse mode (5 s on, 5 s pause). The lysate was dried
by evaporation under a gentle stream of high-purity nitrogen. The algal crude extracts
underwent liquid-liquid partition using dichloromethane and 60% aqueous methanol
three times to afford two fractions. The two fractions were dried and then redissolved
in 4 mL methanol. Each fraction was diluted ten times for preliminary HPLC-QTOEF-
HRMS and HPLC-QTRAP-HRMS analyses. Then, the two fractions were combined and
dissolved in 2 mL methanol and underwent separation using a Sephadex LH-20 column
(1.5 cm x 60 cm). Then, they were eluted with methanol to afford 18 fractions for HPLC-
QTOF-HRMS analysis. The procedure of elution was set up according to the observation of
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the colored bands. Fractions one and two comprised 40 mL and 10 mL and were collected
at a flow rate of 0.3 mL/min. The fractions 3 to 5, 12, 16, and 17 comprised 10 mL and were
collected at a flow rate of 0.8 mL/min. The fractions 6 to 11 and 13-15 comprised 5 mL and
were collected at a flow rate of 0.8 mL/min. The last fraction, 18, comprised 100 mL and
was collected at a flow rate of 0.8 mL/min. All fractions were dried via evaporation under
a gentle stream of high-purity nitrogen and redissolved in 50-200 puL 50%-100% methanol.
Gambierone and 44-methylgambierone standards were purchased from Laboratorio CIFGA
S.A. (Lugo, Spain).

3.3. Instrumental Analysis
3.3.1. HPLC-QTOF-HRMS Analysis

The non-target analysis of toxins was performed using HPLC-HRMS consisting of an
Agilent 1290 UPLC system (Agilent, Palo Alto, CA, USA) and a Sciex X500R QTOF system
(AB Sciex, Foster City, CA, USA) operating with the IDA method. A 10 pL aliquot was
injected into a Phenomenex Kinetex C18 column (100 x 2.1 mmi.d., 1.7 pm). Gradient elu-
tion at a flow rate of 0.2 mL/min was performed using: (A) Mill-Q water containing 0.02%
formic acid (Merck, Darmstadt, Germany) and 2 mM ammonium acetate (Sigma Aldrich,
MO, USA), and (B) 95% acetonitrile containing 0.02% formic acid and 2 mM ammonium
acetate for the IDA method with a positive ESI mode; (A) Mill-Q water containing 2 mM
ammonium acetate, and (B) 95% acetonitrile containing 2 mM ammonium acetate for the
IDA method with a negative ESI mode. The gradient elution procedure was performed
as follows: the initial gradient condition of the metabolite separation started at 30% B and
increased to 60% B within 5 min. Then, it increased to 90% B within 30min and to 100% B
within 40 min, and was kept for 5 min before returning to 30% B for 1 min. The column
was equilibrated at initial gradient conditions for 4 min before the next injection.

IDA methods were performed as follows: mass spectrometry was conducted in IDA
mode with a TOF-MS full-scan analysis (0.25 s) and up to 10 dependent MS/MS analyses
(0.1 s for each MS/MS analysis) per cycle. The TOF-MS full scan was operated with the
mass range of m/z from 100 to 2000, and the dependent MS/MS was operated with the mass
range of m/z from 50 to 2000 under the high-resolution mode. Two ions at m/z 132.90490 and
829.53933 were used for full mass calibration and their resolutions were above 21,000 and
29,000. Four ions at m/z 185.12845, 298.21252, 494.33370, and 607.41776 were used for MS?
calibration and their resolutions were above 21,000, 22,000, 25,000, and 26,000, respectively.
Dynamic background subtraction was applied in the IDA criteria for dynamic exclusion.
The fragment ions were generated from collision-induced dissociation with nitrogen under
standardized collision energy (CE) = 35 V with collision energy spread (CES) = 15V for the
positive ESI mode, and CE = —35 V with CES = 0 V for the negative ESI mode. The other
experimental parameters included: nebulizer gas (gas 1), 30 psi; heater gas (gas 2), 40 psi;
curtain gas, 25 psi; ion source temperature, 500 °C; ion spray voltage floating, 5500 V for
positive ESI mode and —4500 V for negative ESI mode; declustering potential, 80 V for
positive ESI mode and —80 V for negative ESI mode; and full MS collision energy, 10 V for
positive ESI mode, and —10 V for negative ESI mode. The gas used was nitrogen.

MRMR methods were performed in the positive ESI mode as follows: mass spectrom-
etry was conducted in the MRMHR mode with a TOF-MS full scan analysis (0.1 s) and TOF
MS/MS analyses (0.1 s for each selected precursor ion) per cycle. The TOF-MS full scan
was operated with the mass range of m/z from 100 to 2000, and the MS/MS was operated
with the mass range of m/z from 50 to 2000 under the high-resolution mode. The fragment
ions were generated from collision-induced dissociation with nitrogen under standardized
collision energy (CE) = 40 V with collision energy spread (CES) = 15 V. Other experimental
parameters included: nebulizer gas (gas 1), 30 psi; heater gas (gas 2), 40 psi; curtain gas,
25 psi; ion source temperature, 500 °C; ion spray voltage floating, 5500 V; declustering
potential, 80 V; and full MS collision energy, 10 V. The gas used was nitrogen.
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3.3.2. HPLC-QTRAP-HRMS Analysis

The quantification of toxins was performed using HPLC-MS/MS consisting of an
Agilent 1290 UPLC system (Agilent, Palo Alto, CA, USA) and a Sciex 5500 QTRAP mass
spectrometer (Foster City, CA, USA) operating in a multiple reaction monitoring (MRM)
negative ESI mode. A 5 uL aliquot was injected into a Phenomenex Kinetex C18 column
(100 x 2.1 mmi.d., 1.7 um). Gradient elution at a flow rate of 0.2 mL/min was performed
using (A) Mill-Q water containing 0.02% formic acid and 2 mM ammonium acetate and (B)
95% acetonitrile containing 0.02% formic acid and 2 mM ammonium acetate. The gradient
elution procedure was performed as follows: The initial gradient condition started at 30%
B and increased to 100% B at 10 min. Then, it was kept for 0.9 min before returning to 30%
B for 0.2 min, with a total run time of 12 min. Further details of the mass parameters of
gambierone and 44-methylgambierone are given in Table S7.

4. Conclusions

Four new and two known gambierones were characterized from G. balechii 1123M1M10
via high-performance liquid chromatography coupled with electrospray ionization tandem
mass spectrometry (HPLC/ESI-MS?) analysis, and their fragmentation behaviors and
pathways were proposed. 44-Methylgambierone and 12,13-dihydro-44-methylgambierone
were the major toxins in this strain. Further studies on the isolation and evaluating
bioactivity of these gambierones need to be conducted to investigate their role in CFP.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md21010003/s1. Figure S1: Original extraction ion chromatograms
(XICs) of putative gambierone analogues in fraction three, and XICs of standards of gambierone
(5.92 min) at 345 ng/mL and 44-methylgambierone (6.32 min) at 315 ng/mL using the IDA method
in the positive ESI mode; Figure S2: Fragment ion spectra (MS?, MS/MS) of [M — H]~ ions of
gambierone, 44-methylgambierone, compound 4, and 5 using the IDA method in the negative ESI
mode; Figure S3: Full-scan mass spectra (MS!) and fragment ion spectra (MS?, MS/MS) of [M + H]*
ion of gambierone standard using the IDA method in the positive ESI mode; Figure S4: Full-scan
mass spectra (MS1) and fragment ion spectra (MS2, MS/MS) of [M + NH,]* ion of compound 1 using
the IDA method in the positive ESI mode; Figure S5: Full-scan mass spectra (MS') and fragment ion
spectra (MS?, MS/MS) of [M + H]* ion of 44-methylgambierone standard using the IDA method
in the positive ESI mode; Figure S6: Full-scan mass spectra (MS!) and fragment ion spectra (MS?,
MS/MS) of [M + H]* ion of compound 5 using the IDA method in the positive ESI mode; Figure S7:
Full-scan mass spectra (MS') and fragment ion spectra (MS?, MS/MS) of [M + H]* ion of compound
4 using the IDA method in the positive ESI mode; Figure S8: Full-scan mass spectra (MS!) and
fragment ion spectra (MS?, MS/MS) of [M + H]* ion of compound 3 using the IDA method in the
positive ESI mode; Figure S9: Full-scan mass spectra (MS!) and fragment ion spectra (MS?, MS/MS)
of [M + H]* ion of compound 6 using the IDA method in the positive ESI mode; Figure S10: Full-
scan mass spectra (MS') and fragment ion spectra (MS?, MS/MS) of [M + H]* ion of compound
2 using the IDA method in the positive ESI mode; Figure S11: Calibration curves of gambierone
and 44-methylgambierone; Table S1: The proposed attributions of ion formulas along with mass
differences (A ppm) of compound 1; Table S2: The proposed attributions of ion formulas along with
mass differences (A ppm) of compound 5; Table S3: The proposed attributions of ion formulas along
with mass differences (A ppm) of compound 4; Table S4: The proposed attributions of ion formulas
along with mass differences (A ppm) of compound 3; Table S5: The proposed attributions of ion
formulas along with mass differences (A ppm) of compound 6; Table S6: The proposed attributions
of ion formulas along with mass differences (A ppm) of compound 2; Table S7: Mass spectrometer
conditions for analysis of gambierone and 44-methylgambierone.

Author Contributions: Conceptualization, L.L.C. and B.W.; methodology, X.L.; software, X.L. and
Y.M.; validation, X.L., YM., Q.Y. and J.Z.; formal analysis, X.L. and B.W.; investigation, X.L.; re-
sources, PW.; data curation, X.L.; writing—original draft preparation, X.L.; writing—review and
editing, JJW., L.L.C. and B.W,; supervision, L.L.C. and B.W.; project administration, L.L.C. and B.W.;
funding acquisition, L.L.C. and B.W. All authors have read and agreed to the published version of
the manuscript.


https://www.mdpi.com/article/10.3390/md21010003/s1
https://www.mdpi.com/article/10.3390/md21010003/s1

Mar. Drugs 2023, 21, 3 16 of 18

Funding: This research was funded by the General Research Fund of the Hong Kong Research Grants
Council (No. 11104821), the National Natural Science Foundation of China (No. 42176098), and the
Collaborative Research Fund of the Hong Kong Research Grants Council (No. C7013-19GF).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Irola-Sansores, E.D.; Delgado-Pech, B.; Garcia-Mendoza, E.; Nufiez-Vazquez, E.J.; Olivos-Ortiz, A.; Almazén-Becerril, A. Popula-
tion dynamics of benthic-epiphytic dinoflagellates on two macroalgae from coral reef systems of the northern Mexican Caribbean.
Front. Mar. Sci. 2018, 5, 487. [CrossRef]

Rains, L.K.; Parsons, M.L. Gambierdiscus species exhibit different epiphytic behaviors toward a variety of macroalgal hosts.
Harmful Algae 2015, 49, 29-39. [CrossRef]

Faust, M.A. Observation of sand-dwelling toxic dinoflagellates (Dinophyceae) from widely differing sites, including two new
species. |. Phycol. 1995, 31, 996-1003. [CrossRef]

Satake, M.; Isidbashi, Y.; Legrand, A.M.; Yasumoto, T. Isolation and structure of ciguatoxin-4A, a new ciguatoxin precursor,
from cultures of dinoflagellate Gambierdiscus toxicus and parrotfish Scarus gibbus. Biosci. Biotechnol. Biochem. 1996, 60, 2103-2105.
[CrossRef] [PubMed]

Munday, R.; Murray, S.; Rhodes, L.L.; Larsson, M.E.; Harwood, D.T. Ciguatoxins and maitotoxins in extracts of sixteen Gambierdis-
cus isolates and one Fukuyoa isolate from the South Pacific and their toxicity to mice by intraperitoneal and oral administration.
Mar. Drugs 2017, 15, 208. [CrossRef] [PubMed]

Rhodes, L.; Harwood, T.; Smith, K.; Argyle, P.; Munday, R. Production of ciguatoxin and maitotoxin by strains of Gambierdiscus
australes, G. pacificus and G. polynesiensis (Dinophyceae) isolated from Rarotonga, Cook Islands. Harmful Algae 2014, 39, 185-190.
[CrossRef]

Pisapia, F.; Sibat, M.L.; Herrenknecht, C.; Lhaute, K.; Gaiani, G.; Ferron, PJ.; Fessard, V.; Fraga, S.; Nascimento, S.M.;
Litaker, RW.,; et al. Maitotoxin-4, a novel MTX analog produced by Gambierdiscus excentricus. Mar. Drugs 2017, 15, 1-31.
[CrossRef]

Rodriguez, I.; Genta-Jouve, G.; Alfonso, C.; Calabro, K.; Alonso, E.; Sanchez, J.A.; Alfonso, A.; Thomas, O.P; Botana, L.M.
Gambierone, a ladder-shaped polyether from the dinoflagellate Gambierdiscus belizeanus. Org. Lett. 2015, 17, 2392-2395.
[CrossRef]

Satake, M.; Murata, M.; Yasumoto, T. Gambierol: A new toxic polyether compound isolated from the marine dinoflagellate
Gambierdiscus toxicus. J. Am. Chem. Soc. 1993, 115, 361-362. [CrossRef]

Nagai, H.; Murata, M.; Torigoe, K.; Satake, M.; Yasumoto, T. Gambieric acids, new potent antifungal substances with un-
precedented polyether structures from a marine dinoflagellate Gambierdiscus toxicus. J. Org. Chem. 1992, 57, 5448-5453.
[CrossRef]

Watanabe, R.; Uchida, H.; Suzuki, T.; Matsushima, R.; Nagae, M.; Toyohara, Y.; Satake, M.; Oshima, Y.; Inoue, A.; Yasumoto, T.
Gambieroxide, a novel epoxy polyether compound from the dinoflagellate Gambierdiscus toxicus GTP2 strain. Tetrahedron 2013,
69, 10299-10303. [CrossRef]

Chateau-Degat, M.L.; Chinain, M.; Cerf, N.; Gingras, S.; Hubert, B.; Dewailly, E. Seawater temperature, Gambierdiscus spp.
variability and incidence of ciguatera poisoning in French Polynesia. Harmful Algae 2005, 4, 1053-1062. [CrossRef]

Lehane, L.; Lewis, R.J. Ciguatera: Recent advances but the risk remains. Int. J. Food Microbiol. 2000, 61, 91-125. [CrossRef]
[PubMed]

Wang, D.-Z.; Xin, Y.-H.; Wang, M.-H. Gambierdiscus and its associated toxins: A minireview. Toxins 2022, 14, 485. [CrossRef]
Cuypers, E.; Abdel-Mottaleb, Y.; Kopljar, I.; Rainier, J.D.; Raes, A.L.; Snyders, D.J.; Tytgat, ]. Gambierol, a toxin produced by
the dinoflagellate Gambierdiscus toxicus, is a potent blocker of voltage-gated potassium channels. Toxicon 2008, 51, 974-983.
[CrossRef]

Ghiaroni, V.; Sasaki, M.; Fuwa, H.; Rossini, G.P,; Scalera, G.; Yasumoto, T.; Pietra, P.; Bigiani, A. Inhibition of voltage-gated
potassium currents by gambierol in mouse taste cells. Toxicol. Sci. 2005, 85, 657—665. [CrossRef]

Caillaud, A.; Yasumoto, T.; Diogéne, J. Detection and quantification of maitotoxin-like compounds using a neuroblastoma
(Neuro-2a) cell based assay. Application to the screening of maitotoxin-like compounds in Gambierdiscus spp. Toxicon 2010, 56,
36—44. [CrossRef]

Nicholson, G.; Lewis, R. Ciguatoxins: Cyclic polyether modulators of voltage-gated iion channel function. Mar. Drugs 2006, 4,
82-118. [CrossRef]

Dai, X.; Mak, Y.L.; Lu, CK.; Mei, HH.; Wu, ].J.; Lee, W.H.; Chan, L.L.; Lim, P.T,; Mustapa, N.I; Lim, H.C.; et al. Taxonomic
assignment of the benthic toxigenic dinoflagellate Gambierdiscus sp. type 6 as Gambierdiscus balechii (Dinophyceae), including
its distribution and ciguatoxicity. Harmful Algae 2017, 67, 107-118. [CrossRef]

Vacarizas, J.; Benico, G.; Austero, N.; Azanza, R. Taxonomy and toxin production of Gambierdiscus carpenteri (Dinophyceae) in a
tropical marine ecosystem: The first record from the Philippines. Mar. Pollut. Bull. 2018, 137, 430—443. [CrossRef]

Longo, S.; Sibat, M.; Darius, H.T.; Hess, P; Chinain, M. Effects of pH and nutrients (nitrogen) on growth and toxin profile of the
ciguatera-causing dinoflagellate Gambierdiscus polynesiensis (Dinophyceae). Toxins 2020, 12, 767. [CrossRef] [PubMed]


http://doi.org/10.3389/fmars.2018.00487
http://doi.org/10.1016/j.hal.2015.08.005
http://doi.org/10.1111/j.0022-3646.1995.00996.x
http://doi.org/10.1271/bbb.60.2103
http://www.ncbi.nlm.nih.gov/pubmed/9026141
http://doi.org/10.3390/md15070208
http://www.ncbi.nlm.nih.gov/pubmed/28665362
http://doi.org/10.1016/j.hal.2014.07.018
http://doi.org/10.3390/md15070220
http://doi.org/10.1021/acs.orglett.5b00902
http://doi.org/10.1021/ja00054a061
http://doi.org/10.1021/jo00046a029
http://doi.org/10.1016/j.tet.2013.10.022
http://doi.org/10.1016/j.hal.2005.03.003
http://doi.org/10.1016/S0168-1605(00)00382-2
http://www.ncbi.nlm.nih.gov/pubmed/11078162
http://doi.org/10.3390/toxins14070485
http://doi.org/10.1016/j.toxicon.2008.01.004
http://doi.org/10.1093/toxsci/kfi097
http://doi.org/10.1016/j.toxicon.2010.03.012
http://doi.org/10.3390/md403082
http://doi.org/10.1016/j.hal.2017.07.002
http://doi.org/10.1016/j.marpolbul.2018.10.034
http://doi.org/10.3390/toxins12120767
http://www.ncbi.nlm.nih.gov/pubmed/33291542

Mar. Drugs 2023, 21, 3 17 of 18

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wu, Z.; Lee, W.H.; Liu, Z.; Lin, S.; Lam, PK.S. Microbiome associated with Gambierdiscus balechii cultures under different
toxicity conditions. Front. Mar. Sci. 2022, 9, 760553. [CrossRef]

Van Wagoner, R.M.; Satake, M.; Wright, ].L.C. Polyketide biosynthesis in dinoflagellates: What makes it different? Nat. Prod. Rep.
2014, 31, 1101-1137. [CrossRef] [PubMed]

Murray, ].S.; Finch, S.C.; Puddick, J.; Rhodes, L.L.; Harwood, D.T.; van Ginkel, R.; Prinsep, M.R. Acute toxicity of gambierone and
quantitative analysis of gambierones produced by cohabitating benthic dinoflagellates. Toxins 2021, 13, 333. [CrossRef]

Fraga, S.; Rodriguez, E.; Riobd, P.; Bravo, I. Gambierdiscus balechii sp. nov (Dinophyceae), a new benthic toxic dinoflagellate
from the Celebes Sea (SW Pacific Ocean). Harmful Algae 2016, 58, 93-105. [CrossRef]

Malto, Z.B.L.; Benico, G.A.; Batucan, J.D.; Dela Cruz, J.; Romero, M.L]J.; Azanza, R.V.; Salvador-Reyes, L.A. Global mass
spectrometric analysis reveals chemical diversity of secondary metabolites and 44-methylgambierone production in Philippine
Gambierdiscus strains. Front. Mar. Sci. 2022, 8, 767024. [CrossRef]

Yang, Z.; Luo, Q.; Liang, Y.; Mazumder, A. Processes and pathways of ciguatoxin in aquatic food webs and fish poisoning of
seafood consumers. Environ. Rev. 2016, 24, 144-150. [CrossRef]

Kohli, G.S.; Papiol, G.G.; Rhodes, L.L.; Harwood, D.T.; Selwood, A.; Jerrett, A.; Murray, S.A.; Neilan, B.A. A feeding study to
probe the uptake of Maitotoxin by snapper (Pagrus auratus). Harmful Algae 2014, 37, 125-132. [CrossRef]

Murata, M.; Legrand, A.M.; Ishibashi, Y.; Yasumoto, T. Structures of ciguatoxin and its congener. |. Am. Chem. Soc. 1989, 111,
8829-8931. [CrossRef]

Satake, M.; Murata, M.; Yasumoto, T. The structure of CTX3C, a ciguatoxin congener isolated from cultured Gambierdiscus
toxicus. Tetrahedron Lett. 1993, 34, 1975-1978. [CrossRef]

Chinain, M.; Darius, H.T.; Ung, A.; Cruchet, P.; Wang, Z.; Ponton, D.; Laurent, D.; Pauillac, S. Growth and toxin production in the
ciguatera-causing dinoflagellate Gambierdiscus polynesiensis (Dinophyceae) in culture. Toxicon 2010, 56, 739-750. [CrossRef]
[PubMed]

Longo, S.; Sibat, M.; Viallon, J.; Darius, H.T.; Hess, P.; Chinain, M. Intraspecific variability in the toxin production and toxin
profiles of in vitro cultures of gambierdiscus polynesiensis (dinophyceae) from French polynesia. Toxins 2019, 11, 735. [CrossRef]
[PubMed]

Yon, T.; Sibat, M.; Réveillon, D.; Bertrand, S.; Chinain, M.; Hess, P. Deeper insight into Gambierdiscus polynesiensis toxin
production relies on specific optimization of high-performance liquid chromatography-high resolution mass spectrometry. Talanta
2021, 232, 122400. [CrossRef] [PubMed]

Holmes, M.].; Lewis, R.J. Purification and characterisation of large and small maitotoxins from cultured Gambierdiscus toxicus.
Nat. Toxins 1994, 2, 64-72. [CrossRef]

Estevez, P; Castro, D.; Leao-Martins, ].M.; Sibat, M.; Tud6, A.; Dickey, R.; Diogene, J.; Hess, P.; Gago-Martinez, A. Toxicity
screening of a Gambierdiscus australes strain from the western mediterranean sea and identification of a novel maitotoxin analogue.
Mar. Drugs 2021, 19, 460. [CrossRef] [PubMed]

Murray, J.S.; Finch, S.C.; Mudge, E.M.; Wilkins, A.L.; Puddick, J.; Harwood, D.T.; Rhodes, L.L.; van Ginkel, R.; Rise, F,;
Prinsep, M.R. Structural characterization of maitotoxins produced by toxic Gambierdiscus species. Mar. Drugs 2022, 20, 453.
[CrossRef]

Holmes, M.]J.; Lewis, R.J.; Gillespie, N.C. Toxicity of Australian and French Polynesian strains of Gambierdiscus Toxicus
(Dinophyceae) grown in culture: Characterization of a new type of maitotoxin. Toxicon 1990, 28, 1159-1172. [CrossRef]

Yogi, K.; Oshiro, N.; Inafuku, Y.; Hirama, M.; Yasumoto, T. Detailed LC-MS/MS analysis of ciguatoxins revealing distinct regional
and species characteristics in fish and causative alga from the pacific. Anal. Chem. 2011, 83, 8886-8891. [CrossRef]

Murray, J.S.; Selwood, A.L; Harwood, D.T.; van Ginkel, R.; Puddick, J.; Rhodes, L.L.; Rise, E; Wilkins, A.L. 44-Methylgambierone,
a new gambierone analogue isolated from Gambierdiscus australes. Tetrahedron Lett. 2019, 60, 621-625. [CrossRef]

Yon, T,; Sibat, M.; Robert, E.; Lhaute, K.; Holland, W.C.; Litaker, R W.; Bertrand, S.; Hess, P.; Réveillon, D. Sulfo-gambierones, two
new analogs of gambierone produced by Gambierdiscus excentricus. Mar. Drugs 2021, 19, 657. [CrossRef]

Boente-Juncal, A.; Alvarez, M.; Antelo, A.; Rodriguez, I.; Calabro, K.; Vale, C.; Thomas, O.P,; Botana, L.M. Structure elucidation
and biological evaluation of maitotoxin-3, a homologue of gambierone, from Gambierdiscus belizeanus. Toxins 2019, 11, 79.
[CrossRef] [PubMed]

Mudge, E.M.; Robertson, A.; Leynse, A.K.; McCarron, P.; Miles, C.O. Selective extraction of gambierone and related metabolites
in Gambierdiscus silvae using m-aminophenylboronic acid—agarose gel and liquid chromatography-high-resolution mass
spectrometric detection. J. Chromatogr. B 2022, 1188, 123014. [CrossRef] [PubMed]

Kretzschmar, A.L.; Larsson, M.E.; Hoppenrath, M.; Doblin, M.A.; Murray, S.A. Characterisation of two toxic Gambierdiscus spp.
(Gonyaulacales, Dinophyceae) from the Great Barrier Reef (Australia): G. lewisii sp. nov. and G. holmesii sp. nov. Protist 2019,
170, 125699. [CrossRef] [PubMed]

Larsson, M.E.; Laczka, O.F; Tim Harwood, D.; Lewis, R.J.; Himaya, S.W.A.; Murray, S.A.; Doblin, M. A. Toxicology of Gambierdis-
cus spp. (Dinophyceae) from tropical and temperate Australian waters. Mar. Drugs 2018, 16, 7. [CrossRef]

Murray, J.S.; Nishimura, T.; Finch, S.C.; Rhodes, L.L.; Puddick, J.; Harwood, D.T.; Larsson, M.E.; Doblin, M.A.; Leung, P;
Yan, M; et al. The role of 44-methylgambierone in ciguatera fish poisoning: Acute toxicity, production by marine microalgae and
its potential as a biomarker for Gambierdiscus spp. Harmful Algae 2020, 97, 101853. [CrossRef]


http://doi.org/10.3389/fmars.2022.760553
http://doi.org/10.1039/C4NP00016A
http://www.ncbi.nlm.nih.gov/pubmed/24930430
http://doi.org/10.3390/toxins13050333
http://doi.org/10.1016/j.hal.2016.06.004
http://doi.org/10.3389/fmars.2021.767024
http://doi.org/10.1139/er-2015-0054
http://doi.org/10.1016/j.hal.2014.05.018
http://doi.org/10.1021/ja00206a032
http://doi.org/10.1016/S0040-4039(00)91978-6
http://doi.org/10.1016/j.toxicon.2009.06.013
http://www.ncbi.nlm.nih.gov/pubmed/19540257
http://doi.org/10.3390/toxins11120735
http://www.ncbi.nlm.nih.gov/pubmed/31861242
http://doi.org/10.1016/j.talanta.2021.122400
http://www.ncbi.nlm.nih.gov/pubmed/34074394
http://doi.org/10.1002/nt.2620020204
http://doi.org/10.3390/md19080460
http://www.ncbi.nlm.nih.gov/pubmed/34436299
http://doi.org/10.3390/md20070453
http://doi.org/10.1016/0041-0101(90)90116-O
http://doi.org/10.1021/ac200799j
http://doi.org/10.1016/j.tetlet.2019.01.043
http://doi.org/10.3390/md19120657
http://doi.org/10.3390/toxins11020079
http://www.ncbi.nlm.nih.gov/pubmed/30717108
http://doi.org/10.1016/j.jchromb.2021.123014
http://www.ncbi.nlm.nih.gov/pubmed/34856502
http://doi.org/10.1016/j.protis.2019.125699
http://www.ncbi.nlm.nih.gov/pubmed/31770639
http://doi.org/10.3390/md16010007
http://doi.org/10.1016/j.hal.2020.101853

Mar. Drugs 2023, 21, 3 18 of 18

46. Wu, Z.; Luo, H,; Yu, L.; Lee, WH.; Li, L.; Mak, Y.L; Lin, S.; Lam, PK.S. Characterizing ciguatoxin (CTX)- and Non-CTX-producing
strains of Gambierdiscus balechii using comparative transcriptomics. Sci. Total Environ. 2020, 717, 137184. [CrossRef]

47. Kryuchkov, E; Robertson, A.; Miles, C.O.; Mudge, EMM.; Uhlig, S. LC-HRMS and chemical derivatization strategies for the
structure elucidation of Caribbean ciguatoxins: Identification of c-CTX-3 and -4. Mar. Drugs 2020, 18, 182. [CrossRef]

48. Estevez, P; Rambla-alegre, M.; Aligizaki, K.; Gago-martinez, A.; Hess, P. Use of mass spectrometry to determine the diversity of
toxins produced by Gambierdiscus and Fukuyoa species from Balearic Islands and Crete (Mediterranean Sea) and the Canary
Islands (Northeast Atlantic). Toxins 2020, 12, 305. [CrossRef]

49. Rhodes, L.L.; Smith, K.F,; Verma, A.; Murray, S.; Harwood, D.T.; Trnski, T. The dinoflagellate genera Gambierdiscus and Ostreopsis
from subtropical Raoul Island and North Meyer Island, Kermadec Islands. N. Z. ]. Mar. Freshw. Res. 2017, 51, 490-504. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.scitotenv.2020.137184
http://doi.org/10.3390/md18040182
http://doi.org/10.3390/toxins12050305
http://doi.org/10.1080/00288330.2016.1270337

	Introduction 
	Results and Discussion 
	Investigation of Toxin Profile in Gambierdiscus balechii 1123M1M10 
	Identification and Characterization of New Gambierone Analogues 
	Fragmentation Pathways of 12,13-Dihydro-44-Methylgambierone 
	Fragmentation Pathways of 38-Dehydroxy-12,13-Dihydro-44-Methylgambierone 
	Fragmentation Pathways of 38-Dehydroxy-44-Methylgambierone 
	Fragmentation Pathways of Desulfo-Hydroxyl Gambierone 

	Toxin Detection in Gambierdiscus balechii 1123M1M10 

	Materials and Methods 
	Culture of Gambierdiscus balechii 1123M1M10 
	Sample Preparation for HPLC-MS/MS Analysis 
	Instrumental Analysis 
	HPLC-QTOF-HRMS Analysis 
	HPLC-QTRAP-HRMS Analysis 


	Conclusions 
	References

