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Identical Ciguatoxin-3C
group profiles in Lutjanus
bohar from the Pacific and
Indian Oceans - indicating
the need to re-evaluate
geographical CTX classifications

Astrid Spielmeyer1*, Christopher R. Loeffler1,2

and Oliver Kappenstein1

1German Federal Institute for Risk Assessment, Department of Safety in the Food Chain, National
Reference Laboratory for the Monitoring of Marine Biotoxins, Berlin, Germany, 2Department of
Pharmacy, School of Medicine and Surgery, University of Napoli Federico II, Naples, Italy
Ciguatoxins (CTXs) are a group of marine biotoxins, consisting of over 30

different congeners that can contaminate marine food webs. Generally, the

molecular structures among the known congeners are variable by

geographical region (i.e., ocean basin) and vector species. Limited

information is available regarding the CTX profiles among or within CTX

vector species and their capture regions. Within this study, an in-depth

investigation based on a semi-targeted LC-MS/MS approach was conducted

to investigate 52 tissue samples from a single species Lutjanus bohar

(Lutjanidae), a common CTX vector, sourced from two distinct regions

(Indian Ocean and Pacific Ocean). All samples revealed the presence of a

complex CTX contaminant profile, with samples containing several congeners

of the CTX3C-group (2,3,51-trihydroxyCTX3C, 2,3,-dihydroxyCTX3C, 2-

hydroxyCTX3C, M-seco-CTX3C, 51-hydroxyCTX3C, CTX3C, and respective

49-epimers in most cases). All samples were previously found to possess a

CTX-like toxicity within an in vitro cytotoxicity assay (N2a-bioassay),

demonstrating the relevance of CTX3C-group congeners with regard to

ciguatera poisoning. Individual samples contained an indistinguishable toxin

profile within the species and among the distinct oceanic capture regions.

These findings imply either a species-specific CTX metabolism or the

emergence of an interoceanic CTX toxin profile. The inter-regional CTX

profile demonstrated here provides further evidence that classifying CTX

congeners based on ocean basins may be imprecise.
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Introduction

Ciguatoxins (CTXs) are potent, lipophilic marine biotoxins

that can result in an intoxication in humans called ciguatera

poisoning (CP). Early studies considered CP to be the result of a

bioaccumulative process within the marine food web (Randall,

1958). This was later described through the analysis of samples

representing various levels of the marine food web in the CP

endemic region of French Polynesia (Yasumoto et al., 1977a).

Therein, a CTXs source organism was identified as a

dinoflagellate (Yasumoto et al. , 1977b). Subsequent

investigations into CP endemic regions in search of regional

source CTX-producing organisms has resulted in the

identification of several species of the genus Gambierdiscus

and Fukuyoa which have been demonstrated to produce CTX.

Species in these two genera are distributed globally and are

mainly found in shallow tropical and subtropical marine waters

(overview provided by e.g., [Tester et al. (2018); Chinain

et al. (2020)].

Commonly, CTXs are categorized into three different

geographic groups, namely CTXs from the Pacific Ocean (P-

CTX), the Caribbean Sea (C-CTX) and Indian Ocean (I-CTX).

P-CTXs have been sub-divided into two additional groups,

CTX3C- and CTX4A-group, based on the algal precursors

leading to the congeners of the respective groups. Intense

research on compound isolation and structural elucidation was

conducted for cultures of Gambierdiscus spp. and fish tissue

samples from the Pacific Ocean (Murata et al., 1990; Satake et al.,

1993; Satake et al., 1998; Yasumoto et al., 2000). Consequently,

the CTX congeners with the most accurate description are the

CTX3C- and CTX4A-groups. For the C-CTX-group, four

distinct structures are described, however, additional

congeners are presumed based on bioassay guided

fractionation and LC-MS/MS analyses (Lewis et al., 1998;

Pottier et al., 2002; Estevez et al., 2019; Kryuchkov et al.,

2020). I-CTXs are the group with the least accurate

description and to-date, their full structure elucidation has not

been accomplished. Six potential I-CTX congeners were

identified in shark tissue from Madagascar and the molecular

formulas were obtained by liquid chromatography coupled to

high-resolution mass spectrometry (Diogène et al., 2017). The

structure of I-CTXs is purportedly similar to Caribbean CTXs as

the congeners C-CTX-1 and I-CTX-1 share the same molecular

formula and were found to possess similar retention times

(Hamilton et al., 2002; Diogène et al., 2017). The algal sources

for either C-CTXs or I-CTXs have not been resolved.

Accumulation of CTXs in animals is accompanied by

biotransformation (mainly oxidation). This biologically diverse

process is believed to be the source for the broad spectrum of

CTX congeners observed. Currently, more than 30 different

congeners have been identified (epimers are considered as

individual compounds) (FAO and WHO, 2020). In vitro
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studies using S9 liver extracts of different fish species suggest a

species-specific metabolism of CTXs (Ikehara et al., 2017), a

potential pathway for species specific CTX profiles in fish tissue

samples. The elucidation of either species’ or regions’ specific

CTX profiles requires multiple replicates from a single species,

within or among regions, or CTX vectors that represent various

trophic levels. Studies providing this level of information are

available primarily for congeners of the CTX4A-group, few

studies report about congeners of the CTX3C-group (Mak

et al., 2013; Wong et al., 2014; Yogi et al., 2014; Oshiro et al.,

2021a; Oshiro et al., 2021b; Oshiro et al., 2022). CTX4A-group

congeners have a higher representation in published literature,

potentially as a complete description is available for this group,

facilitating the analytical identification. From an ecological

point-of-view, it remains unclear whether the common

identification of CTX4A-group congeners at selected study

sites is because of the dominance of these congeners within

the dinoflagellate community, the dominance of these congeners

at the respective study sites or different bioaccumulation

patterns of the CTX4A- and CTX3C-group congeners. This

paucity of data hampers the evaluation of CTX dynamics

within the marine food web.

In the context of two ciguatera outbreaks in Europe (details

provided in [Loeffler et al. (2022) and Loeffler et al. (2022,

preprint)], 52 samples of Lutjanus bohar (Perciformes:

Lutjanidae) were obtained in commercial packaging as frozen

fillets or steaks. Sample extracts were analyzed by a

neuroblastoma in vitro cell bioassay (N2a-bioassay) and LC-

MS/MS. One sample set originated from the Indian Ocean.

Knowledge about the occurrence of CTX producers and vectors

is sparse in this region, as also emphasized by Habibi et al.

(2021). Studies are further hampered by the limited knowledge

about CTX congeners in the Indian Ocean. Instead of focusing

on congeners of the I-CTX-group only, a semi-targeted

approach was utilized within this study. By including all

known CTX congeners into the LC-MS/MS method, several

congeners of the CTX3C-group were identified in commercial

fish product declared and verified as captured off the southwest

coast of India. The profile determined in these samples was

indistinguishable from the CTX profile obtained for the Pacific

Ocean samples. This is the first detailed report of CTX profiles in

L. bohar from the Pacific and Indian Ocean consisting of

congeners of the CTX3C-group.
Materials and methods

Reagents and materials

Chemicals and solvents were purchased from various

suppliers [details provided in Spielmeyer et al. (2021)]. CTX3C

(100 ng, lot APK4222 and TWJ6482) was obtained from
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FUJIFILM Wako Chemicals Europe GmbH (Neuss, Germany)

and reconstituted in 1 mL methanol (0.1 mg L-1). Standards

of CTX1B (4 mg L-1), 52-epi-54-deoxyCTX1B (P-CTX-2,

1 mg L-1), and 54-deoxyCTX1B (P-CTX-3, 2 mg L-1; all

solutions in methanol) were purchased from Professor R. J.

Lewis (The Queensland University, Australia, prepared 17th

November 2005). Mixed standard solutions were prepared in

methanol. Both stock and mixed standard solutions were stored

in glass vials at -20°C.

Fish samples investigated in this study were obtained in the

context of two ciguatera outbreaks occurring in the European

Union in 2017 and 2020. Samples did not include meal

remnants, but were part of the same lots being mentioned in

the respective Rapid Alert System for Food and Feed (RASFF)

reports (2017.0345 and 2020.2254). Samples were obtained from

retail (samples from India) or from two restaurants that initially

bought the product from a wholesaler (samples from Vietnam).

Further details about the outbreaks and trace-back are provided

in Loeffler et al. (2022) and Loeffler et al. (2022, preprint). In

both cases, fish species were identified as L. bohar by DNA

barcoding (Loeffler et al., 2022; Loeffler et al. 2022, preprint).

Sample bags (800 g net weight per bag) consisted of fish fillets

(Vietnam origin) or fish steaks (India origin) with skin. The skin

and bones were removed before extraction. In total, 52 tissue

samples were investigated. Of these, 45 samples derived from

FAO region of capture 71 (Western Pacific) (samples 1 to 45,

outbreak from 2017) and seven from FAO 51 (Western Indian

Ocean) (samples 46 to 52, outbreak from 2020). A map showing

the samples’ origin is provided in Figure 1.
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Sample extraction for LC-MS/MS

Fish samples were extracted according to Spielmeyer et al.

(2021). In brief, 5 g fish tissue was enzymatically degraded using

papain. The treated sample was extracted with acetone, saturated

sodium chloride solution, and ethyl acetate. The raw extract was

washed with saturated sodium chloride solution, reduced to

dryness, reconstituted in 80% methanol and defatted in three

steps using n-hexane, n-hexane after addition of saturated

sodium carbonate, and n-hexane after addition of citric acid

solution. The defatted sample was cleaned-up using reversed

phase solid phase extraction (SPE) followed by normal phase

SPE. Normal phase SPE finally delivered two fractions (filtrate

and eluate) that were reduced to dryness and reconstituted in

500 µL methanol (i.e., 10 g tissue equivalents (TE) mL-1).

Samples were stored in glass vials at -20°C until analysis.
Sample analysis by LC-MS/MS

The cleaned-up samples were analyzed by LC-MS/MS.

Details concerning the analytical methods and setups are

provided in Spielmeyer et al. (2021) and in the Supplementary

Material. In brief, low-resolution analyses were performed on an

Agilent 1290 Infinity II UHPLC (Agilent, Waldbronn, Germany)

connected to a Sciex QTrap 6500+ mass spectrometer (Sciex,

Darmstadt, Germany) using the selected reaction monitoring

mode (SRM). Due to the high stability of sodium adducts, them/

z of the respective sodium adducts ([M+Na]+) were selected both
FIGURE 1

Map showing the location of the processing plants (red circles) and the estimated catchment areas of the samples from the Indian Ocean (red
rectangular) and the Pacific Ocean (black square); details about the potential catchment areas (outbreak trace-back) are provided in Loeffler
et al. (2022) and Loeffler et al. (2022, preprint); source of the map: Esri, HERE, Garmin, © OpenStreetMap contributors, and the Geographic
Information System (GIS) User Community.
frontiersin.org

https://doi.org/10.3389/fmars.2022.937438
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Spielmeyer et al. 10.3389/fmars.2022.937438
in the first and third quadrupole. In total, twenty ion transitions

were monitored to cover over 30 different congeners from the

CTX4A-, CTX3C-, C-CTX- and I-CTX-groups described in

literature (Yasumoto et al., 2000; Pottier et al., 2002; Abraham

et al., 2012; Diogène et al., 2017; Kryuchkov et al., 2020) (details

provided in Supplementary Table 1).

Due to the lack of analytical standards for the CTX3C-group

congeners (besides CTX3C itself), peak assignment was

performed based on the elution profiles reported in literature

(Yasumoto et al., 2000; Yogi et al., 2011) (Supplementary

Table 2). Peak assignment was further supported by low-

resolution MS/MS analysis using the fragmentation pattern of

the respective ammonium adducts ([M+NH4]
+). Recorded

fragments corresponded to [M+H]+, [M+H-H2O]
+, [M+H-

2H2O]+, and [M+H-3H2O]+ of the respective congener

(detailed discussion provided in Spielmeyer et al. (2021)).

All 52 samples were analyzed within one analytical batch

each as a single injection. Stability of the MS signal intensity and

the retention time over the entire batch were checked by

injecting a standard solution after every ninth sample. The

concentration was 1 µg L-1 for CTX1B, 52-epi-54-

deoxyCTX1B, and 54-deoxyCTX1B and 2 µg L-1 for CTX3C.

Relative standard deviation of the peak areas and retention times

ranged from 1.2% to 8.1% and from 0.06 to 0.21% over the entire

batch, respectively. An example of a chromatogram of the

standard solution is provided in Supplementary Figure 1.
Composite toxicity by N2a-bioassay

Extracts for determining the composite toxicity were

prepared according to the method published by Dickey (2008).

Briefly, 5 g of raw fish (without skin) was homogenized in

acetone (2 mL g-1) using an ultra turrax. The tissue was

separated from acetone by centrifugation and the extract was

decanted into a new vessel. The tissue pellet was broken up and

the extraction process was repeated, pooling the acetone extracts.

The acetone extract was reduced to dryness, reconstituted in

80% methanol (2 mL g-1) and defatted in two steps using n-

hexane (1 mL g-1). The aqueous phase was reduced to dryness,

reconstituted in water (1 mL g-1) and extracted twice with

chloroform (1 mL g-1). The chloroform extract was reduced to

dryness, reconstituted in a small volume of chloroform and

cleaned-up via normal phase SPE. The eluate was reduced to

dryness and reconstituted in 1 mL methanol (i.e., 5 g TE mL-1).

Samples were stored in glass vials at -20 °C until analysis.

Composite toxicity was determined using mouse (Mus

musculus) neuroblastoma type cells (N2a CCL-131™,

American Type Culture Collection, LGC Standards GmbH

Wesel, Germany; Lot 63649750, frozen on 24th February 2016

at passage number 184) within the in vitro neuro2a cell bioassay

(N2a-bioassay). Modifications to the cell line were conducted

according to Loeffler et al. (2021). Cell line maintenance as well
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as dosing were performed as previously described (Manger et al.,

1993; Manger et al., 1995; Dickey, 2008). The treatment medium

was removed after 22-24 h and replaced with 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

to be used for examining the percentage of formazan color

development among the N2a-bioassay conditions. CTX3C

equivalent (eq.) values in standard plates were normalized to

provide CTX3C equivalent activity of the samples in ng CTX3C

eq. per g tissue equivalent
CTX profile and correlation with toxicity

Peak areas of the assigned congeners (2,3,51-trihydroxyCTX3C,

2,3-dihydroxyCTX3C and 49-epimer, 51-hydroxyCTX3C, M-seco-

CTX3C and 49-epimer, 2-hydroxyCTX3C and 49-epimer, CTX3C

and 49-epimer, structures provided in Figure 2) were determined

for the sodium adducts. Peak integration was performed manually

using the software SciexOS-Q (version 1.6.1). The ratio of toxin

contained in each sample was calculated as follows. The peak areas

for the congener with R-configuration at C-49 (in the following

“49R-congener”) and its 49-epimer (S-configuration at C-49, in the

following “49-epimer”) were combined (e.g., area of 2,3-

dihydroxyCTX3C plus area of 49-epi-2,3-dihydroxyCTX3C). This
FIGURE 2

Structures of congeners of the CTX3C-group detected in sample
extracts within this study.
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sum was divided by the total peak area (sum of the peak areas of all

congeners detected in the respective sample). For determining the

toxin profile for one region (Pacific or Indian Ocean), the average of

the toxin ratio of all samples from the respective region was

calculated. Non-detected congeners were included with a ratio

of 0%.

Peak areas of the 49R-congener and its corresponding 49-

epimer were combined in order to obtain a CTX profile

dependent on the oxidation status of the respective compound

and independent of the configuration at C-49. The quotient of

the 49R-congener and its 49-epimer was evaluated separately.

For this, the peak area of the 49R-congener was divided by the

peak area of the 49-epimer. A quotient above 1 indicates a

dominance of the 49R-congener, in case of a quotient below 1

the 49-epimer possesses the higher peak area.

Correlation coefficients for peak areas and toxicity equivalents

were determined as Spearman’s rank order coefficients using

SigmaPlot 14. Ranked data were utilized as data were not normal

distributed. Non-detected congeners (peak area “0”) were not

considered and were removed from the data set of the respective

congener. Toxicity equivalents were determined using the N2a-

bioassay, results were previously published in Loeffler et al. (2022)

and Loeffler et al. (2022, preprint).
Results

Toxin profile

All sample extracts revealed the presence of several CTX3C-

group congeners. Congeners from other groups were not

detected (detection limit for CTX1B, 52-epi-54deoxyCTX1B

and 54-deoxyCTX1B: 0.02 µg kg-1 (Spielmeyer et al., 2021);

see also Supplementary Figure 2). In total, ten different congener

peaks were identified, most likely belonging to 2,3,51-

trihydroxyCTX3C, 2,3-dihydroxyCTX3C and its 49-epimer,

M-seco-CTX3C and its 49-epimer, 2-hydroxyCTX3C and its

49-epimer, 51-hydroxyCTX3C, and CTX3C and its 49-epimer.

Details concerning peak assignment are provided in Spielmeyer

et al. (2021). Examples for the respective chromatograms are

provided in Figure 3 with samples 24, 30 and 46 representing

samples of different toxicity, different toxin profiles (presence/

absence of 51-hydroxyCTX3C or 49-epiCTX3C/CTX3C)

(Figure 4) and different origin (samples 24 and 30 from Pacific

Ocean, sample 46 from Indian Ocean). An example for the

ammonium adduct analysis is provided for sample 21 that

revealed all congener peaks in high intensity (Figure 4A). The

sodium adduct chromatogram of sample 21 with detailed peak

assignment is shown in Supplementary Figure 1.

Samples differed in the number and intensity of the detected

peaks (Figure 4A). All samples showed peaks for 2,3-

d ihydroxyCTX3C and i t s 49-ep imer , and 2 ,3 ,51-

trihydroxyCTX3C. With the exception of sample 22, all
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sample chromatograms revealed the presence of M-seco-

CTX3C as well as 2-hydroxyCTX3C (n=51). The respective

49-epimers were detected in 49 and 50 samples, respectively.

The 49-epimer of CTX3C was detected in 22 samples, CTX3C

was found in nine of those samples. CTX3C was the only

congener that was transferred into two fractions during

sample preparation [filtrate and eluate, see Material and

methods and Spielmeyer et al. (2021)] whereas 49-epiCTX3C

was detected in the eluate only. 51-hydroxyCTX3C was detected

in 22 samples as well, however, its presence was not necessarily

accompanied by the presence of CTX3C (Figures 4A, B).

Toxin profiles for samples from the Pacific (samples 1 to 45)

and the Indian Ocean (sample 46 to 52) showed no distinct

differences concerning detected congeners and congener ratio

(Figures 4A, B and 5). In most samples, 2,3-dihydroxyCTX3C

and its 49-epimer was the dominant congener (Figure 4B). For

the average profile, a portion of 38.2% and 35.7% was calculated

for samples from the Pacific and Indian Ocean, respectively

(Figure 5). For both regions, 2,3,51-trihydroxyCTX3C, M-seco-

CTX3C and 2-hydroxyCTX3C showed a similar portion of

approximately 19%. CTX3C and 51-hydroxyCTX3C

contributed less than 10% to the mean toxin profile (Figure 5).

However, in distinct samples (e.g., samples 21, 37, 48) CTX3C

was the dominating congener (Figures 4A, B). These calculations

are based on the assumption that all congeners possess a similar

ionization efficiency during LC-MS/MS analysis.
Correlation of LC-MS/MS and N2a-
bioassay data

Upon visually inspecting the data, absolute peak areas by

LC-MS/MS and the composite toxicity by the N2a-bioassay

appeared to be correlated with high peak areas corresponding

to high toxicity (Figures 4A, C). Contrary to this general trend,

the highest total peak area was not determined for the most toxic

sample (sample 6), but for sample 21 that, unlike the others,

showed high portions of 51-hydroxyCTX3C, CTX3C and its 49-

epimer (Figure 4A). Consequently, the data point for sample 21

was outside from the trend line for several congeners (Figure 6,

denoted by an asterisk *). Removing this sample from the data

set did not improve the Spearman’s rank order coefficients (rS),

thus, the data point was not excluded from the calculation.

Spearman’s rank order coefficients (rS) were calculated for

peak areas determined by LC-MS/MS and composite toxicity

determined in the N2a-bioassay. For the total peak area (sum of

all peak areas determined in each sample) a coefficient of rS =

0.63 was obtained. Different rS values were determined for the

respective congeners (Figure 6, Table 1). Highest coefficients

(rS = 0.69 and rS = 0.60) were determined for the congeners with

the highest oxidations status (2,3,51-trihydroxyCTX3C and 2,3-

dihydroxyCTX3C) and, in case of 2,3-dihydroxyCTX3C, for the

congener with the highest ratio (highest peak area in most
frontiersin.org
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samples). The values were comparable to the coefficient

determined for the total peak area (Table 1). Lower

coefficients were obtained for the lower oxidized congeners M-

seco-CTX3C and 2-hydroxyCTX3C (rS = 0.46) (Figure 6,

Table 1). Coefficient of rS = 0.29 (p = 0.19) and rS = 0.18 (p =

0.41) were determined for 51-hydroxyCTX3C and CTX3C,

respectively. However, these results should be considered

carefully as these congeners were detected in less than half of
Frontiers in Marine Science 06
the samples and often in minor amounts (Figures 4, 5

and Table 1).
Formation of 49-epimers

Peaks of the potential 49-epimers were observed for 2,3-

dihydroxyCTX3C, M-seco-CTX3C, 2-hydroxyCTX3C, and
A B D

E F G

I

H

J K L

M N

C

O P

Q R S T

FIGURE 3

LC-MS/MS chromatograms of selected fish tissue extracts from the Pacific (samples 21, 24, 30) and the Indian Ocean (sample 46); panels show
the extracted ion chromatograms for (A-D) 2,3,51-trihydroxyCTX3C (peak at 3.40 min), (E-H) 2,3-dihydroxyCTX3C (5.10 and 5.40 min), (I-L) 51-
hydroxyCTX3C (5.35 min), (M-P) M-seco-CTX3C (5.90 and 6.25 min) and 2-hydroxyCTX3C (7.20 and 7.45 min), (Q-T) CTX3C (8.80 and
9.05 min) for the analysis of the sodium adducts (samples 24, 30, 46) and the analysis of the fragments of the ammonium adducts (sample 21);
in case of two peaks, the first peak was assigned to the respective 49-epimer of the compound; recorded fragments of the ammonium adducts
correspond to [M+H]+ (black), [M+H-H2O]+ (red), [M+H-2H2O]+ (green), [M+H-3H2O]+ (blue); a full time range LC-MS/MS chromatogram of the
sodium adducts of a CTX standard solution and the extract of sample 21 is provided in Supplementary Figure 1.
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CTX3C. In all cases, the 49-epimer peak preceded the peak of the

49R-congener (Figure 3). No corresponding peaks were found

for the congeners with a hydroxyl group at the C-51 position

(2,3,51-trihydroxyCTX3C, 51-hydroxyCTX3C) (Figure 3).

Regarding 2,3,51-trihydroxyCTX3C, a peak eluting 1 min

before the 49R-congener was observed in 45 samples. It

showed the same fragmentation pattern (Figure 3D) and was

also previously detected using a high-resolution mass

spectrometer setup (Spielmeyer et al., 2021; Loeffler et al., 2022).

The peak area quotient of the 49R-congener and the 49-epimer

was calculated for 2,3-dihydroxyCTX3C, M-seco-CTX3C, and 2-

hydroxyCTX3C. The average quotient ranged from 1.17 to 1.35

with the 49R-congener being the dominant compound for the

majority of the samples (Table 2). The same calculation was
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conducted for 2,3,51-trihydroxyCTX3C and the peak detected at

2.5 minutes. Here, a quotient of 5.2 was determined (Table 2).
Discussion

Aspects of CTX analysis by LC-MS/MS

Fifty-two tissue samples of L. bohar were obtained in the

context of two ciguatera outbreaks in the EU. All sample extracts

were analyzed to investigate their CTX profiles which revealed

the presence of several (putative) CTX3C-group congeners.

Reference standards for these compounds are unavailable;

therefore, a co-injection could not be performed as a final
A

B

C

FIGURE 4

(A, B) Toxin profile and (C) composite toxicity determined for the fifty-two L. bohar tissue samples from the Pacific Ocean (samples 1 to 45) and
the Indian Ocean (samples 46 to 52); (A) absolute and (B) relative peak areas of the respective congeners determined by LC-MS/MS analysis,
areas of the 49-epimer and the 49R-congener were combined; (C) toxicity equivalents expressed as ng CTX3C eq. per g wet tissue were
determined by N2a-bioassay; error bars represent the standard deviation from three independent analyses performed for each samples (i.e.,
minimum three independent assays, each assay includes three replicate points); N2a-bioassay data according to Loeffler et al. (2022) and
Loeffler et al. (2022, preprint).
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FIGURE 5

CTX profiles in fish tissue samples from the Pacific and the Indian Ocean; percentage values based on the average proportion of compounds
among samples by region, values in () refer to the standard deviation; non-detected congeners within one sample were considered with “0%”.
A

B D

E F G

C

FIGURE 6

Correlation between composite toxicity determined by N2a-bioassay and peak areas determined by LC-MS/MS for (A) total peak area,
(B) 2,3,51-trihydroxyCTX3C, (C) 2,3-dihydroxyCTX3C and 49-epimer, (D) M-seco-CTX3C and 49-epimer, (E) 2-hydroxyCTX3C and 49-epimer,
(F) 51-hydroxyCTX3C, and (G) CTX3C and 49-epimer; rS - Spearman’s rank order coefficient; * - sample 21.
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proof to verify the correct peak annotation. This presents a

challenge, therefore, within this study, congener peaks were

assigned based on their m/z, retention time as well as the

fragmentation of the ammonium adducts [for a detailed

discussion of the peak assignment see Spielmeyer et al. (2021)].

The congener 49-epiCTX3C was detected more often than

CTX3C which might imply a higher occurrence of the 49-epimer in

naturally incurred samples. However, CTX3C was found to split

into two distinct fractions during sample preparation. This can

result in a lower frequency of detection of this congener in samples

with CTX3C contents close to the limit of detection [0.04 to 0.08 µg

kg-1, Spielmeyer et al. (2021)]. Conversely, during sample

preparation, 49-epiCTX3C is only transferred into one fraction,

and this consolidation can potentially lead to its higher frequency of

detection. The lower occurrence of CTX3C is therefore ascribed to

analytical and preparatory limitations rather than natural

preferences for the 49-epimer (see also discussion in below).

The CTX3C-group has historically been considered

associated to the Pacific Ocean basin as congeners were

initially isolated from sample material obtained from this

region (Murata et al., 1990; Satake et al., 1993; Satake et al.,

1998; Yasumoto et al., 2000; FAO and WHO, 2020). However,

this core precept of regional CTX distinction was refuted with

this set of congeners found in L. bohar samples from the

Western Indian Ocean. Both congeners and congener ratios

were comparable for the sample sets from the Pacific (samples 1

to 45) and the Indian Ocean (samples 46 to 52) (Figures 4B, 5),

indicating a strong similarity (and possible single Gambierdiscus

spp. source) for the CTX3C-group profile within this species

among distinct regions. Because these results contradict the
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established historic association of CTX3C as being found only

within the Pacific Ocean basin, this emphasizes that LC-MS/MS

methods which are based on a restricted focus for CTXs of an

associated geographic origin of sample material should be

expanded. If this region focused approach to CTX detection

were followed strictly, the unexpected CTX3C-group congeners

in the samples from the Indian Ocean would have been

overlooked resulting in a false negative conclusion.

In general, CTX analysis is hampered by the limited

availability of analytical standards for compound confirmation.

The most conservative CTX analysis approach would be to only

include congeners with available standards into an LC-MS/MS

method in order to avoid false positive results due to inaccurate

peak assignment. However, if samples were checked for the

commercially available compounds only (CTX1B, CTX3C), nine

samples (17%) would have been considered as CTX-positive

(detection of CTX3C) although the N2a-bioassay identified

CTX-like toxicity in all (100%) sample extracts. An LC-MS/

MS method expanded to include other CTX congeners, even

though reference standards are not available, would reduce the

likelihood of a false negative conclusion. There are several

compound confirmation approaches which can be performed

variably to support peak assignment (e.g., analysis of fragments,

consideration of fragment ratio, high-resolution MS analyses).

Additionally, elution profiles of several CTX congeners are

already published [e.g., congeners from the CTX3C-group in

Yasumoto et al. (2000); Yogi et al. (2011)]. Improving the

coverage of potential CTX compounds in a sample, and the

subsequent knowledge gained regarding CTX occurrence and

CTX profiles in different regions could be improved, thus aiding

different competent authorities in food safety and stakeholders

of the responsible industries alike.
Detected CTX congeners

All L. bohar tissue samples investigated in this study showed

a comparable CTX profile consisting of congeners from the

CTX3C-group. CTX3C was identified in 22 out of 52 samples

(42%). Excluding sample 21 and 37, it contributed only a small

portion to the absolute CTX burden (Figure 4A). Fish

representing a high trophic level fish (e.g., L. bohar) can

contain a high proportion of oxidized algal CTX metabolites
TABLE 2 Quotient determined for the peak areas of the 49R-congener and 49-epimer or 49R-congener and potential isomer.

Compound number of samples1 average median minimum maximum

2,3-dihydroxyCTX3C 52 1.35 1.31 0.75 2.72

M-seco-CTX3C 49 1.17 1.16 0.55 2.23

2-hydroxyCTX3C 50 1.28 1.23 0.83 2.13

2,3,51-trihydroxyCTX3C2 45 5.24 5.22 2.39 8.90
fr
1 - second peak was missing in some sample extracts probably due to low intensity, samples were not considered for calculation, 2 - peak area of compound detected at 2.45 minutes utilized
for calculation (potential isomer, see Figures 3A–D).
TABLE 1 Spearman’s rank order coefficient (rS) calculated for composite
toxicity (determined by N2a-bioassay) and peak areas (LC-MS/MS).

Parameter number of samples rS p

total peak area 52 0.63 <0.001

2,3,51-trihydroxyCTX3C 52 0.69 <0.001

2,3-dihydroxyCTX3C and 49-epimer 52 0.60 <0.001

M-seco-CTX3C and 49-epimer 51 0.46 <0.001

2-hydroxyCTX3C and 49-epimer 51 0.46 <0.001

51-hydroxyCTX3C 22 0.29 0.19

CTX3C and 49-epimer 22 0.18 0.41
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due to biotransformation (Yasumoto et al., 2000; Mak et al.,

2013; Wong et al., 2014; Yogi et al., 2014). Herein, small

amounts of the algal metabolite are demonstrated to also be

capable of occurring in a fish species representing a high trophic

feeding level. Hawaiian monk seals (high trophic level predators)

have also been demonstrated to accumulate CTX3C in their liver

(Bottein et al., 2011). Satake et al. (1993) identified CTX3C as

minor compound in moray eels, Yogi et al. (2011) found both

CTX3C and its 49-epimer in spotted knifejaw (Oplegnathus

punctatus). The detection of CTX3C in non-herbivorous

animals (i.e., spotted knifejaw, moray eel, and monk seal)

could be either an indicator of a CTX3C non-metabolism

pathway along the food web or foraging activity by higher

trophic level species which on occasion do consume benthic

feeding species. Of particular note is the high content of CTX3C

in sample 21, which could indicate the individual feeding

behavior of the corresponding fish, that it (at least partly) fed

on a low trophic level organism. These findings further support

the notion that LC-MS/MS methods should cover all known

CTX congeners irrespective of the reported samples origin or

trophic level description.

The oxidized CTX congener 2,3-dihydroxyCTX3C was the most

abundant compound among the CTX profiles identified in the

samples. This congener was isolated and structurally elucidated

using extracts of moray eel Gymnothorax javanicus (Satake et al.,

1998). The same extract delivered the structure of 51-hydroxyCTX3C

(Satake et al., 1998). Both congeners were not detected in

Gambierdiscus spp. cultures and the authors concluded that the

compounds were produced in fish by oxidative biotransformation

of CTX3C. The potential formation of 2,3-dihydroxyCTX3C out of

CTX3Cwas proven in vitro using a liver S9 fractions of L. bohar orO.

punctatus (Ikehara et al., 2017). Therefore, it is assumed that the 2,3-

dihydroxyCTX3C detected within this study was the result of an

oxidative biotransformation process derived from CTX3C. This

process may have occurred either within the individual L. bohar

found to contain 2,3-dihydroxyCTX3C, or this process may have

occurred within a prey item, or both.

Within the same in vitro setup (Ikehara et al., 2017), 51-

hydroxyCTX3C was detected after incubating CTX3C with fish

liver S9 fraction derived from O. punctatus, but not from L.

bohar. This might be due to the low transformation rate of

CTX3C (see Figure 4 in Ikehara et al. (2017)), the lack of

enzymes for an oxidation at C-51 in L. bohar or the

subsequent oxidation of 51-hydroxyCTX3C to 2,3,51-

trihydroxyCTX3C. That congener is not mentioned in the

study of Ikehara et al. (2017), therefore no conclusion can be

drawn based on the in vitro experiment. For most of the samples

investigated here, 51-hydroxyCTX3C contributed less than 5% to

the detected CTX congeners whereas the average share of 2,3,51-

trihydroxyCTX3C was approximately 19% (Figures 4B, 5).

Furthermore, 2,3,51-trihydroxyCTX3C was detected in all

samples, whereas its putative precursor 51-hydroxyCTX3C was

detected in less than half. This implies that 51-hydroxyCTX3C is
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easily transformed to 2,3,51-trihydroxyCTX3C, either by a prey

item or by L. bohar. Whether 51-hydroxyCTX3C is produced as

an intermediate form by L. bohar itself (and subsequently

oxidized to 2,3,51-trihydroxyCTX3C) or whether the species

takes up the congener from lower trophic fish has not yet

been elucidated.

The high ratio of 2,3-dihydroxyCTX3C in all 52 samples

indicates that the oxidation at C-2 and C-3 is common. It appears

likely that the same enzyme catalyzes the transformation from 51-

hydroxyCTX3C to 2,3,51-trihydroxyCTX3C. The two highly

oxidized congeners contribute around 50% to the determined

CTX profile in most samples (Figures 4B, 5). This is in agreement

with the general assumption that high trophic level fish mainly

contain oxidized CTX congeners due to several biotransformation

steps within the food web (Lewis and Holmes, 1993). For instance,

Mak et al. (2013) investigated fish of different trophic levels from

coral reefs of the Republic of Kiribati. They found that

carnivorous fish tend to contain higher ratios of CTX1B than

herbivorous and omnivorous fish; however, this does not preclude

CTX1B from being detected in herbivorous species (Mak

et al., 2013).

For the average profile, both 2-hydroxyCTX3C and M-seco-

CTX3C contribute approximately 19% to the CTX profile. These

congeners were reported for cultures of G. polynesiensis, in trace

amounts of selected clones (Chinain et al., 2010; Longo et al., 2019;

Longo et al., 2020). Yasumoto et al. (2000) identified M-seco-

CTX3C in G. toxicus and 2-hydroxyCTX3C in fish. Fish species

investigated were Scarus gibbus (parrotfish), L. bohar, and G.

javanicus (moray eel), but no differentiation was provided

concerning which congener was isolated from which species.

Based on the low portion of the congeners in algae, the formation

of both compounds due to biotransformation in the food web is

most likely leading to the high ratio of both congeners observed in

the L. bohar samples investigated in this study. The high ratio of

both congeners suggests that they are not extensively

biotransformed to other congeners, but accumulated in the fish.

The question remains whether the transformation occurs only at

the beginning of the food web (i.e., in herbivorous fish or

invertebrates), throughout the food web (i.e., different trophic

levels produce these congeners) or whether only high trophic

level fish are capable of this biotransformation. As already stated

byMak et al. (2013), the investigation of lower trophic species could

help to better understand CTX dynamics and CTX

biotransformation within the marine food web.

Peaks of potential 49-epimers were detected for 2,3-

dihydroxyCTX3C, 2-hydroxyCTX3C, M-seco-CTX3C and

CTX3C and the compounds eluted shortly before the 49R-

congener (Figure 3). No comparable peaks were observed for

51-hydroxyCTX3C and 2,3,51-trihydroxyCTX3C. Apparently,

the oxidation at the position C-51 does not occur in case of the

49-epimer, potentially due to steric factors. This aspect was

already discussed for the CTX4A-group congeners with 52-epi-

54-deoxyCTX1B not being oxidized to 52-epiCTX1B (Lewis
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et al., 1993). The formation of the 49-epimer is catalyzed by

acids. An epimerization during sample preparation is not

expected as solutions containing 0.1% acetic acid only were

utilized. Furthermore, the same 49-epimers were observed for

extracts being prepared without addition of acids [see

chromatogram in Loeffler et al. (2022)]. It is assumed that the

49-epimers are already present in the sample tissue.

Theoretically, the 49-epimers might be produced in two

different ways. The epimerization might occur during

biotransformation (e.g., formation of 49-epi-2,3-dihydroxyCTX3C

out of CTX3C) or 49-epimer precursors such as 49-epiCTX3C are

biotransformed in the same manner as the 49R-congener. The first

option should lead to 49-epimers of 2,3,51-trihydroxyCTX3C or

51-hydroxyCTX3C, but these were not observed. Ikehara et al.

(2017) used CTX3C in their in vitro study and found one peak for

2,3-dihydroxyCTX3C only. Consequently, the second option is

considered as relevant. Cultures ofG. polynesiensiswere reported to

contain both CTX3C and its 49-epimer with a ratio’s quotient

around 1.5 [ratio of CTX3C divided by ratio of 49-epiCTX3C, data

can be found in Figure 5 in Chinain et al. (2010)]. This is

comparable to the peak area quotients determined within this

study (Table 2). Thus, 49-epimers and their corresponding 49R-

congeners seem to be metabolized in the same way except for the

oxidation at C-51 which occurs for the 49R-congener only.

The 49R-congener was the dominant configuration in most

samples (Table 2). Based on MM2 calculations, the R-

configuration at C-49 is considered more stable than the S-

configuration (Yasumoto et al., 2000). In acidified solutions, the

formation of the 49-epimer of CTX3C can be observed, but a

complete conversion does not take place and the 49R-congener

remains the main compound (according to Figure S1 in Oshiro

et al. (2021a), incubation performed in 0.1 M hydrochloric acid

in chloroform/dioxane). In case of the m/z corresponding to

2,3,51-trihydroxyCTX3C, an additional peak with the same

fragmentation pattern (observed fragments plus ratio of the

single fragments) was observed (Figures 3A–D). In contrast to

the other potential 49-epimers, it eluted 1 min before the 49R-

congener. The peak area quotient of the 49R-congener and this

peak was above five. For 2,3-dihydroxyCTX3C, 2-

hydroxyCTX3C, and M-seco-CTX3C, the mean quotient was

between 1.17 and 1.35 (Table 2). Both aspects (retention time

difference, peak area quotient) make it seem unlikely that the

peak at 2.45 min is the 49-epimer of 2,3,51-trihdroxyCTX3C. As

the fragmentation pattern looks similar, it might be an isomer of

2,3,51-trihydroxyCTX3C which is currently undescribed.
CTX toxicity

Peak areas of the single congeners were correlated with the

composite toxicity. It must be noted that values for both

parameters were obtained for two different sets of extracts.

This might influence the results for the coefficients. However,
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extracts of both methods delivered comparable results within the

N2a-bioassay (Spielmeyer et al., 2021), thus, the impact should

not be substantial. The different limits of quantitation (LOQ) of

the two analytical methods should be taken into account as well.

LOQs of 0.002 µg CTX3C eq. per kg TE and 0.2 µg CTX3C kg-1

were determined for the N2a-bioassay (Loeffler et al., 2021) and

LC-MS/MS analysis (Spielmeyer et al., 2021), respectively. The

lower LOQ of the N2a-bioassay can influence the correlation

coefficient, when positive results in the N2a-bioassay are not

accompanied by a positive detection of CTX by LC-MS/MS. In

order to limit this influence, samples were not considered for

determination of the Spearman’s rank order coefficient when the

respective congener was not detected in the sample (see also

number of samples in Table 1).

Highest Spearman’s rank order coefficients were obtained for

the highest oxidized congeners (i.e., 2,3,51-trihydroxyCTX3C, 2,3-

dihydroxyCTX3C). As the sum of these congeners contributed the

most to the total peak area for most of the samples, the coefficient

for total peak area was in the same order of magnitude. Wong

et al. (2014) analyzed fish samples from markets in Hong Kong

both via mouse bioassay (MBA) and LC-MS/MS. In case of the

LC-MS/MS data, contents (in ppb) were converted to mouse units

per kg fish (content multiplied by toxicity equivalent factors

(TEFs)). The Spearman’s rank correlation between both

methods was highest for total toxicity (rS = 0.78) and CTX1B

(rS = 0.75), followed by 52-epi-54-deoxyCTX1B (rS = 0.60) and

54-deoxyCTX1B (rS = 0.37). These results are comparable to

coefficients determined within this study showing the similarity

among results determined by cell-assays, the MBA, and chemical

analysis performed by LC-MS/MS.

The lowest coefficient was obtained for the algal metabolite

CTX3C (rS = 0.18) which is the lowest oxidized congener of the

compounds detected within this study. Lower oxidized CTX

congeners were previously considered less toxic than higher

oxidized CTX metabolites based on results obtained for isolated

compounds using the MBA (Lewis et al., 1991). Results from MBA

studies (LD50 after intraperitoneal administration) were utilized for

estimating the TEFs. The TEF of CTX1B was set to 1.0 and other

congeners were set relative to this compound. For the congeners

detected in this study, TEFs are available for CTX3C (0.2), 51-

hydroxyCTX3C (1.0) and 2,3-dihydroxyCTX3C (0.1) (EFSA,

2010). Later reports calculated a relative potency of 1.3 for 51-

hydroxyCTX3C [also relative to 1.0 for CTX1B, FAO and WHO

(2020)] [calculations based on the original observations by Satake

et al. (1998); Yogi et al. (2014)].

Although 51-hydroxyCTX3C is reportedly five times more

toxic than CTX3C (based on the TEF), only a weak correlation

between peak area and composite toxicity was found for both

congeners within this study. Thus, these compounds are likely a

minor contributor to the measured composite toxicity. This is

mainly ascribed to the low detection frequency and the small

peak intensity (i.e., low concentration). 2,3-DihydroxyCTX3C is

the dominant congener and shows a high correlation with the
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composite toxicity (rS = 0.60). This agrees with the assumption

of highly oxidized congeners being more toxic, but contradicts

the low TEF determined for this compound. It should be

considered that the currently recognized TEFs were estimated

using results from MBA studies whereas composite toxicity

within this study was determined by N2a-bioassay, which has

a higher detection sensitivity. Depending on the assay, CTX

congeners can show different relative potencies [see Table 1 in

Yogi et al. (2014)]. However, the results presented here indicate

that a re-evaluation of the TEFs might be appropriate.

The congeners M-seco-CTX3C, 2-hydroxyCTX3C and

2,3,51-trihydroxyCTX3C were equally representative based on

the average CTX profile (Figure 5), but correlation with

composite toxicity was higher for 2,3,51-trihydroxyCTX3C

(rS = 0.69) than for the other two congeners (both rS = 0.46).

This would support the assumption that the toxicity depends on

the oxidation status of the congener. For these three congeners,

no TEFs are available so far. These compounds should be

included in future (re-)evaluation studies of the single toxins.

Currently, there is no guidance value for congeners of the

CTX3C- and I-CTX-group. Guidance values were only defined

for CTX1B (0.01 µg CTX1B eq. per kg) and C-CTX-1 (0.1 µg C-

CTX-1 eq. per kg) in finfish (USFDA, 2021). The least and most

toxic samples in the N2a-bioassay (sample 40 and sample 6,

respectively) revealed a content of 0.23 and 11.4 µg CTX3C eq.

kg-1, respectively (Loeffler et al., 2022). Thus, all samples

exceeded the available guidance values. Fish meal remnants

from a CP outbreak that occurred in Germany in 2017 were

analyzed for C-CTX-1 and CTX1B by LC-MS/MS, and were

negative for these two compounds, but positive for CTX-like

toxicity by the N2a-bioassay (detailed information in Loeffler

et al. (2022)). This example of a negative result by LC-MS/MS

when focusing on only two CTX congeners demonstrates the

importance of investigating the other CTX congeners including

the CTX3C group in CP implicated products as these congeners

remarkably contribute to sample toxicity.
Potential origin of the observed
CTX profile

This study investigated tissue samples of L. bohar originating

from Vietnam and the southwestern coast of India, representing

the western Pacific Ocean (FAO 71) and northwestern part of the

Indian Ocean (FAO 51), respectively. Despite these regional

distances (approx. 4,000 km apart), all samples revealed a

similar CTX profile consisting of congeners from the CTX3C-

group. Congeners from the CTX4A-group such as CTX1B or 54-

deoxyCTX1B or peaks deriving from m/z of reported I-CTX

congeners were included in the LC-MS/MS method, but not

detected (see Supplementary Table 1, Supplementary Figure 2).

Reports regarding CTX profiles in L. bohar and/or fish from

these distinct oceanic regions provide variable results. From the
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region of Southwest India, Rajeish et al. (2016) and Rajisha et al.

(2017) reported ciguatera outbreaks and determined toxicity by

MBA. However, a CTX profile description was not available and,

thus, reported CTX profiles from the region cannot be compared.

From Vietnam, Ha et al. (2018) investigated L. bohar involved in

two CP outbreaks. While they checked for CTX4A- and CTX3C-

group congeners, only CTX4A-group congeners were detected

(i.e., CTX1B, 52-epi-54-deoxyCTX1B, and 54-deoxyCTX1B)

with CTX1B being the dominant compound. Therefore, the

same species from the same region appears to provide two

divergent CTX profiles. L. bohar samples from a Japanese

wholesale market were investigated by Oshiro et al. (2021b). In

two samples, they found 2,3,51-trihydroxyCTX3C, 2,3-

dihydroxyCTX3C and 2-hydroxyCTX3C, but no 51-

hydroxyCTX3C. This finding is comparable to the results

reported here, albeit from a third distinct region. It is not

mentioned whether the authors evaluated the extracts for M-

seco-CTX3C as well. All samples revealed the presence of

CTX1B, also in absence of CTX3C-group congeners, and this

compound showed the highest concentration of the detected

congeners in all L. bohar samples (Oshiro et al., 2021b).

Fish flesh of several species implicated with ciguatera cases

in Okinawa (Japan) showed a CTX4A-group profile (Yogi et al.,

2011). Within the same study, L. bohar from Minamitorishima

(Japan) showed a mixed-profile consisting of CTX4A- and

CTX3C-group congeners whereas O. punctatus from Miyazaki

(Japan) revealed CTX3C-group congeners only (Yogi et al.,

2011). O. punctatus caught at Okinawa contained CTX4A-

group congeners (Yogi et al., 2014). An investigation on Viti

Levu Island (Fiji) showed sampling place dependent CTX

profiles with a mixed profile (CTX4A- and CTX3C-group) on

the south side and a CTX3C profile on the west side of the island

(Oshiro et al., 2021a). These results show that the same fish

species can accumulate congeners of different CTX-groups and

that a mixed profile (accumulation of congeners from more than

one CTX-group) is possible. Consequently, as already pointed

out by Oshiro et al. (2021a), the detected CTX-group in fish

depends on the Gambierdiscus species being present in the

respective waters rather than the fish species.

Detailed information about the occurrence of Gambierdiscus

is not available for all regions worldwide. There are no reports

about Gambierdiscus along the Indian coast. In waters of the

Pakistani coast, G. polynesiensis, G. toxicus, G. belizeanus, and G.

australes were found beside Fukuyoa yasumotoi (former G. cf.

yasumotoi) (Munir et al., 2011). In this context, the presence of

the same species in the region of Indian seems possible. For the

south coast of Vietnam (Cau Island, Binh Thuan Province),

Roeder et al. (2010) isolated G. toxicus (identification performed

using microscopy techniques) which was later re-classified as G.

polynesiensis (FAO and WHO, 2020). Thus, G. polynesiensis is

likely the common organism (reported so far) for the two

regions of interest in this study. The CTX profile of this

species was investigated for different strains. It mainly
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consisted of CTX3C and its 49-epimer as well as M-seco-CTX3C

(together approximately 80%, see Figure 5 in Chinain et al.

(2010)). CTX4B contributed only 1% to the profile. This

congener is the precursor of 54-deoxyCTX1B and CTX1B. The

low proportion of CTX4B in G. polynesiensismight be the reason

for the non-detection of CTX1B in the samples investigated here.

The CTX profiles determined in this study from the two

independent sample sets originating from the western Pacific and

northwestern Indian Ocean were indistinguishable, indicating a

conserved profile within species among regions. Following the

conclusions from Oshiro et al. (2021a) this implies that a single

Gambierdiscus species was present at both locations capable of

producing the same toxins (i.e., high portions of CTX3C and 49-

epiCTX3C) or two distinct Gambierdiscus species can produce an

indistinguishable CTX profile among the two regions. For L. bohar

samples within each sample set (Pacific or Indian Ocean), the ratios

of the single congeners were also similar. This suggests a species-

specific metabolism of the CTX congeners ingested, as the food

webs are regionally independent. This was also observed in the in

vitro study by Ikehara et al. (2017) where S9 liver extracts of

different fish species were used. Therein different congener profiles

were found to be liver extract dependent. Yogi et al. (2014) reported

comparable CTX profiles for the same species collected at the same

place over a decadal period, indicating regional profile stability.

Oshiro et al. (2022) determined the CTX profile in Variola louti

collected from Ryukyu Island (Japan) over three years. The ratio of

the detected congeners (CTX1B, 52-epi-54-deoxyCTX1B, 54-

deoxyCTX1B) showed a similar consistency as the profiles

determined for L. bohar in this study [see Figure S4 in Oshiro

et al. (2022)]. Beside the species-specific metabolism, those results

suggest that on a small scale a permanent CTX source can be

present within a local food web leading to consistent CTX profiles

within a species over time.
Conclusion

Within this study, a detailed CTX profile analyses for L.

bohar from the larger Indo-West Pacific region including sites

from the western Pacific Ocean and the northwestern Indian

Ocean was conducted. Both sample sets revealed similar profiles

consisting of congeners from the CTX3C-group, indicating a

species-specific CTX metabolism as well as a conserved CTX

producing Gambierdiscus species source among distinct oceans.

These results provide justification for investigating the

Gambierdiscus species complex in both regions to further

elucidate the CTX producing source. Because of the

indistinguishable nature of the CTX profiles among distinct

regions, these results also question the importance of regional

differentiation for CTX groups, particularly from an analytical

point of view, which can lead to a false sense of regional

distinction. Gambierdiscus is a recognized cosmopolitan

genera, for instance, the species G. australes has been reported
Frontiers in Marine Science 13
in the Atlantic Ocean, Mediterranean Sea, the northern Indian

Ocean (Pakistan), and throughout the Pacific Ocean (Japan,

Hawaii, and French Polynesia) (detailed overview provided in

Tester et al., 2018). Furthermore, other Gambierdiscus species

were already reported to occur in different regions (and Ocean

basins) worldwide. Therefore, finding CTX3C-group congeners

in fish samples from the Indian Ocean, which are

indistinguishable from those identified from the western

Pacific Ocean, underlines the necessity to screen for all known

congeners in CP investigations, without a regional bias on toxin

identification. Future studies should investigate samples for the

full range of already described CTX congeners and conduct a

thorough CTX profile determination in fish species from several

trophic levels in known CP regions to gain better insight in the

CTX dynamics in marine food webs.
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