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Abstract: Ciguatera food poisoning (CFP) is widespread in tropical and sub-tropical
waters, and it is the most common food poisoning caused by marine biotoxins. The
toxins involved, ciguatoxins, are produced by certain dinoflagellates of the genus
Gambierdiscus, and undergo biotransfer and biomagnification up the foodweb to
planktivorous and ultimately, top predator fishes. In this paper, we reviewed the factors
and processes that regulate the production of ciguatoxins, the ecological distribution and
the pathways of their biotransfer, and fish consumption guidelines to prevent ciguatera
related food poisoning. Warm waters are commonly suggested as the most important
factor that enhances toxic algal blooms and ciguatoxin production. Ecological
distribution of ciguatoxic fish shows great regional specificity. In most endemic areas,
carnivores such as groupers and other large fish have higher toxicity than their
herbivorous and smaller counterparts, supporting the food chain hypothesis proposed by
Randall (1958); while in other areas, for example, French Polynesia, the opposite
situations also exist, questioning the biomagnification hypothesis. Some countries and
regions have taken measurements to prevent ciguatera poisoning through consumption
guidelines. In this review, we look at some of the measures that could be used to prevent
poisoning, while encouraging people to consume fish. For example, choosing smaller and
lower trophic level fish are likely to be safer to consume. We suggest an approach to
maintain better databases on ciguatera cases to instruct people on fish consumption
safety, and develop a general guideline for fish consumption to reduce CFP.

Key words: ciguatoxin, ciguatera food poisoning, marine foodweb, ecological

distribution, biotransfer, prevention
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1. Introduction

Ciguatera food poisoning (CFP) is a foodborne disease caused by consumption of fish
containing ciguatoxins (CTXs). It is the most common type of food poisoning by marine
biotoxins (EFSA Panel on Contaminants in the Food Chain 2010), although cases of CFP
are widely underreported (Dickey and Plakas 2010). According to different estimations,
about 10,000 to 500,000 people worldwide are infected by CFP each year (Chinain et al.
2010b; Gingold et al. 2014). Victims of CFP suffer from acute neurological,
gastrointestinal and cardiovascular symptoms, and in some cases also sexual dysfunction

(Dickey and Plakas 2010; Stewart et al. 2010).

The term, “ciguatera”, was coined in the 18 century by the European settlers on the
Caribbean islands to describe the neurological syndromes of food poisoning (Pearn 2001).
While there have been many advances on CFP research since the first successful isolation
of ciguatoxin from moray eel by Scheuer et al. (1967), there are major knowledge gaps in
several areas. Firstly, the food chain hypothesis proposed by Randall (1958) illustrates
that the ciguatera toxins are transferred from algae through planktivores and herbivores
to carnivorous fish. This hypothesis has won much early approval and has been
especially supported by the discovery of ciguatoxin in benthic dinoflagellate
Gambierdiscus toxicus by Adachi and Fukuyo (1979). While the food-chain hypothesis has
become a widely accepted theory on the mechanism of ciguatoxin transfer (Lewis and
Holmes 1993 and references therein), there have been observations from coastal

subtropical and tropical oceans that are not consistent with the food-chain hypothesis.
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Secondly, it is challenging to understand the factors and processes regulating temporal
and spatial distribution of ciguatoxin-producing algae and the accumulation of the toxin
in aquatic foodwebs leading to CFP through fish consumption. Based on Randall’s theory,
the assumption has been that ciguatoxicity in fish increases with size or age within a
single species (Caillaud et al. 2010), or with trophic level across all the species in a CFP

endemic area.

A third challenge regarding ciguatoxin in fish and other seafood is in the development of
integrative consumption guidelines. CTX intoxication does not change the appearance or
smell of the fish, thus making it difficult for consumers to judge whether a fish is toxic or
not. As a rule of thumb, the size and trophic level assumptions are commonly suggested
in the guidelines for seafood consumers. For example, the Centre for Food Safety of
Hong Kong Government recommended the public to “consume less coral reef fish,
especially marine fish over three catties (1.8 kg)”. The Centre has also showed that the
fish species with a high potential of ciguatoxicity reported in Hong Kong are mainly
groupers (Serranidae), which are top predators in coral reef ecosystems (Centre for Food
Safety 2006). However, recent studies have shown some contradictory results for
different species and CFP endemic areas (Gaboriau et al. 2014 and references therein;
Darius et al. 2007). Hence, newer guidelines need to be established in order to

incorporate the latest knowledge on CFP.
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In this review, we discuss the factors and processes determining toxin production by a
select group of marine algae, the global distribution of ciguatoxins, the pathways of
ciguatoxin in the aquatic foodweb, and management of health risks from CFP through
consumption guidelines. We will also review recent studies that have confirmed or
contradicted the well-recognized assumptions, and try to provide a feasible guideline to

prevent CFP for fish consumers.

2. Factors and processes regulating CTX production by algae

CTXs are produced by the species of the benthic dinoflagellate Gambierdiscus, especially
G. toxicus, the first discovered from the coral reefs at the Gambier Islands, French
Polynesia (Yasumoto et al. 1977; Adachi and Fukuyo 1979). The genetic mechanisms
regulating CTX production are not yet clear, but it is believed that the CTX biosynthesis
is mediated by polyketide synthase (PKS), a pathway undergone by brevetoxins that is
structurally similar to CTXs (Chinain et al. 20104; Kalaitzis et al. 2010; for structures, see
Fig. 1). These toxins have been categorized as P-CTXs, C-CTXs, and I-CTXs, according to
their locations of discovery in the Pacific, Caribbean, and Indian Ocean, respectively

(Vernoux and Lewis 1997; Hamilton et al. 20024, 2002b).

The toxin molecules are lipid-soluble polyethers with polycyclic backbones. As of now,
more than 40 congeners of CTXs have been isolated. With the help of nuclear magnetic
resonance (NMR) and mass spectrometry techniques, the structure of 14 congeners have

been elucidated (Murata et al. 1990; Lewis et al. 1998; Yasumoto et al. 2000; Yasumoto
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2001; Pottier et al. 2002), and new congeners have been categorized by their probable
structures (for example, with an open ring) (Chinain et al. 20104). The most common CTX
congeners, namely P-CTX-1, -2 and -3 are quantified by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method, and their respective limits of quantification are
0.50, 5.00 and 5.00 pg/g wet weight (Mak et al. 2013), which are three orders of

magnitudes below their respective LDso levels (Lewis 2001).

In general, Gambierdiscus species are distributed in various coastal ecosystems of tropical
and sub-tropical waters, with north and south latitudinal boundaries between 35°N and
37°S (Parsons et al. 2012; Hallegraeff 2010). Species of Gambierdiscus found in the Atlantic
and Pacific oceans differ greatly, although the endemic areas share only a few of the same
species (Litaker et al. 2010). This difference is also linked to the distinction in the
structure of CTXs produced in each region. At a local scale, the distribution of
Gambierdiscus is sporadic and region-specific, and can be linked to the occurrence of
ciguatoxic fish in a small area (Dickey and Plakas 2010), while non-ciguateric site can be
located just a few kilometers away from a ciguateric site (Chan et al. 2011; O'Toole et al.

2012).

Warm water has long been suspected as the most important factor leading to toxic algal

blooms and CTX production, as suggested by the common occurrence of CFP incidences

in warm water fish. Relationships between sea surface temperature (SST) and the

incidence rates of CFP have been studied for Caribbean nations and territories (Tester et
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al. 2010). All the CFP incidences reported during 1996 to 2006 took place where average
annual SST exceeded 25°C. The regions that were most prone to CFP, namely Montserrat
and Antigua-Barbuda, had the warmest water, with surface temperatures above 25°C
during the coldest month of February. Six species of Gambierdiscus have optimum or
positive growth rates between 25 and 29°C in culture (Litaker et al. 2010; Tester et al.
2010). Similarly, growth and ciguatoxicity of G. polynesiensis strains, isolated from French
Polynesia and cultured at 27°C, were also found to be positive as a function of

temperature (Chinain et al. 2010a).

It is also suggested that the geographical distribution of Gambierdiscus might widen with
anticipated future warming of coastal marine ecosystems (Tester et al. 2010). Ciguatera
occurences in the Northeastern Atlantic region, an area that was long considered
non-endemic to CFP, have raised public concern since the first CFP outbreak in the
Canary Islands in 2004 (Pérez-Arellano et al. 2005), when C-CTX-1 was detected in
amberjack fish (Seriola rivoliana). During the same time, Gambierdiscus sp. were found in
Canarian water by another research group (Aligizaki et al. 2008), thus providing
evidence supporting the expansion of Gambierdiscus. It is suspected the outbreak is
related to an exceptional heat wave in 2003, as in the case of Ostreopsis bloom, another
genus of dinoflagellate (Fraga et al. 2012). Subsequently, the number of CFP cases in the
Canary Islands has exceeded 68 (Nufiez et al. 2012), and CTXs have also been detected
from two starfish species in the Portuguese islands of Madeira and Azores (Silva et al.

2015).
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In addition, other environmental factors could also be linked to CTX production. Low
light intensities have also been suggested to stimulate Gambierdiscus proliferation (Fraga
et al. 2012). Many species of Gambierdiscus have maximum growth at a salinity of around
30, though some other species displayed different salinity preferences (Parsons et al.
2012). The influence of nutrients on the growth of Gambierdiscus remains unclear, as
benthic dinoflagellates can bloom in waters with low nutrient concentrations (Parsons et
al. 2012). However, it is still not clearly understood why some of these dinoflagellates

produce toxins in one location, but not in a nearby location.

3. Global distribution of CTX in aquatic foodwebs

Ciguatoxin is transferred along the aquatic foodwebs through consumption of prey, and
is found at different trophic levels from invertebrates to planktivorous, to herbivorous
fish to top predators (Darius et al. 2007; Mak et al. 2013). Lewis (1993, 2001) reported a
more complicated distribution of P-CTX congeners in dinoflagellates and fish. He
reported that P-CTX-1, a typical CTX congener found in carnivorous fish, is a more
oxidized form and is 10 times more toxic than P-CTX-4B found in algae (Fig. 1). It was
also reported that all the P-CTX congeners found in algae and herbivores (namely,
P-CTX-3C, 4A, and 4B) have lower potency than any congener that comes from
carnivorous fishes. It has been suggested that the biotransformation processes may occur

in fish, which may lead to biomagnification of CTX along aquatic foodwebs.
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As early as Randall (1958), large piscivorous fish have been frequently found to be the
only group that caused ciguatera endemic toxicity. Besides the bioaccumulation and
biomagnification processes, the biotransformation into more toxic forms in fish may
provide an explanation supporting this observation. CTX prevalence in species of
groupers (Serranidae), a family of carnivores in coral reef ecosystems, is profound in
many countries and territories. CFP caused by these fish has been imposing great risk to

public health because of their popularity as a seafood.

Meanwhile, the ecological distribution of CTX also shows regional specificity. In the
Noumea Fish Market, New Caledonia, as many as 28 risky species of fish were reported
by Clua et al. (2011). These fish were harvested from the Southern and Northern
Provinces of New Caledonia. Groupers, mackerels and snappers were the fish groups
with risky concentrations of CTX were most commonly found. Apart from the species
observed in fish markets, giant moray (Gymmnothorax javanicus), peacock grouper
(Cephalopholis argus), and three snappers namely Lutjanus bohar, Lutjanus monostigma, and
Lutjanus rivulatus were recognized as the most toxic species and were restricted from sale

on the market.

In Okinawa, Japan, CFP outbreaks during 1997 to 2006 have been most frequently related
to serranids such as Variola louti, L. bohar and L. monostigma. In a batch of serranids, the
percentage of toxic individuals topped at 32.3% for L. monostigma (Oshiro et al. 2010). In

Hong Kong and other coastal cities in South China, CFP cases caused from consumption
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of coral reef fishes such as groupers, snappers and humphead wrasses (Cheilinus
undulatus) are common (Wong et al. 2005). Among those fish involved in the CFP cases
that occurred in Hong Kong, two-spot red snappers (L. bohar) and leopard coral groupers
(Plectropomus leopardus) have been the most common species (Wong et al. 2014). Several

clinical studies on these cases have been carried out by local hospitals (Chan 2013, 2014).

4. New approaches to study the transfer and bioaccumulation of CTX in the foodweb
4.1. Ciguatoxin accumulation as a function of body size

Although the Randall (1958) size assumption is widely accepted, studies in recent years
often show contradictory results and highly species-specific and region-dependent
variability. Researchers testing the size-assumption theory have observed a significant
but weak positive correlation (p = 0.03, r> = 1.5%) between the CTX toxicity and the length
of peacock groupers (C. argus) from Hawaii (Dierking and Campora 2009), and a strong
and significant correlation for moray eels (Gymnothorax spp.) from the coastal waters of

Kiribati (Chan et al. 2011; Mak et al. 2013).

However, there are results showing no significant correlation between the CTX toxicity
and the fish weight or length for the horse-eye jacks (Caranx latus) caught from St.
Barthelemy (Pottier et al. 2002), for nine species of fish from Tubuai, for twenty-one
species from Nuku Hiva, French Polynesia (FP) (Darius et al. 2007), for peacock groupers
(C. argus) from Hawaii (Bienfang et al. 2012), and for great barracudas (Sphyraena

barracuda) from the Bahamas (O’Toole et al. 2012). These results have also been supported
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by observations by Caillaud et al. (2012) on lesser amberjacks (Seriola fasciata) from the

Canary Islands.

Chinain et al. (2010b) found that within herbivorous species from Raivavae Island, French
Polynesia (FP), smaller individuals had greater concentrations of CTX than the bigger
individuals of the same species. In a more recent article, the same research group showed
negative correlations between CTX concentration in fish tissue and fish total length for
seven species x island (2 carnivores, 1 omnivore and 4 herbivores) in FP (Gaboriau et al.
2014). It is worthy to note, that much like their previous study, here too they found that
smaller herbivorous fish had higher concentrations than the larger ones. Interestingly,
while the carnivorous Epinephelus polyphekadion in Fakarava produced a negative
relationship between toxicity and total length, another carnivorous fish species, L. bohar
from the same island showed increasing toxicity with total length (Table 1). These
observations led us speculate that aside from size, it would be important to take note of
size at a given age of a fish because faster growing fish may show lower toxin
concentrations, which is often considered a growth dilution process (e.g., the case for

brevetoxins reported in Perrault et al. 2014).

4.2. Transfer of ciguatoxin along aquatic foodwebs
Long-term records collected over at least ten years may be required to robustly
understand the factors and processes regulating CTX transfer along aquatic foodwebs.

Chateau-Degat et al. (2005) reported a correlation between high Gambierdiscus spp. cell
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density in the Atiamaono coral reef, Tahiti, and high sea-water temperature with a
17-month lag time. They also reported a correlation between CFP breakouts in local
communities and a high density of dinoflagellates 3 months before. In another study,
increases in CFP cases in the United States were proven to be associated with a high SST
18 months prior in the Caribbean basin (Gingold et al. 2014). Both reports, although
focusing on different oceans, were consistent in reporting a substantial time lag between

peak SST and peak CTX concentrations in top predators.

Compared to the timescale of CTX transfer in the foodweb, the depuration process is
relatively slow. Based on a study of moray eels in the central Pacific (Lewis et al. 1992),
the half-life of the depuration process, including possible biotransformation processes
that reduce toxicity, have been estimated to be 264 days. Rapid declines in CFP cases (e.g.,
90 to 300 days for a 50% decline) found elsewhere in the Pacific may be regarded as a

result of a similar half-life (Lewis and Holmes 1993; Lehane and Lewis 2000).

Mak et al. (2013) introduced the stable nitrogen isotope analysis method into ecological
studies of ciguatoxin. A systematic increase in °N from prey to predator has been used as
a quantitative measure of trophic dynamics in a foodweb (Cabana and Rasmussen 1994;
Vander Zanden and Rasmussen 2001) and associated bioaccumulation process also
aquatic foodwebs. For fish and invertebrate samples from Marakei, Kiribati, significant
positive relationships have been observed between ®N and log P-CTX-1 concentrations.

However, these relationships did not show for P-CTX-2/-3, which may suggest that
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biomagnification of ciguatoxins could be a result of biotransformation from P-CTX-2/-3
to P-CTX-1 (Fig. 2, adapted from Mak et al. 2013). In contrast to the findings outlined
above, Darius et al. (2007) reported that herbivores in Nuku Hiva, FP had greater
ciguatoxicity than species at higher trophic levels, which is surprising given that

herbivorous fishes are first in the transfer pathway chain of ciguatoxin.

5. Prevention and management of health risk

In many regions where coral reef fish are largely sold and consumed, local
measurements are taken to fight against CFP. Due to the high regional specificity of CFP
distribution, for example, herbivorous fishes are most highly ciguatoxic in French

Polynesia, counter-measurements vary from one to another endemic area.

Island residents of French Polynesia use a series of home tests to examine whether a fish
is toxic, for example, to feed it to a dog or a cat (Chinain 2010b). Also, traditional
remedies are commonly used within local communities when CFP symptoms appeared.
However, with fish as their staple source of protein, the island residents often resume

eating fish once the symptoms disappear (Dickey and Plakas 2010).

Cigua-Check® is a commercially available test kit for detecting ciguatoxins produced by
ToxiTec Inc., Hawaii, based on an enzyme immunoassay originally developed by
Hokama (1985). Although the reliability of the kit is disputed because of some false

positives and false negatives from known samples of fish with CTX (Wong et al. 2005;
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Campora et al. 2006), it is accepted by institutes and public health authorities in the
Philippines and Thailand to examine the ciguatoxicity of fish flesh samples (Mendoza et

al. 2013; Sintunawa et al. 2014).

Consumption guidelines on fish in markets and restaurants are mainly based on size or
weight of fish. Lehane and Lewis (2000) reported that some Australian restaurants would
not accept coral trouts above 2.5 kg. In New Caledonia, the fish species that are
considered as the most toxic are not allowed for sale in the market. In Hawaii, the great
amberjacks (Seriola dumerilii) above 20 lbs (9 kg) are prohibited to be sold in the market
(Clua et al. 2011). In Hong Kong, coral reef fish weighing above 1.8 kg are advised not to

be consumed (Centre for Food Safety 2006).

Databases of CFP reports can provide useful instructions for health risk prevention. On
the internet database “FishBase” (www.fishbase.org, Froese and Pauly 2015), an alarming
total of 207 entries of fish species are listed under the topic “ciguatera”. In French
Polynesia, CFP case reports are maintained through the Public Health Directorate (PHD)
and the Institut Louis Malardé (ILM) since the mid-1960s. Hospitals, health centers and
volunteer public health physicians send records containing age, symptoms and other
information of the patient for each case to the authorities. Trends of local CFP risks can be
analyzed using this database. However, it is believed that only 20% of the total CFP cases
are usually reported in the database. This under-estimation could be related to (1)

patients not seeking medical treatment and (2) physicians who do not voluntarily send
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case reports to the authorities (Chateau-Degat et al. 2007; Chinain et al. 2010b).

6. Conclusion

Among the many factors and processes that trigger CTX production by the select group
of dinoflagellates, sea surface temperature seems to be the most important driving force.
However, more extensive research is needed before all the factors can be fully
understood. Although trophic transfer and bioaccumulation with increasing trophic level
and body size have been commonly considered as the major factors determining CTX
toxicity in fish, other toxicity transformation along aquatic foodwebs should also be
considered in alternative models. Considering the complexity of processes regulating
CTX production and biotransfer, a more comprehensive plan for preventing CFP should
be used to account for variability in scenarios in various coastal regions in the tropical
and sub-tropical areas. Such a plan would require a high level of international
cooperation on seafood safety. First of all, institutions managing international databases
on CFP reports should cooperate with clinics and hospitals from more countries and
regions, and encourage them to report more recent CFP cases. Second, due to the time lag
between CFP blooms and high SST of local sea water, it is of much significance to
monitor SST in current and potential CFP endemic areas, which would allow better
prediction of potential high toxicity of fish and health risk from CFP. Third, seafood
markets should require retailers to mark the time and location of harvested fish, which
will allow consumers knowledge-based decision making on potential CFP risks. Last but
not least, current regulations based on fish size or weight should continue to be used
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because consumers can easily understand the regulations and associated risks.
Meanwhile, we will be working on improving the guidelines that incorporate

bioaccumulation and biotransformation processes for commonly consumed fish species.
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Table 1. Confirmed significant correlations between toxicity and fish size in literatures. (Abbreviations: FP = French Polynesia)
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Family Species Trophic category | Location p-value | Positive/negative | R? Number of samples | Reference

Cephalopholis Oahu & Hawaii, Dierking and Campora 2009
Serranidae Carnivorous 0.03 positive 0.015 291

argus Hawaii

Gymnothorax Marakei, Mak et al. 2013
Muraenidae Carnivorous <0.05 positive 0.267 15

flavimarginatus Kiribati

Gymnothorax Marakei, Mak et al. 2013
Muraenidae Carnivorous <0.01 positive 0.425 18

javanicus Kiribati
Lutjanidae Lutjanus bohar Carnivorous Fakarava, FP 0.008 positive 0.854 6 Gaboriau et al. 2014

Epinephelus Gaboriau et al. 2014
Serranidae Carnivorous Fakarava, FP <0.001 negative 0.431 24

polyphekadion

Pseudocarenx Gaboriau et al. 2014
Carangidae Carnivorous Rapa, FP 0.035 negative 0.296 15

dentex
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Acanthuridae Naso brevirostris Omnivorous Fakarava, FP 0.038 negative 0.696 6 Gaboriau et al. 2014
Chlorurus Gaboriau et al. 2014
Scaridae Herbivorous Raivavae, FP 0.022 negative 0.301 17
frontalis
Acanthuridae Naso unicornis Herbivorous Raivavae, FP 0.01 negative 0.266 24 Gaboriau et al. 2014
Chlorurus Gaboriau et al. 2014
Scaridae Herbivorous Tubuai, FP 0.036 negative 0.486 9
frontalis
Acanthuridae Naso unicornis Herbivorous Tubuai, FP 0.005 negative 0.879 6 Gaboriau et al. 2014
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Figure Legends
Fig. 1. Structures of common ciguatoxins and brevetoxin.
Fig. 2. Pathways of P-CTXs in the foodweb system in Marakei, Kiribati (Adapted with

permission from Mak et al. 2013. Copyright 2013 American Chemical Society).
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