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Little one better find your way now,
Devil is fine,
Little one better find your way out,
Devil is kind,
Little one better run for your life,
Devil is fine,
Little one where you going with that knife?

- Zeal & Ardor
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Abstract

Ciguatera is a global problem but predominantly affects communities in the Pacific Island Na-
tions, which is predicted to increase in prevalence and severity as the effects of climate change
unfold. Despite the menace posed by ciguatera, very little is known about how to monitor for risk
of outbreaks and report rates of the disease are estimated around 20 % at best. To address this, a
global ciguatera strategy was called into action by an international body of experts and endorsed
by UNESCOQO’s Intergovernmental Oceanographic Commission, which have called for ciguatera to
be considered a neglected tropical disease, which needs to be characterised as a matter of urgency.

Element 1 of the global ciguatera strategy revolves around the characterization of Gambierdis-
cus species and their distribution, as well as their toxin production. This thesis contributes to
Element 1 by investigating the diversity of Gambierdiscus around Heron Island, a region where
ciguatera is endemic, developing a monitoring tool for the species discovered there and then char-
acterizing the evolution of the genus in the context of other closely related toxic genera as well
as within the species. It contributes to the understanding of Gambierdiscus diversity, the species
concept with description of a new species, adds information to ameliorate the scarcity of genetic
data and molecular markers as well as monitoring tools for Gambierdiscus, and explores evolution
of the Gonyaulacales.

Dissertation directed by Associate Professor Aaron E. Darling

ithree institute, Faculty of Science

University of Technology Sydney



CHAPTER 1

General introduction.

Gambierdiscus Adachi et Fukuyo is a genus of benthic harmful algal bloom (HAB) forming mi-
croalgae which are present in shallow tropical and sub-tropical marine waters, primarily associated
with macroalgae, sea grass and dead corals (summarized in [99]). Some species of Gambierdiscus
produce ciguatoxins (CTX), the causative agent of ciguatera fish poisoning (CFP) [15]. When CTX
producing Gambierdiscus inhabit the food source of a vector, such as macroalgae for herbivorous
fish, the toxin(s) enter the food chain [138]. CTXs are then passed up the food chain through bioac-
cumulation, a process which causes increased potency of the CTX congener through oxidation.
As the abundance of CTX producing Gambierdiscus species is directly linked to CFP risk, an as-
sessment of which Gambierdiscus species are present and in what numbers is thought to give an
indication of ciguatera risk in an area [15, 105]. For this to form a functional baseline for environ-
mental monitoring, a solid understanding of the various species of Gambierdiscus and their asso-
ciated potential for toxin production are required. Increasing numbers of Gambierdiscus species
have been described since 1995, and in 2018, 15 species have been characterized, and 5 uniden-
tified but genetically distinct types are known. The genus continues to expand as sampling and
characterization continue. Gambierdiscus have been found globally, though the species recorded
differ based on location.

The dominant symptoms of CFP as well as the structure of the CTX congeners differ between
the oceans. A panel of experts coordinated by the Intergovernmental Oceanographic Commissions
(I0C) Intergovernmental Panel on Harmful Algal Blooms (IPHAB), as part of the United Nations
Educational, Scientific and Cultural Organization, has developed a global ciguatera strategy in or-
der to characterize the distribution of Gambierdiscus and the impact on the global community [105].
The strategy’s aim is manifold and focuses on all aspects and impacts of Gambierdiscus - their dis-
tribution, toxin production and community impact. While a global issue, some of the Pacific Island
Nations experience the highest number of CFP cases in the world and it is considered a critical
public health issue [228]. To a lesser extent, CFP is also an endemic problem in Australia, Japan,
the Canary Islands, Indian Ocean Islands, the Caribbean and the Americas [144]. In other nations,
the issue of CFP risk primarily arises from imported seafood [172]. It is currently not feasible to

screen for CTXs and common processing such as heating or freezing for consumption does not af-



fect the toxins [1, 138]. To understand when and where the threat of CFP originates, it is essential
to identify the species that produce the toxins at the base of the food chain, and how these toxins
are produced. Elucidating the species evolution of Gambierdiscus in the context of other closely
related toxic and non-toxic genera is of interest for investigating the evolution of toxin production
pathway(s). As CFP is increasing in frequency in the Pacific and in other regions, an understanding

of the genetics and toxicology of these organisms is becoming increasingly important.

1.1 Ciguatera fish poisoning

CFP is an intoxication caused by the bioaccumulated presence of CTXs in a vector species,

usually a type of fish, which is consumed by humans. At the base of the food chain are toxic
Gambierdiscus cells which are ingested by the first vector species, predominantly by herbivorous
fish consuming macroalgae, on which Gambierdiscus species are growing. The structure of CTXs
is subject to oxidation during the process of digestion in fish vectors which can increase the toxin’s
potency 10-fold [89, 104, 144]. However a feeding study of juvenile spotted unicorn fish (Naso
brevirostris) observed no behavioral change in the fish during long term intoxication [34]. Cases of
CFP have also been reported from non-classical vectors, such as giant clams, and the filter feeder’s
ability to accumulate CTXs has been confirmed [230].
CFP is the most common non-bacterial seafood intoxication globally [65]. While only a small
fraction of cases are believed to be reported (predicted 2 to 10% of cases globally, 20% in Australia),
from a USA-based assessment the personal and economic impact of the known cases are considered
to be significant [65, 144, 172]. The impacts of CFP are particularly problematic for the Pacific
Island Nations, which largely rely on fish as their main source of protein [11, 141, 245].

1.1.1 Symptoms of ciguatera

CFP presents with over 175 gastrointestinal, cardiovascular and neurological symptoms and can
be misdiagnosed for a range of conditions including chronic fatigue syndrome or multiple sclerosis
[3, 64, 156, 243, 261]. Contracting the disease carries high risk of morbidity for the sufferer, and
fatalities have been recorded and verified (e.g. 1 fatality in Australia in the last decade) [83]. Repeat
exposure to CTX increases the severity of symptoms. The illness can be re-triggered by eating fish,
meat, drinking alcohol or a number of other benign food stuffs even decades after symptoms abate
[243]. Dominant symptoms of CFP vary between geographic regions, which could be due to the
different prevalent CTX congeners [48, 142]. The correct diagnosis relies on identification of the
patient having recently consumed seafood as well as an understanding of the CFP symptomology
by the physician, where a universal set of diagnostic criteria still needs to be agreed on [64]. These
factors have contributed to the low report rate of CFP globally.



1.1.2 Polyketide toxins produced by Gambierdiscus spp.

It is not yet clear which species of Gambierdiscus produce which toxins, or how prevalent
intra-species variation of toxin production is [29, 128, 220]. Bioassays can provide an excellent
indicator of the toxicity of a particular species of Gambierdiscus, but they provide no informa-
tion regarding the precise identity of the toxin produced. In order to obtain this information, lig-
uid chromatography-mass spectrometry (LC-MS) or tandem LC-MS/MS analysis is required [49].
Samples are extracted for separate maitotoxin (MTX) and CTX containing phases, which are then
compared to a known toxin standard. Gambierdiscus spp. produce a suite of polyketide toxins (see
below). In particular they produce MTXs, which have been detected in all species investigated
bar one strain of G. carpenteri [92, 121, 181]. While CTXs have been linked to CFP, and have
been isolated from the Pacific, Caribbean and the Indian Oceans, it has been thought that MTXs
are not related to CFP [145]. A snapper (Pagrus auratus) feeding study found MTX uptake into
the flesh of the fish [123]. Whether MTX plays a role in CFP pathophysiology warrants further
investigation.

Recent reports indicate that the identification of a toxic species at the base of the food web may
not be sufficient evidence for ciguatera risk. The presence of G. polynesiensis was considered as
a strong indicator for CFP risk, until Rhodes et al. (2017) identified a non-CTX producing strain
of that species which indicated intra-species variation exists in toxin profiles [220]. Chinain et al.
(2010) observed a difference in CTX production depending on the culture’s life cycle, as well as
inter-species differences in toxin profiles [29]. Differences in the toxicity between different strains
of G. lapillus were reported using a mouse bioassay (MBA), in which one strain was found to have
an LDy (lethal dose to 50% of test subjects, a standard measure for bioassays) that was 150-fold
that of another [128]. The toxins involved in this difference were not identified. Lewis et al. (2016)
identified significant differences in CTX as well as MTX toxin production in different strains of
the same Gambierdiscus species using a cell based bioassay [146].

1.1.2.1 Ciguatoxins

CTX are lipid soluble polyether ladder compounds which act as sodium channel activators
[45]. They are orally effective in humans at the picomolar (pM) concentration range, causing an
influx of Na™ ions and which cause spontaneous action potentials in the cell. These are especially
active on voltage sensitive channels along the nodes of Ranvier, affecting the voltage exchange
between neurons [149, 166, 174, 243].

Currently CTXs are prefixed by their origin, such that congeners from the Pacific, Caribbean and
Indian Oceans are designated P-CTX, C-CTX and I-CTX respectively as they differ structurally,
as do the dominant regional symptoms (Table 1.1). The congeners are further subdivided on
a structural basis into type I and type II within P-CTXs, followed by all C-CTXs as type III -

the molecular structures of I-CTXs have not been investigated to such an extent as to assign a



type [81, 82, 137] (Table 1.1). The CTXs P-CTX-4A, P-CTX-4B, and P-CTX-3C, which are
produced by Gambierdiscus, were oxidized with the liver enzymes of carnivorous fish frequently
involved in CFP cases, which transformed them into P-CTX-1B, 52-epi-54-deoxy-CTX-1B,
54-deoxy-CTX-1B, 2-hydroxy-CTX-3C, and 2,3-dihydroxy-CTX-3C which have been isolated
from fish [104].



TABLE 1.1 CTX congeners identified to date and their associated toxicity.

Toxin Type Molecular Source Toxicity (LD;j, in-
weight (Da) traperitoneal (i.p.)
mice)
P-CTX-1, I 1111.6 Moray eel (Gym- | P-CTX-1 0.35 pgkg
P-CTX-1B nothorax  javanicus) | [179]; P-CTX-1B
[147, 179] 0.25ug/kg [147]
P-CTX-2 | 1095.5 [147] Moray eel (Gymnotho- | 2.3 ug/kg [147]
rax javanicus) [147]
P-CTX-3 I 1095.5 [147] Moray eel (Gymnotho- | 0.9 ug/kg [147]
rax javanicus) [147]
P-CTX-4A |1 1061.6 [285] Gambierdiscus sp. | 12ug/kg [29]
[285]; G. polynesiensis
[29]
P-CTX-4B |1 1061.6 [285] Gambierdiscus sp. | 20ug/kg [29]
[285]; G. polynesiensis
[29]
P-CTX-3C | II 1023.6 [237] Gambierdiscus sp. | 2.5ug/kg [29]
[237]; G. polynesiensis
[29]
P-49-epi- II 1023.6 [29] Gambierdiscus sp. | 8ug/kg[29]
CTX-3C [237]; G. polynesiensis
[29]
P-M-seco- | II 1041.6 [29] Gambierdiscus sp. | 10ug/kg [29]
CTX-3C [237]; G. polynesiensis
[29]
C-CTX-1 111 1141.6 Horse-eye jack (Caranx | 3.6ug/kg [271]
[204, 271] latus) [204, 271]
C-CTX-2 111 1141.6 Horse-eye jack (Caranx | Toxic [271]
[204, 271] latus) [204, 271]
I-CTX-1 N/A 1141.6 [82] Red bass (Lutjanus bo- | Toxic [82]

har); Red emperor (Lut-
janus sebae) [82]




Type I P-CTXs consist of 13 rings with 60 C atoms [145, 147, 179]. The first CTX to
have its structure analyzed was isolated from moray eels, and was designated P-CTX-1B or
also described as CTX-1 [147, 179]. P-CTX-2 and P-CTX-3 were isolated from the same
extracts but were structurally distinct and displayed different pathophysiology in MBAs [147].
P-CTX-4A and P-CTX-4B have been isolated from G. polynesiensis cultures, while P-CTX-
1, P-CTX-2 and P-CTX-3 have only registered in vector species [29]. These observations are
consistent with the oxidation of algal CTX congeners by fish liver enzymes by Ikehara et al. (2017).

The structure for type II P-CTX-3C has 13 rings and 57 C atoms and has been isolated
first from Gambierdiscus sp. in 1993 (originally designated G. toxicus, however pre-dating the
genus’ expansion this species level designation is uncertain) [237]. In 2010, the same congener
was isolated from G. polynesiensis [29]. Two congeners of P-CTX-3C are known and have
been isolated - 49-epi-CTX-3C (or CTX-3B by Chinain et al [29]) and M-seco-CTX-3C from
Gambierdiscus [237] and G. polynesiensis [29].

Structurally C-CTXs consist of 14 rings and 62 C atoms, with multiple congeners isolated from
carnivorous fish, C-CTX-1, C-CTX-2, C-CTX-1127, C-CTX-1141, C-CTX-1143, C-CTX-1157
and C-CTX-1159 [148, 203, 204, 271]. As yet, no C-CTXs have been isolated from any of the
endemic Gambierdiscus spp., however G. excentricus from the Canary Islands showed activity in
both the CTX and MTX phases when assessed with bioassays [62].

The most recently discovered group of CTXs is from the Indian Ocean. In samples from red
bass (Lutjanus bohar) and red emperor (Lutjanus sebae) where I-CTX-1, I-CTX-2, I-CTX-3 and
[-CTX-4 were isolated from carnivorous fish. Congeners from the Indian Ocean have a higher
molecular weight in comparison to P-CTXs and C-CTXs [24, 81, 82]. Their structures have not
yet been established, preventing classification to a subtype [81, 82].

1.1.2.2 Maitotoxins

MTXs are the largest known proteinacious natural products, and are highly potent Ca**
channel activators with a lethal dose of 50% of subjects subjected to the toxin (LDsy) 0.05
ng/kg [181, 288]. There are very few known bacterial proteinacious toxins with higher potency
[181, 288]. However the Ca** activation is a secondary process of MTX activity and the primary
mode of action in mammalian cells is still unclear [264]. MTX is a water soluble, polyether ladder
compound. MTX was first isolated in 1976 from the gut of a herbivorous fish species with the
common name ’Maito’ [284]. The complex structure and stereochemistry was elucidated in the
1990s using stereoscopic studies and partial synthesis [181, 182, 195, 235, 296].
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TABLE 1.2 Currently characterized MTX congeners and their associated toxicities.

Origin Toxin Molecular Source Toxicity (LDsg, i.p.
weight (Da) mice)
Pacific MTX-1 3422 [92, 181] Gambierdiscus 0.05ug/kg [181]
sp. [92]
Pacific MTX-2 3298 [92] Gambierdiscus 0.08ug/kg [92]
sp. [92]
Pacific MTX-3 1060 [92] Gambierdiscus 0.08ug/kg for G. aus-
sp. [92]; G. | trales [217]
australes, G.
pacificus [217]
Atlantic MTX-4 1645.24 [200] G. excentricus | N/A
[200]

There are four known analogues of MTX (Table 1.2) - designated MTX-1, MTX-2, MTX-3,
isolated from a Gambierdiscus sp. in Queensland, Australia [92], and MTX-4. MTX-4 was
isolated from G. excentricus in the Atlantic and the authors postulate that this congener largely
contributes to the high toxicity observed from this species [200]. MTX-1 and MTX-2 are
structurally larger than the third. MTX-3 is commonly found in Gambierdiscus, with only one

strain of G. carpenteri not registering the congener to date [121].

1.1.2.3 Other toxins

Suites of polyketide toxins have been co-identified with CTX and MTX Gambierdiscus spp.
- gambieric acid, gambierol, gambierone and gambieroxide [190, 226, 236, 273]. These toxins
could elicit a false positive bioassay response when the operator is probing for CTX or MTX
activity, hence it is necessary to verify toxicity with a toxin profile through LC-MS/MS.
Gambierol is less toxic than CTX with 80 pg/kg i.p. and 150 pg/kg orally in MBA, but fast acting
with lethality setting in within 3 hrs [107]. Gambierol could play a potential role in CFP, which
to date has not been investigated. Though less toxic than CTX, it is still a highly toxic substance
which could bioaccumulate in the food chain [217].
Gambieric acids A, B, C and D showed potent antifungal properties but no toxicity via MBA at
1000 pg/kg i.p. and hence are not of concern as a human health hazard [190, 217].
Gambieroxide was isolated from G. toxicus by Watanabe et al [273]. Gambieroxide’s stereostruc-
ture has been elucidated by nuclear magnetic resonance spectroscopy and LC-MS/MS, concluding
that it is structurally similar to yessotoxin, a lipophillic toxin found in filter feeding shellfish
[263]. Gambieroxide needs to be further investigated for structure, toxicity and bioaccumulative
potential to gauge whether it could be a health threat, including if it could contribute to CFP.
Gambierone was identified from G. belizeanus through NMR. The toxin has no chemical structural



similarity to CTXs, the molecular weight and bioactivity is similar to CTX-3C, with less intensity

of presentation [226].

1.1.2.4 Utilization of bioassays

Studies of the toxicity of species of Gambierdiscus have typically used several different
methods to determine the toxins present. These have been chemical, such as LC-MS, or bioassays,
which are based on a characterized response to the presence of toxins from a biological entity.
LC-MS/MS requires the analysis of the comparative elution times of samples as compared to
those of specific chemical CTX and MTX standards. The analysis of CTX and MTX toxins
using LC-MS/MS requires highly skilled operators and the use of chemical standards. However
these are only available in a small number of research facilities globally. For example, a study
reported 54-deoxy-CTX1B in Fukuyoa paulensis which would have been the first identification
of CTX production outside of the genus Gambierdiscus and would have had repercussions on
CFP monitoring efforts and risk assessments [136]. However, there were several flaws with the
interpretations in the study and the type of CTX they reported is generally considered to be a fish
metabolite which has cast uncertainty on this report [128].

The Caribbean species G. excentricus was tested with a neuroblastoma cytotoxicity assay
(N2A) which indicated both MTX and CTX toxicity [62]. In an earlier study, Chinain et al. (1999)
detected MTX-like toxicity in G. polynesiensis using MBA [31]. Rhodes et al. (2014) confirmed
the production of MTX-3 in G. polynesiensis via LC-MS/MS [217]. G. australes extracts isolated
by Rhodes et al. (2010) indicated CTX and MTX through MBA. However, LC-MS/MS analysis
did not detect any CTXs. A follow up study on the same strain with LC-MS also found no
CTXs, but potent MTX-3 like compounds were detected [217, 219]. In contrast, three different
G. australes strains isolated from French Polynesia, tested with a receptor binding assay (RBA),
produced P-CTX-3C like compounds [29].

Holland et al. [90] conducted a large scale two year toxicity screening of 56 strains from 6
species of G. belizeanus, G. caribaeus, G. carolinianus, G. carpenteri and Gambierdiscus ribotype
2 as well as Fukuyoa rutzleri via a human erythrocyte lysis assay (HELA), as MTX is haemolytic
[103]. HELA activity varied between strains but was registered consistently for each strain, in-
dicating intra-species variation of MTX production but consistent MTX production within each
strain [90]. Similarly, strain specific variation was observed for CTX-like toxicity using N2A of
the Gambierdiscus ribotypes 4, 5 and 6, where strains from a ciguateric site were up to 4 fold more

toxic compared to strains from a geographically closely related non-ciguateric reference site [282].
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1.2 The genus Gambierdiscus

Our current understanding of the geographic distribution of Gambierdiscus species is limited
by a number of factors. Sampling events are sporadic, predominantly occurring in the Pacific with
relatively few sampling points in other Oceans, and samples represent single time points [15]. The
genus’ taxonomic structure was extensively revised in 2009 and new species continue to be discov-
ered, while in recent years reports of inter- and intra-species variation in morphological characters
that had been considered key for species identification have further obfuscated previous identifica-
tions [15, 22, 99, 128, 220].

While CFP is a prevalent disease in Australia, the causative species in Australia has not yet been
identified, as no species has yet been found to consistently produce the precise analogs of CTXs
(i.e. P-CTX-3B, -3C, -4A, -4B) which are currently known to be directly related to P-CTX-1B

accumulation in pelagic fish in Australia [134].

1.2.1 Taxonomy

Currently 15 species and 5 unnamed ribotypes of Gambierdiscus have been described (Ta-
ble 1.3) based on their distinct morphological and genetic characteristics. The continued discovery
of species is likely as sampling continues globally. The type species G. toxicus Adachi & Fukuyo
was discovered in 1979 and the genus was considered monotypic before the discovery of G. be-
lizeanus Faust 1995 [2, 57]. The genus was revised extensively by Litaker et al. (2009), and four
new species were introduced based on more precise morphological criteria than were previously
used. Reports of particular species of Gambierdiscus from early taxonomic papers may not be cer-
tain, as they generally did not include enough morphological or genetic information to verify the

identity based on current criteria.

1.2.1.1 Morphology

The main morphological characteristics for currently described Gambierdiscus spp. are cell
size and shape, and the shape of particular thecal plates ascertained from scanning electron
microscopy (SEM). The terminology used in Table 1.3 has been conformed to the proposed
terms from Hoppenrath et al [97]. The initial species description detailed Gambierdiscus to be
large (60-100 pm), armored with a distinct plate pattern, and having a fishhook shaped accessory
pore. Species initially fell into two categories - antero-posteriorly compressed, also described
as lenticular, or slightly laterally compressed, or globular. Further classification is based on
characteristics such as plate patterns and apical pore shape. However the globular species were
re-classified into their own genus Fukuyoa, which comprises F. paulensis, F. rutzleri and Fukuyoa
yasumotoi. As species of the genus Fukuyoa produce MTXs, and a bioassay has registered

CTX production in F. rutzleri, they will be discussed alongside species of Gambierdiscus where
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appropriate [146].

Initially the morphological features of individual species of Gambierdiscus were proposed as
diagnostic tools for species identification, however a number of more recent studies have found
that some morphological characteristics can show considerable variation between strains. For
example, Kohli et al. (2014) found that G. toxicus could not be definitively distinguished from
G. carpenteri based on morphological features, as these showed some variation [121]. A detailed
report of the extensive change in cell morphology and volume in a species of Gambierdiscus,
based on life cycle stage was conducted by Bravo et al. (2014) (the strain was later described
as G. balechii [63]), and a difference in observed characteristics was dependent on the culturing
medium used [22]. Variability in thecal plate shapes as well as overall cell shape were noted
for G. lapillus in the species description [128]. As variability in intra-species morphology in
Gambierdiscus is extensive, molecular genetic information is also crucial to verify the identity of

species of Gambierdiscus [128].

TABLE 1.3 Presently characterized Gambierdiscus spp. and their taxonomic identifications.

Species Cell size (pm) | Morphological characteristics References
(depth-width-
length)
G. australes | (72.5£3.8)- Antero-posteriously  compressed | [31,
M.Chinain & | (63.41+5.0)- species; narrow 1p plate; smooth | 157]
M.A.Faust (38.7£3.8) cell surface; 2’ rectangular shaped;
smaller than G. excentricus
G. balechii Fraga, | (57.4%+0.3)- Antero-posteriorly compressed | [63]
F. Rodriguez & I. | (60.410.4)- species; narrow 1p plate; 2’
Bravo (N/A) hatchet-shaped; = heavily orna-
mented theca
G. belizeanus | (61.743.1)- Antero-posteriously  compressed | [57,
M.A.Faust (60.0+4.5)- species; narrow 1p plate; different | 157]
(48.1+4.2) 2’ plate symmetry and size; heavily

reticulate-foveate cell surface
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G. caribaeus | (82.2+7.6)- Antero-posteriously  compressed | [157]
Vandersea, (81.94+7.9)- species; broad 1p plate; 2’ rectan-
Litaker,  Faust, | (60.0+6.2) gular shaped; symmetric 4”
Kibler, Holland
& Tester
G. carolini- | (78.2+4.8)- Antero-posteriously  compressed | [157]
anus Vandersea, | (87.1+7.1)- species; broad 1p plate; 2’ hatchet
Litaker,  Faust, | (51.4+£5.2) shaped; dorsal end 1p oblique;
Kibler, Holland larger cell size than G. polynesien-
& Tester Sis
G. carpenteri | (81.7+6.4)- Antero-posteriously ~ compressed | [157]
Kibler, Litaker, | (74.8+5.9)- species; broad 1p plate; 2’ rectan-
Faust, Holland, | (50.2+6.1) gular shaped; asymmetric 4”
Vandersea &
Tester
G. cheloniae | (60)-(62)-(33) Antero-posteriously ~ compressed | [248]
Smith, Rhodes & species; 2’ plate was hatchet
Murray shaped; smaller than G. toxicus &
G. carpenteri
G.  excentricus | (97.8+8.0)- Antero-posteriously ~ compressed | [157]
S.Fraga (83.0+10.0)- species; narrow 1p plate; smooth
(37.0+3.0) cell surface; 2’ rectangular shaped;
cell size bigger than G. australes
(1.5 times wider and deeper)
G. honu Rhodes, | (51.5)-(52.9)- Antero-posteriously ~ compressed | [218]
Smith & Murray | (33.8) species; lenticular; smooth cells
G. lapillus | (40.643.3)- Antero-posteriorly compressed | [128]
Kretzschmar, (39+3.2)-(N/A) | species; narrow 1p plate; strong
Hoppenrath & reticulate-foveate  thecal orna-
Murray mentation; smaller than all other
Gambierdiscus species
G. pacificus | (58.5+3.9)- Antero-posteriously  compressed | [31,
M.Chinain & | (53.64+4.1)- species; narrow 1p plate; smooth | 157]

M.Faust

(40.443.6)

cell surface; 2’ hatchet shaped
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G. polynesiensis | (66.3+3.0)- Antero-posteriously ~ compressed | [31,
M.Chinain & | (60.54+5.9)- species; broad 1p plate; 2’ hatchet | 157]
M.Faust (44.3£5.1) shaped; dorsal end 1p oblique;
smaller cell size than G. carolini-
anus
G. scabrosus | (63.2+5.7)- Antero-posteriously  compressed | [130,
T.Nishimura, (58.24+5.7)- species; narrow 1p plate; reticulate- | 193,
Shinya Sato & | (37.31+3.5) foveate; asymmetric 4” plate 194]
M.Adachi
G. silvae S.Fraga | (6948)-(64+9)- | Antero-posteriorly compressed; | [61,
& F.Rodriguez (46£5) narrow 1p plate; heavily reticulate- | 158]
foveate
G. toxicus | (93.045.5)- Antero-posteriously ~ compressed | [2, 33,
R.Adachi & | (83.042.3)- species; broad 1p plate; 2’ hatchet | 157,
Y.Fukuyo (54.0+1.5) shaped; dorsal end 1p pointed 221]
F. paulensis F. | (50£3)-(45+2)- | Globular species smaller than F. ya- | [73]
Gomez, D. Qiu, | (56%3) sumotoi and larger than F. rutzleri
R.M. Lopes & S.
Lin
F. ruetzleri Faust, | (45.543.3)- Globular species smaller than F. ya- | [157]
Litaker, Vander- | (37.5+3.0)- sumotoi; cell size less than 42;m
sea, Kibler, Hol- | (51.6+4.9)
land & Tester
F. yasumotoi | (56.845.6)- Globular species larger than F. ruet- | [91,
Holmes (51.745.6)- zleri; cell size exceeds 42 ym 157]
(62.41+4.3)
Genetically described phylotypes
Gambierdiscus N/A N/A [158]
ribotype 2
Gambierdiscus N/A N/A [130,
sp. type 2 193]
Gambierdiscus N/A N/A [193]

sp. type 3




14

Gambierdiscus (65.9-72.4+-4.1- | Antero-posteriorly compressed | [282]
sp. type 4 4.2)-(64.5- species;evenly distributed pores;
68.9+5.0)-(N/A) | larger than Gambierdiscus sp. type
5; 2’ hatchet shaped; broad 1p plate

Gambierdiscus (54.8+4.6)- Antero-posteriorly compressed | [282]
sp. type 5 (53.7£6.3)- species;evenly distributed pores;
(N/A) smaller than Gambierdiscus sp.

type 4; 2’ rectangular shaped;

narrow 1p plate

1.2.2 Distribution of Gambierdiscus spp.

Gambierdiscus inhabit tropical and sub-tropical benthic areas, commonly attached to macroal-
gal or coral rubble substrates, though free swimming cells have been reported as well [15, 44].
Gambierdiscus abundance and species composition can vary even over short distances, sampling
depth, and the type of substrate collected.

1.2.2.1 Geographic differences in Gambierdiscus distribution

Some Gambierdiscus species have been classified as endemic to either the Pacific or Atlantic
Oceans, while others have been found globally distributed. With more extensive sampling all Gam-
bierdiscus species may turn out to be cosmopolitan [15, 158]. Issues for species identification
have come from a comparatively lower sampling frequency in the Atlantic ocean and Caribbean
compared to the Pacific, as well as historic uncertainty of species designation to historic samples
[15, 157]. Localized benthic HABs of Gambierdiscus species have been noted in the literature in
both the Pacific and Atlantic regions [32, 41, 191, 278].

1.2.2.2 Depth dependent variation of Gambierdiscus species

In the Republic of Kiribati as well as the U.S Flower Garden Banks National Marine Sanctuary,
the type of species present changed with the depth sampled [165, 259]. Cells have been detected
at depths of 45m [259] and blooms have been recorded at depths down to 20m [162]. Yoshimatsu
et al. (2016) tested the light tolerance of 2 species and 2 ribotypes of Gambierdiscus and estimated
that the theoretical depth limit at which cells could survive is 86m [289].

1.2.2.3 Local variation Gambierdiscus abundances

Reports of Gambierdiscus cell numbers have not shown a correlation to the traditionally high

concentrations associated with harmful blooms to CFP risk. In both the Pacific and Atlantic the



15

most commonly reported cell concentrations are between 100 to 1000 cells per gram wet weight
algae, with a relatively small number exceeding 1000 cells (summarized in [15]). Sampling
within the Republic of Kiribati showed comparatively low colonization of Gambierdiscus species
on the macro algae Halimeda with 0 - 174 cells/g~' wet weight algae [165]. Yet 90% of fish
sampled in the area, which spanned every trophic level of the local food web, were considered
ciguateric as they exceeded the recommended quarantine threshold of 0.01 ug/kg~! P-CTX-1
equivalent [28, 282]. The authors postulate that Gambierdiscus spp. could preferentially colonize
another substrate, which is supported by Parsons et al. (2015) who reported Gambierdiscus
species specific preferences in macroalgal host colonization [213]. Xu et al. (2014) suggested
that an unidentified Gambierdiscus sp. could be present alongside the 6 low- to medium-toxic
strains reported [18, 282]. Another explanation could be that continuous low level exposure to
CTX causes the concentration of CTXs to increase in fish over long periods of time. Hence for a
nuanced assessment of CFP risk, factors other than just Gambierdiscus cell numbers may need to

be considered.

There are a number of other factors which could contribute to CFP risk. The toxicity of the
species at the base of the food web is essential in determining risk, however this could be subject
to intra-strain variation [29, 128, 220]. Furthermore, the type of macroalgal substrate is key to
determining the likelihood of CTX entering the food chain for two reasons: Gambierdiscus displays
species specific preferential colonization [213]; and the properties of the substrate that is consumed
by the vector species can influence toxicity [38]. Cruz-Rivera et al. (2006) report several of the
commonly inhabited macroalgae are not palatable for herbivores, which suggests that secondary
metabolites such as CTX from the protist communities residing on their surface would not enter
the food chain [38]. They suggest that chemically and structurally defended macroalgae could
serve as a refugium for toxic Gambierdiscus spp., which none the less do not contribute to CFP
Conversely, fast growing palatable hosts would serve as a consistent delivery mechanism of toxic
Gambierdiscus spp. for bioaccumulation, while nutritionally low macroalgae are less likely to
be consumed [38]. Low cell numbers in this scenario could still serve as the basis for a highly

ciguateric trophic system, depending on the speed of uptake [38].

1.2.2.4 Gambierdiscus in Australia

Around 50% of Australia’s coastline is tropical or sub-tropical, and therefore the water tem-
peratures could contain suitable habitats for Gambierdiscus populations. The prevalence of CFP
in Queensland (QLD), and since 2014 in New South Wales (NSW), suggests that toxic species are
resident within these shorelines (e.g. [55, 56, 143]). As yet, no CTX producing species has been
verified with LC-MS/MS, however several candidate species have recently been identified. Kret-
zschmar et al. (2017) described a new species, G. lapillus, from Heron Island in the Great Barrier
Reef (GBR), QLD, which registered an uncharacterized peak in the CTX phase of the analysis
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(Chapter 2) [128]. Larsson et al. (2018) found G. lapillus extracts to display activity in the CTX
phase, as well as two as yet unnamed species also originating from Heron Island, which could be
part of the ciguateric web [134]. For a breakdown of the intricacies between LC-MS/MS toxin
profiles and bioassay-based species toxicity please refer to the toxin production Section 1.1.2.4.
Currently six species of Gambierdiscus have been recorded in Australia: G. belizeanus [184], G.
carpenteri[121, 134, 250], G. lapillus [128, 134], G. cf. toxicus [80] as well as two uncharacterized
species [134], as well as F. yasumotoi [184], from NSW and QLD. Heron Island on the GBR has
been a commons sampling site due to the pristine research station on the island. Another species,
G. honu isolated from Rarotonga, Cook Islands, may have a range reaching the Australian shores
as the genetic sequence from the type species matches a short part of a LSU sequence recorded by
Richlen et al. (2008) [218, 221]. The presence of Gambierdiscus was also recorded in a commu-
nity pyrosequencing study of a site in Western Australia but only identified to genus level [122]. In
the 1990s, several strains of Gambierdiscus were isolated and tested for toxin production, however
identification to the species level is uncertain [92, 94]. Our current state of knowledge of the Gam-
bierdiscus species inhabiting Australian waters is based on single or short term sampling events
with limited spatial distribution, which means it is likely that other species are present at those sites

and along the shorelines which were not registered.

1.2.2.5 Changes in distribution due to climate change

The impact of climate change on the prevalence and distribution of Gambierdiscus, and
hence CFP, is of major concern [15, 70, 105, 228]. Gambierdiscus grow on both coral rubble
and macroalgae [75, 115]. Coral rubble commonly occurs from reef destruction during extreme
weather events such as cyclones, and the death of the reef allows for proliferation and expansion
of macroalgae into previously occupied areas. Extreme weather events and associated reef
deterioration are observed repercussions of climate change, as well as increases in ambient ocean
temperature, which are both predicted to increase in frequency and severity. This is likely to
change the habitable range of Gambierdiscus species and expand the occurrence of CFP into new
regions [15, 70]. Kibler et al. (2012) investigated the temperature dependent growth tolerances of
six Gambierdiscus species. Their findings demonstrated that Gambierdiscus species have varying
optimal and tolerable growth temperature ranges, which indicates a potential shift in species
composition as the water temperature changes [115]. An assessment of Gambierdiscus species
composition and associated CFP risk in the Gulf of Mexico, USA, similarly predicts a change in
species composition. Tester et al. (2013) found the optimal species growth correlated with annual
water temperature fluctuations, and they suggested that a small increase in water temperature
would substantially shift the range of the Gambierdiscus species [259]. Should the shift in species
composition favor the dominance of toxic species, it would have substantial impact on local CFP
risk. In the Western Pacific Warm pool, a prolonged shift to warmer water temperatures was

linked to an increase in CFP cases [227]. Further, comparing CFP cases for three time periods
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between 1973 and 2008 showed an overall 60% increase. What extent of the observed increase
can be attributed to improvements of reporting in the later time period(s) is unknown [245]. Yet
in the Cook Islands, since 2006 the number of reported CFP cases started to decrease, where the
lowest case load in a 20 year period were reported in 2011. The authors link this decrease to the
negative shift in the Pacific Decadal Oscillation [228].

The impacts of climate change on CFP outbreaks have already been observed in Australia. The

Eastern Australian Current (EAC) spans most of Australia’s East Coast, running north to south. The
EAC has been observed to continue further south over the last century, delivering warmer water
temperatures with higher salinity at more southerly sites [222]. Investigating the salinity and tem-
perature tolerance range of native G. carpenteri, found in both QLD and NSV, indicated that the
species’ resilience to a wide range of conditions could aid their expansion into new habitat [250].
As CTX production in G. carpenteri has not been found by LC-MS/MS or bioassays, this species
may not be directly involved in Australian CFP cases however they could still play a role in the
local community structure and indirectly affect the ciguateric web [134].
While the change in Gambierdiscus spp. distribution along the Australian East Coast is hypothet-
ical, the observation of CFP cases is well documented. Historically, cases of CFP tended to be
caused by fish from QLD or the Northern Territory [92, 144]. However, in 2014 an outbreak of
CFP occurred from Spanish Mackerel (Scomberomorus commerson) caught in NSW waters, origi-
nating close to the QLD/NSW border [56]. This was the first of three outbreaks from this vector to
date, each further south into NSW, affecting a total of 17 people with different severity. Whether
the outbreaks are linked to habitat expansion of toxic Gambierdiscus spp. or Spanish Mackerel
populations into NSW is unclear, however it is likely that CFP outbreaks in NSW will continue
[56, 118].

1.3 Dinoflagellate genetics

To understand the potential for toxin production, habitat expansion and tolerance to climate
change induced conditions, among many others, exploring the genetic content of Gambierdiscus
is of interest. However, there are a number of factors that have made this endeavor difficult -
Gambierdiscus is part of the phylum Dinoflagellata, which have some unique structural and regu-
latory genetic features [188]. Dinoflagellates have unusually large genomes (between 1.5 and 245
Gbp depending on species), uniquely arranged in a permanently condensed liquid crystalline state
[131, 152, 224]. Instead of genomes packaged by histones, dinoflagellate-viral-nucleoproteins play
arole in chromosomal organization and their acquisition may be responsible for the loss of their his-
tones due to toxicity from incompatibility of the two DNA packaging strategies [74, 106, 112, 224].
In the genome, up to 70% of the nucleotide base thymine is replaced by 5-hydroxymethyluracil

[211, 212]. Genes from the plastid and mitochrondrial genomes have predominantly been incor-
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porated into the nuclear genome and genes for highly expressed proteins appear to be organized in
repetitive tandem arrays as a form of expression regulation [8, 9]. These features have confounded
current sequencing technologies as assembly becomes unfeasible, though headway has been made
for Symbiodiniaceae genomes which are on the lower end of the dinoflagellate genomic size spec-
trum [132, 153, 241].

However, these same peculiar features of the dinoflagellate regulatory machinery offer an alternate
avenue of inquiry - the transcriptome may offer an adequate approximation of the genomic content
for many studies. Unlike most eukaryotes, the transcriptome of dinoflagellates does not undergo
extensive editing between transcription and translation which indicates a potential unlinking of
transcribed mRNA and the observed protein expression [9]. For example under both nitrogen and
phosphorous stress, cultures of Alexandrium monilatum as well as Prorocentrum minimum showed
significant biochemical changes in comparison to nutrient replete conditions. However, the change
in transcriptome profile was only 0.1 to 1% [85]. Based on observations of this ilk, combined with
an extremely long mRNA half life, a common conception follows that the protein translation is
regulated at a post-transcriptional level and that the amount of gene expression is linked to copy
numbers within tandem gene arrays, rather than the traditional eukaryotic up and down regula-
tion [9, 151, 177, 188, 277, 293]. Some transcripts have a trans-spliced leader (dinoSL): a 22-nt
sequence at the 5’-end of transcripts along with a poly-adenylated tail on the 3’-end [151, 293].
The frequency of dinoSLs in a transcript library varies and their function is as yet unknown, how-
ever they provide a definitive way of identifying the dinoflagellate origin of a transcript even from
non-axenic samples [155]. This was demonstrated in case studies in a grazer-prey setting [154], a

natural aquatic ecosystem [155] and in a mixed system with Fugacium kawagutii [132, 295].

1.3.1 Polyketide synthase genes

As discussed in previous sections, the production of polyketide toxins, the causative organisms,
and their subsequent impact on health and the economy are a major concern for harmful algal
research. In Gambierdiscus the structure of the polyketide toxins CTXs and their modes of action
vary between species, and within species as well (see Section 1.1.2). Polyketides are produced as
secondary metabolites which have undergone several steps of transformation from a polyketide
precursor produced by polyketide synthases (PKS) [198, 215]. PKS are a family of enzymes with
a number of active domains which are part of many essential pathways, such as the cell wall’s
fatty acid synthesis (FAS) [120]. PKS are comprised of a number of catalytic domains which
synthesize or modulate the polyketide backbone. At the very least, five catalytic domains need to
be present for producing a functional polyketide molecule. Required for synthesis and release of
the backbone are ketosynthase (KS), acyltransferase (AT) and the acyl carrier protein (ACP); for
chain modification a ketoreductase (KR), dehydrase (DR) and enoylreductase (ER) are necessary;
and finally the polyketide is released from the PKS complex by thioesterase (TE) [54, 253]. There

are three classical types of PKS: Type I, which contains all the catalytic domains consecutively on
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one peptide; Type II, which are comprised of mono-functional units with each catalytic domain
on a separate peptide which assemble into complexes; and Type III which is a smaller version
of type II (eg. [54]). Type I PKS are sub-divided into two functional sub-groups - modular and
iterative. In modular Type I PKS the catalytic domains are organized into modules according
to each step, and that module is only used once during polyketide synthesis. In iterative type I
PKS the same set of catalytic domains are located on one protein and used cyclically for chain
elongation. Unsurprisingly and in keeping with their peculiar genetics, dinoflagellates cross the
classical classification of PKS types. Phylogenetic inference has consistently placed dinoflagellate
KS and KR domains within the type I PKS classification, yet predominantly only one active
domain is found per transcript which is a feature of type II PKS [54, 116, 117, 119, 176]. Hence
dinoflagellate PKS are termed type I-like [175].

Separating the PKS responsible for maintaining cellular function from PKS involved in polyketide
toxin production is paramount for deciphering the toxin production pathway(s) and subsequent
monitoring efforts. Studies focusing on PKS from dinoflagellates have been conducted for Alexan-
drium ostenfeldii [54], Amphidinium spp. [135, 187], Azadinium spinosum [170], Gambierdiscus
spp. [117, 119, 198], Hererocapsa spp. [54, 233], Karenia spp. [116, 176, 232, 265], and
symbiodiniacean taxa [13, 14, 132]. Comparative transcriptomics between toxic and non-toxic
strains of dinoflagellates has been suggested as an approach to differentiate between PKS essential

for cell functionality and PKS involved in toxin production [119].

1.3.1.1 Polyketide synthase genes in Gambierdiscus

Developing monitoring tools that directly target toxin production pathway(s) rather than species
presence could markedly improve the identification and assessment of ciguatera risk. To pursue
this avenue for CFP monitoring, an understanding of the PKS involved in CTX production must
first be attained.

G. polynesiensis has been studied in order to investigate the relevant CTX production pathway(s) as
this species is known to produce CTXs [117, 198]. Pawlowiez et al. (2014) recovered 22 transcripts
with sequence similarity to type I-like PKS, however no FAS conserved domains were found [198].
A later study suggested the sequence depth and coverage may have been too shallow to detect these
FAS conserved domains [119]. Approaching the pathway identification from a MTX perspective
instead, Kohli et al. (2015) compared the MTX-1 producer G. australes to G. belizeanus, whose
toxin profile did not show any MTX-1 but both strains produced MTX-3. The study compared
these transcriptomes with sequencing data from the Marine Microbial Eukaryote Transcriptome
Sequencing Project (MMETSP) to analyze KS domains. They identified 5 clades and postulated
that clades A and B corresponded to polyketide production, while clades C, D and E were part
of common cellular pathways such as FAS. The identification of transcripts with modular single

catalytic domains as well as sequential domains on a single contig, as per the classic type II PKS
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type, have been identified in Gambierdiscus [117]. While the distinction between PKS and FAS

pathways are starting to be worked out, the identification of toxin specific pathway(s) is still elusive.
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1.4 Thesis aims

Gambierdiscus species are the known culprit for ciguatera outbreaks. This disease is preva-
lent in Australia, with no known causative species to date, and no functional understanding of the
mode of toxin production or associated evolution. This thesis sought to address the knowledge
gaps in the Gambierdiscus and ciguatera fields, exploring the genetic capacity of Gambierdiscus
and related species inform the evolution of these species and of ciguatoxins with a focus on the
species endemic to Australia. Chapter 2 sought to address the diversity of Gambierdiscus around
Heron Island in the GBR, which is a research station within a well established ciguateric web. The
majority of the isolates turned out to be a novel, toxic species which were then characterized. To
assess the prevalence of this new species around Heron Island, in Chapter 3 a molecular, species
specific probe was designed and validated. This probe was then used to explore the distribution
and abundance of the new species in environmental community samples from around Heron Island.
This chapter revealed the variation in rDNA gene copies, which are a common target for molecular
probes. Due to the complexity of Gambierdiscus genetics, comparing the overall gene expression
potential between toxic and non-toxic Gambierdiscus was considered a possible avenue for insight.
Chapter 4 explored the commonalities and differences between 6 transcriptomes of Gambierdis-
cus, elucidating a core set of transcripts which can aid future de novo sequencing efforts. Then
the unique fractions of the transcriptomes were explored, as well as clustering and comparisons
between ciguatoxic and non-ciguatoxic members. Due to the convoluted nature of the genetics and
no clear toxin production pathways identified, Chapter 5 sought to place Gambierdiscus within the
greater context of closely related, toxic taxa - the gonyaulacales. Organisms within this order, and
more broadly the phylum dinoflagellata, are ancient lineages with extensive paralogy. The chapter
sought to explore their evolution with cutting edge methods robust to paralogy, and compared the

resulting phylogeny to the current standards in the field for data and model selection.
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Characterization of Gambierdiscus
lapillus sp. nov. (Gonyaulacales,
Dinophyceae): A new toxic
dinoflagellate from the Great Barrier
Reef (Australia).
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2.2 Abstract

Gambierdiscus is a genus of benthic dinoflagellates which is found worldwide. Some species
produce neurotoxins (maitotoxins and ciguatoxins) which bioaccumulate and cause ciguatera fish
poisoning (CFP), a potentially fatal food-borne illness that is common worldwide in tropical re-
gions. The investigation of toxigenic species of Gambierdiscus in CFP endemic regions in Aus-
tralia is necessary as a first step to determine which species of Gambierdiscus are related to CFP
cases occurring in this region. In this study we characterised five strains of Gambierdiscus collected
from Heron Island, Australia, a region in which ciguatera is endemic. Clonal cultures were pro-
cessed using (i) light microscopy; (ii) scanning electron microscopy; (iii) DNA sequencing based
on the nuclear encoded ribosomal 18S and D8-D10 28S regions; (iv) toxicity via mouse bioas-
say and; (v) toxin profile as determined by Liquid Chromatography-Mass Spectrometry. Both the
morphological and phylogenetic data indicated that these strains represent a new, toxic species of
Gambierdiscus, Gambierdiscus lapillus sp. nov (plate formula Po, 3’, Oa, 7”, 6c, 7-8s, 5, Op, 2””
and distinctive by size and hatchet shaped 2’ plate). Culture extracts were found to be toxic using
the mouse bioassay. Using chemical analysis, it was determined that they did not contain maito-
toxin (MTX1) or known algal-derived ciguatoxin analogs (CTX3B, 3C, CTX4A, 4B), but that they

contained putative MTX3, and likely other unknown compounds.

2.3 Introduction

Gambierdiscus Adachi et Fukuyo is a genus of benthic dinoflagellate genus, epiphytic on many
substrates in shallow tropical and sub-tropical waters [100]. Species of Gambierdiscus have been
found to produce the ciguatoxins (CTX), which are potent neurotoxins thought to be responsible for
ciguatera fish poisoning (CFP) [15]. Since the discovery of the type species G. toxicus R.Adachi
& Y.Fukuyo in 1977 [286], extensive research has established that certain species of the genus are
the primary sources of CTXs, the causative agent of CFP [33, 91]. Maitotoxins (MTXs) are also
commonly produced, however their role in CFP is yet to be established [123].

For over 15 years, Gambierdiscus was considered to be a monotypic taxon, but since 1995 new
species have been discovered with more extensive sampling in the Atlantic Ocean, Indian Ocean
and Pacific [31, 57, 62, 91, 157, 194]. Currently 11 species, and six unnamed clades of Gam-
bierdiscus have been described based on their distinct morphological and genetic characteristics
[2, 31, 57, 62, 157, 194]. The genus Fukuyoa F. Gomez, D. Qiu, R.M. Lopes & S. Lin was sep-
arated from Gambierdiscus in 2015 [73]. Fukuyoa spp. produce MTX [90, 91] and hence may
contribute to CFP [123], they will be referred to alongside Gambierdiscus where appropriate. As-
certaining the distribution of species and their toxin production is essential for assessing risk of
CFP to local populations as well as the seafood industry.

CFP is the most common non bacterial illness associated with seafood consumption [65], how-
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ever the correct diagnosis of the illness is difficult due to extensive list of neurological, gastroin-
testinal and cardiovascular symptoms [243]. The United Nations Educational Scientific and Cul-
tural Organization’s international panel for harmful algal blooms has proposed a coordinated global
ciguatera strategy to address the impact of the disease through Gambierdiscus spp. detection and
monitoring, improved toxin detection in seafood and epidemiological data collation [105]. The
suite of toxins, if any, produced by Gambierdiscus varies between species. Bioassays are com-
monly used to assess toxicity, however liquid chromatography-mass spectrometry (LC-MS/MS)
analysis is required to unambiguously identify the toxins present [49]. Some species exclusively
produce MTX (G. australes [217]) while others solely produce CTX (G. polynesiensis [217]) or
neither (G. carpenteri [121]), as confirmed by LC-MS/MS.

Some Gambierdiscus spp. have been classified as endemic to either the Pacific or Atlantic
Oceans, while others have been found globally distributed [15, 158]. However, the current un-
derstanding about Gambierdiscus distribution and abundance is fragmentary due to the paucity
of studies worldwide, the continued discovery of new species, difficulty with species identifica-
tion with light microscopy and the comparatively lower sampling frequency in the Atlantic Ocean
[15, 194].

Different species of Gambierdiscus usually co-occur at sample sites [158]. As species can
show intra-specific morphological variability [22], but can also be highly morphologically similar
to one another [121], molecular genetics techniques are necessary to complement the analysis of
morphology for species determination. The taxonomy of the genus was poorly defined until rela-
tively recently (ie [157, 221]) which means that species from studies pre-dating 2009 are difficult
to evaluate based on current species delimitations [15].

Cases of CFP have been reported in Australia, mostly around the Great Barrier Reef (GBR),
but a consistent CTX-producing species of Gambierdiscus has not yet been confirmed [144]. This
is likely due to a combination of factors: Australia has a coastline of 66,000 km (Figure 2.1),
of which at least 50% could be considered tropical or sub-tropical, most of which has never been
sampled for Gambierdiscus species presence; species identifications have often been uncertain;
culturing Gambierdiscus requires considerable time and effort; and measuring CTX analogs is also
very difficult. To date, the four species G. belizeanus M.A.Faust, G. carpenteri Kibler, Litaker,
Faust, Holland, Vandersea & Tester, G. toxicus and F. yasumotoi (M.J.Holmes) F.Gomez, D.X.Qiu,
R.M.Lopes & Senjie Lin have been identified in Australia (Table 2.1), in Queensland and New
South Wales. Gambierdiscus was also detected as part of a benthic dinoflagellate community via
pyrosequencing in Western Australia, however could only be identified to genus level [122]. Three
analogues of MTX, designated MTX-1, MTX-2 and MTX-3, isolated from a Gambierdiscus sp.
in Queensland, Australia [92]. As this discovery pre-dates the understanding that Gambierdiscus
includes more species than G. toxicus, it remains unclear from which species these analogues were
isolated. It is highly likely that many more Gambierdiscus species were present even at those

particular sites examined, as in each case the studies represent only single or short term sampling
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events at one location within a site. Therefore the toxicity and distribution of Gambierdiscus species
in Australian coastal waters remains largely unknown.

The aim of the current study was to further the continued search for the causative agent/s of CFP
in Australia by characterizing a species of Gambierdiscus from a ciguateric region using molecular
and morphological methods, and investigate the toxicology of the isolates.

2.4 Materials and methods

2.4.1 Specimen collection and culture conditions

Specimens were collected from Heron Island (23° 4420’ S, 151° 9140’ E), which is part of the
southern GBR region. Heron Island constitutes site 3 of previous specimen collection in Australia
(Figure 2.1). In October 2013, a sample of Halimeda sp. was taken when the average sea surface
temperature was 23.8 °C. A second sample of Padina sp. was collected in July 2014 at a time
when the average sea surface temperature was 19.8 °C. Macroalgal samples were taken around the
Heron Island research station (Figure 2.1). The macroalgal samples were stored in 500ml bottles
with seawater and processed within 48 hours. The samples were shaken to dislodge protists, then
concentrated through a 125 pm sieve [158]. Single cells were isolated from the samples using a
micropipette under an inverted light microscope (Nikon Eclipse Ni), washed three times in sterile
seawater, and transferred into F/10 medium [94] to establish clonal cultures. The culture HG1 was
isolated from the sample from October 2013, while the cultures HG4, HG5, HG6, HG7, HG26
were isolated from the sample from July 2014. The cultures were maintained F/10 medium at 27
°C, 60mol.m?.s! light in 12hr:12hr light to dark cycles.
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FIGURE 2.1 (a) Sites where Gambierdiscus isolates have been reported in Australia: Site 1 indicates Raine
Island, QLD; site 2 indicates Townsville, QLD; Site 3 indicates Heron Island (asterix denotes site of panel
B), QLD; Site 4 indicated Platypus Bay, QLD; site 5 indicates Wapengo Lagoon, NSW; site 6 indicates
Merimbula, NSW; site 7 indicates Eden, NSW; and site 8 indicates Exmouth, WA; (b) Heron Island, Great
Barrier Reef (site 3): Sampling site for this study as indicated by black dot.



TABLE 2.1 Gambierdiscus spp. identified around Australia, including toxicological data available. N/D de-

notes not detected. NA denotes not attempted.
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Gambierdiscus sp.

Site identified from
Figure 2.1

Toxicity

LC-MS pro-
file

G. belizeanus

Site 3: Heron Island,
GBR [185]

CTX +ve via RBA [29];
MTX +ve via HELA [90]

NA

G. carpenteri

Site 5: Wapengo La-

MTX +ve via MBA [121]

N/D [121]

goon, NSW [121]; site
6: Merimbula, NSW
[121]

Site 2:  Townsville,
GBR [80]; Site 7:
Eden, NSW [80]

Site 8: Exmouth, WA
[122]

Site 1: Raine Island,
GBR [185]; Site 2:
Townsville, GBR
[185]; site 3: Heron
Island, GBR [185]

G. toxicus CTX +ve via RBA [29]; | NA

MTX +ve via MBA [31]

Gambierdiscus sp. NA NA

F. yasumotoi MTX +ve via MBA [91] N/D [216]

2.4.2 Morphological analyses

The cultures HG4, HG6, HG7 and HG26 (during exponential growth phase) were fixed with 10
% Lugol’s iodide and examined with an inverted light microscope (Nikon Eclipse TS100 equipped
with an Infinite Luminera 1 camera) for cell size. Depth (D: measured along dorso-ventral axis)
and width (W: measured between the lateral axis) was measured for 30 to 36 cells per strain. The
culture HG26 was fixed with 10 % Lugol’s iodide for plastid and nucleus diagnosis with an in-
verted light microscope (Nikon Eclipse Ni equipped with an Nikon DS-Qi2 camera). For plate
pattern identification LM with calcofluor staining of the type strain HG7 was carried out under UV
(Olympus BX51 microscope equipped with Olympus DP73 camera, Australia). The culture was
centrifuged at 300g, concentrated and fixed in 4% Lugol’s iodide, then stained with 1 uL of cal-
cofluor stock solution (1 mg.mL 1) of Fluorescent Brightener 28 (Sigma, St Louis, MO, USA) for
illumination. For HG4, HG5, HG6, HG7 and HG26 30 ml of culture was centrifuged at 15,000 x g
and concentrated to 2 ml, preserved with 10 % Lugol’s iodide, and analyzed by scanning electron
microscopy (SEM) at the Senckenberg am Meer (Wilhelmshaven, Germany). Cells were placed
on a 5 ym Millipore filter, rinsed in distilled water, and dehydrated in a series of increasing ethanol
concentrations (30, 50, 70, 85, 90, 100 %), followed by chemical drying with hexamethyldisilazane
at room temperature. When completely dry, the sample was mounted on a stub and sputter coated
with gold palladium (SCD 050 Bal-Tec, BAL-TEC Préparations-geratevertrieb, Wallof, Germany).

Cells were observed using a Tescan VEGA3 microscope (Elekronen-Optik-Service GmbH, Dort-
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mund, Germany) at 15 kV.

2.4.3 Genomic DNA extraction

Genomic DNA was extracted using the CTAB method [297]. Purity and concentration of the
extract was measured by Nanodrop (Nanodrop2000, Thermo Scientific), the integrity was visu-
alised on 1% agarose gel.

2.4.4 PCR amplification and sequencing

Extracted DNA was used as a template to amplify rDNA sequences in 25 pl mixture in PCR
tubes. Reactions consisted of a final concentration of 0.6 M forward and reverse primer, 0.4 1M
BSA, 2 - 20 ng DNA, 12.5 ul 2xEconoTaq (Lucigen Corporation, Middleton, WI, USA) and 7.5
11 PCR grade water.

The PCR cycling comprised of an initial 10 min step at 94 °C, followed by 30 cycles of denaturing
at 94 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 1 min, finalized with 3
minutes of extension at 72 °C. The LSU D8-D10 and SSU rDNA regions were amplified with the
FD8-RB and 18ScomF1-18ScomR1 primer sets, respectively (Table 2.2).

Sanger sequencing was conducted by Macrogen Inc. (Seoul, Korea).



TABLE 2.2 List of primers used for phylogenetic analysis of Gambierdiscus strains, synthesised by Integrated
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DNA technologies.
Name Sequence (5’-3’) Purpose Reference
LSU D8-D10 region
FD8 GGATTGGCTCTGAGGGTTGGG Amplification | [31]
& sequencing
GLDS8_- ACAGCCAAGGGAACGGGCTT Sequencing [193]
421F
GLDS8_- TGTGCCGCCCCAGCCAAACT Sequencing [193]
677R
RB GATAGGAAGAGCCGACATCGA Amplification | [31]
& sequencing
SSU region
18ScomF1 | GCTTGTCTCAAAGATTAAGCCATGC Amplification | [290]
& sequencing
18ScomR1 | CACCTACGGAAACCTTGTTACGAC Amplification | [290]
& sequencing
Dino18SF2 | ATTAATAGGGATAGTTGGGGGC Sequencing [292]
Dino18SR1 | GAGCCAGATRCDCACCCA Sequencing [292]
G10’F TGGAGGGCAAGTCTGGTG Sequencing [193]
G18’R GCATCACAGACCTGTTATITG Sequencing [159]
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2.4.5 Sequence alignment and phylogenetic analysis

Sequencing data were aligned with Gambierdiscus spp. data from the GenBank reference
database (accession numbers as part of Figure 2.7 and Figure 2.8). The alignment algorithm
MUSCLE, with a maximum of eight iterations [53], was used through the Geneious software,
version 8.1.7 [113]. Alignments were truncated to the same length (D10-D8 and SSU at 799bp
and 1690bp, respectively), and discrepancies removed. Alignments are available on request.
Phylogenetic trees were calculated with Bayesian inference (BI) as well as maximum likelihood
(ML). BI, via Mr. Bayes 3.2.2, was used to estimate the posterior probability (PP) distribution
with Metropolis-Coupled Markov Chain Monte Carlo simulations [229]. A random staring tree
with three heated and one cold chain(s) with a temperature set at 0.2. Trees were sampled every
100th generation for the 2,000,000 generations generated. PHYML was used for ML analysis with
1,000 bootstraps (BS) [76]. The general time reversal model with an estimated gamma distribution

was used for both analyses.

2.4.6 Toxin production

2.4.6.1 Toxicity via mouse bioassay

The cultures HG4, HG6 and HG7 (1,248,000, 3,982,000, and 1,323,200 cells, respectively)
were freeze-dried in late stationary phase (day 36 of culture). The weights of the samples were
57.0 mg, 155.0 mg and 23.0 mg, respectively. The samples were extracted exhaustively with
methanol. The extracts were evaporated to a small volume at 35°C using a rotary evaporator, and
the solution aliquotted into glass vials. The remaining methanol was removed under a stream of
nitrogen, and the extracts freeze-dried overnight. The total weight of the extracts, which were all
brown green colour, was as follows: HG4, 22.5 mg HG6, 42.9 mg HG7, 15.1 mg. The median
lethal doses of the test materials by intraperitoneal (i.p.) injection were determined according
to the principles of the Organisation for Economic Co-operation and Development Guideline
425. Samples were dissolved in 1% Tween 60 in normal saline immediately before dosing. For
toxicity by i.p. injection, aliquots of this solution, made up to a total volume of 1 ml with the same
solvent, were injected into female Swiss mice, of initial body weight 18-22 g. The toxicity of the
extract of HG6 by gavage was also investigated, when aliquots of the extract solution were made
up to 200 pl with Tween-saline. The mice were monitored intensively during the day of dosing.
Survivors were examined and weighed each day for the following 13 d, after which they were
killed and necropsied. Tap water and food (Rat and Mouse Cubes, Speciality Feeds Ltd, Glen

Forrest, Western Australia) were available at all times.
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2.4.6.2 Toxin profile screening by liquid chromatography-mass spectrometry

After 36 days in culture 2 litres of HG4, HG6 and HG7 were centrifuged (15,000¢g) and the
resultant pellet freeze-dried. Pellets were extracted with methanol and screened for the presence of
maitotoxin (MTX-1) and algal CTXs (CTX-3B, CTX-3C, CTX-4A, CTX-4B) using a LC-MS/MS
methods developed by the Cawthron Institute [123]. The limit of detection of the analysis was 1
ng.mL~! for MTX-1 and <1 ng.mL~" for the various CTX analogs monitored.

2.5 Results

Gambierdiscus lapillus sp. nov. Kretzschmar, Hoppenrath et Murray

2.5.1 Morphology and taxonomical treatment

Description: Cells were anterioposteriorly compressed and round to ellipsoid, sometimes dor-
sally pointed in apical view (Figure 2.2, Figure 2.4). Cells were small compared to other Gam-
bierdiscus spp., with a dorsoventral depth of 40.6 ym (range of 34.4 - 50.9 pm; SD 3.3 pm) and
width of 39 ym (range of 32 - 46.9 um; SD 3.2 um) with a depth to width ratio of 1.04 (SD 0.06
pm) (n=128, Table 2.3).

TABLE 2.3 Morphological measurements of G. lapillus sp. nov. strains collected from Heron Island, Aus-
tralia. Between 30 to 36 cells were counted per strain. Values in parentheses are +SD

Strain D (um) W (pm) D:W ratio

HG4 39 (£2.6) 38.1 (£3.1) | 1.03 (£0.06)
HG6 43.2 (£3.0) 40.9 (£3.0) 1.06 (£0.04)
HG7 39.2 (+£2.8) 38.4 (£2.8) 1.02 (+0.07)
HG26 40.7 (£2.7) | 38.5(+3.2) | 1.06 (0.05)
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FIGURE 2.2 Light micrographs of Gambierdiscus lapillus sp. nov. (a, b) Bright field, arrow in (a) shows the
2’ apical plate with characteristic aerolated surface and pores; (b) shows the distinctive ribbed appearance
due to areolation and pores; (c, d) epifluorescence images (Calcofluor staining) show plate tabulation, (c)
epitheca with 2; plate and (d) hypotheca with the distinctive heavily reticulate-foveate surface. Scale bar
equal 10 pm.
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The hypotheca was slightly higher than the epitheca, rarely significantly higher (Figure 2.3f and
suppl. Figure 2.10a). The cell surface had a strong reticulate-foveate ornamentation (Figure 2.2,
Figure 2.4, Figure 2.3), apical and antapical plates with more regularly arranged deep depressions
nearly all containing a pore, and pre- and postcingular plates more irregularly reticulated with
scattered pores (Figure 2.5).
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FIGURE 2.3 Scanning electron micrographs of Gambierdiscus lapillus. (a, b) Hypotheca in antapical view.
(c) Left lateral to ventral view of the sulcal opening. (d, e) Antapical view of the ventral area, note the
posterior sulcal plate appearing like a hypothecal plate. (f) Right lateral view of a cell with relatively high
hypotheca. (g) Antapical view into the sulcus. Scale bars (a-f) 10 ym, (g) 5 pm.
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FIGURE 2.4 Scanning electron micrographs of the epitheca of Gambierdiscus lapillus. (a) Apical view. (b)
Apical ventral view. (c) Left lateral view. (d) Apical to left lateral view. (e—h) Apical pore complex. (e-g)
Outside view of the pore plate (Po), note the variable arrangement of large depressions. (h) Inside view of
Po. Scale bars (a—d) 10 pm, (e-h) 5 pym.
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FIGURE 2.5 Scanning electron micrographs of Gambierdiscus lapillus showing the reticulate-foveate thecal
ornamentation. (a) Apical plates with regularly arranged deep depressions, nearly all containing a pore. (b,
c) Wide transversely “ribbed” intercalary bands separating apical plates from precingular plates with more
irregular reticulation with scattered pores. (d) Cell after division with newly developing plates that have a
smooth surface with scattered pores. Scale bars (a, b) 5 pm, (c, d) 10 pm.
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Wide intercalary bands had a ribbed appearance (Figure 2.5). Newly developing plates after
cell division had a smooth surface with scattered pores (Figure 2.5d). The plate formula (Kofoid
tabulation) was Po, 3’, Oa, 7”, 6¢c, 7-8s, 5”’, Op, 2”” (Figure 2.4, Figure 2.3, suppl. Figure 2.10,
suppl. Figure 2.11). The apical pore plate (Po) is oval with a fish-hook shaped, slit-like apical
pore, located close to the center of the epitheca, slightly shifted ventrally (Figure 2.4). Po was
about 6.1-5.2 x 3.6-3.7 um in size (Figure 2.4e-h). twenty-eight to thirty-four large depressions
were distributed over the Po plate and arranged in no constant pattern (Figure 2.4e-g); one (Fig-
ure 2.4e) or two (Figure 2.4f, g) rows of depressions intruded into the hook. As seen by an inside
view the depressions contained a pore (Figure 2.4h). Also a tiny pore was visible on the Po-plate
(Figure 2.4c). The largest apical plate was the hatchet-shaped 2’ plate, followed by the pentagonal
3’ plate and the hexagonal 1’ plate (Figure 2.2c, Figure 2.4a-d, Figure 2.6a).
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FIGURE 2.6 Line drawings showing the thecal tabulation pattern of Gambierdiscus lapillus (a, b); Gam-
bierdiscus belizeanus (c, e); and Gambierdiscus scabrosus (d, f). Epitheca (a, c, d). Hypotheca (b, e, f)
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The largest precingular plate was plate 3” (four-sided, covering the left lateral precingular area)
and the pentagonal 4” plate (dorsal) was nearly of the same size (Figure 2.4a-d, Figure 2.6a). Plates
5” and 6” were on the right lateral side (Figure 2.4a, Figure 2.6a). Plates 1” and 7” were the small-
est (Figure 2.4b, Figure 2.3c, Figure 2.6a) located ventrally. The largest postcingular plate was
the 4’ plate (covering most of the left hypotheca), followed by the plates 2”°, 3”’, 5’ and 1"’
(Figure 2.3a-b, Figure 2.6b). The quadrangular first antapical plate (1) was small and the larger,
relatively narrow pentagonal 2”” plate that covered the antapex (Figure 2.3a-b, Figure 2.6b). The
sulcus was a deep excavation (Fig. Figure 2.3c, g) and composed of seven to eight plates (Suppl.
Figure 2.11). The narrow and deep cingulum was difficult to observe and consisted of six plates
(Suppl. Figure 2.11c). A few cells displayed shape variability of plate 2’ (Suppl. Figure 2.12c-
e). The shape varied from hatchet shaped (main morphology) to nearly rectangular (Suppl. Fig-
ure 2.12c) and six-sided (Suppl. Figure 2.12e). Some of the cells were tear-drop shaped rather than
ellipsoid (Suppl. Figure 2.12a-c).

Etymology: The epithet refers to the diminutive size and heavily ornamented thecal plates of
the species. Latin, lapillus (= little gem).

Holotype: Figure 2.4a (strain HG7); SEM-stub (designation CEDiT2016H58) deposited at Senck-
enberg am Meer, German Centre for Marine Biodiversity Research, Centre of Excellence for Dino-
phyte Taxonomy, Germany.

Isotype: Lugol-fixed subsample of strain HG7 (designation CEDiT2016159) deposited at the
Senckenberg am Meer, German Centre for Marine Biodiversity Research, Centre of Excellence
for Dinophyte Taxonomy, Germany.

Molecular diagnosis: strain HG7 SSU (KU558932) and LSU (KU558928)

Type locality: Heron Island (23.4420° S, 151.9140° E), GBR, Australia, South Pacific Ocean.
Molecular characterization: Gambierdiscus lapillus can be genetically identified by rDNA se-
quences deposited in GenBank SSU: HG1 KU558929, HG4 KU558930, HG6 KU558931, HG26
KU558933; and D8-D10 LSU: HG1 KU558925, HG4 KU558926, HG6 KU558927.

Further information: The strain HG7, from which the holotype is derived, has been deposited in
the Australian National Algae Culture Collection under strain designation CS-1146.

2.5.2 Phylogenetics

Phylogenetic trees for SSU and D8-D10 LSU rDNA regions were inferred using both BI and
ML methods. Strains were marked according to their geographic origin, as per figure description
(Figure 2.7, Figure 2.8).
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FIGURE 2.7 Maximum likelihood phylogeny of Gambierdiscus species/phylotypes of the LSU D8-D10
rDNA region. Nodal support are Bayesian posterior probability (PP) and bootstrap (BS) values obtained
from Bayesian inference analysis and maximum likelihood analysis, respectively. Nodes with strong sup-
port (PP/BS = 1.00 / 100) are shown as thick lines. The geographic origin of the isolates is coded as follows:
Black = Pacific Ocean; dark grey = Caribbean Ocean; light grey = Atlantic Ocean; white = South China Sea;
horizontal white stripes = Indian Ocean; vertical white stripes = Gulf of Mexico.



42

Prorocentrum lima USMA-4 AB189780

—‘ Alexandrium AJ415510
Coolia monotis CCMP1345 EF492487
DQ-2015_KM886379 Fukuyoa paulensis
0.84/74 NOAIF210_km272072 B Fcf,yasumotoi
G

yasu_2_5_EF202849 .
i F. yasumotoi

IR4AG_AB764310
0.98 /89 NOAA3_5_23_EF202858
1.00/ 98— NOAA8_5_EF202859 F. rutzleri

NOAA22_1_2_EF202854

NOAAL_1_7_EF202913
1.00/85 NOAA12_5_EF202909
NOAAL_1_13 EF202912 G. carpenteri
NOAAL_EF202984
NOAAL2_4_EF202908
NOAAL_1_2_EF202911
NOAAL1_EF202921
NOAA7_2_9_EF202915
NOAA7_2_11_EF202918
NOAA20_ EF202985
087/88 NOAA10 8 EF202914
014G_C5_AB764289
ON2G_C10_AB764294 I G. sp. type 2
M080828_2 AB764281
TO70411_1 AB764280

NOAAG6_7_6_EF202898
1.00/56 NOAAG_7_1_EF202899 ..
NOAAG6_7_3_EF202897 G. ca’OI’mm
NOAAG_3_4 EF202901
NOAA6_7_5_EF202900
100787 TB2_2_8_EF202904
TB2_2_13 EF202906
TB2_5_EF202903 G. polynesiensis
TB2_2_9_EF202907
TB2_2_2_EF202902
WIL1G_C2_AB764299
WI11G_C1_AB764298
1.00/86 WI9G_C1_AB764296 G.sp.type 3
WI11G_C3 AB764300
05/100 WISG_C2_AB764297

RAV92 3 11 EF202893
MOB0B28 _4_AB764301
T 0S5G8_C3 AB605810 G. australes
s

G. caribasus

080911 1 AB764303
1080606_1_AB764304

NOAA18 2 2 EF202868
L ﬁ? NOAA18 2 4 EF202869 :
05/60 NDAAlB:Z:S;EFIDZBBB I G. ribotype 2
NOAA1B 2 1 EF202867
NOAA?_3_EF202877
ﬂcuuiuowaasa I G. belizeanus
NOAA2_18_EF202876

HO91_5_EF202861
HO91_d_EF202871
NOAA9_1 9 _EF202873
NOAAS_1_6_EF202872
HO91_1_5_EF202865
GTT91_4_10_EF202879
REN1_6_EF202881 G. toxicus
GTT91_4_5_EF202884
HIT91_D7_1_EF202889
HIT91_DB_1_EF202890
HG4_KU558930
HG7_KUS58932
HG26_KU558933 G lapillus
HG6_Kus558931
HG1_KUS58929
U1G_C25_AB764269
0S55G7_C3_ABG05807
5080911 5_C4_AB764242
KO070922_2_C2_AB764254
GTNO90722_2_C6_AB764265

G. pacificus

100/95

G. scabrosus

FIGURE 2.8 Maximum likelihood phylogeny of Gambierdiscus species/phylotypes of the SSU rDNA region.
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1.00 / 100) are shown as thick lines. The geographic origin of the isolates is coded as follows: Black =
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Branches were analyzed thus: 100%/1.0 was fully supported, above 90%/0.9 was very well
supported, above 80%/0.8 was relatively well supported and below 50%/0.5 was unsupported for
ML and BI, respectively. The SSU rDNA topologies using BI and ML were the same with all major
branches fully supported ( 1.00/ 100, PP and BS, respectively). Within Gambierdiscus, the majority
of the branches were fully supported, with all except one at least relatively well supported. The
branch splitting G. australes M.Chinian & M.A.Faust from the major clade including G. pacificus
M.Chinain & M.Faust, G. toxicus and G. lapillus had the lowest support at 0.95 / 60. For the SSU
rDNA region, the major clades of Gambierdiscus were fully supported based on ML BS and BI
PP. The major clade support for the D8D10 LSU rDNA varied from fully supported to unsupported
depending on the clade and support between ML BS and BI PP varied (eg. the branching for
the major clade containing G. caribaeus Vandersea, Litaker, Faust, Kibler, Holland & Tester and
G. carpenteri Kibler, Litaker, Faust, Holland, Vandersea & Tester). The same relationships of the
Heron Island isolates HG1, HG4, HG6, HG7 and HG26 to the previously described Gambierdiscus
spp. as well as uncharacterised ribotypes and species types were found in the phylogenies based
on both D8D10 LSU rDNA (Figure 2.7) and SSU rDNA (Figure 2.8). The phylogenies showed
that these strains are clearly separated from other Gambierdiscus spp. and fall into a new, fully
supported clade. The new clade falls within the most diverse major clade (8 species, Figure 2.7).
Gambierdiscus lapillus is closely related to G. sp. type 6, G. toxicus and G. pacificus. The closest
following relatives from within their major clade are G. sp. type 5, G. scabrosus, G. ribotype 2 and
then G. belizeanus in descending order.

No differentiation within species based on their geographic origin was determined for the SSU
rDNA or LSU D8-D10 rDNA regions (Figure 2.7 and Figure 2.8).

2.5.3 Toxicology

2.5.3.1 Toxicity via intraperitoneal injection

The i.p. LD50 of the extract of HG6 was 0.78 mg.kg—*, or 1,448 cells.per MU, with 95% con-
fidence limits between 0.40 and 1.60 mg.kg~'. At high dose-levels, stretching movements were
observed immediately after injection of the test material, most likely due to irritation. This was
rapidly followed by cessation of movement and abdominal breathing. Respiration rates declined
and death occurred within 1.5-4 hours after dosing. At necropsy, erythema was observed through-
out the gastrointestinal tract of these animals. At lower doses, death occurred at up to 24 hours after
dosing. The stomachs of these animals were grossly distended with gas and with abnormally fluid
contents. An abnormally large amount of material was present in the duodenum and upper jejunum,
which was reddish-brown in colour and gelatinous in consistency. Caeca were also enlarged. Ery-
thema in the glandular stomach was noted. No gross changes were observed in any other organ.
The acute i.p. toxicity of the extract of HG7 was lower than that of HG6, with an LD50 of 12.5
mg.kg~!, or 219,073 cells.per MU, with 95% confidence interval between 10.1 and 15.3 mg.kg .
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The symptoms of intoxication and the gross pathology in mice injected with HG7 were the same as
those recorded with HG6. The acute i.p. toxicity of the extract of HG4 was even lower. No deaths
were recorded at 100 mg.kg~!. A dose of 150 mg/kg was lethal, however, with the same effects as
seen with the other two extracts. Insufficient material was available to determine a precise LD50,
though from the available data it may be concluded that it lies between 100 and 150 mg.kg™!, or
between 1,109,333 cells.per MU and 1,664,000 cells.per MU.

2.5.3.2 Toxicity via gavage

HG6 was much less toxic by oral administration than by i.p. injection. No effects were observed
at a dose of 300 mg.kg ™!, which is 385 times the median lethal dose by i.p. injection. Insufficient

material was available for dosing at higher levels.

2.5.3.3 Toxin profile

Analysis of extracts from G. lapillus isolates showed no detectable MTX-1 or known algal
CTXs, CTX3B, 3C, 4A, 4B. However, all extracts were positive for a compound tentatively de-
scribed as MTX-3, which represent a sulfated polyether produced by many Gambierdiscus species.
Also, unassigned chromatographic peaks were observed in the CTX transition and these warrant

further investigation.

2.6 Discussion

Gambierdiscus lapillus cells are anterio-posteriorly compressed, poses a narrow 2”” plate (1p
plate equivalent) and heavily areolated cell surface (strong reticulate-foveate thecal ornamentation),
as does G. belizeanus [157]. Gambierdiscus scabrosus T.Nishimura, Shinya Sato & M.Adachi is
also morphologically similar to G. belizeanus, but can be distinguished by the asymmetry of the 4”
plate (designated 3” by Nishimura et al. (2014)) compared to the symmetry of the 4” plate in G.
belizeanus (Table 2.4, asymmetric in Fig. 42A in [99]).
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TABLE 2.4 Morphological character of closely related Gambierdiscus species and G. lapillus sp. nov. Com-
mon features preceding diagnostic features are Po, 3’ , 0a. 7”, 6¢c, 7-8s, 5, Op, 2”” and cells anterio-

posteriorly compressed.
Species G. lapillus G. belizeanus | G. scabrosus G. toxicus G. pacificus
Cell depth | 40.6+3.3 63+2.2 63.2+5.7 93+5.7 70+4.7
(m)
Cell width | 3943.2 58+2.5 58.24+5.7 83+2.3 63+3.6
(1m)
Theca Reticulate- Reticulate- Reticulate- Smooth Smooth
ornamen- | foveate foveate foveate
tation
Plate 2’ Hatchet- Nearly rectan- | Rectangular Hatchet- Hatchet-
shaped gular shaped shaped
Plate 4” Symmetric Symmetric Asymmetric Asymmetric Symmetric
(Fig. 3 [57]);
Asymmetric
(Fig. 42A
[99])
Plate 2”” | Narrow Narrow Narrow Broad Narrow
Refer- | This study [31, 32, 57, [130, 193, | [2, 33, 157, |[31, 32, 157]
ences 157] 194] 221]

Hence, the closest morphological relatives to G. lapillus are G. belizeanus and G. scabrosus.
Comparing the distinguishing morphological characteristics between G. lapillus sister species (Ta-
ble 2.4), is the G. lapillus’s diminutive size (Figure 2.6, Figure 2.9).

Size is a feature that has been previously used to distinguish species of Gambierdiscus from

each other [157]. Gambierdiscus lapillus also differs to G. scabrosus due to it’s symmetric 4”
plate (Figure 2.4a), hence it is closer morphologically to G. belizeanus. The morphological point
of difference between the two species lies in the 2’ plate (Figure 2.6). The 2’ plate of G. lapillus
is hatchet shaped (Figure 2.4a-d) whereas the 2’ plate of G. belizeanus is rectangular (Fig. 3 in
[57]). In terms of the genetic relatedness of the new species and G. belizeanus, they are relatively
distantly related (Figure 2.7 and Figure 2.8).
A small subset of isolates displayed some variability morphological features, and were different to
the majority of cells, in the 2’ plate as well as cell shape (Suppl. Figure 2.12). Bravo et al. (2014)
recorded a change in cell shape and size during the life cycle of a clonal strain of Gambierdiscus
sp., where a small proportion of the cells observed displayed this variability. They postulate that
this was previously unrecorded due to their large number of observations compared to the rest
of the literature [22]. We suggest that the variability we observed is similar due to screening
numerous cells of four strains of G. lapillus. The variability in 2’ plate is negligible; the hatchet
shape of this plate is still a diagnostic tool for identifying G. lapillus.

Kohli et al. (2014a) observed a similar difference from the original species description in the mor-
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FIGURE 2.9 Visual representation of the size difference between Gambierdiscus and Fukuyoa species. Error
bars denote standard deviation of measurements. Data taken from publications as follows: a) Chinain et al.
(1999b) [31]; b) Fraga and Rodriguez (2014) [61]; c) Faust et al. (1995) [57]; d) Gomez et al. (2015) [73];
e) Litaker et al. (2009) [157]; f) Nishimura et al. (2014) [194]; and g) Xu et al. (2014) [282]

phology of strains of G. carpenteri [121]. Strains of G. carpenteri isolated from southern NSW,
Australia, were identified by a combination of morphological features and genetic sequencing.
Genetically these strains were 99% identical to the type strains of G. carpenteri. However, their
morphological features differed somewhat from those originally described for G. carpenteri, and
were more similar to those of the very similar species G. toxicus (broad 2”” plates, pointed dorsal
ends, and the lack of a dorsal rostrum) [121, 157]. The potential intraspecific morphological
variability of Gambierdiscus spp. indicates that the identification of Gambierdiscus spp. needs to
be approached with caution, and preferably verified with molecular analysis.

The sister groups to G. lapillus in the phylogenetic analyses were found to be G. pacificus and G.
toxicus, which was fully supported (Figure 2.7 and Figure 2.8). For the D8-D10 LSU region, the
confidence of the interspecies relationship within the major clade containing G. lapillus was lower.
While the resolution of G. lapillus as a separate species is fully supported, the other branches
within that major clade were more ambiguous and support differed between BI and ML with the
latter consistently lower than the former. Branches were well supported or better in BI phylogeny,
while in the ML phylogeny some were unsupported. The topology of the clade resembles that of
the phylogeny by Xu et al. (2014), in which the G. sp. type 5 and G. sp. type 6 were presented,
hence it can be assumed that the BI phylogeny is accurate[282]. The discrepancy in confidence
between SSU and D8-D10 LSU could be due to the length of the fragment, as the SSU fragment
is almost twice the length as the LSU fragment. Alternatively it could be due to lower selection
pressure, in effect higher mutation rate, in the D8-D10 region compared to the SSU region. Murray
et al. (2015) found that the D1-D6 LSU region in dinoflagellates had a substitution rate 4-8%
times that of the SSU region [183]. Whether this faster substitution rate applies to the D8-D10
region remains unknown, however the possibility should be taken into consideration.

Morphologically, G. lapillus is distinct from G. pacificus due to it’s smooth cell surface [31],
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whereas G. lapillus is discrete from G. toxicus based on the broad 2”” plate of G. toxicus [157].

Berdalet et al. (2012) postulated that species of Gambierdiscus may be cosmopolitan, and the
fact that some species were reported from only one or few locations was likely due to under sam-
pling [158]. It has been postulated that Gambierdiscus strains of the same species in warmer areas
display higher toxicity than those in cooler regions [19]. To observe whether genetic divergence
exists between strains from the same species from different localities, where possible a range of
isolates from a variety of geographic locations were included in the phylogenetic study. The phylo-
genetic analysis of the D8-D10 LSU rDNA (Figure 2.7) G. belizeanus, G. caribaeus, G. carpenteri,
G. carolinianus Litaker, Vandersea, Faust, Kibler, Holland & Tester and G. toxicus strains of the
same species clustered together, regardless of their geographic origin. Examining the strain distri-
bution in light of their geographic origin for the SSU rDNA fragment (Figure 2.8), a similar trend
was found. Strains of G. carpenteri, G. caribaeus and G. toxicus showed closer relationship to
geographically removed strains than ones from their own location. This indicates that the rDNA
fragments used in this study are likely not variable enough to reveal intraspecific, regional-level
divergence. More investigation using tools such as microsatellites or RADseq are likely required
to reveal regional differences.

CFP is endemic to the GBR in Australia, yet the particular species of Gambierdiscus that are
most likely producing CTXs in this region are still not known. The report that F. paulensis from
the Mediterranean produces possible analogs of CTXs [136] is interesting, as the study classifies
the F. cf. yasumotoi found in Australia as F. paulensis (Table 1 in [185]). However, we suggest
caution should be used in interpreting the LC-MS results on F. paulensis as presented [136], as:
data to support the presence of MTX was not presented; no standard for gambieric acid A was
used; and the peak at 6.29 min assigned to 54-deoxy CTX1B (panel b Fig. 9) was not highly similar
to the 54-deoxy CTX1B standard peak (Fig. 9c). As 54-deoxy CTX1B is considered to be a fish
metabolite [287], it appears novel that it would have been found in a species of Gambierdiscus.
As the detection of CTX analogs using LC-MS is very difficult, and has not been conducted often
for species of Gambierdiscus, further work clarifying the toxin profile of more species will shed

light on these issues.

The identification of Gambierdiscus species producing CTXs in Australia has been hampered by
several uncertainties and difficulties, and no identified strains that consistently produce known CTX
analogs have yet been confirmed. G. belizeanus was has been reported from Heron Island, GBR,
[185]. Previously, CTX and MTX production in G. belizeanus has been indicated via bioassay [29,
90] although LC-MS analysis using known CTX analogs has not been conducted for this species
as yet.

A previous study found a possible CTX analog in a Gambierdiscus strain from Queensland,

however, the production of the compound was unstable, and the strain precedes the discovery of
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species diversity in Gambierdiscus [94], and the identification of the strain is therefore uncertain.
Unfortunately, those cultures are no longer available, and therefore the identity of the species can-
not now be verified [94]. Based on the LC-MS/MS toxin profile of G. lapillus, it produces a number
of unknown compounds, which may include undescribed congeners of CTX. These would require
further work in order to characterize them. The toxicity measurements of G. lapillus by mouse
bioassay were found to be equally unusual. The pathology of the mice was atypical, and not in-
dicative of previously reported MTX or CTX intoxication (R. Munday, pers. comm.). Whether the
abnormal pathology is due to a possible unknown CTX congener, or to another toxin produced by
this species, remains unknown. Further fractionation of whole cell extracts into aqueous methanol
and dichloromethane partitions, which are expected to contain MTX from CTX respectively [237],
could be conducted to elucidate which class of toxin is likely causing the pathology. Whole cell
extract MBAs in the literature were normalized to cells per MU by Litaker et al. (2010) (table 5
therein). Comparatively, HG4 and HG7 were much less toxic than all the reported samples. HG6
displayed a higher toxicity than the cultures established from bloom samples [32]. The strain’s tox-
icity compared to the other reported strains from both the Atlantic and the Pacific was in the bottom
quarter percentile. These studies precede the elucidation of the current Gambierdiscus species com-
plex, so it remains unclear which species these results relate to. Markedly, the toxicity was found to
differ greatly between the G. lapillus isolates, with the toxicity of HG6 being 150-fold higher than
HG?7, which was in turn more than 5-fold more toxic than HG4. The published intraspecies toxi-
city variation in G. polynesiensis M.Chinain & M.Faust via MBA was only 2-fold [29]. Potential
reasons for differing toxin production in cultures may be physiological, such as phosphorous lim-
itation in the media and different stages of the growth phase and growth rate [29, 251]. However,
the HG4, HG6, and HG7 were grown under the same conditions and harvested simultaneously,
which indicates an intrastrain variation in toxin production, rather than external influence on toxin

production regulation.
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FIGURE 2.10 Supplementary scanning electron micrographs of Gambierdiscus lapillus (strain HG26). (a)
Cell shape in lateral view. (b) Cingular plates (with the suture between C3 and C4 visible) with short arrows
indicate the sutures. (c) Po plate with a small pore (arrow) next to the large depressions. Scale bars (a, b) 10

pm, (c) 5 pm.
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FIGURE 2.11 Supplementary scanning electron micrographs of Gambierdiscus lapillus showing sulcal and
cingular details (a, b, d—f). Strain HG26 and (c) strain HG4. (a) Posterioventral view of a complete cell.
(b) Ventral view of a young cell. (c) Ventral view of a split off hypotheca with cingular plates. (d) Ventral
view. (e) Inside view of the apical part of the caved in sulcus at a split off hypotheca with cingulum. (f)
Disassociated sulcal plates. Scale bars (a, b, d—f) 5 um, (c) 10 pm.
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FIGURE 2.12 Supplementary scanning electron micrographs of Gambierdiscus lapillus (strain HG7) demon-
strating the morphological variability in the second apical plate (2’) and the cell shape. (a, b) Cells with
teardrop-like shape and typical hatchet-shaped plate 2’. (c) Five-sided, nearly rectangular plate 2’. (d)
Six-sided plate 2’ and split second precingular plate (2”a and 2”b). (e) Six-sided plate 2’ and split third
precingular plate (3”a and 3”b). Arrows indicating plate corners.
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CHAPTER 3
Development of a quantitative PCR
assay for the detection and
enumeration of a potentially
ciguatoxin-producing dinoflagellate,
Gambierdiscus lapillus (Gonyaulacales,

Dinophyceae).
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3.2 Abstract

Ciguatera fish poisoning is an illness contracted through the ingestion of seafood containing
ciguatoxins. It is prevalent in tropical regions worldwide, including in Australia. Ciguatoxins
are produced by some species of Gambierdiscus. Therefore, screening of Gambierdiscus species
identification through quantitative PCR (qPCR), along with the determination of species toxicity,
can be useful in monitoring potential ciguatera risk in these regions. In Australia, the identity,
distribution and abundance of ciguatoxin producing Gambierdiscus spp. is largely unknown. In this
study we developed a rapid qPCR assay to quantify the presence and abundance of Gambierdiscus
lapillus, a likely ciguatoxic species. We assessed the specificity and efficiency of the qPCR assay.
The assay was tested on 25 environmental samples from the Heron Island reef in the southern Great
Barrier Reef, a ciguatera endemic region, in triplicate to determine the presence and patchiness of

these species across samples from Chnoospora sp., Padina sp. and Sargassum macroalgal hosts.

3.3 Introduction

Benthic dinoflagellates of the genus Gambierdiscus Adachi & Fukuyo produce ciguatoxins
(CTX), which can accumulate in humans via consumption of contaminated seafood and cause
ciguatera fish poisoning (CFP) (Figure 3.1).
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FIGURE 3.1 The mechanism of bioaccumulation of CTXs, with Gambierdiscus (for example G. polynesiensis
(A)) at the base of the food web inhabiting the macroalgae Padina spp. (B) [279]. A herbivore, here a white
trevally (Pseudocaranx dentex) (C) [127] consumes CTX from G. polynesiensis along with the macroalgae,
which is then either passes directly to humans through consumption, or through an intermediary piscivorous
vector such as Australian spotted mackerel (Scomberomorus munroi) (D) [238]. Image of G. polynesiensis
(strain CG15) taken by A. L. Kretzschmar, 2016, Nikon Eclipse TS100 equipped with an Infinite Luminera
1 camera.
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The symptoms of CFP are largely gastrointestinal and neurotoxic, however, in severe cases,
further complications such as cardiovascular or severe neurological symptoms can appear [243].
In the most extreme cases, CFP can result in death [65]. Species of Gambierdiscus spp. are pre-
dominantly epiphytic, growing on macroalgae and other substrates such as coral detritus. Species
of Gambierdiscus spp. can vary in the production of CTXs [30]. If a particular Gambierdiscus
sp. is a CTX producer, and inhabit a palatable macroalgal substrate, the toxins bioaccumulate in
herbivorous fish and filter feeders with the potential to travel up the food chain to cause CFP in
humans [33, 91].

Gambierdiscus was first identified in 1977, with the type species G. toxicus Adachi & Fukuyo
[2]. The genus remained monotypic for 18 years until the discovery of a second species G.
belizeanus Faust [57]. To date, the genus comprises 14 described species and 6 ribo/species types
[2, 31, 39, 57, 61, 62, 63, 128, 157, 158, 194, 218, 248, 282] . A major revision of the Gambierdis-
cus species taxonomy was undertaken by Litaker et al. (2009). Reports of Gambierdiscus spp.
identified based on morphology alone, prior to this revision; need to be considered with caution as
several new Gambierdiscus spp. were defined [92, 93, 94]. Further, intra-species variation and
inter-species similarities can cause misidentification [22, 121, 128]. Hence, molecular genetic
tools are important for determining the distribution and abundance of Gambierdiscus species and
assess the risk of CFP in that region [121, 128].

Gambierdiscus spp. produce a suite of different polyketide compounds - CTX, maito-
toxin (MTX), gambierone, gambieric acid and gambierol have been characterised to date
[180, 181, 190, 226, 236]. While any of these can contribute to toxicity, only CTX has been
clearly linked to CFP in humans [33, 91]. The toxin profile of many Gambierdiscus species is
not well understood, and many different assays have been used to determine CTX toxicity [105].
Assays, such as mouse bioassays and neuroblastoma cell-line bioassays are good indicators of
the toxicity of an organism, however species/strain specific toxin profiles needs to be elucidated
with LC-MS/MS in order to characterise individual toxin congeners [49]. The toxin profile of
Gambierdiscus polynesiensis Chinain & Faust is one of the only Gambierdiscus spp. whose pro-
duction of CTX congeners (P-CTX-3B, P-CTX-3C, P-CTX-4A, P-CTX-4B and M-seco-CTX-3C)
has been verified by LC-MS/MS in isolates from French Polynesia and the Cook Islands, and is
thought to be the principal cause of CFP in the Pacific region [29, 217]. However recently, a G.
polynesiensis strain isolated from the Kermandec Islands, Pacific Ocean, did not exhibit CTX
toxicity detectable by LC-MS/MS [220]. An uncharacterised peak in the CTX phase of several
strains of Gambierdiscus lapillus extracts was reported via LC-MS/MS, which did not match
any available CTX standards (CTX-3B, CTX-3C, CTX-4A, CTX-4B) [128]. Further, Larsson
et al. (2018) found that G. lapillus extracts showed CTX-like activity when investigated with a
bioassay. Therefore, this species likely produces previously uncharacterised CTX congener(s),

and its production of CTX compounds requires further investigation. Determining the toxin profile
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of Gambierdiscus species requires toxin standards for comparative peak analysis. However, these
are currently not commercially available. Therefore, progress in determining the toxins produced
by species of Gambierdiscus has been comparatively slow, though bioassays provide a strong

indicator for toxin production.

CFP was put forward as a “neglected tropical disease” by expert researchers in this area,
supported by the Intergovernmental Oceanographic Commission’s (IOC) Intergovernmental Panel
on Harmful Algal Blooms (IPHAB), as part of the United Nations Educational, Scientific and
Cultural Organization), and a global ciguatera strategy was developed [105]. One element of the
IOC/IPHAB ‘Global Ciguatera Strategy’ is to investigate various species of the genus Gambierdis-
cus, determine which species produce CTXs through LC-MS/MS and other means, and develop
efficient and reliable molecular monitoring tools for the species of interest [105]. Quantitative
PCR (qPCR) is a useful molecular genetic screening tool, as it can give species-specific and

quantitative results from DNA samples extracted from environmental samples [105].

Currently there is one qPCR assay to identify the presence of the genera Gambierdis-
cus/Fukuyoa [247]. Assays for species specific identification are available for 9 of the 14 described
Gambierdiscus spp. and 3 out of 6 undescribed Gambierdiscus sp. types/ribotypes (Table 3.1). It
is noteworthy that the qPCR assays described by Darius et al. (2017) rely on species identification
based on the melt curve of the gPCR product, which requires any subsequent users of these assays
to have a reference culture for positive identification rather than rely on a positive result being
linked to the species investigated.

In the development of the gPCR assays for the quantification of microalgal species, several dif-
ferent methods have been used to quantify species [36]. Using a known cell number of the target
species to construct standard curves for validating qPCR assays is a common strategy, however
some genes, such as rRNA genes in dinoflagellates, can have gene copy numbers that vary signif-
icantly between strains. Hence comparing an assay developed with one strain as a standard might
give irregular estimates of cell numbers when used for screening environmental samples [36]. An
alternative method, using a synthetic oligonucleotide specifically designed for the assay tested, al-
lows for a standard based on the amount of copies of a gene present rather than cell numbers. This
has been successfully applied to Alexandrium tamiyavanichii [125], a sister genus to Gambierdis-
cus.

Assays are available for 2 of the 3 species of Fukuyoa (Table 3.1), which seceded from Gam-
bierdiscus as their own genus in 2015 [73]. Fukoyoa spp. are of interest for monitoring purposes as
they produce MTXs, however the involvement of MTXs in CFP has not been resolved yet [123].
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TABLE 3.1 Published qPCR assays for Gambierdiscus and Fukoyoa spp.

Species Method Reference
Gambierdiscus spp.
G. australes TagMan Probes | [42, 192]
& SYBR Green
G. belizeanus SYBR Green [267]
G. caribaeus SYBR Green [267]
G. carolinianus SYBR Green [267]
G. carpenteri SYBR Green [267]
G. jejuensis TagMan Probes [192]
G. pacificus SYBR Green [42]
G. polynesiensis SYBR Green [42]
G. scabrosus TagMan Probes [192]
G. toxicus SYBR Green [42]
Gambierdiscus sp. ribotype 2 SYBR Green [267]
Gambierdiscus sp. type 3 TagMan Probes [192]
Fukuyoa spp.
F. ruetzleri SYBR Green [267]

In Australia, outbreaks of CFP occur annually in Queensland [208]. However, due to the com-
plicated presentation of symptoms, the reporting rate is less than 20% [144]. Annually, there have
been 7-69 reported cases between 2011 and 2015 (considering the report rate, > 35-345 cases,
see Table 3.2), with 2 fatalities reported in the state [262]. Cases of CFP from Spanish Mackerel
(Scomberomorus commerson) caught in NSW have been reported since 2014 [56], with five sep-
arate outbreaks affecting a total of 24 people since then [55]. Farrell et al. (2017) put forward a
series if recommendations managing the emerging CFP risk in NSW.

TABLE 3.2 Cases of CFP reported to health authorities in Queensland, Australia, between 2011 and 2015, by
Queensland Health [208].

Year 2011 2012 2013 2014 2015
Recorded CFP cases 18 7 25 69 11
Extrapolated CFP indcidences ~90 ~35 ~125 ~345 ~55
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Despite the prevalence of CFP in Australia, the characterization of Gambierdiscus species
present in Australia is incomplete. A species that produces known CTX toxins has not been iden-
tified from Australia as yet. Larsson et al. (2018) have identified some candidate species, two
of which show some CTX-like bioactivity [134]. Over 50% of Australia’s vast coastline (total
66,000 km) is tropical or subtropical, and may be considered potential habitat for Gambierdiscus
spp. [128]. Seven species of Gambierdiscus have been identified from the sub-tropical east Aus-
tralian coastline namely, G. belizeanus [185], G. carpenteri [121, 250], G. honu (based on D8-D10
LSU sequence matching to a study by Richlen et al. [221]) [218], G. lapillus [128, 134], G. toxicus
[80] and two yet undescribed species [134], as well as F. paulensis [185]. Using high throughput
amplicon sequencing, Gambierdiscus was identified to the genus level in Broome, Western Aus-
tralia [122], indicating that this is a coastline that should be examined further for CFP risk. gPCR
primers that can be used for identification in Australia for potential monitoring purposes, have been
developed for G. belizeanus, G. carpenteri and F. yasumotoi [192, 267].

The aim of this study was to develop a qPCR assay to exclusively amplify G. lapillus, as this
has not yet been developed. The assay was then applied to environmental samples for the detection
and enumeration of G. lapillus at Heron Island, GBR, in a region in which CFP cases are regularly
reported. Hence this study adds to the suite of JPCR assays available to quantify organisms that
contribute to CFP.

3.4 Materials and methods

3.4.1 Clonal strains and culturing conditions

Three strains of G. lapillus and one strain of G. cf. silvae were isolated from Heron Island, Aus-
tralia, as previously described [128]. Two strains of G. polynesiensis were isolated from Rarotonga,
Cook Islands (Table 3.3). Identification was performed using rDNA sequencing and phylogenetic
inference, as previously described [128], and sequences have been submitted to GenBank (CG14:
MH930987 for D1-D3 and MH915419 for D8-D10; CG15: MH930988 for D1-D3 and MH915420
for D8-D10). The cultures were maintained in 5x diluted F/2 media [94] at 27 °C, 60mole-m? e-s
light in 12hr light to dark cycles.
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TABLE 3.3 List of Gambierdiscus clonal strains used for the qPCR assay.

Species Collection | Collection | Latitude Longitude Strain
site date name
G. lapillus | Heron July 2014 23° 4420’ S 151° 9140’ E HG4, HG7
Island,
Australia
G. polyne- | Rarotonga, | November | 21° 2486’ S 159° 7286° W CG14,
siensis Cook 2014 CG15
Islands
G. holmesii | Heron July 2014 23° 4420’ S 151° 9140’ E HG5
Island,
Australia

3.4.2 DNA extraction and species specific primer design

Genomic DNA was extracted from strains in Table 3.3 using a modified hexadecyltrimethylam-
monium bromide (CTAB) method [268]. The purity and concentration of the extracted DNA was
measured using the Nanodrop (Nanodrop2000, Thermo Scientific), and the integrity of the DNA
was visualised on 1% agarose gel. A unique primer set was designed for the small-subunit (SSU)
rDNA region of G. lapillus based on sequences available in the GenBank reference database (ac-
cession numbers KU558929-33). The target sequences were aligned against sequences of all other
Gambierdiscus spp. that were available on GenBank reference database, with the MUSCLE al-
gorithm (maximum of 8 iterations) [53] used through the Geneious software, version 8.1.7 [113].
Unique sites were determined manually (Table 3.4, alignments available on request). Primers were
synthesised by Integrated DNA Technologies (IA, USA). The primer set was tested systematically
for secondary product formation for all 3 strains of G. lapillus (Table 3.3) via standard PCR in
25u1 mixture in PCR tubes. The mixture contained 0.6 M forward and reverse primer, 0.4 uM
BSA (Biolabs, Arundel, Australia), 2 - 20 ng DNA, 12.5 pul 2xEconoTaq (Lucigen Corporation,
Middleton, WI, USA)) and 7.5 ul PCR grade water. The PCR cycling comprised of an initial 10
min step at 94 °C, followed by 30 cycles of denaturing at 94 °C for 30 sec, annealing at 60 °C for
30 sec and extension at 72 °C for 1 min, finalised with 3 minutes of extension at 72 °C. Products

were visualised on a 1% agarose gel.

TABLE 3.4 G. lapillus specific gPCR primer set for SSU rDNA designed in this study.
Primer name | Amplicon | Synthesis Sequence (5’-3°)

size direction
of primer
qGlapSSU2F 138bp Forward TTTTTGTCCCAGGAGGGTGA

qGlapSSU2R Reverse TGAGGCCAAAACTCGAAAATC
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3.4.3 Evaluation of primer specificity

To verify primer set specificity as listed in Table 3.4, DNA was extracted using CTAB
buffer [297] from G. australes (CAWD149 and CG61), G. belizeanus (CCMP401), G. carpenteri
(UTSMER9A3), G. pacificus (CCMP1650) and G. cf. silvae (HG5). G. cheloniae (CAWD232)
DNA was extracted using a PowerSoil™ DNA isolation kit (Mo Bio Inc., CA, USA). G. scabro-
sus (KW070922_1) DNA was extracted using DNeasy Plant Mini Kit (Quiagen, Tokyo, Japan)
according to the manufacturer’s protocol.

As DNA extracts for the purpose of specificity testing were supplied by four different re-
searchers, the extraction methods varied. However, as these served as negative controls for primer
specificity only, the difference in extraction methods would not be expected to impact any of the
following cell enumeration methods.

For all extracted samples, the presence and integrity of genomic DNA was assessed on 1%
agarose gel. The presence of PCR inhibitors was tested for each DNA extract by amplifying SSU
region as per methodology in [128]. The primer set designed for G. lapillus was tested for cross-
reactivity against all other Gambierdiscus spp. available via PCR (BioRadT100 Thermal Cycler
(CA, USA)), appropriate positive and negative controls were applied. PCR amplicons were visually

assessed on 1% agarose gel.

3.4.4 Evaluation of primer sensitivity

To test the primer sensitivity, gJPCR assays were run with the specifications below. Initially the
amplifications were screened for a single melt curve to show binding occurred at only one gene in
the G. lapillus genome, then calibration curves to determine the range of detection were conducted.

The qPCR reaction mixture contained 10 ul SYBR Select Master Mix (Thermo Fisher Scien-
tific), 7 pl MilliQ water, 0.5 M forward and reverse primers and 2 - 20 ng DNA template, for a
final volume of 20 pl. Cycling conditions consisted of 10 min at 95, then 40 cycles of 95 °C for 15
seconds and 60 °C for 30 seconds, followed by a temperature gradient for melt curve construction.

Standard curves were constructed to determine the efficiency of the assay, using a synthetic gene
fragment approach, and also to use to quantify species presence, using calibration curves based on
DNA extracted from known cell numbers.

The calibration curves for both methods were calculated (R?, PCR efficiency and regression
line slope) and graphed in R version 3.2.3 [210], using R studio version 1.0.136 [231] and the
ggplot2 package [276].

3.4.4.1 Gene based calibration curve

For the target amplicons of G. lapillus, a DNA fragment spanning the target sequence, the re-
verse and forward primer sites and an extra 50bp on either end was synthesised to a total length of
238bp (gBlocks ®, IDT, IA, USA). The molecular weight and the amount of the synthesized gene
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fragment was supplied by IDT, from which the exact number of copies of the gene fragment per
micoliter can be calculated [36, 125]. Lyophilized gBlocks ® was re-suspended in 1x TE (Tris 1M,
EDTA 0.5 pH8) to a concentration of 1 ng/ul. The copy number of gene fragment was then calcu-
lated as 2.88x10'° for G. lapillus. The stock solution was serially diluted (10-fold) and dilutions
between 103 and 10® were amplified by gPCR (on StepOnePlus System by Applied Biosystems
(Thermo Fisher Scientific, Waltham, MA, USA) in triplicate.

3.4.4.2 Cell based calibration curve

Two strains of G. lapillus (HG4 and HG7) were used to construct cell based standard curves.
Cells were counted under a Nikon Eclipse TS100 (Australia) microscope using a Sedgwick Rafter
counting chamber. DNA was extracted with the FastDNA spin kit for soil by MP Biomedicals
(CA, USA), as per the manufacturer’s instructions. The gDNA extracts were 10-fold serially di-
luted. Dilutions ranging from 3880 to 0.04 cells and 5328 to 0.05 for HG4 and HG7 respectively.
Samples were amplified via gPCR (on StepOnePlus System by Applied Biosystems (Thermo Fisher
Scientific, Waltham, MA, USA) in triplicate.

3.4.5 Determination of gene copies per cell for G. lapillus

To determine the mean SSU rDNA copies per cell, a 10-fold dilution series of strains HG4 and
HG?7 were used, as described previously. These dilution series were based on DNA extracted from
known numbers of cells, and then serially diluted (3880 to 0.04 cells and 5328 to 0.05 for HG4 and
HG?7 respectively.

The slope of the linear regression of SSU copies was used to determine copy number by corre-
lating the qPCR detection of the gene based calibration curves and cell numbers. This slope of the

linear degression was then used to determine the gene copy number per cell [125].

3.4.6 Screening environmental samples for G. lapillus

Around Heron Reef (Figure 3.2) 25 sites (within 1km of the shore) were sampled in Octo-
ber 2015, in spatial replicates (A, B, C) within a 2m radius. Representatives of three genera of
macroalgae that commonly grow on this reef, Chnoospora spp, Padina sp. and Saragassum sp.,
were sampled for the presence of epiphytic Gambierdiscus spp. For each sample, about 200 g of
macroalgae was collected from approximately 1 m deep water at low tide and briefly placed in
plastic bags containing 200 to 300 ml of ambient seawater.
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FIGURE 3.2 (A) Map of Australia, with the position of Heron Island (red circle); (B) Heron Island including
surrounding reefs (dotted lines); (C) Approximate location of sampling sites around Heron Island.
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They were shaken vigorously for 5 min to detach the epiphytic dinoflagellates from the macroal-
gae. This seawater was passed through > 120 pm mesh filter to remove any remaining larger fauna
and debris. The collected seawater was centrifuged at 500 rcf. The supernatant was discarded
and the pellet was dissolved in 10 ml RNAlater (Ambion®, Austin, TX, USA) for preservation
and stored at 4°C. Community DNA was extracted via modified CTAB method [268]. Samples
were screened in triplicate for both G. lapillus on a StepOnePlus System by Applied Biosystems
(Thermo Fisher Scientific, Waltham, MA, USA). The amplification threshold was compared to
the cell based calibration curve using the G. lapillus type species, HG7. The cells.g~! wet weight
macroalgae was calculated by determining the proportion of the total volume of DNA extract used
in an individual gPCR reaction (i.e. 1 ul DNA per qPCR reaction from a 50 pL total DNA extrac-
tion volume =0.02), quantifying the equivalent number of cells detected per qPCR reaction using
the standard curve and multiplying this to determine total cells 200 g~! wet weight macroalgae
sample. Normality of the data (cell numbers per macroalgal host) was tested using Shapiro test
and a Bartlett test of homogeneity of variance a Kruskal-Wallis test was performed to determine
significance, in R version 3.2.3 [210], using R studio version 1.0.136 [231].

3.5 Results

3.5.1 Evaluation of primer specificity

The qGlapSSU2F - qGlapSSU2R primer pair (Table 3.4) produced an amplified product of 138
bp for all five strains of G. lapillus, with a single peak at the same temperature for each strain
in the melt curve. No signal for primer dimers or unspecific amplification was detected. While
genomic DNA was visible for each strain on the agarose gel (gDNA band, Table 3.5) and the DNA
could be amplified via PCR (SSU PRC amplification, Table 3.5), no cross-reaction was observed
for genetically closely related species G. belizeanus, G. cheloniae, G. pacificus and G. scabrosus.
Other species of Gambierdiscus from different clades, G. australes, G. carpenteri, G. polynesiensis
and G. cf. silvae (Table 3.5) were also not amplified using this primer set [128, 248].



TABLE 3.5 Cross-reactivity of the qPCR primer set based on presence absence of PCR product visualised in

agarose gel.
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Template Strain name gDNA gel | GlapSSU2F-
band GlapSSU2R
G. australes CAWD149 + + _
CG61 + -
G. belizeanus CCMP401 + + -
G. carpenteri UTSMERSA3 + + -
G.cheloniae CAWD?232 + + -
G. lapillus HG1 + + +
HG4 + + +
HG6 + + +
HG7 + + +
HG26 + + +
G. pacificus CCMP1650 + + -
G. polynesiensis CG14 + + -
CG15 + + -
G. scabrosus Kw070922_1 + + -
G. cf. silvae HG5 + + -
O. cf. ovata HER27 + + -
O. rhodesae HER26 + + -
O. cf. siamensis HER24 + + -
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3.5.2 Evaluation of primer sensitivity

The cell-based standard curves for G. lapillus (HG4 and HG7, Figure 3.3a) showed high lin-
earity with R? approaching 1.00. The slope for the Ct vs. log;, cell for HG4 was -3.4, which
corresponds to an efficiency 96.8 % ; and -3.51, which corresponds to an efficiency of 92.7 % for
HG?7 (Figure 3.3). The linear detection for both G. lapillus isolates covered five orders of magni-
tude. The lowest number of cells detected were 0.04 and 0.05 cells for HG4 and HG7 respectively
(Figure 3.3a).
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FIGURE 3.3 qPCR cell based standard curves of G. lapillus strains HG4 (circle) and HG7 (triangle). Error
bars represent the deviation of technical replicates during reactions; x-axis is log scale.

The gene based (gBlocks) standard curve for G. lapillus covered linear detection over five
orders of magnitude, with a slope of -3.42, and a PCR efficiency of 96 % (Figure 3.4). The detection
limit tested was less than 10° gene copy numbers. The Ct for the lowest gene copy number tested

was less than 25, so it is likely that the sensitivity is lower than 10° gene copy numbers (Figure 3.4).
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replicates during reactions; x-axis is log scale.



69

3.5.3 Quantification of SSU rDNA copy number per cell of G. lapillus

The detectable SSU copies for G.lapillus were 2.24 x 10* and 5.85 x 10° copies per cell for
HG4 and HG7 respectively.

3.5.4 Screening environmental samples for G. lapillus abundance

To evaluate the adequacy of the G. lapillus qPCR assay for environmental screening, the
assay was applied to environmental community DNA extracts collected around Heron Island
(Figure 3.2). A relatively low cell abundance was detectable for G. lapillus. Ct values for
G. lapillus detection in environmental samples were calibrated to the HG7 standard curve and
calculated as cells.g~! wet weight macroalgae (Table 3.6). G. lapillus was detected across 24 of
the 25 sampling sites. At sites at which G. lapillus was present, it showed a patchy distribution,
being present at two of the three spatial replicates in the majority of samples (17 of 25 sample
sites), followed by all three spatial replicates testing positive (6 out of 25 sites) and at one site only

one of the spatial replicates was positive (Figure 3.5).
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FIGURE 3.5 G. lapillus presence at the macroalgal sampling sites around Heron Island. The spatial replicates
for each site are set up as shown in (A); the sites in (B) linked to numbering in Figure 3.2 where positive
(green) and negative (purple) as per Table 3.6.

G. lapillus was detected at 71 out of the 75 spatial replicates, specifically at 24/32, 22/33 and
8/10 samples from Chnoospora sp., Padina sp. and Saragassum sp. as substrate respectively
(Table 3.6). Patchiness was also found in the abundance as well as the distribution of G. lapillus,
from 0.24 cells.g~! wet weight macroalgae to 49.51 cells.g~! wet weight macroalgae, with a mean
of 5.84 cells.g~! wet weight macroalgae. For example (4A - Chnoospora sp.) and (4B - Padina
sp.) hosted comparable cell numbers (1.12 cells and 1.65 cells.g~! wet weight algae respectively)
while no G. lapillus cells were detected on (4C - Padina sp.). Only at one of 25 sampling sites, no
G. lapillus presence was detected across all three spatial replicates (19A, B, C). At all other sites,
the presence of G. lapillus varied between spatial replicates but did not significantly differ between
macroalgal host or location (chi-squared = 2.1453, p-value = 0.3421) (Figure 3.6).
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FIGURE 3.6 Detection of G. lapillus per spatial replicate at each macroalgal sampling site. Cell numbers were
normalised to the HG7 standard curve (Figure 3.3A). Figure also shows spatial replicates per macroalgal
substrate where Chnoospora sp. samples are represented by circles, Padina sp. by squares and Sargassum
by crosses (Table 3.6).
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3.6 Discussion

The aim of the study was to design and validate a species-specific qPCR assay to quantify G.
lapillus a species that may produce CTX- like toxicity in the Australian GBR region. Species-
specific gqPCR primers with high specificity and sensitivity were developed and the SSU copy
number for two strains were determined, and were found to differ from one another considerably,
as one strain had more than four times the number of genomic rDNA copies. We also established
that this primer set was effective in measuring the abundance and distribution of G. lapillus
at the Heron Island reef. The cross-reactivity of primers designed in this study showed high
specificity for both G. lapillus while not amplifying when tested against other Gambierdiscus
spp. The species tested for cross-reactivity were chosen because they represented species that are
genetically most similar to each target species for the SSU region (as per Fig. 2 in [128]). Standard
curves were constructed for two strains of G. lapillus for which the primers showed high linearity
and amplification efficiency (Figure 3.3). Hence, this primer set is an accurate and reproducible
molecular tool to enumerate the target species exclusively from environmental community DNA
extracts. More importantly, this assay does not require the operator to rely on melt curves to
identify species, or to have access to G. lapillus DNA extracts as a positive control. Due to the
potential CTX production of G. lapillus [128, 134] the presence and distribution of this species is

of interest in Australia where the causative organism(s) for CFP is yet to be established.

As CFP risk is linked to the abundance of Gambierdiscus species producing CTXs [15, 105],
it was important to establish a quantitative assay for detection. We validated a synthetic gene
fragment standard curve of the target region (gBlocks ®) and compared this to cell standard curves
to establish an ’absolute’ qPCR assay [84, 192]. Further, we determined the copy SSU rDNA
number for two strains of G. lapillus (HG4 and HG7). The copy number for G. lapillus (5,855.3 to
22,430.3 rDNA copies per cell) were comparable to the copy numbers determined by Vandersea
et al. (2012), which ranged from 690 rDNA copies for G. belizeanus to 21,498 copies for G.
caribaeus. In comparison, the cell copy numbers determined by Nishimura et al. (2016) ranged
from 532,000 copies for G. scabrosus and 2,261,000 for G. sp. type 3. While the difference in
rDNA copy numbers may be due to inter-species differences, or even intra-species as per the
G. lapillus results, Nishimura et al. (2016) argue that the difference could be underestimation
of rDNA copy numbers due to ’ghost’ cells (cells that look viable during cell counts under the
microscope, but which are not living and therefore do not contain amplifiable DNA) [84, 192].
The difference observed in the SSU copy numbers between the two strains of G. lapillus could
similarly be due to ghost cells. Though the cell counts and extractions were conducted by the
same operator and at the same time, a repetition of the cell counts before dilution is recommended
for future studies. Further to that, variation in DNA extraction efficiency could also contribute to

the difference in observed SSU copy numbers between the G. lapillus strains [73]. The results
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presented highlight the importance of carefully verifying qPCR assays based on rRNA genes
using multiple local strains, as their target gene copy numbers might vary, but also the necessity
and possible issues that can arise while constructing “absolute” standard curves. Tentatively, a
difference of this magnitude in SSU copy numbers may lead to considerably different abundance
estimates of G. lapillus. As the variation between the two strains tested is within the observed
variation reported by Nishimura et al. (2016) from single cell gPCR experiments for rDNA copy
number elucidation, the difference reported here is likely representative of biological intra-strain
variation rather than methodological artifacts. A 5-fold difference in toxicity between the same
HG4 and HG7 strains for G. lapillus was also reported by Kretzschmar et al. (2017), and there
was a noticeable difference in growth rate between the two strains observed (but not quantified)
in this study. The mounting evidence of intra-strain variability in toxicity, detectable rDNA
copy numbers and potentially growth rate could have severe implications for qPCR based cell
enumeration of environmental samples when attempting to extrapolate CFP risk and requires
further investigation.

The qPCR assay was successfully tested on environmental DNA extracts from around Heron Is-
land, and gave some insight into G. lapillus distribution and abundance. The gPCR assay detected
G. lapillus at all of the sites tested (Figure 3.5). Within the spatial replicates, the distribution of G.
lapillus was patchy, as 24 of the 25 sites included at least one replicate with no G. lapillus present
(Figure 3.5). Patchiness in the distribution of Gambierdiscus species has previously been found in
a study of 7 Bryothamnion macroalgae spaced 5 to 10 cm apart, in which 5 to 70 cells g-1 algae
were found [257].

There was no significant difference in the presence/absence of G. lapillus cells observed as per the
macroalgal host, Padina sp. or Sargassum sp.

Motile behaviour has been observed previously in the field at various time points [17, 286].
Parsons et al. (2011) reported Gambierdiscus sp. behaviour as facultative epiphytes during lab
scale experiments, as cells showed attachment as well as motile stages over time in the presence
of different macroalgae [197]. Taylor & Gustavson (1983) reported that Gambierdiscus cells
were captured in plankton tows by de Silva in 1956 but reported as Goniodoma [257]. Motility
could be a factor for the patchy distribution observed in the spatial replicates. Across spatial
replicates where G. lapillus was detected, cell densities were consistent (Figure 3.6). The average
cell density of G. lapillus 5.84 cells.g~! wet weight macroalgae, which is comparable to the cell

densities recorded by Nishimura et al. (2016) in their environmental screening (Table 4 in [192]).

As many authors have pointed out (e.g. [19, 38, 105, 158, 161, 197, 258]), there are several
difficulties in determining precise quantification of Gambierdiscus species on macroalgae in order
to assess potential CFP risk. Due to the difference in habitable surface area between samples taken
from structurally diverse macroalgae, including those sampled in this study (Chnoospora, Padina

sp. and Sargassum sp.), the potential habitable space is difficult to compare. Further, in order to
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assess CFPrisk in a given area, the properties of the macroalgae with Gambierdiscus spp. epiphytes
need to be considered. If the macroalgae is structurally or chemically defended against herbivory,
any CTX produced by the epiphytes is unlikely to enter the food chain and cause CFP [38]. Due
to the difficulty in quantifying Gambierdiscus spp. on a particular substrate, Tester et al. (2014)
proposed have the use of an artificial substrate (commonly available black fibreglass screen of a
known surface area) and a standardised sampling method [258]. Molecular analysis, such as species
specific qPCR, based on this standardised sampling method would be directly comparable across

sampling sites and times. Adopting this approach for future monitoring studies is recommended.

3.7 Conclusion

The qPCR assay developed in this study is an accurate molecular tools to detect and enumerate
the presence of G. lapillus in environmental samples. The assay was shown to be highly sensi-
tive and accurately detected 0.05 to over 4000 cells for G. lapillus. Although the toxin profile
of G. lapillus has not been completely defined, it may produce uncharacterised CTXs congeners
[128, 134] and therefore is a part of the ciguateric web in Australia. The assay was applied to
spatial replicates from 25 sites around Heron Island on the GBR, which found that G. lapillus was
commonly present, but had a patchy spatial distribution and abundance. The development and val-
idation of a quantitative monitoring tool presented here for G. lapillus is in line with Element 1 of
the Global Ciguatera Strategy [105].
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3.9 Supplementary Material

TABLE 3.6 Supplementary screening of macroalgal samples for G. lapillus and cell density estimates via
gPCR. Cell numbers were modeled on the type strain HG7. N/D denotes not detected; N/A denotes not
attempted due to loss of sample.
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Sample ID | Spatial Macroalgal sub- | G. lapillus cell num-
replicate strate ber
1 A Padina sp. N/D
1 B Sargassum sp. 10.55
1 C Padina sp. 2.75
2 A Padina sp. N/D
2 B Padina sp. 4.33
2 C Padina sp. 4.27
3 A Padina sp. 6.13
3 B Chnoospora sp. 0.62
3 C Padina sp. N/D
4 A Chnoospora sp. 1.12
4 B Padina sp. 1.65
4 C Padina sp. N/D
5 A Padina sp. 9.35
5 B Padina sp. N/D
5 C Padina sp. N/D
6 A Chnoospora sp. N/D
6 B Padina sp. 1.69
6 C Padina sp. 1.92
7 A Padina sp. N/D
7 B Padina sp. 0.26
7 C Padina sp. 1.29
8 A Chnoospora sp. N/D
8 B Chnoospora sp. 17.09
8 C Chnoospora sp. 4.27
9 A Chnoospora sp. N/D
9 B Padina sp. 49.51
9 C Padina sp. 18.58
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10 A Padina sp. 0.91
10 B Padina sp. N/D
10 C Chnoospora sp. 5.95
11 A Padina sp. 2.01
11 B Chnoospora sp. 4.89
11 C Chnoospora sp. N/D
12 A Chnoospora sp. 6.70
12 B Chnoospora sp. 8.83
12 C Chnoospora sp. 3.08
13 A Chnoospora sp. 2.58
13 B Chnoospora sp. 9.39
13 C Chnoospora sp. N/D
14 A Chnoospora sp. 0.02
14 B Chnoospora sp. N/D
14 C Chnoospora sp. 9.24
15 A Chnoospora sp. 5.27
15 B Padina sp. 48.46
15 C Padina sp. 2.71
16 A Chnoospora sp. 2.81
16 B Chnoospora sp. 10.26
16 C Chnoospora sp. N/D
17 A Chnoospora sp. 5.50
17 B Chnoospora sp. 1.23
17 C Padina sp. 10.32
18 A Chnoospora sp. N/D
18 B Chnoospora sp. 37.68
18 C Chnoospora sp. 5.57
19 A Padina sp. N/D
19 B Padina sp. N/D
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19 C Padina sp. N/D
20 A Sargassum sp. N/D
20 B Sargassum sp. 0.19
20 C Sargassum sp. 0.18
21 A Sargassum sp. N/D
21 B Sargassum sp. 2.11
21 C Sargassum sp. 2.05
22 A Padina sp. 7.17
22 B Padina sp. 2.67
22 C Padina sp. 8.64
23 A Chnoospora sp. 1.24
23 B Chnoospora sp. 5.90
23 C Chnoospora sp. N/D
24 A Sargassum sp. 191
24 B Sargassum sp. 2.90
24 C Sargassum sp. 3.97
25 A Padina sp. 2.24
25 B Chnoospora sp. 1.36
25 C Padina sp. 2.00
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4.1 Abstract

The dinoflagellate species of the genus Gambierdiscus are reported to produce ciguatoxins
(CTXs), the causative agent of ciguatera fish poisoning, a debilitating seafood-borne illness. Al-
though the specific toxins produced by Gambierdiscus remain largely unknown, it has been verified
using LC-MS/MS that multiple strains of G. polynesiensis produce CTX analogs. Bioassays have
implicated several more species of Gambierdiscus with CTX-like bioactivity. An understanding
for the evolution of Gambierdiscus and their toxins requires the availability of reference genomes.
However, Gambierdiscus species possess very large (32-35 Gbps) and highly repetitive genome
and complex genome architecture making genome sequencing of these microalgae almost impos-
sible, a common feature shared among the dinoflagellates. To overcome the challenges of genome
sequencing, we generated de novo RNA assemblies of four species, G. carpenteri, G. holmesii, G.
lapillus and G. polynesiensis from Section 5 (as Section 5 has been submitted for publication, the
methodology here will reference that chapter despite preceding it in the thesis), for a comparative
study with the previously sequenced G. australes, to determine transcripts that are shared among
the investigated strains. Here we present a Gambierdiscus pan-transcriptome, exploring the com-
monalities and uniquely expressed protein coding sequences for each species, which can be used

for future de novo sequencing efforts for Gambierdiscus.

4.2 Introduction

A challenging aspect of protist de novo sequencing projects lies in the lack of annotated closely
related references for comparison, without which it is difficult to assess the adequacy and complete-
ness of sequencing, library processing and assembly methods employed. This issue is particularly
relevant for dinoflagellates, whose expansive and complex genomes and genetic machinery tend to
be a barrier to genomic sequencing. As an alternative to wrangling with dinoflagellate genomes,
transcriptomes can be used to explore their genetics (see Section 1.3 and Section 5.3.2). Dinoflag-
ellates appear to have an uncharacterized genetic regulatory mechanism which leaves protein syn-
thesis regulation to the post-transcriptional stage. For this reason, mRNA may give an insight
into the genomic content of the organism. An indication of these regulatory mechanisms comes
from a number of direct observations. [85] cultured the dinoflagellates Prorocentrum minimum and
Alexandrium monilatum under stress conditions by severely limiting nitrogen as well as phospho-
rous availability. The cultures showed significant biochemical changes (e.g. altered growth rate,
particulate organic carbon and particulate carbohydrates content) between the control and stress
conditions at time of harvest, yet change in transcriptome expression was minimal, between 0.1
to 1 % depending on stressor and species used [85]. While the difference in biochemical changes
was not captured by mRNA profiling of the cultures, the study did not include a protein expression

observation to verify a difference in expression despite a static pool of mRINA availability [85].
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Due to the relative difficulty in maintaining dinoflagellates in culture and extracting their RNA,
the number of available marine dinoflagellate transcriptomes was limited until the Marine microbial
eukaryote transcriptome sequencing project (MMETSP) data release. When searching for Gam-
bierdiscus on NCBI’s SRA database, 5 relevant projects were found in addition to the MMETSP re-
sults (searched on November 10, 2018). These sequencing projects covered two strains of G. poly-
nesiensis, as well as for G. australes and G. excentricus. The fifth project focused on the bacterial
associations of G. caribaeus and G. carolinianus. Broadening the search to the order gonyaulacales
yielded a further 19 projects, including another on bacterial associates as well as 3 projects on Aza-
dinium and Crypthecodinium, which are arguably not part of the gonyaulacales (Section 5.5.3.4).
Searching for members of the phylum dinoflagellata yielded a further 84 projects. Despite their
ecological relevance for nutrient cycling, dimethylsulfoniopropionate production, coral symbiosis
and neurotoxin production (for a review see [188]), a paucity of sequencing data, even with the
MMETSP dataset, is evident. This is further confounded by a large proportion of dinoflagellate
transcripts sharing little or no similarity to known proteins or domains in public databases [254].
When compared to NCBI’s non-redundant database, the proportion of contigs with no known match
was 60 % for Azadinium spinosum [171], over 50 % for G. australes & G. belizeanus [119], 57.9
% for G. excentricus [117], 63 % for G. polynesiensis [117, 198], and 55 - 57 % for Karenia brevis
[232]. In summary, dinoflagellate genomic work is challenging due to their unusual genetics and
limited similarity to previously characterised organisms.

The concept of a reference genome or transcriptome allows for direct comparison of sequenc-
ing data to a high quality standard. However, it has become apparent that a reference may not be
sufficient in capturing the genetic diversity inherent to living organisms. This was first conceived
by [260] from the observation that genomes in bacteria revealed a large transitory subset of genetic
content. They concluded that a single strain-based reference would be inadequate for capturing
a large proportion of the species’ genetic diversity and coined the concept of pan-transcriptomics
[260, 270]. This is defined by a genomic reference for a species composed of a core genome
common to all strains, an optional soft-core common to most strains, and an accessory (alterna-
tively called unique) genome which is strain specific. Since then the pan-genome, and a simi-
larly conceived pan-transcriptome, concept has been adopted for eukaryotes, with the realization
that the accessory genomic content exists when multiple strains of a species are sequenced (e.g.
[109, 150, 201, 202, 214, 249]). The pan-genome analyses concept has been applied at different
taxonomic levels, from intra-genus to super kingdom [86, 109, 124, 133, 270].

Five transcriptomes of Gambierdiscus were compared in this study with the aim of providing
a pan-transcriptome for Gambierdiscus de novo transcriptome sequencing, which can be expanded
and refined in future studies. The taxa originated from two locations in Australia (Merimbula, NSW,
and Heron Island, QLD) and Rarotonga in the Cook Islands (Table 4.1). All of the five species have
shown MTX-like bioactivity, while G. carpenteri did not register for CTX-like activity in a bioassay
[134]). The LC-MS/MA based toxin profiles indicated all species apart from G. carpenteri as MTX
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producers, while only G. polynesiensis had a confirmed CTX production profile (Table 4.1). This
study revealed a set of core protein coding sequences shared by all taxa as well as a subset of
species-specific, unique portions of the transcriptome. This can be utilized as a tool for future de
novo sequencing efforts, and form a basis for comparison of expression between toxic and non-toxic
species.
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4.3 Methods

Scripts used for this project are available on Github under hydrahamster/pan-tran. Venn dia-
grams were created with InteractiVenn [88]. Bar graphs were generated in Origin Pro (OriginLab,
Northampton, MA).

4.3.1 Transcriptome acquisition

Species of Gambierdiscus used in this chapter are summarized in Table 4.1. Unless otherwise
noted, toxicity and toxin profile reports are specific to the strains used as inter-species variation
in toxin production has been recently reported [134, 220]. The G. polynesiensis toxin profile was
elucidated by Tim Harwood at the Cawthron Institute (Nelson, NZ) with the same methodology
as for G. lapillus used in Section 2. RNA-seq libraries were assembled as per the transcriptome
assembly as per Section 5.4.2 and Section 5.4.2.1 without diginorm. A publicly available G.
caribaeus transcriptome [206] was not included in this study, because the quality asssessment
through BUSCOV2 showed s high level of fragmentation. It was suspected that the inclusion of
this transcriptome woulf have a detrimental effect on this study.
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TABLE 4.1 Gambierdiscus species transcriptomes used in this study along with their toxicity, toxin profile,
accession numbers and source. Where possible, information is strain specific & otherwise denoted with *

Species G. australes | G. carpenteri | G. lapillus G. polyne- | G. holmesii
siensis
Strain CAWD149 UTSMERSA | HG4 CG15 HG5
Transcriptome, MMETSP
source Section 5 Section 5 Section 5 Section 5
Accession ID | MMETSP0766 SRR6821720 | SRR6821722 | SRR6821723 | SRR6821721
Isolation Rarotonga, Merimbula, Heron Island, | Rarotonga, Heron Island,
location and | Cook Islands | Australia Australia Cook Islands | Australia
year (2007) (2014) (2014) (2014) (2014)
Toxin profile | CTX -ve; | CTX -ve; | CTX -ve; | CTX +ve; | CTX -ve;
(LC-MS/MS) | MTX +ve MTX -ve MTX +ve MTX +ve MTX +ve
Toxicity via | CTX +ve; | CTX -ve; | CTX +ve*; | CTX +ve*; | CTX +ve*;
bioassay MTX N/A MTX +ve MTX +ve* MTX +ve* MTX +ve*
References [114, 178, | [134] [128, 134] [29] [128, 134]
219]

4.3.2 Spliced leader search

The dinoflagellate spliced leader (dinoSL) sequences reported by [293] were used to build a
HMMER library. The transcriptome assemblies were searched with the dinoSL hmmer library to
investigate for spliced leader presence. All clusters were searched for membership of one or more

contigs with a dinoSL.

4.3.3 Homolog clustering

Cd-hit [66] was used to cluster highly similar transcripts to reduce redundancy with the flags -T
10 -M 5000 -G 0 -c 1.00 -aS 1.00 -aL. 0.005 as shown by a study with similar aims by [27]. Trans-
decoder was used to predict coding regions on the clustered nucleotide sequences [78]. Protein
clusters were annotated with Interproscan v5.27 with local lookup server [209]. Protein clusters
were processed to include the species of origin instead of the TRINITY tag and concatenated for
input to get_homologues [272]. The -t 0 flag was used for get_homologues to acquire all possi-
ble clusters even with only one species representative, and -G for the OMCL algorithm. The core
transcriptome was defined as clusters with members from all five species. Clusters containing four
of the five species were considered as the softcore. The unique transcriptome consisted of clusters

with only a single species representative.
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4.3.4 Comparison of gene ontology annotations

The transcriptomes as well as the pan-transcriptome clusters were matched with their Inter-
pro annotations and Gene Ontology (GO) terms were queried with GOSUM against the basic GO
databas ewith the go-basic GO reference [6, 35, 111]. The GO annotations are refined into three
principal components: 1) molecular function which is defined as a biochemical process or a macro-
molecule directly interacting with other molecules, 2) Cellular components which present a location
within the cell where a molecular function takes place, and 3) Biological process which is defined
as a molecular machinery participating in the execution of the cell’s genetic programming (e.g. cell
division). GO basic is structured in a hierarchical manner, with parent terms (e.g. level 1) provide
a broad overview of functionality, while child terms (e.g. level 2 in relation to level 1) are more
refined subsets of their parent terms. For a general overview of the functions present in each tran-
scriptome, level 1 GO terms were queried. A more in depth query of the functions present in each

transcriptome was conducted with a GO search of the child terms at level 2.

4.3.5 Ketosynthase domain search

The transcriptome assemblies were queried for the ketosynthase (KS) active domain of the
polyketide synthase (PKS) enzyme using hmmer [52] with libraries developed for this project. The
contigs which were identified to contain an active domain were then searched for within the protein
coding clusters to identify how the active domains clustered; and the assemblies were searched to

compare KS abundance between species.

4.4 Results

4.4.1 Overview of the transcriptomes

The progression of clustering and annotation results per transcriptome can be found in Table 4.2.

A total of 287,546 clusters were found across all five species (Figure 4.1).
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TABLE 4.2 Progression of clusters found in each Gambierdiscus transcriptome during processing.

Species G. aus- | G. carpenteri | G. lapillus G. polyne- | G. holmesii
trales siensis

Contigs 102,863 263,829 148,972 270,315 191,224

Spliced leader | 304 683 232 1,570 1,524

contigs

Nucleotide clus- | 102,861 263,743 148,966 270,265 191,205

ters (cd-hit)

Predicted cod- | 63,299 180,568 111,862 176,290 132,688

ing regions

(Transdecoder)

Contigs anno- | 131,970 334,737 225,324 225,324 254,844

tated (Interpro

Scan)

Core- 13,750 13,750 13,750 13,750 13,750

transcriptome

clusters

Softcore- 2,372 16,058 16,297 16,557 16,636

transcriptome

clusters

Unique clusters | 35,356 61,494 32,341 60,769 41,350
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G. lapillus
(72, 027)

FIGURE 4.1 Venn diagram of nucleotide clusters distribution between the five Gambierdiscus species.



87

4.4.1.1 Level 1 GO annotations between Gambierdiscus species

With the exception of G. australes being consistently underrepresented, the number of GO
annotations found between the species were similar. In the molecular functions category, most
annotated protein coding sequences matched to catalytic activity, followed by binding and trans-
porter activity (Figure 4.2). Molecular carrier activity was only registered for G. australes and G.
carpenteri with 1 annotation each.

Within the cellular components category, the most protein sequence annotations matched to
cell parts, followed by protein-containing complexes and organelle parts (Figure 4.3). In the cell
junction category, G. carpenteri and G. polynesiensis had one protein coding sequence each.

For biological process based annotations, the most protein coding sequences for each species
fell within cellular processes, followed by metabolic processes (Figure 4.4). Biological processes
and localization both had the third most representative protein coding sequences, depending on
which species was examined. The least represented category was for growth, with only one anno-

tation for G. holmesii and G. polynesiensis.
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FIGURE 4.2 Summary of GO annotations between Gambierdiscus species that mapped to molecular functions at GOSUM level 1.
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4.4.1.2 Level 2 GO annotations between Gambierdiscus species

While at level 2 of GO terms the inter-species variations in protein coding sequences across
the molecular functions (Figure 4.7), cellular components (Figure 4.6) and biological processes
(Figure 4.5) become apparent, G. australes is consistently underrepresented or absent across all
three processes. Conversely, within the molecular function G. australes was the only species with
protein coding sequences for nucleocytoplasmic carrier activity and general transcription initiation
factor activity (Figure 4.7); as well as for anatomical structure morphogenisis and movement within
environment as part of symbiotic interaction in the biological processes section (Figure 4.5). G.
holmesii had a much higher representation of GO terms matching sperm-egg recognition. The most
common molecular function (Figure 4.7) mapped to transferase activities, followed by hydrolase
activity and oxidoreductase activity. For cellular components (Figure 4.6) the highest number of
GO term annotations matched to intracellular parts, then intracellular organelle parts and mem-
brane protein complexes. Within the biological processes category, organic substance metabolic
processes, cellular metabolic processes and primary metabolic processes contained the most protein
coding sequence matches (Figure 4.5).
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FIGURE 4.5 Summary of GO annotations for biological processes between Gambierdiscus species at GOSUM level 2.
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4.4.2 Pan-transciptomics of Gambierdiscus

4.4.2.1 Core transcriptome

A set of core protein coding regions common to all five species of Gambierdiscus were found.
This set consisted of 13,750 amino acid clusters (Table 4.2) of which 45 % were annotated with
GO terms. The largest core cluster contained 180 protein coding sequences with 23, 45, 32, 31
and 49 from G. australes, G. carpenteri, G. lapillus, G. polynesiensis and G. holmesii respectively,
and could not be annotated. Twelve of the core clusters contained 100 or more protein coding
sequences, of which another two could not be matched to any known annotation. The predicted
protein coding regions for the other nine clusters, in descending order of sequence numbers con-
tained, are: an enzyme with catalytic activity involved in metabolic process, a calcium binding
transmembrane transport channel, a protein involved in calcium binding, a protein binding en-
zyme, a domain for unspecified protein binding, an enzyme with O-glucosyl hydrolase activity
involved in carbohydrate metabolic process, membrane bound ion transporter with cation channel
activity & ionotropic glutamate receptor activity, a transmembrane transporter with voltage-gated
calcium channel activity, and calcium ion binding transmembrane ion transporter. A total of 3,943
core clusters contained 10 or more protein coding sequences, i.e. 71.32 % of the total core clusters
contained less than 10 protein coding sequences. The majority of clusters fell within metabolic

processes, cellular components and catalytic activity.

4.4.2.2 Softcore transcriptome

A softcore, with clusters containing protein coding sequences from four of the five species
queried, was identified. The softcore consisted of an additional 16,980 clusters to the core (Ta-
ble 4.2), of which 48 % were annotated. The most prolific cluster in the softcore contained 163
protein coding sequences, where G. carpenteri G. lapillus, G. polynesiensis and G. holmesii repre-
sented with 50, 42, 41 & 30 sequences respectively. This cluster could not be annotated. A further
5 clusters contained more than 100 sequences, four of which could be annotated. Of the six clusters
with over 100 entries, none had representative sequences from G. australes, and this species was
absent from 86 % of the softcore clusters. The annotations of these clusters matched to: a protein
involved in selective protein binding, a protein involved in actin binding, a protein involved in cal-
cium binding, and a protein with cysteine-type peptidase activity. In the softcore, 14,035 clusters

contained 10 or more protein coding sequences.

4.4.2.3 The unique portion of the transcriptome

Clusters with only single species representatives, i.e. unique clusters to the five Gambierdiscus
species examined, was the largest portion of the pan-transcriptome with 231,310 clusters. Only

15.23 % of these clusters could be annotated. The unique transcriptome from G. australes, G.
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carpenteri G. lapillus, G. polynesiensis and G. holmesii contained 35,356, 62,494, 32,341, 60,796
& 41,350 clusters respectively (Table 4.2). The highest number of protein coding sequences in a
unique cluster was 37, found in two clusters from G. carpenteri. One of these was annotated for
RNA and metal ion binding activity. Of the unique clusters, 83.1 % contained only one sequence

and 97.8 % of clusters contained 5 protein coding sequences or less.

4.4.3 Level 1 GO annotations for pan-transcriptomes

The number of annotated clusters across the biological processes, cellular components and
molecular function groups was very similar between the core, softcore and unique clusters, with
the unique clusters consistently highest across all three groups.

Clusters falling within the cellular components category predominantly matched to cellular
parts, followed by protein-containing complexes and organelle parts (Figure 4.8). For biological
processes, the prevalent GO annotations matched to cellular components, metabolic processes and
localization (Figure 4.9). GO annotations for molecular functions most commonly matched to

catalytic activity then binding and transporter activities (Figure 4.10).
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4.4.4 Level 2 GO annotations for pan-transcriptomes

Differences between the annotations of the different pan-transcriptome clusters for the biolog-
ical processes, cellular components and molecular function were more distinctive at level 2. In
most cases, the core and unique transcriptomes were evenly matched in number of clusters rep-
resented across the three categories, while the soft-core was less prevalent. Within the cellular
components, most annotations matched to intracellular parts, followed by intracellular organelle
parts then membrane protein complexes (Figure 4.11).

Within the molecular function, the most common GO annotations for the accessory clusters
matched to transferase, hydrolase and oxidoreductase activities while only the unique clusters had
annotations matching to DNA binding transcription factor activity, metallochaperone activity and
water binding (Figure 4.12).

The biological processes annotations most commonly matched to organic substance metabolic
processes, cellular metabolic processes and primary metabolic processes, in descending order (Fig-
ure 4.13). Unique clusters were the only representatives for system processes, immune response,
cell adhesion, cell death, sperm-egg recognition, cell motility and a protein activation cascade.
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4.4.5 Ketosynthase active domain search

A total of 850 contigs were identified with KS domains which grouped into 314 clusters (Fig-
ure 4.14). Nine clusters contained more than 10 protein coding sequences, the most prolific of
which contained 130 sequences from all Gambierdiscus species. Only two of these nine clusters
did not contain all the species examined.
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G. lapillus
(76)

FIGURE 4.14 Venn diagram of ketosynthase containing clusters distributed across the five Gambierdiscus
species. Core, accessory and inter-species ketosynthase cluster cross over depicted.
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Fifty-seven of the 314 clusters contained contigs from multiple species, so 81.8 % of KS
clusters were species specific while 78.7 % contained only a single KS coding protein sequence
(Figure 4.14). The non-ciguatoxic G. carpenteri was absent from 73.6 % of the clusters. Of the
clusters with G. carpenteri absent, there were no clusters which contained representatives from
all of the other four species. However, one cluster contained G. lapillus, G. polynesiensis and G.
holmesii with equally represented protein coding sequence numbers. Four contigs contained G.
polynesiensis and G. holmesii only, one of which had a higher number of protein coding sequences
from G. polynesiensis than G. holmesii. G. polynesiensis was the only representative species
in 71 clusters, of which three clusters contained two and one cluster contained three protein
coding sequences. G. holmesii was representative as the only species in 23 clusters, one of which
contained three and the others contained a single protein coding sequence(s). G. australes, G.
carpenteri and G. lapillus were the solo representatives of 81, 39 & 35 KS clusters respectively.

4.5 Discussion

Comparing five Gambierdiscus species revealed a core, soft-core and unique fraction in the
transcriptomes. Further, differences between species with different toxin production characteristics
were observed. The number of predicted peptides found in this study is high compared to the pan-
transcriptome study of four prymnesiophyte algae conducted by [124]. The predicted peptides in
the [124] study ranged from around 25,000 to 56,000 peptides, where this study found a range
from about 63,000 to 270,000 (Table 4.2). The lowest number of peptides was predicted in G.
australes, similar to the findings of [124] and both originating from the MMETSP [114, 124].
G. holmesii and G. lapillus protein coding sequences numbered 132,688 and 111,862 respectively,
while the highest numbers were found in G. carpenteri and G. polynesiensis at 180,568 and 176,290
respectively (see Table 5.1). The abundance of dinoSL was quite low (Table 4.2) compared to the
abundance observed by [294] in Amphidinium carterae (for relevance of spliced leader sequences in
dinoflagellates see Section 1.3). Similar to this study, a low abundance of spliced leaders has been
observed in other dinoflagellates [9, 77]. The function of the spliced leader, and hence whether this
variation in observation between high and low abundance is species specific or due to assembly
method employed, is as yet unknown. Interestingly, G. holmesii and G. polynesiensis had the
most contigs with dinoSLs. These were sequenced with different read lengths and collected from
different geographic locations, but are phylogenetically in the same Gambierdiscus sub-clade (for

phylogenetic placement of G. holmesii and G. polynesiensis see Section 8.2.2).

4.5.1 Core, softcore and unique clusters

The number of contigs and protein coding sequences from this study was markedly less for G.

australes, from the MMETSP dataset, in comparison to the transcriptome assemblies generated in
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Section 5. To accommodate for the low number of contigs from G. australes, the softcore spanned
4 of the 5 taxa. Noticeably, G. australes was absent from 86 % of the softcore dataset which indi-
cates that a large proportion of the softcore is likely part of the Gambierdiscus pan-transcriptome
core which was not captured in the G. australes sequencing. This is an example highlighting the
value of a reference pan-transcriptome.

There was no distinct difference between the species GO annotations, again with the exception of
G. australes. This is as expected, as the species operate under similar nutritional modes and within
similar temperature ranges [115, 196] and were isolated from tropical or sub-tropical conditions,
apart from G. carpenteri which was isolated from the temperate Merimbula region [134].

No difference was observed in the biological processes, cellular components and molecular func-
tion GO annotation groups at levels 1 and 2 between the core, softcore and accessory clusters. This
is somewhat less expected as it would be reasonable to predict a functional difference for genes
unique to each species. Possible reasons could be that this observation only captures protein cod-
ing sequences with GO annotations which were only 15.23 % of the 231,310 accessory clusters.
This indicates that no functional match for over 196,000 of the unique clusters could be found
and no indication what their function could not be extrapolated. As dinoflagellate sequencing and
genome exploration is still comparably sparse, it follows that a lack of annotated references in the
sequencing databases translates to low annotation rates. The need for annotations and a comparable
reference transcriptome becomes apparent when investigating genetic elements as uncharacterized
as these.

4.5.2 Ketosynthase domain detection

Between all five species, 850 contigs with KS domains were identified. These resolved into
314 clusters, of which 17 were shared among all species. The majority (81.8 %) resolved as unique
clusters per species, ranging from 24 clusters for G. holmesii to 82 clusters for G. australes. The
toxin profile for G. polynesiensis and the toxicity assay conducted by [134] for G. holmesii indicate
that these two species are the most ciguatoxic of the taxa included in this study. While G. lapillus
displayed lower levels of ciguatoxicity in bioassays, the strain included here (HG4) was the least
toxic of the G. lapillus strains tested in Section 2.5.3. Four KS clusters included sequences from G.
holmesii and G. polynesiensis only, one of which contained four contigs from G. polynesiensis and
one from G. holmesii. A further 22 and 75 clusters only contained G. holmesii and G. polynesiensis
sequences respectively. These clusters could be avenues of pursuit for future investigation into KS

domains involved in CTX synthesis.

4.5.3 Areas for possible improvement in this study

This chapter presents a novel approach to analyzing Gambierdiscus transcriptomes and possi-

ble avenues for investigating commonalities and differences between toxic and non-toxic species.
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However, there are several aspects that can be improved upon with future studies.

4.5.3.1 Coverage of taxa

As with bacterial pan-transcriptomics, eukaryotic studies reveal a correlation between the num-
ber of species and strains included for refining the core transcriptome and expanding the unique
fraction of the transcriptome [109, 124, 260]. For Gambierdiscus, including several strains of a
species is essential for the discovery of a non-ciguatoxic G. polynesiensis strain [220]. Variability
in morphology and toxicity has also been observed in G. lapillus [128]. While this study sought
to cover taxa from the three main Gambierdiscus clades, an increase in species and strain cover-
age is highly likely to impact the resolution of the core and unique portions especially as the se-
quencing coverage of the G. australes transcriptome is of lower quality than the other four species
(Table 4.2). Thus, due to limited species and the singular strain per species coverage, this repre-
sents an exploratory study for establishing a pan-transcriptome for Gambierdiscus which should be

improved upon.

4.5.3.2 PKS active domain search

PKS complexes consist of a number of active domains that synthesize and manipulate the
polyketide backbone. The KS domain is but one of several essential domains for a functional
polyketide. The search for active domains should be extended to include other domains for com-

parison in the search for the ciguatoxin production pathways.

4.6 Conclusion

Protists represent a large section of the tree of life and are involved in vital geochemical cycling,
symbiotic and toxic relationships in their environment. Yet due to the convoluted nature of their
genomes, querying the genetic content of these organisms is fraught with obstacles. This study
presents a pan-transcriptome for the genus Gambierdiscus, some species of which are involved in
CTX production. The approach opens up an alternative avenue for investigation of the differences
and similarities of toxic Gambierdiscus species in general, and specifically in regard to the toxin
production pathway(s). This study provides a starting point for Gambierdiscus pan-transcriptomic
exploration and a rudimentary reference for future sequencing efforts. It is recommended that this
dataset is expanded to encompass both more Gambierdiscus species and strains to crystallize the

genus’ pan-transcriptome in more detail.
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CHAPTER 5
Trial by phylogenetics - Evaluating the
Multi-Species Coalescent for
evolutionary inference on taxa with
high levels of paralogy (Gonyaulacales,

Dinophyceae).
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5.2 Abstract

From publicly available next-gen sequencing datasets of non-model organisms, such as marine
protists, arise opportunities to explore their evolutionary relationships. In this study we explored
the effects that dataset and model selection have on the phylogenetic inference of the Gonyaula-
cales, single celled marine algae of the phylum Dinoflagellata with genomes that show extensive
paralogy. We developed a method for identifying and extracting single copy genes from RNA-seq
libraries and compared phylogenies inferred from these single copy genes with those inferred from
commonly used genetic markers and phylogenetic methods. Comparison of two datasets and three
different phylogenetic models showed that exclusive use of ribosomal DNA sequences, maximum
likelihood and gene concatenation showed very different results to that obtained with the multi-
species coalescent. The multi-species coalescent has recently been recognized as being robust to the
inclusion of paralogs, including hidden paralogs present in single copy gene sets (pseudoorthologs).
Comparisons of model fit strongly favored the multi-species coalescent for these data, over a con-
catenated alignment (single tree) model. Our findings suggest that the multi-species coalescent
(inferred either via Maximum Likelihood or Bayesian Inference) should be considered for future

phylogenetic studies of organisms where accurate selection of orthologs is difficult.

5.3 Introduction

Historically, the availability of genetic data has been the limiting factor in phylogenetic infer-
ence of evolutionary relationships. Now, the breadth of publicly available data sets generated by
high throughput sequencing techniques allows for an increasingly detailed investigation into the
evolutionary relationships between organisms. The quest to untangle an organism’s phylogeny
is often challenging but can inform a broad range of further studies, for example epidemiology,
toxicology and ecological interactions, e.g. [26, 140, 168, 189, 244].

Factors impacting phylogenetic studies range from the computational methods and availability
of compute infrastructure, the methods and models applied to the data as well as the accuracy of
the initial genetic data set itself. Furthermore, the practitioners themselves need to have a solid
understanding of the methods, including their shortcomings.

An example of the breadth of publicly available data is the Marine Microbial Eukaryote Tran-
scriptome Sequencing Project (MMETSP), which provides transcriptome sequences of over 650
marine eukaryotic microbes [114]. The MMETSP project focuses on a group of understudied or-
ganisms which are abundant and play vital roles in the marine environment, from geochemical
cycling, to predation, to symbiosis [71, 72]. This data set offers an excellent opportunity to explore
the evolutionary relationships between these taxa through phylogenetics.

Central to phylogenetic inference is the existence of characters (such as nucleotides) derived

from a common ancestor, which is called homology [60]. There are several types of homology,
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each differing in how the characters diverged, and determining the mechanisms through which
characters have evolved is essential for choosing the correct inference model. Orthology refers to
the case where the divergence of two gene copies has followed a speciation event [59]. Paralogs are
two gene copies whose divergence is initiated by gene duplication [59]. Xenologs are genes which,
having previously diverged from a common ancestor, have since undergone transfer between or-
ganisms through a horizontal gene transfer mechanism [40]. The distinction between these cases
is usually considered essential in identifying gene candidates that are informative for species evo-
lution inference, as the selection of orthologs ensures the inclusion of a signal that is based on the
speciation of the taxa examined, while selection of paralogs confounds that signal by including
information that does not pertain to the speciation of the taxa [51]. As gene duplication and subse-
quent loss commonly occur over the course of evolution and speciation, the identification of genes
that have orthologous relationships is more difficult than may seem apparent from the definition
[67]. Importantly, identifying single copy genes does not ensure the selection of orthologous gene
copies, as the gene candidates could well be from paralogous lineages where a secondary copy has
been lost between the taxa. The case where paralogous homology of genes is masked by gene loss,
is termed pseudoorthology [126].

Once candidate genes have been identified, there are further issues that can arise and impact
the veracity of the phylogenetic inference. Two common, well characterized types of errors are
random (sampling error) and systematic errors. The former arises from the data, as individual gene
histories may differ to the species tree. With a small number of genes, this error can reduce the
confidence (through node support values) of the topology, and in extreme cases can entirely skew
the inference away from resolving a good approximation of a species tree. Increasing the number
of genes directly reduces the impact this error has on the analysis [87, 199].

Conversely, systematic errors arise due to the misspecification of the model used for the infer-
ence, leading to an incorrect species tree topology. In this case, an increase in data set size can
exacerbate systematic errors rather than reduce them as would happen with random errors (see Box
1). In the presence of this type of systematic error, the resulting inference can be positively mis-
leading, with high clade support values for the incorrect tree topology, obfuscating the presence of
the error [108, 129, 225].

In summary, common problems in carrying out a species tree inference arise from:

1) Selection of paralogs (including pseudoorthologs). If genes with different evolutionary his-
tories are selected, and if this violates the phylogenetic model, the inferred tree may not
accurately reflect the history of any of the individual genes or that of the species;

2) Concatenation of genes. Can be a statistically inconsistent estimator of the species tree due to
incomplete lineage sorting (ILS) and concatenation acts as an imperfect estimator of species
tree topology [225];

3) Inference of model adequacy from bootstrap values. [129] demonstrated high bootstrap sup-

port under maximum likelihood (ML) inference for incorrect species trees with concatenated
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gene sets as input [129]. As high bootstrap values are often used as an indicator for robust
species topology resolution, this fallacy is particularly problematic if the reader/operator is

unfamiliar with the statistical phenomenon.

In this study, we explored the application of data analysis techniques which attempted to mit-
igate several of the pitfalls in species tree inference, beyond what has previously been applied in
the study of protist phylogenetics. The sequence data was prepared using a workflow that assem-
bled RNA-seq data sets, identified and extracted single copy genes across input taxa, and aligned
selected genes ready for Bayesian inference (BI) phylogenetics. Next, we evaluated the impact of
model and data selection on the resulting phylogenetic inference. Finally, we applied the method-
ology to a group of organisms notorious for their extensive paralogy - the Gonyaulacales (phylum:
Dinoflagellata) (see box 2 for further information on the dinoflagellates). We present a phylogenetic
inference of the Gonyaulacales generated under the multi-species coalescent (MSC) and compare

the topology to inferences with commonly used methodologies.

5.3.1 Summary: Statistical nomenclature & errors this study seeks to address

For in depth explanations see [283].

* Potential statistical error types:

1) random. Sampling-based error which decreases and approaches zero as the size of the
data set approaches infinity.

2) systematic. Arises from incorrect model assumptions or problems with the model itself.
Error type persists and increases as data set size approaches infinity. If strong, can

override true phylogenetic signal.

* Incomplete lineage sorting (ILS): discordance of gene evolutionary history with the species
evolutionary history causing the phylogenetic species tree to be incorrectly inferred. Differ-
ence in the topology of a gene tree compared to the species evolution can arise from the
divergence of those orthologs prior to the species divergence, where in effect the ancestral
populations contain two or more already diverged copies of the gene across one or more
species divergence points. Another mechanism is the introduction of a copy of the gene
which is not based on ancestral inheritance (xenology), such as horizontal gene transfer or
hybridization.

* Long branch attraction (LBA): placement of two heavily divergent but non-monophyletic
sequences with each other. The model is unable to extract the correct evolutionary signal due
to the number of mutations that have occurred, so places the two taxa together. Also called

the Felsenstein zone.
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5.3.2 Summary: Who/what are the Gonyaulacales?

The Gonyaulacales are an order within the super-phylum Alveolata and sub-phylum Dinoflag-
ellata, which are an ancient eukaryotic lineage [173]. They play a role in several important eco-
logical processes in aquatic environments where they cover a diverse array of niches such as sym-
bionts, parasites and autotrophs. Some taxa can cause harmful algal blooms through proliferation
(by restricting light and nutrient availability to other organisms) and/or neurotoxin production (e.g.
causing paralytic shellfish poisoning, ciguatera fish poisoning) [188]. Dinoflagellates possess large
genomes (estimated size range 1.5 to 185 Gbp), with extensive paralogy and repetitive short se-
quences [25]. In particular paralogy has proven problematic for efforts investigating the genetic
content and structure of the dinoflagellates, as this feature has prevented the assembly of genomes
apart from draft genomes from symbiodiniacean taxa which posses some of the smaller genomes
[132, 153, 241]. Gene duplication, loss, and cDNA recycling is rife within these organisms, there-
fore they have likely undergone complementary gene deletion events [186, 240, 246]. For a review
on the genetic features of dinoflagellates see [188]. While the evolutionary relationship of most or-
ders within the dinoflagellates has been inferred with consistently high support values, one order has
often escaped elucidation - the Gonyaulacales. As neurotoxin production, which can accumulate up
the food chain, is prevalent in this order, the evolution of the order is of interest to provide a frame

of reference for future investigations into how the toxins have evolved [98, 183, 234, 239, 291].
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5.4 Materials and methods

5.4.1 Culture conditions

Cultures were isolated from locations as per suppl. Table 5.2 and clonal cultures established by
micropipetting single cells through sterile seawater as described in in [128]. Clonal cultures were
maintained in 5x diluted F/2 medium [94] and maintained at temperatures indicated in indicated in
suppl. Table 5.2.

5.4.2 RNA isolation, library preparation and Sequencing

Gambierdiscus spp. and Thecadinium kofoidii were harvested during late exponential growth
phase by filtration onto 5 ym SMWP Millipore membrane filters (Merck, DE) and washed off with
sterile seawater. Cells were pelleted via centrifugation for 10 minutes at 350 rcf. The supernatant
was decanted and 2ml of TRI Reagent (Sigma-Aldrich, subsidiary of Merck, DE) was added to the
pellet and vortexed till resuspended. Samples were split in two and transferred to 1.5ml eppendorf
tubes. Cellular thecae were ruptured by three rounds of freeze-thaw, with tubes transferred between
liquid Nitrogen and 95 °C. RNA was extracted as per the protocol for TRI Reagent [223]. RNA elu-
ate was purified with the RNeasy RNA clean up kit RNeasy Mini Kit (Qiagen, NL) as per protocol.
DNA was digested with TurboDNAse (Life Technologies, subsidiary of Thermo Fischer scientific,
AU). RNA was quantified with a Nanodrop 2000 (Thermo Scientific, Australia) and frozen at -80
°C until sequencing. The quality of samples was assessed via an Agilent 2100 Bioanalyzer at the
Ramaciotti Center (UNSW, AU) and the libraries were prepared using TruSeq RNA Sample prep
kit v2 (Illumina, USA). Paired-end sequencing was performed with a NextSeq 500 High Output
run at the Ramaciotti Center (UNSW, AU) with 75bp read length for G. holmesii and G. lapillus;
and 150bp read length for G. carpenterii, G. polynesiensis and T.kofoidii.

5.4.2.1 Publicly available transcriptome libraries

From NCBI, the Gambierdiscus excentricus VGO790 transcriptome was downloaded via the
accession ID SRR3348983 [117], while Coolia malayensis, Ostreopsis ovata, Ostreopsis rhodesae
and Ostreopsis siamensis transcriptomes were downloaded via the accession IDs SRR9044102,
SRR9046040, SRR9047231 and SRR9038703 respectively [269]. Accession numbers are provided
intable 5.1. RNA-seq libraries for all remaining transcriptomes were generated by, and downloaded
from, the MMETSP [114].

5.4.3 Transcriptome processing scripts

The workflow was separated into two parts. See section Section 5.4.6.2 for script details.
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5.4.3.1 Transcriptome assembly

Individual RNA sequencing libraries were processed through FastQC [5] for quality met-
rics, sequences were trimmed with Trimmomatic (LEADING:3 TRAILING:3 SLIDINGWINDOW:4:5
MINLEN:25) [16] and assembled with Trinity v2.4.0 (default settings for paired end libraries) [79].
Assemblies were then processed with BUSCOv2 with the protist specific library [242]. The RNA
libraries with 150bp reads generated as part of this study were also subjected to Digital Normal-
ization [23] prior to assembly, to reduce data set size by removing highly similar sequences, which

were then used for downstream analysis.

5.4.3.2 Construction of multiple sequence alignments

The BUSCOvV2 output from all transcriptomes from the previous step formed the input for iden-
tification of single copy genes and construction of multiple alignments. Any genes that BUSCOv2
identified as single copy and were present in at least 75% of the transcriptomes were indexed, the
corresponding contig extracted from the assemblies, aligned with hmmer3.1b2 [52] and unaligned
regions trimmed. If several candidate sequences were processed for the same organism, a warning
message in the terminal window alerted the user before proceeding. The output for this section was

used as a basis for single copy gene phylogenetic inferences in subsequent sections.

5.4.4 Assembly analysis

Contigs from assemblies were clustered with CD-HIT with the flags -T 10 -M 5000 -G @ -c
1.00 -aS 1.00 -al 0.005 [66]. Protein coding regions within the clusters were predicted with
Transdecoder [78]. Amino acid clusters were clustered again with CD-HIT with the flags as previ-
ously except -c¢ 0.98. Protein sequences were analyzed with interproscan v5.27 with local lookup
server [209].

5.4.5 Phylogenetic inferences

5.4.5.1 Ribosomal DNA based inference

Ribosomal DNA (rDNA) sequences for the small subunit (SSU) region as well as the D1-D3
large subunit (LSU) region were acquired from NCBI [37] and the SILVA rRNA database project
[207], accession IDs in suppl. Table 5.4. Individual genes were aligned using MUSCLE [53] for
a maximum of 8 iterations and then were concatenated in Geneious v11.3 [113]. ML phylogenies
were inferred using RaxML [252] with the model GTRGAMMA and with 100 bootstrap replicates.
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5.4.5.2 Concatenated single copy gene based inference

Amino acid substitution model selection was carried out with ProtTest3 with the Bayesian Infor-
mation Criterion as well as the log likelihood [43, 76]. The best-fit model for the data set identified
by both criteria was VT followed by LG, however neither are available in BEAST?2 so the third
best model, WAG, was chosen for analysis.

Maximum likelihood with concatenated sequences. ML inference was run as described in the
previous Section 5.4.5.1, with the PROT, GAMMA and WAG flags.

Bayesian inference with concatenated sequences. BI was run in BEAST?2 with the Gamma site
model with 4 discrete categories under the WAG substitution model [275]. A local random clock
was used under the birth-death model 3,000,000 million chains.

Bayesian probability under the MSC. BI of the species tree was carried out under the *\BEAST2
model in BEAST?2 [20]. The analysis was performed with the WAG amino acid substitution model
[275] and with a Gamma distribution with four rate categories. A random local clock was employed
[50]. Posterior distributions of parameters were approximated after 300,000,000 generations of
MCMC, subsampled every 5,000 generations with a burn-in of 15%. The inference was run four

times to evaluate convergence of parameters, then log and tree files (without burn-in) were merged.

5.4.6 Stepping stone analysis

We estimated the marginal likelihood of the data under the coalescent (i.e. concatenated align-
ment) and the MSC (*BEAST) models to compare their fit. We used the stepping stone algorithm
by [281] along a path of 30 power posteriors. The (5 values are set equal to the quantiles of the beta

distribution with shape parameter &« = 0.3 and = 1, as recommended by [281].

5.4.6.1 Generation of figures

Tanglegrams were generated with Dendroscope v3.5.9 [102]; images were edited in GIMP [69]

to improve readability.

5.4.6.2 Implementation

The analysis workflow in section “Transcriptome processing scripts” was constructed as a
Nextflow workflow [47] and is available on Github at https://github.com/hydrahamster/gonya_
phylo. Packages within the scripts are written in bash, Python 2.7 [255] and pandas [167]. Source
code for the scripts is provided under an open source license. The scripts (1) assemble RNA-seq
data sets, (2) identify and extract single copy genes across input taxa with extensive paralogy, and
(3) align selected genes in preparation for phylogenetic analysis. The data sets were processed on a
Genomics Virtual Lab (GVL) [4] instance in the NeCTAR cloud. Phylogenetic analyses were car-
ried out on the University of Technology Sydney’s High-performance computing cluster (HPCC)


https://github.com/hydrahamster/gonya_phylo
https://github.com/hydrahamster/gonya_phylo
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and were accelerated using BEAGLE [7] on the GPU. GPU processing units were either Nvidia
Tesla K80 or a Tesla P100.
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5.5 Results

Assemblies, annotation files, BUSCOvV2 output, single-copy gene alignments and single copy
gene MSC BI trace files generated in this study are available on Zenodo doi: 10.5281/zen-
0do.2576201

5.5.1 Transcriptomes overview

RNA-seq libraries generated in this study are available in the NCBI sequence read archive
(SRA) under the project ID SRP134273. Sequencing of transcriptomes for Gambierdiscus spp.
and T kofoidii generated data sets ranging in size from 143,155,667 to 233,822,334 reads, resulting
in 97,634 to 191,224 assembled contigs (Table 5.1). Clusters with gene ontology (GO) annotations
made up 30.9% to 34.8% of the total clusters.
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TABLE 5.1 Summary of transcriptome sequencing and assembly statistics.

Sequences: G. carpen- | G. lapillus G. polyne- | G. holmesii | T. cf. ko-
teri siensis foidii
Sequencing

SRA accession SRR6821720 | SRR6821722 | SRR6821723 | SRR6821721 | SRR6821724

Raw sequencing | 186,422,744 | 145,366,966 | 217,031,342 | 143,155,667 | 233,822,334
reads

Assembly

Contigs # 105,464 148,972 114,622 191,224 97,634
Average length | 607 1,139 633 953 581
(bp)
Maximum 7,448 12,370 6,608 8,198 7,922
length (bp)

Transcript clustering & annotation
# clusters 139,699 92,418 139,487 107,766 116,468
Contigs with GO | 44,167 32,140 43,098 34,201 37,656
annotations

5.5.2 Single copy gene search with BUSCOv2

ssemblies were searched with BUSCOvV2 for 234 candidate single copy genes and homologs
to these single copy genes were extracted. The single copy genes acquired through the BUSCO
HMMER libraries curated for protists are reported in suppl. Table 5.3, as well as accession numbers
and identifiers for each transcriptome. The alignments are available on Zenodo, with the BUSCO

gene IDs included in the alignment name.

5.5.3 Phylogenetic inferences

Support for branches was interpreted as follows, for ML and BI, respectively: 100%/1.0 was
considered fully supported, above 90%/0.9 was very well supported, 80%/0.8 and above was inter-
preted as relatively well supported and above 50%/0.5 was considered weakly supported. Below
50%/0.5 was considered unsupported. As Azadinium spinosum, Dinophysis acuminata and Kare-
nia brevis are members of different orders (Dinophyceae ordo incertae sedis, Dinophysiales &
Gymnodiniales respectively) and are consistently placed outside of the Gonyaulacales in phyloge-
netic analyses, their placement as an outgroup was considered a given for this study. Therefore, the
branch separating these taxa from others was used to root ML trees in subsequent analyses where
rooting was required for tree layout in visual comparisons.
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[ Gambierdiscus polynesiensis
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FIGURE 5.1 Maximum likelihood phylogenetic inference of ribosomal DNA genes. Concatenation of small
subunit rIDNA and D1-D3 region large subunit rDNA. Accession numbers for concatenated genes in suppl.
Table 5.4. Gonyaulacales (n=16) in purple, outgroups (n=3) in light blue and taxa incertae sedis (n=1) in
teal. The topology was rerooted on the branch separating outgroup taxa with the Gonyaulacales. The scale
represents the expected number of substitutions per site.

5.5.3.1 rDNA based phylogeny

All nodes were supported, with a range of certainty (Figure 5.1). Species within the genera
Gambierdiscus and Ostreopsis resolved with their sister species with full support. Within the
Gambierdiscus clade, nodes were either weakly supported or fully supported. The two species
of Alexandrium resolved as well supported closest relatives, but did not form an individual clade.
Deeper nodes were supported but with less certainty than the nodes near the tips. Two distinct clades
were be observed from the topology: One including Alexandrium, Coolia and Ostreopsis; another
with only Gambierdiscus. Sister to these clades, in descending order, was Pyrodinium, Ceratium
and Gonaulax, Protoceratium and Thecadinium. The outgroup were relatively well supported and

included Crypthecodinium. Support for deeper nodes varied from weak to well supported.

5.5.3.2 Concatenated single copy gene based phylogeny inferred with ML

All nodes except one within the Gambierdiscus species cluster were relatively well supported
(Figure 5.2). Species of the genera Alexandrium, Gambierdiscus and Ostreopsis clustered as indi-
vidual clades with their sister species. The topology showed three distinct, well supported clades:
One encompassing Alexandrium, Coolia and Ostreopsis; another which only contained Gam-

bierdiscus; and one which includes Pyrodinium, Gonyaulax and Protoceratium. Sister to these
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FIGURE 5.2 Maximum likelihood phylogenetic inference of concatenated single copy gene set (62 single
copy genes from 20 taxa). Gonyaulacales (#16) in purple, outgroups (#3) in light blue and taxa incertae sedis
(#1) in teal. Topology was rerooted on the branch separating the outgroup taxa from the Gonyaulacales. The
scale represents the expected number of substitutions per site.

clades is Thecadinium, followed by Ceratium. The split of the outgroup was fully supported, while
the internal nodes were very well supported. Crypthecodinium was placed within the outgroup,

sister to Karenia. Other deeper nodes were well supported.

5.5.3.3 Concatenated single copy gene based phylogeny inferred with BI

All nodes resolved with full support, except one node within the genus Gambierdiscus which
was very well supported as well as an internal node within the outgroup clade (Figure 5.3). The
species in the genera Alexandrium, Gambierdiscus and Ostreopsis were monophyletic with full
support. The overall topology of the Gonyaulacales was resolved as three clades with Thecadinium
and then Ceratium as ancestral lineages. Alexandrium, Coolia and Ostreopsis clustered together,
followed by Gambierdiscus on their own in a sister clade. The third clade encompassed Gonyaulax,
Protoceratium and Pyrodinium.
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FIGURE 5.3 Bayesian phylogenetic inference of concatenated single copy gene set (62 single copy genes
from 20 taxa). Gonyaulacales (#16) in purple, outgroups (#3) in light blue and taxa incertae sedis (#1) in
teal. The scale represents the expected number of substitutions per site.

5.5.3.4 Single copy gene based phylogeny under MSC

Species of Alexandrium, Ostreopsis and Gambierdiscus were either well or fully supported
within their genus clades (Figure 5.4). The topology within the Gonyaulacales resolved into three
clades: one fully supported encompassing Alexandrium, Coolia and Ostreopsis; a well supported
clade with Gambierdiscus and Pyrodinium; and a weakly supported clade including Ceratium,
Gonyaulax, Protoceratium and Thecadinium. The outgroup taxa clustered together with high sup-
port. Crypthecodinium was placed as a sister taxon to the outgroup. Other deeper nodes were well
or fully supported.
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FIGURE 5.4 Bayesian phylogenetic inference of a Gonyaulacales species tree under the MSC model with 62
single copy genes from 20 taxa. Gonyaulacales (#16) in purple, outgroups (#3) in light blue and taxa incertae
sedis (#1) in teal. The scale represents the expected number of substitutions per site.

5.6 Discussion

Advances in sequencing technologies have seen an increase in high throughput sequencing ini-
tiatives such as MMETSP, which revealed the genomic diversity of a relatively uncharacterized
group of marine microbial eukaryotes [114]. However, the methodologies used for investigating
the evolutionary relationships using this type of genome-scale data remain an obstacle, as the choice
of input data and method employed influences the outcome of the inference. In particular, the ef-
fects of paralogs and pseudoorthologs (hidden paralogy) are particularly problematic as they can
lead to incorrect inference with classic phylogenetic methods. To address this, a synopsis on a
method for single copy gene extraction, and synthesis of phylogenetic inference model availability
and selection is presented in this study - as well as possible shortcomings of the parameters and
methods selected.

Dinoflagellates are notorious for their large genomes with suspected whole or partial genome dupli-
cation and potential cDNA retro-insertion into the genome [12, 101, 152, 246, 266]. This can lead
to unusually high gene copy numbers and extensive paralogy. With this in mind, the Gonyaulacales
(an order within the dinoflagellates, see Section 5.3.2) represented a good case study for examining
the impacts of paralogy on phylogenetic inference. This study presents the first species tree for the
Gonyaulacales that has been inferred with a method robust to paralogy, including hidden paralogy.

The phylogenetic inference for Gonyaulacales that resulted from the workflow we developed,

which incorporates several of the most recent innovations in analytical methodology, resolved

within-genus relationships well and showed high posterior probability support throughout the
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species tree (Figure 5.4). The inferred species tree topology followed a broad revised taxonomic
classification of the Gonyaulacales based on morphological characteristics [96] and was used as
a point of comparison to results from other commonly employed methods in later sections. The
scripts which form the basis of this study are publicly available through github and the single copy
gene alignments used to infer the species trees, as well as the XML input and log files for the
*BEAST?2 runs, are available on zenodo (doi: 10.5281/zenodo.2576201). Our study was designed
to be transparent and reproducible for those with basic programming skills.

5.6.1 Considerations for data set selection and pre-processing

5.6.1.1 Quantity of taxa in phylogenetic inference

Two phenomena that can confound the veracity of conclusions drawn from phylogenetic infer-
ence are ILS and LBA. The impact of ILS on phylogenetic inference has been explored through
simulated data sets with a known species tree. When species have recently diverged, sampling more
individuals per species can improve resolution of the species tree. However, when the species di-
vergences are older, as is the case here, using more gene loci per species yields greater resolving
power than sampling more individuals per species [164].

LBA can arise if some species have disproportionately high substitution rates, leading to the
presence of long and short branches in the phylogenetic tree [160]. The risk of LBA artefacts can
be reduced by denser taxon sampling to break up long branches and ensuring that the models spec-
ified are appropriate [87]. The Gonyaulacales data set in this study included a single representative
species per genus, with the exception of Alexandrium, Gambierdiscus and Ostreopsis. This resulted
in some genera on long branches (eg. Figure 5.4: Ceratium fusus & Pyrodinium bahamense) in-
dicative of a proportionally large number of genetic changes to their closest relative. This tree shape
was consistent with sparse taxon coverage and can lead to LBA artefacts [87]. To investigate the
presence of ILS and as a topological comparison to the BI and ML inferences, a neighbor-joining
(NJ) inference was run as well (Phylip with Protdist JTT matrix and neighbor packages [58]). The
rationale for evaluating this method was that NJ can recover an accurate species topology despite
ILS in cases where ML would fail [169]. However NJ is more susceptible to LBA than ML or BI
methods. The resulting topology was so anomalous, with out and in-groups clustering together as
well as negative length branch lengths, that we chose to exclude it from further discussion. Both BI
and ML are more robust to the effects of LBA than NJ, where BI tends to outperform ML especially
if the latter is performed conjunction with concatenation [129, 225].

5.6.1.2 Quality of transcriptome assemblies

Publicly available data sets may have been generated with a variety of different methods, and
their resulting quality can be highly variable, so an initial quality assessment step is essential. In the

time since the MMETSP data sets were made available, several studies have utilized a broader range
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of taxa to explore evolutionary stories involving the Gonyaulacales. However, these have relied
on the assemblies supplied as part of the project. The stringency for quality trimming of RNA-
seq libraries prior to assembly plays a role in determining the number of unique contigs recovered
and the subsequent assembly quality of transcriptomes. Regarding the transcriptome assembly
method, [110] evaluated the publicly available assemblies from MMETSP using BUSCO scores,
compared to processing and re-assembly with Trinity [110]. [110] demonstrated that while the raw
data available from the MMETSP project is an excellent resource, the assemblies available as part
of the project are of a lower quality than what can be achieved with current methods [110]. Another
factor in assembly quality is RNA-seq data processing prior to assembly, especially trimming. High
stringency is usually favored, however [163] found that this can be detrimental to the assembly
and the quality cut off scores used in the present study were based on those recommendations
[163]. In short, the trimming and assembly pipeline used for the assemblies available as part of
MMETSP is no longer state-of-the-art and this is reflected in the quality comparison conducted by
[110]. To address this problem, we developed a workflow implementation of current best-practice
transcriptome assembly methods as part of this study.

Assembly parameters. Trinity was chosen as the assembler for this study based on the findings
of [95], in which Trinity was one of the top performing assemblers for de novo transcriptomes as
tested with Arabidopsis thaliana. Further, Trinity performed well for identifying isoforms of genes
and excelled at assembling highly expressed genes [95]. Conversely, [27] found that Trinity, CLC
Bio and IDBA-Tran assemblies all contain errors introduced by the assembly algorithms. Using a
combination of all three assemblers yielded a final assembly closer to biological reality than any
individual assembler, when no reference genome is available [27]. As our present study used Trinity
exclusively, it may be subject to the type of errors found by [27] which could affect downstream

analysis.

5.6.1.3 Selection of paralogs to infer species evolution

Inclusion of genes which diverged through a process other than speciation events, such as par-
alogs, violates the assumptions of most commonly used phylogenetic models, which typically as-
sume all genes analysed have an orthologous relationship. Our study sought to mitigate the issues
arising from paralogs in two ways: (1) by identifying and using single copy genes and (2) using
a phylogenetic inference method that is robust to the presence of pseudoorthologs (hidden par-
alogs). Single copy genes were identified via the curated BUSCO gene collection and software.
As BUSCO uses lineage specific profile HMM libraries designed to target single copy genes, and
the output distinguishes between single copy genes and duplications, it presents a method for reli-
ably screening for single copy genes for phylogenomics [274].

The first study to address the issue of paralogy for species tree inference within the dinoflag-
ellates was published in 2017 [205]. That study excluded paralogs by using single copy genes as

input for the phylogenetic inference, similar to the first part of the approach we have used. A second
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study by [254] expanded on the dataset by [205] by applying the same methodology to a somewhat
larger group of species. Since it includes the order Gonyaulacales and represents a comprehen-
sive baseline for both studies, we compare our phylogenies to that of [205] and mention points of
difference in the [254] phylogeny when relevant.

The phylogenies inferred by [205] and by our study resulted in markedly different topologies.
Specifically, the placement of two sister taxa (Figure 5.5)are noteworthy: [205] placed Alexan-
drium spp. as the closest genus to Gambierdiscus, while our study placed Pyrodinium as the sister to
Gambierdiuscus. Interestingly, one of the few points of difference between the [205] and the [254]
inference topologies was that the latter placed Pyrodinium as the sister genus to Gambierdiscus too.
Similarly, in [205] the Azadinium is part of the Gonyaulacales, while this study firmly places this
genus as an outgroup with Dinophysis spp. and Karenia spp. Given that some Gambierdiscus spp.
as well as Azadinium spp. produce toxins that cause severe fish and shellfish poisoning it is of high
importance for the analysis of toxin evolution to infer the phylogenetic relationships of these and
closely related taxa [198]. Potential factors that may have impacted the present study and explain
the differences between the two phylogenies are discussed in detail below. Additionally, factors
that may have impacted the phylogeny published by [205] which could also explain the observed
differences are (i) older assembly methods used in the MMETSP data set, (ii) the concatenation of
genes for the alignment as well as (iii) the use of a ML estimation method. In our opinion, espe-
cially the use of concatenated alignments in conjunction with ML inference methods (as discussed
previously) makes the study published by [205] susceptible to the effects of pseudoorthologs (e.g.
hidden paralogs). Unfortunately, a more rigorous comparison between the two approaches was not
possible as the methodology for the identification of single-copy genes was neither reported by

[205] nor available on request.
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FIGURE 5.5 Tanglegram of the single copy gene topologies presented in (a) this study under MSC; and (b)
concatenated by [205]. Taxa not common to either study are not shown due to the reduced topologies from
the original studies, closest PP or BS to branch split were included.

5.6.1.4 Model selection for inference

The issue of model choice is an important one, as the choice of model can heavily influence
the resulting topology. Mis-specification of the model, or individual parameters, can lead to a well
supported but erroneous result. While models are a simplistic approximation of the underlying bio-
logical drivers of evolutionary processes, getting as close an approximation as possible is essential
[21]. However under- and over-parameterization have been shown to impact topology and PPs to
varying degrees, in and outside the Felsenstein zone [139]. Marginal likelihood comparison penal-
izes for over-parameterization and can be used to compare the fit of one model compared to another
for a given data set [280]. To compare how well concatenation vs. MSC fits the single copy gene
data set used in this study, stepping stone comparison was conducted using the model-selection
package in BEAST?2 [20].

5.6.2 Comparison to commonly employed models and data sets

5.6.2.1 Phylogenetic inference using ribosomal genes

Using LSU or SSU rDNA regions for phylogenetics is common practice, at times supplemented
with a small number of other genes [98, 183, 234, 239, 291]. It is important to acknowledge
that these represent the evolutionary history of highly conserved genes, which does not necessar-
ily represent the species evolution and assumptions of their congruence is statistically inadequate
[46]. Yet, because rDNA sequencing is easy and inexpensive it continues to be employed for the

Gonyaulacales even if it does not yield comprehensive results.



129

Comparing the topology from a rDNA ML inference with the single gene copy MSC phylogeny
presented here (Figure 5.6) shows that most clades in both topologies were completely or very well
supported. Within the genera Gambierdiscus and Ostreopsis, the species resolution differed be-
tween the two data sets. In several cases, the placement of sister taxa was incongruous between the
two analyses. For example, the (DNA concatenation data set places Ceratium & Gonyaulax as well
as Alexandrium and Gambierdiscus as sister taxa, while the single copy gene data set under MSC
places Gonyaulax with Protoceratium and Gambierdiscus with Pyrodinium. This is an example
of how using rDNA segments as a proxy for species evolution produces different results than an

analysis of single-copy protein coding genes.
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5.6.2.2 Concatenating selected genes and using ML methods for species inference

Concatenation of alignments coupled with ML inference is a commonly used method as it is
less computationally demanding than BI methods. However as demonstrated by [129] and [225],
this approach is error prone. Concatenation assumes uniform evolutionary history across genes,
with a small amount of variation possible - however this still averages the evolutionary rate for
all the input genes which doesn’t allow for divergent gene histories [225]. The combination of
concatenation and ML for phylogentic inference can result in high bootstrap values for incorrectly
resolved clades, over inflating confidence in erroneous topologies [46]. The application of con-
catenation in combination with ML is common practice in phylogenetic studies for gonyaulacoids
[98, 183, 234, 239, 291]. We investigated whether the use of a technique explicitly designed to
handle multiple genes to estimate species trees would yield different results than concatenation and
ML.

A comparison between a BI inference under MSC and concatenated ML inference on the same
single copy gene data set showed differences in topology (Figure 5.7). The species resolution within
the genera Alexandrium, Gambierdiscus and Ostreopsis matched between the two inference meth-
ods. The major difference was in the Pyrodinium placement, where the BI MSC approach places
the genus sister to Gambierdiscus while the concatenated ML approach places it with Gonyaulax
and Protoceratium. Further, the deeper branches of the phylogenies differ. The BI MSC method
clusters Ceratium, Gonyaulax, Protoceratium and Thecadinium as a clade, while the concatenated
ML approach clusters Gonyaulax, Protoceratium and Pyrodinium as a clade to which Thecadinium

and then Ceratium feature as ancestral genera.
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5.6.2.3 Concatenating selected genes and using Bl methods for species inference

Even within a BI framework concatenation can introduce a number of errors. Under simulated
data sets, even under the coalescent methods, the species tree topology is inaccurate when con-
catenation is used [129]. Further to that, the PP values tend to be overestimated for concatenation
[256]. Theoretically for the Gonyaulacales, and taxa prone to paralogy and convoluted evolution-
ary histories, the MSC is a preferable approach to concatenation as MSC is more robust to ILS and
LBA artifacts as well as pseudoorthologs [51, 160].

To isolate the effects of phylogenetic model from those of the statistical framework (ML vs
BI), the single copy gene data set was run with BI both under MSC and with concatenation (Fig-
ure 5.8). We then used a statistical framework to compare the two model approaches to verify the
veracity of model adequacy through stepping stone sampling. Stepping stone is a method for es-
timating marginal likelihoods of phylogenetic models, enabling model comparison and selection
of the model with the better fit [10, 281]. The marginal likelihood of the MSC model (-160538.6)
was over 10,000 log units higher than that of the concatenated single copy gene model (-170866.6),
favoring the MSC approach significantly. The large difference in marginal likelihood between the
models could be in part due to the inclusion of pseudoorthologs in the dataset, against which MSC
models are more robust than the concatenation approach [51, 225]. The resolution of Alexandrium,
Coolia and Ostreopsis was identical between the two methods. Further, the species resolution
within the genera Gambierdiscus and Ostreopsis was also identical (Figure 5.8). Differences were
found in the topology, in that Pyrodinium clustered with Gambierdiscus in the MSC analysis, while
for concatenation this genus clusters with Gonyalax and Protoceratium. The Pyrodinium place-
ment also differed to the study by [205] (Figure 5.5), where the genus was more closely related to
Alexandrium rather than Gonyaulax and Protoceratium in the BI topology. Further, in the MSC
analysis Ceratium, Gonyalax, Protoceratium and Thecadinium formed their own clade while with
concatenation, Ceratium and Thecadinium were ancestral genera to the rest of the Gonyaulacales.
There was a marked difference in the internal branch arrangement, which resulted in different taxa
clustering, between the concatenation and MSC methods. The concatenated approach closely mir-
rored the ML arrangement of taxa, apart from Crypthecodinium placement. Both inferences were

topologically distinct to the MSC approach.
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5.6.3 Areas for possible improvement of this study

In the previous section we identified potential problems with common approaches to species
inference in the literature, and in particular for the Gonyaulacales. We then sought to evaluate the
effects of different methodological approaches on analytical results in the Gonyaulacales. There

are several important limitations to our study.

5.6.3.1 Contamination of other taxa

The 650+ RNA extract submission to MMETSP was from a large number of investigators and
low level contamination is inherent in the project’s data set [114]. As the cultures tested in all the
studies contributing to this data set were not axenic, contamination could be bacterial or eukaryotic
in nature. While any contaminating bacterial genes in our data would likely be heavily diverged

and therefore obvious, eukaryotic contamination may be more subtle.

5.6.3.2 No representative genome for comparison

Without an available reference genome, it is difficult to evaluate the accuracy of the transcrip-
tome assembly and whether the genes selected are single copies, or misassemblies of paralogs.

5.6.3.3 Different methods for RNA-seq

Three different approaches for RNA-seq library generation were employed for the libraries used
in this study, the MMETSP taxa were sequenced on HiSeq platform with 50nt reads; while all other
taxa were sequenced on the NextSeq platform with 75nt or 150nt reads. The different sequencing
methods may each influence the single copy gene coverage and transcriptome assembly accuracy,

leading to systematic error and batch effects on some taxa.

5.6.3.4 Total evidence phylogenetics

The method presented here purely considers the information contained in the genetic aspect of
the organisms examined. Morphological characters and fossil dates can add another dimension to

the phylogenetic inference and put the evolution within a relative time frame [68].

5.6.3.5 Model comparison methods

he method presented here purely considered the information contained in the genetic aspect of
the organisms examined. Morphological characters, if evolutionarily relevant ones can be identi-
fied, and fossil dates can add another dimension to the phylogenetic inference and put the evolution

within a relative time frame [68].
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5.7 Conclusion

This study presentse a workflow for species tree inference that implemented what is currently
thought to be the best practice methods. The scripts processed RNA-seq libraries through assem-
bly, single copy gene selection to alignment for phylogenetic species inference. As a case study
exemplifying organisms rife with paralogs and ancient lineages, the Gonyaulacales were selected.
The resulting phylogeny showed a well resolved, well supported inference of the Gonyaulacales
evolution. This was then compared to phylogenies inferred from commonly utilized methods in
the literature, and potential issues arising from these methods were discussed. By presenting a sta-
tistically rigorous method and demonstrating how it overcomes common problems in phylogenetic
studies, we hope that in the future such robust, reproducible, open-access approaches to process

large data-sets such as the MMETSP database can become standard practice.
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5.9 Supplementary material

TABLE 5.2 Supplementary culturing conditions for species processed for this study.

Species Strain Temp Source location
Gambierdiscus UTSMER9A 17 Merimbula, AU
carpenteri

Gambierdiscus HG4 27 Heron Island, AU
lapillus

Gambierdiscus CG15 27 Rarotonga, COK
polynesiensis

Gambierdiscus HG5 27 Heron Island, AU
holmesii

Thecadinium cf. | THECA 18 Gordons bay, Sydney, AU
kofoidii
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TABLE 5.3 Supplementary transcriptomes used for study along including strain ID, source and BUSCOv2
information. MMETSP abbreviation for marine Microbial eukaryotic transcriptome sequencing project, by

Moore Foundation.

Species Strain complete | single fragmented Source
BUSCOs | complete | BUSCOs
BUSCOs
Gonyaulacales transcriptomes
Alexandrium OF101 110 74 3 MMETSP0790
catenella [114]
Alexandrium moni- | JRO8 107 74 3 MMETSP0093
latum [114]
Ceratium fusus PA161109 121 81 4 MMETSP1074
[114]
Coolia malayensis MAB 138 100 1 [269]
Crypthecodinium Seligo 126 98 0 MMETSP0326_2
cohnii [114]
Gambierdiscus car- | UTSMER9A | 101 83 2 This study
penteri
Gambierdiscus VGO790 88 83 4 [117]
excentricus
Gambierdiscus HG4 141 98 2 This study
lapillus
Gambierdiscus poly- | CG15 104 81 3 This study
nesiensis
Gambierdiscus HG5 134 87 2 This study
holmesii
Gonyaulax spinifera | CCMP409 83 53 2 MMETSP1439
[114]
Ostreopsis ovata HER27 132 99 2 [269]
Ostreopsis rhodesae | HER26 131 98 1 [269])
Ostreopsis siamensis | BH1 132 98 1 [269]
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Protoceratium retic- | CCCM535= | 108 72 5 MMETSP0228
ulatum CCMP1889 [114]
Pyrodinium ba- | pbaha01 119 897 2 MMETSP0796
hamense [114]
Thecadinium cf. ko- | THECA 93 70 5 This study
foidii

Outgroup transcriptomes

Azadinium spinosum | 3D9 1.8 81 4 MMETSP1036 2
[114]

Dinophysis acimu- | DAEPO1 117 74 2 MMETSP0797

nata [114]

Karenia brevis CCMP2229 | 115 85 2 MMETSP0030
[114]

TABLE 5.4 Supplementary accession numbers for ribosomal DNA sequences used for Figure 5.1. Sequences
sourced from NCBI, except accesion numbers with ’x’ sourced from the Silva database. Genes not publically
available are denoted by ’-’.

Species SSU seq. D1-D3 LSU seq.

Gonyaulacales taxa

Alexandrium AB088286 AB088238
catenella

Alexandrium AY883005 -
monilatum

Ceratium fusus AF022153 AF260390
Coolia malayen- | HQ897279x% KX589143
sis

Crypthecodinium | M64245 -

cohnii

Gambierdiscus EF202908 EF202938
carpenteri

Gambierdiscus GETLO01000157* | HQ877874

excentricus
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Gambierdiscus KU558930 -
lapillus
Gambierdiscus EF202907 This study
polynesiensis
Gambierdiscus This study this study
holmesii
Gonyaulax AF022155 DQ151558
spinifera
Ostreopsis ovata | AF244939 KJ781420
Ostreopsis rhode- | KX055855 KX055845
sae
Ostreopsis  sia- | KX055868 HQ414223
mensis
Protoceratium AF274273 EF613362
reticulatum
Pyrodinium AY456115 AB936757
bahamense
Thecadinium cf. | AY238478 KT371445
kofoidii

Outgroup taxa
Azadinium JN680857 JN165101
spinosum
Dinophysis AJ506972 EF613351
acimunata
Karenia brevis EF492504 AY355458
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CHAPTER 6

Discussion

6.1 General discussion

Ciguatera is a global problem, which is predicted to increase in prevalence and severity as the
effects of climate change unfold. Despite the public health risks posed by CFP, very little is known
about how to monitor for outbreaks. To address this, a global ciguatera strategy was called into
action by UNESCQO’s Intergovernmental Oceanographic Commission. This strategy is a concerted
effort by a team of international experts to address the issues posed by CFP holistically through
three elements: 1) Improve organism detection, monitoring and risk forecasting; 2) Improve toxin
detection in cells and fish; and 3) Improve epidemiological data collection, reporting and assess-
ments [105].

This thesis contributes to element 1 of the strategy by identifying a new species of Gambierdis-
cus (Chapter 2), developing molecular environmental monitoring assays for the new toxic species
(Chapter 3) and then exploring the placement of Gambierdiscus within a greater evolutionary con-
text including other toxin producers (Chapter 5) and by identifying gene expression patterns com-
mon to Gambierdiscus as well as specific to toxic specimens (Chapter 4). As outlined in the strat-
egy, investigations into the factors at play for ciguatera risk need to be multi-faceted. This body of

work approaches the issue of ciguatera risk factors from two angles:

6.1.1 Targeting the species at bottom of the food chain

For this purpose, the species diversity in a ciguateric region of the GBR was explored, which
uncovered a new species, G. lapillus, in Chapter 2. A molecular assay for the new species was
developed and tested in Chapter 3. The assay(s) allow(s) for directly monitoring environmental

samples and deducing the number of cells of each species present.

6.1.2 Targeting toxin production potential directly

The first step for this approach is to characterize the toxicity and toxin profile of the species in

Chapter 2. Due to the current lack of knowledge about the toxin synthesis pathway(s), a baseline
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needed to be established before the enzyme evolution can be extrapolated. To do so, Chapter 5
sought to infer the evolution of the genus in the greater context of toxic and non-toxic sister genera.
Then to establish a baseline of gene expression in the genus, a core transcriptome for Gambierdiscus
was derived in Chapter 5. Chapter 5 further described transcript clusters unique to both toxic and
non-toxic species for future exploration.

6.2 Significance and future directions

Climate change is set to transform every ecological niche on the planet. One of the predicted
impacts is the change in abundance, habitat range and dominance in local species composition of the
genus Gambierdiscus. Ciguatera cases are directly linked to ciguatoxin production by Gambierdis-
cus and subsequent bioaccumulation through the food web, hence the climate induced change
for Gambierdiscus is likely to extend to ciguatera. This thesis has refined the understanding of
the diversity within the genus Gambierdiscus by describing a new toxic member and provided a
molecular environmental monitoring tool for the new species. Further, the evolutionary analysis
of Gambierdiscus and related taxa using current best practice methods, and the identification of a
core transcriptome, provide a basis for future investigations of Gambierdiscus. In particular, new

avenues of investigation the toxin production pathways will be supported by this work.

6.3 Thesis conclusion

In conclusion this thesis lays fundamental groundwork for understanding the genus Gambierdis-
cus from an evolutionary perspective, its associated toxicology, and provides a novel environmental

monitoring tool.



143

CHAPTER 7
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CHAPTER 8
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