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ABSTRACT

Thermal Responses of Growth and Toxin Production in Four Prorocentrum Species
from the Central Red Sea
Arwa Aynousah
Harmful algae studies, in particular toxic dinoflagellates, and their response to global
warming in the Red Sea are still limited. This study was aimed to be the first to
characterize the identity, thermal responses and toxin production of four Prorocentrum
strains isolated from the Central Red Sea, Saudi Arabia. Morphological and molecular
phylogenetic analysis identified the strains as P. elegans, P. rhathymum and P.
emarginatum. However, the identity of strain P. sp.6 is currently unresolved, albeit
sharing close affinity with P. leve. Growth experiments showed that all species could
grow at 24-32oC, but only P. sp.6 survived the 34oC treatment. The optimum
temperatures (Topt) estimated from the Gaussian model corresponded to 27.17, 29.33,
26.87, and 27.64oC for P. sp.6, P. elegans, P. rhathymum and P. emarginatum,
respectively. However, some discrepancy with the Topt derived from the growth
performance were observed for P. elegans and P. emarginatum, as thermal responses
differed from the typical Gaussian fit. The Prorocentrum species examined showed a
sharp decrease after the optimum temperature resulting in very high activation energies
for the fall slope, especially for P. elegans and P. emarginatum. The minimum critical
temperature limit for growth was not detected within the range of temperatures examined.
Subsequently, high performance liquid chromatography coupled with mass spectrometry
(HPLC-MS) analysis revealed all species as non okadaic acid (OA, common toxin of the
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Prorocentrum genus) producers at any temperature treatment. However, other forms of
toxin (i.e. fast acting toxins) not examined here could be produced. Therefore, further
investigations are required. The results of this study provided significant contribution to
our knowledge regarding the presence, thermal response and toxin production of four
Prorocentrum species from the Central Red Sea, Saudi Arabia.
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CHAPTER 1
Introduction
1.1 The genus Prorocentrum (Ehrenberg)
The genus Prorocentrum was described in 1834 by Ehrenberg based on the
morphology of Prorocentrum micans Ehrenberg as its type species (Ehrenberg, 1834;
Hoppenrath et al., 2013). Some of the morphological features that differentiate the genus
Prorocentrum from other dinoflagellates, is the desmokont type of cell, the position of
the transverse and longitudinal flagellar pores at the anterior part of the cell and the
absence of cingulum and sulcus (Fig. 1.1 a). On the other hand, common dinoflagellates
have a dinokont type of cell, which positioned the flagellar pores in the sulcus at the
ventral side of the cells (Fig. 1.1 b). Therefore, the transverse flagellum encircles the cell
at the cingulum excavation while the longitudinal flagellum extended posteriorly along
the sulcus (Fig. 1.1 b) (Taylor, 1980; Taylor, 2006). Furthermore, the cingulum divides
the cells into two parts: the epitheca and hypotheca (Fig. 1.1b).
There are approximately 60 species of Prorocentrum, with the majority inhabiting
the marine ecosystem, either as benthic or planktonic taxa and only two taxa were
described from freshwater habitat (Murray et al. 2009). According to Hoppenrath et al.
(2013) and Luo et al. (2017), the cell morphologies of Prorocentrum are described as
follow. In general, the Prorocentrum cell morphology is characterized by a periflagellar
area at the anterior end of the cell, where the two flagella emerged (Fig. 1.1a). Externally,
the cell is armoured by two thecal plates made of cellulose, called the valves. The surface
of these valves is usually smooth or ornamented with pores or reticulated ridges
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(Hoppenrath et al., 2013). At internal view, the cell comprises of a network of chloroplast
lobes, one or more starch-sheathed circular pyrenoid and a posterior-positioned nucleus
(Fig. 1.1 a). Among many morphological characters used to identify Prorocentrum spp.,
the symmetry of the cell, general cell outline, the pattern of pores or surface
ornamentation and the arrangement of platelets in the periflagellar area are some of the
stable features that can be used to delineate Prorocentrum isolates at species level (Luo et
al., 2017).

Figure 1. 1. Prorocentrum spp. cells have the morphology characteristic of “desmokont”
or Prorocentroid cells showing the two flagella emerging from the anterior part of the cell
(a). Differing form the “dinokont” cell morphology that characterize other
dinoflagellate’s genera (b). Images drawn to not scale. (Image drawn by Dr. Danang A.
Prabowo).
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1.2 Harmful Prorocentrum species
In general, harmful algae are described as algal species that could cause negative
impact to the environment through the production of toxic substances and blooms.
Furthermore, Lassus et al. (2016) categorized harmful algae according to the following
criteria:


Species that do not produce toxins, but could form massive blooms and water
discoloration, often resulting in the mortality of marine organisms through oxygen
depletion or physical effects



Toxin-producing species that could cause neurological and gastrointestinal illness
in humans through seafood poisoning



Species that are harmful to marine organisms through mechanical effects, such as
gill clogging and secretion of haemolytic compounds



Species that could cause harmful to human through respiratory systems



Species not listed as toxic to human, but able to produce toxin when investigated
in laboratory

Around 70-80 species of dinoflagellates have been found to meet one or more of the
above-mentioned criteria, including Prorocentrum spp. (Zingone et al., 2000; Smayda et
al, 2003 Maso et al, 2006; Camacho et al., 2007). Some Prorocentrum species are known
to cause harmful effects to human, fishes and other marine organisms by forming harmful
algal bloom (HAB), producing toxic molecules or both (Maso et al., 2006).
Prorocentrum spp. associated with HAB can harmfully affect the food web-changes, the
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marine community and the human health as well as causing some ecological and
economic problems (Sellner et al., 2003; Maso et al., 2006).
About nine species of the 60 described Prorocentrum species are known to produce
toxins, such as okadaic acid (OA) and its derivatives (i.e. dinophysistoxins or DTXs)
(Gómez, 2005.; Glibert et al., 2012; Hoppenrath et al., 2013). Toxin production capacity
in Prorocentrum spp. could vary between species, but also between strains of the same
species that are geographically isolated. For example, a study of P. lima (Ehrenberg) F.
Stein from the South Atlantic revealed the ability of this isolate to produce higher amount
of OA compared to other isolates from different locations (Luo et al., 2017; Nascimento
et al., 2016; Bravo et al., 2001).
Other example of a harmful Prorocentrum is P. cordatum (Ostenfeld) J.D. Dodge,
previously known as P. minimum (Pavillard) J. Schiller, a famous bloom-forming species
that is distributed in numerous marine locations throughout the world, such as in
Chesapeake Bay, USA (Tyler et al., 1978; Fan et al., 2005; Glibert et al., 2001), in
Bolinao, Pangasinan, Northern Philippines (Azanza et al., 2005), in Lake Hamana, Japan
(Akiba et al., 1949; Heil et al., 2005), in the Gulf of Mexico, the Caspian Sea and the
Mediterranean (Johnsen et al., 1993). The P. cordatum were reported in some studies for
its harmful effects to human and marine organisms not only because of its bloom-forming
capability but also potential toxicity (Wikfors et al., 1993; Wikfors et al, 1995;
Denardou-Queneherve et al. 1999; Rosetta et al, 2003; Heil et al., 2005; Azanza et al.,
2005).
Other Prorocentrum species such as P. donghaiense D. Lu and P. micans were found
to form blooms at the East China Sea and at the off Westport, respectively (Cassie, 1981;
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Xu et al., 2010). P. donghaiense were reported to affect marine aquaculture (Xu et al,
2010), while P. micans was suggested to be potentially toxic (Cassie, 1981; Dou-Ding et
al., 2001).
Another interesting characteristic of the genus Prorocentrum is their ability to secret
toxic molecules causing poisoning events for human and marine aquaculture (Shumway,
1990; Windust et al., 1996; Luo et al., 2017) Shumway (1990) in his review showed
several events associated with different harmful algae including Prorocentrum spp.. The
two toxic components, OA and DTXs, produced by some Prorocentrum species are
inhibitors for the phosphatase-1 and 2A proteins and therefore play an important role in
the regulation of cell processes (e.g. replication, transcription, translation, etc.) (Windust
et al., 1996; Luo et al., 2017).
Toxic Prorocentrum spp. can affect human in two ways. First, economic problems in
aquaculture industries, especially those dealing with shellfish farming. In such case, toxic
Prorocentrum cells are consumed by the farmed shellfish (e.g. mussels, abalone, etc.)
which eventually resulted in mass mortality. Secondly, in case when blooms of
Prorocentrum spp. did not kill the shellfish, the accumulated OA and DTXs in these
shellfish can cause gastrointestinal disorder called Diarrhetic shellfish poisoning (DSP)
when consumed by human (Yasumoto et al., 1984; Lee et al., 1989) The symptoms of
DSP involve nausea, diarrhea, emesis, and abdominal pain (Prego-Faraldo et al., 2015;
Chen et al., 2017).
Lawrence et al. (2000) reported that P. lima was found to accumulate or foul on the
surface of the mussels found at Nova Scotia, Canada. The authors concluded that their
result of the OA/DTX concentration was similar to the result of the isolated mussels from
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the Indian Point site, where DSP was detected in humans (Lawrence et al., 2000;
Quilliam et al., 1993). Although P. lima has always been recorded to produce OA, the
results of toxicity investigations on P. rhathymum was somewhat unclear (Yasumoto et
al., 1987, An et al., 2010, Caillaud et al. 2010). Therefore, investigations of potentially
toxic Prorocentrum strains from new locations, should include at least one toxicological
analysis procedures in order to better understand their potential harmful effects.
There is controversy on the environmental factors that may favour the growth of
harmful dinoflagellates as well as environmental conditions favouring toxin production
(Fu et al., 2012; Boyd et al, 2013). It is still not fully understood the relationship between
growth rates, toxin production and ocean conditions (Hallegraf, 2010). Warming was
identified as a factor that may influence the occurrence of HABs (Hallegraeff, 2010;
Glibert et al., 2014; Glober et al., 2017) with some toxic species responding to
temperature (Hallegraeff, 2010). Tropical dinoflagellates responding to increased water
temperatures may become more successful due to its higher growth at optimum
temperatures (Hallegraeff, 2010).

Toxin production are associated to the optimum

growth conditions for some species (Hallegraeff, 1998). Temperature plays a crucial role
in the bloom dynamics of species which have well-defined seasonal temperature
windows. In a scenario of climate warming, it is crucial to learn the thermal capacity of
potentially toxic dinoflagellates, as changes in temperature may represent an increase or a
decrease in the presence of some species depending on whether the thermal growth
ranges will be reached (Hallegraeff, 2010)
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1.3 Studies of harmful dinoflagellates in the Red Sea
Studies on harmful algae, in particular dinoflagellates, in the Red Sea have always
been sporadic and opportunistic (Fig. 1.2) (Mohamed et al., 2007; Paperna, 1980; Nassar
et al., 2014; Zonneveld,1997; Elshanawany et al., 2016; Khomayis et al., 2003;
Touliabah et al., 2010; Ismael, 2015; Bosworth et al., 2005; Dowidar, 1983; Catania,
2012; Al-Najjar et al., 2007; Alkawri, 2016; Alkawri et al., 2016). Regular monitoring
program on harmful algae in the Red Sea is still also yet to be established by the
surrounding countries.
Nevertheless, some of these studies have recorded the presence of harmful
dinoflagellates in the area and their impacts on marine environment. For example, a study
conducted in the southern Saudi Arabian coast of the Red Sea reported for the first time
the presence of Noctiluca scintillans (Macartney) Kofoid et Swezy blooms along with
other potentially harmful algal species (Mohammed and Mesaad, 2007). Another study
reported a bloom of Protoperidinium quinquecorne (Abé) Balech at the southern Red Sea
in the coastal waters of Yemen in 2012. This event coincided with a high mortality rate of
fish in the location (Alkawri et al., 2016). In the central Red Sea, Banguera-Hinestroza et
al. (2016) reported the bloom patterns and toxin production of Pyrodinium bahamense
Plat. Whereas Catania (2012) reported the occurrence of two potentially harmful
dinoflagellates: Gambierdiscus sp. and Ostreopsis sp.
With regards to Prorocentrum, to the best of my knowledge, only few studies have
mentioned the presence of this dinoflagellates in the Red Sea (e.g. Ismael, 2015; Reny et
al. 2017). However, none of these studies assessed their potential harmful effects on the
marine environment and human, especially in the coastal waters of the Saudi Arabian
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Red Sea. This study, therefore, is the first to comprehensively investigate the specific
identity of Prorocentrum strains from the Central Red Sea and characterize their growth
performance and potential toxin production under different temperature conditions
through laboratory experiments.

Figure 1. 2. Location records where studies involving dinoflagellates have been
conducted in the Red Sea. Red squares indicate studies focusing on harmful
dinoflagellates. (Image source: Google EarthTM).
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1.4 Hypothesis
Raitsos (2011) reported that the temperature in the Red Sea has increased about
0.7°C from 1985 to 2007. And it is predicted that this trend will further increase due to
the global warming. Some studies suggested that temperature is one of the major stressor
that could significantly influence the growth performance and toxicity of harmful algae
species (Alkawri, 2016; Boyd et al, 2013). Such case may also applicable for
Prorocentrum species from this area. Therefore, I hypothesize that the increase of
temperatures in the Red Sea will positively affect the growth performance and toxin
production of Prorocentrum speces isolated from the Central Red Sea.
1.5 Aim and Objectives
1.5.1 Aim
The aim of this study is to unveil the specific identity and investigate the effects of
temperatures on the growth and toxin production of several Prorocentrum strains isolated
from the Central Red Sea, Saudi Arabia.
1.5.2

Objectives

To achieve the aim for this study, the following objectives are proposed.


To characterize and identify the isolated strains using light microscopy
observation and molecular phylogenetic analysis.



To investigate the growth performance of the strains under different temperature
conditions through laboratory experiments.



To analyze the OA content of each strains treated with different temperature
conditions using a high-performance liquid chromatography coupled with mass
spectrometry (HPLC-MS).
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CHAPTER 2
Material and Methods
2.1 Strains investigated in this study
The marine benthic Prorocentrum strains investigated in this study (Table 2.1) were
isolated by Dr. Danang Ambar Prabowo (Red Sea Research Center, KAUST) from
surface sediment samples and seagrass leaves collected in Al Fahal Reef and KAEC
Lagoon, Central Red Sea, Saudi Arabia (Fig. 2.1). The stock cultures of these strains
were grown in glass tubes and flasks containing 20 and 150 ml Guillard F/2 seawater
medium, respectively. Cultures were maintained using Percival IntellusUltra C8
incubators (Percival Scientific, Iowa, USA) at 24oC, with 12:12 h light: dark cycles and
about 135 µmol photon m-2 s-1 illumination provided by cool-white fluorescent lamps.

Table 2. 1. List of dinoflagellate strains investigated in this study and their respective
locality

Strains

Locality

Latitude

Longitude

Substrate

P. sp.6

Al Fahal

22°15'10.26"N

38°57'40.39"E

Surface sediment (sand)

P. sp.11

Lagoon

22°23'23.24"N

39° 8'7.94"E

Seagrass leave

P. sp.19

Lagoon

22°23'23.24"N

39° 8'7.94"E

Seagrass leave

P. sp.22

Al Fahal

22°15'10.26"N

38°57'40.39"E

Surface sediment (sand)
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Figure 2. 1. Map of Saudi Arabia with an enlarged area of the central Red Sea. Sampling
and highlighted locations are indicated with numbered circles: Al Fahal Reef (1), KAEC
Lagoon (2) and KAUST (3). Map source: Google EarthTM.

2.2 DNA extraction, PCR amplifications and sequencing
Total genomic DNA extraction and PCR amplification followed a modified method
of Prabowo et al. (2016) and summarized as follow. For each strain, an actively growing
culture (ca. 100 ml) was harvested for pellet by centrifugation at 4000 rpm for 5 minutes
using Eppendorf™ 5810R (Thermo Fisher Scientific, USA) and Thermo Scientific
Sorvall Legend Micro 21 Microcentrifuge (Thermo Fisher Scientific, USA) at 10,000 x g
for 5 min. Pellets were stored at -20oC or directly extracted for DNA using Qiagen
DNeasy plant mini kit (Qiagen) according to the manufacturer’s instruction.
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The large subunit (LSU) ribosomal RNA (rDNA) of the D1-D3 regions were PCR
amplified using the D1R (forward) and R2 (reverse) primer set (Table 2.2) using
Eppendorf Mastercycler EP (Harlow Scientific, Arlington, Massachusetts, USA) with the
following PCR conditions: one initial cycle of denaturation at 93°C for 1minute, 35
cycles of denaturation at 93°C for 30 seconds, annealing at 50°C for 30 seconds, and
extension at 72°C for 1 minute, and a final extension cycle at 72°C for 4 min. About 4 µl
of PCR products were used to visualize amplified region using gel electrophoresis.
Positive PCR results were purified using Qiagen MinElute PCR purification kit (Qiagen)
according to the manufacturer’s instruction. The DNA concentration of the purified PCR
products were examined using NanoDrop 1000 (Thermo Fisher Scientific Inc.) and sent
for Sanger sequencing at KAUST Bioscience Core Lab.

Table 2. 2. LSU rDNA D1-D3 primers used for amplification and sequencing*

Primer

Direction

Sequence 5’-3’

Anneals to

LSU D1R

Forward

ACCCGCTGAATTTAAGCATA

25-44

LSU R2

Reverse

ATTCGGCAGGTGAGTTGTTAC

1344-1324

*Prabowo et al. (2016); Takano and Horiguchi (2006)
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2.3 Molecular phylogenetic analysis and sequence divergences calculation
The forward and reverse LSU rDNAstrands were assembled using the De Novo
Assembler in Geneious R10 (Biomatters Ltd., USA). The four assembled sequences were
then aligned against 86 Prorocentrum species, and three outgroups (two ciliates and one
perkinsid) downloaded from NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/).
In order to compose a broader on the molecular phylogeny of Prorocentrum, I included
as many as Prorocentrum sequences, representing different group or individual species,
as possible in the analysis, although some of them were relatively short (<600 bp).
Multiple sequence alignments were performed using MUSCLE (Edgar 2004) with eight
iterations followed by manual examination and editing in MEGA 6.06 (Tamura et al.,
2013).
The final alignment dataset comprised of 93 taxa and ca. 1030 bp positions,
including gaps. The best-fit substitution model for maximum likelihood (ML) analysis as
defined by MEGA 6.06 was the Kimura 2-parameter (K2) with a discrete Gamma (+G)
distribution (K2+G) with the following parameters: Bayesian information criterion (BIC)
= 10444.55299, corrected Akaike information criterion (AICc) = 8907.15637, Gamma
shape distribution (+G) = 0.695884765, assumed transition/transversion bias (R) =
2.917787607, assumed nucleotide frequency (F): A = 0.25), T = 0.25, C = 0.25, and G =
0.25. The rates of base substitutions for each nucleotide pair were as follow: A<>T =
0.03, A<>C = 0.03, A<>G = 0.19, T<>C = 0.19, C<>G = 0.03, and G<>T = 0.03.
Maximum likelihood (ML) tree was generated in MEGA 6.06 with the best fit model
mentioned above. Statistical supports were calculated using the bootstrapping method
with 1000 replicates, whereas the number of discrete Gamma categories were set to five.
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Gaps or missing data were treated as complete deletion and the remaining settings were
left as default. For molecular phylogenetic comparison, the neighbor-joining (NJ) and
maximum parsimony (MP) trees were generated with the default settings of MEGA 6.06
using 1000 replicates.
To further assess the percentage of sequence divergences between the strains and
their closest Prorocentrum taxa, the genetic distances of the LSU rDNA sequences were
estimated in MEGA 6.06 based on the average of overall uncorrected pairwise (p)distance between the targeted taxa or groups using the default settings.
2.4 Morphological characterization
Morphological identification and characterization of each strains were based on live
cells observed under a Zeiss Axio Scope.A1 and a Axio Observer.Z1 inverted light
microscope (Zeiss, Germany). Each microscope was equipped with a dedicated Zeiss
AxioCam ICc 1 and Zeiss AxioCam 503 color digital camera, respectively.
Morphological features and cell dimensions of each strains were determined based on the
acquired pictures at x400 magnification. Morphological characterization of strains was
based on their cell size, shape of the cell, position of the nucleus, pyrenoid, flagella,
swimming habit. Cell dimensions were measured from 30 cells of each strains.
2.5 Growth experiments
The growth response experiments of each Prorocentrum strain to different
temperature conditions were conducted by exposing them under seven temperature
treatments (24, 26, 28, 30, 32, 34 and 36o C). For each strain, an exponentially growing
stock culture aliquot corresponding to about 5000 cells was transferred into three of the
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six culture-wells plate containing 6 ml F/2 medium. These three wells correspond to three
replicates. Experiments were performed in Percival IntellusUltra C8 incubators (Percival
Scientific, Iowa, USA) set at 12:12 h (L: D) cycles with about 135 µmol photon m-2 s-1
illumination provided by cool-white fluorescent lamps. The position of each culture
plates was randomly positioned after each cell counting.
Cell density was estimated every three days by monitoring changes in the cell
abundance for a total of 39-45 days. For P. sp.11 and P. sp.19, cell counting was
estimated using a haemocytometer (LeGresley and McDermott, 2010) with at least four
replicated counts. Whereas for strain P. sp.6 and P. sp.22, a Sedgewick-Rafter counting
chambers (LeGresley and McDermott, 2010) were used with three replicated counts.
Growth curves were plotted in Microsoft Excel 2016 and normalized to the logarithmic
scale. Growth rates (µ) were calculated from the slope of the plot of the log natural (ln)
cell counts versus time in days during the exponential growth phase. The mean
generation time (G) was estimated according to: G= [ln 2]/ µ (Nascimento et al., 2016).
The activation energy (E) was also calculated using the Arrhenius plot to determine the
response of the growth rate to the temperature by calculating the slope of the log natural
(ln)-transformed growth rate (ln (growth rate)) against 1/KT for each strain (Brown et al.,
2004; Huete-Stauffer et al., 2016).
The growth performance to temperatures curves for each strains was analyzed to
calculate different parameters derived from the relationship between growth rates and
temperatures. The optimum temperature (Topt) was identified as the temperature at which
the strain showed the maximum growth rate. This was determined by fitting a Gaussian
model to the data according to the following equation:

26

[(

P = 𝒂𝒆

𝟐

−𝟎.𝟓(|𝑻−𝒃|⁄
𝒄) ]

Where P is the performance, 𝑎 is the curves heights, b is the thermal optimum and c is the
performance width (Angilletta, 2006; Angilletta, 2009). The JMP® ver. 13 software (SAS
Institute Inc., Cary, NC, USA) was used to fit the Gaussian model to our data. When the
thermal responses did not fit to the Gaussian or similar model, I identified the Topt as the
experimental temperature at which the maximum growth rate was observed. I also
calculated the thermal critical limits (maximum and minimum) as the temperatures at
which growth was not realized.
2.6 Toxin detection
In order to reveal the toxin production of the four Prorocentrum species and whether
temperatures could influence their toxin contents, the okadaic acid (OA) content, the
most common toxin attributed to some toxic Prorocentrum was analyzed. Approximately
150 ml tube and flask cultures of each strain were maintained for 20-30 days under the
same experiment conditions described previously.
Pellet of each Prorocentrum strain were collected from a 150ml culture volume by
centrifugation at 4000 rpm for 5 min using Eppendorf™ 5810R Centrifuge followed by
another centrifuge using Thermo Scientific Sorvall Legend Micro 21 microcentrifuge at
10,000 x g for 5 min. Typically, 0.5-1.0 ml wet pellets could be harvested in 15 or 50 ml
Falcon tubes. These were stored at -80oC or directly processed. Toxin extraction method
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followed a slightly modified protocol of Nascimento et al., (2016), explained briefly as
follow. Wet pellet or frozen pellets were allowed to thaw at room temperature followed
by addition of 1 ml methanol (MeOH, 90%) and vortexed for 3 minutes. The mixture was
then centrifuged at 1600 x g for 10 min at 10oC. The supernatant (extract 1) was
transferred into a clean Falcon tube, and the pellet has undergone the same step for the
second time to produce another supernatant (extract 2), which was then combined with
the first extract. This extract mixture was evaporated using a stream of oxygen-free
nitrogen to near dryness followed by the addition of 0.5 ml MetOH (100%). This solution
was filtered using 0.2 m filter (Millipore) and transferred to an HPLC autosampler vial
for analysis or stored at -80oC.
Ultra-high performance liquid chromatography (U-HPLC) coupled with mass
spectrometry (MS) analyses were performed with the help of Ms. Gala Gonzalez (lab
technician, Biological Oceanography Laboratory, KAUST) at the KAUST Analytical
Core Lab. The standard of okadaic acid (OA) (CRM-OA-b 8.4 ± 0.4 g/ml) was
purchased from the National Research Council, Institute for Marine Biosciences (NRCCNRC), Halifax, Canada.
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CHAPTER 3
Results
3.1 Molecular phylogeny
The LSU rDNA D1-D3 molecular phylogenetic trees including Prorocentrum spp.
strains from the central Red Sea are shown in Fig. 3.1 (maximum likelihood, ML), Fig.
3.2 (neighbor joining, NJ) and Fig. 3.3 (maximum parsimony, MP). In general, the
groupings of Prorocentrum taxa in all analyses were consistent, although, the topology of
branches were different. This could be the result of different algorithms applied in each
phylogenetic analysis (i.e. ML, NJ, MP). The strains investigated in this study were
clustered into four distinct clades, namely P. rhathymum (P. sp.19), P. elegans (P. sp.11),
and P. emarginatum (P. sp.22). However, strain P. sp.6 formed a distant lineage linked to
P. leve (Fig. 3.1-3.3). The branches leading to the three strains (Pr.sp. 19, P. sp. 11 and P.
sp. 22) and related species were short, and highly supported (>60%) of bootstrap
percentage. The sequence divergence between them were also relatively low, ranged 1.04.1% (Table 3.1), indicating that these taxa are closely related or identical. Therefore,
hereafter, their specific identity is used instead of their strain names, except for P. sp.6.
Strain P. sp.6 was separated from the P. leve clade with a long branch. The sequence
divergence ranged 15.3-15.6% (Table 3.1). The link between this strain and P. leve was
supported with very high BS value (>95%), indicating that it could represent an
undescribed Prorocentrum species from the Red Sea (Fig. 3.1-3.3). Because the identity
of P. sp.6 is currently unresolved, the identity of this strain is hereafter designed as
Prorocentrum sp.6 in this study.
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Figure 3. 1. Phylogenetic position of Prorocentrum spp. inferred from maximum
likelihood analysis (ML, -log likelihood=4237.1409) of the partial LSU rDNA D1-D3
sequences alignment (ca. 1030 positions, including gaps). Two ciliates (Tetrahymena
pyriformis and T. thermophila) and one perkinsid (Perkinsus andrewsi) were selected as
an outgroup. The four Prorocentrum strains (P. rhathymum (P. sp.19), P. elegans (P.
sp.11), P. emarginatum (P. sp. 22) and P. sp.6 from central Red Sea (Saudi Arabia)
investigated in this study are printed in bold letters, and their groupings are highlighted in
colors. Numbers at branch nodes indicate bootstrap percentages (>50%, 1000 replicates).
GenBank accession numbers are shown prior to the species names. Scale bar indicates the
number of substitutions per site.
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Figure 3. 2. Phylogenetic position of Prorocentrum spp. inferred from neighbor joining
analysis (NJ, sum of branch length=2.74194323) of the partial LSU rDNA D1-D3
sequences alignment (ca. 1030 positions, including gaps). Two ciliates (Tetrahymena
pyriformis and T. thermophila) and one perkinsid (Perkinsus andrewsi) were selected as
an outgroup. The four Prorocentrum strains (P. rhathymum (P. sp.19), P. elegans (P.
sp.11), P. emarginatum (P. sp. 22) and P. sp.6) from Thuwal, central Red Sea, Saudi
Arabia investigated in this study are printed in bold letters, and their groupings are
highlighted in colors. Numbers at branch nodes indicate bootstrap percentages (>50%,
1000 replicates). GenBank accession numbers are shown prior to the species names.
Scale bar indicates the number of substitutions per site.
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Figure 3. 3. Phylogenetic position of Prorocentrum spp. inferred from maximum
parsimony (MP, length=866) analysis partial LSU rDNA D1-D3 sequences alignment
(ca. 1030 positions, including gaps). Two ciliates (Tetrahymena pyriformis and T.
thermophila) and one perkinsid (Perkinsus andrewsi) were selected as an outgroup. The
four Prorocentrum strains (P. rhathymum (P. sp.19), P. elegans (P. sp.11), P.
emarginatum (P. sp. 22) and P. sp.6) from Thuwal, central Red Sea, Saudi Arabia
investigated in this study are printed in bold letters, and their groupings are highlighted in
colors. Numbers at branch nodes indicate bootstrap percentages (>50%, 1000 replicates).
GenBank accession numbers are shown prior to the species names. Scale bar indicates the
number of substitutions per site.

32
Table 3. 1. Percentage of sequence divergence (%) between Prorocentrum strains from
the Central Red Sea and phylogenetically close related taxa. Values were estimated from
uncorrected pairwise (p)-distances in MEGA 6.06.
P. leve

P.sp.6

FJ489616

15.6

FJ489619

15.6

DQ238043

15.3

FJ160589

15.6

P. elegans

P. sp.11

KF835600

2.2

KT275813

2.2

P. mexicanum

P. sp.19

DQ336183

4.0

EF566745

4.1

JN020161

3.2

JQ638938

4.0

P. emarginatum / P. cf. emarginatum

P. sp.22

AJ567465

1.0

EF566749

1.2

EF566750

1.2

KY010260

2.2

KM360089

2.9
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3.2 Morphology of species
Table 3.2 summarizes the cell dimensions of Prorocentrum spp. investigated in this
study. Cell sizes were measured from a series of calibrated light micrographs of each
species.
Table 3. 2. Cellular dimensions of the Prorocentrum species from the Central Red Sea.
Length (µm; n=30)

Width (µm; n=30)

Species
Range

Mean

SD

Range

Mean

SD

P. sp.6

45.59-48.98

47.22

0.894

36.50–39.26

37.96

0.813

P. elegans

17.62–19.98

19.28

0.640

14.07–16.85

16.01

0.726

P. rhathymum

33.36–36.97

36.01

0.901

14.07–16.85

24.90

1.199

P. emarginatum

34.61–37.26

35.99

0.777

30.02–33.58

31.75

1.146
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3.2.1 Prorocentrum sp.6 (P. sp.6)
The cells of Procentrum sp.6 measured 45.59–48.98 µm long (avg. 47.22 µm; SD =
0.894; n=30) and 36.50–39.26 µm wide (avg. 37.96 µm; SD = 0.813; n = 30).
Prorocentrum sp.6 cells are symmetrical and ovoid in shape and have a yellow to
brownish color (Fig. 3.4 a-f). The ventral end of the cells is slightly narrow with a Vshaped excavation at the periflagellar area while the posterior end was wider and more
roundish (Fig. 3.4 d-g). The pyrenoid is centrally located while the nucleus was located at
the near the posterior end of the cell body (Fig. 3.4 e-f). The transverse and longitudinal
flagella are positioned at the apex of the cells (Fig. 3.4 f). In culture, the cells were
characterized to be strongly attached to the substrate (i.e. wall and bottom of glass tubes
or flasks).
3.2.2 Prorocentrum elegans
The cells of P. elegans measured 17.62–19.98 µm long (avg. 19.28 µm; SD = 0.640;
n=30) and 14.07–16.85 µm wide (avg. 16.01 µm; SD = 0.726; n = 30). P. elegans cells
are characterized by their oval shape, yellow to brown-greenish color and large
periflagellar area (Fig. 3.5 a-e). The transverse and longitudinal flagella were located at
the cell apex (Fig. 3.5 b-c). The pyrenoid is small and positioned at the left anterior
whereas their nucleus is located near the posterior end of the cell body (Fig. 3.5 c).
Compared to other Prorocentrum strains investigated in this study, the cells of P. elegans
were the most active swimmer, despite their benthic habitat.
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Figure 3. 4. LM of strain P. sp.6: (a-d) a cluster of cells attached to a mucus-like material
(orange circle). Dead (D) and live (L) cells are shown. Scale bars = 50 µm (a-b) and 20
µm (c-d). (e-f) Single-cell images showing the broad oval to ovoid cell shape, central
pyrenoid (P) surrounded by a starch ring (red arrows), posteriorly-located nucleus (N),
transverse (TF) and longitudinal flagellum (LF). (g) Single cell image of a dead cell.
Scale bars = 20 µm.
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Figure 3. 5. LM of P. elegans (strain P.sp.11): (a) notice the clustered cells. Scale bar =
20 µm. (b-c) Cells are showing the posterior-located nucleus (N), pyrenoid (P), transverse
flagellum (TF), longitudinal flagellum (LF). (d-e) Images of dead cells showing the oval
shape and armor plates respectively; scale bar = 10 µm.
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3.2.3 Prorocentrum rhathymum
The Cells of P. rhathymum measured 33.36–36.97 µm long (avg. 36.01 µm; SD
= 0.901; n=30) and 14.07–16.85 µm wide (avg. 24.90 µm; SD = 1.119; n = 30).
They are oblong-to-ovate in shape and have a yellow to brownish color (Fig. 3.6 ac). The cells are almost equally rounded at both ends (Fig. 3.6 a-c). The periflagellar
area is characterized by its small V-shaped at the anterior end. The transverse and
longitudinal flagella were located at the cell apex (Fig. 3.6 a-b). The pyrenoid was
positioned at the anterior, whereas the nucleus is positioned near the posterior end of
the cell body (Fig. 3.6 a). Cells swam actively near the substrate in culture
containers.
3.2.4 Prorocentrum emarginatum
The cells of P. emarginatum measured 34.61–37.26 µm long (avg. 35.99 µm;
SD = 0.777; n=30) and 30.02–33.58 µm wide (avg. 31.75 µm; SD = 1.146; n = 30).
They were oval to roundish and had a yellow to brownish color (Fig. 3.7 a-d). The
cells are wider at the posterior end than the anterior (Fig. 3.7 b-c). The periflagellar
area has a triangle shape, or V-shaped (Fig. 3.7 b). The transverse and longitudinal
flagella are positioned at the cells apex (Fig. 3.7 c). A central pyrenoid was present
(Fig. 3.7 b-c). The nucleus was positioned the somewhat to the left posterior end of
the cell body (Fig. 3.7 c). In culture, the cells are strongly attaching to the substrate.
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Figure 3. 6. LM of strain P. rhathymum (strain P.sp.19): (a) Cluster of cells showing the
oblong-to-ovate shape of P. rhathymum with different positions, the nucleus (N) and the
longitudinal flagellum (LF). (b) Dying cells indicated by the less green and brown area.
(c) Image is showing two dead cells with armor plates. Scale bars = 20 µm.
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Figure 3. 7. LM of P. emarginatum (strain P. sp.22): (a) Cluster of P. emarginatum. cells
at 40 X showing living (L) and dead cells (D); scale bar= 20m, (b and c) at higher
magnification (100 X) showing the periflagellar area (Orange Circle), the Pyrenoid (P),
the Nucleus (N) and the Transverse Flagellum (TF). (d) Showing dead cells (left) and a
dying cell (right). Scale bar =10µm.
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3.3 Growth performances under different temperature conditions
All Prorocentrum species grew at the given experimental treatments, except at 34C
and 36C. But, P. sp.6 was the only strain that was able to grow at 34C (Fig. 3.8-3.11).
The exponential phase of each species started and completed at different days for each
temperature condition depending on the growth rate of the species (Fig. 3.8-11). The
four-species showed moderate growth rates with P. elegans showing the fastest growth
(Table 3.3; Fig. 3.12). The generation times for the maximum growth rates varied from
2.155-5.131 days, although the variability between the species was small (Table 3.3).
The relationship between the maximum growth rates at each experimental
temperature indicated that the growth did not show a sharp increase with regards to the
increase of temperature (Fig. 3.12). Identification of the optimum temperature was not
clear for most of species because the differences in the growth rate values were relatively
small between species, especially for P. emarginatum (Fig. 3.12 d).
However, there was a very sharp decline in growth when temperature approached the
critical maximum limit (Fig. 3.12). For P. elegans and P. emarginatum, the critical
maximum temperature was observed right after the maximum growth, so following the
optimum temperature. On the other hand, the minimum critical temperature was not
detected for the range of temperatures tested.
The activation energy for the slope of growth versus temperature was calculated for
the rise and fall traits. The rise trait was measured by calculating the slope of the
increasing points until it reaches the highest growth rate and the fall trait was measured
by calculating the slope for the points above the highest growth rate. Therefore, there was
a larger variability in the activation energy for the rise than that observed for the growth
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rates. The highest activation energy was observed in P. elegans: 0.779 kJ/mol for the rise
slope and 7.2693 kJ/mol for the fall slope (Table 3.3).
Furthermore, the Gaussian model used to identify the optimum temperature did not
fit well with the thermal curves of P. elegans and P. emarginatum (Fig. 3.13 b-d).
Whereas, for Prorocentrum sp.6 and P. rathymum the optimum temperature was well
approached and relatively close to that identified visually from the thermal curves (Table
3.4; Fig. 3.13 a-c).
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Figure 3. 8. Growth curves of Prorocentrum sp.6 at different temperature conditions: a.
24oC, b. 26oC, c. 28oC, d. 30oC, e. 32oC and f. 34oC. No growth was observed at 36oC.
Each treatment was conducted in triplicates (n = 3). Red dashed lines indicate changes in
the mean cell densities. Shaded areas indicate estimated logarithmic phases (exponential
growth), which were used to calculate growth rate (µ) in each temperature treatments. At
24C and 32C, P. sp.6 completed its exponential growth phase at day 25 and 23,
respectively (Fig. 3.8 a-e), while at 26C, 28C and 30C, it completed the exponential
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phase at day 19 (Fig. 3.8, b-d). In this case, the length of the log phase at 24C and 32C
was considered longer when compared to the rest of the temperature treatment. The
completion of the exponential growth phase of P. sp.6 at 26C, 28C and 30C was
relatively faster (between day 1 and 19) (Fig. 3.8 b-d), although the growth performance
at 34C was the poorest among other treatments (Fig. 3.8 f).
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Figure 3. 9. Growth curves of strain Prorocentrum elegans at different temperature
conditions: a. 24oC, b. 26oC, c. 28oC d. 30oC and e. 32aoC. No growth was observed at
34o and 36oC treatments. Each treatment was conducted in triplicates (n = 3). Red dashed
lines indicate changes in the mean cell densities. Shaded areas indicate estimated
logarithmic phases (exponential growth), which were used to calculate growth rate (µ) in
each temperature treatments. At 26C, Prorocentrum elegans completed its exponential
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growth phase at day 25 (Fig. 3.9 b), while at 28C, it was completed the phase at day 23
(Fig. 3.9 c). In this case, the length of the log phase between them was considered longer
when compared to the rest of the temperature treatment. The completion of the
exponential growth phase of Prorocentrum elegans at 24C, 30C and 32C was
relatively faster (between day 1 and 19) (Fig. 3.9 a, d, e).
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Figure 3. 10. Growth curves of strain Prorocentrum rhathymum at different temperature
conditions: a. 24oC, b. 26oC, c. 28oC d. 30oC and e. 32oC. No growth was observed at 34o
and 36oC treatments. Each treatment was conducted in triplicates (n = 3). Red dashed
lines indicate changes in the mean cell densities. Shaded areas indicate estimated
logarithmic phases (exponential growth), which were used to calculate growth rate (µ) in
each temperature treatments. At 24C, Prorocentrum rhathymum completed its
exponential growth phase at day 19 (Fig. 3.10 a), while at 26C and 30C it completed
the phase at day 15 and 17 respectively (Fig. 3.10 b-d). In this case, the length of the log
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phase was considered longer when compared to the rest of the temperature treatment. The
completion of the exponential growth phase of Prorocentrum rhathymum at 28C and
32C was relatively faster (between day 1 and 11) (Fig. 3.10 c-e).
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Figure 3. 11. Growth curves of strain Prorocentrum emarginatum at different
temperature conditions: a. 24oC, b. 26oC, c. 28oC d. 30oC, e. 32oC. No growth was
observed at 34o and 36oC treatments. Each treatment was conducted in triplicates (n = 3).
Red dashed lines indicate changes in the mean cell densities. Shaded areas indicate
estimated logarithmic phases (exponential growth), which were used to calculate growth
rate (µ) in each temperature treatments. At 24C, Prorocentrum emarginatum completed
its exponential growth phase at day 37 (Fig. 3.11 a). In this case, the length of the log
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phase was considered longer when compared to the rest of the temperature treatment. The
completion of the exponential growth phase of Prorocentrum emarginatum at 30C was
relatively faster (between day 1 and 19) (Fig. 3.11 c).
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Table 3. 3. The growth performances of Prorocentrum spp. from the Central Red Sea
estimated visually in Fig. 3.12. Symbols and abbreviations: Topt - optimum temperature;
Max GR - maximum growth rate; Max CL - maximum critical limit; GT - generation
time for the maximum growth rate; Ea - is the activation energy for the rise and fall traits.
Species

Topt

Max-GR Max-CL

GT

Ea (rise)

Ea (fall)

5.131
days

0.35
kJ/mol

1.0279
kJ/mol

(2.155 2.159)
days

0.779
kJ/mol

9.431
kJ/mol

Prorocentrum
28C
sp.6
Prorocentrum
elegans

0.135
day^-1

36C

(30-32)
C

(0.321 0.320)
day^-1

28C

0.161
day^-1

34C

4.279
days

0.226
kJ/mol

3.5003
kJ/mol

32C

0.158
day^-1

34C

4.373
days

0.134
kJ/mol

16.076
kJ/mol

34C

Prorocentrum
rathymum
Prorocentrum
emarginatum

Table 3. 4. The growth performances of the Prorocentrum spp. estimated from the
Gaussian model (Fig. 3.13). Topt represents the predicted optimum temperature. For two
Prorocentrum species, P. elegans and P. emarginatum, the Gaussian model did not fit
well with their corresponding thermal curves in (Fig. 3.12).
Species

Topt

Prorocentrum sp.6

27.17C

Prorocentrum elegans

29.33C

Prorocentrum rathymum

26.87C

Prorocentrum emarginatum

27.64C
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(a) Prorocentrum sp.6

(b) Prorocentrum elegans
Grwoth Rate of Prorocentum elegans

Growth Rate of Prorocentrum Sp.6
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Figure 3. 12. The growth rate of Prorocentrum species at different temperature
treatment. a. Prorocentrum sp.6, b. P. elegans, c. P. rhathymum and d. P. emarginatum.
Each error bars represent the standard deviation of the growth rate mean.
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(a) Prorocentrum sp.6

(b) Prorocentrum elegans

(c) Prorocentrum rhathymum

(d) Prorocentrum emarginatum

Figure 3. 13. The Gaussian function describes the relationship between the temperature
and the growth rate for some of the species (i.e. P. sp.6 and P. rhathymum). a. P. sp.6, b.
P. elegans, c. P. rhathymum and d. P. emarginatum. The dots show the growth rate
triplicate for each temperature.
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3.4 Toxin analysis
This study was the first to investigating the toxin content of the okadaic acid (OA) in
different Prorocentrum species isolated from the Central Red Sea, Saudi Arabia. Ultrahigh performance liquid chromatography - mass spectrometry (UHPLC- MS) was used to
analyze the presence of OA molecule produced by each investigated species. A blank
with methanol and an OA standard with a known concentration of 10 ppb (10 ppb = 10
pg/µL) were ran before analyzing the samples. With the established method, the UHPLC
system was expected to detect the OA molecule at a retention time between 5-8 min,
while the MS system was expected to detect the OA mass with a molecular weight of 803
m/z.
The results of UHPLC for each Prorocentrum species at different temperature
conditions are shown in Fig. 3.14. Positive OA peaks appeared only in the OA standard at
a retention time of 6.4 min. Similar peak was not observed in any of the Prorocentrum
species. This is indicative that the strains did not produce OA, and presumably any
analogue or derivative of this toxic compound, at any temperature conditions.
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Figure 3. 14. Ultra-high-performance liquid chromatography (UHPLC) chromatograms
of different Prorocentrum species (P. elegans, P. rhathymum, P. emarginatum and
Prorocentrum sp.6,) extracts at different temperature conditions.
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CHAPTER 4
Discussion
4.1 Identity of species
Based on the LSU rDNA D1-D3 molecular phylogeny, the three Prorocentrum
strains (i.e. P. sp.11, sp.19 and sp.22) were identified as P. elegans, P. rhathymum and P.
emarginatum, respectively. Their identification was related to the short branching lengths
and the relatively low sequence divergences (Fig. 3.1-3.3; Table 3.1). On the other hand,
P. sp.6. was the only strain that could not be confirmed using molecular approach. The
closest lineage to this strain was P. leve. The long branch connecting them indicated that
they were distantly related, which was supported as well by the relatively high sequence
divergence (Table 3.1).
With regards to cell morphology, Table 4.1 summarize the morphological
comparisons between the Red Sea strains and other studies. The cells of P. elegans are
characterized by their oval, small size and its yellow to brownish color as well as their
wide periflagellar area. The measured cell size, shape and color in our result was similar
to the original description of P. elegans by Faust (1993) and David et al. (2014). The
cells of P. elegans was also differentiated from other Prorocentrum species in term of
their habit, in which they can either swim freely or attached to a surface. This is in
agreement with Faust (1993) description.
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However, the position of the nucleus was described differently from the literatures.
Faust (1993) and Hoppenrath et al. (2013) mentioned that the nucleus was located at the
cells anterior while the nucleus in our result and David et al. (2014) was positioned at the
posterior end of the cell. This might be related to the inaccurate identification of the
nucleus position from the original description or because information with regards to
light microscope images are scarce for this species (Hoppenrath et al., 2013; David et al.,
2014).
P. rhathymum from the Central Red sea, was found to be morphologically similar to
P. rhathymum reported elsewhere. This species has been often misidentified as a
synonym of P. mexicanum Osoria-Tafal, albeit both are currently regarded as two distinct
species of Prorocentrum (Steidinger, 1983; Cortés-Altamirano et al., 2003). P.
rhathymum is differentiated from P. mexicanum as being benthic species, while the latter
is a planktonic. The general morphology of P. rhathymum was similar to the Korean
strain described by Faust et al. (2008), Lim et al. (2013) and Hoppenrath et al. (2013).
The cell dimensions were reported ranged between 28-40 m long and 18-25 m wide,
with a cell shape of oblong-to-ovate and a nucleus positioned at the posterior end (Table
4.1). The cells were characterized by their golden-brown chloroplasts and their actively
swimming habitat which agreed with the description by Mohammad-Noor et al. (2004).
The detection of the pyrenoid was not always present, Mohammad-Noor et al. (2004) and
Hoppenrath et al. (2013) have demonstrated the presence of the pyrenoid while CortésAltamirano et al. (2003) have mentioned that Loeblich et al. (1979) did not observe the
organel. In my observation, the pyrenoid was present in strain P. rhathymum from the
Red Sea.
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With respect to the Red Sea strain of P. emarginatum, its morphology was in
confirmation with the description of P. emarginatum by Faust (1993), Grzebyk et al.
(1998), Cortés-Altamirano et al. (2003) and Luo et al. (2017). Their description on the
cell shape, size, nucleus position and their benthic habitat are similar. They also
mentioned that P. emarginatum possess a narrow V-shaped preiflagellar area that look
similar to Prorocentrum fukuyoi Murray et Nagahama (Cortés-Altamirano et al., 2003;
Luo et al., 2017). The presence of a central pyrenoid is in agreement with MohammadNoor et al. (2004), despite other studies lack information regarding the presence or
absence of this organelle (Cortés-Altamirano et al., 2003; Luo et al., 2017).
The specific identity of Prororcentrum sp.6 (strain P. sp.6) was not completely
resolved in my study, despite both morphological and molecular phylogenetic analysis
were used to characterize the strain. Morphologically, to some extent, P. sp.6 shared
similarity to P. leve. The cell shape, size range, color, position of nucleus and the
presence of pyrenoid generally matched to characteristic of P. leve (Table 4.1 and the
information provided in Cortés-Altamirano et al. (2003), Faust et al. (2008) and David et
al. (2014). Furthermore, cells of P. leve was reported to strongly attached to the substrate,
which was also the case in P. sp.6. Although, these evidences suggest the close similarity
of the Red Sea strain with P. leve, the large genetic distance between them hindered me
to draw a final conclusion with regard to the strain specific identity. There two
possibilities why this issue arose. First, there is a problem with the sequencing results,
presumably because of DNA contamination by other algal species during culture.
Secondly, I speculate that the strain could actually represent an undescribed
Prorocentrum species unique to the Red Sea, However, further examination is required to
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clarify this issue. For example, using scanning electron microscope (SEM) to reveal
detailed surface ultrastructure of the cell and its periflagelar platelet arrangement.
Subsequently, resequencing the LSU rDNA region from free-contaminated culture and
employing other genetic marker, i.e. the small subunit (SSU) rDNA and the internal
transcriber spacer (ITS) region, might provide new evidences to solve this problem. At
this stage, I refrain to provide further taxonomic designation for this species and retain
the strain name for its identity (i.e. Prorocentrum sp.6).
4.2 Growth performance
The temperature conditions chosen for the growth experiments covered the in-situ
temperature conditions of the Al Fahal Reef and KAEC Lagoon station (Fig 4.2).The
optimum growth temperature of Prorocentrum species in our study were estimated either
by the thermal curves or the Gaussian model. The optimum temperature determined for
P. sp.6 and P. rhathymum was around 28C based on the thermal curves. This somewhat
agree with the Gaussian model, which shows the optimum range between 26.87 C 27.17C. The optimum temperature estimated from the thermal curves for the other two
species, P. elegans and P. emarginatum, were in the range of 30C - 32C, which did not
fit with the estimation from the Gaussian model. Determination of the optimum growth
temperature was generally not clear for some of the investigated species, in particular P.
emarginatum (Fig. 3.12 d). This is likely caused due to the small growth rate values of
the species.
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Figure 4. 1. The range of water temperature during 2016 – 2017 time series sampling
from Al Fahal Reef and KAEC Lagoon stations in the Central Red Sea. The temperatures
ranging 23.9C–32.17C in Al Fahal Reef and 23.1C–33.2C in the Lagoon stations.

Furthermore, the Gaussian model used to determine the optimum temperature did not
fit well with the thermal curves of these species (Fig 3.13). Therefore, other complex
models such as, the Modified Gaussian model and Exponentially Modified Gaussian
model (Angilletta, 2006), could be applied in order to obtain better results on the
optimum growth temperature of Prorocentrum species in this study.
The maximum critical limit was identified in our study and resulted in a sharp
decrease in growth rates at the temperature above the optimum temperature. This
indicated that three out of four Prorocentrum species could not grow at temperatures
above 32C and 34oC for P. sp.6. On the other hand, the minimum critical limit could not
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be determined besides the temperature range used in the growth experiments were close
to the in-situ temperature in the sampling locations, although we overpassed the
maximum temperature in the treatments, but not the minimum (Fig. 4.2).
The thermal curves for the Prorocentrum species in our study were characterized
by left skewness which was determined by the higher activation energy value of the fall
trait compared to the rise trait. This indicates that the Prorocentrum species investigated
in this study are more sensitive to thermal increase rather than the decrease of
temperature. This was reflected by the sharp decrease of growth rate above the optimum
temperature (Dell et al. 2011; Coello-Camba et al., 2017). This result suggest that the
Prorocentrum species isolated from the Red Sea will not survive when temperatures in
the Red Sea increased above their critical maximum limit (34oC and 36oC for P. sp6).
The growth vs. temperature curves observed in our study for the Prorocemtrum species,
lacking a specific clear growth response when reaching an optimum suggest they must be
“generalists” (Angiletta 2009), indicating low blooming capacity related to temperature
changes.
4.3 Toxicity of Prorocentrum species
This study is the first to investigate the toxin production (i.e. OA) of Prorocentrum
species isolated from the Red Sea. All results were negative for each species at any
temperature conditions. This could also mean that dinophysistoxins (DTXs) and their
analogues or derivatives are likely not produced. The absence of OA in P. elegans and P.
emarginatum is in agreement with Faust (1993), Mohammad-Noor et al. (2004),
Escoffier et al. (2007), Aligizaki et al. (2009) and David et al. (2014). Currently, there
are no harmful incidents reported by these two species.

62
With regards to P. rhathymum, strains of this species were reported to produce OA in
some areas, such as USA (An et al., 2010) and Malaysia (Caillaud et al. 2010). Whereas
in other locations, such as Japan (Yasumoto et al., 1987) and Greece (Aligizaki et al.,
2009), the toxins were not detected. This is in agreement with our negative result. Despite
the lack of OA and dinophysistoxins (DTXs) in P. rhathymum, the species was suggested
able to produce other toxic substances (e.g. haemolytic and fast acting toxins) (Nakajima
et al. 1981; Pearce et al., 2005).
The results of OA analysis for P. sp.6 was also negative. When found this strain was
a lineage close to P. leve, then the result of toxin analysis of this strain conformed with
Aligizaki et al. (2009). Although Faust et al. (2008) suggested that P. leve to be a toxic
species. Unfortunately, detailed study of P. leve strains, including its toxicity are scarce
and more effort are needed to confirm its potential harmful effect.
Nevertheless, investigations of potentially toxic Prorocentrum strains as well as
other harmful algae species, from new locality, should include at least toxicological
analysis in order to better understand their potential harmful effects.
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