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Abstract: In November 2020, a high biomass multi-species algal bloom caused heavy water discoloration in the fish
and mussel farm areas of the Johor Strait, Malaysia. A total of 19 microalgal taxa were identified from the plankton
samples collected during the bloom event. Eleven genera were diatoms, and eight genera were dinophytes. The mi-
croalgal composition was dominated by the diatom Guinardia sp., with an average cell density of 1.7X10° cells L™,
making up 65-80% of the phytoplankton composition. Concomitantly, high densities of the dinophytes Heterocapsa
minima (3.8-5.3x10° cells L™!) and Karlodinium spp. (3.5-6.6x10° cells L™!) were found. This is the first record of
the occurrence of H. minima in Malaysian waters. Detailed morphological observations of H. minima based on scan-
ning electron microscopy are presented in this study. To have a better insight into the Heterocapsa species assemblages
in the Johor Strait, the diversity of Heterocapsa species assemblages along the strait was investigated based on a me-
tabarcoding approach. Environmental DNA collected between 2018 and 2019 was used for high throughput amplicon
sequencing targeting the small subunit (SSU) ribosomal RNA gene marker. The metabarcoding analysis detected three
rare Heterocapsa species in the waters, H. niei, H. rotundata, and H. steinii. The results showed that Heterocapsa
species assemblages varied temporally across the strait, with higher species diversity and amplicon sequence variant
(ASV) read abundances detected in the Eastern Johor Strait. Although no fish/shellfish kills were sighted during the
2020 bloom event, the presence of harmful microalgal species, such as Heterocapsa minima and Karlodinium spp.,
urged the need for a comprehensive HAB monitoring program in the Strait to safeguard the aquaculture industry in the
areas.
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Introduction

Phytoplankton plays an important role in marine and
freshwater ecosystems as they serve as a primary producer
and support higher trophic levels of aquatic ecosystems.
These microscopic organisms also provide dissolved oxy-
gen essential for marine organisms as part of the by-prod-
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uct of the photosynthesis process (Falkowski et al. 2003).
However, Harmful algal blooms (HAB), an increase in the
microalgal biomass, can cause deleterious effects on the
environment and its organisms. In other words, HAB is a
natural phenomenon due to the rapid proliferation of one
or more species of microalgae in the environment (Lim et
al. 2012). The impact of HABs has been accelerated by the
rapid development and expansion of aquaculture areas that
disrupt the nutrient balance of aquatic ecosystems (Bukola
et al. 2015, Er et al. 2018).
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HAB not only affects human health (Hallegraeff et al.
2021), but it also causes a tremendous impact on the aqua-
culture industry by causing massive fish mortality. Many
past studies have demonstrated that some HAB species
produced neurotoxins that killed marine organisms (e.g.,
Lim et al. 2014, Furuya et al. 2018) while others promoted
hypoxic/anoxic conditions (e.g., Escobar et al. 2013, Mohd-
Din et al. 2020). HAB species that caused mass fish mor-
tality have been well documented in the coastal waters of
Malaysia (Yiiguez et al. 2021). These included the raphi-
dophytes Chatonella B.Biecheler (Choo 1994, Leaw et al.
2018, Lum et al. 2021), the dinophytes Ceratium (Tripos)
furca (Lemmerman) Jorgesen (unpublished data), Mar-
galefidinium polykrikoides (Margalef) F.Gomez, Richlen
& D.M.Anderson (Anton et al. 2008, Harun et al. 2015,
Mohd Razali and Shahuntalla 2017), Noctiluca scintillans
(Macartney) Kofoid & Swezy (Choo 1994, Mohd Razali
et al. 2016), and Karlodinium australe Salas, Bolch & Hal-
legraeff (Lim et al. 2014, Teng et al. 2016). Blooms of
Margalefidiniun sp. along the coast of northwestern Pen-
insular Malaysia in 2020 were among the massive blooms
that caused massive fish kills in the aquaculture areas
(Mohd Razali et al. 2020).

HABs have also been reported to impact shellfish aqua-
culture worldwide (Shumway 1990, Matsuyama et al.
1997a). The dinophyte species Heterocapsa circularis-
quama Horiguchi, Gymnodinium aureolum (E.M.Hulburt)
Gert Hansen, and the raphidophyte Chattonella marina
(Subrahmanyan) Y.Hara & M.Chihara have been reported
to kill shellfish (Matsuyama 1999, Basti et al. 2011, Kim
et al. 2011b). However, to our knowledge, there is no in-
formation on the occurrence of this type of HAB species,
particularly the species of Heterocapsa F.Stein, in Malay-
sian waters. This study documented, for the first time, a
bloom event associated with high abundances of Hefero-
capsa species in the proximity of shellfish farms in the
Johor Strait, Malaysia. In addition, to fill the gaps, this
study aims to provide insights into the spatial and tempo-
ral distribution of Heterocapsa species in the Johor Strait
by applying next-generation sequencing using the metabar-
coding approach.

Materials and Methods

Study sites and sampling strategies

On 13 November 2020, a field survey was undertaken
at three locations along the Johor Strait: Al (1°27'19.1"N
103°41'31.1"E), A2 (1°28'9.2"N 103°50'58.7"E), and A3
(1°27'41.0"N 103°51'40.1"E) (Fig. 1). Duplicate water sam-
ples were collected using a Van Dorn water sampler from
each station. One liter of water sample was filtered through
a 10 yum-mesh sieve. Plankton samples that were retained
on the sieve were washed back into a 100 mL sampling
bottle and preserved with 1% acidic Lugol’s solution for
cell enumeration and identification. Water quality param-

eters of salinity, pH, temperature, total dissolved oxygen
(DO; mg L"), and total suspended solids (TSS) were mea-
sured in situ using a YSI ProPlus multiparameter water
quality probe (Yellow Spring, Ohio, USA). Dissolved inor-
ganic macronutrients (nitrate, nitrite, ammonia, and phos-
phate) were measured using the HACH DR3900 Spectro-
photometer (HACH, USA) according to the manufacturer’s
protocols.

Phytoplankton cell enumeration and species identifi-
cation

Phytoplankton cell densities were determined by count-
ing 1 mL of samples using a Sedgewick Rafter slide under
a Leica CME compound microscope (Buffalo, NY, USA).
Phytoplankton cell densities (in cells L") were determined
from triplicate counts.

For species identification, cells were observed under an
Olympus 1X70 inverted microscope (Tokyo, Japan) at a
100 Xmagnification. Digital micrographs were captured
using a CCD camera and Analysis® software (Soft Im-
aging System Inc., USA). Phytoplankton taxa were iden-
tified to genus and/or species levels according to Round
et al. (1990), Hasle et al. (1996), Tomas (1997), Omura
et al. (2012). The taxonomic assignments were further
confirmed by referring to AlgaeBase (Guiry and Guiry
2021; http:/www.algaebase.org) and the World Register
of Marine Species (WoRMS Editorial Board 2022; http://
Www.marinespecies.org).

Morphological observations of Heterocapsa species

Preserved cells of Heterocapsa species were examined
with light microscopy (LM) using an Olympus IX51 in-
verted light microscope, equipped with an Olympus DP72
digital camera (Olympus, Tokyo, Japan). Digital images
of cells were captured to record cell shape, the position of
pyrenoids, and position and shape of the nucleus.

For scanning electron microscopy (SEM), cells were
pre-treated with 60% ethanol by centrifugation at 800X g
for 5 min; the supernatant was discarded. These pre-treat-
ment steps were repeated twice. Distilled water was added
to re-suspend the pelleted cells. The cells were then filtered
onto a 3-um polycarbonate membrane filter using a vacu-
um manifold. The dehydration steps were started with 30%
ethanol and gradually increased to 50%, 75%, 90%, 95%,
99%, 99.5% and 100% ethanol. Each of the dehydration
steps was carried out for at least 15 min. The membrane
was folded and transferred into a 1.5 mL centrifuge tube
containing 300 uL of 100% ethanol. The sample was kept
at —20°C for 15 min, then freeze-dried at —115°C with a
pressure of 0.2 bar for 40 min. The treated samples were
mounted onto a stub and coated with a thin layer of gold-
palladium. The samples were observed under a JSM-6510
SEM (JEOL, Japan).
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Fig. 1.

(a) Map showing the sampling locations in Johor Strait, Malaysia, during the bloom events on 12 November 2020 (triangle sym-

bols) and monthly sampling locations between May 2018 and September 2019 (square symbols). (b) Water discoloration in the aquaculture

areas of Station Al.

Assessing Heterocapsa diversity assemblages by DNA
metabarcoding

In order to have better insight into the Heterocapsa
species assemblages in the Johor Strait, this study has re-
trieved the environmental DNA (eDNA) samples as de-
scribed in Hii et al. (2021). The samples were collected
between May 2018 and September 2019 at 19 sampling
stations across the Johor Strait (Hii et al. 2021; as illus-
trated in Fig. 1). In brief, the plankton samples were col-
lected using a 15 um-mesh size plankton net, followed by
vacuum-filtration onto a 0.2 yum-mesh pore-size nylon fil-
ter membrane (Johnson®, Tividale, England) and preserved
with 10 mL of modified saline ethanol (Miller and Scholin
2001) in a sterile conical tube and kept at —20°C.

Genomic DNA was extracted from the saline ethanol-
preserved samples using the TOYOBO Magextractor plant
genome extraction kit (Tokyo, Japan). The VO region of the
small subunit ribosomal RNA gene (SSU rDNA) was am-
plified using a pair of eukaryotes-universal primers, 1391F
(5'-GTACACACCGCCCGTC-3") and EuKB (5-TGATCC
TTCTGCAGGTT-CACCTAC-3") (Stoeck et al. 2010) as

described in Hii et al. (2021). The amplicons were then se-
quenced with an Illumina MiSeq platform (Illumina, San
Diego, USA) using a paired-end MiSeq Reagent Kit v2
(2%250 bp) following the manufacturer’s instructions.

Sequences obtained in this study are available in the
Sequence Read Archive, NCBI (http://www.ebi.ac.uk/ena)
under the accession numbers BioProject PRINA727463.
The sequencing results were quality filtered, merged,
dereplicated, and the chimeras removed using the DADA2
pipeline in R (Callahan et al. 2016). The parameters were
set as follows: maxEE=c (2,2); minLen=200; truncLen=
¢ (90,90); minBoot=80; and Min overlap=12 bases. The
taxonomy of the amplicon sequence variants (ASVs) was
then annotated with a naive Bayesian classifier (Wang et
al. 2007) as implemented in the DADA2 pipeline against
the Protist Ribosomal Reference (PR2) database (Guillou
et al. 2013) and own in-house Heteroscapsa curated da-
tabase (available upon request). The spatial and temporal
distribution of Heterocapsa species (in ASV reads) in the
Johor Strait were visualized by a bubble chart plotted us-
ing ggplot?2 (Wickham 2016) in R package (R Core-team
2021).
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Results and Discussion

The 2020 bloom event

On 12 November 2020, the Fisheries Department of
Johore State (Malaysia) received a report from the local
green mussel farmers regarding water discoloration around
the water of Melayu River (station Al; Fig. la). Intense
green to brown patches of discoloration had been sighted
covering an area of about 10 km in length from Melayu
River to Pendas. The local folks also noticed waters turned
slimy with odor for several days (Fig. 1b). There are 20
mussel farms and six caged fish breeders in the Melayu
River area. Fortunately, no mussel mortality or fish kills
were reported during the bloom event.

A total of 19 taxa of microalgae were documented at
the three sampling stations (A1-A3) during the bloom
event, with 11 genera of diatoms and eight genera of dino-
phytes (Figs 2, 3). The microalgal composition was domi-
nated by the diatom Guinardia sp., with cell densities
ranging between 1.2X10°cellsL™" and 2.4X10°cells L™
(67-80% of the relative abundance; Fig. 3). Bloom-
forming and harmful species of dinophytes, Karlodinium
sp. and Heterocapsa minima A.J.Pomroy, were found
at considerably high cell densities, ranging from 3.5-
6.6X10° cellsL™' and 3.8-5.3X10°cells L', respectively
(Fig. 3a). Other harmful or potentially harmful dinophyte
taxa, Alexandrium, Ceratium (Tripos), Dinophysis, Gyro-
dinium, Margalefidinium, and Protoperidinium were also
recorded in the samples but composed only a minority of
the overall phytoplankters (<0.2%; Fig. 3c).

The environmental properties of temperature, pH,
and salinity recorded at the sampling stations during the
bloom event ranged from 30.5-32.4°C, pH 8.21-8.82,
and salinity of 14.3-18.1, respectively. The DO levels of
7.18-10.57 mg L' were within the recommended range
for aquaculture. The concentrations of ammonia, nitrate,
and phosphate were in the ranges of 0.13-0.19 mgL™",
0.3-1.2mgL™", and 0.77-1.76 mg L', respectively; which
exceeded the acceptable values of the Malaysian Marine
Water Quality Criteria and Standard (Class 2; Department
of Environment Malaysia 2021). A lower nitrite level was
recorded, 0.008-0.03 mg L™". TSS concentrations ranged
from 231 mg L' to 468 mg L™, also exceeding the accept-
able values of Marine Water Quality Criteria and Standard.

It is well recognized that environmental factors such as
temperature, salinity, light penetration, and unbalanced
nutrient conditions affect both the growth of phytoplank-
ton and alter the phenology of phytoplankton blooms (An-
derson et al. 2002, Granéli and Flynn 2006, Trombetta et
al. 2019). Excess of macronutrients such as nitrogen and
phosphorus are the primary drivers for coastal eutrophi-
cation (Glibert and Burford 2017) and this has caused the
phytoplankton community to shift from a diverse assem-
blage to the proliferation of harmful microalgal species
(Anderson et al. 2012, Hallegraeff et al. 2021). Previous

studies have shown that the nutrient dynamics and envi-
ronmental variabilities significantly influenced the spatio-
temporal shifts of phytoplankton community assemblages
in the Johor Strait (Chai et al. 2021, Mohd-Din et al. 2020,
2022), and likely promoted HAB events in the aquacul-
ture sites (Lim et al. 2014, Kok and Leong, 2019, Hii et
al. 2021). For instance, enrichment of inorganic nitrogen
shifted the community from the dominant diatom Rhizo-
solenia to the chain-forming diatoms like Skeletonema,
Pseudo-nitzschia, and Thalassiosira in the Johor Strait
(Hii et al. 2021, Mohd-Din et al. 2022), particularly in
the freshwater-influenced environment (Mohd-Din et al.
2022). Several past studies also claimed that the harm-
ful dinoflagellate blooms in the area were attributable to
eutrophication, especially during the high availability of
phosphate (Buzanci¢ et al. 2016, Mohd-Din et al. 2020).
The nutrient phosphate is required by dinoflagellates (Tem-
perton et al. 2011, Sahraoui et al. 2013) for their growth
metabolic structures and functions (Lin et al. 2016).

Heterocapsa species are small thecate dinophytes,
ranging from 6 to 45 um (Iwataki 2008). To date, there
are 25 species of Heterocapsa that have been described,
21 species are taxonomically accepted (Guiry and Gui-
ry 2021). Species of Heterocapsa are distributed world-
wide (Boonyapiwat 1999, Matsuyama 1999, Iwataki 2008,
Hernandez-Becerril et al. 2010, Baek et al. 2011, Salas et
al. 2014, Tan et al. 2016, Lee et al. 2019, Balci et al. 2020).
The species Heterocapsa minima was found, for the first
time, in bloom samples collected from the Johor Strait.
This represents the first record of the species occurrence
in Malaysian waters. The species has a wide geographi-
cal distribution, as it has been reported in the Northeast
Atlantic Ocean (Iriarte et al. 2003, Salas et al. 2014), Gulf
of Naples, the Tyrrhenian Sea (Percopo et al. 2011), Korean
(Lee et al. 2019), and New Zealand waters (Balci et al.
2020).

Cells of H. minima collected from Johor Strait resem-
bled H. minima described previously (Pomroy 1869, Lee et
al. 2019). Morphologically, the cells have a conical shape
of epitheca, rounded hypotheca with a larger epitheca (Fig.
4). The cells ranged from 6.5-9.2 ym long (7.76+0.98 um;
n=5) and 5-6 yum wide (5.21%=0.32 um; n=5). The large
and ellipsoid nucleus is in the hypotheca, whereas the
spherical pyrenoid is positioned in the epitheca. The the-
cal plate arrangement is as follows: Po, cp, X, 5,3a, 7", 6c¢,
5s, 5™, 2"". No cell with a red accumulation body was ob-
served in the preserved environmental samples. Cells of H.
minima collected from Johor Strait also possess the thecal
pores found surrounding the cell (Fig. 4) as described in
the cells of H. minima (HMMJ1604) collected from Korea
(Lee et al. 2019).

Spatio-temporal distribution of Heterocapsa species in
Johor Strait

Blooms of Heterocapsa have been reported in several
Asia Pacific countries, including Japan, China, and Korea
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Fig. 2. Common diatoms and dinoflagellates observed during the bloom event on November 2020 in the Johor Strait. (a) Akashiwo
sanguinea. (b) Alexandrium sp. (¢) Gyrodinium sp. (d) Pyrophacus sp. (e) Karlodinium sp. (f) Peridinium sp. (g) Protoperidinium sp.
(h) Chaetoceros sp. (1) Coscinodiscus sp. (j) Lauderia sp. (k) Cylindrotheca sp. (1) Pleurosigma sp. (m) Skeletonema sp. (n) Pseudo-nitzschia
sp. (0) Thalassiosira sp. (p) Guinardia sp. Scales, 20 ym (a—0), 100 um (p).

(Horiguchi 1995, Matsuyama 1999, Iwataki et al. 2002,
Baek et al. 2011, Sakamoto et al. 2021). Heterocapsa spe-
cies that were associated with red tides were H. circu-
larisquama and H. rotundata (Lohmann) Gert Hansen
(Boonyapiwat 1999, Matsuyama 1999, Kamiyama et al.

2001, Iwataki et al. 2002, Litaker et al. 2002, Hernan-
dez-Becerril et al. 2010, Baek et al. 2011). These bloom-
forming species caused water discoloration, and some of
the bloom events have been associated with mollusk kills
(Matsuyama 1999, Iwataki et al. 2002, Matsuyama 2003a,
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Fig. 3. Phytoplankton abundances (a) during the bloom event on November 2020 at the three sampling stations in Johor Strait.
Tree map (b) showing the dominant groups of phytoplankton and (c) species compositions in percentages.

Basti et al. 2009, Basti et al. 2011). For instance, a H. cir-
cularisquama bloom that reached up to 25X10* cells mL™'
resulted in the mortality of shellfish in Japan (Matsuyama
1999, Matsuyama 2003a, Basti et al. 2009). In a laboratory
experiment, bivalves showed behaviors such as vigorous
clapping and shrinkage of the mantle after exposure to H.
circularisquama (Nagai et al. 1996, Basti et al. 2009, Kim
et al. 2011a, Matsuyama 2012). Cells of H. circulariquama
might cause damage to several organs of shellfish, thus
leading to physiological stress and ultimately resulting in
death (Kim et al. 2011a, Basti et al. 2011, 2016). Besides,
H. circularisquama also adversely affects the development
of larvae of several bivalves, and the reproduction of bi-
valves (Matsuyama 2003b, 2012, Basti et al. 2011, 2013).
While Heferocapsa blooms caused massive shellfish kills,
there have been no reports on harmful effects on wild and
cultured finfishes (Horiguchi 1995, Matsuyama 1999, Iwat-
aki et al. 2002, Baek et al. 2011, Sakamoto et al. 2021).
Since most Heterocapsa species are relatively small and
morphologically similar, they are difficult to differentiate
from each other by conventional light microscopy (Horigu-
chi 1995, Iwataki 2008). The presence of Heterocapsa spe-
cies in the tropical Asian region is limited to a few records
with new species descriptions (Iwataki et al. 2009, Xiao et

al. 2018, Benico et al. 2021, Choi and Kim 2021) and they
have never been previously encountered in Malaysian wa-
ters. Given the sparse knowledge of this harmful species,
particularly of the tropical populations, it is thus, important
to gain more information regarding the species occurrence,
distribution, and the environmental driving factors that
permit Heterocapsa to bloom at unpredictable intervals of
time.

High throughput sequencing with a metabarcoding ap-
proach applied on the 194 plankton eDNA samples collect-
ed between May 2018 and September 2019 from the Johor
Strait revealed a total of 211 ASVs that were classifiable as
Heterocapsa species, including 131 ASVs corresponding
to H. niei (A.R.Loeblich) L.C.Morrill & A.R.Loeblich, 30
ASVs corresponding to H. rotundata, and 50 ASVs as H.
steinii Tillmann, Gottschling, Hoppenrath, Kusber & El-
brachter. However, the newly identified species H. minima
was not detected in our metabarcoding data. One possible
explanation is that H. minima is relatively smaller in size
(<10 um), and the sampling approach adopted in this study
by using a 15 um-mesh plankton net most likely did not re-
tain the cells in the samples, thus hampering the detection
of this species in these metabarcoding datasets. Further-
more, currently there is no SSU rDNA sequence yet avail-
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Fig. 4. Heterocapsa minima. LM. (a-b) Lugol’s fixed cells showing pyrenoids (Py) and nucleus (N). Scales, 5 um. (¢) SYBR-stained cells
showing rounded nucleus in the hypotheca. Scale, 5 um. SEM. (d—k). Ventral (d—g) and dorsal views (h—k) showing the thecal plate arrange-
ment. Po, apical pore plate; X, canal plate; 1'-5’, apical plates; 1a—3a, anterior intercalary plates; 1"—7", precingular plates; C1-C6, cingular
plates; Sa, anterior sulcal plate; Ssa, left anterior sulcal plate; Ssp, left posterior sulcal plate; Sd, right sulcal plate; Sp, posterior sulcal plate;
1"-5", postcingular plates; 1”"—2"", antapical plates. Scales, 1 um. (k) Close up of the apical pore plate, Po. Scale, 0.5 um.

able for this species in the public databases for sequence
verification and metabarcoding data validation. Detection
of harmful microalgae based on a metabarcoding approach
is dependent on the availability of reference sequences in
database libraries. Therefore, it is important to obtain se-
quence information for HAB species to improve the se-
quence database library for future molecular detection of
HAB species using a metabarcoding approach (Nagai et al.
2017, Hii et al. 2021).

Nonetheless, the metabarcoding approach detected three
rare Heterocapsa species in these waters, i.e., H. niei, H.
rotundata, and H. steinii. The Heterocapsa species assem-

blages varied temporally across the strait (Fig. 5). Higher
species diversity and ASV read abundances were detected
in the Eastern Johor Strait (EJS). Heferocapsa niei was
the most abundant and was detected in March 2019, fol-
lowed by H. rotundata. A high ASV read abundance of
H. rotundata was observed in July 2019 (ST14, EJS), and
gradually decreased toward the outermost station, STI8
(Fig. 5). Slightly higher ASV reads of H. rotundata (1607
reads) were also observed at WJS (ST7) in July 2019. Con-
siderably high ASV read abundances of H. steinii were
also observed at ST14 and ST15 during May, August, and
September 2019, and ST18 in April 2019, where August
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Fig. 5. Spatio-temporal information on Heterocapsa species assemblages in the Johor Strait between May 2018 and September 2019.

2019 (ST15) recorded the highest ASV reads (3,940 reads)
throughout the sampling period.

Conclusion

The bloom event in the West Johor Strait in November
2020 was attributed to a multispecies bloom comprised of
the diatom Guinardia sp., and the dinophytes Heterocapsa
minima and Karlodinium spp. This is the first report of
the presence of H. minima in Malaysian waters. Although
no fish/shellfish mortality was reported during the bloom
event, the presence of HAB species, in this case, Hetero-
capsa minima and Karlodinium spp., urged the need for a
comprehensive monitoring program to safeguard the aqua-
culture industry in the area.

Acknowledgements

The work was supported by the Malaysian Govern-
ment through the Ministry of Higher Education, Ma-
laysia, Long-term Research Grant Scheme (LRGS)
[LRGS/1/2020/UMT/01/1/3], Higher Institution Centers of
Excellence (HiCOE) [IOES-2014C] to PT Lim; and 11%

Malaysia Plan Development Fund to R.Mohd Razali. The
authors are grateful to the Johor Fisheries Office and Wa-
ter Quality Laboratory, Fisheries Research Institute Gelang
Patah for their assistance in sampling and water quality
analysis.

References

Anderson DM, Glibert PM, Burkholder JM (2002) Harmful algal
blooms and eutrophication: nutrient sources, composition, and
consequences. Estuaries 25: 704-726.

Anderson DM, Cembella AD, Hallegraeff GM (2012) Prog-
ress in understanding harmful algal blooms: Paradigm shifts
and new technologies for research, monitoring, and manage-
ment. Ann Rev Mar Sci 4: 143-176. doi:10.1146/annurev-
marine-120308-081121

Anton A, Teoh PL, Mohd-Shaleh SR, Mohammad-Noor N
(2008). First occurrence of Cochlodinium blooms in Sabah,
Malaysia. Harmful Algae 7(3): 331-336.

Baek SH, Ki JS, Katano T, You K, Park BS, Shin HH, Han M-S
(2011) Dense winter bloom of the dinoflagellate Heterocapsa
triquetra below the thick surface ice of brackish Lake Shihwa,
Korea. Phycol Res 59(4): 273-285.



298 R. MoHD RAzALI et al.

Balci M, Nishimura T, Smith K, Rhodes L, Murray JS, Mack-
enzie L (2020) First report of Heterocapsa minima (Dinophy-
ceae) from Aotearoa/New Zealand. Harmful Algae News 64.

Basti L, Go J, Higuchi K, Nagai K, Segawa S (2011) Effects of
the toxic dinoflagellate Heterocapsa circularisquama on lar-
vae of the pearl oyster Pinctada fucata martensii (Dunker,
1873). J Shellfish Res 30(1): 177-186.

Basti L, Nagai K, Shimasaki Y, Oshima Y, Honjo T, Segawa S
(2009) Effects of the toxic dinoflagellate Heterocapsa circular-
isquama on the valve movement behaviour of the Manila clam
Ruditapes philippinarum. Aquaculture 291(1-2): 41-47.

Basti L, Nagai S, Tanaka Y, Segawa S (2013) Sensitivity of gam-
etes, fertilization, and embryo development of the Japanese
pearl oyster Pinctada fucatamartensii, to the harmful dinofla-
gellate, Heterocapsa circularisquama. Mar Biol 160: 211-219.

Basti L, Nagai S, Watanabe S, Oda T, Tanaka Y (2016) Neuroen-
zymatic activity and physiological energetics in Manila clam,
Ruditapes philippinarum, during short-term sublethal expo-
sure to harmful alga, Heterocapsa circularisquama. Aqua Tox
176: 76-87.

Benico G, Lum WM, Takahashi K, Yniguez AT, Iwataki M
(2021) Thecal tabulation, body scale morphology and phylog-
eny of Heterocapsa philippinensis sp. nov. (Peridiniales, Dino-
phyceae) from the Philippines. Eur J Protist 80: 125811.

Boonyapiwat S (1999). Distribution, abundance and species
composition of phytoplankton in the South China Sea, Area
I: Gulf of Thailand and East Coast of Peninsular Malaysia.
Proceedings of the First Technical Seminar on Marine Fish-
ery Resources Survey in the South China Sea, Area I: Gulf
of Thailand and Peninsular Malaysia, 24-26 November 1997,
Bangkok, Thailand.

Bukola D, Zaid A, Olalekan EI, Falilu A (2015) Consequences of
anthropogenic activities on fish and the aquatic environment.
Poult Fish Wildl Sci 3: 138. doi:10.4172/2375-446X.1000138.

Buzanc¢i¢ M, Gladan ZN, Marasovi¢ I, Kuspili¢ G, Grbec B,
(2016) Eutrophication influence on phytoplankton commu-
nity composition in three bays on the eastern Adriatic coast.
Oceanologia 58: 302-316.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA,
Holmes SP (2016) DADAZ2: High-resolution sample inference
from Illumina amplicon data. Nat Methods 13: 581-583. doi:
10.1038/nmeth.

Chai X, Li X, Hii KS, Zhang Q, Deng Q, Wan L, Zheng L, Lim
PT, Tan SN, Mohd-Din M, Song C, Song L, Zhou Y, Cao H
(2021) Blooms of diatom and dinoflagellate associated with nu-
trient imbalance driven by cycling of nitrogen and phosphorus
in anaerobic sediments in Johor Strait (Malaysia). Mar Environ
Res 169: 105398.

Choi H, Kim S (2021) Heterocapsa busanensis sp. nov. (Peridini-
ales, Dinophyceae): A new marine thecate dinoflagellate from
Korean coastal waters. Eur J Protist 79: 125797.

Choo PS (1994) A review on red tide occurrences in Malaysia.
Risalah Perikanan Bil. 60. Department of Fisheries Malaysia.
pp- 1-9.

Department of Environment Malaysia (2021) Malaysia marine
water quality criteria and standard. Department of Environ-
ment, Ministry of Natural Resources and Environment, Pu-
trajaya, Malaysia. Available at: https:/www.doe.gov.my/

wp-content/uploads/2021/10/iii-Indeks-Kualiti-Air-Marin.pdf
(accessed on 1 March 2022)

Er HH, Lee LK, Lim ZF, Teng ST, Leaw CP, Lim PT (2018)
Responses of phytoplankton community to eutrophication in
Semerak Lagoon (Malaysia). Environ Sci Poll Res 25: 22944—
22962.

Escobar MTL, Sotto LPA, Jacinto GS, Benico GA, Azanza RV
(2013) Eutrophic conditions during the 2010 fish kill in Bo-
linao and Anda, Pangasinan. J Environ Sci Manage 1: 29-35.

Falkowski PG, Laws EA, Barber RT, Murray JW (2003) Phyto-
plankton and their role in primary, new, and export produc-
tion. In: Fasham MIJR (eds) Ocean Biogeochemistry. Global
Change—The IGBP Series. Springer, Berlin, Heidelberg, pp.
99-121. doi:10.1007/978-3-642-55844-3 5

Furuya K, Iwataki M, Lim PT, Lu S, Leaw CP, Azanza RV, Kim
HG, Fukuyo Y (2018) Overview of harmful algal blooms in
Asia. In: Glibert PM, Berdalet E, Burford MA, Pitcher GC,
Zhou M (eds) Global ecology and oceanography of harmful
algal blooms. Springer, Berlin, Heidelberg, pp. 289-308.

Glibert PM, Burford MA (2017). Globally changing nutrient
loads and harmful algal blooms: Recent advances, new para-
digms, and continuing challenges. Oceanography 30: 58—69.
doi:10.5670/oceanog.2017.110

Granéli E, Flynn KJ (2006) Chemical and physical factors in-
fluencing toxin content. In: Granéli E, Turner TT (eds)
Ecology of harmful algae. Berlin, Springer, pp. 229-241.
doi:10.1007/978-3-540-32210-8_18

Guillou L, Bachar D, Audic S, Bass D, Berney C, Bittner L,
Boutte C. et al. (2013) The Protist Ribosomal Reference data-
base (PR2): A catalog of unicellular eukaryote Small Sub-Unit
rRNA sequences with curated taxonomy. Nucleic Acids Res
41: D597-604.

Guiry MD, Guiry GM (2021) AlgaeBase. Worldwide Electronic
Publication. National University of Ireland, Galway. https:/
www.algaebase.org

Hallegraeff G, Enevolden H, Zingone A (2021) Global harmful
algal bloom status reporting. Harmful Algae 102: 10199. doi:
10.1016/j.hal.2021.101992

Harun SN, Mohammad-Noor N, Ahmad Z, Beng CK, Saad S,
Mohamad Hidayat NS, Mukai Y (2015) First report of Coclo-
dinium polykrikoides (Dinophyceae), a harmful algal bloom
(HAB) species in the coastal waters of Peninsular Malaysia.
Malaysian J Sci 34(1): 87-92.

Hasle GR, Tomas CR, Syvertsen EE (1996) Identifying marine
diatoms and dinoflagellates. Academic Press, California.

Hernandez-Becerril DU, Rodriguez-Palacio MC, Lozano-
Ramirez C (2010) Morphology of two bloom-forming or po-
tentially toxic marine dinoflagellates from the Mexican Pa-
cific, Heterocapsa pygmaea and Protoceratium reticulatum
(Dinophyceae). Cryptogam Algol 31(2): 245.

Hii KS, Mohd-Din M, Luo Z, Tan SN, Lim ZF, Lee LK, Leong
SCY, Teng ST, Gu H, Cao X, Lim PT, Leaw CP (2021) Di-
verse harmful microalgal community assemblages in the Johor
Strait and the environmental effects on its community dynam-
ics. Harmful Algae 107: 102077.

Horiguchi T (1995) Heterocapsa circularisquama sp. nov. (Peri-
diniales, Dinophyceae): A new marine dinoflagellate causing
mass mortality of bivalves in Japan. Phycol Res 43(3): 129-



Diversity of Heterocapsa in Johor Strait 299

136.

Iriarte A, Madariaga I, Revilla M, Sarobe A (2003) Short-term
variability in microbial food web dynamics in a shallow tidal
estuary. Aquat Microb Ecol 31(2): 145-161.

Iwataki M, Wong MW, Fukuyo Y (2002) New record of Hetero-
capsa circularisquama (Dinophyceae) from Hong Kong. Fish
Sci 68(5): 1161-1163.

Iwataki M (2008) Taxonomy and identification of the armored
dinoflagellate genus Heterocapsa (Peridiniales, Dinophyceae).
Plank Benthos Res 3(3): 135-142.

Iwataki M, Kawami H, Nguyen VN, Luong QD, Ton TP, Fukuyo
Y, Matsuoka K (2009) Cellular and body scale morphology
of Heterocapsa huensis sp. nov. (Peridiniales, Dinophyceae)
found in Hue, Vietnam. Phycol Res 57: §7-93.

Kamiyama T, Takayama H, Nishii Y, Uchida T (2001) Grazing
impact of the field ciliate assemblage on a bloom of the toxic
dinoflagellate Heterocapsa circularisquama. Plank Biol Ecol
48(1): 10-18.

Kim D, Choi KS, Hong HK, Jiang Z, Zou Y, Choi KS, Oda T
(2011a). Comparative study on the toxic effects of red tide flag-
ellates Heterocapsa circularisquama and Chattonella marina
on the short-necked clam (Ruditapes philippinarum). Biosci
Biotechnol Biochem 75(10): 2052-2055.

Kim H, Yih W, Kim J, Myung G, Jeong H (2011b). Abundance
of epiphytic dinoflagellates from coastal waters off Jeju Island,
Korea during Autumn 2009. Ocean Sci J 46(3): 205-2009.

Kok JWK, Leong SCY (2019). Nutrient conditions and the oc-
currence of a Karenia mikimotoi (Kareniaceae) bloom within
East Johor Straits, Singapore. Reg Stud Mar Sci 27: 100514.
doi: 10.1016/j.rsma.2019.100514

Leaw CP, Lau WLS, Law IK, Lim HC, Teng ST, Leong SCY,
Takahashi K, Iwataki M, Gu H, Lim PT (2018) Characterizing
the raphidophyte, Chattonella sp. associated with massive fish
mortality on the east coast of Peninsular Malaysia. In: 18th
International Conference of Harmful Algae, 21-26 October
2018, ISSHA, Nantes. (Abstract)

Lee SY, Jeong HJ, Kwon JE, You JH, Kim SJ, Ok JH, Park JY
(2019) First report of the photosynthetic dinoflagellate Hetero-
capsa minima in the Pacific Ocean: morphological and genetic
characterizations and the nationwide distribution in Korea.
Algae 34(1): 7-21.

Lim HC, Leaw CP, Tan TH, Kon NF, Yek LH, Hii KS, Lim PT
(2014) A bloom of Karlodinium australe (Gymnodiniales, Di-
nophyceae) associated with mass mortality of cage-cultured
fishes in West Johor Strait, Malaysia. Harmful Algae 40: 51—
62.

Lim PT, Usup G, Leaw CP (2012) Harmful Algal Blooms in
Malaysian Waters. Sains Malays 41(12): 1509-1515.

Lin S, Litaker RW, Sunda WG (2016) Phosphorus physiological
ecology and molecular mechanisms in marine phytoplankton.
J Phycol 52(1): 10-36.

Litaker RW, Tester PA, Duke CS, Kenney BE, Pinckney JL, Ra-
mus J (2002) Seasonal niche strategy of the bloom-forming
dinoflagellate Heterocapsa triquetra. Mar Ecol Prog Ser 232:
45-62.

Lum WM, Benico G, Doan-Nhu H, Furio E, Leaw CP, Leong
SCY, Lim PT, Lim WA, Lirdwitayaprasit T, Lu S, Muawanah,
Nguyen NV, Orlova TY, Rachman A, Sakamoto S, Takahashi

K, Teng ST, Thoha H, Wang P, Yiiiguez AT, Wakita K, Iwataki
M (2021) The harmful raphidophyte Chattonella (Raphidophy-
ceae) in Western Pacific: Its red tides and associated fisheries
damage over the past 50 years (1969-2019). Harmful Algae
107: 102070. https://doi.org/10.1016/j.hal.2021.102070.

Matsuyama Y (1999) Harmful effect of dinoflagellate Hetero-
capsa circularisquama on shellfish aquaculture in Japan. Jpn
Agric Res Q 33(4): 283-294.

Matsuyama Y (2003a) Physiological and ecological studies on
harmful dinoflagellate Heterocapsa circularisquama—I. Elu-
cidation of environmental factors underlying the occurrence
and development of H. circularisquama red tide. Bull Fish Res
Agency 7: 24-105 (in Japanese with English abstract).

Matsuyama Y (2003b) Physiological and ecological studies on
harmful dinoflagellate Heterocapsa circularisquama. 11. Clar-
ification on the toxicity of H. circularisquama and its mecha-
nisms causing shellfish kills. Bull Fish Res Agency 9: 13—117
(in Japanese with English abstract).

Matsuyama Y (2012) Impacts of the harmful dinoflagellate
Heterocapsa circularisquama bloom on shellfish aquaculture
in Japan and some experimental studies on invertebrates.
Harmful Algae 14: 144-155.

Matsuyama Y, Kimura A, Fujii H, Takayama H, Uchida T
(1997a) Occurrence of a Heterocapsa circularisquama red tide
and subsequent damages to shellfish in wetern Hiroshima Bay,
Seto Inland Sea, Japan in 1995. Bull Nansei Natl Fish Res Inst
30: 189-207.

Matsuyama Y, Uchida T, Honjo T (1997b) Toxic effects of the
dinoflagellate Heterocapsa circularisquama on clearance rate
of the blue mussel Mytilus galloprovincialis. Mar Ecol Prog
Ser 146: 73—80.

Miller P, Scholin C (2001) On detection of Pseudo-nitzschia
(Bacillariophyceae) species using whole cell hybridization:
sample fixation and stability. J Phycol 36: 238-250.

Mohd-Din M, Abdul-Wahab MF, Mohamad SE, Jamaluddin H,
Shahir S, Ibrahim Z, Hii KS, Tan SN, Leaw CP, Gu H, Lim PT
(2020) Prolonged high biomass diatom blooms induced forma-
tion of hypoxic-anoxic zones in the inner part of Johor Strait.
Environ Sci Poll Res 27: 42948—42959. doi:10.1007/s11356-
020-10184-6

Mohd-Din M, Hii KS, Abdul-Wahab MF, Mohamad SE, Gu H,
Leaw CP, Lim PT (2022) Spatial-temporal variability of mi-
crophytoplankton assemblages including harmful microalgae
in a tropical semi-enclosed strait (Johor Strait, Malaysia). Mar
Environ Res 175: 105589. doi:10.1016/j.marenvres.2022.105589

Mohd Razali R, Shahuntala D (2017) Buku Kompilasi Laporan
Kes Kematian Ikan secara Besar-besaran 2012-2017, Depart-
ment of Fisheries Malaysia. (in Malay)

Mohd Razali R, Mustapa NI, Wan Norhana MN (2020) Updates
on the recent algal bloom and fish kill incidence in fish farm-
ing areas in Perak and Penang, Malaysia. FISHMAIL, 29, 1-4.

Nagai K, Matsuyama Y, Uchida T, Yamaguchi M, Ishimura M,
Nishimura A, Honjo T (1996) Toxicity and LD50 levels of the
red tide dinoflagellate Heterocapsa circularisquama on juve-
nile pearl oysters. Aquaculture 144(1): 149-154. https:/www.
jstor.org/stable/24857441

Nagai S, Urusizaki S, Hongo Y, Chen H, Dzhembekova N (2017)
An attempt to semi-quantify potentially toxic diatoms of the



300 R. MoHD RAzALI et al.

genus Pseudo-nitzschia in Tokyo Bay, Japan by using mas-
sively parallel sequencing technology. Plank Benthos Res 12:
248-258. doi: 10.3800/pbr.12.248

Omura T, Iwataki M, Borja VM, Takayama H, Fukuyo Y (2012)
Marine phytoplankton of the Western Pacific. Kouseisha
Kouseikaku, Tokyo, p. 160.

Percopo I, Siano R, Cerino F, Sarno D, Zingone A (2011) Phyto-
plankton diversity during the spring bloom in the northwest-
ern Mediterranean Sea. Bot Mar 54: 243-267. doi: 10.1515/
BOT.2011.033 2011/059

Pomroy AJ (1989) Scanning electron microscopy of Heterocapsa
minima sp. nov. (Dinophyceae) and its seasonal distribution in
the Celtic Sea. Br Phycol J 24: 131-135.

R Core-Team (2021) R: A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Computing,
Vienna, Austria.

Round FE, Crawford RM, Mann DG (1990) The diatoms, bi-
ology and morphology of the genera. Cambridge University
Press, Cambridge.

Sahraoui I, Bouchouicha D, Mabrouk HH, Hlaili AS (2013) Driv-
ing factors of the potentially toxic and harmful species of
Prorocentrum Ehrenberg in a semi-enclosed Mediterranean
lagoon (Tunisia, SW Mediterranean). Mediterr Mar Sci 14(2):
353-362. doi: 10.12681/mms.338

Sakamoto S, Lim WA, Lu D, Dai X, Orlova T, Iwataki M (2021)
Harmful algal blooms and associated fisheries damage in East
Asia: Current status and trends in China, Japan, Korea and
Russia. Harmful Algae 102: 101787. doi: 10.1016/j.hal.2020.
101787

Salas R, Tillmann U, Kavanagh S (2014) Morphological and
molecular characterization of the small armoured dinoflagel-
late Heterocapsa minima (Peridiniales, Dinophyceae). Eur J
Phycol 49(4): 413—428. doi: 10.1080/09670262.2014.956800

Shumway SE (1990) A review of the effects of algal blooms on
shellfish and aquaculture. J World Aquac Soc 21: 65-104.
doi:10.1111/j.1749-7345.1990.tb00529.x

Stoeck T, Bass D, Nebel M, Christen R, Jones MDM, Breiner
HW, Richards TA (2010) Multiple marker parallel tag environ-
mental DNA sequencing reveals a highly complex eukaryotic

community in marine anoxic water. Mol Ecol 19: 21-31.

Tan TH, Leaw CP, Leong SCY, Lim LP, Chew SM, Teng ST, Lim
PT (2016) Marine micro-phytoplankton of Singapore, with a
review of harmful microalgae in the region. Raffles Bull Zool
34: 78-96.

Temperton B, Gilbert JA, Quinn JP, McGrath JW (2011)
Novel analysis of oceanic surface water metagenomes sug-
gests importance of polyphosphate metabolism in oligotro-
phic environments. PloS One 6: ¢16499. doi:10.1371/journal.
pone.0016499

Teng ST, Leaw CP, Lau WLS, Law IK, Lim PT (2016) Recur-
rence of the harmful dinoflagellate Karlodinium australe
along the Johor Strait. Harmful Algae News 52: 5.

Tomas CR (1997) Identifying marine phytoplankton. Academic
Press, San Diego, Califonia, p. 858.

Trombetta T, Vidussi F, Mas S, Parin D, Simier M, Mostajir
B (2019) Water temperature drives phytoplankton blooms in
coastal waters. PloS One 14(4): ¢0214933. doi:10.1371/journal.
pone.0214933

Wang C, Mitsuya Y, Gharizadeh B, Ronaghi M, Shafer RW
(2007) Characterization of mutation spectra with ultra-
deep pyrosequencing: application to HIV-1 drug resistance.
Genome Res 17: 1195-1201.

Wickham H (2016) ggplot2: Elegant graphics for data analysis.
Springer-Verlag New York. ISBN 978-3-319-24277-4, https://
ggplot2.tidyverse.org.

WoRMS Editorial Board (2022) World Register of Marine Spe-
cies. Available from https:/www.marinespecies.org at VLIZ.
Accessed 2022-03-25. doi:10.14284/170

Xiao J, Sun NA, Zhang Y, Sun P, Li Y, Pang M, Li R (2018)
Heterocapsa bohaiensis sp. nov. ((Peridiniales: Dinophyceae):
A novel marine dinoflagellate from the Liaodong Bay of Bohai
Sea, China. Acta Oceanol Sin 37(10): 18-27. doi:10.1007/s13131-
018-1296-z

Yiiguez AT, Lim PT, Leaw CP, Jipanin SJ, Iwataki M, Benico G,
Azanza RV (2021) Over 30 years of HABs in the Philippines
and Malaysia: What have we learned? Harmful Algae 102:
101776. doi:10.1016/j.hal.2020.101776



