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Around 30 epibenthic Prorocentrum species have been described, but information about their biogeography is
limited. Some species are able to produce okadaic acid (OA) and its derivatives, which are responsible for diarrhe-
ic shellfish poisoning (DSP). In the present study, we examined the diversity of epibenthic Prorocentrum in the
northern South China Sea by isolating single cells from sand, coral, and macroalgal samples collected from
2012 to 2015. Their morphology was examined using light microscopy and scanning electron microscopy.
Among 47 Prorocentrum strains, seven morphospecies were identified as P. lima, P. rhathymum, P. concavum, P.
cf. emarginatum, P. fukuyoi, P. cf. maculosum and P. panamense. The latter five species have not been previously
reported in Chinese waters, and this is the first record of P. panamense outside its type locality. Partial large sub-
unit (LSU) ribosomal DNA and internal transcribed spacer region sequences were obtained and molecular phy-
logenetic analysis was carried out using maximum likelihood and Bayesian inference. Chinese P. cf. maculosum
strains share 99.5% similarity of LSU sequences with the strain from Cuba (close to the type locality), but Chinese
P. lima strains share only 96.7% similarity of LSU sequences with the strain from the type locality. P.
cf. emarginatum differs from P. fukuyoi mainly in the presence/absence of marginal pores and they form a well-
resolved clade together with P. sculptile. OA was detected in all Chinese strains of P. lima and P. cf. maculosum
based on liquid chromatography-mass spectrometry analysis, but dinophysistoxin was produced only by two
P. lima strains. Chinese strains of P. concavum, P. rhathymum, and P. panamense do not produce detectable level
of OA. Our results support the wide distribution of epibenthic Prorocentrum species and highlight the potential
risk of DSP in the northern South China Sea.

© 2016 Published by Elsevier B.V.
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1. Introduction

Among dinoflagellates, the prorocentroid tabulation is characterized
by the lack of a girdle and sulcus and by the presence of an apical
periflagellar area where two flagella emerge. The order Prorocentrales
was established to incorporate prorocentroid species, and it contains a
single family (Prorocentraceae) and three genera (Prorocentrum
Ehrenberg, Haplodinium Kleb, and Mesoporus Lillick) [23]. Haplodinium
might be a junior synonym of Prorocentrum [46], and the phylogenetic
position of Mesoporus remains to be determined.

The genus Prorocentrumwas erectedwith P.micans Ehrenberg as the
type species [17]. Later, Exuviaella Cienkowski was established to in-
clude E. marina Cienkowski (= P. lima (Ehrenberg) F. Stein) [10].
These two genera differ only in the presence or absence of an apical
haifeng@tio.org.cn (H. Gu).
spine, and Abe [1] proposed that they be merged. [16] formally made
Exuviaella a junior synonym of Prorocentrum and reduced the number
of Prorocentrum species from 64 to 21 (most of them are planktonic),
as great infraspecific variations were observed.

The genus Prorocentrum currently contains approximately 80 spe-
cies divided nearly equally among planktonic and epibenthic lifestyles.
Epibenthic Prorocentrum species inhabit intertidal marine sediments,
macroalgal surfaces, floating detritus and corals [21]. The presumable
epibenthic species (e.g., P. arabianum Morton & Faust (= P. concavum
Fukuyo) and P. rhathymum A. R. Loeblich III, Sherley & Schmidt) can
also be recovered from the plankton [12,50].

The morphology of Prorocentrum is rather simple, consisting of two
large plates (valves) and a periflagellar area with several platelets. The
useful characters for differentiation at the species level include cell
shape and size, thecal plate surface (ornamentation and pore patterns),
intercalary band morphology, and the number and shape of platelets
and relevant structure (e.g., spines, collars, and protrusions in the
periflagellar area). Among these traits, the periflagellar structure is
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regarded as being conservative and significant for differentiating spe-
cies [33]. Other features such as cell shape and the number and shape
of thecal pores have been reported to be variable [19,57,74]. The details
of the periflagellar area in some species (e.g., P. fukuyoi S. Murray & Y.
Nagahama) are still not clear [33]. Despite their morphological synapo-
morphies, Prorocentrum appeared to be polyphyletic or palyphyletic
based on either small subunit (SSU) or large subunit ribosomal DNA
(LSU rDNA) sequences [25,53]. However, they appeared to be mono-
phyletic once concatenated data, especially from mitochondrial se-
quences, were used [59,73].

In view of the high morphological similarity among Prorocentrum
species, it is not surprising that some species have been described re-
peatedly. For instance, P. arabianum, P. arenarium Faust and P.
minimum (Pavillard) Schiller are now considered to be synonyms
of P. concavum, P. lima, and P. cordatum (Ostenfeld) Dodge, respec-
tively [48,57,70]. P. mexicanum Osorio-Tafall and P. rhathymum, as
well as P. hoffmannianum Faust and P. belizeanum Faust might be con-
specific as well [12,30]. P. maculosum Faust was described from Twin
Cays, Belize and differs from P. lima only in the shape of valve pores
and the relative size of flagella and accessory pores [20]. P.
emarginatum Fukuyo was described from Okinawa, Japan using
light microscopy [24]. To date, detailed morphology and molecular
sequence data for P. emarginatum from the type locality are not avail-
able. P. fukuyoi differs from P. emarginatum mainly in cell shape, but
P. fukuyoi is genetically very close to P. emarginatum from Fiji [54].
Thus, detailed information about P. maculosum and P. emarginatum
is needed to understand the species boundaries.

Most epibenthic Prorocentrum species have been described from
tropical or subtropical areas, but some can inhabit temperate areas.
P. lima is considered to be a cosmopolitan species [57], and some
species, including P. rhyathymum and P. concavum, are known to
have a wide distribution [3,4,24,43]. In contrast, other species are
rarely reported. For instance, P. panamense Grzebyk, Sako & Berland
and P. maculosum have been reported only from Central America
[20,25].

Themost interesting feature of Prorocentrum is that some species are
able to produce okadaic acid (OA) and its related derivatives
(dinophysistoxins, DTXs), which are responsible for diarrheic shellfish
poisoning (DSP). Some Prorocentrum species can produce other toxins
as well, such as prorocentin [45] and formosalides [44]. OA is a
polyether derivative of 38-carbon fatty acid and was first isolated
from two marine sponges [65]. It is a potent tumor promoter that is a
powerful inhibitor of protein phosphatases-1 and -2A [31,66]. Human
diarrheic poisonings have occurred due to consumption of clams and
crabs contaminatedwithOA esters [68]. OAproduction has been report-
ed in epibenthic P. lima, P. rhathymum, P. hoffmannianum, P. maculosum,
P. levis M.A. Faust, Kibler, Vandersea, P.A. Tester & Litaker, and P.
belizeanum and in one planktonic species P. texanum Henrichs,
Steidinger, Scott & Campbell [5,22,29,49,51,52,76]. P. lima strains are al-
ways toxic, producing OA and its analogues in varying quantities [7,32,
67,72]. P. rhathymum from Florida, USA andMalaysia can produceOA [5,
8], but those from Okinawa, Japan [72] and Greece [3] do not produce
detectable toxin based on bioassay and protein phosphatase 2A inhibi-
tion assay. To date, OA production by P. maculosum has been reported
qualitatively only [76]. Thus, OA production in more epibenthic
Prorocentrum strains needs to be examined to better understand its
prevalence.

Ten epibenthic Prorocentrum species have been reported from East
Malaysia [47], and four have been reported in Vietnam waters [39]. So
far, only P. lima and P. rhathymum have been reported in Chinesewaters
[42,74], but a richer diversity of epibenthic Prorocentrum can be expect-
ed. OA was detected in shellfish harvested from the South China Sea
[71], but OA production was confirmed in only one strain of P. lima
from Hainan [41]. The goal of the present study was to fully understand
the diversity and OA production of epibenthic Prorocentrum species in
the northern South China Sea.
2. Materials and methods

2.1. Sample collection and treatment

Samples were collected from ten stations in the northern South
China Sea from 2012 to 2015 (Fig. 1, for geographical coordinates see
Table 1). Themacroalgal, seagrass, dead coral reef and upper centimeter
of sandy sediments were collected from the seabed by scuba divers, and
deposited into bottles containing seawater collected at the same loca-
tion. The samples were stirred vigorously to detach the epibenthic
cells and the suspension settled in a composite settling chamber. The
settled materials were subsequently sieved through 120 μm and
20 μm filters. The 20–120 μm fractions were rinsed with filtered seawa-
ter and transferred into a polycarbonate bottle. In the laboratory, single
live cells were isolated from this material with a micropipette under an
inverted microscope Eclipse TS100 (Nikon, Tokyo, Japan) into a 96-well
culture plate containing 330 μL f/2-Si medium [27] or L1 medium [26].
The culture plate was incubated at 25 °C, 90 μmol photons m−2 s−1,
and a light:dark cycle of 12 h:12 h (hereafter, called “standard culture
conditions”). The cultures were transferred to a 6-well culture plate
later under the standard culture conditions.
2.2. Light microscopy (LM)

Live cellswere examined andphotographed using a Zeiss Axio Imag-
er microscope (Carl Zeiss, Göttingen, Germany) equipped with a Zeiss
Axiocam HRc digital camera, or an Olympus BX 61 (Olympus, Tokyo,
Japan) equipped with a QImaging Retiga 4000R digital camera
(QImaging, Surrey, British Columbia, Canada). More than thirty cells
were measured using Axiovision (4.8.2 version) or IMG Pro plus (6.0
version) software at ×400 magnification. To observe the shape and lo-
cation of the nucleus, cells were stained with 1:100,000 Sybr Green
(Sigma Aldrich, St. Louis, USA) for 1 min, and photographed under the
Zeiss fluorescence microscope with a Zeiss-38 filter set (excitation BP
470/40, beam splitter FT 495, emission BP 525/50). Chloroplast auto-
fluorescence microscopy was carried out on live cells using a Leica
DM6000B fluorescence microscope (Leica Microsystems, Wetzlar, Ger-
many) equipped with a B/G/R filter cube (blue: emission filter BP420/
30, dichromatic mirror 415, suppression filter BP465/20; green:
BP495/15, 510, BP530/30; red: BP570/20, 590, BP640/40), and digitally
photographed using a Leica DFC300 FX digital camera.
2.3. Scanning electron microscopy (SEM)

Mid-exponential batch cultures were concentrated by a Sorvall
Biofuge Primo R (Thermo Scientific, Massachusetts, USA) at 1250g for
10 min at room temperature. The cell pellet was re-suspended in 60%
ethanol for 1 h at 8 °C to strip off the mucilage. The cells were centri-
fuged again to remove the ethanol and the pellet was fixed at 8 °C for
3 h with 5% glutaraldehyde prepared with filtered seawater. Cell pellets
were washed twice with filtered seawater and fixed overnight at 8 °C
with 2% OsO4 made up with filtered seawater. The supernatant was re-
moved and the cell pellet was allowed to adhere to a coverslip coated
with poly-L-lysine (molecular weight 70,000–150,000). Subsequently,
cells were washed in Milli-Q water for 10 min and dehydrated through
a graded ethanol series (10, 30, 50, 70, 90 and 3× in 100%) for 10min at
each step. The samples were then critical point dried in a K850 Critical
Point Dryer (Quorum/Emitech, West Sussex, UK), sputter-coated with
gold, and examined with a Zeiss Sigma FE (Carl Zeiss Inc., Oberkochen,
Germany) or a Zeiss Ultra 55 FE (Zeiss, Jena, Germany) scanning elec-
tron microscope. Images were presented on a black background using
Adobe Photoshop CC2014. The standard terminology proposed by
Hoppenrath et al. [33] was applied for the description of morphological
features, cell orientation and number of platelets.



Fig. 1.Map of sampling locations in the northern South China Sea.
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2.4. PCR amplifications and sequencing

Total genomic DNA was extracted from 50 mL of exponentially
growing cultures using a MiniBEST Universal DNA Extraction Kit
(Takara, Tokyo, Japan) according to the manufacturer's protocol. PCR
amplifications were carried out using 1 × PCR buffer, 50 μM dNTP mix-
ture, 0.2 μM of each primer, 10 ng of template genomic DNA, and 1 U of
ExTaq DNA Polymerase (Takara, Tokyo, Japan) in 50 μL reactions. The
total ITS1-5.8S-ITS2 was amplified using ITSA/ITSB [2] or ITSF/ITSR
[40] primers. The LSU rDNA was amplified using the primers of D1R/
28-1483R [13,63] (see Table 2). The thermal cycle procedure was
4 min at 94 °C, followed by 30 cycles of 1 min at 94 °C, 1 min at 45 °C,
1 min at 72 °C, and final extension of 7 min at 72 °Cwith aMastercycler
(Eppendorf, Hamburg, Germany). The PCR product was purified using a
DNA purification kit (Shangong, Shanghai, China) and sequenced di-
rectly in both directions on an ABI PRISM 3730XL (Applied Biosystems,
Foster City, CA, USA) following the manufacturer's instructions. Se-
quences were deposited in the GenBank with accession numbers
KY010226 to KY010266.
2.5. Sequence alignment and phylogenetic analyses

Newly obtained LSU rDNA (D1-D6) and ITS region sequences were
aligned with related sequences downloaded from the GenBank using
MAFFT v7.110 [36] online program (http://mafft.cbrc.jp/alignment/
server/) [9]. Aligned sequences were manually checked with BioEdit v.
7.2.5 [28]. Adenoides eludens and Pseudadenoides kofoidii were used for
the outgroup of LSU and ITS based phylogeny, respectively. For Bayesian
inference (BI), the program jModelTest [15] was used to select themost
appropriate model of molecular evolution with Akaike Information
Criterion (AIC). Bayesian reconstruction of the data matrix was per-
formed using MrBayes 3.2 [61] with the best-fitting substitution
model (TIM1 + G). Four Markov chain Monte Carlo (MCMC) chains
ran for 2,000,000 generations, sampling every 100 generations. Conver-
gence diagnostics were graphically estimated using AWTY (http://ceb.
scs.fsu.edu/awty) [58] and the first 10% of burn-in trees were discarded.
Amajority rule consensus tree was created in order to examine the pos-
terior probabilities of each clade. Maximum likelihood (ML) analyses
were conducted with RaxML v7.2.6 [64] on the T-REX web server [6]
using the model GTR + G. Node support was assessed with 1000 boot-
strap replicates.
2.6. Determination of okadaic acid (OA) and dinophysistoxins (DTXs)

Mid-exponential batch cultures were harvested by a Sorvall Biofuge
Primo R (Thermo Scientific, Massachusetts, USA) at 1250g for 10 min.
Cell pellets were suspended in 500 μL methanol, and homogenized
with 0.9 g of lysing matrix D by reciprocal shaking at maximum speed
(6.5 m s−1) for 45 s in a Bio101 FastPrep instrument (Thermo Savant,
Illkirch, France). After homogenization, each sample was centrifuged
at 16,100g at 4 °C for 15 min. The supernatant was transferred to a
spin-filter (0.45 μm pore-size, Millipore Ultrafree, Eschborn, Germany)
and centrifuged for 30 s at 800g, followed by transfer to autosampler
vials. Analysis of multiple lipophilic toxins was performed by liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS),
as described in Krock et al. [38] with minor modifications including an
extended list of screened phycotoxins (Table S1).

Okadaic acid was quantified by external calibration using a standard
solution obtained from the Certified Reference Material programme of
the Institute of Marine Biology (IMB) of the National Research Council
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Table 1
Chinese strains of Prorocentrum examined in the present study, including okadaic acid concentrations, collection data and locations.

Species Strains Okadaic acid (fg cell−1) DTX-1 (fg cell−1) Collection date Latitude (N) Longitude (E) Stations Location

P. concavum AS4F7 – – 2013.06.08 18°18.63′ 109°58.62′ 4 Lingshui, Hainan
P. concavum DS4C10 b0.031 None 2013.06.08 18°18.63′ 109°58.62′ 4 Lingshui, Hainan
P. concavum DS4E11 b0.015 None 2013.06.08 18°18.63′ 109°58.62′ 4 Lingshui, Hainan
P. concavum DS4F8 – – 2013.06.08 18°18.63′ 109°58.62′ 4 Lingshui, Hainan
P. cf. emarginatum X2P3 – – 2014.08.19 18°14.47′ 109°21.50′ 8 Sanya, Hainan
P. fukuyoi NG2 – – 2012.11.23 18°18.63′ 109°58.62′ 4 Lingshui, Hainan
P. fukuyoi TIO309 – – 2015.12.03 21°25.24′ 109°02.69′ 10 Beihai, Guangxi
P. fukuyoi TIO310 – – 2015.12.03 21°25.24′ 109°02.69′ 10 Beihai, Guangxi
P. fukuyoi TIO312 – – 2015.12.03 21°25.24′ 109°02.69′ 10 Beihai, Guangxi
P. fukuyoi TIO313 – – 2015.12.03 21°25.24′ 109°02.69′ 10 Beihai, Guangxi
P. fukuyoi TIO314 – – 2015.12.03 21°25.24′ 109°02.69′ 10 Beihai, Guangxi
P. lima TIO124 2834 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. lima TIO177c 2614 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. lima TIO155a 4213 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. lima TIO155b 2886 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. lima TIO162 5110 910 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. lima TIO164 2601 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. lima TIO302 10,260 1810 2015.08.26 21°54.29′ 120°43.55′ 2 Kending, Taiwan
P. lima TIO163 1275 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. lima TIO175c 551 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. cf. maculosum TIO11 5200 None 2014.11.16 18°09.61′ 109°33.77′ 7 Sanya, Hainan
P.cf. maculosum TIO102 3317 None 2015.04.16 18°12.48′ 109°38.95′ 6 Sanya, Hainan
P. cf. maculosum TIO139 3002 None 2015.04.16 18°16.26′ 109°44.99′ 5 Sanya, Hainan
P. cf. maculosum TIO138 4269 None 2015.04.16 18°16.26′ 109°44.99′ 5 Sanya, Hainan
P. cf. maculosum TIO179 6879 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. cf. maculosum TIO180 7610 None 2015.06.06 21°01.89′ 109°08.48′ 9 Beihai, Guangxi
P. panamense TIO97 b0.341 None 2015.04.16 18°12.48′ 109°38.95′ 6 Sanya, Hainan
P. rhathymum TIO29 b0.024 None 2015.02.05 18°16.26′ 109°44.99′ 5 Sanya, Hainan
P. rhathymum TIO100 b0.015 None 2015.04.16 18°12.48′ 109°38.95′ 6 Sanya, Hainan
P. rhathymum TIO307 – – 2015.10.18 23°41.59′ 117°29.67′ 1 Dongshan, Fujian
P. rhathymum TIO43 – – 2015.02.04 18°09.61′ 109°33.77′ 7 Sanya, Hainan
P. rhathymum TIO52 – – 2015.02.04 18°09.61′ 109°33.77′ 7 Sanya, Hainan
P. rhathymum TIO55 b0.017 None 2015.02.04 18°09.61′ 109°33.77′ 7 Sanya, Hainan
P. rhathymum TIO71a – – 2015.02.04 18°09.61′ 109°33.77′ 7 Sanya, Hainan
P. rhathymum TIO75 – – 2015.02.04 18°09.61′ 109°33.77′ 7 Sanya, Hainan
P. rhathymum TIO80 – – 2015.02.04 18°09.61′ 109°33.77′ 7 Sanya, Hainan
P. rhathymum TIO82 – – 2015.02.04 18°09.61′ 109°33.77′ 7 Sanya, Hainan
P. rhathymum TIO136 – – 2015.04.16 18°16.26′ 109°44.99′ 5 Sanya, Hainan
P. rhathymum TIO146 – – 2015.04.16 18°16.26′ 109°44.99′ 5 Sanya, Hainan
P. rhathymum TIO101 b0.014 None 2015.04.16 18°12.48′ 109°38.95′ 6 Sanya, Hainan
P. rhathymum TIO85 b0.014 None 2015.04.16 18°16.26′ 109°44.99′ 5 Sanya, Hainan
P. rhathymum TIO84 – – 2015.04.16 18°16.26′ 109°44.99′ 5 Sanya, Hainan
P. rhathymum TIO93 b0.016 None 2015.04.17 18°21.63′ 110°00.19′ 3 Sanya, Hainan
P. rhathymum TIO152 – – 2015.04.16 18°12.48′ 109°38.95′ 6 Sanya, Hainan
P. rhathymum TIO94 – – 2015.04.17 18°21.63′ 110°00.19′ 3 Sanya, Hainan
P. rhathymum TIO109 – – 2015.04.17 18°21.63′ 110°00.19′ 3 Sanya, Hainan
P. rhathymum TIO112 – – 2015.04.17 18°21.63′ 110°00.19′ 3 Sanya, Hainan

17Z. Luo et al. / Algal Research 22 (2017) 14–30
(NRC), Halifax, NB, Canada. The detection limit was set as 24 pg per
sample.
3. Results

Forty-seven strains of Prorocentrum were established from the
northern South China Sea. Twenty strains were identified as P.
rhathymum, 9 strains as P. lima, 6 strains as P. cf. maculosum, 6 strains
as P. fukuyoi, 4 strains as P. concavum, 1 strain as P. cf. emarginatum
Table 2
Primers used to amplify ITS and partial LSU in dinoflagellate.

Name
Target
sequence Direction Sequence (5′–3′) References

ITSA ITS1-5.8S-ITS2 Forward CCTCGTAACAAGGHTCCGTAGGT [2]
ITSB ITS1-5.8S-ITS2 Reverse CAGATGCTTAARTTCAGCRGG [2]
ITSF ITS1-5.8S-ITS2 Forward TCGTAACAAGGTTTCCGTAGGTG [40]
ITSR ITS1-5.8S-ITS2 Reverse ATATGCTTAAGTTCAGCGGG [40]
D1R LSU rDNA Forward ACCCGCTGAATTTAAGCATA [63]
28-1483R LSU rDNA Reverse GCTACTACCACCAAGATCTGC [13]
and 1 strain as P. panamense (Table 1). OA was detected in all P. lima
and P. cf. maculosum strains.
3.1. Morphology

3.1.1. Prorocentrum concavum Fukuyo (Fig. 2)
Synonym: Prorocentrum arabianum Morton & Faust
Cells of P. concavumwere broad oval to ovoid, symmetric, and dorso-

ventrally flattened (Fig. 2A and B). They were 45.7–50.2 μm long (mean
47.9 ± 1.0 μm, n = 62) and 37.7–42.4 μm wide (mean 39.6 ± 1.2 μm,
n = 62), with the length/width ratio varying from 1.18 to 1.23. There
was a slightly elongated nucleus located in the posterior end of the
cell (Fig. 2C). A presumable pyrenoid with a starch ring was situated
in the cell center, with numerous chloroplasts radiating from the pyre-
noid to the periphery (Fig. 2D). The thecal surface was full of round to
oval depressions and ornamented with scattered pores (0.13–0.27 μm
in diameter), which tended to be denser towards the margin (Fig. 2E–
G). Pores were absent in the central part of the cell and there were no
marginal pores (Fig. 2E and F). The intercalary band had horizontal stri-
ations (Fig. 2G). The periflagellar area was wide V-shaped consisting of
eight or nine platelets (1a, b, 2, 3, 4, 5, 6, 7, 8) (Fig. 2H and I). The flagella



Fig. 2. Lightmicroscopy (LM) and scanning electronmicroscopy (SEM) images ofmotile cells of Prorocentrumconcavum. (A and B). LM, right and lateral thecal view showing the cell shape.
C. Fluorescence LM, Sybr Green stained cell showing the shape and location of the nucleus (N). D. Fluorescence LM, a cell showing the pyrenoid (P) and radial arrangement of chloroplasts
(chl). (E and F). SEM, right and left thecal view showing the V-shaped periflagellar area, numerous depressions, thecal pores and thick flanges (arrow). G. SEM, intercalary band, showing
horizontal striations. (H and I). SEM, detail of the periflagellar area showing eight platelets, the flagella pore (fp) and accessory pore (ap), note the division of platelet 1 in I. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pore (fp) was much larger than the accessory pore (ap) (Fig. 2H). P.
concavum was encountered only at station 4 (Fig. 1).

3.1.2. Prorocentrum cf. emarginatum (Fig. 3)
Cells of P. cf. emarginatum were round to oval, slightly asymmetric

and dorsoventrally flattened (Fig. 3A and B). They were 33.7–40.9 μm
long (mean 37.0 ± 1.5 μm, n = 88) and 28.9–38.7 μm wide (mean
32.9 ± 1.8 μm, n = 88) with the length/width ratio varying from 1.02
to 1.24 (Table 3). Asexual reproduction often occurred through the hy-
aline division cysts (Fig. 3C). The nucleus was elongated and located in
the posterior end of the cell (Fig. 3D). A presumable pyrenoid with a
starch ring was situated in the cell center, with numerous chloroplasts
radiating from the pyrenoid to the periphery (Fig. 3E). The thecal sur-
face was smooth and ornamented with pores of different size (large
pores with a mean diameter of 0.24 μm, small pores with a mean diam-
eter of 0.11 μm), which were situated in deep depressions. The number
of thecal pore was around 223 and they generally formed radial rows,
but there was no pore in the center (Fig. 3F and G). Around 98marginal
pores were present. The intercalary band had transverse striations
(Fig. 3I). The periflagellar area was deep, narrow, and V-shaped and
consisted of nine platelets (1, 2, 3, 4, 5, 6a, b, 7, 8) (Fig. 3I–K). Platelet
1 had a pronounced wing, and platelets 4, 7 and 8 had short lists
(Fig. 3I–K). The flagella pore was much larger than the accessory pore
(Fig. 3I and J). P. cf. emarginatum was encountered only at station 8
(Fig. 1).

3.1.3. Prorocentrum fukuyoi S. Murray & Y.·Nagahama (Fig. 4)
Cells of P. fukuyoiwere oval to oblong, slightly asymmetric, and dor-

soventrally flattened (Fig. 4A and B). They were 26.2–37.9 μm long
(mean 31.4 ± 2.4 μm, n = 94) and 18.0–26.5 μm wide (mean 21.8 ±
1.9 μm, n = 94) with the length/width ratio varying from 1.23 to 1.57
(Table 3). There was a round nucleus located in the posterior end of
the cell (Fig. 4C). A presumable pyrenoidwith a starch ringwas situated
in the cell center, with numerous chloroplasts radiating from the



Fig. 3. Lightmicroscopy (LM) and scanning electronmicroscopy (SEM) images of motile cells of Prorocentrum cf. emarginatum. (A and B). LM, right and lateral thecal view showing the cell
shape. C. LM, cell divisions in a hyaline cyst. D. Fluorescence LM, Sybr Green stained cell showing the shape and location of the nucleus (N). E. Fluorescence LM, a cell showing the pyrenoid
(P) and radial arrangement of chloroplasts (chl). (F and G). SEM, right and left thecal view showing the V-shaped periflagellar area, radial thecal pores, marginal pores, wing (arrowhead)
and thick flanges (arrow). H. SEM intercalary band, showing transverse striations. (I–K). Detail of the periflagellar area showing eight platelets, the flagella pore (fp) and accessory pore
(ap). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Morphological comparisons of Prorocentrum emarginatum and P. fukuyoi.

Strains

Cell size Number of pores Valve pores
Reference

Length (μm) Width (μm) Ratio (L/W) Valve Marginal
Large pores
diameter (μm)

Small pores
diameter (μm)

P. emarginatum type species 35–36 32 1.09–1.13 100(?) ? 0.5(?) 0.2(?) [24]
P. cf. emarginatum X2P3 33.7–40.9 (37.0

± 1.5)
28.9–38.7 (32.9
± 1.8)

1.02–1.24 (1.13
± 0.05)

223
± 20.8

98
± 5.6

0.19–0.32 (0.24
± 0.03)

0.08–0.14 (0.11
± 0.01)

Present
study

P. fukuyoi SM19 (type
species)

28–42 (38.0
± 3.2)

18–30 (26
± 5.5)

1.3–1.5 ~175 None ~0.3 ~0.1 [54]

P. fukuyoi (as
emarginatum)

SM35 33–36 30–32 1.0–1.2 108 None 0.18–0.25 (0.22
± 0.02)

0.07–0.15 (0.09
± 0.01)

[54]

P. fukuyoi NG2 26.2–37.9 (31.4
± 2.4)

18.0–26.5 (21.8
± 1.8)

1.36–1.57 (1.44
± 0.04)

231
± 20.24

None 0.30–0.39 (0.34
± 0.03)

0.13–0.20 (0.18
± 0.01)

Present
study

P. fukuyoi TIO305 26.8–34.1 (30.3
± 2.2)

20.2–25.5 (22.7
± 1.7)

1.23–1.37 (1.32
± 0.04)

186
± 19.8

None 0.28–0.39 (0.33
± 0.02)

0.08–0.20 (0.13
± 0.04)

Present
study

?:questionable
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Fig. 4. Light microscopy (LM) and scanning electron microscopy (SEM) images of motile cells of Prorocentrum fukuyoi. (A and B). LM, thecal view showing the varying cell shape. C.
Fluorescence LM, Sybr Green stained cell showing the shape and location of the nucleus (N). D. Fluorescence LM, a cell showing the pyrenoid (P) and radial arrangement of
chloroplasts (chl). (E and F). SEM, thecal view showing the V-shaped periflagellar area, radial thecal pores, wing (arrowhead), and thick flanges (arrow). G. SEM, intercalary band,
showing transverse striations. (H–J). SEM, detail of the periflagellar area showing eight platelets, the flagella pore (fp) and accessory pore (ap). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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pyrenoid to the periphery (Fig. 4D). The thecal plate was smooth and
ornamented with pores of different size (large pores with a diameter
of 0.28–0.39 μm; small pores with a diameter of 0.08–0.20 μm). The
number of thecal pores was around 200 and they formed radial rows,
but there were no pores in the central part of the cell and neither any
marginal pore (Fig. 4E–G). The intercalary band had transverse stria-
tions (Fig. 4G). The periflagellar area was deep, narrow, and V-shaped
consisting of nine platelets (1, 2, 3, 4, 5, 6a, b, 7, 8) (Fig. 4H–J). Platelet
1 had a pronounced wing, and platelets 4, 7 and 8 had short lists
(Fig. 4H–J). The flagella pore was much larger than the accessory pore
(Fig. 4H and I). P. fukuyoiwas encountered at stations 4 and 10 (Fig. 1).

3.1.4. Prorocentrum lima (Ehrenberg) F. Stein (Fig. 5)
Synonym: Prorocentrum arenarium Faust
Cells of P. lima were oval, symmetric, and dorsoventrally flattened

(Fig. 5A and B). They were 37.6–45.3 μm long and 26.4–30.5 μm wide
with the length/width ratio varying from 1.39 to 1.58 (Table 4). Cells
reproduced through binary fission (Fig. 5B). There was an elongated
nucleus located in the posterior end of the cell (Fig. 5C). A pyrenoid
with a starch ringwas situated in the cell center, with numerous chloro-
plasts radiating from the pyrenoid to the periphery (Fig. 5D). The thecal
plate was smooth and ornamented with round to elongated pores
(0.20–0.59 μm long, 0.14–0.43 μm wide). The number of pores varied
from 56 to 66, but pores were absent in the central part of the cell
(Fig. 5E–G). Around 56–65 marginal row pores were observed (Fig. 5F
and G). The intercalary band had transverse striations (Fig. 5G).
The periflagellar area was wide V-shaped, consisting of eight platelets
(1, 2, 3, 4, 5, 6, 7, 8) (Fig. 5H and I). P. lima was encountered at stations
2 and 9 (Fig. 1).

3.1.5. Prorocentrum cf. maculosum (Fig. 6)
Cells of P. cf. maculosum were oval to ovoid, symmetric, and dorso-

ventrally flattened (Fig. 6A and B). They were 38.7–51.7 μm long,
26.1–39.9 μm wide, with the length/width ratio varying from 1.18 to
1.55 (Table 4). Cells reproduced through binary fission (Fig. 6B). The
elongated nucleus was located in the posterior end of the cell



Fig. 5. Lightmicroscopy (LM) and scanning electronmicroscopy (SEM) images ofmotile cells of Prorocentrum lima. A. LM, right thecal view showing the cell shape. B. LM, binaryfission of a
cell. C. Fluorescence LM, Sybr Green stained cell showing the shape and location of the nucleus (N). D. Fluorescence LM, a cell showing the pyrenoid (P) and radial arrangement of
chloroplasts (chl). (E and F). SEM, right thecal view showing the V-shaped periflagellar area, thecal pores and marginal pores. G. SEM, intercalary band, showing horizontal striations.
H. SEM, detail of the periflagellar area showing eight platelets, lists (arrows), the flagella pore (fp) and accessory pore (ap). I. LM, cell aggregations in the culture. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 6C). A pyrenoid with a starch ring was situated in the cell center,
with numerous chloroplasts radiating from the pyrenoid to the periph-
ery (Fig. 6D). The thecal surface was smooth and ornamented with ob-
long or kidney-shaped pores (0.39–0.86 μm long, 0.18–0.51 μm wide)
(Fig. 6E–G). The valve pore number varied from 59 to 79 and there
were 51–66 marginal pores (Table 4). There was no pore in the central
part of the cell (Fig. 6E and F). The intercalary band had transverse stri-
ation (Fig. 6I). The periflagellar area was wide V-shaped, and consisted
of eight platelets (1, 2, 3, 4, 5, 6, 7, 8) (Fig. 6E and F). P. cf. maculosum
was encountered at stations 5, 6, 7 and 9 (Fig. 1).

3.1.6. Prorocentrum panamense Grzebyk, Sako & Berland (Fig. 7)
Cells of P. panamense were heart-shaped and asymmetric (Fig.

7A). They were 52.3–55.6 μm long (mean 54.1 ± 1.0 μm, n = 50)
and 48.3–50.7 μm wide (mean 49.4 ± 1.0 μm, n = 50) with the
length/width ratio varying from 1.06 to 1.13. The U-shaped nucleus
was located in the posterior end of the cell (Fig. 7B). A pyrenoid
with a starch ring was situated in the cell center, with numerous
chloroplasts radiating from the pyrenoid to the periphery (Fig. 7A
and C). The thecal plates were reticulate-foveate but the depressions
in the center were much shallower. There were round pores with a
diameter of 0.07–0.13 μm located inside the depressions. There was
a large pore (around 1.4 μm in diameter) nearby the margin in the
right thecal plate (Fig. 7D). The periflagellar area was linear
consisting of nine strongly reticulate-foveate platelets (1, 2, 3, 4, 5,
6a, b, 7, 8) (Fig. 7D and E). The intercalary band had transverse
striation (Fig. 7F). P. panamense was encountered only at station 6
(Fig. 1).



Table 4
Morphological comparisons of Prorocentrum lima and P. maculosum.

Strains

Cell size Number of pores Valve pores

ReferenceLength (μm) Width (μm) Ratio (L/W) Valve Marginal Length (μm) Width (μm) Ratio (L/W)

P. lima Type
species

36 27 1.33 65 62 0.37 0.37 1 [56]

P. lima TIO124 40.1–45.3 (42.8
± 1.2)

26.6–30.5 (29.2
± 1.2)

1.40–1.58 (1.47
± 0.06)

66
± 4.9

57
± 1.2

0.31–0.46 (0.36
± 0.04)

0.22–0.43 (0.32
± 0.04)

1.0–1.8 (1.2
± 0.2)

Present
study

P. lima TIO155a 39.2–41.3 (40.5
± 1.1)

26.4–28.3 (27.6
± 0.9)

1.45–1.48 (1.46
± 0.02)

61
± 7.8

65
± 4.6

0.20–0.33 (0.26
± 0.04)

0.20–0.33 (0.26
± 0.04)

1.0 ± 0.1 Present
study

P. lima TIO163 37.6–42.6 (40.4
± 2.3)

26.5–28.5 (27.4
± 0.9)

1.42–1.50 (1.47
± 0.05)

65
± 1.0

57
± 1.2

0.20–0.36 (0.29
± 0.05)

0.14–0.24 (0.21
± 0.02)

1.0–2.5 (1.4
± 0.4)

Present
study

P. lima TIO162 41.3–42.7 (41.8
± 0.4)

27.3–28.7 (27.9
± 0.4)

1.47–1.53 (1.49
± 0.01)

62
± 4.2

56
± 2.7

0.26–0.47 (0.36
± 0.04)

0.17–0.35 (0.24
± 0.03)

1.0–2.1 (1.5
± 0.3)

Present
study

P. lima TIO302 41.2–43.5 (42.2
± 0.6)

28.7–30.5 (29.6
± 0.4)

1.39–1.48 (1.43
± 0.02)

56
± 4.6

59
± 5.4

0.32–0.59 (0.46
± 0.05)

0.21–0.36 (0.26
± 0.03)

1.3–2.1 (1.7
± 0.2)

Present
study

P.
maculosum

Type
species

40–50 30–40 NA 85–90 65–75 0.6 0.27 ± 0.05 2.2 ± 0.4 [20]

P. cf.
maculosum

TIO11 40.5–46.5 (43.7
± 1.7)

33.5–37.5 (35.5
± 1.1)

1.18–1.29 (1.23
± 0.03)

79
± 5.0

58
± 3.0

0.55–0.86 (0.74
± 0.07)

0.29–0.51 (0.42
± 0.04)

1.3–2.6 (1.8
± 0.3)

Present
study

P. cf.
maculosum

TIO102 47.7–51.7 (49.2
± 1.5)

38.1–39.9 (39.0
± 0.8)

1.24–1.30 (1.26
± 0.03)

85
± 2.6

66
± 6.4

0.57–0.85 (0.67
± 0.06)

0.30–0.43 (0.35
± 0.04)

1.7–2.3 (1.9
± 0.2)

Present
study

P. cf.
maculosum

TIO138 41.3–42.7 (43.0
± 0.8)

28.2–30.8 (30.0
± 0.7)

1.37–1.48 (1.43
± 0.03)

59
± 9.0

51
± 3.3

0.39–0.78 (0.56
± 0.08)

0.23–0.45 (0.31
± 0.04)

1.2–3.2 (1.8
± 0.4)

Present
study

P. cf.
maculosum

TIO179 38.7–42.4 (41.1
± 1.1)

27.4–29.1 (28.5
± 0.6)

1.33–1.54 (1.45
± 0.05)

67
± 2.3

53
± 4.5

0.43–0.73 (0.57
± 0.06)

0.20–0.39 (0.29
± 0.04)

1.3–3.3 (2.4
± 0.4)

Present
study

P. cf.
maculosum

TIO180 39.1–42.6 (40.4
± 1.2)

26.1–28.3 (27.4
± 0.8)

1.41–1.55 (1.47
± 0.06)

66
± 3.4

58
± 1.1

0.52–0.67 (0.59
± 0.07)

0.18–0.26 (0.21
± 0.02)

2.2–3.5 (2.8
± 0.3)

Present
study
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3.1.7. Prorocentrum rhathymumA.R. Loeblich III, Sherley & Schmidt (Fig. 8)
Cells of P. rhathymumwere oval to oblong and asymmetric (Fig. 8A).

They were 31.0–33.5 μm long (mean 32.0 ± 0.8 μm, n= 50) and 23.6–
26.9 μmwide (mean 24.9±1.2 μm, n=50)with the length/width ratio
varying from 1.21 to 1.34. The cells reproduced by binary fission
(Fig. 8B). The elongated nucleus was located in the posterior end of
the cell (Fig. 8C). A presumable pyrenoidwith a starch ringwas situated
in the cell center, with numerous chloroplasts radiating from the pyre-
noid to the periphery (Fig. 8D). The thecal plates were foveate and
ornamented by around 120 pores of two sizes. The large pores were
0.36–0.50 μm in diameter, whereas the small pores were 0.09–
0.14 μm in diameter. They formed radial rows, especially in the anterior
and posterior part of the cell (Fig. 8E and F). The intercalary band had
transverse striation (Fig. 8G). The periflagellar area was wide V-shaped
consisting of nine platelets (1, 2, 3, 4, 5, 6a, b, 7, 8) (Fig. 8E, H–I). Platelet
1 had a pronounced wing like spine (Fig. 8A and E). P. rhathymumwas
encountered at stations 1, 3, 5, 6 and 7 (Fig. 1).

A schematic graphic was presented to show cell shape, periflagellar
area, the pore pattern and patterns of periflagellar platelets of all inves-
tigated species (Fig. 9).
3.2. Molecular phylogeny

For LSU sequences comparison, the four Chinese P. concavum strains
shared identical sequences, but they differed from the Reunion Island
strain PCRN01, Malaysia strain NMN103, and Arabian Sea strain
CCMP1724 at 13, 17, and 17 positions (98.5%, 98.8% and 98.8% similari-
ty), respectively. Chinese P. cf. emarginatum strain X2P3 differed from
Reunion Island strain PCRN05 and strain PES401 (origin not available)
at 15 and 21 positions (98.2% and 98.4% similarity), respectively, and
from P. sculptile Faust strain NMN011 at 20 positions (98.5% similarity).
Chinese P. fukuyoi strain TIO309 differed fromArabianGulf strain IFR10-
311, Japanese strain SM39, German strain IFR11-188, and French strain
IFR11-234 at 28, 32, 60, and 56 positions (97.2%, 97.3%, 94.0%, and 93.6%
similarity), respectively.

Chinese P. lima strains differed from each other at 3–6 positions
(99.6%–99.8% similarity) and strain TIO124 differed from Australia
strain SM24, SM29 and Italy strain Sorrento 1 at 2, 22, and 47 positions
(99.9%, 98.4%, and 96.7% similarity), respectively. Chinese P. cf.
maculosum strains differed from each other at 1 to 10 positions
(99.3%–99.9% similarity) and strain TIO179 differed from Cuba strain
PMHV-1 at 6 positions (99.5% similarity). P. panamense strain TIO97 dif-
fered fromMartinique Island strain IFR12-218 at 2 positions (99.7% sim-
ilarity). Chinese P. rhathymum strains and Korea strain PRJJ1 shared
identical LSU sequences, but they differed from Australia strain
PRHI01 at 2 positions (99.7% similarity).

Maximum likelihood (ML) and Bayesian inference (BI) based on LSU
sequences generated similar trees that differed only in a few topologies.
One of the trees is illustrated in Fig. 10. Prorocentrum species were clas-
sified into two clades. One clade contained mainly planktonic species,
but it also included asymmetrical benthic species such as P.
emarginatum, P. fukuyoi and P. rhathymum. The other clade included
symmetrical benthic species, e.g., P. panamense, P. lima, P. maculosum
and P. concavum.

P. emarginatum and P. sculptile grouped together with maximal sup-
port (ML bootstrap support values: 100; Bayesian posterior probabili-
ties: 1.0), and they were a sister clade of P. fukuyoi with maximal
support. P. rhathymum grouped together with planktonic species (e.g.
P. koreanum M. S. Han, S. Y. Cho & P. Wang, P. micans and P. gracile
Schütt) with maximal support. P. lima was monophyletic consisting of
three subcladeswithmaximal support. P.maculosumwasmonophyletic
too, and it was a sister clade of P. hoffmannianum/P. belizeanum. They
formed a sister clade of P. lima with maximal support. P. concavum, P.
foraminosum M. A. Faust and P. levis formed a well resolved group
with maximal support, and P. panamense and P. glenanicum Chomérat
& Nézan also formed a well resolved group with maximal support.

Maximum likelihood (ML) and Bayesian inference (BI) based on ITS
sequences generated similar trees that differed only in a few topologies.
One of the trees is illustrated in Fig. 11, which is consistentwith the phy-
logeny based on LSU sequences.

3.3. Okadaic acid and dinophysistoxin concentrations

Nine strains of P. lima, 6 strains each of P. cf. maculosum and P.
rhathymum, 2 strains of P. concavum, and 1 strain of P. panamense
were subjected to toxin analysis. All strains of P. lima and P. cf.
maculosum produced OA at levels ranging from 551 to 10,260 fg cell−1.
Two strains of P. lima also produced DTX-1 at 910 and 1810 fg cell−1.
Other species did not produce detectable level of OA (Table 1).



Fig. 6. Light microscopy (LM) and scanning electronmicroscopy (SEM) images of motile cells of Prorocentrum cf.maculosum. A. LM, right thecal view showing the cell shape. B. LM, binary
fission of a cell. C. Fluorescence LM, Sybr Green stained cell showing the shape and location of the nucleus (N). D. Fluorescence LM, a cell showing the pyrenoid (P) and radial arrangement
of chloroplasts (chl). E and F. SEM, thecal view showing the V-shaped periflagellar area, elongated and kidney-shaped thecal pores andmarginal pores. G. SEM, intercalary band, showing
transverse striations. (H and I). SEM, detail of the periflagellar area showing eight platelets, lists (arrows), the flagella pore (fp) and accessory pore (ap). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

4.1. Morphology and biogeography

4.1.1. P. concavum
Chinese P. concavum is consistent with the original description re-

garding the wide V-shaped periflagellar area, with a much larger fp rel-
ative to ap [24,48]. However, the Chinese strains exhibit variability of
platelet 1 in the periflagellar area (i.e., one platelet or divisions 1a and
1b, whereas the Malaysian strain always shows the division of platelet
1 [48]. P. foraminosum also has a wide V-shaped periflagellar area and
numerous depressions, but it differs from P. concavum in the divisions
of platelet 6 (6a, 6b) [20].

P. concavum was described from French Polynesia, New Caledonia
and the Ryukyu Islands [24], and was reported to occur in the Gulf of
Oman, Arabian Sea (as P. arabianum) [50], Sabah, Malaysia [48], Gulf
of Panama [25], and northern South China Sea (present study), suggest-
ing that it has a wide geographic distribution.
4.1.2. P. emarginatum and P. fukuyoi
P. emarginatum and P. fukuyoi share a narrow V-shaped periflagellar

area and thecal pores with radial patterns. P. emarginatum was de-
scribed from the Rikuyo Islands based on light microscopy results only
and its morphological details are not available [24]. Therefore, we iden-
tified the Chinese specimens as P. cf. emarginatum tentatively. P. fukuyoi
wasdescribed from Sydney, Australia, and it differs from P. emarginatum
mainly in valve shape, and in having protrusions in the apical region
[54]. However, the “P. emarginatum” strain SM35 used for comparison
was isolated from Fiji and the main difference between these species
is the length/width ratio [54]. The length/width ratio can be variable
in Prorocentrum species, such as P. lima [56] and P. fukuyoi (Fig. 4). In
the original description of P. fukuyoi, the ap was not reported probably
because it was masked by the apical flange [54]. Hoppenrath et al. [33]
provided a line drawing of the periflagellar platelets of P. fukuyoi
(Fig. 7)which showed a small ap, aswas also found in the Chinese strain
(Fig. 4I). Hoppenrath et al. [33] also provided a line drawing of the
periflagellar platelets of P. emarginatum (Fig. 7), on which ap was



Fig. 7. Lightmicroscopy (LM) and scanning electronmicroscopy (SEM) images ofmotile cells of Prorocentrumpanamense. A. LM, right thecal view showing the asymmetrical cell shape and
linear periflagellar area. B. Fluorescence LM, Sybr Green stained cell showing the curved nucleus (N). C. Fluorescence LM, a cell showing the pyrenoid (P) and radial arrangement of
chloroplasts (chl). D. Left thecal view, showing numerous depressions and a large sieve like structure (arrow). E. Detail of the periflagellar area showing eight platelets, the flagella
pore (fp) and accessory pore (ap). F. intercalary band, showing transverse striations. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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absent. However, Chinese P. emarginatum have a small ap, similar to
that of P. fukuyoi. Moreover, P. fukuyoi and P. emarginatum share pores
of different sizes with a radial pattern and division cysts. The major dif-
ference between these two species might be that P. emarginatum has
marginal pores (Fig. 3J) but P. fukuyoi does not (Table 3). If this is true,
P. emarginatum reported from Belize and Fiji might be P. fukuyoi instead
[18,54], whereas those from Sabah are P. emarginatum [47]. This issue
will not be clarified until P. emarginatum from the type locality is exam-
ined in detail.

4.1.3. P. lima and P. maculosum
P. lima from the South China Sea generally fit the original description

from the type locality [56]. They have round to elongated valve pores, a
V-shaped periflagellar area, and a large fp that is about twice the size of
ap (Fig. 5). The length/width ratio of Chinese P. lima is variable, as pre-
viously reported [57]. Chinese P. cf. maculosum strains have large kid-
ney-shaped valve pores, which is characteristic of this species [20].
However, the Chinese strains have a smooth thecal surface in contrast
to the rugose surface in the original descriptions [20]. The length/
width ratio of P. maculosum is variable, suggesting that this is not a reli-
able feature for differentiation at the species level. The fp is equal to ap
in size in the original description [20], but fp is slightly larger in the
Chinese strains. The ridge in the intercalary band of P. maculosum [20]
was not observed in the Chinese strains. Due to these differences, we
identified the Chinese strains as P. cf. maculosum. Cells of P. maculosum
are evenly distributed in culture whereas cells of P. lima tend to aggre-
gate. Previously, cell aggregation was only reported in P. levis [3], and
the underlying mechanism for this behavior is not clear. This unusual
character might help to differentiate P. maculosum from P. lima.

P. lima is a cosmopolitan species [57],whereas P.maculosumhas only
been reported in Central America, including Belize, Panama, Cuba, and
the British Virgin Islands [20,25,30,75]. Some P. lima specimens were
reported to have kidney-shaped pores, such as morphotypes 4 and 5
from the South China Sea [74] and specimens from Greece (Fig. 6H in
[3]); these specimens might be P. maculosum instead.

4.1.4. P. panamense
The Chinese strain of P. panamense was characterized by strong de-

pressions with pores inside, asymmetrical cell shape, and a sieve-like
structure, which fit the original description of P. panamense [25]. It dif-
fers from P. pseudopanamense Chomérat & Nézan, which is not heart-
shaped [11]. P. panamense was previously reported in the Gulf of
Panama, which is located in the tropical east Pacific [25], so its presence
in the South China Sea extends its distribution to the subtropical
western Pacific.

4.1.5. Prorocentrum rhathymum
P. rhathymumwas characterized by a small anterior spine and poste-

rior radial thecal pores [43]. Cortes-Altamirano and Sierra-Beltran [12]
argued that P. rhathymum is an epibenthic species and P. mexicanum is
a planktonic one. However, P. rhathymum was described from a plank-
ton sample and in the molecular phylogeny they are not separate, sug-
gesting that they might be conspecific. P. rhyathymum was reported in
Okinawa, Japan [24], Greece [3], Mexico [4], Malaysia [47], Kuwait [62]
and China (present study).

4.2. Molecular phylogeny

In themolecular phylogeny, one clade incorporates only benthic and
symmetrical species, and the other includes both planktonic and ben-
thic species; this finding, supports the premise that the benthic state
might have evolved several times [53]. Our results also support the be-
lief that the shape of the periflagellar area is phylogenetically significant
[33]. Those species sharing a linear periflagellar area (P. panamense, P.



Fig. 8. Light microscopy (LM) and scanning electron microscopy (SEM) images of motile cells of Prorocentrum rhathymum. A. LM, right thecal view showing the cell shape. B. LM, binary
fission of a cell. C. Fluorescence LM, Sybr Green stained cell showing the shape and location of the nucleus (N). D. Fluorescence LM, a cell showing the pyrenoid (P) and radial arrangement
of chloroplasts (chl). (E and F). SEM, thecal view showing theV-shaped periflagellar area, radial thecal pores and a pronouncedwing (arrow). G. SEM, intercalary band, showing transverse
striations. (H and I). SEM, detail of the periflagellar area showing eight platelets, lists (arrowheads), the flagella pore (fp) and accessory pore (ap). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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glenanicum and P. pseudopanamense) form a well-resolved clade ([11,
25]; present study). Additionally, those species sharing a deep, narrow
periflagellar area (P. emarginatum, P. fukuyoi and P. sculptile) group to-
gether. The systematic importance of other parts of the periflagellar
area (e.g., the relative size of fp and ap, division of platelets) remain to
be determined.

Our results suggest that the presence/absence of marginal pores
might be the key feature for separating P. emarginatum from P. fukuyoi,
but more information about P. emarginatum from the type locality is
needed. P. sculptile differs from P. emarginatum and P. fukuyoi by
possessing numerous depressions [21]. The single available LSU rDNA
sequence of P. sculptile is highly similar to that of P. emarginatum, sug-
gesting that they might be conspecific. However, sequences of P.
sculptile from the type locality are not available and will be the focus
of future study.

Chinese P. lima share 97% similarity of LSU sequences with that from
the type locality, and all of them form a monophyletic clade. They are
scattered into three subclades (Fig. 10), as also reported previously
based on SSU rDNA sequences [57] and based on ITS sequences
(Fig. 11). Our results support the idea that P. limamight contain several
cryptic species [57]. In contrast, Chinese P. cf. maculosum share 99.5%
similarity of LSU sequences with that from the type locality, suggesting
that the presence and number of depressions might be plastic and not
suitable for differentiation at the species level. Strain K-0625 from
Indonesia was designated as P. lima [48] but it is nested within P.
maculosum, and it might have beenmisidentified. The close relationship
between P. maculosum and P. hoffmannianum suggests that they might
be conspecific, but support for this premise will require more evidence
from material collected in Belize.

4.3. Toxin profiles

OA was reported in P. concavum [14,35], but the corresponding cells
have numerous depressions and might be P. hoffmannianum instead
[33]. P. concavum from Okinawa, Japan showed strong ichthyotoxicity
but did not produce detectable OA [72]. P. concavum from the Gulf of
Oman (as P. arabianum) produced a cytotoxic and ichthyotoxic com-
pound, but OA production was not observed [50]. Our results suggest



Fig. 9. Drawings of seven Prorocentrum species in right thecal view showing cell shape, periflagellar area, the pore pattern, and patterns of periflagellar platelets.
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that P. concavum from the South China Sea does not produce detectable
OA, but whether it produces other kinds of toxins remains to be
determined.
Only a few Chinese P. lima strains produced both OA and DTX-1,
whereas all strains from theUK and Portugal produced these two toxins
in varying quantities [55,69]. In previous studies, production of OA was



Fig. 10.Molecular phylogeny of Prorocentrum inferred from partial large subunit rDNA sequences based on Bayesian inference (BI). Adenoides eludenswas used as the outgroup. Numbers
at nodes represent the result of the ML bootstrap analysis and Bayesian posterior probabilities (left: ML bootstrap support values; right: Bayesian posterior probabilities); filled circles
indicate the maximal support in BA and ML (1.0 and 100%, respectively). Bootstrap values N50% and posterior probabilities above 0.8 are shown. Newly obtained sequences were
indicated as bold. Scale bar = number of nucleotide substitutions per site.
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Fig. 11.Molecular phylogeny of Prorocentrum inferred from ITS region sequences based on Bayesian inference (BI). Pseudadenoides kofoidii was used as the outgroup. Numbers at nodes
represent the result of theML bootstrap analysis and Bayesian posterior probabilities (left: ML bootstrap support values; right: Bayesian posterior probabilities); filled circles indicate the
maximal support in BA and ML (1.0 and 100%, respectively). Bootstrap values N50% and posterior probabilities above 0.8 are shown. Newly obtained sequences were indicated as bold.
Scale bar = number of nucleotide substitutions per site.
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reported in only one Japanese strain and one Chinese strain [37,40]. OA
concentrations of the Chinese strains ranged from 500 to 10,000 fg
cell−1, supporting the idea that OA concentrations of geographically iso-
lated strains are similar [55]. OA production has been reported in P.
maculosum (originally as P. concavum) [34], but the species was proba-
bly P. hoffmannianum [33]. Zhou and Fritz [76] reported that P.
maculosumwas able to produceOAbased on the results of themonoclo-
nal antibody method. They stated that the culture was the same as that
reported byDickey et al. [14], but the cell morphology in the two studies
was quite different in that the former hadmany depressions and the lat-
ter had fewer depression [75]. A possible explanation is that the depres-
sions are plastic in P. hoffmannianum [33], thus P. maculosummight be a



29Z. Luo et al. / Algal Research 22 (2017) 14–30
junior synonym of P. hoffmannianum. Our results support the premise
that P. rhathymum does not always produce detectable OA [3,72] and
that P. panamense is a nontoxic species. OA production has been
reported in Dinophysis and related species [60], but they are phyloge-
netically distant from Prorocentrum [53], suggesting that OA production
has evolved independently.
5. Conclusion

Seven epibenthic Prorocentrum species were identified from the
northern South China Sea. Among them, P. panamense and P.maculosum
have not been reported previously outside Central America. In addition
to the shape of valve pores, P. cf. maculosum can be separated from P.
lima by its inability to aggregate in culture. P. cf. emarginatum might
be differentiated from P. fukuyoi based on the presence of marginal
pores. OAwas detected in all Chinese P. lima and P. cf.maculosum strains
but not in the other three species.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.algal.2016.11.020.
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