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Abstract

A small armed dinoflagellate bloomed in the aquaculture ponds off the coast of Liaodong Bay, Bohai Sea of China,
resulting in heavy mortalities of the cultured prawns (Penaeus japonicus) and larvae of Chinese mitten handed
crabs (Eriocheir sinensis). The bloom-forming species was successfully isolated, and cellular morphology of the
specimen was consequently investigated through light, fluorescent and electron microscopy. The small
((14.4+1.6) pm in length) ellipsoid cells show typical Heterocapsa thecal plate arrangement (Po, cp, 5/, 3a, 7", 6c,
5s, 5", 2""""). The episome is evidently bigger than the hyposome. One to three spherical pyrenoids are located
above or beside the large elongated nucleus. The body scale is characterized by a triangle basal plate with one
central upright and nine peripheral spines. Above all, Heterocapsa bohaiensis could be distinguished from other
Heterocapsa species by the combination of the cell size, morphology, cellular structure and body scale. Sequence
analyses of both ITS and LSU regions reveal the significant genetic divergence between H. bohaiensis and other
established species in this genus, further supporting novelty of this species. Noticeably, different sample
treatment methods resulted in morphological variation of the apical pore complex (APC) of H. bohaiensis, which

needs to be taken into account in future study.

Key words: Heterocapsa, harmful algal bloom, thecal plate, body scale, ITS

Citation: Xiao Jie, Sun Na, Zhang Yiwen, Sun Ping, Li Yan, Pang Min, Li Ruixiang. 2018. Heterocapsa bohaiensis sp. nov. (Peridiniales:
Dinophyceae): a novel marine dinoflagellate from the Liaodong Bay of Bohai Sea, China. Acta Oceanologica Sinica, 37(10): 18-27, doi:

10.1007/s13131-018-1296-z

1 Introduction

The genus Heterocapsa was originally established by Stein in
the 1880s based on the type species of Heterocapsa triquetra (=Glen-
odinium triquetrum Ehrenberg). A number of species were sub-
sequently transferred into this genus, including H. pacifica, H.
niei, H. illdefina and H. rotundata (Loeblich III, 1968; Herman
and Sweeney, 1976; Hansen, 1995). Since the 1990s, more spe-
cies were discovered and described, along with H. circular-
isquama, an HAB species blooming off the west coasts of Japan
(Horiguchi, 1995, 1997; Matsuyama et al., 2001; Iwataki et al.,
2002a, 2003, 2004, 2009; Tamura et al., 2005). So far, the genus
Heterocapsa comprises about 19 species, characterized with a
general plate formula of Po, cp, 5/, 3a, 7", 6¢, 5-8 s, 5", 0- Ip, 2"
(Loeblich III et al., 1981; Morrill and Loeblich III, 1981; Hansen,
1995; Horiguchi, 1995; Iwataki et al., 2002a, 2004; Gémez, 2005,
2012), an elongate anterior sulcal plate and presence of minute
three-dimensional body scales (Pennick and Clarke, 1977; Mor-
rill and Loeblich 111, 1981, 1983; Iwataki et al., 2004). Although the

taxonomic relationship between Heterocapsa and its closely-re-
lated genera (e.g., Cachonina) was still unresolved (Morrill and
Loeblich III, 1981; Horiguchi, 1995), species within Heterocapsa
could be distinguished by cell morphology, relative position and
shape of the nucleus and pyrenoids, and the fine structure of the
body scales (Iwataki et al., 2004; Iwataki, 2008).

Heterocapsa spp. are distributed widely in the coastal regions
around the world, and some bloomed densely causing detri-
mental ecological impacts in some regions. Heterocapsa circular-
isquama was originally identified in Japanese coast, and intens-
ive blooms of this species occurred in western Japan since 1988,
resulting in catastrophic mortalities of the farmed molluscan
shellfishes (Matsuyama et al., 1995, 2001). Later, Iwataki et al.
(2002b) reported the similar H. circularisquamas cells in the fixed
backup samples of red tides occurred in Hong Kong in the 1980s,
speculating a wider distribution of this species along the western
Pacific. Although systematic research on toxicity and harmful ef-
fects of H. circularisquama on various organisms are still ongo-

Foundation item: The NSFC-Shandong Joint Funded Project under contract No. U1406403; the National Natural Science Foundation

of China under contract Nos 41506191 and 41306171.
*Corresponding author, E-mail: liruixiang@fio.org.cn
tThese authors contributed equally to this work.



XIAO Jie et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 10, P. 18-27 19

ing (Salcedo et al., 2012; Basti et al., 2015, 2016; Nishiguchi et al.,
2016), a photosensitizing hemolytic toxin, presumably a novel
porphyrin derivative, has been successfully isolated and charac-
terized from H. circularisquama (Sato et al., 2002; Miyazaki et al.,
2005). Heterocapsa circularisquama is the only toxic species re-
ported in this genus so far. Other species, H. triquetra as an ex-
ample, may form dense blooms in the coastal and estuary waters,
while no evident harmful impacts have been reported (Kim, 1997;
Lindholm and Nummelin, 1999; Kononen et al., 1999).

Except the H. circularisquama blooms in Hong Kong (Iwataki
et al., 2002b), little was known about Heterocapsa spp. along the
coasts of China. Two Heterocapsa species (H. minima and H. tri-
quetra) were listed in the historical records as the common dino-
flagellates in the East China Sea (ECS; Liu, 2008), while no de-
scriptions on morphology and distribution were provided.
Blooms of H. circularisquama and H. rotundata were also repor-
ted sporadically in the Changjiang (Yangzi River) Estuary of ECS,
coasts of Dalian and Qingdao in recent years (Du, 2005; Wang et
al., 2006; Liu et al., 2014). Whereas, the details on morphology
and physiology of the suspicious cells were not reported, result-
ing in doubtful identity of these blooming cells (Liu et al., 2009;
Zheng, 2009). In 2008 and 2012, dense-blooming of a small dino-
flagellate occurred in the aquaculture ponds in Panjin, Liaodong
Bay of Bohai Sea, causing heavy mortalities of the cultured pra-
wns (Penaeus japonicus) and larvae of Chinese mitten handed
crabs (Eriocheir sinensis; Yang et al., 2015; Liu, 2016). More re-
search further revealed the harmful effects of this dinoflagellate
on Ruditapes philippinarum, Brachionus plicatilis and Calanus
sinicus (Yang et al., 2015; Liu, 2016). Microscopic examination of
the blooming species indicated that it did not resemble any com-
mon dinoflagellates in this region, and the true species identity is
yet to be determined. Here in this study, we reported the taxo-
nomic research on this blooming species, which may assist fu-
ture research on toxicity, physiology and assessment on ecologic-
al impact.

2 Materials and methods

2.1 Sample collection

Vegetative cells were isolated from the aquaculture ponds in
the coastal water of Panjin (40°51'N, 121°46'E) in 2008 and 2012.
The original cultures were established by the Guanghe Crab In-
dustry Limited Company (Panjin, China). The subset samples
were then sent to the First Institute of Oceanography, State
Oceanic Administration in Qingdao. They were maintained in /2
medium with 0.50 mg/L GeO, to inhibit diatom growing at 20 °C
with an illumination of 100 pmol photons m-2 s-! and 12L:12D
photoperiod. The cells were transferred to the fresh medium
every month to maintain the viability.

2.2 Light microscopy

Cell observation was carried out using a compound micro-
scope (Olympus BX53, Japan) equipped with epifluorescence
and differential interference contrast optics. In order to avoid the
size reduction during cell fixation and dehydration process (Salas
et al., 2014), we measured sizes of live cells. A drop of cultured
cells were covered with a cover slip and observed at 1 000x mag-
nification. After the cells slightly settled, images were captured
and cell sizes were then measured using the CellSens Imaging
software (Olympus, Japan). To examine the thecal plate, cells
were fixed in 2% glutaraldehyde (final concentration), stained
with Calcofluor White (Fritz and Triemer, 1985) and then
checked under a violet excitation light. The shape and location of

the chloroplasts were observed under a blue excitation light. The
nucleus was stained with 4’-6-diamidino-2-phenylindole (DAPI,
0.1 pg/mL final concentration) and determined under a violet ex-
citation light.

2.3 Electron microscopy

For SEM, cultured cells were either directly fixed by OsO, or
undergone a pretreatment process to clean the out layer debris
before they were fixed and dehydrated. About 5 mL of cells at ex-
ponential growing phase were fixed with an equal volume of 4%
050, (w/v) for about 40 min. The fixed cells were then filtered
onto a nylon membrane (5 pm pore-size) by gravity. Subseq-
uently, the folded membrane with cells was washed by an acet-
one series (10%, 30%, 50%, 70%, 80%, 90%, 100% and repeat 100%
for two times, critical point dried and coated with gold. For an-
other batch of sample, a pretreatment process was performed to
clean the out layer before they were fixed. Briefly, cells were col-
lected by centrifugation at 5 000 r/min for 5 min, the supernatant
was then removed and cell pellet was re-suspended in 60% eth-
anol at 4°C for 1 h to strip off the outer cell membrane. Sub-
sequently, cells were pelleted again and re-suspended in 5 mL
filtered seawater for 30 min at 4°C. These re-suspended cells were
then fixed and dehydrated as described above. The gold-coated
cells were viewed under a scanning electron microscope (Hita-
chi S-3400N, Japan). Some SEM micrographs were presented on
a black background using Adobe Photoshop 6.0 (Adobe Systems,
San Jose, California, USA).

For the transmission electron microscopy, fixed cells (2% OsO,)
were dehydrated through an acetone series and then embedded
in Spurr’s resin. Thin sections were cut with a diamond knife,
stained with 2% uranyl acetate and observed using Hitachi 7 500.

2.4 PCR amplification and sequence analysis

Dinoflagellate cells were pelleted through centrifugation at
10 000 r/min for 5 min, cell pellet was then lysed and extracted
using E.Z.N.A.TMHP plant DNA kits (OMEGA Bio-tek Inc., GA,
USA) following the manufacturer’s protocol. PCR amplifications
of ITS and LSU rRNA genes were performed as D’Onofrio et al.
(1999) using the primer pairs: ITS1 5-TCCGTAGGTGAACCT-
GCGG-3',ITS4 5'-TCCTCCGCTTATTGATATGC-3' (White et al.,
1990) and D1R 5'-ACCCGCTGAATTTAAGCATA-3', D2C 5'-CCT-
TGGTCCGTGTTTCAAGA-3' (Edvardsen et al., 2003), respect-
ively. Amplicons were ligated into pMD"™18-T vectors (TaKaRa
Co., Dalian, China) and then transformed into DH59 competent
cells (TaKaRa) following the manufacture’s instructions. Selec-
ted clones were screened using M13 primers and those with right
insertions were subsequently sequenced bi-directionally by the
TsingKe Biological Technology (Qingdao, China).

The resulting sequences were cleaned for the ambiguous
reads manually and then aligned with the Hetercapsa sequences
retrieved from the public database (https://www.ncbi.nlm.nih.gov,
up to date of April 7, 2017). Two sequences from Cochonina hal-
1ii (JQ972674 and AF033867) were also included in the analyses,
given its unresolved taxonomic status relevant to Heterocapsa
(Horiguchi, 1995). Sequences of Prorocentrum minimum (AF208244,
AF260379) were treated as outgroups in ITS and LSU analyses, re-
spectively. These sequences were aligned using MUSCLE al-
gorithm (Edgar, 2004) implemented in MacVector 15.1.5 (Ac-
celrys, CA, USA). Maximum-likelihood (ML), Neighbour-joining
(NJ) and Maximum-parsimony (MP) analyses were performed in
MEGA 6 (Tamura et al., 2013) with the best DNA substitution
models (Kimura 2-parameter for ITS and Tamura-Nei for LSU)
chosen based on Bayesian Information Criterion (BIC). Boot-
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strap analyses (1 000 replicates) were then conducted to evaluate
the robustness of each clade. Gaps were deleted for the analyses.

3 Results

3.1 Cell morphology

Cells are ellipsoidal, elongate with an average length of
(14.4+1.6) pm (9.9-16.5 pm, n=102) and width of (10.2+1.4) pm
(6.7-12.4 um). The L:W ratios range from 1.2 to 1.8 with a mean of
1.4. The episome of cells ((8.4+2.1) pm in length, (10.2+1.4) um in
width) is significantly bigger than the hyposome ((4.1+1.1) pm,
(8.2£1.2) pm, P<0.01, two-tailed ¢-test). Cingulum is wide and ac-
counts for about 1/7 to 1/5 of the total cell length, evidently to-
wards the antapex. The large nucleus is ellipsoid, mostly located

in the middle of the cell (Figs 1a, b) and the numerous conden-
sed chromosomes are visible when stained with DAPI (Fig. 1c).
The spherical pyrenoids (1-3 per cell) are surrounded by starch
sheaths, located above or beside the nucleus often in the epi-
some or close to cingulum (Fig. 1c). A red accumulation body
with variable shape and size is consistently observed in the hypo-
some (Figs 1a, b). The chloroplast is visible in the periphery of the
cell (Fig. 1d) under the epifluorescence microscope. In the expo-
nentially growing culture, cells are often divided by binary fis-
sions (Figs 1e, f). Temporary cysts or an intermediate stage of pla-
nozygote and resting cyst are often observed at the bottom of the
culture vessels and surrounded by heavy mucus. They are spher-
ical to oval, significantly larger than the motile cells, and full of
pale granules (Fig. 1g).

Fig. 1. Light microscopic images of Heterocapsa bohaiensis. a and b. Live cells showing the large nucleus (N), multiple pyrenoids
(white arrows) and a red accumulation body (black arrows); c. DAPI stained cells with visible nucleus (N); d. chloroplast under
epifluorescence LM; e and f. a DAPI stained dividing cell under white (e) and UV light (f), two dividing nuclei (N) are visible in f; g. a
temporary cyst or an intermediate stage of planozygote with pale granules; h-j. ventral (h and i) and dorsal (j) views of the thecal
plates, plate pattern is labeled in i and j. Scale bars: 5 pm (a-d and g-j), and 10 pm (e and f).
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3.2 Thecal plate morphology

After being stained with Calcofluor White, the thecal plates of
H. bohaiensis are visible (Fig. 1h) and consistent with the obser-
vations from SEM (Fig. 2). The plate pattern is schematized as in
Fig. 3. Consistent with known Heterocapsa spp., the thecal plate
configuration of H. bohaiensis is Po, cp, 5/, 3a, 7", 6C, 5s, 5", 2""".
As shown in the diagram (Fig. 3), the epitheca consists 5 apical
plates, 3 anterior intercalary plates and 7 precingular plates. The
cingulum composes of 6 plates, and the hypotheca has 8 plates.
The body scale (300-350 nm) is outlined by a triangle basal plate
(Fig. 2e). A central upright and nine peripheral (three at each
ridge) spines are visible on the basal plate. Three radiating spines
(one at each side of the triangle) are probably connected with the
central upright by the radiating bars. Interestingly, the morpho-
logy of apical pore complex (APC) varies when cells were treated
with different methods. When cells are directly fixed with OsO,
without pretreatment, a spherical (0.8 pm in diameter) pro-
truded cover plate (cp) is consistently observed above the pore
plate (po, Fig. 2c), and there are visible radical rod-like decora-
tions on cp. Whereas, when cells are pretreated using ethanol to

strip off the outer layer, the cover plate (cp) turns to be flat, not
protruded, and no decorations could be observed on the cp (Fig. 2d).
The APC morphology of pretreated H. bohaiensis cells is similar
to that of H. minima (Salas et al., 2014).

3.3 Ultrastructure

The ultrastructure of the cell shows a large dinokaryon, a pre-
sumably single chloroplast, a spherical pyrenoid, mitcondria, tri-
chocysts and an accumulation body (Fig. 4a). The chloroplast
with lamellae of three appressed thylakoids is located in peri-
phery of the cell and connects with the pyrenoid. The pyrenoid is
often surrounded by the starch sheath, and the thylakoids do not
penetrate into the pyrenoid (Fig. 4b). A large accumulation body
is quite visible in the hyposome.

3.4 Phylogeny of H. bohaiensis

The ITS sequences form about 15 distinct clades (Fig. 5) in-
cluding the one representative of H. bohaiensis from this study.
The eight monophyletic clades with high bootstrapping support
values represent taxa of H. horiguchii, H. circularisquama, H. tri-

Fig. 2. SEM images of Heterocapsa bohaiensis. a. Ventral view of an H. hohaiensis cell directly fixed with OsO,, b. dorsal view of an H.
hohaiensis cell pretreated, c. apical pore complex (APC) without pretreatment, d. APC with pretreatment, and e. body scale. Scale bars

1 pm (a-d), and 0.3 pm (e).
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Fig. 3. Diagrams showing the thecal plate arragement of Heterocapsa bohaiensis. a. Ventral view, b. dorsal view, c. apical view, and d.

antapical view.

quetra, H. illdefina, H. arctica, H. lanceolata, H. minima, H. pyg-
maea, respectively. Additional three single sequences (AB084098,
KF240777 and AB445394) are genetically divergent with their sis-
ter taxa and formed three individual clades, standing for the spe-
cies of H. ovata, H. rotundata and H. huensis, respectively. Inter-
estingly, the sequences of FJ823556 and FJ823557, both desig-
nated as H. niei, fall into two distinct groups. The sequence
FJ823556 (isolate UTEX 2722, Stern et al., 2012) is loosely clus-
tered with AY499509 (Heterocapsa sp. GeoB 222, Gottschling et
al., 2005) forming a sister clade to H. pseudotriquetra (AB084100),
while the other (FJ823557, CS-36, Stern et al., 2012) is clustered
with accessions FJ823557, JN020158 (H. niei identified in Iran; At-
taran-Fariman and Javid, 2013) and JQ991005 (H. sp. CCMP424
collected from Australia) forming a strongly supported clade. An-
other well-supported clade (labeled as Heterocapsa sp. in Fig. 5)
consists of four sequences (KX853194, KX853193, KX853191 and
JQ9726681) with unknown identities, one (AB084093) designated
as H. pygmaea (CCMP 1322), and one (JQ972674) as Cachonina

hallii (CCMP 2770). The p-distances between H. bohaiensis and
the closest lineages (H. pygmaea, H. sp., H. huensis and H. niei)
are 0.059-0.087, which is comparable to the levels between H.
pygmaea and H. huensis (0.099), H. rotundata and H. lanceolata
(0.087), H. lanceolata and H. arctica (0.062), H. minima and H.
arctica (0.095).

A total of 33 LSU sequences, including 28 retrieved from NCBI
GenBank and 5 obtained in the study, form two reciprocally
monophyletic clades (Fig. 6). Heterocapsa bohaiensis is located
within the clade comprising H. pygmeae (EU165306), one un-
determined strain (KT860562) isolated from the Mediterranean
Sea, a few strains from the Gulf of Mexico, Florida of USA (FJ93-
9577, EU165271 and EU165312), Iran (JN119844) and the Arabi-
an Gulf of Turkey (KX853175, 77, 78, 87). The other clade with
low bootstrapping support consists of the rest 18 sequences rep-
resenting various strains from east coast of USA, the Baltic Sea,
the Mediterranean Sea, and off the coasts of Australia, New Zeal-
and, South Korea, etc.. Noticeably, both ITS and LSU sequences
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Fig. 4. TEM images of Heterocapsa bohaiensis. a. Longitudinal section of the cell, b. detailed structure of a pyrenoid, and c. details of
trichocysts. N represents nucleus, P pyrenoid, C chloroplast, S starch sheath, T trichocyst, and A accumulation body.

of Cachonina hallii (JQ972674, AF033867) are clustered within
the Heterocapsa clades and show little sequence divergence
(<0.1%) with the neighbor sequences. This indicates a problem-
atic taxonomic status of Cachonina, which requires more re-
search.

4 Discussion

Taxonomy of Heterocapsa is difficult due to the small cell size
and similarity of cellular morphology. The diagnostic characters
included cell size and shape, shape and position of nucleus,
number and position of pyrenoid, etc. (Iwataki et al., 2003;
Iwataki, 2008). The newly found species described as Hetero-
capsa bohaiensis in this study is morphologically similar to H.
pygmaea and H. huensis, both have ovoid cells (about 12-22 pm
in length) and multiple pyrenoids. H. bohaiensis, however, pos-
seses evidently larger epitheca compared to its hypotheca (Fig. 1),
which is different from the almost equal size of epi-, hypotheca of
H. pygmaea and H. huensis (Loeblich I1I et al., 1981; Iwataki et al.,
2009). According to a review by Iwataki (2008), four species (H.
arctica, H. lanceolata, H. minima and H. rotundata) reported to
have a relatively larger epitheca, while they could be distin-
guished from H. bohaiensis by the cell size, shape and number of
pyrenoids, as summarized in Table 1. Cells of H. arctica are quite
elongated and were only observed in Arctic and the Baltic Sea
where water temperatures are lower than 5°C (Horiguchi, 1997;
Rintala et al., 2010). Heterocapsa lanceolata is featured by the
unique lanceolate shapes (Horiguchi, 1997; Iwataki, 2008). Cells
of H. minima and H. rotundata are relatively small (H. minima:
10-13 pm in length, mean=11.8 pm, Salas et al., 2014; H. ro-
tundata: 9-12 pm, 10.5 pm, Hansen, 1995). All the four species
have only one pyrenoid per cell (Iwataki, 2008; Rintala et al.,
2010; Salas et al., 2014), which is distinct from H. bohaiensis (1-3

pyrenoids). The body scales have long been recognized present
on the cell surface of Heterocapsa. Iwataki et al. (2004) compared
and summarized the ultrastructure of body scales for 12 Hetero-
capsa species, and suggested its utility in the taxonomy of Hetero-
capsa spp. (Tamura et al., 2005; Iwataki et al., 2004). Although we
failed to reveal the detailed structure through TEM, observation
under SEM indicated that body scales of H. bohaiensis are out-
lined by a triangle basal plate (300-350 nm). The central upright
and 9 peripheral spines are present on the basal plate (Fig. 2e).
The body scale of H. bohaiensis is morphologically similar to that
of H. huensis (Iwataki et al., 2009). The sequence phylogeny of
both ITS and LSU further supports that H. bohaiensis is a novel
species divergent from other described Heterocapsa spp.. There-
fore, we classified it as a new species with the formal description
as following:

Heterocapsa bohaiensis Xiao and Li sp. nov.

(Figs 1-4)

Cellula ellipsoideae, 9.9-16.5 um longae, et 6.7-12.4 um latae;
ex epitheca grandi et hypotheca parva constans; tabulatio thecalis
Po, cp, 5', 3a, 7", 6¢, 5s, 5", 2'"""; Nucleus elongatus, in parte hypo-
coni ad mediam cellulae situs.; pyrenoides singularis ad tres,
sphaerica, cum incursionibus cytoplasmatis et amylo cingente;
haec squama structura similaris Heterocapsa huensis Iwataki.

Description: Cells are ellipsoidal, 9.9-16.5 um long, 6.7-12.4 pm
wide; epitheca larger than hypotheca; thecal plate arrangement
po, cp, 5, 3a, 7", 6¢, 5s, 5", 2"""; Nucleus elongated and centrally
located; pyrenoids one to three, spherical, surrounded by starch
sheaths. The structure of body scale is similar to that of Hetero-
capsa huensis Iwataki.

Holotype: Fig. 1.

Type locality: Panjin (40°51'N, 121°46'E), Liaodong Bay, Bo-
hai Sea, China.
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KX853194 Heterocapsa sp.
ABO084093 H. pygmaea
7/88/94 | KX853193 Heterocapsa sp.
KX853191 Heterocapsa sp.
JQ972681 Heterocapsa sp.
JQ972674 Cachonina hallii
JX661020 Heterocapsa sp.
AF352364 H. triquetra
AB084094 H. pygmaea H. maea
67/-166| F1823558 H. pygmaca ne
AF352363 H. triquetra

MF471310 H. bohaiensis

MF471311 H. bohaiensis
88/-/92] MF471313 H. bohaiensis
MF471314 H. bohaiensis
AB445394 H. huensis

99/89/991 1N020158 H. niei
FJ823557 H. niei

-/-/55

MF471312 H. bohaiensis

JQ991005 Heterocapsa sp.

98/74/99, JX661019 Heterocapsa sp.
KF031311 H. minima

97/-/96; AB084096 H. lanceolata

ABA428419 H. lanceolata
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Heterocapsa sp.

H. bohaiensis

1 H. huensis

H. niei ?

I H. minima

I H. lanceolata
KF240777 H. rotundata | H. rotundata

HQ875058 H. arctica
HQ875057 H. arctica
98/91/98| JQ972677 H. arctica
ABO084095 H. arctica

H. arctica

100/99/100 | AB084092 H. illdefina I H. illdefina

HQ902267 H. triquetra

0V | 1Q972678 H. triguetra

HQ902268 H. triquetra
95/81/97 | AF208249 H. triquetra
ABO084101 H. triguetra
AF527816 H. triquetra
AHO008414 H. triquetra

—— AB084098 H. ovata

11Q972687 H. illdefina

-/-/52 AY 499509 Heterocapsa sp. o
—EFJ823556 H. niei 1 H. niei ? )
ABO084100 H. pseudotriquetra 1 H. pseudotriquetra

FJ823559 Heterocapsa sp.

H. triquetra

1 H. ovata

ABO084090 H. circularisquama
ABO084091 H. circularisquama
100/93/99' AB049711 H. circularisquama
ABO084089 H. circularisquama
AB084097 H. horiguchii

99/92/1 00| AB084099 H. horiguchii
AB428420 Heterocapsa sp.
AB428421 Heterocapsa sp.

H. cirularisquama

H. horiguchii

|
0.1

AF208244 Prorocentrum minima

Fig. 5. Phylogenetic tree based on the ITS sequences. Numbers at the nodes are bootstrapping support values larger than 50% after
1 000 replicates in maximum-likelihood/neighbor-joining/maximum-parsimony analyses. Prorocentrum minimum (AF208244) is
treated as the outgroup. The inferred clades are labeled. Bold fonts indicate sequences from this study.

Etymology: The species name refers to the Bohai Sea, the in-
nermost gulf in northern China, where this species was firstly de-
tected and isolated.

As described above, the morphology of APC varied when cells
were treated using different methods. A protruded cover plate
with radical rod-like decorations was consistently observed for
the cells directly fixed with OsO,. Similar protruded cover plate
was observed in H. pygmaea, which was also fixed directly
(Roberts et al., 1987). In contrast, there was a flat cover plate with
no visible ornaments (Fig. 3) when cells of H. bohaiensis were
pretreated. This morphology is consistent with the observation of
H. minima (Salas et al., 2014), which were also pretreated simil-
arly with ethanol. Apparently, the pretreatment procedure not
only tripped off the outer layer of the dinoflagellate cells, but also
could affect the appearance of the cover plate. Apical structure
has been recognized as an important feature for the taxonomy of
dinoflagellate (Dodge and Hermes, 1981; Toriumi and Dodge,
1993; Hoppenrath, 2017). Dodge and Hermes (1981) compared
the apical pore structures of marine dinoflagellates, suggesting
ornamentation and shape of cover plate may vary among taxa in
certain genera. Unfortunately, there was few research reported

the APC structure of Heterocapsa, even less the shape and orna-
ment of the cover plate, so that we could not compare the APCs
among Heterocapsa spp.. Given the distinct morphology of APCs
among dinoflagellates (Dodge and Hermes, 1981; Toriumi and
Dodge, 1993; Hoppenrath, 2017), more research is needed on the
APCs of Heterocapsa, which may provide valuable information
for intra- and inter-generic taxonomy studies.

So far, H. bohaiensis was only confirmed occurring in Panjin,
the Bohai Sea, while the distribution of this species has not been
fully investigated. Both ITS and LSU sequences reveal a mono-
phyletic clade of H. bohaiensis, which differs from other Hetero-
capsa species. Based on the ITS sequences, the genetic distances
between H. bohaiensis and its closely-related taxa H. huensis, H.
pygmaea and H. niei are comparable to those among the sister
taxa. The sequence phylogenetic analyses support the findings
from the morphological data. A recent survey detected multiple
ribosomal sequences with high identity (>99%) with SSU se-
quences of H. bohaiensis in the coastal water of Qinghuangdao,
the Bohai Sea (data not shown), suggesting this species may dis-
tribute more broadly. In addition, blooms of H. circularisquama
and H. rotundata were recorded in the Changjiang Estuary and
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Fig. 6. Phylogenetic tree based on the LSU sequences. Numbers at the nodes are bootstrapping support values larger than 50% after
1 000 replicates in maximum-likelihood/neighbor-joining/maximum-parsimony analyses. Prorocentrum minimum (AF260379) is
treated as the outgroup. Bold fonts indicate sequences from this study.

the coast of Qingdao in 2003, 2005 and 2008 (Wang et al., 2006),
although no informative morphological and sequence data were
provided. Heterocapsa-like sequences were also detected in the
South China Sea as indicated by the deposited sequence acces-
sions (KT389857, KT389866, KT389965, KT389969, KT389981 and
KT389989). These sequences, however, were not included in the
phylogenetic analyses of this study due to their un-alignability of
multiple gaps and insertions in these sequences (data not
shown). Nonetheless, all the information above implied prob-
ably a high species diversity of Heterocapsa spp. off the coasts of
China, and further research is needed to elucidate the diversity
and distribution of Heterocapsa spp. in China, including the
newly found H. bohaiensis.

Although the bloom of H. bohaiensis in natural environment
was not reported so far, significant mortalities of cultured Pen-
aeus japonicus and Eriocheir sinensis lavae were observed in aqua-
culture ponds with H. bohaiensis cell abundance of 10° cells/mL
(salinity 26). More laboratory testing suggested the harmful ef-
fects of H. bohaiensis on various marine organisms. Preliminary

tests showed that high density (2x10° cells/mL) of H. bohaiensis
could hamper the reproduction of rotifer Brachionus plicatilis
(the major predator of cultured Eriocheir sinensis larvae) and
metamorphosis of Eriocheir sinensis zoea (Yang et al., 2015). The
mortality (cumulative mortality of 98.3%) of testing Manila clams
(Ruditapes philippinarum) cultured with H. bohaiensis was signi-
ficantly higher than that of the control groups (14.2% mortality,
cultured with Chlorella vulgaris, Liu, 2016). In one toxicity
screening, about 0.37 pg/g GTX4 (one component of PSP toxins)
was detected from the Ruditapes philippinarum tissues fed with
H. bohaiensis (Liu, 2016), while no toxins (e.g., PSP) were identi-
fied in the cultured H. bohaiensis cells after multiple trials (Yang
et al., 2015; Gao Chunlei, personal communication). Further-
more, no tests have been conducted on the photosensitizing
hemolytic toxin which has been recently isolated from H. circu-
larisquama (Sato et al., 2002; Miyazaki et al., 2005), a red tide
dinoflagellate harmful to bivalves in Japan (Horiguchi, 1995; Mat-
suyama et al., 1995, 1997, 2001). Apparently, more research is
needed to clarify the harmful effect or toxicity of H. bohaiensis.
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Table 1. Summary of morphological characters of 17 Heterocapsa species
Species!) Size/pm Cell sha Nucl Pyrenoid Body scale
H pe ucieus yrenol Basal plate Spines
H. arctica 12-30 ellipsoid, larger epitheca elongated 1, belownucleus  350-400 nm, 9orl2
triangular
H. circularisquama 16-27 ellipsoid, epi- and hypotheca equal size elongated 1, belownucleus 400 nm, circular 6
H. horiguchii 13-21 ellipsoid, epi- and hypotheca equal size spherical, in 1, belownucleus 310 nm, circular 6
anterior
H. huensis 13-25 ellipsoid, epi- and hypotheca equal size spherical or  multiple, above 550 nm, 9
oblong nucleus triangular
laterally
H. illdefina 23-36 ellipsoid, epi- and hypotheca equal size elongated 1, above nucleus 430 nm, 9
triangular
H. minima 10-13 elongated ellipsoid, larger epitheca oval to 1, above nucleus 400 nm, circular 6
ellipsoid
H. niei 18-28 ellipsoid, epi- and hypotheca equal size spherical, in 1, abovenucleus 300 nm, 15
posterior triangular
H. orientalis 18-35 spherical, epi- and hypotheca equal spherical, in 1, abovenucleus 300 nm, 9
size posterior triangular
H. ovata 23-34 spherical, epi- and hypotheca equal spherical, in 1, belownucleus 220 nm, 6
size anterior triangular
H. psammophila 9-12 ellipsoid, epi- and hypotheca equal size spherical, in 1, above nucleus 230 nm, 9
posterior triangular
H. pygmaea 12-19 ellipsoid, epi- and hypotheca equal size spherical, in multiple, above 400 nm, circular 6
posterior nucleus
H. rotundata 9-14 ellipsoid, larger epitheca elongated 1, above nucleus 350 nm, 9
triangular
H. triquetra >15  hypotheca with an antapical horn, epi- spherical 1, belownucleus 250 nm, 9
and hypotheca equal size triangular
H. pseudotriquetra 18-28 spherical, epi- and hypotheca equal spherical, in 1, belownucleus 240 nm, 9
size anterior triangular
H. lanceolata >15 lanceolate, antapical end slightly elongated 1, above nucleus 500 nm, 9
pointed, larger epitheca hexagonal
H. pacifica >15  hypotheca with an antapical horn, epi- oval to 1, above nucleus  n.d.?) n.d.
and hypotheca equal size ellipsoid
H. bohaiensis 9-17 ellipsoid, larger epitheca oval to 1-3, above or 300-350 nm, 9
ellipsoid aside nucleus triangular

Note: V) Three Heterocapsa species (H. chattonii P. H. Campbell, 1973, H. kollmeriana M. J. Swift et McLaughlin, 1970, and H. umbilicata

Stein, 1883) are not included in this summary due to little data and doubtful validity of their taxonomy; 2 n.d. means no data.

Acknowledgements

The authors gratefully acknowledge Hu Zhangxi, Liu Wei
from the Insititute of Oceanology, Chinese Academy of Science
for their assistance on EM, and Miao Xiaoxiang and Ge Meiling
for maintaining the culture.

References

Attaran-Fariman G, Javid P. 2013. The phylogeny of Heterocapsa sp.
(Dinophyceae) isolated from the south coast of Iran during a
Cochlodinium polykrikoides bloom. Turkish Journal of Botany,
37(4): 778-783

Basti L, Endo M, Segawa S, et al. 2015. Prevalence and intensity of
pathologies induced by the toxic dinoflagellate, Heterocapsa
circularisquama, in the Mediterranean mussel, Mytilus gallo-
provincialis. Aquatic Toxicology, 163: 37-50

Basti L, Nagai S, Watanabe S, et al. 2016. Neuroenzymatic activity and
physiological energetics in Manila clam, Ruditapes philippinar-
um, during short-term sublethal exposure to harmful alga, Het-
erocapsa circularisquama. Aquatic Toxicology, 176: 76-87

D’Onofrio G, Marino D, Bianco L, et al. 1999. Toward an assessment
on the taxonomy of dinoflagellates that produce calcareous
cysts (Calciodinelloideae, Dinophyceae): a morphological and
molecular approach. Journal of Phycology, 35(5): 1063-1078

Dodge ] D, Hermes H B. 1981. A scanning electron microscopical
study of the apical pores of marine dinoflagellates (Dino-
phyceae). Phycologia, 20(4): 424-430

Du Jiayin. 2005. The red tide organism Heterocapsa circularisquama
and its effects on fisheries. Hebei Fisheries (in Chinese), (2):
15-16

Edgar R C. 2004. MUSCLE: multiple sequence alignment with high

accuracy and high throughput. Nucleic Acids Research, 32(5):
1792-1797

Edvardsen B, Shalchian-Tabrizi K, Jakobsen K S, et al. 2003. Genetic
variability and molecular phylogeny of Dinophysis species
(Dinophyceae) from Norwegian waters inferred from single cell
analyses of rDNA. Journal of Phycology, 39(2): 395-408

Fritz L, Triemer R E. 1985. A rapid simple technique utilizing Calco-
fluor White M2R for the visualization of dinoflagellate thecal
plates. Journal of Phycology, 21(4): 662-664

Goémez F. 2005. A list of free-living dinoflagellate species in the
world’s oceans. Acta Botanica Croatica, 64(1): 129-212

Gomez F. 2012. A checklist and classification of living dinoflagellates
(Dinoflagellata, Alveolata). CICIMAR Ocednides, 27(1): 65-140

Gottschling M, Keupp H, Plotner J, et al. 2005. Phylogeny of cal-
careous dinoflagellates as inferred from ITS and ribosomal se-
quence data. Molecular Phylogenetics and Evolution, 36(3):
444-455

Hansen G. 1995. Analysis of the thecal plate pattern in the dinoflagel-
late Heterocapsa rotundata (Lohmann) comb. nov. (=Katodini-
um rotundatum (Lohmann) Loeblich). Phycologia, 34(2):
166-170

Herman E M, Sweeney B M. 1976. Cachonina illdefina sp. nov. (Dino-
phyceae): Chloroplast tubules and degeneration of the pyren-
oid. Journal of Phycology, 12(2): 198-205

Hoppenrath M. 2017. Dinoflagellate taxonomy-a review and propos-
al of a revised classification. Marine Biodiversity, 47(2): 381-403

Horiguchi T. 1995. Heterocapsa circularisquama sp. nov.
(Peridiniales, Dinophyceae): a new marine dinoflagellate caus-
ing mass mortality of bivalves in Japan. Phycological Research,
43(3): 129-136

Horiguchi T. 1997. Heterocapsa arctica sp. nov. (Peridiniales, Dino-



XIAO Jie et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 10, P. 18-27 27

phyceae), a new marine dinoflagellate from the arctic. Phycolo-
gia, 36(6): 488-491

Iwataki M. 2008. Taxonomy and identification of the armored dino-
flagellate genus Heterocapsa (Peridiniales, Dinophyceae).
Plankton & Benthos Research, 3(3): 135-142

Iwataki M, Botes L, Sawaguchi T, et al. 2003. Cellular and body scale
structure of Heterocapsa ovata sp. nov. and Heterocapsa ori-
entalis sp. nov. (Peridiniales, Dinophyceae). Phycologia, 42(6):
629-637

Iwataki M, Hansen G, Sawaguchi T, et al. 2004. Investigations of body
scales in twelve Heterocapsa species (Peridiniales, Dino-
phyceae), including a new species H. pseudotriquetra sp. nov..
Phycologia, 43(4): 394-403

Iwataki M, Kawami H, Van Nguyen N, et al. 2009. Cellular and body
scale morphology of Heterocapsa huensis sp. nov. (Peridiniales,
Dinophyceae) found in Hue, Vietnam. Phycological Research,
57(2): 87-93

Iwataki M, Takayama H, Matsuoka K, et al. 2002a. Heterocapsa
lanceolata sp. nov. and Heterocapsa horiguchii sp. nov.
(Peridiniales, Dinophyceae), two new marine dinoflagellates
from coastal Japan. Phycologia, 41(5): 470-479

Iwataki M, Wong M W, Fukuyo Y. 2002b. New record of Heterocapsa
circularisquama (Dinophyceae) from Hong Kong. Fisheries Sci-
ence, 68(5): 1161-1163

Kim H G. 1997. Recent harmful algal blooms and mitigation strategies
in Korea. Ocean and Polar Research, 19(2): 185-192

Kononen K, Huttunen M, Kanoshina I, et al. 1999. Spatial and tem-
poral variability of a dinoflagellate-cyanobacterium com-
munity under a complex hydrodynamical influence: a case
study at the entrance to the Gulf of Finland. Marine Ecology
Progress Series, 186: 43-57

Lindholm T, Nummelin C. 1999. Red tide of the dinoflagellate Hetero-
capsa triquetra (Dinophyta) in a ferry-mixed coastal inlet. Hy-
drobiologia, 393: 245-251

Liu Ruiyu. 2008. Checklist of Biota of Chinese Seas (in Chinese).
Beijing: Science Press, 1-1267

Liu Xiaoxu. 2016. The preliminary study on growth and toxicity of
Heterocapsa sp. and the effect of rearing Calanus sinicus (in
Chinese) [dissertation]. Dalian: Dalian Ocean University

Liu Yan, Yan Aiju, Wu Huixian. 2009. The morphology of the Hetero-
capsa circularisquama and Chaetoceros gracilis (in Chinese).
http://d.oldg.wanfangdata.com.cn/Conference_7259389.aspx
[2010-09-29/2017-10-26]

Liu Shuang, Zhang Jimin, Zhang Hongliang, et al. 2014. Spatial-tem-
poral distribution and hazard grading of red tide and variation
of red-tide species in Qingdao adjacent sea area. Journal of Hy-
droecology (in Chinese), 35(4): 43-47

Loeblich IIT A R. 1968. A new marine dinoflagellate genus Cachonina
in axenic culture from the Salton Sea California USA with re-
marks on the genus Peridinium. Proceedings of The Biological
Society of Washington, 81: 91-96

Loeblich III A R, Schmidt R J, Sherley J L. 1981. Scanning electron mi-
croscopy of Heterocapsa pygmaea sp. nov., and evidence for
polyploidy as a speciation mechanism in dinoflagellates. Journ-
al of Plankton Research, 3(1): 67-79

Matsuyama Y, Nagai K, Mizuguchi T, et al. 1995. Ecological features
and mass mortality of pearl oysters during red tides of Hetero-
capsa sp. in Ago Bay in 1992. Nippon Suisan Gakkaishi, 61(1):
35-41

Matsuyama Y, Uchida T, Honjo T. 1997. Toxic effects of the dinofla-
gellate Heterocapsa circularisquama on clearance rate of the
blue mussel Mytilus galloprovincialis. Marine Ecology Progress
Series, 146: 73-80

Matsuyama Y, Uchida T, Honjo T, et al. 2001. Impacts of the harmful
dinoflagellate, Heterocapsa circularisquama, on shellfish
aquaculture in Japan. Journal of Shellfish Research, 20(3):
1269-1272

Miyazaki Y, Nakashima T, Iwashita T, et al. 2005. Purification and
characterization of photosensitizing hemolytic toxin from
harmful red tide phytoplankton, Heterocapsa circularisquama.
Aquatic Toxicology, 73(4): 382-393

Morrill L C, Loeblich III A R. 1981. A survey for body scales in dinofla-
gellates and a revision of Cachonina and Heterocapsa (Pyrrho-
phyta). Journal of Plankton Research, 3(1): 53-65

Morrill L C, Loeblich IIT A R. 1983. Formation and release of body
scales in the dinoflagellate genus Heterocapsa. Journal of the
Marine Biological Association of the United Kingdom, 63(4):
905-913

Nishiguchi T, Cho K, Yasutomi M, et al. 2016. Intracellular haemolyt-
ic agents of Heterocapsa circularisquama exhibit toxic effects
on H. circularisquama cells themselves and suppress both cell-
mediated haemolytic activity and toxicity to rotifers (Brachio-
nus plicatilis). Aquatic Toxicology, 179: 95-102

Pennick N C, Clarke K J. 1977. The occurrence of scales in the
peridinian dinoflagellate Heterocapsa triquetra (Ehrenb.) Stein.
British Phycological Journal, 12(1): 63-66

Rintala ] M, Hallfors H, Héllfors S, et al. 2010. Heterocapsa arctica
subsp. Frigida subsp. nov. (Peridiniales, Dinophyceae)-de-
scription of a new dinoflagellate and its occurrence in the Balt-
ic Sea. Journal of Phycology, 46(4): 751-762

Roberts K R, Timpano P, Montegut A E. 1987. The apical pore fibrous
complex: a new cytological feature of some dinoflagellates. Pro-
toplasma, 137(1): 65-69

Salas R, Tillmann U, Kavanagh S. 2014. Morphological and molecu-
lar characterization of the small armoured dinoflagellate Het-
erocapsa minima (Peridiniales, Dinophyceae). European
Journal of Phycology, 49(4): 413-428

Salcedo T, Upadhyay R J, Nagasaki K, et al. 2012. Dozens of toxin-re-
lated genes are expressed in a nontoxic strain of the dinoflagel-
late Heterocapsa circularisquama. Molecular Biology and Evol-
ution, 29(6): 1503-1506

Sato Y, Oda T, Muramatsu T, et al. 2002. Photosensitizing hemolytic
toxin in Heterocapsa circularisquama, a newly identified harm-
ful red tide dinoflagellate. Aquatic Toxicology, 56(3): 191-196

Stern R F, Andersen R A, Jameson I, et al. 2012. Evaluating the ri-
bosomal internal transcribed spacer (ITS) as a candidate dino-
flagellate barcode marker. PLoS One, 7(8): e42780

Tamura M, Iwataki M, Horiguchi T. 2005. Heterocapsa psammophila
sp. nov. (Peridiniales, Dinophyceae), a new sand-dwelling mar-
ine dinoflagellate. Phycological Research, 53(4): 303-311

Tamura K, Stecher G, Peterson D, et al. 2013. MEGAG6: molecular
evolutionary genetics analysis version 6.0. Molecular Biology
and Evolution, 30(12): 2725-2729

Toriumi S, Dodge ] D. 1993. Thecal apex structure in the Peridini-
aceae (Dinophyceae). European Journal of Phycology, 28(1):
39-45

Wang Jinhui, Qin Yutao, Liu Caicai, et al. 2006. The preliminary in-
vestigation of potentially toxic algae and bio-toxin in Changji-
ang Estuary. Marine Environmental Science (in Chinese),
25(S1): 15-19

White T J, Bruns T, Lee S, et al. 1990. Amplification and direct se-
quencing of fungal ribosomal RNA genes for phylogenetics. In:
Innis M A, Gelfand D H, Sninsky ] J, et al, eds. PCR Protocols: A
Guide to Methods and Applications. San Diego: Academic
Press, 315-322

Yang Xia, Sun Na, Li Yonghan, et al. 2015. Effects of two harmful spe-
cies algae on reproduction of rotifer Brachionus plicatilis and
metamorphosis of zoea of Chinese mitten handed crab
Eriocheir sinensis. Journal of Dalian Ocean University (in
Chinese), 30(4): 351-356

Zheng Junbin. 2009. Molecular identification of Karenia mikimotoi
and Heterocapsa circularisquama (in Chinese) [dissertation].
Shanghai: Shanghai Ocean University



