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The genus Amphidiniopsis is a benthic (sand-dwelling) lineage of thecate dinoflagellates, containing
19 morphologically diverse species. Past work has shown that some Amphidiniopsis species form
a clade with the sand-dwelling Herdmania litoralis as well as some planktonic species in the family
Protoperidiniaceae (i.e. the Monovela group). Still, our contemporary knowledge regarding Amphidin-
iopsis is limited, compared to the Protoperidiniaceae. To this end, we obtained 18S rDNA data from
seven Amphidiniopsis species and a part of the 28S rDNA from four Amphidiniopsis species, with
the goal of improving our understanding of phylogenetic relationships among Amphidiniopsis and
the Monovela group. Results from the molecular phylogenetic analyses showed that Amphidiniopsis
spp., with the exception of A. cf. arenaria, H. litoralis, and members within the Monovela group formed
a single clade. Within the clade, relationships among Amphidiniopsis spp. and the Monovela group
were more complicated — some subclades contained both representatives of Amphidiniopsis and the
Monovela group. Our study suggests that habitat (benthic or planktonic), as well as traditionally used,
general morphological characteristics, do not reflect molecular phylogenetic relationships, and that the
taxonomy of the sand-dwelling genus Amphidiniopsis, and the planktonic family Protoperidiniaceae,
should be reconsidered simultaneously.
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Introduction

Correspondence author; fax +81 78 803 6698 The genus Amphidiniopsis was eStab”Sh_ed by
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species (Hoppenrath et al. 2014). This genus is
heterotrophic and has a smaller epitheca, com-
pared to its hypotheca. Although the type species,
Amphidiniopsis kofoidii Wotoszynska, was found
in a littoral plankton sample from the Baltic Sea
(Wotoszynska 1928), most of the Amphidiniopsis
species have been described from sandy sedi-
ments, and there are records that A. kofoidii has
also been observed from marine sand (Hoppenrath
et al. 2014). Therefore, this genus is recognized as
being benthic/sand-dwelling.

Morphologically, Amphidiniopsis ~ contains
diverse range of species. Hoppenrath et al. (2012,
2014) proposed three major groups in the genus
Amphidiniopsis (i.e. Group 1, 2 and 3). These three
groups were distinguished by cell flattening (lateral
or dorsoventral), cingulum morphology (complete
or “incomplete”), the apical hook (present or
absent), the number of anterior intercalary plates,
the relative position of the second intercalary plate
and sulcal morphology (Hoppenrath et al. 2012,
2014).

Gomez et al. (2011) obtained 18S rDNA data
from Amphidiniopsis hirsuta (Balech) Dodge and A.
swedmarkii (Balech) Dodge in order to analyze the
systematic position of the genus Amphidiniopsis
and its phylogenetic affinity to other dinoflagel-
lates. At a similar time, Hoppenrath et al. (2012)
described a new Amphidiniopsis species, Amphi-
diniopsis rotundata Hoppenrath et Selina, and
also analyzed the 18S rDNA from this novel iso-
late. The resulting 18S rDNA phylogeny showed
that the sand-dwelling Amphidiniopsis, Theca-
dinium dragescoi Balech, and Herdmania litoralis
Dodge (Hoppenrath 2000a), together with the
planktonic Archaeperidinium minutum (Kofoid) Jér-
gensen, formed a strongly supported clade. Within
this clade, A. hirsuta and A. swedmarkii grouped
together as sister species (Gomez et al. 2011),
and T. dragescoi and A. rotundata formed a sis-
ter group (Hoppenrath et al. 2012). According to
these phylogenetic results, and with support from
morphological characters, Hoppenrath et al. (2012)
recombined Thecadinium dragescoi as Amphidin-
iopsis dragescoi (Balech) Hoppenrath, Selina, A.
Yamaguchi et Leander.

The planktonic Archaeperidinium minutum was
initially classified as Protoperidinium minutum
(Kofoid) Loeblich I, because its thecate cell has
a plate pattern diagnostic for the heterotrophic
and planktonic genus Protoperidinium. Mertens
et al. (2012) and Liu et al. (2015) described new
species of Archaeperidinium through incubation
experiments of the cysts collected from coastal sed-
iment samples. The cysts of Archaeperidiniumhave
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a round shape, brown color and many spines (Liu
etal. 2015; Mertens et al. 2012; Ribeiro et al. 2010).
Similar cysts have been found in relative abun-
dance in oceanic sediments, and they are called
“spiny round brown cysts” (Mertens et al., 2012).
Through the cyst incubation studies of spiny round
brown cysts, considerable amounts of morpholog-
ical and molecular phylogenetic data have been
generated and analyzed revealing new species
(e.g. Kawami et al. 2009; Liu et al. 2013; Mertens
et al. 2013, 2015a; Potvin et al. 2013). Germinated
motile cells from these cysts have morphological
features related to the Monovela group proposed by
Abé (1936, 1981). Molecular phylogenetic analyses
including representatives of the Monovela group
showed that they formed a clade with H. litoralis, A.
dragescoi and Archaeperdinium spp., and had phy-
logenetic position separate from Protoperidinium
sensu stricto (Liu et al. 2013; Mertens et al. 2013,
2015a; Potvin et al. 2013). Within the Monov-
ela group, molecular phylogenetics have identified
three subgroups (clades) (Americanum, Minutum
and Monovelum) (e.g. Liu et al. 2013; Matsuoka
and Kawami 2013; Mertens et al. 2015b).

Besides a number of planktonic species within
the family Protoperidiniaceae (the Monovela
group), phylogenetic analyses examining sand-
dwelling species related to H. litoralis and
Amphidiniopsis have not been performed after
Gomez et al. (2011) and Hoppenrath et al. (2012).
To this end, we obtained 18S rDNA sequencing
data from seven species of Amphidiniopsis (six of
these being from species never before sequenced)
and also part of 28S rDNA data from four Amphidin-
iopsis species, with the aim of better understanding
the phylogenetic relationships among the sand-
dwelling genus Amphidiniopsis and the members
of the planktonic family Protoperidiniaceae. We
performed phylogenetic analyses with the recently
published data of the family Protoperidiniaceae.

Results

Morphology of Amphidiniopsis spp. Used
for Single-cell Polymerase Chain
Reaction (SC-PCR)

Cells of Amphidiniopsis cf. arenaria isolated for
SC-PCR (A. cf. arenatria, isolate number 1, 2, see
Table 1) were oval with flattened anterior end and
the tapered posterior end (Fig. 1 A, B, E). The cells
were laterally flattened (Fig. 1A, C-E). A button-
like apical notch was observed on the epitheca
(Fig. 1A, E). The cingulum ascended, and the sul-
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Figure 1. Light micrographs of the single-cells of Amphidiniopsis spp. used for rDNA sequencing (scale
bars=10um). A-E) Amphidiniopsis cf. arenaria. A) Left view of A. cf. arenaria 1 showing the button-like
apical notch (arrowhead), the ventral spine (arrow), the nucleus (n) and two pusules (p). B) Left view of A. cf.
arenaria 1 showing the cingulum, the sulcus and the ventral spine (arrow). C) Ventral view of A. cf. arenaria 1
showing the wing-like structure (arrowhead). D) Ventral view of A. cf. arenaria 2 showing the wing-like structure
(arrowhead). E) Left view of A. cf. arenaria 2 showing the button-like apical notch (arrowhead), the ventral spine
(arrow), the nucleus (n) and two pusules (p). F-P) Amphidiniopsis hexagona. F) Left ventral view of A. hexagona
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Table 1. Sampling data and accession numbers of Amphidiniopsis species.

Taxon Isolate number Collection date Site Accession  Accession
number number
(18S) (28S)
Amphidiniopsis cf. arenaria 1 18-Apr-14 Kannoura LC191221 LC191240
2 18-Apr-14 Kannoura LC191222  LC191241
Amphidiniopsis hexagona 7 21-Aug-14 Oohama LC191223
8 21-Aug-14 Oohama LC191224
9 21-Aug-14 Oohama LC191225
Amphidiniopsis cf. kofoidii BB3 16-Apr-07 Boundary Bay LC191226
Amphidiniopsis korewalensis 1 5-Oct-14 Tamamo-jyo LC191227 LC191242
4 5-Oct-14 Tamamo-jyo LC191228 LC191243
6 5-Oct-14 Tamamo-jyo LC191229 LC191244
7 5-Oct-14 Tamamo-jyo LC191230 LC191245
8 5-Oct-14 Tamamo-jyo LC191231 LC191246
Amphidiniopsis rotundata 1 18-Apr-14 Kannoura LC191232 LC191247
Amphidiniopsis uroensis 4 30-Apr-14 Suma-no-ura LC191233 LC191248
6 30-Apr-14 Maiko LC191234 LC191249
8 30-Apr-14 Maiko LC191235 LC191250
11 30-Apr-14 Maiko LC191236 LC191251
BB8 16-Apr-07 Boundary Bay LC191237
Amphidiniopsis spec. 1 16-Jun-07 Sandcut Beach LC191238
6 16-Jun-07 Sandcut Beach LC191239

cus extended from the cingulum to the antapex,
tilting to the left (Fig. 1D). There were two large
pusules at the ventral side of the cell (Fig. 1A, E).
The nucleus was positioned in the dorsal side, at
the anterior end of the hypotheca (Fig. 1A, E). The
ventral spine in the lower part of the hypotheca was
observed in the lateral view of the cell (Fig. 1A, B,
E). A wing-like structure was observed in the lower
part of hypotheca which surrounded the posterior
part of the sulcus (Fig. 1C, D).

Cells of Amphidiniopsis hexagona (A. hexag-
ona, isolate number 7-9, see Table 1) that were
isolated for SC-PCR were dorsoventrally flattened

and hexagonal in ventral view (Fig. 1G, H). The
apical pore plate was surrounded by four apical
plates (1-4’) (Fig. 1J, L, N). The second intercalary
plate was long and narrow (Fig. 1L). The cingulum
ascended, displaced by its own width (Fig. 11, M).
The sulcus was curved to the left side of the cell
(Fig. 1R, I). The hypotheca consisted of five postcin-
gular (17-5") and two antapical plates (1", 2"")
(Fig. 11, K, L, P). The antapex was deeply notched
(Fig. 1G, I, O, P). The first and the fifth postcin-
gular plate (1”7, 5”) were large and occupied most
of the ventral side of the cell (Fig. 11). The third
postcingular plate (3") was five-sided, symmetrical

7 showing the curved sulcus. G) A. hexagona 7 showing the pusule (p) and the flagellum (arrow). H) Left view
of A. hexagona 7 showing the pusule (p). I) Ventral view of A. hexagona 8 showing the anterior plates (1/, 2'),
the precingular plates (1”7, 2”7, 7”), cingular plates (1c-3c), the anterior sulcal plate (Sa), the right sulcal plate
(Sd), the right accessary sulcal plate (Sda), the left sulcal plate (Ss) and the post cingular plates (1”7, 5”).
J) Left apical view of A. hexagona 8 showing the plates and the apical pore plate (*). K) Left dorsal view of
the hypotheca of A. hexagona 8 showing the postcingular plates (2", 3"’) and the antapical plates (1”7, 2").
L) Right dorsal view of A. hexagona 8 showing the apical pore plate (*), the apical plates (3, 4’), the second
anterior intercalary plate (2a), the sixth precingular plate (6”), postcingular plates (3", 4"”) and the second
antapical plate (2””). M) Oblique ventro-apical view of A. hexagona 9 showing the apical plates (1/, 2/, 4') and
the precingular plates (1”7, 7”). N) Dorso-apical view of A. hexagona 9 showing the apical pore plate (*), the
apical plates (2’-4’) and the first anterior intercalary plate (1a). O) Dorsal hypotheca view of A. hexagona 9
showing the flagellum (arrow). P) Dorsal hypotheca view of A. hexagona 9 showing the postcingular plates (2,
3"”) and antapical plates (1”7, 2"").
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Figure 2. Light micrographs of the single-cells of Amphidiniopsis spp. used for rDNA sequencing (scale
bars=10pum). A-M) Amphidiniopsis korewalensis. A) Ventral view of A. korewalensis 1 showing the sulcus
and the pusule (p). B) Whole cell view of A. korewalensis 1 showing two pusules (p). C) Left ventral view of A.
korewalensis 1 showing the sulcus. D) Dorsal view of A. korewalensis 1 showing two pusules (p), the nucleus
(n) and the apical notch (arrow). E) Ventral view of A. korewalensis 4 showing the incomplete cingulum, right
and left sulcal plates (Sd, Ss) and the sulcal hook (arrowhead). F) Dorsal hypotheca of A. korewalensis 4 show-
ing the nucleus (n) and the small bump at the posterior end (arrowhead). G) Dorsal hypotheca of A. korewalensis



and pointed posteriorly, and was positioned cen-
tral to the posterior dorsal part (Fig. 1K, L, P). The
first and the second antapical plates (17, 2”") were
equal in size and arranged symmetrically (Fig. 1P).

Cells of Amphidiniopsis korewalensis (A. kore-
walensis, isolate number 1, 4, 6-8, see Table 1)
isolated for SC-PCR were ovoid in the ventral and
dorsal views, with an apical notch pointing to the
left side (Fig. 2B, D, E, J, K, M). Cells were flat-
tened dorsoventrally (Fig. 2C, H). The large nucleus
was positioned centrally within the cell (Fig. 2D,
F, G). Two pusules were observed; one was posi-
tioned upper-left; another lower-right (Fig. 2B, D, I,
J, M). Thecal plates were thin and their sutures were
difficult to observe by light microscopy. No conspic-
uous ornamentation was observed on the thecal
plates. The cingulum was incomplete (Fig. 2E, K),
and the sulcus was broad and curved in an S-
shape (Fig. 2A, C, E, I, K, L). The sulcal hook was
positioned at the posterior right side of the sulcus
(Fig. 2E, K, L). There was a small bump at the poste-
rior end, which made the cell-shape of the posterior
end pointed (Fig. 2F, G, J).

The cell of Amphidiniopsis rotundata (A. rotun-
data, isolate number 1, see Table 1) isolated for
SC-PCR was ovoid and the nucleus positioned in
the middle of the cell (Fig. 20). The cell did not have
an apical hook, nor posterior protrusions (Fig. 2N-
P). The sulcus was wide and curved in an S-shape
(Fig. 2N, P). The cingulum ascended about half the
cingular width (Fig. 2P). One pusule was positioned
at the posterior part (Fig. 20).

Cells of Amphidiniopsis uroensis (A. uroensis,
isolate number 4, 6, 8, 11, see Table 1) that were
isolated for SC-PCR were dorsoventrally flattened
(Fig. 3H), with an apical notch pointing to the left
lateral cell side (Fig. 3B, C, G). Images acquired
by epifluorescence microscopy showed that thecal
surfaces were covered with small dots (Fig. 3C-F).
The cingulum was incomplete as the anterior sulcal
plate (Sa) and the right sulcal plate (Sd) attached
to the first cingular plate (1c) and the third cin-
gular plate (3c), respectively (Fig. 3D, E). The Sd
looked like the shape of a “3” in fluorescent images
(Fig. 3C). The sixth precingular plate (6”) was nar-
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row and long in the lateral direction, and attached
to the Sa (Fig. 3D). The first and fifth postcingular
plates (1", 5”) were large and occupy most of the
ventral side of the hypotheca (Fig. 3D, E). The third
postcingular plate (3"”) was pentagonal and posi-
tioned at the central part of the dorsal hypotheca
(Fig. 3F).

Cells isolated in Canada were separated (some
for the DNA extraction and others for SEM
observations). They showed a typical-described
morphology for the species (Fig. 4A-D) with a
smooth apical hook.

Amphidiniopsis cf. kofoidii (Fig. 4E, F) from
Canada was laterally flattened, with smooth the-
cal plates, containing pores (two size classes). No
apical hook or antapical spines were observed,
but a ventral spine was found. Intercalary bands
were transversely striated in old specimens. The
plate formula was: APC 4’ 3a 8/9"? c? s? 5”7 2.
Amphidiniopsis spec. (Fig. 4G, H) from Canada
was a large (about 58 um long), elongated, and
dorsoventrally flattened species, having an apical
hook and a cingulum that looked incomplete in the
light microscope. No ornamentation or further cell
appendages like spines were visible. The sulcus
looked characteristically curved and shifted to the
left side of the cell. The large nucleus was located
in the central hyposome.

Phylogenetic Analysis of 18S rDNA

Nine Amphidiniopsis species (A. dragescoi, A.
hexagona, A. hirsuta, Amphidiniopsis cf. kofoidii,
A. korewalensis, A. rotundata, A. swedmarkii, A.
uroensis, and A. spec.) were contained in a single
clade, with two species of Archaeperidinium, Herd-
mania litoralis, Protoperidinium monovelum, and
the five species of the Americanum subgroup with
the highest statistical support (Clade X, Fig. 5). One
species of Amphidiniopsis, A. cf. arenaria, was not
included in this clade and did not show any close
relationship with the other dinoflagellates (Fig. 5). In
Clade X, Protoperidinium monovelum and A. rotun-
data formed a clade with 99% ML bootstrap and
1.00 Bayesian PP.

6 showing the nucleus (n) and the small bump at the posterior end (arrowhead). H) Dorso-apical view of A.
korewalensis 6 showing the apical pore plate (arrow). I) Ventral view of A. korewalensis 7 showing the sulcus
and the pusule (p). J) Whole cell view of A. korewalensis 7 showing the apical notch (arrow), two pusules (p)
and the small bump at the posterior end (arrowhead). K) Ventral view of A. korewalensis 8 showing the sulcal
hook (arrowhead). L) The fluorescent micrograph of the ventral view of A. korewalensis 8 showing the sulcal
hook (arrowhead). M) Dorsal view of A. korewalensis 8 showing two pusules (p) and the nucleus (n). N-P)
Amphidiniopsis rotundata 1. N) Ventral view showing the sulcus. O) Whole cell view showing the nucleus (n)
and the pusule (p). P) Ventral view showing the incomplete cingulum.
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Figure 3. Light micrographs of the single-cells of Amphidiniopsis uroensis used for rDNA sequencing (scale
bars =10 um). A) Whole cell view of A. uroensis 4. B) Ventral view of A. uroensis 6 showing the apical notch
(arrow). C) Epifluorescence micrograph of the ventral view of A. uroensis 6 showing the shape of “3” in the left
edge of the right sulcal plate (arrow). D) Epifluorescence micrograph of A. uroensis 6 showing the first apical
plate (1’), the first anterior intercalary plate (1a), precingular plates (1”7, 6”), the anterior sulcal plate (Sa), the
right sulcal plate (Sd), the cinglar plates (1c-3c) and the postcingular plates (1”7, 2", 5”). E) Epifluorescence
micrograph of A. uroensis 8 showing the 1”, the Sa, the Sd, the cinglar plates (1c-3c), and the postcingular
plates (1", 5”). F) Epifluorescence micrograph of A. uroensis 8 showing the second cingular plate (2) and the
third postcingular plate (3"’). G) The ventral view of A. uroensis 11 showing the apical notch (arrow). H) The

dorso-apical view of A. uroensis 11 showing the apical notch (arrow).

Amphidiniopsis swedmarkii, A. hirsuta and A.
hexagona formed a clade with 85% ML bootstrap
support and 1.00 Bayesian PP. Amphidiniopsis
uroensis, A. korewalensis, Amphidiniopsis spec., A.
cf. kofoidii, and the Americanum subgroup formed
a clade with 76% ML bootstrap and 1.00 Bayesian
PP. The nodes of the branches throughout Clade X
were not well supported. Outside of Clade X, eight
species of Protoperidinium sensu stricto formed
a clade with robust statistical support. The two
species within the section Oceanica (Protoperi-
dinium claudicans and P. depressum) formed a
clade with 95% ML bootstrap and 1.00 Bayesian
PP. Members of the diplopsalids were not mono-
phyletic. The two clades comprised of the genera
Niea and Qia, and Diplopsalopsis bomba and
Gotoius excentricus had high statistical support;
These two clades grouped together as sister lin-
eages, with 84% ML bootstrap support and 1.00
Bayesian PP.

Phylogenetic Analysis of 28S rDNA

Three Amphidiniopsis species (A. korewalensis, A.
rotundata and A. uroensis) were included in the
clade, along with two species of Archaeperidinium,
Herdmania litoralis, Protoperidinium monovelum,
and the six species of the Americanum subgroup
with 95% ML bootstrap support and 1.00 Bayesian
PP.

Amphidiniopsis cf. arenaria was not included in
Clade Y and did not group with high support with
other dinoflagellates (Fig. 6). In Clade Y, Protoperi-
dinium monovelum, P. lewisiae and A. rotundata
formed a clade with 98% ML bootstrap and 1.00
Bayesian PP. Amphidiniopsis uroensis, A. kore-
walensis and the Americanum subgroup formed
a clade with 94% ML bootstrap support and 1.0
Bayesian PP. In this clade, A. uroensis and A. kore-
walensis formed a clade with 98% ML bootstrap
support and 1.00 Bayesian PP. Outside of Clade
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Figure 4. Amphidiniopsis species from Canada (scale bars =10 um). A-D) A. uroensis. A) Scanning electron
micrograph of a cell in dorsal view. Note the apical notch (arrow). B-D) Light micrographs. B) Dorsal view
showing the characteristic 3"’ plate. C) Whole cell view showing the nucleus (n) in the cell centre and the apical
notch (arrow). D) Ventral view, note the “3”-shape of the right sulcal area (large arrow). E-F) A. cf. kofoidii. E)
Scanning electron micrograph of a cell in left lateral view. F) Light micrograph of a cell in left lateral view. Note
the pusule (p) and nucleus (n). G-H) Light micrographs of A. spec. G) Ventral view showing the sulcus shifted
to the left and the nucleus (n) in a right mid cell position. H) Whole cell view showing one large pusule (p) and

a smaller above; note the apical notch (arrow).

Y, nine species of Protoperidinium sensu stricto
formed a clade with 91% ML bootstrap support and
1.0 Bayesian PP. Members of the diplopsalids were
not monophyletic. The genera Niea and Qia were
closely related. In addition with this Niea and Qia
clade, Diplopsalopsis ovata, D. bomba and Gotoius
excentricus formed a clade with 97% ML bootstrap
support and 1.00 Bayesian PP.

Discussion

The phylogenetic analyses of 18S rDNA in the
present study included ten species of Amphidin-
iopsis. This study also analyzed 28S rDNA from
four Amphidiniopsis species for the first time. Both
18S and 28S rDNA results showed that those
Amphidiniopsis spp. did not form a single clade
and suggested a more complicated relationship
between these species and the planktonic family

Protoperidiniaceae (Figs 5, 6). In the present 18S
rDNA phylogeny, nine Amphidiniopsis species (A.
dragescoi, A. hexagona, A. hirsuta, A. cf. kofoidli,
A. korewalensis, A. rotundata, A. swedmarkii, A.
uroensis and Amphidiniopsis spec.) were included
in Clade X, which contains both the benthic species
(these nine Amphidiniopsis species and Herdma-
nia litoralis) and the members of the planktonic
Monovela group of the family Protoperidiniaceae
(Fig. 5). The 28S rDNA phylogeny also showed
similar results. Three Amphidiniopsis species (A.
korewalensis, A. rotundata and A. uroensis) in the
28S rDNA analysis were included in Clade Y, which
contains both the sand-dwelling species (these
three Amphidiniopsis species and H. litoralis) and
the members of the Monovela group (Fig. 6). In
both the 18S and 28S rDNA phylogenetic results,
A. cf. arenaria was not included in Clade X norY; its
phylogenetic position was unresolved (Figs 5, 6).
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Figure 5. Maximum-|

branches leading to {

group.

ikelihood (ML) tree inferred from 18S rDNA sequences. ML bootstrap values over 70%
and Bayesian posterior probabilities (PP) over 0.90 are shown at the nodes (ML/PP). Thick branches indicate
maximal support (100/1.00). The scale bar represents inferred evolutionary distance in changes/site. The
he fast-evolving taxa are indicated by dashed and shortened by one half and one eighth
(indicated by 1/2 and 1/8), respectively. The taxa names that DNA sequences generated in this study are
indicated in bold and the box of grey gradation. Clade X is indicated by the grey box. The other clades are
marked with vertical lines on the right and also dashed vertical lines indicating subgroups of the Monovela
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Figure 6. Maximume-likelihood (ML) tree inferred from 28S rDNA sequences. Clade Y is indicated by the grey
box. Other information is the same as Figure. 5.
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Amphidiniopsis rotundata had strong phyloge-
netic affinity to Protoperidinium monovelum (and
to P lewisiae in the 28S rDNA analysis). Pro-
toperidinium lewisiae was recently described by
incubating the spiny round brown cysts from
sediment samples in Mertens et al. (2015a).
The cyst stage of P monovelum has yet to be
described, however, the spiny round brown cyst
was reported from P, cf. monovelum (Matsuoka and
Kawami 2013). To date, no cyst stages have been
reported from Amphidiniopsis species. Amphidin-
iopsis rotundata, P monovelum and P lewisiae
share the plate formula APC, 4/, 3a, 7”,5", 2" (Abé
1936; Hoppenrath et al. 2012; Mertens et al. 2015a;
Table 2). However, P monovelum and P lewisiae
have four cingular plates, while A. rotundatahas five
cingular plates (Table 2). The number of the sulcal
plates also differs among these species. Amphi-
diniopsis rotundata has five or six sulcal plates;
P. monovelum has five and P lewisiae has four
(Table 2). Protoperidinium monovelum, P lewisiae
and A. rotundata also share a similar ventral area.
They have a broad Sd and the sulcal fin emerges
from the posterior left side of Sd (Abé 1936;
Hoppenrath et al. 2012; Mertens et al. 2015a).

Analysis of the 28S rDNA dataset in this study
resulted in the sand-dwelling H. litoralis being
positioned at the base of this A. rofundata/P. monov-
elum/P. lewisiae clade (Fig. 6). Results from the
18S rDNA dataset were congruent with this find-
ing, albeit with low statistical support (Fig. 5). From
a morphological perspective, H. litoralis differs from
A. rotundata, P. monovelum, P, lewisiae in that it is
dorsoventrally flattened with a distinct apical hook.
However, H. litoralis also shares the plate formula
APC, 4, 3a, 7”,5", 2" (Table 2, Hoppenrath et al.
2012; Yamaguchi et al. 2011). The numbers of the
cingular and sulcal plates of H. litoralis have yet
to be clearly determined (Hoppenrath et al. 2012;
Yamaguchi et al. 2011).

Amphidiniopsis hexagona, A. hirsuta and A.
swedmarkii formed a moderately supported clade
(Fig. 5). We could not obtain the data of these three
species for the 28S rDNA analysis. According to
the morphological groups proposed by Hoppenrath
et al. (2012, 2014) (i.e. Group 1, 2 and 3), Group 2
contained dorsoventrally flattened Amphidiniopsis
species with a complete cingulum and the sulcus
positioned in the middle of the cell, with no apical
hook, and one or two anterior intercalary plates.
Among the Amphidiniopsis species analyzed in the
present study, A. hexagona, A. hirsutaand A. swed-
markii belong to Group 2 and their monophyly was
relatively well-supported in the 18S rDNA phyloge-
netic analyses (Fig. 5).

The morphology of A. uroensis is similar to that
of A. pectinaria. We identified our specimen from
Japan as A. uroensis because of the absence of
the pectinated ornamentation on the two antapi-
cal plates, which is typical for A. pectinaria (Toriumi
etal. 2002), and the presence of the “3” shape in the
left edge of the Sd (Fig. 3C) which is has also been
observed in A. uroensis from the northwestern Sea
of Japan (See fig. 2Cd in Selina and Hoppenrath
2013). SEM observations of the Canadian isolate of
A. uroensis (Fig. 4A) clearly showed the absence of
the pectinated ornamentation on the two antapical
plates.

Amphidiniopsis uroensis and A. korewalensis are
classified in Group 3, which includes the species
that have dorsoventrally flattened cells with a char-
acteristic sulcus, an apical hook pointing to the left,
and three anterior intercalary plates (Hoppenrath
et al. 2012, 2014). In the 28S rDNA analaysis,
A. uroensis and A. korewalensis formed a clade,
and this clade had a sister relationship with the
members of the Americanum subgroup compris-
ing Protoperidinium americanum, P. fukuyoi, P
haizhouense, P. parthenopes, P tricingulatum and
Islandinium minutum (Fig. 6).

On the other hand, the 18S rDNA phylogeny,
which contained additional taxa such as Amphi-
diniopsis spec. and A. cf. kofoidii, did not contain
a monophyletic grouping of A. uroensis and A.
korewalensis (Fig. 5). These four Amphidiniopsis
species and the Americanum subgroup comprised
amoderately supported clade (Fig. 5). We could not
find morphological characters that distinguished
those species from others. The phylogenetic rela-
tionship among A. uroensis and A. korewalensis
(Group 3) and the Americanum subgroup needs to
be verified with more taxa for both 18S and 28S
rDNA analyses.

Hoppenrath et al. (2012, 2014) mentioned that
A. dragescoi might belong to Group 3, but it did
not have an apical hook. The present phylogenetic
result showed that A. dragescoi was included in
Clade X, but this phylogenetic result did not show
a clear phylogenetic affinity to this particular clade.
The genus Archaeperidinium was also not clearly
grouped in Clade X or Y (Figs 5, 6). Amphidiniopsis
spec. has been reported from Russia and Ger-
many (Selina and Hoppenrath 2013), but a detailed
species description has yet to be completed.

In the present study, Amphidiniopsis cf. arenaria
and A. cf. kofoidii had laterally flattened cells, and
were thus categorized as belonging to Group 1
(Hoppenrath et al. 2012, 2014). For the purpose of
obtaining DNA data, we could not dissect the cells
of A. cf. arenaria nor fix and observe them under a
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scanning electron microscope. Therefore, we could
neither determine the detailed thecal plate pattern
nor ornamentation for our specimen. However, the
shape of the whole cell and the character of the
cingulum and the sulcus were very similar to A. are-
naria as described in Hoppenrath (2000b), Selina
and Hoppenrath (2008) and Selina and Hoppenrath
(2013).

Based on this contemporary expectation for the
species (i.e., laterally flattened, likely with smooth
thecal plates, with pores and without an apical
hook), we identified our specimen as A. cf. arenaria.
Amphidiniopsis cf. kofoidii (Fig. 4E, F). As the origi-
nal description was incomplete regarding the thecal
tabulation and ambiguous in respect to the thecal
ornamentation (Wotoszynska 1928), any identifica-
tion would be tentative, pending a re-investigation
at the type locality (Hoppenrath et al. 2014).

In this study, A. cf. arenaria and A. cf. kofoidii did
not have a close relationship. Furthermore, A. cf.
arenaria did not fall into Clade X nor Y (Figs 5, 6),
and A. cf. kofoidiihad a moderately supported affin-
ity with Amphidiniopsis spec., A. korewalensis, A.
uroensis and the Americanum subgroup (Fig. 5).
Since A. kofoidii is the type species of the genus
Amphidiniopsis, the phylogenetic position of Group
1 (A. kofoidii) is of taxonomic interest for the group.
The detailed thecal pattern and the ornamentation
of A. cf. arenaria with the phylogenetic data need
to be further studied.

Our study suggests that the sand-dwelling genus
Amphidiniopsis is paraphyletic and its taxonomy
needs to be reconsidered in this light. Since our
present phylogenetic study suggested a close and
complicated relationship between these taxonom-
ical groups, the taxonomy of the sand-dwelling
genus Amphidiniopsis and the planktonic and cyst-
producing family Protoperidiniaceae needs to be
reconsidered with respect to each other.

Methods

Sampling: Sand samples containing Amphidiniopsis spp. were
collected during low tide. The detailed sampling information for
each species is shown in Table 1. The sand samples containing
Amphidiniopsis cf. arenaria and A. rotundata were collected at
Kannoura (33 © 32" 20” N, 134 ° 17’ 26” E), Kochi Prefecture,
Japan on 18 April 2014; Amphidiniopsis hexagona (34 ° 13’ 36"
N, 133 ° 36’ 36” E) was collected at Ohama, Kagawa Prefec-
ture, Japan on 21 August 2014; Amphidiniopsis korewalensis
was collected in a moat, Tamamo-jyo (Tamamo Castle) (34 21’
0” N, 134 3’ 1” E), Kagawa Prefecture, Japan on 5 October
2014. Amphidiniopsis uroensis was collected at Suma-no-ura
(34 ° 38 29" N, 135 ° 6’ 53” E) and Maiko (34 ° 37" 38” N,
135 ° 2 24” E), Kobe, Hyogo Prefecture, Japan on 30 April
2014. Amphidiniopsis cf. kofoidii and Amphidiniopsis uroen-

sis from Canada were collected and extracted as described
in Hoppenrath et al. (2012) at Boundary Bay, BC, Canada
(49°0.0'N, 123°8.0' W) on 16 April 2007, and Amphidiniop-
sis spec. at Sandcut Beach (48°4.2' N, 124°0.1” W), Vancouver
Island, Canada (48°42.04' N, 124°05.46" W) on 16 June 2007.
Isolation and light microscopical observation of Amphi-
diniopsis cells: In the laboratory, the “Uhlig method” was used
to separate flagellates from the sand (Hoppenrath et al. 2014;
Uhlig 1964). Single live cells of Amphidiniopsis spp. were iso-
lated and washed three times in serial drops of 0.22 um filtered
and sterilized seawater by micropipetting, using a ZEISS Pri-
movert microscope (Zeiss, Jena, Germany), transferred to a
glass slide with a vinyl tape frame (Horiguchi et al. 2000)
and sealed with a cover glass. Each cell then was observed
using a BX-50 compound microscope with Nomarski optics
(Olympus, Tokyo, Japan) equipped with a VB-7000 digital
camera (Keyence, Tokyo, Japan), identified to species and
photographed for future record. Some cells were stained with
Calcofluor White Stain (Sigma-Aldrich, St. Louis, MO, USA)
and observed with an Olympus BX epifluorescent microscope
(Olympus). After a photographic record had been made, each
cell was transferred to a 200 pL PCR tube containing 10 p.L of
Quick Extract FFPE DNA Extraction Solution (Epicentre, Madi-
son, WI, USA) and incubated for 1 h at 56 °C, then for 2 min at
98°C. The resulting extract was used as a DNA template for
PCR amplification. In Canada several cells of a population of
a species were washed tree times in sterile f/2-medium and
genomic DNA was extracted using the MasterPure Complete
DNA and RNA purification kit (Epicentre). For A. cf. kofoidiiand
A. spec six cells and for A. uroensis 2 cells were used.
Single-cell polymerase chain reaction (SC-PCR)
and sequencing: The initial PCR was performed using
a total volume of 25uL with EconoTag 2X Master Mix
(error rate 1 per 20,000-40,000) (Lucigen, Middleton,
WI, USA) or KOD FX (error rate 1 per 50,000) (ToYoBo,
Osaka, Japan) following the manufacture’s protocols.
Nearly the entire 18S rRNA gene and the part of the 28S
rBRNA gene were amplified using the sets of universal
eukaryote primers: (SR1: 5-TACCTGGTTGATCCTGCCAG-

3, 25F1: 5-CCGCTGAATTTAAGCATAT-3' and LSU
R2: 5 -ATTCGGCAGGTGAG TTGTTAC-3') or (SRf:
5-TACCTGGTTGATCCTGCCAG-3' and 28-1483R: 5-

GCTACTACCACCAAGATCTGC-3) (Daugbjerg et al. 2000;
Kogame et al. 1999; Takano and Horiguchi 2004). The PCR
protocol for EconoTaq 2X Master Mix had an initial denaturation
stage at 94 °C for 2min; 30 cycles of denaturation at 94 °C for
30s, annealing at 48°C for 30s, and extension at 72°C for
3min 30s; and final extension at 72°C for 7min. The PCR
protocol for KOD FX had an initial denaturation stage at 94°C
for 2min; 35 cycles of denaturation at 98 °C for 10 s, annealing
at 50°C for 30s, and extension at 68 °C for 2-4 min; and final
extension at 72°C for 30 sec. The first PCR product was used
as a DNA template for the second semi-nested or nested
PCR. The second PCR was performed using EconoTag 2X
Master Mix where the following combinations of primer pairs
were used separately: SR1 and SR12, SR1 and SR9p, SR4
and SR12, 25F1 and LSU R2 (Nunn et al. 1996; Takano and
Horiguchi 2004; Yamaguchi et al. 2006) with the same PCR
protocol with the initial PCR except for the shorter extension
time (1.5-2min). Using the second PCR products as the
template DNA, the third PCR was conducted using EconoTaq
2X Master Mix by the following combinations of primer pairs:
SR1 and SR5TAK, SR4 and SR9p, SR8p and SR12, 25F1 and
25R1, D3A and LSU R2 (Mertens et al. 2013) Thermal cycling
was conducted using an initial denaturation stage at 94 °C for
2min, followed by 25 cycles of 94 °C for 30 s, annealing at 50 °C



for 30's, and extension at 72°C for 30's, and final extension at
72°C for 7 min. Amplified DNA fragments corresponding to the
expected size were separated by agarose gel electrophoresis
and cleaned using the UltraClean™ 15 DNA Purification Kit
(Mo Bio Laboratories, Carlsbad, CA, USA) or QlAquick PCR
Purification Kit (QIAGEN, Hilden, Germany). The cleaned PCR
products were sequenced directly by Fasmac sequencing
service (Fasmac, Kanagawa, Japan). In Canada 18S rDNA
sequences were PCR amplified using puReTaqg Ready-to-go
PCR beads (GE Healthcare, Quebec, Canada), with an error
rate of 1 per 20,000—40,000 bases, and universal eukaryotic
primers (A. spec.: PF1-R4, A. cf. kofoidii and A. uroensis:
PF1-MetnonR). The PCR product of the expected size was
gel isolated and cloned into pCR2.1 vector using a TOPO
TA cloning kit (Invitrogen, Carlsbad, CA, USA). One clone
was completely sequenced with ABI big-dye reaction mix
using both vector primers and two internal primers oriented
in both directions. New sequences have been deposited in
DDBJ/EMBL/GenBank under the accession numbers listed in
Table 1.

Sequence alignments and phylogenetic analyses: The
18S and 28S rDNA sequences were aligned using “MUSCLE”
(Edgar 2004; http://www.ebi.ac.uk/Tools/msa/muscle/), respec-
tively, with the default settings and then manually refined in
Mesquite version 3.03 (Maddison and Maddison 2015). The
final alignment of the 18S rDNA dataset consisted of 78 taxa
and 1,191 sites. The final alignment of 28S rDNA sequences
including the domains D1-D3, excluding hypervariable regions,
consisted of 67 taxa and 645 sites. The apicomplexan Neospora
caninum was used as the outgroup for both datasets. The
alignments are available from the corresponding author upon
request. Phylogenetic trees were constructed using maxi-
mum likelihood (ML) and Bayesian analysis. For ML, the
alignments were analyzed by GARLI version 0.951 (Zwickl
2006). The GTR+I+G model of nucleotide substitution was
chosen by the Akaike Information Criterion as implemented
in jModelTest 2.1.4. for both datasets (Darriba et al. 2012;
Guindon and Gascuel 2003). The parameters were as fol-
lows: for 18S rDNA dataset, assumed nucleotide frequencies
were A=0.2451, C=0.2081, G=0.2488, T=0.2980; substitu-
tion rate matrix with A—C substitutions=1.1072, A—-G=4.7586,
A-T=1.2806, C-G =0.6907, C-T=8.3513, G-T = 1.0000; pro-
portion of sites assumed to be invariable =0.2850 and rates
for variable sites assumed to follow a gamma distribu-
tion with shape parameter=0.5590. For 28S rDNA dataset,
assumed nucleotide frequencies were A=0.2622, C=0.1839,
G =0.2788, T=0.2751; substitution rate matrix with A—C sub-
stitutions =1.3320, A-G =4.0492, A-T =1.2608, C—G =0.6596,
C-T=8.6391, G-T=1.0000; proportion of sites assumed to
be invariable =0.1690 and rates for variable sites assumed to
follow a gamma distribution with shape parameter=1.0490.
Bootstrap analyses were carried out for ML with 500 replicates
to evaluate statistical reliability. MrBayes version 3.2.5 was
used to perform Bayesian analyses (Ronquist and Huelsenbeck
2003) with the GTR+1+gamma evolutionary model for both
18S and 28S rDNA datasets. The program was set to oper-
ate four Monte-Carlo-Markov chains (MCMC) starting from a
random tree. A total of 1,500,000 generations (18S rDNA)
and 1,000,000 generations (28S rDNA) were calculated with
trees sampled every 100 generations. The first 3,750 (18S
rDNA) and 2,500 (28S rDNA) trees in each run were discarded
as burn-in. Posterior probabilities (PP) correspond to the fre-
quency at which a given node was found in the post-burn-in
trees.
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