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A gymnodinioid photosynthetic dinoflagellate was isolated from Argentina and examined by light and
electron microscopy and analysis of nuclear-encoded LSU rDNA. Kirithra asteri gen. et sp. nov. was
proposed as morphology and molecular phylogeny separated this dinoflagellate from others within
the family Ceratoperidiniaceae. Cells were surrounded by a hyaline amphiesma comprising polygonal
vesicles. Each vesicle contained a honeycomb and a trilaminar structure. An anterior sulcal extension
ending in a complete circle formed the apical structure complex (ASC), which characterizes Ceratoperi-
diniaceae. The ASC comprised three rows of vesicles. The nucleus was located in the hypocone,
and several large, irregularly shaped vesicles were present in the epi- and hypocone. Chloroplasts
were surrounded by three membranes, and grana-like arrangements of thylakoids were observed in
one strain used for ultrastructural study. The cell centre contained 1-3 multiple-stalked pyrenoids and
membrane-bound vesicles containing tile-like structures surrounded each pyrenoid. Two pusules with
collecting chambers and associated vesicles branched off each of the flagellar canals. The flagellar
apparatus featured a ventral connective between the amphiesma and the R1 root, and almost opposite
basal bodies, rarely seen in dinoflagellates. This was the first ultrastructural study of a species within
Ceratoperidiniaceae.
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Introduction

Thirty-seven years ago Loeblich Il (1980) created
the new monotypic dinoflagellate family Ceratoperi-
diniaceae, to include the genus Ceratoperidinium
Loeblich 1l emend. Réne & de Salas, a genus
originally described (albeit invalidly, Latin diagno-
sis missing) by Margalef (1969) in an article on
phytoplankton from the Mediterranean. Loeblich
validated the generic name and gave the single
species a new name, C. margalefii Loeblich lll, to
replace Margalef’s invalid name C. yeye Margalef.
A few years later, a second species was described
from the Lebanese coast, C. mediterraneum
Abboud-Abi Saab (1989), but it was subsequently
considered a synonym of C. margalefii by Gomez
et al. (2004), this species being morphologically
very variable. The third taxon included in the
family was originally described as Gymnodinium
fusus Schutt (1895; synonym: Gyrodinium falcatum
Kofoid & Swezy, see Elbrachter 1979). It was trans-
ferred to Ceratoperidinium as C. falcatum (Kofoid
& Swezy) Réne & de Salas. It is a very widely
distributed species which varies considerably in
morphology, and Konovalova (2003) reported that
a species named Pseliodinium vaubanii Sournia
(Sournia 1972), is in fact a stage in the life cycle of
this species. There is a high level of plasticity in the
morphology of the described species of the family,
making species identification and circumscription
difficult. The phylogenetic analysis published, how-
ever, show that material identified as C. falcatum
locates in different positions in the phylogenetic
trees, indicating that additional species may exist.
The phylogenetic trees also include material iden-
tified as Gymnodinium sp. 1, Cochlodinium cf.
helix and Cochlodinium cf. convolutum (René et al.
2013).

The family thus comprises only two species
described in some detail, although the ultra-
structure of both species remains unknown, C.
margalefii from the Mediterranean and Gymno-
dinium fusus, which is distributed worldwide. During
a cruise in Argentinian waters, a thin-walled
dinoflagellate was encountered and isolated into
culture which, although morphologically very dif-
ferent from the two known species, was found
to represent a new genus of the family. The
culture was examined by light and electron
microscopy and the phylogeny investigated based
on nuclear-encoded LSU rDNA gene sequences.
It is described here as Kirithra asteri gen. et sp.
nov.
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Results

Taxonomic Descriptions

Kirithra Boutrup, Tillmann, Daugbjerg & Moestrup
gen. nov.

DIAGNOSIS: Cells motile and free-living. Thin-
walled, but the amphiesmal vesicles contain both
a honeycomb layer and a trilaminar layer. Api-
cal structure complex forms a complete circle,
consisting of three parallel series of vesicles, the
central one possessing knobs. Flagellar basal bod-
ies of almost opposite polarity. Ventral connective
associated with R1 flagellar root. Chloroplasts sur-
rounded by three membranes, with centrally placed
pyrenoids. Trichocysts present.

TYPE SPECIES: Kirithra asteri Boutrup, Tillmann,
Daugbjerg & Moestrup sp. nov.

ETYMOLOGY: Greek knpnfpa, “honeycomb”, from
the elaborate honeycomb layer present in the
amphiesmal vesicles.

Kirithra asteri Boutrup, Tillmann, Daugbjerg &
Moestrup sp. nov.

DIAGNOSIS: Cells ovoid with conical epicone and
slightly larger hemispherical hypocone. Somewhat
flattened on ventral side. Length interval 26—41 pm
(average 32.1 4= 3.3 wm); width interval 18-30 um
(average 23.8+3.0) (n=62). Cingulum median,
descending and displaced 1-2 cingulum widths.
Sulcus widens posteriorly, and almost reaches the
antapex. Commencement of cingulum and sul-
cus in invaginations of the amphiesma covered
by ventral ridge. Amphiesma of small polygo-
nal vesicles, with pores in the junctions only.
Yellowish-brown chloroplasts form a reticulated net-
work radiating from 1-3 centrally placed pyrenoids.
Chloroplasts sometimes contain grana-like struc-
tures. Pyrenoids multi-stalked, surrounded by
membrane-bound vesicles, which contain tile-like
structures. Pyrenoids not penetrated by thylakoids,
but invaginated by finger-like extensions from
the surrounding vesicles. Eyespot and peduncle
absent. Nucleus spherical, located in the hypocone,
typical nuclear pores separate or in small groups.
Two collecting chamber pusules with vesicles con-
nects with each of the flagellar canals. Asexual
reproduction by fission in the motile stage. Nuclear-
encoded LSU rDNA gene sequence =GenBank
accession nhumber MF666674.

HOLOTYPE: An epon-embedded sample of the
clonal culture established from material collected
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9 September 2015, has been deposited at the
Botanical Museum, University of Copenhagen (C),
accession no. C-A-92079.

TYPE LOCALITY: Argentinian ocean shelf, South
Atlantic Ocean (41°10'48”S, 57°51'36"W)

ETYMOLOGY: Greek acteip, “star”, refers to the
refractive nature of the vesicles surrounding the
pyrenoid when viewed in8 the light microscope.

Light and Epifluorescence Microscopy

Cells of Kirithra asteri (Fig. 1A-1) were ovoid in
shape, widest posteriorly, with a hemispherical
hypocone, and a conical epicone rounded apically
(Fig. 1A-H). The cingulum was deeply engraved
and extended more or less vertically from the trans-
verse flagellar canal on the ventral side, made a
90-degree turn and descended slightly in a left-
wards spiral, the ends displaced approximately 1-2
cingular widths (Fig. 1A-B). The exits of the lon-
gitudinal and transverse flagella were covered by
the ventral ridge upon which was a delicate fur-
row (Fig. 1A-B). The sulcus widened below the
ventral ridge, and a thin sulcal extension could
be seen invading the epicone for a short distance
above the proximal part of the cingulum (Fig. 1A).
The ventral side of the cell was somewhat flat-
tened (Fig. 1E). Chloroplasts forming a reticulated
network were primarily located close to the cell
surface (Fig. 1A-D) but also radiated from the cen-
trally placed pyrenoids (Fig. 1F). The spherical
pyrenoids (1-3 in each cell) were placed on level
with the cingulum, or sometimes shifted a short
distance into the epicone (not shown). Pyrenoids
were surrounded by material that refracted the
light (Fig. 1F-G). The nucleus was large, spherical
and placed centrally in the hypocone (Fig. 1F-
H, M). The cell apex was delimited by a furrow
and was rounded and more protuberant than the
rest of the epicone (Fig. 1E-H). Cells exposed to
stress under the microscope sometimes exhibited
a pointed apex (Fig. 11) and the hyaline amphiesma
often moved away from the cell (Figs 1H-I, K-
L). The hyaline polygonal amphiesmal vesicles
could sometimes be seen where the amphiesma
had lost contact with the cytoplasm (Fig. 1J). The
amphiesma remained intact during cell division,
which began in the hypocone (Fig. 1K-L, N-P), the
nucleus becoming kidney-shaped with one end in
each of the two hypocones (Fig. 1K). Cells were
motile and did not discard the amphiesma during
cell division.

In epifluorescence microscopy with green light
excitation chloroplasts were visualized to form

a reticulated network (Fig. 1M-P). A vegetative
cell with chloroplasts stained with DAPI revealed
chloroplast DNA as blue dots (Fig. 1M). Three
different stages of cell division are illustrated in
Figs 1N-P. In the first stage (Fig. 1N) the nucleus
has moved to the epicone. In the second stage
(Fig. 10) the nucleus has moved back to the
hypocone and is in the process of karyokinesis. The
third stage (Fig. 1P) is similar to the cell in Figure
1L. Each daughter cell has its own nucleus in what
will become the hypocone of the new cells.

Scanning Electron Microscopy

Details of cell morphology are illustrated in
Figure 2A-F. The ventral side of the cell displayed
the transverse flagellum emerging vertically from
behind the ventral ridge. It made a 90° leftward
turn and extended in the cingulum in a slightly
downwards spiral around the cell. The cingulum ter-
minated in a downwards slope, at the exit point of
the longitudinal flagellum (Fig. 2A). The longitudi-
nal flagellum often curled up into the broad sulcus
(Fig. 2A, C). The ventral ridge covered the exit
points of the two flagella and consisted of a cen-
tral ridge lined on each side by a delicate furrow
(Fig. 2A, C, seen as one furrow in Fig. 1A-B). The
sulcal extension on the epicone continued in an
anterior direction on the epicone to reach the api-
cal structure complex (ASC) (Fig. 2A, F). At higher
magnification, the sulcal extension was seen to
consist of two elongate amphiesmal vesicles, the
topmost of which connected with the amphiesmal
vesicle of the ASC (Fig. 2F). Just above the start
of the cingulum, next to the lowermost part of the
sulcal extension, a distinct ventral pore could be
seen (Fig. 2A, F). The dorsal side of the cell is
shown in Figure 2B. The cell surface was covered
by small polygonal amphiesmal vesicles, arranged
in 7-10 latitudinal rows on each side of the cingu-
lum. Most vesicles were 5- or 6-sided. The cingulum
was 5 to 7 amphiesmal vesicles high (Figs 2B, 4A),
the posterior row of vesicles notably smaller. The
hypocone formed a smooth hemisphere, only inter-
rupted by the sulcus, which continued almost to the
antapex. The delineation of the broad sulcus was
not clearly defined (Fig. 2A, C). The apex of the cell
was encircled by the ASC (Fig. 2D, F) and appeared
to consist of three rows of vesicles: a single, narrow,
elongated amphiesmal vesicle with a central row of
knobs releasing mucilaginous material (Fig. 2D-E),
lined on each side by a row of somewhat larger vesi-
cles (Fig. 13). The amphiesmal vesicles within the
ASC were arranged with one central vesicle (some-
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Figure 1. Light microscopy (A-L) and epifluorescence (M-P) of Kirithra asteri gen. et sp. nov. Scale
bars=10pum. A) Ventral view of ovoid cell with slightly displaced cingulum, sulcus and ventral ridge
with a delicate furrow (small arrow). A short sulcal extension is visible (open arrow). B) Ventral view of cell,
showing cingulum edges, ventral ridge with delicate furrow and distal end of cingulum making a downwards turn
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times two, not shown) encircled by approximately
eight vesicles (Fig. 2D).

Dividing cells are shown in more detail in
Figure 3A-B. The ventral side of a dividing cell
displayed the longitudinal division furrow, in which
the left daughter cell (right in the figure) retained
the apical structure and the transverse flagellum,
whereas the daughter cell to the left in the fig-
ure shifted downwards and retained the longitudinal
flagellum (Fig. 3A). The dorsal side of a dividing cell
at a slightly earlier state was very broad (Fig. 3B),
while the hypocone was in the process of division,
the cingulum was still intact (Fig. 3B).

Transmission Electron Microscopy

General ultrastructure: Although in many ways
Kirithra asteri displayed a typical dinoflagellate
ultrastructure, it also possessed some uncom-
mon features. The dinokaryon contained regularly
arranged condensed chromosomes and was posi-
tioned centrally in the hypocone (Fig. 4B-C). The
nuclear envelope was penetrated by typical nuclear
pores, which were placed individually (Fig. 7C)
or in small groups (Fig. 7D). Mucocysts were
absent, but trichocysts were distributed more or
less evenly throughout the cell (Figs 4A, C, 6G).
Several Golgi bodies surrounded the pyrenoid
(Fig. 4B). Large irregularly shaped and seemingly
empty vesicles were present in both the epi- and
hypocone (Fig. 4A-B). An unusual type of vesicle
with electron-dense multi-layered centre (Fig. 4F-
G) occurred in large numbers in the cytosol, the
highest numbers near the amphiesma (Figs 4A-
C, 5C ). The amphiesma formed two invaginations
behind (below) the ventral ridge, creating cavities
into which the flagella emerged,; the transverse and
longitudinal amphiesmal invagination (TAl and LAl,

Figs 4B, D-E, 8E, 9A-D, J-K). The invagination of
the transverse flagellum was supported by rows
(sheets) of microtubules (Fig. 4D-E). The longi-
tudinal flagellum contained cross-hatched packing
material and a muscle-like striated fibre (Figs 4H,
8E).

Amphiesma: A distinct trilaminar layer (dark-light-
dark) was present within the amphiesmal vesicles.
It was observed as a separate unit within each
amphiesmal vesicle (Fig. 5A), or the units had
fused to form an unbroken layer that enclosed the
whole cell (Fig. 5B). In the latter case, all junc-
tions between the outer- and inner amphiesmal
vesicle membranes were broken, and the inner
amphiesmal vesicle membranes had fused to form
an unbroken membrane surrounding the cytoplasm
(Fig. 5B). The amphiesmal vesicles did not con-
tain plates, but an elaborate honeycomb layer was
present between the outer amphiesmal vesicle
membrane and the trilaminar layer (Fig. 5A-B, D-E).
The honeycomb pattern was most obvious when
sectioned tangentially (Fig. 5F-G), and at other
angles appeared fibrillar (Fig. 5A-B) or as thin fil-
aments (Fig. 5D). Each unit of the honeycomb
was approximately 40nm in diameter (Fig. 5QG).
Amphiesmal pores were only present in the junc-
tions between the vesicles (Fig. 5F-G).

Apical structure complex: In longitudinal sections
of the cell, the apical structure complex (ASC) was
visible on each side of the cell apex (Fig. 5C), com-
prising a narrow vesicle, lined on each side by a
larger vesicle. These latter vesicles resembled nor-
mal amphiesmal vesicles, but were smaller. The
narrow central vesicle lacked the trilaminar layer,
but was subtended on the cytoplasmic side by a
microtubule, sometimes with indication of a sec-
ond microtubule (Fig. 5D), and carried the knobs
releasing mucilaginous material (Fig. 5E).

towards the longitudinal flagellum. Both flagella present, although barely visible. C) Dorsal view of cell with a
broad cingulum and chloroplasts in reticulated network. D) Dorsal side of cell in a slightly deeper focal plane
showing chloroplasts arrangement. E) Left side of a cell showing ventral flattening, and two large irregularly
shaped vesicles (v). F) Deep focal plane displaying nucleus (N), three pyrenoids, one large central and two
smaller (arrows), from which bands of chloroplasts radiate into the epicone. G) Deep focal plane of smaller
cell containing two pyrenoids (arrows), and nucleus (N). H) Deep focal level of slightly stressed cell in which
the cytoplasm has retracted from the amphiesma in the top-most part of the epicone, revealing the apical
structure complex (arrows). Nucleus (N) and three somewhat irregularly shaped vesicles (v) also visible. I)
Deep focal plane of cell showing apex sometimes pointed. J) Hyaline amphiesma detached from cell surface
displaying small polygonal amphiesmal vesicles. K) Dividing cell displaying nucleus in karyokinesis. Edges of
kidney-shaped nucleus outlined in black. Intact hyaline amphiesma around hypocones. L) Dividing cell with
intact amphiesma somewhat detached from cytoplasm, showing the apical structure complex (arrow). M) Epi-
fluorescence of vegetative cell exhibiting large spherical nucleus (blue) and numerous chloroplasts (red) most
of which have associated small blue dots representing chloroplast DNA. N) Early stage cell division showing
double-sized nucleus in the epicone. O) Dividing cell during karyokinesis. Chloroplast DNA clearly visible (blue
dots). P) Late stage of cell division after karyokinesis; cytokinesis is not complete.
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Figure 2. Scanning electron microscopy of Kirithra asteri gen et sp. nov. Scale bars: A-C=5 pum, D-F=2 um.
A) Ventral view of cell with smooth surface covered in polygonal amphiesmal vesicles. Transverse flagellum
(tf) and longitudinal flagellum (If). Numerous pores penetrate junctions of amphiesmal vesicles (two indicated
with arrowheads). Ventral ridge with delicate furrows on each side (arrow). Sulcal extension runs from topmost
part of cingulum to the apical structure. The apical structure complex (ASC) is circular. A large conspic-
uous pore is present in the lowermost part of the sulcal extension (open arrow). B) Dorsal view of cell with broad
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Figure 3. Scanning electron microscopy of dividing cells of Kirithra asteri gen. et sp. nov. Scale bars=10 um.
A) Ventral view of dividing cell. Cells are still connected in the epicones and the amphiesma is intact. The apical
structure complex (ASC) and the transverse flagellum (if) are located on the right daughter cell, the longitudinal
flagellum (If) on the left daughter cell. B) Dorsal view of dividing cell displaying longitudinal division in hypocone
and intact cingulum (c) and amphiesma.

Pyrenoids: The pyrenoids were multiple-stalked
and located centrally in the cell, connected to radi-
ating chloroplasts (Figs 4B, 6B). Three membranes
lined each pyrenoid (Fig. 6F). The pyrenoid matrix
was uniformly granular and penetrated by tube-like
invaginations of the surrounding membrane-bound
pyrenoid vesicles (Fig. 6A-B), usually several tubes
in each invagination (Fig. 6C, D). At higher magni-
fication the three membranes lining the pyrenoid
were seen to be tightly appressed the inner mem-
brane of a vesicle, to give the impression of
four membranes (Fig. 6C, F). The vesicles lin-
ing the pyrenoid contained tile-like elements but
such structures were not observed within the pen-
etrations into the pyrenoid. Similar tile-containing
vesicles also occurred elsewhere in the cell (not
shown), although in the highest number around the
pyrenoids (Figs 4B, 6A-B).

Chloroplasts: The chloroplasts formed a reticu-
lated network, each part often were lens-shaped or
elongated, and radiating from the centrally placed
pyrenoids or located peripherally (Fig. 4A-C). They
displayed a large area devoid of thylakoids, but con-
taining chloroplast DNA (Fig. 6E, H). The thylakoids
were generally stacked two or three together
(Fig. 6E). The chloroplasts fixed for sectioning
according to fixation schedule 2 all showed exten-
sive grana formation of the thylakoids (Fig. 6G-H),
whereas none of the chloroplasts from fixation
schedule 1 showed any indication of grana forma-
tion.

Pusules: The two pusules were placed centrally
in the cell’s ventral area, each composed of pusule
vesicles and a short broad collecting chamber (Figs
4A-B, 7A). The chambers converted into flagellar
canals close to the striated collars with no vis-

cingulum consisting of five amphiesmal vesicles (asterisks). C) Antapical view of cell showing smoothly rounded
hypocone with broad sulcus (s) continuing almost to the antapex. Ventral ridge indicated by arrow. D-E) Circular
apical structure complex (ASC) from two different cells seen at higher magnification (arrowheads). Within the
circular ASC is a central amphiesmal vesicle encircled by approximately eight amphiesmal vesicles (asterisks).
F) Higher magnification of sulcal extension consisting of two elongated amphiesmal vesicles (asterisks). The
junction between the vesicles is barely visible (white arrow). The uppermost part of the extension connects to
the amphiesmal vesicle of the ASC. The large pore shown in Figure 2A is also visible (open arrow).
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Figure 4. Transmission electron microscopy (TEM) of Kirithra asteri gen. et sp. nov. General ultrastructure,
vesicle content and longitudinal flagellum. All fixed according to schedule 1. Scale bars: A-C=5um, D-
E =500nm, F-H=200 nm. A) Longitudinal section in a frontal plane showing deep cingulum (c) and sulcus (s).
The 7 amphiesma vesicles lining the cingulum in this specimen are marked by asterisks. Two pusules are visible
in the sulcal area (pu). Chloroplasts line the cell periphery or radiate inwards. Large irregularly shaped vesicles
(v) are present in epi- and hypocone. Trichocysts (ir) are distributed more or less evenly. B) Longitudinal section
in sagittal plane, ventral side on the right, dorsal side on the left. A large centrally placed pyrenoid (py) is
surrounded by membrane-bound vesicles containing tile-like inclusions (pyv). These vesicles are surrounded
by Golgi bodies (G). The nucleus (N) is located centrally in the hypocone. Oppositely oriented flagella visible;
transverse flagellum (if) and longitudinal flagellum (If). A ventral ridge (vr) covers the transverse and longitudinal
amphiesmal invaginations (TAl and LAl respectively). A pusule connects to the transverse flagellar pore (pu),
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ible transition, other than pusule vesicles being
replaced by collared pits near the opening (Figs 7A,
9A, K). Collecting chambers were approximately
2.5 10 2.8 um long and enclosed by a single mem-
brane. Closely packed pusule vesicles lined the
collecting chambers and opened into the cham-
bers by narrow apertures, all vesicles surrounded
by large vacuoles (Figs 7A-B). The inner surface
of the pusule vesicles had a thin coating of parallel
fibrilla, giving them a striated appearance (Fig. 7B).
Flagellar apparatus: The basal bodies of the
flagella inserted at an angle of about 170°, the
basal body of the longitudinal flagellum shifted one
basal body width outwards towards the ventral ridge
(Fig. 8A-C). Small connectives (bbc) were seen
between the two basal bodies (Fig. 8B-C, 9E-F)
or connecting to a forming basal body (Fig. 8A-B).
The R3 and R4 flagellar roots were attached to the
side of the transverse basal body (TB) (Figs 8B, F,
9D), extending along the plasmalemma on oppo-
site sides of the transverse flagellum/pusule canal
(Fig. 8J). A small connective (R4/TBc) was present
between the R4 and TB (Fig. 9C). The R4 root
continued forwards on the ventral side of the cell
below the amphiesma, for some distance lining the
cingulum (Fig. 8B-E). The transverse microtubular
extension (TMRE) of the R3 extended between the
two pusules (Figs 7A, 8H). Opaque material of the
R1 flagellar root almost enclosed the longitudinal
basal body (LB) (Figs 8D, F, 9G-I) and extended
downwards towards the sulcus (Figs 8B-E, 9E-
), lining the longitudinal amphiesmal invagination
(LAI) (Fig. 9J-K). A striated ventral connective was
attached to the ventral side of the R1 a short dis-
tance from the LB and extended for a distance of
approximately 250 nm before connecting to the top-
most part of the LAI (Figs 8l, 9G-1). A broad striated
root connective (src) interconnected the R1 and R4
roots (Figs 8D-H, 9E-F). An indistinct R2 root was
sometimes seen attached to the LB (Fig. 91).

Phylogeny

The LSU rDNA sequence of Kirithra asteri was
compared to an assemblage of other dinoflag-

ellates covering various evolutionary lineages at
the level of families and orders (e.g. Kareni-
aceae, Tovelliaceae, Gonyaulacales, Suessiales,
Dinophysiales). In Figure 10 , K. asteri forms a
sister taxon to Gymnodinium sp. 1 (KF245462),
but with moderate branch support only (posterior
probability in BA=0.72 and bootstrap support in
ML =68%). Kirithraand Gymnodinium sp. 1 formed
a sister group to a large assemblage compris-
ing Ceratoperidinium spp., Cochlodinium spp. and
Gymnodinium sp. 2. The branch support for this
part of the tree topology was high in both BA and
ML (1.0 and 99%, respectively) indicating that the
cluster forms a distinct evolutionary lineage. The
resolution of the deep branches was not revealed
due to low support values.

Discussion

Identity of the Dinoflagellate

Searching the literature for morphologically similar
marine dinoflagellates with a classic gymnodinioid
appearance led to a list comprising Gymnodinium
auratum Kofoid & Swezy, Gymnodinium maguelon-
nense Biecheler, Gymnodinium ochraceum Kofoid,
Gyrodinium capsulatum Kofoid & Swezy, Gyro-
dinium foliaceum Kofoid & Swezy (Biecheler
1952; Kofoid 1931; Kofoid and Swezy 1921)
(Fig. 11A-G) and Gymnodinium bonaerense Aksel-
man (Akselman 1985) (Fig. 11H). Their overall
morphology was comparable to Kirithra asteri
allowing for small differences in LM (Fig. 1A-l). A
drawing of K. asteri is included here for compari-
son (Fig. 12). Two of the species, Gym. auratum
(Fig. 11A) and Gyr. capsulatum (Fig. 11E) could be
excluded as they were described as lacking chloro-
plasts (Kofoid & Swezy 1921). Gym. ochraceum
(Fig. 11F) and Gyr. foliaceum (Fig. 11G) have
chloroplasts but there is no description of central
pyrenoids and both species are significantly larger
than Kirithra asteri. Gym. ochraceum has a dark-
brown colour, a central nucleus, and lacks a sulcal
extension (Kofoid 1931). Gyr. foliaceum (Fig. 11G),

a large vesicle containing flagellar hairs (fh) is seen to the right of the nucleus. Several peripheral and inwards
radiating chloroplasts are visible. C) Transverse section of bottom half of hypocone. Nucleus with condensed
chromosomes visible in cell centre (N). Numerous small vesicles with electron-opaque centre (seen in detail in
F-G) are dispersed in the cytosol and along the amphiesma (arrows). Some of the trichocysts are also indicated
(tr). D-E) TAl in longitudinal section showing a row of circular microtubules (arrows) supporting the invagination.
F-G) Higher magnification of electron-dense multi-layered material within vesicles (arrow in Figs 4C, 5C). H)
Longitudinal and transverse sections of two profiles of longitudinal flagella. Cross-banded “packing material”
is found adjacent to axoneme (arrow). A cross-striated muscle-like fibre runs along the axoneme (arrowhead),

also seen in cross-section.
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Figure 5. Kirithra asterigen. et sp. nov. TEM, amphiesmal vesicles, trilaminar layer, honeycomb and details of
the apical structure complex (ASC). Scale bars: A=100nm; B, F=500 nm; C=2 um; D-E, G=200 nm. A) High
maghnification of two adjoining amphiesmal vesicles, showing outermost continuous plasma membrane (pm),
outer amphiesmal vesicle membrane (ovm), inner amphiesmal vesicle membrane (ivm) and within each vesicle,
the discontinued trilaminar layer (tl). The honeycomb layer (hc) seen as fibrillar material against ovm. Fixation
schedule 1. B) Amphiesma with broken amphiesmal vesicle junctions and continuous trilaminar layer (il). The
inner amphiesmal vesicle membranes (ivm) are also continuous. Fixation schedule 2. C) Cell apex. Circular
apical structure complex (ASC) present subapically on both sides. Vesicles with electron-dense centres visible
(arrow). Fixation schedule 1. D) ASC at higher magnification showing three amphiesmal vesicles (asterisks).
The central vesicle shows an elevation of the cytosol under which a microtubule is present (arrowhead).
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on the other hand, has a narrow sulcus and
lacks the outer hyaline sheath, called a periplast
or hyaline cyst in the other species mentioned
above (Kofoid 1931; Kofoid and Swezy 1921). Gym.
maguelonnense (Figs 11B-D) was described as
34—-42 pm long, with chloroplasts, a round apical
structure complex and a large nucleus placed at
the level of the cingulum. However, the meticu-
lously prepared drawings, replicating the pattern
of the amphiesmal vesicles (Fig. 11C), showed
a greater amount of amphiesmal vesicles com-
pared to K. asteri. Furthermore, the apical structure
was ovoid and made an incomplete loop around
the apex (Fig. 11D, Biecheler 1952) whereas the
ASC of K. asteri forms a complete circular loop.
The nucleus in K. asteri was positioned in the
hypocone. Gymnodinium bonaerense (Fig. 11H),
described by Akselman (1985) from the same area
as Kirithra differs from Kirithrain being smaller, hav-
ing a round, rather than conical epicone, a centrally
located nucleus, and it was described with a cir-
cular cingulum (in a personal communication from
Rut Akselmann to @M in May 2017, she mentioned
that this species may be conspecific with Karenia
mikimotoi). Hence, K. asteriis considered a distinct,
previously unknown species.

A few undescribed dinoflagellates showing signif-
icant similarities were also located in the literature.
The first potential match was in Omura et al. (2012)
and called “Gymnodinium” sp.2 (from the West-
ern Pacific). Additional light microscopy images
were received from one of the authors (M. lwataki)
and these showed cells that were both identical
in size and morphological features (e.g. hya-
line amphiesma, nucleus in the hypocone, sulcal
extension, irregularly shaped vacuoles and circular
ASC). Unfortunately, ultrastructural or phylogenetic
information was not available for this material,
which may be identical to Kirithra asteri. Kirithra
asteri also appeared to be morphologically simi-
lar to Gymnodinium sp. 1 and Gymnodinium sp.
2 in René et al. (2013) and are also included
in our phylogenetic tree. Two SEM pictures were
included of Gymnodinium sp. 1 in this publication
and they are practically identical to our micrographs
of Kirithra asteri although the cells in the published
figures seem to have shrunk slightly. In the phylo-

genetic tree, this species groups with Kirithra asteri
(Fig. 10). A single LM picture of Gymnodinium sp.
2 was included by René et al. (2013), and although
the length of the cell was stated to be 38 pm, our
measurements of the cell according to the scale
bar, gave a length of approx. 47 um (René et al.
2013). If the scale bar is correct, then Gymnodinium
sp. 2 is significantly larger than Kirithra asteri. It did
not group with Kirithra in the phylogenetic tree.

Phylogeny vs. Morphology

In the phylogenetic tree (Fig. 10), Kirithra asteri
formed a statistically well-supported clade with
Ceratoperidinium spp., Cochlodinium spp. and
Gymnodinium spp. (posterior probability in BA=1.0
and bootstrap support in ML=99%). Dinoflagel-
lates within this clade conform with the few family
characteristics of the Ceratoperidiniaceae by being
naked, phototrophic and exhibiting a circular api-
cal structure complex (René et al. 2013), although
micrographs of the phylogenetically separated Cer-
atoperidinium falcatum (KJ508394) (Gymnodinium
fusus) have not been published. The generic
names Gymnodinium and Cochlodinium presently
ascribed to members of the family, should there-
fore be modified as discussed by René et al. (2013)
and the tree topology indicates the presence of
four or five distinct genera belonging to the Cer-
atoperidiniaceae. Detailed studies of morphology
and ultrastructure of the species in this clade are
needed to resolve their interrelationship.

Ceratoperidinium margalefii was described as
having a theca and a large apical pore, a description
copied by Loeblich (1980) from Margalef’s original
description (Margalef 1969). The same description
was applied by Loeblich (1980) to his new family
Ceratoperidiniaceae.

Gymnodinium fusus (syn. Ceratoperidinium fal-
catum), however, is naked, without an apical pore
but with a circular apical furrow. Kirithra asteri also
appears naked in the light microscope. However, in
this species the cell cytoplasm sometimes retracts
slightly from the amphiesma to give the impression
of a theca (Fig. 1H-I, K-L). It is possible, there-
fore, that Margalef (1969) misidentified a theca in
Ceratoperidinium margalefii, the amphiesma being
very thin. Margalef specifically mentions that dis-

The trilaminar layer is absent in the central vesicle. The honeycomb layer seen as filaments (hc). Fixation
schedule 1. E) High magnification showing mucilaginous material released from central amphiesmal vesicle of
ASC (arrow). Fixation schedule 1. F) Tangential section of amphiesma showing elaborate honeycomb pattern
inside amphiesmal vesicles. Junctions of vesicles and a pore (arrow) is visible. Fixation schedule 2. G) High
magnification of honeycomb structure within amphiesmal vesicles. Junction between amphiesmal vesicles

contains a pore (arrow). Fixation schedule 2.
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Figure 6. Kirithra asteri gen. et sp. nov. TEM, pyrenoids and chloroplasts. Scale bars: A-B=1pum, C-
D=100nm, E=500nm, F=50nm, G-H=500nm. A) Pyrenoid with invaginations (arrowheads), surrounded
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Figure 7. Kirithra asterigen. et sp. nov. TEM, pusules and nuclear pores. Scale bars: A=1 um, B-D=200nm. A)
Two pusules with central collecting chamber and associated pusule vesicles (pv) that open into each chamber.
All vesicles are surrounded by large vacuoles. The left collecting chamber opens into the flagellar canal and
further into the transverse amphiesmal invagination (large arrow). Collared pits (small arrows). Transverse
striated collar surrounds the opening of each flagellar canal (arrowheads). R1 flagellar root and transverse
microtubular extension (TMRE) visible. Fixation schedule 1. B) Higher magnification of pusule vesicles. The
single membrane of the collecting chamber (arrow) continues into the pusule vesicles. Each vesicle has a
constricted opening connected to the collecting chamber. The vacuolar membrane is tightly appressed to
the membrane of the vesicles (arrowhead). Vesicle lumen with thin fibrillar striated coating (open arrows).
Constricted opening of a pusule vesicle resembling a collared pit (double arrowhead). Fixation schedule 1. C)
Nuclear envelope with pore (arrow). Fixation schedule 1. D) At least three pores (arrows) assembled in slight
invagination in the nuclear envelope. Fixation schedule 2.

e A SR s T Y,

tinct amphiesmal plates were not possible to see,
and in Kirithra very small amphiesmal vesicles
could only occasionally be seen in the light micro-
scope.

The genus Ceratoperidinium is placed within this
well-supported assemblage of the molecular tree,

forming a distinct evolutionary lineage away from
K. asteri, with Gymnodinium sp. 1 in a sister group
position. Species of Ceratoperidinium have also
been described to possess retractile appendices
during some stages of the life cycle. Different life
cycle stages or variations in the morphology such

vesicles containing tile-like inclusions (arrows). Fixation schedule 1. B) Pyrenoid with associated radiating
chloroplast (chl). Fixation schedule 1. C) Higher magnification of invagination into pyrenoid. Four membranes
are tightly appressed, one from the vesicle and three from the pyrenoid (arrow). Fixation schedule 1. D) Higher
magnification of cross-sectioned invagination showing several vesicle membranes within the invagination. Fix-
ation schedule 1. E) Peripheral chloroplast with thylakoids in stacks of two to three and area of chloroplast DNA
(cDNA). Fixation schedule 1. F) Four membranes surround the pyrenoid, one of them probably from a vesicle.
Fixation schedule 1. G-H) Chloroplasts with granum-like stacks of thylakoids (arrows). Two trichocysts (tr) are
visible in Figure 6G and an area of chloroplast DNA is visible in Figure 6H (cDNA). Note two trichocysts (tr) in
Figure 6G. Fixation schedule 2.
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Figure 8. Kirithra asteri gen. et sp. nov. Non-adjacent serial sections showing flagellar apparatus (FA).
Encircled numbers represent section numbers. Fixation schedule 1. Scale bars: A-D, H-I=500nm, E=1 um,
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as retractility of the cell were not observed in K.
asteri(nor in Gymnodinium sp. 1, René et al. 2013).
This combination of features leads to conclude that
K. asteriis a distinct genus rather than a species of
Ceratoperidinium.

Kirithra asteri formed a sister taxon to the mor-
phologically similar Gymnodinium sp. 1 and to
ensure that the divergence between the two was
not due to different sequence lengths, a sequence
comparison based on 811 base pairs including the
variable D2 domain was done. It gave a p-distance
of 6.3%, the two taxa differing in 52 of 811 base
pairs. This divergence value indicates that K. asteri
and Gymnodinium sp. 1 sensu René et al. (2013)
are different species despite the two resembling
each other in SEM. It stresses the need for a
detailed ultrastructural study of Gymnodinium sp.
1 which is probably a second species of Kirithra.

Ultrastructure

The present study is the first containing ultrastruc-
ture of a species within Ceratoperidiniaceae, and
several interesting features were observed. Some
of these are discussed below.

The apical structure complex (ASC) is now
widely used when classifying naked dinoflagellates
(Daugbjerg et al. 2000, Moestrup and Daugbjerg
2007). Within the last few years at least 15 ASCs
of different genera have been described (Boutrup
et al. 2016; Gomez et al. 2015; Hansen and
Daugbjerg 2011; Hoppenrath et al. 2012; Jang et al.
2017; Jeongetal. 2014; Kang et al. 2011; Moestrup
etal. 2014; René et al. 2013; Sampedro et al. 2011;
Takano et al. 2014; Yamada et al. 2013; Yuasa
et al. 2016), while two genera (Asulcocephalium
and Leiocephalium) have been found to lack an
ASC (Takahashi et al. 2015). In three of the genera
the ASC forms a complete circle. The ASC of the
closestrelative to K. asteri, Ceratoperidinium (René

et al. 2013), was described only three months after
the first circular ASC was observed in the genus
Bispinodinium Yamada & Horiguchi (Yamada et al.
2013). A second species with a circular ASC, Cuc-
umeridinium Goimez, Loipez-Garciia, Takayama
& Moreira, was found two years later (Goimez
et al. 2015). The morphological differences of the
three genera are profound, and the phylogenetic
analysis of LSU rDNA did not reveal any phy-
logenetic relationship between Ceratoperidinium
and Bispinodinium. Unfortunately, LSU rDNA data
are not available for Cucumeridinium, but the
SSU rDNA phylogeny provided by Goimez et al.
(2015) showed Cucumeridinium as a sister taxon
to a clade containing e.g. Alexandrium Halim,
Gonyaulax Diesing, and Protoceratium Bergh (sup-
port value PP=0.77), none of which are closely
related to Ceratoperidinium or Bispinodinium in
the LSU rDNA phylogeny (Fig. 10). Thus, seem-
ingly identical circular ASCs have evolved more
than once in the evolutionary history of dinoflagel-
lates. It is not known whether all ASCs have the
same detailed structure, as ultrastructural inves-
tigations are missing. The circular ASC of K
asteri, (Fig. 13) and therefore perhaps of all mem-
bers of the family Ceratoperidiniaceae, consists of
three parallel series of vesicles, the central one
with knobs. The microtubule present below the
central vesicle of the ASC may be homologous
with the single microtubule found to support the
groove in Akashiwo sanguinea (Hirasaka) Hansen
& Moestrup (Daugbjerg et al. 2000; Roberts and
Roberts 1991, figs 9, 11).

Amphiesma: An elaborate polygonal honeycomb
layer was found within the amphiesmal vesicles
of K. asteri and was most apparent when sec-
tioned tangentially (Fig. 5F-G). Schematic drawings
of the polygonal honeycomb layer is included as
Figure 14. Such a structure has been described
previously in Gymnodinium cryophilum (Wede-

F-G, J=200nm. A-E) FA of cell in Figure 4B, ventral side to the right, dorsal side to the left. A) Transverse basal
body (TB) at about 170° angle to longitudinal basal body (LB). Flagellar root (R1). A connective (R1/TBc) is
visible between R1 and TB. Transverse flagellum (tf) and longitudinal striated collar (LSC). Forming basal body
(arrowhead). B-C) Small basal body connectives (bbc), one between TB and LB, and one between TB and a
forming basal body (arrowhead). R1 flagellar root connects to LB, and R4 root to TB. Transverse striated collar
(TSC) and longitudinal flagellum (If) visible. D) Striated root connective (src) present between R1 and R4. The
LSC is visible on both sides of the flagellar pore. E) Lower magnification showing R4 continuing upwards and
R1 downwards from the src. LSC in tangential section and cross-hatched “packing” material associated with the
longitudinal flagellum visible (open arrow). Transverse and longitudinal amphiesmal invaginations visible (TAI
and LAl). F-J) FA of cell in Figure 4A. F-G) TB and LB with associated striated roots R4 and R1 respectively,
connected by src. H) Lower magnification also showing the transverse microtubular extension (TMRE). I) Ventral
connective (VC) running from R1 to amphiesma in topmost part of the longitudinal amphiesmal invagination.
LSC in tangential section. J) Single microtubule of the R3 and striated root R4 on each side of pusule canal
connected to the transverse flagellar canal.
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Figure 9. Kirithra asteri gen. et sp. nov. TEM showing flagellar apparatus of cell in transverse section. Non-
adjacent serial sections, proceeding from the top of the cell downwards, ventral side to the right. Encircled
numbers represent section numbers. Fixation schedule 1. Scale bars: 500nm. A) Triangular transverse
amphiesmal invagination (TAI), separated from the transverse flagellar canal (TFC), by the transverse striated
collar (TSC). Transverse microtubular extension (TMRE) and R4 present on each side of the canal. Collared pits
(arrowheads) are also present. A flap protrudes into the TAI (open arrow). B) Transverse basal body (TB) next
to TFC, and R4 within the TSC. TAI with protruding flap (open arrow). C) TB with connective to R4 (R4/TBc).
Tangential section of TSC. TAI with protruding flap (open arrow). D) TB with R4 and transverse section of
R3 microtubule. Tangential section of TAIl. E) Basal body connective (bbc) and striated root connective (src)
between R1 and R4 visible. F) Another bbc and more pronounced src between R1 and R4. G-H) Longitudinal
basal body (LB) connected to R1. Ventral connective (VC) attached to ventral side of R1. 1) Single microtubule
(R2?) running from LB next to the R1 with VC. J) R1 consisting of app. 34 microtubules besides the longitudinal
amphiesmal invagination (LAl). K) Longitudinal striated collar (LSC) separating LFC and LB from LAl also
exhibiting a protruding flap (open arrow). R1 lining LAI.
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Figure 11. Original illustrations of species similar to Kirithra asteri. No scale bars provided. A) Gymnodinium
auratum, reproduced from Kofoid & Swezy (1921, pl. 2, fig. 20). B-D) Gymnodinium maguelonnense, reproduced
from Biecheler (1952, fig. VI, 1-3). B) Live cell. C) Amphiesmal tabulation. D) Apical structure complex. E)
Gyrodinium capsulatum, Kofoid & Swezy (1921, pl. 5, fig. 54). F) Gymnodinium ochraceum, reproduced from
Kofoid (1931, pl. 1, Fig. 6). G) Gyrodinium foliaceum, reproduced from Kofoid & Swezy (1921, text fig. CC, fig.
18). H) Gymnodinium bonaerense reproduced from Akselman (1985, fig. 5).

mayer, Wilcox & Graham) Hansen & Moestrup
(as Amphidinium, Wilcox et al. 1982), Nusutto-
dinium poecilochroum (Larsen) Takano & Horiguchi
(as Amphidinium, Larsen 1988), Noctiluca scintil-
lans (Macartney) Kofoid & Swezy (as N. miliaris,
Melkonian and Hohfeld 1988), and in Gyrodinium
spirale (Bergh) Kofoid & Swezy (Hansen and
Daugbjerg 2004). In Heterocapsa niei (Loeblich III)
Morrill & Loeblich Il the honeycomb was found as
a “precipitate” on what was called the pellicular
layer (Hohfeld and Melkonian 1992). Since none
of these species are closely related to each other,

a honeycomb structure may be more widespread
in dinoflagellates, as suggested by Larsen (1988).
When sectioned at certain angles, or in poorly pre-
served vesicles, the honeycomb becomes more or
less fibrous (Fig. 5A-E). It then resembles mate-
rial in otherwise empty vesicles of some naked
dinoflagellates (e.g. Hansen et al. 2000; Moestrup
et al. 2009; Sparmann et al. 2008; Yamada et al.
2013).

Many pores were present on the surface of the
amphiesma in Kirithra asteri, which is not uncom-
mon in dinoflagellates. However, the location of

Figure 10. Phylogeny of Kirithra asteri gen. et sp. nov. and a diverse assemblage of other dinoflagellates. In
total 1481 base pairs (including introduced gaps) of the nuclear-encoded LSU rDNA were analysed using BA.
The outgroup taxa comprised ciliates, apicomplexans and Perkinsus. Numbers before slashes are posterior
probabilities (>0.5) from BA followed bootstrap values (>50%) from ML with 500 replications. The highest
possible branch support values in BA and ML (1.0 and 100%, respectively) are indicated by filled circles.
GenBank accession numbers are provided in brackets. The lineage encompassing K. asteriis marked in grey.
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Figure 12. Line drawing of Kirithra asteri gen. et sp.
nov. based on information obtained from light and
scanning electron microscopy.

the pores, exclusively in the junctions between
the amphiesmal vesicles, is not common. Gyro-
diniellum shiwhaense Kang, Jeong & Moestrup
(Kang et al. 2011) appears to possess pores in
the junctions but this is hard to determine conclu-
sively from the SEM pictures provided. Contrary to
this, Paragymnodinium shiwhaense Kang, Jeong,
Moestrup & Shin (Kang et al. 2010) possessed very
distinct pores in the junctions.

The hyaline amphiesma seems to be shared by
all members of Ceratoperidiniaceae studied so far
(René et al. 2013).

Trilaminar layer. The appearance of the
amphiesma in K. asteri was variable. In some
cases, the amphiesmal vesicles were intact,
containing the honeycomb and the trilaminar layer,
and the vesicles were overlain by a continuous
plasma membrane (Fig. 14A). In other cases,
the junctions of the amphiesmal vesicles were
broken and the honeycomb and junctions stuck

Figure 13. Apical structure complex in Kirithra asteri
forming a complete circle. The circle is comprised of
three rows of vesicles.

Figure 14. Amphiesma vesicles of Kirithra asteri. A)
Honeycomb structures in the upper part of each of
the amphiesma vesicles, and the trilaminar plate-like
structure in the lower part of the vesicles. B) All trilam-
inar structures have fused to form a single plate-like
structure around the cell, subtended by the fused inner
membrane of the amphiesmal vesicles.

to the outer amphiesmal vesicle membrane and
the plasma membrane, whereas the trilaminar
layer and the underlying inner amphiesmal vesicle
membrane both formed a continuous layer around
the cell (Fig. 14B). The trilaminar layer was present
in all the cells studied. The amphiesma of dinoflag-
ellates has been discussed at length (Bricheux
et al. 1992; Calado and Moestrup 2002; Dlrr 1979;
Hoéhfeld and Melkonian 1992; Morrill 1984; Morrill
and Loeblich 1981; Morrill and Loeblich 1983),
and structures resembling the trilaminar layer in
K. asteri have here been variously described as



a membrane, a pellicle, a dark-staining layer, or a
wall. 1t is difficult to ascribe the trilaminar layer to
any of these terms.

Pyrenoid. The pyrenoid(s) is one of the most
unusual features of Kirithra asteri. Between one
and three multiple-stalked invaginated pyrenoids
of varying sizes were observed centrally in the
cell, and they were visible in the light micro-
scope as circular organelles outlined by refractive
material (Fig. 1F-G). Previously, several pyrenoids
have been described as multiple-stalked, e.g. in
Amphidinium operculatum var. gibbosum Maranda
& Shimizu, Amphidinium carterae Hulburt, Scripp-
siella minima Gao & Dodge, Scrippsiella acuminata
(Ehrenberg) Kretschmann, Elbrachter, Zinssmeis-
ter, Soehner, Kirsch, Kusber & Gottschling, and
Pileidinium ciceropse Tamura & Horiguchi (Dodge
and Crawford 1968, 1971; Gao and Dodge
1991; Maranda and Shimizu 1996; Tamura and
Horiguchi 2005). Besides being multiple-stalked,
some species also feature different degrees of
cytoplasmic invaginations e.g. Asulcocephalium
miricentonis Takahashi, Moestrup & Iwataki, Het-
erocapsa triquetra (Ehrenberg) Stein, Palatinus
apiculatus (Ehrenberg) Craveiro, Calado, Daugb-
jerg & Moestrup, and Testudodinium maedaense
Katsumata & Horiguchi (Craveiro et al. 2009;
Dodge and Crawford 1971; Horiguchi et al. 2012;
Takahashi et al. 2015). In K. asteri the pyrenoids
are multiple-stalked and with invaginations. The
pyrenoid matrix is penetrated by membrane-
bound extensions from vesicles surrounding the
pyrenoids, and these vesicles contain tile-like
elements. Multiple finger-like extensions of the
vesicles are present in each of the invaginations,
forming a regular pattern here (Fig. 6D). This type
of invagination has not been reported before. The
origin of the tile-like elements is unknown.

Chloroplasts: Dinoflagellates possess chloro-
plasts lined by different numbers of membranes
(e.g. Schnepf and Elbrachter 1999) and the three
membranes lining the chloroplast of Kirithra indi-
cate that the primary accessory pigment of the
plastid is peridinin. To determine the origin of
the chloroplasts, analysis of the pigment pro-
file and sequencing of the chloroplast DNA are
needed. The chloroplasts displayed large areas of
DNA (Fig. 6E, H), which were visible also in the
DAPI-stained epifluorescence images (Fig. 1M, O),
appearing as blue dots associated with the red
chloroplasts.

Grana: Two different TEM fixation schedules
were used. Fixation schedule 1 (used on one strain)
resulted in 78 serial sections of four cells, and all
chloroplasts sectioned had typical distribution of
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the thylakoids; 2-3 together. In fixation schedule 2
(used on the other strain), about 10 sections each
with approximately 15 cells were studied and most
chloroplasts exhibited extensive grana formation of
the thylakoids, up to 45 thylakoids grouped together
(Fig. 6G). The two strains were 100% identical in
LSU rDNA sequences. This variability within the
same species is very unusual, while grana forma-
tion as such has been reported in a large number of
dinoflagellate species (Table 1), dispersed through-
out the phylogenetic tree. Dodge (1968) reflected
that deep stacks of thylakoids might emerge as a
result of suboptimal growth conditions, and he gen-
erally found grana in old cultures. In the present
study, the cultures were kept under the same light
and temperature conditions, and were given fresh
medium at the same time. Whether the difference
found is a strain difference or whether it reflects
different physiological states of the two cultures is
unknown. Unfortunately, the cultures were subse-
quently lost and this question must therefore remain
open. At the time of fixation, the culture of the strain
with the grana was much denser than the strain
in which no grana were seen. As the strains had
identical nuclear-encoded LSU genes, variations
not expressed in the gene sequences may have
resulted in grana formation in one but not the other
strain. Based on present evidence, the presence
of grana is apparently a feature of less taxonomic
importance in dinoflagellates than usually thought.

Pusule: The pusules of K. asteriwere very similar
to those of Amphidinium herdmanii Kofoid & Swezy
(Dodge 1972), Gymnodinium aureolum Hulburt (as
Gyrodinium, Kite and Dodge 1988), Nusuttodinium
poecilochroum (Larsen 1988), Takayama xiame-
nensis Gu (Gu et al. 2013) and to one of the two
dissimilar pusules in Sphaerodinium cracoviense
Wotoszyniska (Craveiro et al. 2010). Pusules open
into the flagellar canals (Fig. 7A) and in the present
case the collecting chamber continued directly into
the flagellar canals (Fig. 7A).

Vesicles with electron-dense centre: Cells con-
tained numerous membrane-bound vesicles with
electron-dense multi-layered material in a con-
centric pattern. The thickness of one layer was
8-9nm, which equals the thickness of one of
the membranes of the plasma- or amphiesma
vesicles. Similar vesicles with membrane-like struc-
tures have been found in the parasitic dinoflagellate
Piscinoodinium pillulare (Schéperclaus) Lom, in
Margalefidinium polykrikoides (Margalef) Gomez,
Richlen & Anderson and in Barrufeta resplendens
(Hulburt) Gu, Luo & Mertens (Gu et al. 2015;
Iwataki et al. 2010; Lom and Schubert 1983).
The multi-layered vesicles of K. asteri were gen-
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Table 1. List of dinoflagellate species reported to contain grana.

Species

References

Alexandrium pseudogonyaulax (Biecheler) Horiguchi ex Kita & Fukuyo

Ansanella granifera Jeong, Jang, Moestrup & Kang
Aureodinium pigmentosum Dodge
Dissodinium lunula (Schitt) Klebs

Gonyaulax spinifera (Claparéde & Lachmann) Diesing

Gyrodinium dorsum Kofoid & Swezy

Leiocephalium pseudosanguineum Takahashi, Moestrup & Iwataki

Piscinoodinium pillulare (Schaperclaus) Lom

Protoceratium reticulatum (Claparéde & Lachmann) Butschli

Pyramidodinium atrofuscum Horiguchi & Sukigara
Scrippsiella minima Gao & Dodge

Theleodinium calcisporum Craveiro, Pandeirada, Daugbjerg, Moestrup

& Calado

Dodge (1975), as Goniodoma
Jeong et al. (2014)

Dodge (1967)

Dodge (1975), as Pyrocystis
Hansen et al. (1996)

Dodge (1975)

Takahashi et al. (2015)

Lom and Schubert (1983)
Gaudsmith and Dawes (1972)
Horiguchi and Sukigara (2005)
Gao and Dodge (1991)
Craveiro et al. (2013)

erally associated with the amphiesma, but it was
unclear whether the contents were targeting the
amphiesma or were to be excreted to the outside
of the cell. There was always at least one amphies-
mal membrane between the vesicles and the cell
exterior.

Ventral pore: The ventral pore (Fig. 2A, F) was a
constant feature on the SEM images of K. asteri,
and low magnification TEM sections of the area
of one cell indicated the presence of a superfi-
cial invagination of the amphiesma in the same
area (not shown). Ventral pores are well known
from several armoured dinoflagellate genera like
Alexandrium and Azadinium Elbréchter & Tillmann
(Hansen et al. 2003; Tillmann et al. 2010). How-
ever, in the naked dinoflagellates ventral pores
have only been found in Karlodinium Larsen and
Takayama de Salas, Bolch, Botes & Hallegraeff
(Bergholtz et al. 2005; Gu et al. 2013; de Salas et al.
2003, 2008). The ventral pore in Karlodinium and
Takayama is an elongate slit, deeply inserted in the
cell, while the pore in K. asteriis elliptical to round
and positioned at the level of the amphiesma. As
TEM showed only a slight invagination, it indicates,
together with the fact that the molecular phylogeny
separated the two groups, that the pores in the two
groups may not be homologous.

Flagellar apparatus: Overall the flagellar appa-
ratus of Kirithra asteri consisted of typical flagellar
roots, collars, and connectives. A schematic draw-
ing is shown in Figure 15. One rather unusual
feature is the ventral connective between the ven-
tral side of the R1 root and the topmost part of the
longitudinal amphiesmal invagination. Similar ven-
tral connectives have been found in Lepidodinium
chlorophorum (Elbrachter & Schnepf) Hansen,
Botes & de Salas (as Gymnodinium, Hansen

and Moestrup 2005), Margalefidinium polykrikoides
(as Cochlodinium, Iwataki et al. 2010), Levande-
rina fissa (Levander) Moestrup, Hakanen, Hansen,
Daugbjerg & Ellegaard (Moestrup et al. 2014),
Akashiwo sanguinea (as Gymnodinium, Roberts
and Roberts 1991) and in Woloszynskia limnet-
ica Bursa, forming a “fibrous connective” between
the R1 and the ventral ridge (Roberts et al. 1995).
A new basal body was seen forming next to the
transverse flagellum with a connective between
the two (Figs 8A-B), somewhat like the connective
described by Moestrup et al. (2009). The almost
opposite orientation of the basal bodies is unusual
in dinoflagellates, but seen also in Karlodinium
veneficum (Ballantine) Larsen (Bergholtz et al.
2005). The longitudinal flagellum contained both
cross-hatched “packing material” and a muscle-like
striated fibre, previously found in Tripos muelleri
Bory (as Ceratium tripos), Amphidinium carterae,
Oxyrrhis marina Dujardin, Karlodinium veneficum
and Nusuttodinium poecilochroum (Bergholtz et al.
2005; Dodge and Crawford 1968; Larsen 1988;
Maruyama 1982; Moestrup 1982).

In conclusion, the study reported here has sup-
ported that Ceratoperidiniaceae is a distinct family,
and that the new genus and species Kirithra asteri
is included therein. Additional morphological and
ultrastructural information on the closest relatives
in the family is required to fully identify the synapo-
morphic characters of the group.

Methods

Culture: The species was collected during a Rincon area
cruise in the Argentine Sea (South Atlantic Ocean) on board
the research vessel Dr Bernardo Houssay on September
9", 2015 (Fig. 16). Two clonal cultures were established
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Figure 15. Diagrammatic illustration of the flagellar apparatus in Kirithra asteri. The question mark indicates
uncertainties about the distal part of the transverse microtubular root extension.

from two single cells, isolated from a CTD bottle collected
from 5 meters depth (water temperature 7.2 °C, salinity 33.71,
41°10'48"S 57°51’36"”W). The algae were grown in L1 medium
(Guillard and Hargraves 1993) without silicate, based on fil-
tered seawater with a salinity of 30 in 50-ml plastic culture
flasks at ~50 umolm=—2s~' and a 16:8 light:dark cycle in a
temperature-controlled growth room at 15 °C. The cultures were
subsequently lost, both in Copenhagen and in Bremerhaven.

Light microscopy: Micrographs of live cells were taken
with a Carl Zeiss Axio Imager.M2 microscope with a 63x oil
immersion lens, using a Zeiss AxioCam digital camera (Zeiss,
Oberkochen, Germany).

Epifluorescence: 1 ml cultured material was fixed with glu-
taraldehyde (1% final concentration), and filtered onto a black
0.2-pm polycarbonate filter. The filter was mounted on a glass
slide with a small drop of VECTASHIELD® Mounting Medium
with DAPI (Vector Laboratories, Burlingame, CA, US), and a
coverslip on top. The mounted filter was kept dark at 4°C
overnight to allow the cell DNA to be stained well. Cells were
studied in an inverted microscope (Olympus 1X81, Japan)
equipped with epifluorescence illumination and a disc-spinning

unit for confocal imaging. This allowed observations of DAPI-
stained DNA and chloroplast autofluorescence using the CellR
software (Olympus, Japan). Micrographs were taken as z-
stacks with a distance of 0.2 wm using a F-View Il b/w digital
camera (Olympus Soft Imaging System, Tokyo, Japan). Pic-
ture management was performed with the software Imaris 8.2
(Bitplane AG, Zurich, Switzerland).

Scanning electron microscopy (SEM): Taking culture den-
sities of the strains into account, 3 and 1.5 ml of the two strains
were fixed in 1% OsO, (final concentration) in distilled H,O
for 1h. Cells were concentrated on an 8-um mesh Costar
nuclepore polycarbonate filter (Costar, Cambridge, MA, USA)
in a Swinnex filter holder (Millipore, Darmstadt, Germany) and
rinsed in distilled water for 20 min. Subsequently cells were
dehydrated in a graded ethanol series with 10 min in each
change of 30%, 50%, 70%, 90% at 5 °C and 99.9% at room tem-
perature, followed by two changes of 30 min in 100% ethanol
containing molecular sieves. Cells were dried using a Bal-
tec CPD 030 critical point drier (Balzers, Liechtenstein), and
mounted on metal stubs. They were coated with palladium-gold
in a Jeol JFC-2300HR sputter coater and examined in a Jeol
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Figure 16. Map showing collection site of Kirithra
asteri (*) off the coast of Argentina.

JSM-6333F field emission scanning electron microscope (Jeol
Ltd, Tokyo, Japan).

Transmission electron microscopy (TEM): Cultured mate-
rial from the two strains of Kirithra asteri was fixed for TEM by
two different schedules.

Schedule 1: Cultured material was fixed in a mixture of 0.5%
0sO0; in filtered sterile seawater with a salinity of 30 and 2%
glutaraldehyde (final concentrations) for 30 min. Cells were then
concentrated by centrifugation for 5 min at 769 x g and the pel-
let was washed in L1 medium, three rinses of 10 min each. Post
fixation was in 1% OsQy4 for 1.5 h, followed by a shortrinse in dis-
tilled water. Material was subsequently dehydrated in a graded
ethanol series (30%, 50%, 70% and 90%), 10 min in each con-
centration, followed by two 15-min changes in 100% ethanol
containing molecular sieves. Dehydration was completed in two
changes of propylene oxide for 5 min each and left overnight in
a mixture of propylene oxide and Epon. The next morning a
fresh amount of Epon was added and the following afternoon
the pellet was transferred into an embedding mould with Epon
and left to polymerize overnight in an oven at 60 °C.

Schedule 2: Cultured material was fixed in 2% glutaraldehyde
in 0.1 M cacodylate buffer and 0.25 M sucrose (final concentra-
tions) for 1 h. Material was spun down for 5min at 2000 rpm
(~769 x g) and rinsed three times in cacodylate buffer with
decreasing concentrations of sucrose. Post fixation was in 1%
0s0;, in cacodylate buffer for 1.5 h, followed by a short rinse in
cacodylate buffer. The following steps were identical to sched-
ule 1.

Overall, fixation schedule 1 preserved the cells best, both in
regards to amphiesma and internal cell structures. Only cells in
schedule 2 contained grana-like structures.

DNA extraction and PCR amplification: Thirteen ml of cul-
tured cells was centrifuged at 2500 rpm for 10min at 15°C.
The pellet was transferred to an Eppendorf tube and frozen
at —18°C until DNA extraction. The PowerPlant” Pro DNA Iso-
lation Kit was used to obtain total genomic DNA following the
manufacturer's recommendations (MO BIO Laboratories Inc.,
Carlsbad, CA, USA). To amplify ca 1480 base pairs of the
nuclear-encoded large subunit (LSU) rDNA the forward primer
D1R-F (Scholin et al. 1994) and the reverse primer 28-1483R
(Daugbjerg et al. 2000) were used. The amplification kit was
5X Hot FIREPol Blend Master Mix from Solis BioDyne. PCR
conditions were one initial cycle of denaturation at 95°C for
12min followed by 35 cycles each consisting of denaturation
at 95°C for 20's, annealing at 54 °C for 40 s and extension at
72°C for 40s. The final step included extension at 72°C for
5min. To confirm the expected length of the PCR products
we used electrophoresis with 1.5% agarose-casted gels run
for 12min at 150 V. PCR fragments were loaded into the gel
stained by GelRed. PCR products were visualized using a gel
documentation XR System from BioRad (Hercules, CA, USA)
and compared to a 100-base-pair RAIN-BOW eXtended DNA
ladder (BIORON GmbH, Ludwigshafen, Germany). To purify
the amplified PCR products, we used ultrafiltration by apply-
ing the Nucleofast 96 PCR kit from Macherey-Nagel (GmbH
& Co. KG, Diren, Germany), following the manufacturer’s rec-
ommendations. The LSU rDNA sequence was determined in
both directions using the amplification primers (D1R-F and 28-
1483R) in addition to D3A, D3B (Nunn et al. 1996) and D2R
(Scholin et al. 1994). The service provided by Macrogen (Ams-
terdam, Netherlands) was used for sequencing of the LSU rDNA
gene.

Phylogeny: The nuclear-encoded LSU rDNA sequence of
Kirithra asteri was supplemented to an alignment consisting
of 102 other dinoflagellate species representing 68 genera.
Jalview (ver. 14) (Waterhouse et al. 2009) was used to align
(ClustalW) and further editing of the data matrix. The phylo-
genetic analyses were based on 1481 base pairs (including
introduced gaps) and included Bayesian (BA) and maximum
likelihood (ML). For BA, MrBayes (ver. 3.2.5 X64, Ronquist
and Huelsenbeck 2003) was used with 5 million generations
and sampling of trees for every 1,000 generations. Evalu-
ation of the burn-in value was performed by plotting LnL
scores as a function of generations. A burn-in was reached
after 501,000 generations (conservative estimate) and this
left 4,500 trees for construction of a 50% majority-rule con-
sensus tree. jModelTest (ver. 2.1.3, Darriba et al. 2012) was
used to obtain the parameter settings for ML analysis and
the GTR-I-G was chosen as the best fit model for this data
matrix among 88 different models examined. ML analyses
used PhyML available at the Montpellier bioinformatics plat-
form (http://www.atgc-montpellier.fr/phyml) and the robustness
of the tree topology was evaluated with 500 bootstrap replica-
tions.
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