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ABSTRACT. Sphaerodinium cracoviense was collected near Cracow, Poland, and analysed by light microscopy, scanning electron
microscopy, and serial-section transmission electron microscopy. Thecae showed a peridinioid type of plate arrangement with unusual
numbers in the anterior intercalary and postcingular plate series: 4 and 6, respectively. The apical pore of S. cracoviense differed from the
typical arrangement seen in many thecate forms and included a furrow with knob-like protuberances reminiscent of the apical area of some
woloszynskioids. The flagellar apparatus included the three microtubular roots that extend to the left of the basal bodies and a striated root
connective between the transverse striated root and the longitudinal microtubular root. Both the single-stranded root that associates with
the right side of the longitudinal basal body in peridinioids and gonyaulacoids, and the layered connective typical of peridinioids were
absent. The eyespot was formed by a layer of vesicle-contained crystal-like units underlain by layers of variably fused globules not
bounded by membranes, and represents a novel type. The pusular system included a long canal with a dilated inner portion with radiating
tubules. Bayesian and maximum likelihood analyses based on large subunit rDNA placed Sphaerodinium as a sister taxon to a group of
woloszynskioids and relatively far from Peridinium and its allies.

Key Words. Bayesian analysis, dinoflagellate phylogeny, electron microscopy, flagellar apparatus, lamellar body, maximum likelihood,
peridinioids, pusule, woloszynskioids.

THE genus Sphaerodinium was described by Wozoszyńska
(1916), who described and named three new species and

one variety, and noted one further species or variety that she did
not name: Sphaerodinium cracoviense, Sphaerodinium limneti-
cum, Sphaerodinium polonicum and S. polonicum var. tatricum,
and Sphaerodinium sp., all collected from several freshwater
locations in Poland. The generic description was based on thecal
features and included the description of all major thecal plates: in
the epitheca, seven plates regularly arranged around a hexagonal
plate (corresponding to plate 30 in Kofoidian notation) and seven
precingular plates; in the hypotheca, six postcingular and two
antapical plates. All species were described with an apical pore.
The species were distinguished by Wozoszyńska (1916) on the
basis of differences in general cell shape, plate ornamentation, and
in the shape of the sulcus. The type species was not designated in
this work and the genus was later typified by Loeblich and
Loeblich (1966), who selected S. polonicum as lectotype. A fur-
ther species was described by Wozoszyńska (1930) from tropical
Sumatra, Indonesia, first incompletely, and later included by
Schiller (1935) in his monograph as Sphaerodinium javanicum
Wozoszyńska in Schiller (1935). Another species of Sphaerodi-
nium, Sphaerodinium fimbriatum R.H. Thompson, showing the
typical tabulation of the genus, was later described by Thompson
(1951) from Kansas, USA. Sphaerodinium species have been in-
frequently reported from several fresh- and brackish-water local-
ities scattered around the world: Ivory Coast (Couté and Iltis
1984), Burundi (Caljon 1987), Tasmania (Ling, Croome, and Ty-
ler 1989), Belize (Carty and Wujek 2003), Austria (Tolotti and
Thies 2002), and Hungary (Grigorszky et al. 2003).

Recent works combining external morphology, ultrastructure,
and DNA-based phylogenies of peridinioids and woloszynskioids
have led to changes in our understanding of phylogenetic rela-
tionships among species, with consequent taxonomic rearrange-
ments (e.g. Calado et al. 2009; Craveiro et al. 2009a; Hansen,
Daugbjerg, and Henriksen 2007; Lindberg, Moestrup, and Daug-
bjerg 2005). However, a complete understanding of the phyloge-
netic relationships within and between the peridinioids and

woloszynskioids has not yet been achieved. In this regard,
Sphaerodinium is unusual in having a larger number of interca-
lary plates than is common in peridinioids, and in having six
(rather than the usual five) postcingular plates. The relatively high
number of thecal plates seems to place Sphaerodinium in an in-
termediate position between the peridinioids and the more thinly
thecate woloszynskioids.

Therefore, the present article describes the general fine-struc-
tural organization and the flagellar apparatus of S. cracoviense as
well as a novel type of eyespot. Thecal morphology is described as
seen by scanning electron microscopy (SEM). Additionally,
Sphaerodinium was included in a phylogeny reconstruction with
Bayesian inference and maximum likelihood (ML) methods, pre-
pared on the basis of partial large subunit (LSU) rDNA sequences.
Preliminary results of this work were presented at IPC9 (Craveiro
et al. 2009b).

MATERIALS AND METHODS

Biological material. Sphaerodinium cracoviense was found in
high numbers in the plankton collected from two fishponds in
Pieskowa Skaza (Ojców National Park), north of Cracow, Poland
(5011403700N, 1914604500E), in August 2007. All the observations
and preparations were made with the cells from those samples or
from a culture started with cells isolated to SC medium, a soil–
water medium (Christensen 1962), and maintained at 15 1C with
16:8 light:dark photoperiod.

Light microscopy (LM). Cells from field samples and from
the culture were observed and photographed in a Zeiss Axioskop
light microscope with a Zeiss Axiocam HRc digital camera (Carl
Zeiss, Oberkochen, Germany).

SEM. About 1.6 ml of the field material were fixed with a fix-
ative mixture of 1:3 mixture of saturated HgCl2 and 2% (w/v)
osmium tetroxide in a proportion of 2:1, respectively, to the sam-
ple for 30 min. Another portion of field sample was fixed with
Lugol’s solution overnight. Cells from both fixations were re-
tained on Isopore polycarbonate filters with 8-mm pore size
(Millipore Corp., Billerica, MA), washed with distilled water,
and dehydrated through a graded ethanol series. The cells were
then critical-point-dried and the filters glued onto stubs using
double-sided adhesive tape. After being sputter-coated with
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platinum-palladium for 90 s, the stubs were observed in a JEOL
JSM-6335F (JEOL Ltd., Tokyo, Japan) SEM.

Transmission electron microscopy (TEM). Two fixation pro-
tocols were followed, both using swimming cells individually
picked up from live field samples: (1) cells were transferred to 2%
(v/v) glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, and fixed
for 1 h at 4 1C; and (2) cells were transferred to a mixture of 1%
(v/v) glutaraldehyde and 0.5% (w/v) osmium tetroxide (final con-
centrations) in 0.1 M phosphate buffer, pH 7.2, and fixed for 1 h at
4 1C. Cells from both fixations were then rinsed in buffer, included
in 1.5% agar blocks and postfixed in 0.5% (w/v) osmium tetroxide
at 4 1C overnight. After being rinsed with 0.1 M phosphate buffer
and distilled water, the agar-embedded cells were dehydrated
through a graded ethanol series and propylene oxide and embed-
ded in Spurr’s resin. The blocks were sectioned with a diamond
knife in an EM UC6 ultramicrotome (Leica Microsystems, Wetz-
lar, Germany). Ribbons of serial sections (70 nm thick) were
picked up with slot grids and placed on Formvar film. The sec-
tions were stained with uranyl acetate and lead citrate. In total,
serial sections of five cells were observed in a JEOL JEM 1010
TEM (JEOL Ltd.).

Single-cell polymerase chain reaction (PCR). One to three
cells of S. cracoviense were isolated from starting cultures with
low cell numbers, washed twice in double-distilled water, and
transferred to 0.2-ml PCR tubes containing a 8-ml droplet of dou-
ble-distilled water. Before PCR amplification of nuclear-encoded
LSU rDNA, tubes containing Sphaerodinium cells were heated for
10 min at 94 1C. The PCR cocktail was then added and the tem-
perature profile included denaturing at 94 1C for 3 min, followed
by 35 cycles of denaturing at 94 1C for 1 min, annealing at 55 1C
for 1 min, and extension at 72 1C for 3 min. The PCR temperature
profiled ended with an extension step of 10 min (see Hansen,
Daugbjerg, and Henriksen 2000 for details on chemicals and con-
centrations used). Amplification primers used were D1F and
DinoND (for primer sequences see Hansen and Daugbjerg 2004;
Hansen et al. 2000). Semi-nested PCR was formed using the
primer combination D1F-D3B and D3A-ND1483 and the same
temperature profile as outlined above but with only 18 cycles.
Polymerase chain reaction reactions were visualized in an agarose
gel containing ethidium bromide. Lanes containing PCR frag-
ments of correct length compared with a molecular marker (viz.
PhiX 174 HAE III) were purified with a NucleoFast 96 PCR Kit,
following the recommendations of the manufacturer (Macherey-
Nagel GmbH & Co. KG, Düren, Germany). Purified PCR prod-
ucts were aliquoted to reach a final concentration of 500 ng. Be-
fore being sent to the sequencing service provided by Macrogen
(Seoul, Korea) they were air-dried. The sequencing primers were
D1R, D2C, D3A, D3B, and 28-1483R (for primer sequences see
Daugbjerg et al. 2000; Hansen et al. 2000).

Alignment and phylogenetic analyses. To infer the phylog-
eny of S. cracoviense we added its LSU rDNA sequence to an
alignment comprising a total of 58 dinoflagellate species covering
a diverse assemblage of thecate and naked taxa. Ciliates (four
species), apicomplexans (five species), and a single perkinsid
comprised the outgroup. In total, 1,157 base pairs (including in-
troduced gaps) covering domains D1 and D3–D6 (sensu Lenaers
et al. 1989) were analysed using Bayesian inference and ML.
Bayesian inference used MrBayes (ver. 3.1.2; Ronquist and Huel-
senbeck 2003) with 2 � 106 Markov Chain Monte Carlo genera-
tions with four parallel chains (one cold and three heated). A tree
was sampled every 50th generation and by plotting the log like-
lihood values as a function of generations the lnL values con-
verged after 20,050 generations. Using this as the burn-in
provided 39,600 trees. All of these were imported into PAUP�

(vers. 4b.10; Swofford 2003) to produce a 50% majority rule con-
sensus tree. Branch support values in terms of posterior probabil-

ities were also obtained from the 39,600 trees. Bayesian analysis
was performed on the freely available Bioportal at http://
www.bioportal.uio.no. For ML analyses we used PhyML (ver.
3; Guindon and Gascuel 2003) with settings according to the re-
sults from running our data matrix through Modeltest (ver. 3.7;
Posada and Crandall 1998); the best-fit model was TrN1I1G,
selected by hierarchical likelihood ratio tests. Parameters for pro-
portion of invariable sites (I 5 0.2178) and among site rate heter-
ogeneity (a5 0.6465) were used in PhyML. Support for the
topology in ML was obtained by bootstrap analyses with 500 rep-
lications. The consensus programme from Phylip (ver. 3.68; Fel-
senstein 2008) was used to draw a 50% majority rule consensus
tree.

RESULTS

Observations in LM. Cells of S. cracoviense were spherical to
oval and slightly compressed dorsoventrally (Fig. 1, 2). Length of
cells ranged from 24 to 31 mm, width from 22 to 28 mm, and
thickness from 24 to 25 mm. The cell surface was underlain by
numerous yellowish-brown chloroplast lobes (thin arrows, Fig. 2).
In the sulcal area there was a conspicuous, red, curved eyespot
(Fig.1, 2). The theca was generally thin and the plate arrangement
was only discernible in empty thecae. Boundaries between cin-
gular plates were difficult to observe and seemed somewhat vari-
able, especially in the distal, right-hand side. The limits of the last
two cingular plates are shown for one cell (thin arrows, Fig. 3).

Stereo-microscope observations revealed a marked positive
phototactism, as virtually all cells in the middle of a watch-glass
moved along parallel lines towards the light source.

Morphology and thecal structure (SEM). Cells were usually
spherical with the nearly equatorial cingulum delimiting an epi-
and hypotheca of almost equal size (Fig. 4–6). The cingulum de-
scended nearly its own width at the right-ventral side of the cell
(Fig. 4, 5). In ventral view the epitheca was slightly twisted to the
left with precingular plate 7 partly aligned with the sulcus (Fig. 4,
5). Epithecal tabulation was nearly symmetric with the four apical
plates surrounding the apical complex (arrow, Fig. 7). Four dor-
sally located, similar-sized intercalary plates (1a–4a), together
with apical plates 1, 2, and 4, formed a ring around apical plate 3
(Fig. 6, 7). Eight plates contacted the upper edge of the cingulum;
seven of these are here labelled precingular. The remaining plate
was directly aligned with the elongated plate 10 and is here la-
belled Z (Fig. 4, 5). The hypotheca had six postcingular and two
antapical plates (Fig. 8). The thecae opened along the anterior
border of the cingulum, often resulting in empty thecae with the
epi- and hypotheca connected only by the sulcal plates (Fig. 9).
Four plates were labelled as sulcal (Fig. 10, 11); this excludes a
small plate between the left part of the sulcus and the proximal
part of the cingulum, here considered cingular plate 1, and the
plate labelled Z (see ‘‘Discussion’’). The margins of postcingular
plates 1 and 6, bordering the sulcus, were raised (Fig. 4, 8, ar-
rows). The posterior sulcal plate (ps) was V-shaped in the poste-
rior side and ended between the two antapical plates (Fig. 4, 11).
The anterior sulcal plate (as) was small and round (Fig. 4, 10, 11).
The right sulcal plate (rs) was directly aligned with the distal end
of the cingulum, whereas the left sulcal (ls) extended from
cingulum level to below the middle of the sulcus (Fig. 4, 10, 11).

The number of cingular plates was difficult to ascertain because
the sutures were difficult to see even in SEM. Considering the
very short plate in the beginning of the cingulum (c1, Fig. 10, 12)
as a cingular plate, a maximum of eight cingular plates was
counted in several cells. Although in some cells a smaller num-
ber of cingular plates was visible, all cells displayed a large plate
covering the dorsal side of the cingulum, roughly corresponding
to the length of postcingular plates 3 and 4.
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On the basis of observations on cells stripped of the outer
membranes, the apical complex was apparently composed of three
plates: a small, central, elongated plate (labelled 1, Fig. 13, 14),
1 mm long and 0.3 mm wide, with a furrow along the middle; a
larger plate that almost completely surrounded the first one
(marked 2, Fig. 13, 14), and a medium-sized rectangular plate
contacting the ventral edge of the other two plates (marked 3, Fig.
13, 14). In cells fixed to preserve the outer membranes the limits
between these plates was more difficult to see; a row of knob-like
protuberances, about 60 nm in diameter, is visible along the length
of plate 1 (thin arrows, Fig. 13).

Thecal ornamentation consisted mainly of scattered trichocyst
pores and knob-like protuberances that were visible only in thecae
that retained the outer membranes (Fig. 4–8, 13). In thecae with-
out outer membranes the plates were somewhat rugose due to tiny
and irregular granules covering much of the surface (Fig. 10, 12,
14). Sutures between plates were mostly thin (Fig. 4–8) although
somewhat wider sutures not showing any cross-striation were ob-
served (Fig. 10).

General ultrastructure. General ultrastructural features of
Sphaerodinium were typical of dinoflagellates (Fig. 15). The el-
lipsoid nucleus was located in the dorsal side of the cell at
cingulum level (Fig. 15). Figure 16 shows simple nuclear pores
in the nuclear envelope. Chloroplast profiles were mainly located
at the periphery, connected to inward radiating lobes that did not
invade the cytoplasm in the centre of the cell; there were no dis-
tinct pyrenoids but thylakoid-free areas were found in some
chloroplast lobes (Fig. 15). Relatively large ellipsoid vesicles
with diffuse granular contents were common between the chlorop-
last lobes at the periphery of the cell (Fig. 15). Trichocysts were
abundant and bacteria were found in the cytoplasm of all cells
(Fig. 15, 42). A few relatively small accumulation bodies were
seen, both in the epi- and in the hypocone (ab, Fig. 15). Starch
grains were small and more numerous near the antapex (Fig. 15).
Opaque microbodies, apparently associated with translucent ves-
icles, formed a well-developed network in the central cytoplasm,

in the ventral region, and around the nucleus (thick arrows, Fig.
15, 42).

Apical complex. The three plates of the apical complex shown
in SEM were identifiable in serial longitudinal sections through
the cell apex (Fig. 17–20). The cytoplasm projected through the
middle of plate 1 (Fig. 17–19), perhaps as a sequence of knob-like
protuberances (Fig. 18, 19). In the apical region the cytoplasm
showed vesicles with tubular extensions adjacent to amphiesmal
vesicles (arrowheads, Fig. 18, 19).

Flagellar apparatus. A schematic reconstruction of the flag-
ellar apparatus and related structures, as viewed from the left side
of the cell, is presented in Fig. 21. The same point of view is
shown in Fig. 22–29. Particular features of the flagellar apparatus
are shown as viewed from the left-anterior side of the cell in Fig.
30–35. As estimated from serial sections, the angle between the
basal bodies was about 901, except in one cell, for which the angle
of insertion of the basal bodies was nearly 1401.

Each flagellum emerged from the cytoplasm into a flagellar
canal, which opened to the outside of the cell through a pore en-
circled by conspicuous fibrous material that was striated in at least
some orientations, called transverse striated (TSC) and longitudi-
nal striated collars (LSC), respectively. The TSC had a striated
extension that covered partially the proximal part of a tube ex-
tending from the transverse flagellar canal into the cell (Fig. 22–
24, 31–33, pusule tube). Both collars were connected by a surface
opaque structure here interpreted as a ventral ridge (Fig. 21, dou-
ble arrow in Fig. 37, 45). The ventral ridge was about
140 � 40 nm in cross-section, and extended about 1 mm longitu-
dinally along an area where the amphiesmal vesicles did not meet,
between the posterior side of the TSC and the ventral surface of
the LSC (Fig. 21, 37, 45). There were no visible microtubules as-
sociated with it.

Two single-stranded microtubular roots were associated
with the transverse basal body (TB) and a single multistranded
one with the longitudinal basal body (LB). The longitudinal
microtubular root (LMR, r1 in Moestrup 2000), a multistranded

Fig. 1–3. Sphaerodinium cracoviense, light microscopy (LM). Live cells and thecae from field sample. 1. Ventral view of a cell showing the con-
spicuous eyespot in the sulcal area. Scale bar 5 10 mm. 2. Several cells showing the eyespot and surface chloroplast lobes (thin arrows). Note detached
thecae with visible plate sutures (thick arrows). Scale bar 5 20 mm. 3. Ecdysed theca opened along the upper edge of the cingulum with sulcal plates
connecting epi- and hypotheca. Three cingular sutures on the right-hand side of the cingulum are visible (arrows). Scale bar 5 20 mm.
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Fig. 4–9. Sphaerodinium cracoviense, scanning electron microscopy (SEM). rs, ls, ps, respectively, right, left, and posterior sulcal plates. The scale bar
in Fig. 4 applies to all figures except Fig. 9. Scale bars 5 10 mm. 4. Ventral-anterior view. The apical complex is visible (arrow). The ventral plate
contacting the upper edge of the cingulum and plate 10 is labelled Z. Thick arrows, raised edges of plates 100 0 and 600 0 bordering the sulcus. 5. Ventral view
of a cell with a thin theca, showing a more extensive longitudinal depression on the ventral side. 6. Dorsal view showing the four anterior intercalary
plates. 7. Apical view. 8. Antapical view showing the six postcingular plates and the posterior end of the sulcus indenting the suture between the antapical
plates. Arrowheads indicate the approximate position of the maximum number of cingular sutures detected. Thick arrows, raised edges of plates 100 0 and
600 0 bordering the sulcus. 9. Theca opening along the upper edge of the cingulum with epi- and hypotheca still connected in the sulcal area.
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microtubular root, associated with the left, anterior end of the LB,
passed close to the dorsal side of the LSC and extended along the
sulcal area towards the antapex (Fig. 21–29). The number of mi-
crotubules of the LMR increased from about eight at the proximal
end to an estimated maximum of 36 (Fig. 21, 36). The transverse
microtubular root (TMR, r3 in Moestrup 2000) started next to the
anterior-proximal end of the TB, ran parallel to it for about
400 nm and then curved towards the apex, passing adjacent to a
row of collared pits on the TFC (Fig. 25–27); the TMR then
curved towards the dorsal side, running parallel to the pusule ca-
nal (Fig. 21, 33, 34). The TMR nucleated six or seven rows of four
to eight microtubules each, collectively designated the transverse
microtubular root extension (TMRE), which ran in a dorsal di-
rection (Fig. 21, 24, 25, 33–35). The transverse striated root and

its associated microtubule (TSR and TSRM, r4 in Moestrup 2000)
extended from the posterior side of the TB along the dorsal side of
the TSC, close to the ventral cell surface, to the left side of the cell
for nearly 1.6mm (Fig. 21, 23–28).

The striated root connective (SRC) connected the dorsal sur-
face of the LMR to the posterior side of the TSR, close to the point
where it attached to the TB (Fig. 21, 25–27). The proximal part
of the LMR, next to the connection to the SRC, was covered
by opaque material with a layered appearance (double arrow,
Fig. 26).

A ventral fibre (VF, so called in the sense of Hansen et al. 2007)
was present contacting the right-anterior side of the LB and pro-
gressing in a ventral-posterior direction, ending close to the ven-
tral-right side of the TFC (Fig. 21, 28, 29, 37, 38). Two triplets on

Fig. 10–14. Sphaerodinium cracoviense, scanning electron microscopy (SEM). as, rs, ls, ps, respectively, anterior, right, left, and posterior sulcal
plates. 10. Sulcal region with four visible sulcal plates. The very small plate on the top left corner of the sulcus is labelled cingular plate 1 (c1). Smooth
sutures between plates are visible with thin contact lines bearing rows of tiny granules (arrowheads). Scale bar 5 5 mm. 11. Ventral view of an intact sulcal
area. Scale bar 5 5 mm. 12. Left side of the cingulum showing the first four cingular plates (not detectable in all cells). Scale bar 5 3 mm. 13, 14. Apical
complex in a cell prepared to preserve outer membranes (Fig. 13) and in one stripped of outer membranes (Fig. 14). The three apical complex platelets are
labelled 1–3. Note a row of small knobs in plate 1 in Fig. 13. Scale bars 5 1 mm.
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the ventral-right side of the LB were linked by thin fibres to the
VF and two dorsal-left triplets displayed fibrous associations with
the ventral side of the LMR (Fig. 21, 37–39); all these fibrous
connections were 200–380 nm long.

Microtubular strand (ms). A wavy strand of about 15 micro-
tubules, the ms was found along the anterior surface of the trans-
verse collar extension that covered the pusule canal, curving

around the ventral side of the TSC and ending close to its poste-
rior surface (Fig. 21, 22–25, 30–34). Although microtubules of the
TMRE were in some places o200 nm from the microtubules of
the ms, no visible connection was found between this strand and
any other structure (Fig. 21, 25, 30–34).

Lamellar body. A structure formed by groups of parallel, tu-
bular membranous components, each about 55 nm wide, was

Fig. 15. Sphaerodinium cracoviense, transmission electron microscopy (TEM). General ultrastructure. Longitudinal section viewed from the left,
showing both longitudinal and transverse flagella (TF), the eyespot beneath the sulcus, chloroplast profiles, the nucleus (N), bacteria (b) in the cytoplasm,
starch grains (s) mainly in the hypocone, accumulation bodies (ab), and trichocysts. Thin arrows point to two segments of the pusule canal. Arrowheads
mark thylakoid-free areas of choroplasts. Note the number of electron-dense microbodies (thick arrows) distributed mainly in the central part. Scale
bar 5 5 mm.
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found in the flagellar base area of all cells examined. Transverse
sections through this structure showed a honeycomb pattern with
an opaque body in the centre of each tubule (Fig. 21, 37, 38, 40). A
less striking, lamellate appearance was found in longitudinal sec-
tions of the cell, which were also approximately longitudinal sec-
tions of the tubular elements of the lamellar body (Fig. 41, 42). As
determined in serial sections, between four and seven independent
fragments of lamellar body were found in the cells examined (Fig.
42, 45).

Eyespot. The eyespot occupied a large area, up to 10 mm long,
underneath the sulcus (Fig. 19, 42–44). It was made of two types
of components, none of them included in a chloroplast lobe.
Ventralmost was a single layer of crystal or brick-like elements,
apparently tightly packed inside a flat vesicle located immediately
under the LMR or subthecal microtubules (Fig. 44). The brick-like
elements were nearly square, some 130–180 nm wide and 90 nm
thick. One to three irregular layers of more or less extensively
fused oil globules underlay the brick layer (Fig. 42–44). As mea-
sured in transverse sections, individual oil layers, when more than
one was present, were about 150 nm thick, with their middle lines
approximately 240 nm apart. When only one layer was found,
perhaps the result of fusion of several individual layers, thickness
was around 450 nm. One chloroplast lobe was adjacent to the in-
nermost oil layer in most of the eyespot area (Fig. 15, 42, 44).

Pusular system. There were two different sets of pusular
structures, each one associated with one of the flagellar canals.
A tube, here called pusule canal, with a lumen diameter of 250–
390 nm opened at the anterior-dorsal side of the TFC (Fig. 21–24,
32, 33). The pusule canal was lined by a single membrane and
covered by a layer of microfibrillar material (Fig. 48). It extended
for nearly 4 mm from the ventral area to the dorsal-right side of the
cell (Fig. 19, 22, 45), then curved to the left for 3 mm, and ended in
a ventral location relative to the nucleus. In its distal end, the
pusule canal enlarged into a collecting chamber, also lined by a
single membrane, ca 800 nm long and 500 nm wide. Some 40
pusular tubules, each with a diameter of about 100 nm, radiated
from the collecting chamber and coiled into the surrounding area,
apparently without ramifications (Fig. 45–47). These tubules were
typical pusular elements, wrapped in what appeared to be a single
large vesicle. The second set of pusular structures consisted of
about 10 spherical to slightly elongated pusular vesicles, each
with a constricted connection to the left-posterior side of the LFC
(Fig. 42).

Molecular phylogeny. In the phylogenetic inference based on
partial LSU rDNA sequences S. cracoviense formed a sister taxon
to a large assemblage consisting of Baldinia, Borghiella,

Biecheleriopsis, Biecheleria, Polarella, Protodinium, and Sym-
biodinium (Fig. 49). Hence, S. cracoviense takes a basal position
among dinoflagellates characterized by possessing eyespots of
type B and type E sensu Moestrup and Daugbjerg (2007). This
relationship was highly supported by a posterior probability of 1
and a bootstrap value of 87%. The lineage comprising Sphaer-
odinium and its close relatives formed an unresolved relationship
with three distinct lineages, the orders Gonyaulacales and Din-
ophysales, and the family Tovelliaceae. This assemblage of di-
verse dinoflagellates was only moderately supported by a
posterior probability of 0.78 and not supported by ML bootstrap
analyses (o50%). Likewise our phylogenetic analyses of partial
LSU rDNA sequences provided no reliable support for the deepest
lineages.

DISCUSSION

Morphology and thecal structure. Although morphology and
tabulation of the population of Sphaerodinium studied herein
closely matches S. cracoviense as described by Wozoszyńska
(1916), differences in the interpretation of particular plates result
in different tabulation formulas. As shown here, the plate labelled
Z is longitudinally aligned with the first apical plate and trans-
versely links precingular plates on the left and right of the sulcus.
It may be thought of as one of a complete ring of precingular
plates, analogous to what is found in Heterocapsa F. Stein, Frag-
ilidium A.R. Loeblich, and Thecadinium Kofoid & Skogsberg in
the interpretations of Balech (1988, p. 160), Sournia (1986, p. 95),
and Hoppenrath et al. (2005), respectively. In contrast, Wozos-
zyńska (1916) originally interpreted the plate as part of the sulcus,
which she described as penetrating the epitheca. The depressed
appearance of plate Z shown in an intact cell with a presumably
incompletely developed theca in which cingular and sulcal mar-
gins are, for the most part, not raised, favours Wozoszyńska’s in-
terpretation. The analogous plate in several Heterocapsa species
has also, contrary to Balech (1988), been labelled sulcal anterior
(e.g. Hansen 1995; Iwataki 2008; Tamura, Iwataki, and Horiguchi
2005). However, when observed in well-developed thecae, plate Z
was at the same level and had the same appearance as other
epithecal plates, and was separated from the depressed sulcus by
the raised upper margin of the cingulum.

Considering plate Z as part of the precingular ring, especially if
it is labelled the first plate because of the alignment with the
sulcus, forces the numbering of other precingular plates to change,
resulting in an awkward position of plates compared with other
thecate species. On the other hand, we prefer the interpretation
that plates 10 and Z share the same orientation and are of similar
width, and may be thought of as the result of the division of a
single ancestral plate occupying a narrow strip from sulcus to
apex.

The set of three small plates surrounded by the four apical
plates of Sphaerodinium has hitherto been noted by terms equiv-
alent to those used for the apical pore of peridinioids. However, as
shown in our SEM, the apical pore of S. cracoviense appears quite
distinct. The furrow with a row of knobs found in the narrow plate
designated 1 brings to mind the apical furrow of some woloszyn-
skioids, notably Biecheleria Moestrup, Lindberg & Daugbjerg
and Biecheleriopsis Moestrup, Lindberg & Daugbjerg (Moestrup,
Lindberg, and Daugbjerg 2009a, b). The general idea of the peri-
dinioid apical complex includes a rectangular, somewhat elongate
plate on the ventral side of a round pore plate that completely en-
circles a smaller platelet (Dodge and Hermes 1981; Toriumi and
Dodge 1993). However, in Tyrannodinium berolinense
(Lemmermann) Calado, Craveiro, Daugbjerg & Moestrup, and
perhaps in some other pfiesteriaceans (Litaker et al. 2005), the
so-called plate X deeply notches the pore plate to the point of

Fig. 16. Sphaerodinium cracoviense, transmission electron microscopy
(TEM). Detail of the nuclear envelope showing nuclear pores (arrow-
heads). Scale bar 5 200 nm.
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Fig. 17–20. Sphaerodinium cracoviense, transmission electron microscopy (TEM). Non-adjacent serial, longitudinal sections through the apical
complex, proceeding approximately from left to right. Apical complex platelets are marked 1, 2, and 3, as in Fig. 13 and 14. Slanted numbers refer to the
section number. Vesicles with tubular connections to amphiesmal vesicles are marked by arrowheads. Scale bar 5 500 nm.

575CRAVEIRO ET AL.—SPHAERODINIUM ULTRASTRUCTURE AND PHYLOGENY



microtubular strand (ms)

transverse microtubular
root extension
(TMRE, r3 extension)

transverse microtubular
root (TMR, r3)

pusule canal

transverse striated root (TSR)
& microtubule (r4)

lamellar body

longitudinal microtubular root (LMR, r1)

longitudinal striated collar (LSC)

ventral fibre
(VF)

longitudinal basal body (LB)

TB

striated root connective (SRC)

transverse striated collar (TSC)

transverse striated
collar extension

ventral
ridge

thin
fibres

Fig. 21. Schematic reconstruction of the flagellar base area as seen from the left side of the cell. TB, transverse basal body. The transverse striated
collar and its extension are rendered transparent to show underlying structures.
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Fig. 22–29. Sphaerodinium cracoviense, transmission electron microscopy (TEM). Flagellar apparatus and microtubular strand (ms). Non-adjacent, nearly
longitudinal serial sections proceeding from left to right. Slanted numbers refer to the section number. 22, 23. Transverse flagellum (TF) in the transverse
flagellar canal (TFC). The transverse striated collar (TSC) is seen as a complete ring from which an extension branches off to the anterior side of the pusule
canal. LF, longitudinal flagellum. Scale bar in Fig. 22 5 1 mm. Scale bar in Fig. 23 5 500 nm. 24–27. The transverse microtubular root (TMR) and the transverse
striated root (TSR) approach the transverse basal body (TB). Several rows of the transverse microtubular root extension (TMRE) are marked with arrowheads in
Fig. 24. Note the dark material covering the terminal portion of the pusule canal (arrow in Fig. 24). SRC, striated root connective. The scale bar in Fig. 23 applies
to Fig. 24 and 25. Scale in Fig. 26 5 200 nm; Fig. 26 and 27 to the same scale. 28, 29. The ventral fibre (VF) associates with the right side of the longitudinal
basal body (LB). Short arrows indicate the lamellar body. LSC, longitudinal striated collar; BB1, BB2, replicated basal bodies. Same scale as Fig. 23.
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appearing to form an incomplete ring (Calado et al. 2009). The
possibility of a pore plate incompletely surrounding the small
cover plate, which therefore touches plate X, suggests homology
between Sphaerodinium plates 1, 2, and 3, and the cover plate,
pore plate, and canal plate of peridinioids, respectively.

Flagellar base area. Although the overall organization of flag-
ellar bases and roots of S. cracoviense is typical for dinoflagel-
lates, several aspects are noteworthy. In addition to the three
flagellar roots extending towards the cell’s left, which occur in
almost every dinoflagellate, some gonyaulacoids and all peri-
dinioids examined in detail present a single-stranded root (SMR;
r2 in Moestrup 2000) that associates obliquely with the right side
of the LB (Calado and Moestrup 2002; Calado, Hansen, and Mo-
estrup 1999; Calado et al. 2009; Craveiro et al. 2009a). This root
seems to be absent in naked dinoflagellates, but has been reported
in the woloszynskioid Baldinia anauniensis Gert Hansen &
Daugbjerg (Hansen et al. 2007), which approaches S. cracoviense
in several fine-structural and molecular aspects. The absence of an
SMR in S. cracoviense is therefore surprising.

The occurrence of microtubules nucleated, either singly or in
rows, along the TMR (r3) and extending towards the centre of the
cell is a general dinoflagellate feature (e.g. Calado et al. 1999,
2006; Moestrup et al. 2009b). The orientation of the microtubular
extensions of the TMR in S. cracoviense is remarkable in that they
partially surround and follow the pusule canal near its attachment
to the TFC, although whether they play any role in the orientation
or functioning of the pusule is unknown.

The fibrous connection between TSR and LMR (SRC) is a com-
mon feature of dinoflagellate vegetative cells, except in the peri-
dinioid group, where it is replaced by the so-called layered
connective (LC), a possibly homologous structure which links,
directly or indirectly, the basal bodies and the proximal ends of the
two roots (Calado and Moestrup 2002; Calado et al. 1999; Craveiro
et al. 2009a). An exception, insofar as Heterocapsa can be consid-
ered a true peridinioid, is the observation in Heterocapsa pygmaea
A.R. Loeblich, R.J. Schmidt & Sherley of both an LC and an SRC
(Bullman and Roberts 1986). The absence of an LC in S. cracov-
iense suggests a relatively distant relationship with the peridinioids.

Fig. 30–36. Sphaerodinium cracoviense, transmission electron microscopy (TEM). Flagellar apparatus and microtubular strand (ms). Fig. 31–33,
same scale as Fig. 30. Fig. 35–36, same scale as Fig. 34. Scale bars 5 500 nm. 30–35. Non-adjacent, nearly longitudinal serial sections proceeding from
left to right. Slanted numbers refer to the section number. 30–32. The ms follows a path roughly parallel to the extension (arrow) of the transverse striated
collar (TSC) that runs along the pusule canal. 33–35. The transverse microtubular root (TMR) nucleates several groups of microtubules (TMRE) and ends
adjacent to the anterior-proximal end of the transverse basal body (TB). 36. Anterior-dorsal view of the basal bodies of another cell, showing the proximal
part of the longitudinal microtubular root (LMR). Note the lamellar body (short arrow). LB, longitudinal basal body.
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The prominent VF associated with the right side of the LB in
S. cracoviense is remarkably similar to that described from
B. anauniensis, not only in general aspect and orientation, but
also in its connection to triplets of the LB through thin fibres
(Hansen et al. 2007).

Fibrous connectives between triplets of the LB and the LMR,
such as documented here for S. cracoviense, are common
in athecate or thinly thecate dinoflagellates (e.g. Esoptrodinium
gemma Javornický, B. anauniensis, Symbiodinium natans Gert
Hansen & Daugbjerg; see Calado et al. 2006; Hansen and
Daugbjerg 2009; Hansen et al. 2007), but not in peridinioids or
gonyaulacoids.

Naked or thinly thecate dinoflagellates commonly have a
variously prominent, oblique ridge in the area defined by the exit
locations of the flagella and, if one is present, the peduncle
(Calado, Craveiro, and Moestrup 1998; Dodge and Crawford
1968; Lindberg et al. 2005). Fine-structural analysis of these so-
called ventral ridges shows a nearly longitudinal area lined by a
single membrane and limited on both sides by fibrous material
externally attached to amphiesmal vesicles. When a striated collar
surrounding the exit point of a peduncle is present it is usually
located near the anterior end of the ventral ridge (Calado et al.
1998, 2006). A relatively small ventral ridge was identified in
S. cracoviense on the basis of its fine structure and the proximity

of its anterior end to the tip of a microtubular strand, here inter-
preted as homologous to those involved in peduncle extension. Its
presence is noteworthy, as ventral ridges are not known to occur in
peridinioids.

The membranous body showing a honeycomb pattern in trans-
verse sections of the cell is strikingly similar to that found in
B. anauniensis (Hansen et al. 2007). It brings to mind the stacked
membranous structure found in the flagellar base area of Krypto-
peridinium foliaceum (F. Stein) Er. Lindemann, a species con-
taining a diatom-derived endosymbiont, and designated ‘‘lamellar
body’’ (Dodge and Crawford 1969a, as Glenodinium foliaceum
F. Stein). However, a honeycomb pattern is not visible in pub-
lished material of K. foliaceum and was not found during recent
re-examination of the lamellar body of this species from different
angles (unpubl. data). Lamellar bodies were also reported from
other species harbouring diatom-derived endosymbionts (e.g. Peri-
dinium quinquecorne Abé, Durinskia baltica [K.M. Levander]
Carty & El. R. Cox, and Peridinium penardii Lemmermann [Ho-
riguchi and Pienaar 1991; Takano et al. 2008; Tomas and Cox
1973]). In addition to the lamellar body near the flagellar bases, sets
of ‘‘orderly arranged stacked vesicles which appear as dilated
smooth endoplasmic reticulum’’ were described adjacent to the pe-
ripherally located storage vacuoles of D. baltica; as shown in
Fig. 42 in Tomas and Cox (1973) these structures resemble the

Fig. 37–41. Sphaerodinium cracoviense, transmission electron microscopy (TEM). Flagellar apparatus. Same series as in Fig. 30–35 except for Fig.
41. Fig. 37–39 have been tilted to provide a cross-sectional view of the longitudinal basal body (LB). Slanted numbers refer to the section number. 37–39.
Apical view of the LB in cross section, showing the ventral fibre (VF) on the right side and the lamellar body (short arrows). Four connecting fibres are
marked with thin arrows: two between the LB and the VF and two between the LB and the ventral side of the longitudinal microtubular root (LMR). LSC,
longitudinal striated collar. 40, 41. Transverse and longitudinal sections (respectively) of the cell showing different aspects of the lamellar body. Arrows
point to the electron-opaque central structure. Fig. 38–39, same scale as Fig. 37. Scale bars 5 200 nm.
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honeycomb pattern found in S. cracoviense and B. anauniensis.
Although the strikingly similar lamellar bodies of S. cracoviense
and B. anauniensis are plausibly homologous, as indicated by the
general similarity of the flagellar apparatus and LSU-based phy-
logeny, there does not seem to be a close relationship between these
two species and the diatom-bearing group. The possible role of the

lamellar body in phototaxis, mainly through analogy with the
stacked membranes of light receptor cells of the retina, was
discussed by Dodge and Crawford (1969a) and Hansen et al.
(2007).

Microtubular strand, eyespot, and pusule. Microtubular
strands located in the anterior-ventral area, near the basal bodies,

Fig. 42–44. Sphaerodinium cracoviense, transmission electron microscopy (TEM). Ventral region, eyespot, and pusular vesicles associated with the
longitudinal flagellar canal (LFC). 42. Longitudinal section, seen from the left side of the cell, through the ventral region showing the eyespot (E), and the
LFC and attached pusular vesicles (thin arrows). Note the lamellar bodies (arrowheads). Electron-opaque microbodies (thick arrows) and associated
vesicles are abundant in the ventral area. b, bacterium. Scale bar 5 1 mm. 43. Transverse section through both components of the eyespot. Scale bar 5 1
mm. 44. Higher magnification of the eyespot. Note the membrane of the vesicle evolving the brick-like components (double arrow) and the chloroplast
lobe adjacent to the oil layer of the eyespot. Scale bar 5 200 nm.
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have been found in many dinoflagellates, both heterotrophic and
autotrophic, examined in detail.

Cytoplasmic extensions from this ventral area, whatever their
function, are typically supported by these microtubular strands,

and peduncles demonstrably involved in food uptake are associ-
ated with abundant electron-opaque vesicles (Calado et al. 1998,
2006; Hansen and Calado 1999). In S. cracoviense, as in Palatinus
apiculatus Craveiro, Calado, Daugbjerg & Moestrup (Craveiro

Fig. 45–48. Sphaerodinium cracoviense, transmission electron microscopy (TEM). Pusular system. 45–47. Localization of one of the pusular systems
in relation to the basal body area. Some pusular tubules (white arrows) diverge from the collecting chamber (Cc, collecting chamber), which is an
enlargement of the pusule canal (black arrow). Note the lamellar bodies (arrowheads) and the area of the ventral ridge (double arrow) in Fig. 45. LB,
longitudinal basal body; LMR, longitudinal microtubular root. Scale bar 5 1 mm in Fig. 45. Scale bar 5 200 nm in Fig. 46. Scale bar 5 500 nm in Fig. 47.
48. Higher magnification of the pusule canal. Same scale as Fig. 46.
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Fig. 49. Phylogeny of Sphaerodinium cracoviense and 57 other dinoflagellate species from Bayesian inference. The data matrix comprised 1,157 base
pairs of nuclear-encoded large subunit rDNA and the dinoflagellate ingroup was polarized using ciliates, apicomplexans, and Perkinsus. Branch support
values are written to the left of internodes. The first numbers are posterior probabilities from Bayesian inference ( � 0.5) whereas the last numbers are
from maximum likelihood bootstrap analyses with 500 replications ( � 50%). Maximum branch support (posterior probability 5 1 and 100% in max-
imum likelihood bootstrap) is shown as filled black circles. Branch lengths are proportional to the number of character changes. Sphaerodinium
cracoviense is boldfaced.
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et al. 2009a), a microtubular strand not associated with opaque
vesicles was found in the same location, and with the same ori-
entation, as the ones extending into peduncles, but without reach-
ing the cell surface and thereby suggesting that it is non-
functional.

As recently reviewed (Moestrup and Daugbjerg 2007), and ex-
cluding the complex ocelloid of the Warnowiaceae (Greuet 1987),
five different types of eyespot have been found previously in
dinoflagellates: (1) type A, characterized by one to several layers
of opaque globules inside a chloroplast lobe, as is commonly
found in the eyespots of algae; (2) type B, in which a vesicle
containing crystal-like units is located in the sulcal area, between
the LMR (root 1) and an eyespot type A-like chloroplast lobe; (3)
type C, made of opaque lipid globules not bounded by a mem-
brane; (4) type D, in which layers of opaque globules are con-
tained in a vesicle that is not connected to chloroplast lobes; and
(5) type E, made of several layers of crystal-like units contained in
a vesicle. The eyespot of S. cracoviense does not fit into any of
these types. It is here proposed to represent a sixth, type F, char-
acterized by a single layer of vesicle-contained crystal-like units
overlying layers of more or less fused globules not bounded by
membranes.

The pusular system of S. cracoviense is unusual. Most dinofla-
gellates have similar pusular types associated with each flagellar
canal. In Prosoaulax lacustris (F. Stein) Calado & Moestrup a
single pusular tube opens either at the transverse or at the longi-
tudinal flagellar canal, leaving the other flagellar canal without
associated pusule (Calado et al. 1998, as Amphidinium lacustre
F. Stein, see Calado and Moestrup 2005). In all cells examined of
S. cracoviense, different pusular types were associated with each
flagellar canal. The pusular vesicles directly associated with part
of the longitudinal flagellar canal resemble those of the pusules of
Amphidinium sensu stricto, e.g. Amphidinium rhynchocephalum
Anisimova (Farmer and Roberts 1989), and Gymnodinium aur-
eolum (Hulburt) Gert Hansen (Hansen 2001). The pusule canal
with an apparently fibrous cover that extends from the transverse
flagellar canal of S. cracoviense is reminiscent of the one de-
scribed from Gymnodinium fuscum (Ehrenberg) F. Stein (Dodge
1972; Dodge and Crawford 1969b). However, the inner dilated
portion of the pusule canal of G. fuscum is associated with pusular
vesicles instead of tubes. The pusule canal of S. cracoviense also
bears some similarity with the tube extending from the longitudi-
nal flagellar canal of B. anauniensis, which however, appeared
lined in its distal part by amphiesmal vesicles and was interpreted
as pusular in nature (i.e. with its internal membrane closely ap-
pressed to the inner membrane of an enveloping vesicle) (Hansen
et al. 2007). Rows of pusular tubes opening to a collecting cham-
ber have been described from Karlodinium armiger Bergholtz,
Daugbjerg & Moestrup, although two similar pusules were
present and the collecting chambers were directly associated with
the flagellar canals (Bergholtz et al. 2005).

Phylogenetic affinities. Analysis of nuclear-encoded LSU
rDNA provided high support for the position of S. cracoviense
forming a sister taxon to woloszynskioid dinoflagellates possess-
ing type B and type E eyespots. A substantial number of morpho-
logical features, as well as some missing structures, also seem to
favour the somewhat isolated position of S. cracoviense between
woloszynskioids with thin thecal plates (e.g. Borghiella and
Biecheleria) and the peridinioids. In brief, these are the unique
type F eyespot, the pusule system, the apical pore complex, and
the number of postcingular plates, as well as features of the flag-
ellar apparatus. The missing structures are the single-stranded root
(r2) and the LC characteristic of peridinioids. Thus, the combi-
nation of genotypic and phenotypic characters may indicate that
Sphaerodinium is distinct enough to warrant a new family or per-
haps even a new order. However, we refrain from proposing a new

family for Sphaerodinium until additional species of the genus
have been examined in detail by electron microscopy and at the
molecular level, and the number of comparison points from within
the neighbouring groups has increased.

The molecular data also suggest an affinity between Sphaer-
odinium and Baldinia. This is reflected in some very detailed
morphological features like the VF being associated with the right
side of the longitudinal basal body and the honeycomb pattern in
transverse sections in both species. However, there are also a
number of conspicuous differences separating Sphaerodinium and
Baldinia at family level, notably the structure of the eyespot and
the fact that Baldinia is an unarmoured species.

In conclusion, the arrangement of thecal plates of S. cracov-
iense, which fits the concept of peridinioids as defined, for exam-
ple, by Taylor (2004), is contradicted by genotypic and
phenotypic features that strongly indicate a closer relationship
to several woloszynskioid groups than to Peridinium and its splin-
ter genera, and the Pfiesteriaceae.
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Couté, A. & Iltis, A. 1984. Mise au point sur la flore péridiniale (Algae,
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von Deutschland, Österreichs und der Schweiz, 2nd ed., vol. 10 (3).
Part 2, Issue 1. Akademische Verlagsgesellschaft, Leipzig, Germany.
p. 1–160.

Sournia, A. 1986. Atlas du Phytoplankton Marin. Vol. 1. Introduction,
Cyanophycées, Dictyochophycées, Dinophycées et Raphidophycées.
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