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The coccolithophore Algirosphaera robusta
(Lohmann) R. E. Norris was isolated into laborato-
ry culture for the first time. This species is of
particular interest as the first deep photic coccolit-
hophore to be cultured, the only member of the
Rhabdosphaeraceae to have been successfully iso-
lated, and the first coccolithophore with a coccolith
structure including a complex disjunct central area
to have been studied in detail. Observations on the
culture strain supported the previous inference that
the commonly recognized species A. robusta,
A. oryza Schlauder, and 4. quadricornu (J. Schiller)
R. E. Norris are conspecific. However, 4. meteora
(Miiller) R. E. Norris and A. cucullata (Lecal-Schlau-
der) J. R. Young, Probert et Kleijne were recognized
as discrete species. Coccolith rim formation
in A. robusta follows the pattern of biomineraliza-
tion documented in other heterococcoliths and was
suggested to be universal. However, the prominent
central hood had a unique ultrastructure and
appeared to be formed by a distinctively different
biomineralization mode. We suggest that this can
provide a key to reinterpreting homology in cocco-
lith structure and that this species is a promising
target for comparative biochemical and genomic
studies of biomineralization. In terms of cell
ultrastructure, 4. robusta exhibited marked similar-
ities to Syracosphaera pulchra Lohmann, and a
close evolutionary relationship between the families
Rhabdosphaeraceae and Syracosphaeraceae is
suggested.
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Coccolithophores are the most prominent members
of the haptophyte algae, an important group of pri-
mary producers and key sediment formers. As a result,
they have attracted considerable interdisciplinary
interest over the past decade, with extensive study of
their biogeography, biochemistry, and biogeochemical
role. This recent interest has not, however, been
matched by a comparable range of classical phycolog-
ical, and in particular cytological, studies. Some 200
species of coccolithophores have been described in 13
families (Jordan and Green 1994, Young et al. 2003),
but relatively few detailed cytological studies have been
published, due primarily to the limited availability of
members of this group in culture. These studies have
nevertheless yielded invaluable phylogenetic informa-
tion and indicated significant diversity, notably in mod-
ifications of the Golgi system related to coccolith
biomineralization and in the structure of the flagel-
lar/haptonematal basal complex. Consequently, there
is considerable potential for further studies to probe
the high-level cytological diversity within the coccolit-
hophores.

The coccolithophore Algirosphaera robusta was re-
cently isolated into clonal laboratory culture. This is,
to our knowledge, the first successful culture not
only of this species, but of any member of the family
Rhabdosphaeraceae Haeckel. Algirosphaera robusta is a
common coccolithophore with a wide biogeographical
range, having been recorded in the North Atlantic,
Mediterranean Sea, Red Sea, Indian Ocean, and cen-
tral Pacific (Kleijne 1992). The highest abundances
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of this species are typically observed in the lower
photic zone (Okada and McIntyre 1977). The
Rhabdosphaeraceae includes only 15 described extant
species, but these show spectacularly diverse morph-
ology and are assigned to seven genera. The taxonomy
of this family has been reviewed by Norris (1984),
Kleijne (1992), and most recently by Aubry (1999).
Strong similarities are evident in the basic structure of
coccoliths (particularly of the coccolith rim) between
the various species, and the grouping is not in dispute.
The coccoliths are typically disk-shaped (planoliths)
and formed of three components: (1) a narrow, slightly
elevated rim formed of an upper rim cycle of
simple nonimbricate elements and a lower rim cycle
showing strong obliquity; (2) a radial cycle of laths
(of equal number to the rim units) typically with slits
between the laths; (3) the radial cycle joins the rim
to a central lamellar cycle consisting of numerous
small elements with a more or less clear helical
arrangement, which forms diverse central structures
and may end in a cuneate cycle of a few well-formed
elements (Kleijne 1992). The extant Rhabosphaera-
ceae mostly form very small coccoliths (typically
the bases have a diameter of <3 pum) and have a very
limited fossil record, except for Rhabdosphaera clavigera
[var. clavigera Murray et Blackman, var. stylifera
(Lohmann) Kleijne et R. W. Jordan], which is present
through the Neogene to about 24 Ma (Young 1998).
In the Eocene (55-38 Ma), however, a diverse group
of larger species occurred (Perch-Nielsen 1985,
Shafik 1989, Varol 1989, Aubry 1999). These species
had similar rims and radial cycles to the extant
species, but highly variable, often multitiered, central
structures.

Young et al. (1992) proposed a general model for
heterococcolith biomineralization with a conserved
pattern of growth from a protococcolith ring of calcite
nuclei with alternating vertical and radial ¢-axes. This
“V/R model” has been well supported by subsequent
studies (Young 1993, Marsh 1999, Young et al. 1999,
2004). The rim structure of heterococcoliths of the
Rhabdosphaeraceae appears to fit this model, but the
development of the central area lamellar and cuneate
cycle elements remains obscure (Kleijne 1992).
Hence, a key objective of this study was to determine
the relationship between the biomineralization of
the central process and that of the coccolith rim. The
Syracosphaeraceae  (Lohmann) Lemmerm. and
Calciosoleniaceae Kamptner appear to have a radial
cycle similar to that of the Rhabdosphaeraceae, which
suggests affinities between these three families (Young
1998, Young et al. 2004). Detailed analysis of the struc-
ture of Syracosphaera pulchra by Inouye and Pienaar
(1988) and Young et al. (2004) has shown that this
radial cycle originates in the protococcolith ring that
forms the rim, but via separate nucleation, with
tangential c-axis orientation. Possession of this cycle
appears to be an important homology separating
these three families from other heterococcoliths, which
have distinctly simpler structures. In consequence,

the three families were placed in the order Syracos-
phaerales in the revised classification of Young
et al. (2003).

The type species of Algirosphaera, the heterococco-
lith-bearing A. oryza (designated by Loeblich and
Tappan 1963), was transferred to Anthosphaera
Kamptner by Gaarder and Hasle (1971), and Algiros-
phaera became a junior synonym of Anthosphaera. When
the type species of Anthosphaera proved to have holo-
coccoliths, Norris (1984) transferred all heterococco-
lith-bearing Anthosphaera species to Algirosphaera and
gave an emended description of this genus (see Aubry
1999 for an exhaustive discussion of the taxonomy of
these genera). Halldal and Markali (1955) considered
Algirosphaera coccoliths to be rhabdoliths, and the ge-
nus has been placed in the Rhabdosphaeraceae in most
of the recent literature, although Tappan (1980) and
Steinmetz (1991) included it in the Syracosphaeraceae,
following Kamptner (1941). Eight species of Algiros-
phaera have been described (Klejjne 1992, Aubry
1999), the majority of which are now considered to
be synonyms. Halldal and Markali (1955) distin-
guished three species based on coccosphere shape
and coccolith arrangement. This system has been
widely followed and is summarized by Heimdal
(1993): A. oryza is described as having flattened ellips-
oidal coccospheres with two rows of equatorial cocco-
liths projecting approximately at right angles to each
other giving the coccosphere a “coronate” profile.
Algirosphaera quadricornu has ellipsoidal coccospheres,
and A. robusta spherical coccospheres. Ordinary (i.e.,
body as opposed to stomatal) coccoliths of A. oryza and
A. quadricornu are indistinguishable (1.8-2.4 um high),
while those of A. robusta are markedly lower (1.5 um
high). In distal view, the outline of the coccoliths in
A. oryza and A. quadricornu are elliptical compared with
the nearly parallel long sides in A. robusta. Kleijne
(1992) merged all Algirosphaera species into A. robusta
on the grounds that body rhabdoliths showing the
characteristics of A. robusta, A. oryza, and A. quadricornu
are often observed to occur together on the same
coccosphere. She noted, however, that given the wide
biogeographic range of these species and the
morphological variability observed, it was possible
that detailed examination might lead to the recogni-
tion of discrete species. In the recent literature,
some authors have continued to use the species
A. oryza or A. quadricornu (Hagino et al. 2000, Jordan
and Winter 2000).

In this paper, we present LM observations of cell
morphology and behavior, SEM observations of cocco-
lith morphology and ultrastructure, and a TEM study
of the fine structure of the cell and coccolith formation.
In addition, this culture strain has been included
in several multispecies studies of diverse aspects
of coccolithophore biology, including molecular phy-
logeny (Sdez etal. 2004), pigment composition
(van Lenning et al. 2004), strontium incorporation
into coccolith calcite (Stoll et al. 2002), and stable iso-
tope fractionation in coccoliths (Ziveri et al. 2003).



ULTRASTRUCTURE OF ALGIROSPHAERA. 321

MATERIALS AND METHODS

The culture (strain AC503, Algobank-Caen culture collec-
tion, University of Caen, France) was initiated from a single cell
isolated from a concentrated water sample collected at station
64 (37°24.38' N, 0°56.1" W) during the MATER II cruise
in the Alboran Sea in October 1999. The water was collected in
Niskin bottles from the subsurface chl maximum at 37m
depth. The culture was routinely maintained at 17°C in
a filter-sterilized K/2 (-Si,-Tris) medium (Keller et al. 1987)
with daylight fluorescent tubes providing an irradiance
of 50 pmol photons-m~2-s~! with a photoperiod of 16:8
light: dark (L:D).

The LM observations on living cells were conducted with a
Leitz Orthoplan microscope (Leitz, Wetzlar, Germany)
equipped with differential interference contrast (DIC) optics.
A Zeiss Axioplan microscope (Zeiss, Jena, Germany) was used
for cross-polarized light observations on coccoliths. To obtain
information on coccolith ultrastructure, both culture samples
and wild samples from the western Mediterranean were exam-
ined. Culture material was observed in the medium, whereas
for filtered wild samples, a piece of the 0.45 um pore-size cel-
lulose nitrate filter (Whatman, Brentford, UK) was mounted
with immersion oil on a microscope slide. For SEM, drops of
cell suspension concentrated on Isopore filters (Millipore, Bill-
erica, MA, USA) were mounted on specimen stubs, coated in a
Cressington 208HR sputter coater (Elektronen Optik Service
GmbH, Dortmund, Germany) with 20 nm of gold/palladium
(95:5%), and viewed with a Philips XL30 field emission
scanning electron microscope (Philips Electronics B.V., Eind-
hoven, the Netherlands). For shadowed/negative-stained prep-
arations, drops of cell suspension fixed with 2% osmium
tetroxide were placed on formvar-coated grids and, after dry-
ing, rinsed with neutralized distilled water. The grids were
then either shadowed with gold/palladium or stained with 2%
uranyl acetate for 5 min and rinsed in distilled water. In prep-
aration for sectioning, a cell suspension was gently centrifuged,
and the pellet fixed for 1.5h at 4°C in a glutaraldehyde solu-
tion (2.5%) in 0.1 M sodium cacodylate buffer (pH 7.2) con-
taining 0.25 M sucrose (the fixative was prepared just before
usage). Cells were then washed three times in 0.1 M cacodylate
buffer containing decreasing concentrations of sucrose (0.25,
0.12 M, the last wash with no sucrose) for 15 min each time,
followed by postfixation in 2% osmium tetroxide in 0.1 M cac-
odylate buffer for 1h at 4°C. After washing in distilled water,
cells were embedded in 2.5% agar, dehydrated in a graded
ethanol series, and embedded in Spurr’s resin. Sections were
double stained with 2% uranyl acetate followed by Reynold’s
lead citrate. To preserve the mineral component of coccoliths,
some sections were gathered on a solution containing 0.1 M
sodium cacodylate and 0.01 M calcium chloride at pH 7.8 and
observed without having been contrasted (Outka and Williams
1971). Polysaccharide localization in ultrathin sections was
based on the PA-TCH-SP (periodic acid-thiocarbohydrazi-
de-silver proteinate) staining method of Thiery (1967). Sec-
tions mounted on formvar coated gold grids were treated
consecutively with the following reagents: 1% PA in aqueous
solution (25 min); several rinses in distilled water; 1% TCH in
20% acetic acid (24-72 h); rinses in 10, 5, and 2% acetic acid
followed by distilled water; 1% SP in aqueous solution (30 min);
several rinses in distilled water. As a control, the PA step was
omitted. Shadowed/negative-stained preparations and thin
sections were viewed with a JEOL 100C TEM (JEOL, Tokyo,
Japan).

RESULTS

Light microscopy: In culture, the coccosphere of
A. robusta is typically flattened ellipsoidal in shape
(Fig. 1a), measuring ~9 x 6 x 4 pm, but more or less

spherical coccospheres (Fig. 1b), and transitions be-
tween these shapes are also observed. In old cultures,
irregularly shaped coccospheres are also frequently
observed. The dimorphic coccosphere consists of 30—
55 irregularly positioned dome-shaped coccoliths,
with larger petalloid stomatal coccoliths around the
flagellar opening (Fig. 1c). The protoplast completely
fills the coccosphere with a single bilobed chloroplast
located in the anterior part of the cell (Fig. 1, a and
b). Each cell possesses two flagella of nearly equal
length, measuring 11-16 pm, and a prominent hap-
tonema, 4-7 pm in length, with a slightly bulbous tip
(Fig. 1, b and d). During rapid swimming, the flagel-
lar opening is positioned anteriorly, the flagella trail-
ing along the sides of the cell and the haptonema
maintained straight forward (Fig. 1d), the cell swim-
ming with a clockwise corkscrew motion in the dir-
ection of movement. When cells swim more slowly,
the flagella and haptonema are often directed back-
ward. Algirosphaera robusta exhibits a weakly positive
phototactic response (i.e., cells tend to accumulate on
the illuminated side of culture flasks), but this ten-
dency is less pronounced than in most motile cocco-
lithophores we have observed in culture. Cell division
is initiated when the flagella and haptonema replicate
and the single chloroplast divides. The pairs of fla-
gella remain relatively close as cytokinesis splits the
cell vertically, producing daughter cells of roughly
equal size (Fig. le). Algirosphaera robusta is capable of
rapid population growth in culture (up to 1divi-
sion-d ! under certain conditions) and exhibits a
wide temperature tolerance, growing well at both
10°C and 27°C (the extremes tested). Sexual repro-
duction has thus far not been observed in this culture
strain.

Electron microscopy. Periplast structure: The cell cov-
ering consists of the cell membrane, an uneven layer
of columnar material, several layers of small body
scales, and a single layer of large coccoliths (Fig. 1f).
The body scales, which consistently occur in
several layers in the spaces between the coccoliths
(but rarely directly underneath them), and which are
particularly abundant in the region of the flagellar
insertion, are elliptical (0.16-0.20 pm long x 0.09-
0.11 pm wide), with an elevated rim and accentuated
central ridges dividing the scale into quarters (Fig. 1,
g—j). Owing to the extremely small size of these scales,
it is difficult to clearly observe the fine pattern on the
surface of the body scales, but negatively stained
preparations and glancing sections reveal the pres-
ence of fine-radiating microfibrils in each quadrant
(Fig. 1, g-i). The scales show a strong positive
reaction to Thiery staining, indicating their polysac-
charidic nature (Fig. 1j). The columnar material
present between the coccoliths/body scales and the
cell membrane is similar in structure to that seen in
other coccolithophores. Coccolith base-plate scales
are well developed and are visible in TEM sections
and even in high-resolution SEM micrographs of
the proximal surface of isolated coccoliths, although
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Fic. 1. Algirosphaera robusta. LM (differential interference contrast): (a—e); TEM: (f=k). (a) Flattened ellipsoidal cell. Scale bar, 5 pm. (b)
Spherical cell with two flagella and a prominent haptonema (arrowhead). Scale bar, 5 pm. (c) Surface view of coccosphere showing body
coccoliths and larger stomatal coccoliths (arrowhead) around flagellar opening. Scale bar, 5 pm. (d) Typical disposition of flagellar ap-
paratus during swimming. Scale bar, 5 pm. (e) Dividing cell (arrowhead). Scale bar, 5 pm. (f) Thin section of periplast showing a coccolith
(C) with a base-plate scale (Bps), layers of body scales (Bs), columnar material (Cm), and peripheral endoplasmic reticulum (PER). Scale
bar, 0.5 pm. (g) Negatively stained preparation of a body scale. Scale bar, 0.1 um. (h) Glancing section of a coccolith base-plate scale (Bps)
and numerous small body scales. Scale bar, 0.2 pm. (i) Detail of a glancing section of a body scale with elevated rim (arrowhead). Scale bar,
0.05pm. (j) Periodic acid-thiocarbohydrazide-silver proteinate-stained body scales. Scale bar, 0.2pum. (k) Shadowcast decalcified
preparation showing a single coccolith base-plate scale in proximal view with radial fibrils, and several smaller body scales. Scale

bar, 0.5 pm.

clearest observations were possible on shadow-coated
preparations of isolated scales after calcite dissolution
(Fig. 1k). They are broadly elliptical in shape, meas-
uring 2-3 um x 1-2 pm. A pattern of radiating micro-
fibrils divided into quadrants is observed on the
proximal face, while the distal face is amorphous in
structure. These scales extend to the outer margin of
the coccolith, rather than being confined to the cen-
tral area.

The monothecate coccosphere consists of two types
of coccoliths (rhabdoliths), those covering most of the
cell surface being sacculiform, with usually three high-

er petalloid stomatal coccoliths located around the fla-
gellar insertion (Fig. 2a), these being curved such that
they can neatly interconnect. Sometimes two or three
other less-elevated coccoliths with similar appearance
to the main stomatal coccoliths occur near the flagellar
area, possibly representing previous stomatal cocco-
liths that have been subsequently replaced by larger
ones. In certain specimens the coccosphere partially
collapsed during preparation for SEM, which some-
times led to the observation of a coronate profile (Fig.
2b). In distal view, the outline of individual body coc-
coliths of this culture strain varies from more or less



ULTRASTRUCTURE OF ALGIROSPHAERA. 323

FiG. 2. Scanning electron micrographs of Algirosphaera robusta coccosphere and coccolith shape. (a) Coccosphere in apical view with
three higher petalloid coccoliths surrounding the flagellar opening. Scale bar, 2 um. (b) Coccosphere in antapical view with equatorial
coccoliths collapsing to give a coronate profile. Scale bar, 2 pm. (c) Distal view of coccolith with parallel-sided profile. Scale bar, 0.5 pm. (d)
Distal view of coccolith with flattened elliptical profile. Scale bar, 0.5 pm. (e) Distal view of coccolith with elliptical profile. Scale bar,

0.5 pm.

parallel sided to ellipsoidal (Fig. 2, c—e). Body cocco-
liths varied in height from 1.4 to 2.3 pum (average
1.9 um, n = 83).

Coccolith structure was investigated by a combina-
tion of detailed high-resolution SEM of coccoliths in-
cluding broken specimens, TEM of fixed samples, and
LM. These observations indicate an unusually complex
structure that can be divided into three parts: the base-
plate scale, the base, and the hood.

The coccolith base consists of five cycles of elements
with strong radial symmetry (Fig. 3, a—d). The rim is
formed of an upper cycle of elements with radial su-
tures and a lower cycle with strong sinistral obliquity
(Fig. 3, c and d). From the inner edge of the rim, a
radial cycle of spokelike elements runs toward the cen-
ter of the coccolith (Fig. 3, a, ¢, and d). The rim and
radial cycles each have the same number of elements,
and the radial cycle elements interdigitate with the
lower rim elements around the inner margin of the
rim (Fig. 3, c and d). The lamellar cycle consists of
vertically directed elements, which morphologically
form the base of the hood (Fig. 3, a and 1). However,
they alternate with the radial elements and are discrete
from the main hood elements. Finally, a set of irregular
proximal cover laths extends over the proximal sur-
face of the coccoliths, inside the lamellar cycle (Fig. 3b).
These primarily grow inward from the margin of the
hood, but additional elements, not connected to the
margin, occur in the center of the cycle. Examination
of SEM micrographs of specimens in various orienta-
tions and preservation states suggests that each of these
five cycles is a discrete set of crystal units (i.e., the
different elements do not interconnect to form larger
composite crystal units). In decalcified TEM sections,
all these basal elements are completely lost, appearing
as white holes (Fig. 3, i and j). Conversely, in sections
in which the calcite has been preserved, they usually
appear black (i.e., electron opaque) (Fig. b5a).

This is typical of heterococcolith elements, indicating
pure calcite without a substantial intracrystalline or-
ganic phase. The rhabdolith base is too small and thin
to allow accurate LM observations of crystallographic
orientation.

The hood consists of three sets of elements, each
consisting of numerous small, discrete crystal units, not
organized in discrete radial cycles: (1) On the outside
there is a thin cycle of numerous cover tiles (Fig. 3, a, h,
and 1). These are imbricated, with lower tiles overlap-
ping higher ones and tiles to the right overlapping
those to the left, giving rise to an anticlockwise spiral
arrangement. It has previously been assumed that this
cycle extended inward to form the bulk of the hood;
however, both SEM and TEM observations show that
they only form a narrow (~0.02 um) outer coating. (2)
Beneath this cover, the bulk of the hood is formed of a
mass of oblique rods (Fig. 3, e-k). These rods, typically
0.5-1 um long and 0.05 um in diameter, are oriented
obliquely to the coccolith long axis and slope upwards
in a counterclockwise sense at an angle of about 45°.
They do not interconnect, and there is usually space
between adjacent rods. The TEM sections cut the hood
at varying angles and give the impression of variable
orientations of these oblique elements (Fig. 3, i-k);
however, SEM observation of broken specimens
suggests that their orientation is rather constant
(Fig. 3, £h). Discrete sets of these elements occur on
each side of the hood (Fig. 3, g and h). The SEM
observations suggest that the lower/clockwise-directed
end of the rods is abruptly truncated and that they
taper distally (Fig. 3f), suggesting crystal growth in an
upward direction. (3) Inside these oblique elements on
either side of the hood, and thus delimiting the
long sides of the central cavity, are discrete sets of
vertical rods (Fig. 3, f, h, and k) of similar size to the
oblique rods. These are arranged in several irregular
overlapping tiers, rather than a single cycle extending
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Fic. 3. Algirosphaera robusta coccolith structure. SEM: (a—d, f~h); TEM (e, i-]). (a) Side view of body rhabdolith showing rim (R), radial
cycle (Rc), lamellar cycle (L), and coccolith hood. Scale bar, 0.5 pm. (b) Proximal view of coccolith showing irregular proximal cover laths.
Scale bar, 0.5 pm. (c) Detail of coccolith rim. Scale bar, 0.2 pm. (d) Detail of broken specimen showing upper (U) and lower (L) rim cycles
and radial cycle of spokelike elements. Scale bar, 0.2 pm. (e) Body rhabdolith showing complex internal structure of hood. Scale bar,
0.5 um. (f) Broken specimen in side view showing oblique and vertical rods. Scale bar, 0.5 pm. (g) Broken specimen in distal view showing
thick blades of oblique rods either side of central cavity. Scale bar, 0.5 um. (h) Broken specimen in distal view showing vertical rods
bordering the central cavity. Scale bar, 0.5 pm. (i) Coccolith sectioned perpendicularly to the axis of the central cavity showing base-plate
scale (Bps), rim (R), lamellar cycle element (L), cover laths (Cl), oblique rods (O), and central cavity (C). Scale bar, 0.5 pm. (j) Coccolith
sectioned at oblique angle to the axis of the central cavity. Scale bar, 0.5 pm. (k) Horizontal section of coccolith. Scale bar, 0.5 pm. (I)

Section of stomatal coccolith. Scale bar, 0.5 pm.

from the proximal surface. They clearly taper upward
(Fig. 3f), suggesting that growth extends in this direc-
tion. In decalcified TEM sections, the hood elements
are still plainly visible, appearing gray, suggesting that
they contain significant amounts of intracrystalline
organic material (Fig. 3, i-1). This inference is support-

ed by observations on preparations in which the calcite
is preserved (Fig. 5a), in which the hood elements
show lower opacity than the base elements. The
oblique and vertical rods form two thick blades on
either (long) side of the coccolith, separated by a cavity,
leaving only the cover tiles extending around the distal
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Fic. 4. Schematic representation of Algirosphaera robusta coc-
colith structure.

and lateral parts of the hood (Fig. 3, h and k). In the
light microscope, the hood is very prominent, and ob-
servations with cross-polarized light and a gypsum
plate clearly indicate that it is formed of crystals with
the c-axis directed vertically (i.e., perpendicular to the
base, not illustrated). This optical behavior is predom-
inantly a product of the oblique rods, and it is not pos-
sible with such small coccoliths to determine if the
cover plates and vertical rods have the same crystallo-
graphic orientation. The stomatal coccoliths are similar
in ultrastructure to the body coccoliths but have ex-
tended hoods, which can be more than twice the height
of the body coccoliths (Fig. 31). A schematic represen-
tation of the structure of A. robusta coccoliths is pre-
sented in Fig. 4.

Cell ultrastructure: The internal organization of the
cell shows many of the features characteristic of the
Haptophyta (Fig. 5). Adjacent to the nucleus is a sin-
gle Golgi body, the cisternae in the middle portion of
the stack showing intercalary dilations characteristic
of the haptophytes (Fig. 5b). The entire cytoplasm
except the flagellar region is enclosed by the periph-
eral endoplasmic reticulum (PER), situated immedi-
ately beneath the plasmalemma. The single
antapically positioned parietal chloroplast possesses
lamellae of three thylakoids and contains an im-
mersed fusiform pyrenoid, which is surrounded by
a very thin membranous envelope (Fig. 5, ¢ and d).
The pyrenoid is traversed by several lamellae of two
or three thylakoids. Girdle lamellae are not present
in the chloroplast, the outer ER membrane of which
is continuous with the nuclear membrane. Elongated
sections of mitochondria with tubular cristae are

often situated adjacent to the inner surface of
the chloroplast. Body scales are produced in Golgi
vesicles, two or more scales often observed within
one vesicle toward the mature face of the stack
(Fig. 6a).

The first stage in the process of coccolith formation
in A. robusta is the production of the coccolith base-
plate scale within a Golgi vesicle located on the distal
face of the Golgi stack. This vesicle subsequently mi-
grates toward the flagellar pole of the cell, reorienting
as it approaches the PER such that the scale is eventu-
ally situated perpendicular to the plasma membrane
and hence often to the long axis of the Golgi stack itself
(Fig. 6a). From this early stage and throughout cocco-
lithogenesis, coated vesicles of Golgi origin are fre-
quently observed fusing with the coccolith-forming
vesicle. Nucleation and growth of the calcite crystals
that form the rim of the developing coccolith appear to
commence as or soon after the vesicle starts to dilate to
take the form of the future coccolith (Fig. 6b). The
vesicle forms a T-shape in cross-section as the central
area dilates away from the base-plate scale, at which
stage it is filled with a substance that appears as a fine
gray deposit (Fig. 6¢). The shape of the expanding
vesicle appears to be modeled by invaginations of the
PER (Fig. 6, d and e) and sometimes also by proximity
to storage vacuoles or vesicles containing fully formed
coccoliths, both of which are themselves in close con-
tact with the PER. The distal end of the coccolith ves-
icle branches out to form an interconnected matrix of
tubes (Fig. 6d), which is intimately associated with the
PER and also in close proximity to extensions of Golgi
cisternae. This distal tubular matrix contains a dark
granular substance that appears to be exported into
the main compartment of the coccolith-forming vesicle
(Fig. 6d). As the coccolith vesicle subsequently expands
outward, the first sign of calcification of the rhabdolith
hood involves thin threadlike crystallites (the cover
laths) forming at the periphery of a central compart-
ment, which is delimited by extensions of the intricate
membrane system (Fig. 6e). The main phase of calci-
fication of the rod elements of the hood then occurs. As
noted above, there appears to be a significant organic
component to the hood elements, and it appears that
calcification occurs inside this matrix (Fig. 6, d-g).
Growth of the crystals forming the oblique rods does
not seem to be directional from the base upward as
inferred from SEM observations. Membranes within
the coccolith vesicle model the external shape of the
forming coccolith (Fig. 6, e-h). During calcification, the
coccolith vesicle typically closely surrounds the form-
ing coccolith, but once fully formed, the close fit is lost
(Fig. 61) before extrusion of the coccolith to the cocco-
sphere, which occurs in the apical region of the cell
near the flagellar pole.

The structure of the flagellar apparatus and the
haptonema of A. robusta shows marked similarities to
that of S. pulchra Lohmann described by Inouye and
Pienaar (1988). The terminology adopted in the fol-
lowing description is that of Beech and Wetherbee
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Fic. 5. Algirosphaera robusta general ultrastructure (TEM thin sections). (a) Median longitudinal section of whole cell with calcite
preserved showing major cell components: nucleus (N), chloroplast (C), pyrenoid (P), and mitochondrion (M). Scale bar, 2 pm. (b) Golgi
stack with dilations typical of haptophytes. Scale bar, 1 pm. (c) Nucleus and chloroplast enclosed within common membrane. Scale bar,

0.5 um. (d) Detail of immersed pyrenoid. Scale bar, 0.2 pm.

(1988). The flagellar basal bodies, the lumen of which
contain electron-dense cores as in S. pulchra, are joined
by distal and proximal connecting bands, the former
surrounded by an amorphous electron opaque
material (Fig. 7, a—d). The haptonematal base consists
of eight microtubules (Fig. 7, a and d), but only six of
these microtubules (one less than in S. pulchra) extend
into the emergent part of the haptonema where
they are surrounded by PER to form a concentric
structure when viewed in transverse section (Fig. 7e).

The flagellar roots are of five types—four microtubu-
lar and one fibrous root. Root 1 (R1) is a sheetlike
structure of about 10 microtubules, which arises
close to the haptonematal base and extends for some
distance away from the basal bodies immediately be-
neath the PER (Fig. 7, a—, g, and h). Root 2 (R2),
which arises between the two basal bodies, consists of
four microtubules (Fig. 7, ¢ and g-i). A fibrous root is
also seen in close proximity to the right basal body
(Fig. 7h). Like S. pulchra, A. robusta lacks the secondary
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FiG. 6. Sequential TEM thin sections of Algirosphaera robusta coccolithogenesis. (a) Uncalcified base-plate scale in vesicle of Golgi
origin (arrowhead). Note body scales (Bs) in vesicles in Golgi stack. (b) Early stage of calcification: rim crystal nucleation (arrowhead). (c)
Central area of the vesicle dilates away from the base-plate scale. (d) The coccolith vesicle forms a distal tubular matrix (DTM) and
remains in close proximity with the peripheral endoplasmic reticulum (PER). The cavity of the vesicle is filled with a fine granular
substance. (e) As the coccolith vesicle dilates, calcification of the fine hood elements is initiated within a space delimited by membranes. (f)
Main phase of hood calcification. (g) Membranes model the internal cavity and external shape of the coccolith. (h) Final stages of
formation of the hood. (i) A fully formed coccolith just before extrusion from the cell. Scale bars, 0.5 pm.

microtubular bundles (crystalline roots) that are com-
monly associated with roots 1 and 2 in other coccolit-
hophores. Roots 3 and 4, both initially consisting of two
microtubules, arise on either side of the right basal
body (Fig. 7j). Further from the right basal body, the
number of microtubules in these two roots increases,

and they join to form a root with seven microtubules
(Fig. 7Kk).

DISCUSSION

Taxonomy and life cycle: Three species of Algirospha-
era are identified by some authors based on cocco-
sphere and coccolith shape. As morphologies
corresponding to all three of these species occurred
in our clonal culture, we fully support the conclusion
of Kleijne (1992) that A. oryza and A. bicornu are
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Fic. 7. Algirosphaera robusta flagellar base structure (TEM thin sections). (a-d) Representative transverse sections cut through the
flagellar base region (all viewed from outside). Two basal bodies (L and R); proximal (Pb) and distal (Db) connecting bands; accessory
connecting bands (Abl, Ab3); the haptonematal base (H); microtubular roots 1 (R1), 2 (R2), 3 (R3); and a fibrous root (FR) are seen.
Scale bars, 0.2 um. (e) Transverse section of the haptonema containing ringlike endoplasmic reticulum and six microtubules. Scale bar,
0.1 pm. (f) Transverse section of the sheetlike microtubules of root 1 (R1). Scale bar, 0.2 um. (g) Longitudinal section of the left flagellar
base, root 1 (R1) and root 2 (R2). Note the axoneme (arrowhead). Scale bar, 0.2 pm. (h) Root 1 (R1) extending away from the flagellar
bases. (i and inset) Transverse section of root 2 (R2), consisting of four microtubules. Scale bar, 0.2 pm. (j) Section of roots 3 and 4, each
consisting of two microtubules (arrowheads) originating either side of the right basal body (R). Scale bar, 0.2 um. (k) Section showing
roots 3 and 4 joining to form a root consisting of seven microtubules (arrowhead) further from the right basal body (R). Scale bar, 0.1 pm.

junior synonyms of A. robusta. 1t should be noted that
the wide temperature tolerance of this species in
culture may account for its very broad biogeograph-
ic distribution, with reported occurrences from the
sub-Arctic to the equator. Alternatively, two or more
morphologically similar but ecologically and genetic-

ally distinct species may exist within A. robusta. This is
a distinct possibility, given the recent documentation
of widespread pseudocryptic speciation within the
coccolithophores (Geisen et al. 2002, Saez et al.
2003). We believe that the genus Algirosphaera should
include at least two other, rare, species. Algirosphaera
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meteora was described from isolated coccoliths in sedi-
ment samples, but it also occurs very rarely in plank-
ton samples. The coccosphere of this species differs
from A. robusta in being monomorphic and more
broadly elliptical in plan view, with coccoliths having
a different profile with a distinct constriction in the
lower part, tapering distally, and exhibiting an open
central area in proximal view (i.e., the irregular prox-
imal cover laths are absent). Algirosphaera cucullata is
usually included in Cyrtosphaera Kleijne, following
Kleijne (1992), on the basis that the coccosphere is
varimorphic. However, the structure of the coccoliths
of this species has always been anomalous and is dis-
tinctly different from the type species of Cyrtosphaera,
C. aculeata (Kamptner) Kleijne, because the central
protrusion is formed of a mass of fine crystals, except
for a proximal cycle of vertical lamellar elements.
Our new observations on A. robusta indicate that these
needle-like crystals are equivalent to the oblique rods
in A. robusta, hence it was recombined into Algiros-
phaera by Young et al. (2003).

Recently, it has become clear that the typical hapto-
phyte life cycle is haplo-diploid, with asexual mitotic
reproduction occurring in both phases (Billard and
Inouye 2004). Typically, for coccolithophores the dip-
loid phase produces heterococcoliths and the haploid
phase holococcoliths. Evidence for this comes from a
limited set of culture observations (Houdan et al. 2004,
Noel et al. 2004) supplemented by occasional observa-
tion in plankton samples of combination coccospheres,
which are formed during the transition between the
two phases (i.e., during or shortly after meiosis or syn-
gamy) and so possess both holococcoliths and hetero-
coccoliths. Among the Rhabdosphaeraceae, such
combination coccospheres have been recorded for
Acanthoica quatrospina by Cros et al. (2000) and for
R. clavigera by Cros and Fortuio (2002). Combination
coccospheres of A. robusta heterococcoliths with
Sphaerocalyptra quadridentata holococcoliths were re-
corded by Kamptner (1941) from LM, and this life
cycle association was recently confirmed by Triantap-
hyllou and Dimiza (2003) from SEM observations of
further combination coccospheres.

Coccolith structure and formation: The structure of
A. robusta coccoliths is in many ways much more com-
plex than that of any other coccoliths described in
detail to date and shows some very interesting dif-
ferences from other coccoliths. The discussion below
proceeds from the outer rim to the distal process, or
hood, because this is the broad direction of coccolith
growth and also the direction of increasing deviation
from normal coccolith structure.

The outer rim structure shows typical heterococco-
lith features. It consists of a limited number of
elements arranged in two cycles, with the same num-
ber of elements in each cycle, and it is formed by a
growth process commencing with crystal nucleation
around a protococcolith ring located on the margin
of the base-plate scale. The TEM observations
indicate that growth of the rim cycles occurs within

an expanding coccolith vesicle and without a precursor
matrix, and there is no evidence of intracrystalline
organics. All of these features are typical of hetero-
coccolith formation, as deduced from studies on spe-
cies such as Pleurochrysis carterae (Braarud et Fagerland)
Christensen and Emiliania huxleyt (Young et al. 1999).
The outer rim structure is also similar to typical
heterococccoliths in that it is formed of two cycles of
intergrown, complex-shaped crystal units. In hetero-
coccoliths of numerous other species, it has been
demonstrated that the two rim cycles have very differ-
ent crystallographic orientations, typically subvertical
and subradial (V/R model of Young etal. 1992).
In A. robusta, we have not been able to determine the
orientation of crystals in the coccolith base due to their
small size, but we predict that the outer rim structure
will not prove atypical.

The other basal cycles (radial cycle, lamellar cycle,
irregular proximal cover laths) appear to be separately
nucleated crystal units and show a distinctive depart-
ure from the standard V/R model of coccolith biomi-
neralization. Three features, however, indicate that
these elements are formed by a modified mode of typ-
ical heterococcolith biomineralization rather than a
total departure from this model: (1) the common or-
igin of the radial cycle with the rim cycles, (2) the one-
to-one correspondence of elements in the radial and
lamellar cycles, and (3) the absence of intracrystalline
organics in all these cycles. In A. robusta, the radial laths
are separate from the rim elements, but inserted be-
tween, as has been described in S. pulchra by Young
et al. (2004).

The sacculiform process of the coccolith shows
much stronger departures from normal heterococco-
lith biomineralization: in particular, (1) structurally, the
hood is formed of numerous discrete, simple crystal
units, each evidently separately nucleated, rather than
cycles of complex crystal units originating from a prot-
ococcolith ring; (2) TEM observations suggest that a
significant intracrystalline organic phase occurs within
the hood elements; and (3) TEM observations of pro-
gressive coccolith growth stages indicate that biomi-
neralization of the hood does not occur by growth
from the base upward, but rather by simultaneous cal-
cification throughout the hood within a precursor or-
ganic matrix. Taken together, these features indicate
that biomineralization of the hood shows very few of
the typical features of heterococcolith biomineraliza-
tion, and thus it is reasonable to infer that it is formed
by a discrete biomineralization mode with significantly
different biochemical regulatory processes and con-
trolling sets of genes.

The hood structure of Algirosphaera has previously
been assumed to be directly homologous to the pro-
cesses of other Rhabdosphaeraceae (Kleijne 1992,
Aubry 1999). However, the spines of Rhabdosphaera
Haeckel —and  Acanthoica  Lohmann  emend.
Schiller emend. Kleijne and the trumpet-shaped pro-
cesses of Discosphaera Haeckel are formed of a single
set of small spirally arranged crystals, without the
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complex internal structure of the Algirosphaera hood.
A direct homology seems unlikely (i.e., it does not
appear reasonable to argue that any one of the three
types of elements present in the Algirosphaera hood
represents a modification of the cycles present in, e.g.,
the Discosphaera trumpet). However, if the inference
that the hood is formed by a novel biomineralization
mode is accepted, then a possible explanation for the
diversity of these structures, and those of the fossil
Rhabdosphaeraceae, becomes available. Arguably,
this mode is more flexible than the normal hetero-
coccolith biomineralization mode, with different sets
of cycles being produced according to morphological
need. On this basis, we can predict that all the diverse
process structures of the Rhabdosphaeraceae are pro-
duced by the same type of biomineralization mode,
characterized by shape determination from an organic
precursor, dispersed nucleation, and involvement
of an organic matrix. Among extant and Cenozoic
coccolithophores, spines and processes formed of
numerous small elements suggesting dispersed nucle-
ation occur only in the Syracosphaeraceae and Rhab-
dosphaeraceae. Hence, this new biomineralization
mode may be confined to these two families,
supporting other evidence for the apparent affinity
of the two families. Among Mesozoic coccolithophores,
this type of structure is observed in many other, ex-
tinct, families (e.g., Podorhabdaceae, Zeugrhabdota-
ceae), where it may prove a useful phylogenetic
character.

In all heterococcolithophores studied to date, the
coccoliths are produced inside the cell within Golgi-
derived vesicles. However, as an increasing number of
species are examined in detail, diversity is becoming
apparent in this process, notably in the manner in
which components for the construction of the coccolith
are transported to the vesicle and in the role of differ-
ent cell components in shaping the forming coccolith.
Morphological and biochemical aspects of coccolith
production have been extensively studied in two mod-
el coccolithophore species, E. huxleyi and P carterae.
The organic base-plate within the coccolith production
compartment in E. huxleyi is positioned closely apposed
to the nuclear membrane and exhibits the same curva-
ture as the nucleus (Klaveness 1972). A reticular body
of anastomizing tubes directly linked to the coccolith
vesicle may be involved in the transfer of precursor
organic and mineral components from the Golgi body
and possibly other vesicles to the coccolith vesicle
(Westbroek et al. 1984). In P. carterae, the vesicle con-
taining the coccolith base-plate scale is transferred to a
more distal region between the nucleus and the plasma
membrane, and numerous Golgi-derived vesicles con-
taining densely staining granules termed “coccolitho-
somes” (Outka and Williams 1971) transport both
calcium ions (van der Wal et al. 1985) and polysac-
charides (van der Wal et al. 1983) to the coccolith ves-
icle. In Umbilicosphaera sibogae var. foliosa, the ER system
together with the nucleus and Golgi body seem to play
roles in determining the shape of the coccolith vesicle

(Inouye and Pienaar 1984). The process of coccolith
production in A. robusta is unusual in that the coccolith
vesicle is located at the periphery of the cell, and the
PER appears to play an important role. The reticular
body of E. huxley: and the distal tubular matrix of
A. robusta have certain morphological characteristics in
common (both are tubular structures of ER origin),
and some degree of analogy in their function seems
likely. The exact function of the PER in haptophytes
has not been elucidated, but as the extensive mem-
brane system of the reticular body in E. huxleyi is be-
lieved to transport calcium ions (and other precursor
elements) into the lumen of the coccolith vesicle, and as
these ions presumably pass through the PER during
the uptake process, direct involvement of a PER-
derived structure in coccolith formation, as observed
in A. robusta, may have functional and energetic
advantages. Coccolith formation was not focused on
in the cytological study of S. pulchra by Inouye and
Pienaar (1988), but examination of their figures
17 and 18 indicate that, as in A. robusta, the coccolith
vesicle is located in close contact with the PER.

Cell ultrastructure: Kawachi and Inouye (1994) de-
fined two types of flagellar root system in the cocco-
lithophores based on the presence or absence of the
secondary crystalline roots associated with R1 and
R2: the Pleurochrysis type characterized by two well-
developed crystalline roots, and the Syracosphaera
type for species lacking CR1 and CR2. Sym and
Kawachi (2000) defined a third intermediary group
for species possessing only one crystalline root. The
flagellar root system of A. robusta is clearly very sim-
ilar to that of S. pulchra, including the absence of
crystalline roots CR1 and CR2. The Syracosphaera
type, now including these two species, is more char-
acteristic of noncoccolithophore haptophytes and
hence may indicate an early divergence during coc-
colithophore evolution for the Rhabdosphaeraceae/
Syracosphaeraceae.

While the similarity in many ultrastructural features
of A. robusta and S. pulchra is indicative of a close
evolutionary relationship between the Rhabdo-
sphaeraceae and the Syracosphaeraceae, ultrastructur-
al differences are observed, notably in the size and
ornamentation of the noncalcified organic body scales.
The body scales of S. pulchra exhibit the typical pattern
(radiating and concentric microfibrils) and are of a
typical size (~2 pm) for coccolithophores (Inouye and
Pienaar 1988). Algirosphaera robusta body scales, in con-
trast, apparently have only a radiating pattern of
microfibrils, possess an accentuated rim and central
structure, and are an order of magnitude smaller
(~0.2um), a size more closely matching that of the
haptonematal scales present in certain haptophyte spe-
cies. There is a lack of cytological information for other
members of the Rhabdosphaeraceae and the Syr-
acosphaeraceae, but it seems that body-scale morph-
ology is a relatively highly variable (i.e., rapidly
evolving) character and hence may prove to be useful
for resolving fine-scale phylogeny.
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CONCLUSION

Successful isolation of A. robusta from a sample from
the deep chl maximum suggests that deep photic spe-
cies may present fewer problems for culture work than
has been suggested. Given the growing recognition of
the importance of deep photic species in oceanic ecol-
ogy, we suggest that a targeted isolation program for
such species would be justified. Culture observations
support the previous inference of Kleijne (1992) that
the commonly recognized species A. oryza, A. robusta,
and A. quadricornu are conspecific, all three morpho-
types occurring in our clonal culture. However,
A. meteora and A. cucullata are recognized as discrete
species. In terms of flagellar root structure, A. robusta
shows stronger affinities with S. pulchra than with any
other cytologically described coccolithophore, support-
ing previous tentative suggestions of affinity between
the Rhabdosphaeraceae and Syracosphaeraceae based
on coccolith structure (presence of a radial lath cycle
and disjunct central processes). Both coccolith morph-
ology and cytological observations of coccolith forma-
tion suggest that the hood of Algirosphaera coccoliths is
formed by a distinctive biomineralization mode in
which calcification occurs through dispersed nuclea-
tion within a precursor organic matrix. The paradig-
matic V/R model of heterococcolith biomineralization
(Young et al. 1992, 1999) has been extremely success-
ful as a tool for interpreting homology in coccolith
structure, but in this case, it is only applicable to the
rim structure. Our new observations show that the
“problematic” central area structures of Algirosphaera
are not formed by a modified version of the V/R bio-
mineralization process, but by a significantly different
process, probably with different biochemical pathways
and certainly with less evolutionarily conserved fea-
tures, and so with less ability to infer homology. Young
et al. (1999) previously showed that heterococcolith V/
R biomineralization and holococcolith biomineraliza-
tion constitute discrete biomineralization modes. Our
new observations complicate this pattern by adding a
third biomineralization mode, present only in a limited
subset of coccolithophores. Algirosphaera robusta is thus
a particularly interesting candidate for biochemical
and genomic studies of biomineralization processes in
comparison with E. huxley.
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