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Abstract. Coccolithophores are a diverse group of calcifying phytoplankton, which are responsible for a large
part of the modern oceanic carbonate production. Here, we describe novel or poorly known coccolithophores
and novel life cycle combination coccospheres detected in samples collected either in the Gulf of Aqaba in the
northern Red Sea or in the Gulf of Naples in the western Mediterranean. These include Syracosphaera win-
teri, for which detached coccoliths have previously been recorded but both a formal description and taxonomic
affiliation were lacking, and five undescribed sets of combination cells linking HET and HOL forms for S. pul-
chra, S. mediterranea, S. azureaplaneta, S. lamina and S. orbicula. We also propose the replacement name S.
kareniae for the fossil species Deutschlandia gaarderae. We describe a new species of the genus Ophiaster,
O. macrospinus, displaying a unique morphological and ecological distribution as well as putative combination
cells of two variants of the deep-dwelling Florisphaera profunda, which provide new insights on the affilia-
tion of this genus within the Calcihaptophycideae. Additionally, in the family Papposphaeraceae we detected a
new species, Pappomonas vexillata, and combination cells of Picarola margalefi and of a species resembling
Papposphaera arctica. Finally, we detected three novel, unpaired holococcolithophore forms (Calyptrosphaera
lluisae, Calicasphaera bipora and one form designated as Holococcolithophore A). Overall, this set of novel ob-
servations and ensuing discussions provide further insights into the diversity, evolution and life cycle complexity
of coccolithophores in the oceans.

1 Introduction

Coccolithophores (class Prymnesiophyceae, subclass Calci-
haptophycidae) are calcifying protists that characteristically
produce an exoskeleton (the coccosphere) made of multi-
ple calcium carbonate scales called coccoliths (Young et al.,
1999). Coccolithophores are a major component of phyto-
plankton communities in the oceans and significant contrib-
utors to marine primary productivity (e.g., Okada and McIn-

tyre, 1979; Poulton et al., 2017). Additionally, due to calci-
fication, coccolithophores influence seawater alkalinity and
act as ballast in faecal pellets of zooplankton and in marine
aggregates, thus enhancing the export of biogenic matter to
the deep ocean and sediments (e.g., Milliman, 1993; Poulton
et al., 2007; Ziveri et al., 2007; Broecker and Clark, 2009).
Long-term deposition of coccoliths in marine sediments has
created a remarkably successive fossil record across both the
Mesozoic and Cenozoic that is widely used in biostratigra-
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phy and paleoceanography (e.g., Bown et al., 2004). Coc-
colithophores also intracellularly produce a high amount of
dimethylsulfoniopropionate (DMSP) that is the precursor of
the volatile gas dimethylsulfide (DMS), which can act as con-
densation nuclei that increase cloud albedo and thus impact
climate (Charlson et al., 1987; Franklin et al., 2010).

A core attribute of coccolithophores is their life cycle.
Most species can appear as either of two morphologically
distinct life stages that have different ploidy levels, one being
haploid and the other diploid (haplodiplontic life cycle). Typ-
ically, diploid cells produce heterococcoliths that are com-
posed of a complex radial array of interlocked calcite crys-
tals. In contrast, in certain core groups of coccolithophores,
the haploid cells produce holococcoliths formed of assem-
blies of euhedral calcite crystallites. These two life cycle
phases with coccoliths are usually denominated as hetero-
coccolithophore (HET) and holococcolithophore (HOL), re-
spectively. In other species, however, the haploid cells pro-
duce “nannoliths” without the features of either hetero- or
holococcoliths, or they lack coccoliths (non-calcified), such
as in the family Noelaerhabdaceae that includes the genera
Emiliania and Gephyrocapsa, which often numerically dom-
inate coccolithophore assemblages (Billard, 1994; Houdan et
al., 2004; Frada et al., 2019). Little is known about the sig-
nificance of life cycle transitions and the mechanisms driv-
ing them. Yet, life cycling may allow coccolithophores to re-
spond and adapt to a broader range of environmental con-
ditions, with each phase performing best in different set-
tings (Houdan et al., 2004; Frada et al., 2019). An impor-
tant source of evidence for the ability of coccolithophores
to undergo life cycle transitions comes from observations
of “combination coccospheres” (e.g., Cros et al., 2000; Tri-
antaphyllou et al., 2016). These forms bearing both hetero-
and holococcoliths are interpreted as cells undergoing transi-
tions between haploid and diploid phases and have therefore
enabled the linking of morphologically distinct life phases,
thus advancing our understanding of coccolithophore biol-
ogy, ecology and evolution. Noticeably, in several species
the heterococcolithophore life stage can be associated with
multiple distinguishable holococcolithophore morphotypes.
This has been interpreted either as evidence for intraspecific
variation or cryptic speciation only perceptible in the holo-
coccolithophore life phase (Geisen et al., 2002).

We have recently undertaken an intensive study of coc-
colithophores in the Gulf of Aqaba, in the northeastern end
of the Red Sea, to determine their local diversity, ecology
and seasonal succession. During that study we encountered
several undescribed morphotypes and also combination coc-
cospheres, allowing us to infer novel life cycle associations.
These taxonomic observations from the Gulf of Aqaba are
supplemented by observations from a second seasonal study
of coccolithophores in the Gulf of Naples in the western
Mediterranean and from archived images.

Study sites

The Gulf of Aqaba (GoA) is a deep terminal basin connected
at its southern end to the northern Red Sea. Over spring–
summer the water column is warm (up to ∼ 28 ◦C), markedly
stratified and nutrient-limited (considered co-limited for ni-
trogen and phosphorus; Mackey et al., 2009). Cyanobacte-
ria largely dominate such conditions. However, surface cool-
ing during winter and the presence of a weak temperature
gradient across the water column (deepwater temperature is
ca. 20.6 ◦C) drive a unique deep vertical mixing. Mixing en-
trains nutrients to the photic layer, enabling a progressive in-
crement in spring phytoplankton biomass, with blooms of a
magnitude that is unusual for subtropical, oligotrophic seas
(e.g., Genin et al., 1995; Lindell and Post, 1995; Zarubin et
al., 2017).

The Gulf of Naples (GoN) is a temperate coastal embay-
ment adjacent to the city of Naples (Italy) that is influenced
both by offshore oligotrophic waters of the Tyrrhenian Sea
(western Mediterranean Sea) and eutrophic coastal waters
enriched by land runoff (Carrada et al., 1980; Ribera d’Alcalà
et al., 2004). The location and width of the boundary between
offshore oligotrophic and coastal eutrophic waters are highly
dynamic and variable over seasons, entailing exchanges be-
tween the two water masses (Cianelli et al., 2017). Typically,
the annual cycle is driven by temperature. From December
to March the water column is thoroughly mixed and tem-
peratures can be as low as 13.2 ◦C. From mid-March a tem-
perature increase (up to 28.9 ◦C in late July) drives the wa-
ter column towards stratification. The nutrient decrease over
late spring–summer is interrupted by an influx of nutrients
through municipal runoff (Ribera d’Alcalà et al., 2004). In
surface waters, phytoplankton biomass, typically dominated
by diatoms and phytoflagellates most of the year, may in-
crease from late winter and generally reaches a maximum in
late spring, with frequent additional peaks over the summer
and a less conspicuous autumn bloom (Zingone et al., 2010,
2019).

2 Materials and methods

Seawater samples from the GoA were collected using
Niskin bottles through the photic layer (0–140 m) between
March 2017 and December 2018 at Station A (29.467◦ N,
34.929◦ E), an offshore 750 m deep station regularly mon-
itored for oceanographic parameters by the Interuniversity
Institute for Marine Sciences in Eilat (IUI) (see Zarubin
et al., 2017). Samples from the GoN were collected with
Niskin bottles through the water column (0–60 m) between
June 2016 and July 2017 in the framework of the Long-
Term Ecological Research program conducted at the site
MareChiara (LTER-MC; 40.816◦ N, 14.25◦ E) (see Zingone
et al., 2019). Details of the samples used in this study can
be found in Table S1 in the Supplement. Observations were
also made on samples collected during onshore incubations
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of seawater from the GoA. For the latter, seawater from Sta-
tion A (20 m, in summer) or surface water collected near the
shore (November) was gently transferred into 10 L transpar-
ent containers and kept for 2–5 d at in situ temperature and
light, without or with the addition of nutrients (1.5 µM nitrate
and 0.1 µM phosphate).

Following pre-screening through a 200 µm mesh to re-
move larger organisms, all samples were filtered onto cellu-
lose nitrate membranes (Whatman; 0.8 µm pore size, 47 mm
diameter), rinsed with NaOH-buffered water (pH 8.5) to
remove sea salt and dried. Representative filter portions
were mounted on aluminum stubs, sputter-coated with gold–
palladium (∼ 20 nm) and quantitatively screened for coccol-
ithophores using a scanning electron microscope (SEM; Phe-
nom Pro benchtop and JEOL 6700) as described in Keuter
et al. (2019). Abundances of species were calculated as
C × (F/A)/V , where C is the total number of coccospheres
counted, F is the total filter area (mm2), A is the area in-
vestigated (mm2, sum of fields of view inspected) and V is
the volume filtered (mL). Cell count data are available in Ta-
ble S1. High-resolution imaging of selected coccolithophore
specimens was performed on a Magellan 400L SEM. In addi-
tion, images from our research collections spanning a range
of previous studies were used where relevant; details of these
are given in the figure captions. For visualization of chloro-
plasts in cells, freshly filtered material was inspected on a
Nikon Eclipse Ti–S fluorescence microscope with 488 nm
excitation and 630 nm emission wavelengths.

Morphological descriptions followed the terminology of
Young et al. (1997), with some modifications suggested by
Kleijne and Cros (2009) for Syracosphaeraceae and An-
druleit and Young (2010) for Papposphaeraceae. Taxonomi-
cal revisions followed the principle of priority as determined
by the International Code of Nomenclature for algae, fungi
and plants (Turland et al., 2018). When two life cycle phases
had been described as separate species, they were treated as
synonyms using the name having priority and, where neces-
sary, adding the informal qualifier HET or HOL to indicate
the life cycle stage, as discussed by Thomsen et al. (1991),
Cros et al. (2000) and Young et al. (2003). In complex cases,
e.g., in which two or more holococcolith morphotypes are
consistently associated with a single heterococcolith phase,
then an additional informal descriptor is added – e.g., Syra-
cosphaera pulchra HOL oblonga type.

The type material of the species described in this study
is deposited in the herbarium of the Hebrew University of
Jerusalem (HUJ).

3 Results and discussion

3.1 Novelties in the genus Syracosphaera

Syracosphaera winteri, Keuter, Koplovitz, Zingone,
Young and Frada, sp. nov.

Figs. 1 and 2

Syracosphaera sp. A Winter et al. 1979 pl. IV fig. 9
?Syracosphaera histrica Agbali 2014 pl. 7 fig. 7 (the question
mark was used by Agbali, 2014, who tentatively identified
this specimen of S. winteri as S. histrica)
Syracosphaera sp. Jordan 1988 pl. 9a–b, pl. 10a

Syracosphaera sp. imaged on the EMIDAS website (http://
www.emidas.org, last access: 22 July 2021) – seven images
showing three collapsed coccospheres.

Diagnosis

Coccosphere dithecate, ca. 20 µm diameter, with varimorphic
body coccoliths, spine-bearing circum-flagellar coccoliths
(CFCs) and an exotheca of coccoliths in the shape of trun-
cated elliptical cones. The exothecal coccoliths are formed
of an elliptical imbricate rim, a conical lath cycle of long,
delicate elements and a solid central disk. The endothecal
coccoliths are both elliptical muroliths with narrow flaring
wall and single basal flange. The body coccoliths (BCs) vary
from smaller (ca. 2.5 µm) spineless coccoliths away from the
flagellar pole to larger coccoliths (ca. 3.5 µm) with moder-
ate spines (up to 1.5 µm). The CFCs are similar to the largest
body coccoliths but have longer spines (up to 4.5 µm) with
more complex construction.

Material observed

We examined a total of 9 partial coccospheres together with
10 additional isolated exothecal coccoliths (XCs) (Figs. 1
and 2). Other specimens have been imaged to our knowledge
(notably by Alexandra Zeltner from the University of Tübin-
gen, from the Indian Ocean), but these images are currently
unavailable.

Holotype

A specimen (Fig. 1b) collected from Station A, GoA, on
17 August 2017 at a depth of 80 m and deposited in the
herbarium of the Hebrew University, Jerusalem, with the ref-
erence number HUJAL/805000.

Etymology

The name winteri is in honor of Prof. Amos Winter, who first
published an image of this species (Winter et al., 1979) and
who has been a stimulating colleague over many years.

Coccospheres

The observed coccospheres are all collapsed and probably in-
complete (Fig. 1a–c). The scatters are ca. 20–30 µm across,
and an intact coccosphere would probably be about 20 µm
across and either equant or slightly elongated. The exothecal
coccoliths form a complete cover and are arranged opening
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Figure 1. (a–c) Complete coccospheres of Syracosphaera winteri sp.nov., displaying endothecal coccoliths and basket-like exothecal coc-
coliths. The endothecal coccoliths are muroliths, which appear with or without central processes perpendicular to the coccolith plane (a:
GoA, 13 September 2017, 80 m; b and c: GoA, 17 August 2017, 80 m). (d) Series of free basket-like-shaped exothecal coccoliths of S. win-
teri (Tsagaraki, NE Atlantic, 50 m); (e) for comparative purposes, coccosphere of Syracosphaera noroitica displaying endothecal coccoliths
similar to those of S. winteri (Mater II Stn 69/11, October 1999, 50 m). Scale bars: 3 µm. Panel (d) is courtesy of Tatiana Tsagaraki, Bergen
University.

outwards; in this orientation their conical shape would al-
low them to fit together neatly. The endotheca is formed of
muroliths which vary in both size and spine development. A
few large (ca. 3.5 µm) circum-flagellar coccoliths with long
(3.5–4.5 µm) spines appear to occur at the flagellar pole.
They are surrounded by similar-sized body coccoliths with
shorter spines, whilst smaller body coccoliths without spines
occur towards the antapical pole of the cell. The variation in
coccolith size and spine development in the body coccoliths
is gradational.

Body coccoliths

These are elliptical muroliths, 2.5–3.5 µm long. The wall is
relatively high (0.6–0.8 µm), narrow and flaring (Fig. 2a),
with a smooth distal margin and a prominent proximal flange.
It is formed of a single cycle of subvertical elements which
show minimal overlap or interlocking. The central area is
floored by a delicate radial lath cycle, with or without a spine
but with no other axial structure. Each lath is formed of two
subparts with a slight offset between them, giving the laths a
weak laevogyral curvature. The laths extend a short distance

up the inner side of the wall. Spines when present range in
height from 0.5 to 2.1 µm. They are parallel-sided and appear
to be formed of six to eight rod-like elements, resulting in a
star-shaped cross section. The apex of the spine is bluntly
truncated and has a central opening.

Circum-flagellar coccoliths

Similar to the body coccoliths but with long spines (3.3–
4.6 µm). These spines have pointed tips, without a cen-
tral opening, and are formed of numerous short elements
(Fig. 2c).

Exothecal coccoliths

These are a uniquely distinctive feature of the species. They
are basket-like in appearance; in plan view they are ellipti-
cal (3.5–5.5 µm long) and in side view cone-shaped (3–4 µm
high) with an open outer end and a flat truncated solid base.
The rim of the coccolith is a rather robust structure ca. 1 µm
high × 0.2 µm wide. The lower part of the rim flares slightly,
and the upper part tapers inward to form a lip around the top
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Figure 2. Details of coccoliths of Syracosphaera winteri. (a) Endothecal body coccoliths with short central processes and circum-flagellar
coccoliths with longer ones extending perpendicular to the coccolith plane (GoA, 17 August 2017, 80 m). (b) Distal view of exothecal
coccoliths showing the central area and arrangement of laths (Mater II Stn 69/11, October 1999, 42.5 m). (c) A circum-flagellar coccolith
appears inside an exothecal coccolith, likely an artifact of sampling (AMT18 CTD089, 2 November 2008, 72 m). (d) Slightly etched external
coccolith specimen showing clockwise and anticlockwise imbrications of the rim (AMT14 CTD26, 8 May 2004, 120 m). Scale bars: 1 µm.

of the coccolith. In the flaring part of the rim the elements
show anticlockwise imbrication; in the upper tapering part
they show clockwise imbrication and strong dextral obliq-
uity. A row of nodes occurs around the base of the rim. A
slightly etched specimen (Fig. 2d) suggests that the rim is
formed of two cycles of elements, but more observations are
needed to determine the full structure.

The main part of the coccolith is formed of radial laths,
which are elongate (up to 2 µm) but narrow (< 0.1 µm). There
is one lath for each rim element and they meet the rim adja-
cent to the nodes; on the inner surface they extend up the rim
for 0.1–0.2 µm. At the rim the laths are well separated and a
few of them run directly to the central plate. More commonly
adjacent laths curve together to meet about half way down
from the rim, then continue as composite structures formed
of two to five laths. Toward the base of the coccolith the laths
are deflected inward toward the central plate but still appear
to consist of the same crystal units.

The central plate is typically a solid, flat, elliptical struc-
ture ca. 2×1.5 µm (Figs. 1d, 2b). It is formed of radiating el-
ements without obvious chirality or imbrication, and each ra-
diating element originates from a single element of the main

lath cycle. In other specimens (Fig. 1d), the central plate is
less complete and the continuity of the elements with the lath
cycle is more obvious, which is similar to the structure of the
central area in S. pulchra exothecal coccoliths (Young et al.,
2004).

Distribution

Specimens observed come from the Red Sea, the Mediter-
ranean, the North and South Atlantic Gulf of Mexico, and
the Pacific and from 37◦ N (in the western Mediterranean)
to 32◦ S (in the South Atlantic), suggesting that, despite its
rarity, the species has a global distribution at subtropical
and tropical latitudes. All specimens were collected from
broadly oligotrophic sites with water depths varying from
12 to 170 m. Mostly the coccospheres were collected from
the surface mixed layer, whilst isolated exothecal coccoliths
were also observed from deeper water, and the coccosphere
specimen of Winter et al. (1979) was collected from 150 m.
Water temperatures for the samples varied between 17 ◦C and
24.5 ◦C.
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Affinities

Only one other Syracosphaera species, S. rotula, forms con-
ical exothecal coccoliths, but these are very different in both
overall form and detailed structure, while the body coccoliths
considerably vary between the two species. A closer compar-
ison appears to be possible with S. noroitica, which has ob-
viously similar body coccoliths but very different exothecal
coccoliths. Syracosphaera noroitica is one of a set of rather
rare Syracosphaera species characterized by a varimorphic
endotheca formed of muroliths with a single proximal flange
and by exothecal muroliths typically only weakly differen-
tiated from the body coccoliths. Other species included in
the S. noroitica group are S. castellata and S. florida, which
are differentiated for wall height and spine form (Kleijne
and Cros, 2009; Nannotax website). A good specimen of S.
noroitica is shown in Fig. 1e. As noted above, the body coc-
coliths are almost identical to those of S. winteri even in mi-
nor details, such as the laths being formed of two subparts ex-
tending up the inner wall. The exothecal coccoliths are sim-
ple muroliths, with rims similar to those of S. winteri XCs,
including showing anticlockwise imbrication of the wall ele-
ments and a basal ring of nodes. Differently from S. winteri
XCs, the lath cycle is a flat structure, but it only needs to be
grown downward from the rim to develop a similar form.

Syracosphaera kareniae Perch-Nielsen 1980 ex Young,
nom. nov. et comb. nov.

Fig. 3

Perch-Nielsen (1980) described the species Deutschlandia
gaarderae based on isolated coccoliths from the mid-
Pliocene. She placed the species in Deutschlandia on the
grounds that the observed coccoliths were very similar to
the exothecal coccoliths of D. anthos. She regarded it as
a discrete species since the Pliocene coccoliths were larger
than those of the modern species (6–7 µm vs. 3.5–5 µm)
and had a taller central cone (height 1.5–2 × width vs.
height < 0.5× width). Whereas this separation still appears
justified, Deutschlandia is now regarded as a junior syn-
onym of Syracosphaera, so D. gaarderae should be recom-
bined into Syracosphaera. A further complication is that
the name Syracosphaera gaarderae is preoccupied by the
species Syracosphaera gaarderae (Borsetti and Cati, 1976)
Keuter, Young & Frada 2019. So, both a new combination
and a substitute name are needed for this taxon. We propose
the name Syracosphaera kareniae (Perch-Nielsen).

Replaced basionym

Deutschlandia gaarderae Perch-Nielsen (Eclogae Geologae
Helvetiae, 73: 1980, pp. 1–2, pl. 1 figs. 1–10, 16).

Figure 3. Fossil exothecal coccolith of Syracosphaera kareniae,
ODP 1000A-16H-1, 55 cm. Scale bar: 1 µm.

Etymology

The name kareniae is based on the first name of Karen Ring-
dal Gaarder, the distinguished phycologist who was honored
in the choice of the original name.

3.2 New combination coccospheres involving species of
the genus Syracosphaera

Syracosphaera pulchra Lohmann 1902 HOL galea type

Figs. 4 and 5

Calyptrosphaera galea Norris 1985 fig. 27
Calyptrosphaera oblonga Lohmann 1902 – Winter et al.
1979 pl. 4 fig. 11
Calyptrosphaera dentata Kleijne 1991 – Yang et al. 2001
plate1 figs. 2–3

The species Syracosphaera pulchra was described based
on its heterococcolith-producing stage and is a common,
widespread and well-known coccolithophore. It has since
been shown to have an alternate life cycle stage which pro-
duces holococcoliths, but with the complication that coc-
cospheres with two different holococcolith types can oc-
cur. Previously known as separate species, Calyptrosphaera
oblonga and Calyptrosphaera pirus (Daktylethra pirus) are
now identified as Syracosphaera pulchra HOL oblonga type
and Syracosphaera pulchra HOL pirus type. Yet, it has
not been clarified if these represent separate species that
only show morphological differentiation in the holococcol-
ith phase or if they are intraspecific variants (see discussion
in Geisen et al., 2002).
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Figure 4. (a–c) Life cycle combination cells of Syracosphaera pulchra in the GoA with the holococcoliths of the galea type (a: 11 July 2017,
40 m; b: 18 June 2018, 20 m; c: 18 October 2017, 10 m). (d) Complete holococcolithophore cell of S. pulchra HOL galea type (28 May 2017,
20 m). Circum-flagellar coccoliths bearing pyramidal bosses can be detected in the upper side of the cell. Scale bars: 5 µm.

In the GoA we observed 10 combination coccospheres of
S. pulchra heterococcoliths and holococcoliths, with the lat-
ter being different from both the pirus and oblonga holo-
coccolith types (Figs. 4, 5a, b). These combination cells ap-
peared in the upper photic layers during the spring–summer
when the water column is stratified. Over the same period,
we also found complete coccospheres with these holococ-
coliths (Figs. 4d, 6a). These holococcoliths are similar to the
oblonga type in having hexagonal meshwork crystallite ar-
rangement and lacking large perforations, but they show a
sharp separation of the tube and distal cover like in the pirus
type. As in the pirus and oblonga types, the CFCs are differ-
entiated by bearing a pyramidal boss. Thus, these holococ-
coliths appear to be intermediate between the oblonga and
pirus types (Fig. 5). Examination of the literature and archive
images revealed several more specimens of this holococcol-
ith morphotype, described as Calyptrosphaera galea (Lecal-
Schlauder 1951) Norris 1985. The specimens illustrated by
Norris (1985) show a finely perforate band about three crys-
tallites high at the top of the tube, which is lacking on the

specimens of our combination coccospheres (Fig. 5c). How-
ever, similar variation is shown by pirus-type holococcoliths
(Fig. 5e, f), and the presence or absence of this feature is
not entirely consistent on single coccospheres. So, we do not
consider it useful to discriminate the holococcoliths in the
specimens from the GoA from the galea-type holococcoliths.

Systematics

C. galea holococcoliths are intermediate in form between
those of S. pulchra HOL pirus type and S. pulchra HOL
oblonga type, and they occur on combination coccospheres
with S. pulchra heterococcoliths. Hence, they should not
be regarded as a separate species but a third holococcolith
morphotype of S. pulchra. Thus, the species name Calytro-
sphaera galea is a junior synonym of S. pulchra, but the
holococcolith morphology can be informally designated as
S. pulchra HOL galea type.
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Figure 5. Close-ups of the four holococcolith types associated with Syracosphaera pulchra. (a–c) Galea-type variants (a, b) found in the
GoA (17 August 2017, 40 m) have a single-crystallite band separating the upper dome from the side walls, whereas (c) the typical galea
variant shows a more pronounced band formed of three crystallites (AMT18 CTD089, 2 November 2008, 0 m). (d) Oblonga type without
a clear separation between the tube and cover (M38/1 Stn13, 29 January 1997, 5 m). (e) Pirus type without and (f) with a band about three
crystallites high at the top of the tube (HOTS169 Stn2, June 2004, 80 m, and MATER II Stn69/12, October 1999, 35 m). Scale bars: 1 µm.

Discussion

These observations increase the range of holococcolith mor-
photypes formed by S. pulchra but diminish the separation
between them. This is arguably evidence for the differenti-
ation being intraspecific rather than interspecific, yet confir-
mation of this is still lacking.

Syracosphaera mediterranea Lohmann 1902
HOL marisrubri type

Fig. 7

The heterococcolithophore S. mediterranea (Coro-
nosphaera mediterranea) is commonly found in temperate
to tropical waters. Three distinct alternate life cycle
stages bearing holococcoliths have been recognized; S.
mediterranea HOL wettsteinii type, S. mediterranea HOL
gracillima type and S. mediterranea HOL hellenica type.
These were each previously regarded as a discrete species
(Calyptrolithina wettsteinii, Calyptrolithophora gracillima
and Zygosphaera hellenica), but the associations have each
been verified by multiple observations of combination
coccospheres (Cortés and Bollmann, 2002; Cros et al., 2000;
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Figure 6. Distribution of coccolithophores in the GoA between March 2017 and December 2018. (a, b) Syracosphaera pulchra HET and
Syracosphaera pulchra HOL galea type. (c–e) Syracosphaera mediterranea HET and three alternative types of HOL cells: marisrubri, gracil-
lima and hellenica. (f) HOL phase of Calcidiscus leptoporus subsp. quadriperforatus. The asterisks denote samples in which combination
coccospheres were found (each bubble in the plots represents one sample, and the diameter of each bubble depends on the cell density
according to the respective legend on the upper right side). Raw cell count data are available in Table S1.

McGrane, 2007; Geisen et al., 2002; Karatsolis et al., 2014;
Triantaphyllou et al., 2016). All three holococcolithophores
have similarly shaped BCs, which are elliptical with well-
formed tubes, a flat distal cover and central boss, but they
differ in the arrangement of the crystallites in the distal cover
and in the number of larger perforations. Likewise, in all
three cases the CFCs have an elevated transverse bridge. As
in the case of Syracosphaera pulchra it is unclear whether
the three morphotypes represent separate species that only
show morphological differentiation in the holococcolith
phase (cryptic speciation) or if they are intraspecific variants
(Geisen et al., 2002).

In samples from the GoA, we observed three unambiguous
combination coccospheres of S. mediterranea heterococcol-

iths with holococcoliths of a fourth type that is very different
to the wettsteinii, gracillima and hellenica types (Fig. 7a–c).
Complete coccospheres of the fourth holococcolith-bearing
type were also detected (Fig. 7d, e). The coccospheres are
spheres of 13 to 18 µm length. The holococcoliths of this
variant are about 2 to 2.6 µm long, consisting of an open tube
with an indented wall open distally and subdivided by ver-
tical septae. These septae define 6 to 10 pores, frequently
including one or two central pores. The septae are higher in
the center of the coccolith, giving the distal surface a domal
shape, but there is no central boss. Possible CFCs were de-
tected in a single complete coccosphere, with a more elevated
central area than the other coccoliths (Fig. 7e, f).
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Figure 7. (a–c) Combination cells of Syracosphaera mediterranea with marisrubri-type HOL coccoliths (GoA, 29 October 2017, 40
and 60 m). (d, e) HOL marisrubri-type coccospheres (GoA, 13 December 2018, 100 m, and 7 January 2021, 2 m). (f) Coccoliths with
5–10 perforations showing irregular walls and a domal shape. Coccoliths at apical pole (circum-flagellar coccoliths) have higher walls (GoA,
18 March 2018, 29 m). (g) Coccosphere and (h) coccoliths of C. leptoporus HOL with four to six perforations and a higher and evenly high
tube wall (GoA, 17 August 2017, 40 m). (i) Polarized light microscopy image of S. mediterranea HOL marisrubri (GoA, 16 December 2020,
2 m). Scale bars: 5 µm, (f, h) 1 µm.

We informally refer to the newly described variant as S.
mediterranea HOL marisrubri (mare: sea, rubrum: red) type
in reference to the Red Sea where samples were collected. In
addition to the specimens from this study we have found two
other examples from the Gulf of Mexico: one illustrated by
Agbali (2014, pl. 5, fig. 14) labeled as unknown and the other
by Young et al. (2003, pl. 47, figs. 7–8) labeled as Syracol-

ithus schilleri. In both cases those coccospheres appear to be
monomorphic.
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Discussion

Young et al. (2003) recognized a distinctive subset of holo-
coccolithophores with coccospheres that are monomorphic
and coccoliths that are open tubes with internal septae (walls)
extending down to the proximal surface. The tube wall shows
hexagonal fabric, and the crystallites have radial c axes
(birefringent in plan view in light microscopy). The fabric
of the septae is not obviously different, but they are non-
birefringent in plan view in LM (Fig. 7i), so the calcite crys-
tallites must have vertical c axes.

Although this group is distinctive in both SEM and LM,
members of it have been shown to be formed by two very dif-
ferent and only distantly related species; Geisen et al. (2002)
showed that Syracolithus quadriperforatus was the holococ-
colith stage of a large form of Calcidiscus leptoporus, and
subsequently Frada et al. (2009) showed that Syracolithus
schilleri was the holococcolith stage of Scyphosphaera ap-
steinii. Calcidiscus and Scyphosphaera respectively belong
to the Calcidiscaeae and Pontosphaeraceae, and separation of
these groups is well supported by paleontological, morpho-
logical and molecular genetic data, with an earliest common
ancestor at least 65 million years ago (Medlin et al., 2008).

The Syracosphaera mediterranea HOL marisrubri type
belongs to this group and could easily be confused with ei-
ther Calcidiscus leptoporus subsp. quadriperforatus HOL
or Scyphosphaera apsteinii HOL. Holococcoliths of the
marisrubri type can be separated from those of Calcidiscus
quadriperforatus HOL by having more perforations (5–10
vs. 4–6), a more domal distal surface, and a lower and ir-
regular wall (Fig. 7g). They can be separated from those of
Scyphosphaera apsteinii HOL by being smaller (2–3 µm vs.
3–4 µm) with fewer pores (5–10 vs. 8–20), having a more
domal distal surface and lacking a central boss.

Our demonstration that Syracosphaera mediterranea can
produce marisrubri-type holococcoliths is very surprising in
two respects. First, it indicates that the septate tube type of
holococcolith has evolved independently in three separate
lineages of coccolithophores. Secondly, whilst S. mediter-
ranea had already been shown to form three different holo-
coccolith morphotypes, these were all rather similar. The
marisrubri HOL adds a fourth and, at least superficially, very
different morphotype. Both results suggest that holococcol-
ith morphology may be more plastic and even less reliable
for large-scale taxonomy than had been thought previously.

Distribution and ecology

During our seasonal survey in the GoA, we observed for
Syracosphaera mediterranea both the heterococcolithophore
phase, S. mediterranea HET, and two common holococcol-
ithophore types, S. mediterranea HOL marisrubri and S.
mediterranea HOL gracillima, as well as rare cells of S.
mediterranea HOL hellenica (Fig. 6d). However, while both
gracillima and hellenica HOL appeared in relatively shal-

low water layers during the stratified period together with the
heterococcolithophore life cycle phase, the novel marisrubri
type was predominantly detected during the colder winter
mixing period. This indicates that marisrubri HOL is eco-
logically distinct from the other holococcolithophore vari-
ants, while its distribution pattern is opposite to the typical
life cycle pattern in coccolithophores, in which heterococcol-
ithophores tend to inhabit higher-nutrient, turbulent settings
and holococcolithophores stable oligotrophic settings (e.g.,
Cros and Estrada, 2013; de Vries et al., 2021). The ecolog-
ical peculiarity of the marisrubri type may indicate a case
of cryptic speciation in S. mediterranea, whereby the differ-
ence between the two taxa would be apparent in the mor-
phology of the holococcolith phase but cryptic in the hetero-
coccolith phase. Combination cells of S. mediterranea HET–
S. mediterranea HOL marisrubri type were detected at the
onset of the mixing period in October, which suggests that
the life cycle transition is triggered in response to changing
temperature and/or nutrient regime during seasonal turnover
in the GoA (Fig. 6d). Finally, we note that the holococcol-
ithophore phase of Calcidiscus leptoporus subsp. quadriper-
foratus that may be confused with the marisrubri HOL was
also solely detected during the stratified period in the surface
mixed layer, which further supports a separation between the
two phenotypes (Fig. 6d).

Syracosphaera lamina with Poricalyptra aurisinae

Fig. 8a

We have observed a single coccosphere of this combina-
tion in a sample from the GoN collected on 5 July 2016 at
60 m. The coccosphere is largely intact and well imaged, and
both phases can be identified unambiguously. The holococ-
coliths are those of Poricalyptra aurisinae (Kamptner, 1941)
Kleijne (1991) and consist of four circum-flagellar coccoliths
and about 40 body coccoliths, most of which show the typ-
ical four transverse openings on the distal surface. A few of
the body coccoliths show fewer regular openings, but similar
body coccoliths do occasionally occur on P. aurisinae cocco-
spheres as well. The heterococcolith is Syracosphaera lam-
ina (Lecal-Schlauder, 1951), with about 14 body coccoliths
visible and one likely exothecal coccolith (Fig. 8a, bottom
right).

Discussion

Although we only have one specimen, it is a well-conserved
combination coccosphere unlikely to have formed acciden-
tally. Moreover, another Poricalyptra species, P. gaarderae,
was recently shown by us (Keuter et al., 2019) to form com-
bination coccospheres with Alveosphaera bimurata. Based
on the structure of the body coccoliths and exothecal coccol-
iths we argued that it was closely related to S. lamina and
reclassified it as Syracosphaera gaarderae. Poricalyptra is a
rather distinct and well-separated genus, so we predict that
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the other two species (P. magnaghii and P. isselii) currently
in the genus will prove to be the holococcolith stages of other
Syracosphaera species, probably the ones with heterococcol-
iths similar to those of S. lamina (e.g., S. tumularis, S. rhom-
bica).

Systematics

Poricalyptra aurisinae has priority over S. lamina, but Syra-
cosphaera has priority over Poricalyptra. Hence, the name
of the species should be Syracosphaera aurisinae, which we
propose as a new taxonomic combination. Since P. aurisi-
nae was the type species of Poricalyptra, Poricalyptra be-
comes a junior synonym of Syracosphaera. This nomencla-
ture change leaves the other two species, P. magnaghii and
P. isselii, as orphan taxa. Both species were originally de-
scribed in Helladosphaera, so it would be appropriate to use
the combinations Helladosphaera magnaghii Borsetti & Cati
1976 and H. isselii Borsetti & Cati 1976 until their heterococ-
colith phase is established.

New combination

Syracosphaera aurisinae Keuter, Koplovitz, Zingone, Young
and Frada, nov. comb.

Basionym

Helladosphaera aurisinae Kamptner 1941 (p. 91, figs. 121–
124)

Syracosphaera azureaplaneta with Corisphaera sp.

Fig. 8b

We observed a single likely combination coccosphere of
Syracosphaera azureaplaneta Young, Bown, Cros, Hagino &
Jordan heterococcoliths with a bridged holococcolith, which
was collected in the GoN from surface water in March 2017
(Fig. 8b). The S. azureaplaneta coccoliths include both body
and exothecal coccoliths and are unambiguously identifiable.
The holococcoliths, however, are poorly formed and imper-
fectly imaged. They are clearly bridged holococcoliths seem-
ingly belonging to Corisphaera, but this is a notoriously dif-
ficult set of species to identify and no reliable species iden-
tification is possible. However, it is interesting to note that
similar bridged holococcoliths are known to be produced by
Syracosphaera arethusae, which also has body coccoliths
similar to those of S. azureaplaneta, the two species being
classified together in the Syracosphaera pulchra group and
dilatata type (Young et al., 2018). In this case there may be
consistency of holococcolith forms between closely related
species.

Syracosphaera orbiculus with Corisphaera sp.

Fig. 8c

Also, in this case our observations are based on a sin-
gle likely combination coccosphere collected in the GoN in
March 2017 at a depth of 20 m. The heterococcoliths are four
body coccoliths, and the identification as S. orbiculus can-
not be confirmed but is very likely. The holococcoliths are
bridged and the bridge is extended into a leaf in at least some
specimens. Cros et al. (2000, pl. VIII fig. 6) illustrated a very
similar combination coccosphere with a holococcolith they
tentatively assigned to an informally described morphotype,
Corisphaera sp. B. Given the similarities of our likely com-
bination coccosphere and that of Cros et al. (2000) the as-
sociation can now be considered established. Since the holo-
coccolith stage was not formally described no change in ter-
minology is needed.

3.3 Novel species from the genus Ophiaster

The genus Ophiaster Gran 1912 emend. Manton and Oates
1983 (family Syracosphaeraceae) is characterized by “arm-
like” appendages formed of strings of specialized asym-
metric coccoliths (osteoliths) linked together by spoon- and
tongue-like ends (Young et al., 2009). These appendages ex-
tend from the antapical end of the coccosphere but can also
appear wrapped around the cell. The body coccoliths are
small muroliths; the rim is narrow with a weak proximal
flange, and the central area is floored by a radial lath cycle
or vacant (O. minimus). The circum-flagellar coccoliths are
similar to the body coccoliths but have spines. Body coccol-
ith morphology places Ophiaster in the Syracosphaeraceae,
yet both molecular data and life cycle information are miss-
ing.

Four Ophiaster species are currently recognized: O. for-
mosus, O. hydroideus, O. minimus and O. reductus. Of these
O. reductus and O. minimus are distinctive but rare. The vast
majority of specimens are classified as O. hydroideus or O.
formosus. These latter species have similar body coccoliths
and can be separated on the basis of the shape of the oste-
oliths, which are typically more elongate in O. hydroideus.
Yet, both species show significant variation and clear separa-
tion can be difficult. In GoA samples we frequently observed
O. formosus and a novel distinctive morphotype that we de-
scribe here as a new species.

Ophiaster macrospinus Keuter, Koplovitz, Zingone,
Young and Frada, sp. nov.

Fig. 9a–e

Diagnosis

An Ophiaster species with a dimorphic spherical cocco-
sphere with weakly calcified elliptical body coccoliths. The
circum-flagellar coccoliths display a distinct robust spine (ca.
2 µm) at the center. The radial, antapical appendages are
composed of strings of coccoliths (> 1.2 µm width). These
are osteoliths of rounded rectangle shape.
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Figure 8. New combination coccospheres in the genus Syracosphaera. (a) Below are body coccoliths of S. lamina (and one exothecal
coccolith in the bottom right), and above are Poricalyptra aurisinae body coccoliths with the typical four transverse openings and circum-
flagellar coccoliths (GoN, 12 August 2016, 60 m). (b) S. azureaplaneta and Corisphaera sp. (GoN, 9 March 2017, 1 m). (c) S. orbiculus with
Corisphaera sp. (GoN, 28 March 2017, 20 m). Scale bars: 2 µm.

Material observed

Specimens including complete coccospheres were found in
samples from Station A in the GoA from August to Novem-
ber in deeper layers (see Fig. 11a).

Holotype

A specimen collected at Station A in the GoA on 11 Septem-
ber 2017 at a depth of 120 m (Fig. 9a) and deposited in the
herbarium of the Hebrew University, Jerusalem, with the ref-
erence number HUJAL/805001.

Etymology

The name macrospinus refers to the prominent spines on the
circum-flagellar coccoliths.

Coccosphere and body coccoliths

The observed coccospheres are all collapsed, and their diam-
eters range between 4.5 and 7 µm. Individual body coccoliths
are elliptical weakly calcified muroliths with a narrow rim,
and the central area is floored by a radial lath cycle, similar
but on average slightly smaller (length 1.2±0.1 µm, average
area: 2.9±0.4 µm2) than Ophiaster formosus in our samples
(length 1.35±0.1 µm, average area: 3.8±0.7 µm2) (Figs. 9f,
10a).

Circum-flagellar coccoliths

These are muroliths of the same type as the body coccoliths,
but with a spine and taller rim wall (Fig. 9b, c, e). Circum-
flagellar coccoliths appear in groups of five or six at the api-
cal pole of all cells observed. A distinct, robust pyramidal
spine ca. 2 µm high emerges from the center of the muroliths,

which contrasts with O. formosus that has smaller, more del-
icate spines in the circum-flagellar coccoliths.

Osteoliths

These are very wide coccoliths (1.6±0.1 µm) that are nearly
rectangular with rounded edges. This feature clearly differen-
tiates this morphotype from O. formosus, which has narrower
osteoliths (0.9 ± 0.2 µm) as validated by morphometric mea-
surements on specimens from both types in the same sam-
ples (Fig. 10b). Osteoliths in O. macrospinus have a nearly
flat proximal face and a distal convex face. A thorn-like pro-
cess can be detected on the edge of the shorter convex side
of each osteolith (Fig. 9c). The proximal flat face of the os-
teoliths has a slit and a small orifice and is linked with the
distal face of the next osteolith. The first link is differentiated
from the others by having a broader end where it attaches to
the coccosphere and a narrower end where it attaches to the
next osteolith. The arms can either be wrapped around the
coccosphere or deployed radially (Fig. 9a, c, d), as in other
Ophiaster species (Young et al., 2009).

Distribution

Specimens of O. macrospinus were detected in the GoA dur-
ing the oligotrophic stratified period from August to Novem-
ber at relatively low concentrations (max 0.72 cells mL−1)
at sub-euphotic depths mostly ≥ 100 m (Fig. 11a). In con-
trast, cells from Ophiaster formosus were detected around
the deep chlorophyll maximum ≤ 100 m during the stratified
period and during the winter mixing period (Fig. 11b). This
ecological differentiation between O. macrospinus and other
congeneric species further supports the proposed taxonomic
discrimination. To our knowledge other specimens likely to
be O. macrospinus, but which have been affiliated with Ophi-
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Figure 9. Ophiaster macrospinus. (a) Apical view with an overlapping Florisphaera coccosphere (GoA, 11 September 2017, 120 m).
(b) Apical view showing connection of body coccoliths, link coccoliths and osteoliths, as well as the difference in wall height between
body and circum-flagellar coccoliths (GoA, 18 June 2017, 120 m). (c) Arrows indicate the convex (CS) and the flat side (FS) of the osteoliths
(GoA, 11 September 2017, 120 m). (d) O. macrospinus wrapped arms, with a view of link coccoliths (GoA, 11 September 2017, 120 m).
(e) View of coccosphere with body coccoliths, central spines and surrounding osteoliths. A close-up of the central robust spines is shown in
the inset (GoA, 11 September 2017, 120 m and GoA, 17 August 2020, 120 m). (f) Coccosphere of O. formosus with narrower osteoliths and
smaller spines on circum-flagellar coccoliths (GoA, 18 October 2017, 80 m). Scale bars: 5 µm, insertion: 1 µm.

aster formosus, were detected in other locations, namely by
H. Andruleit from a depth of 80 m south of Java (Young et
al., 2021)

3.4 Genus Florisphaera

Putative life cycle combination in
Florisphaera profunda

Fig. 12

Florisphaera profunda Okada & Honjo 1973 characteris-
tically occurs in the deep photic zone, in the lower part of the
thermocline, below the deep chlorophyll maximum, in tropi-

J. Micropalaeontology, 40, 75–99, 2021 https://doi.org/10.5194/jm-40-75-2021



S. Keuter et al.: Novel heterococcolithophores, holococcolithophores and life cycle combinations 89

Figure 10. Comparative morphometry of Ophiaster macrospinus
and Ophiaster formosus. (a) Body coccoliths, (b) osteoliths. Both
species were collected in the GoA. Raw measurements of both os-
teoliths and body coccoliths are available in Table S2.

cal and subtropical regions (e.g., Quinn et al., 2005; Poulton
et al., 2017). It is the only species of the genus Florisphaera,
but it includes several morphological variants: var. profunda,
var. elongata and var. rhinocera, which are distinguished by
size and by details of processes (Quinn et al., 2005; Young et
al., 2021). The coccosphere of F. profunda has an “artichoke-
like” form and is composed of numerous single-crystal plate-
like nannoliths. Given the preference of Florisphaera for
sub-euphotic layers, it has been suggested that it may be het-
erotrophic rather than autotrophic (e.g., Molfino and McIn-
tyre, 1990). However, in fresh LM preparations a chloroplast
is normally visible in F. profunda cells even in normal illu-
mination, and this is confirmed here with fluorescence mi-
croscopy (488 nm excitation, 630 nm emission) (Fig. 12a).
The consistent presence of chloroplasts does not exclude
the possibility that F. profunda may be mixotrophic, as has
been shown for other coccolithophores (Godrijan et al., 2020;
Avrahami and Frada, 2020).

Florisphaera profunda cells were detected in the GoA dur-
ing the second half of the stratified period between 80 and
140 m. At the same time and depth, we detected ca. 10 cells
of a small holococcolithophore (< 2.5 µm in diameter) bear-
ing flat, trapezium-shaped holococcoliths 1.1–1.3 µm long
tapering from 0.4–0.7 µm wide to 0.6–0.9 µm wide, com-
posed of multiple rhombohedral crystallites. The narrower,
proximal end has angular edges, whereas at the distal end
is slightly rounded (Fig. 12b–d). Two of these holococcol-
ithophore cells displayed an outer Florisphaera nannolith,
each from a different variant (Fig. 12e, f).

Kleijne (1991, pl. XIX, figs. 2–3) detected and named as
“holococcolithophorid type B” a virtually identical cocco-
sphere. Based on the co-occurrence with Florisphaera and
the similarity in shape she suggested “that they may be re-
lated and are stages in the life cycle of one and the same
species”. Our new observations support this inference, al-
though it cannot be considered proven. We recommend re-

ferring to the holococcolith as Holococcolithophore sp. cf. F.
profunda.

Discussion

The affiliation of Florisphaera to the coccolithophores re-
mains uncertain (incertae sedis), given both the lack of
morphological attributes clearly relating it to other coccol-
ithophores and molecular genetic data (Young et al., 2003).
However, our observations provide first evidence for a life
cycle involving a holococcolith-bearing cell, suggesting that
Florisphaera may belong to one of the holococcolithophore-
producing clades within the calcihaptophytes rather than to
an outer coccolithophore group (Hagino and Young, 2015;
Frada et al., 2019). Moreover, this also represents the first
case of an association of a nannolith-bearing phase with a
holococcolithophore stage within a core clade of the coccol-
ithophores.

3.5 Family Papposphaeraceae

The Papposphaeraceae Jordan & Young, 1990 emend An-
druleit & Young 2010 are weakly mineralized and small
coccolithophores producing simple, minute narrow-rimmed
muroliths, mostly with prominent central structures that dif-
fer between genera. It originally included only the genera
Papposphaera Tangen 1972 and Pappomonas Manton and
Oates 1975. Subsequently, Andruleit and Young (2010) ex-
tended the family to include the genera Kataspinifera, Pi-
carola, Vexillarius and Wigwamma. Additional genera have
since been described by Thomsen et al. (2015), Thomsen et
al. (2016d), and Thomsen and Østergaard (2015a): Formon-
sella, Porsilidia and Ventimolina as well as the heterococ-
colith stage of Quaternariella. A further likely Papposphaer-
aceae, fossil genus Pocillithus, was described by Dunkley
Jones et al. (2009). Taxa of the family have mostly been de-
tected in the Arctic and Antarctic and in the deep photic zone
at lower latitudes. Chloroplasts have not been observed in
these taxa (likely due to a secondary loss), while the pres-
ence of a long haptonema has suggested that they are het-
erotrophic and likely prey on bacteria (Thomsen et al., 2013).
Life cycle pairs bearing holococcoliths have been detected
in several species of Papposphaera, Pappomonas and Wig-
wamma from the observation of combination coccospheres
(e.g., Thomsen et al., 1991, 2013). No molecular genetic data
are available for this group. Yet, the fact that they form both
typical holococcoliths and heterococcoliths in alternate life
cycle stages indicates that they likely belong to the clade
of holococcolith-producing coccolithophores (Young et al.,
2005; Andruleit and Young, 2010).

Pappomonas vexillata Keuter, Young, Koplovitz,
Zingone and Frada sp. nov.

Fig. 13
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Figure 11. Distribution of coccolithophores at “Station A” in the GoA between March 2017 and December 2018. (a, b) Distribution of
Ophiaster macrospinus and Ophiaster formosus, and (c) of Pappomonas vexillata. Raw cell count data are available in Table S1.

Diagnosis

A papposphaeracean species with a dimorphic coccosphere.
All coccoliths bear leaf-like appendages. The flattened ca-
lyxes consisting of two dissimilar elements are held in a
tilted position with reference to the central process. The ap-
pendages of the CFCs are higher and bear two blade-like ele-
ments, while those of the BC are smaller and bear triangular
and rod-shaped elements.

Material observed

The description is based on close observation of 15 speci-
mens. Yet, this species was routinely observed in our 2-year
survey (Fig. 11c).

Holotype

Figure 13a, GoA, Station A. The sample was collected
on 26 April 2017 at a depth of 140 m, and the specimen
is deposited in the herbarium of the Hebrew University,
Jerusalem, with the reference number HUJAL/805002.

Etymology

The name vexillata is an adjective derived from the Latin vex-
illum (flags or banners) meaning “provided with flags” in ref-
erence to the appendages of the coccoliths.

Coccospheres

All observed dimorphic coccospheres were collapsed. The
estimated length of the intact coccospheres is 4–6 µm, and
the estimated number of coccoliths is 55–60.

Body and circum-flagellar coccoliths

Coccoliths are round to slightly elliptical and 0.8 (−1) × 1
(−1.2) µm in size. The rim is formed by cycles of rod-
shaped elements and spade-shaped pentagonal elements
(0.12–0.2 µm wide and 0.12–0.16 µm high), giving the rim a
serrated aspect (Fig. 13c). In the central area, a cross-shaped
central calcification leads to a process, which increases from
0.2 to 2.8 µm in length from the antapical pole coccoliths to
those at the apical pole (CFCs) ones.

The appendages have a leaf-like shape and are held in a
tilted position with reference to the central process. They are
comprised of two very differently sized elements. In the BCs
the left element (in dorsal view) is a long rod aligning with
the left long side of the fan-like second element with a convex
and irregularly serrated upper border (Fig. 13c). Again, the
size of the calyces increases with distance from the antapex
so that the stick-like element has a length in the range of 0.5
to 1.3 µm. Both elements of the CFCs are blades; the left one
is narrow (0.35–0.8 µm), and the right element is a hypertro-
phied trapezoid and, in some cases, almost square (1–1.9 µm
width). Both have a length of 0.8 to 2.6 µm (Fig. 13d).
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Figure 12. Florisphaera profunda. (a) Phase-contrast and epifluorescence micrograph images taken from fresh a Florisphaera cell depict-
ing the chloroplast auto-fluorescence in red (490 / 630 nm, excitation / emission). Fluorescent chloroplast in a coccosphere (GoA, 17 Au-
gust 2020, 120 m). (b) HET (right) and putative HOL (left) in close vicinity on the filter. (c) Coccosphere and (d) close-up of coccoliths of
Holococcolithophore sp. cf. F. profunda (b–d from GoA, 11 September 2017, 120 m). (e, f) Holococcolithophore coccospheres with nan-
noliths of two different variants of F. profunda (arrows) (GoA, 17 August and 11 September 2017, 120 m). Scale bars: 2 µm, close-up of
coccoliths at 500 nm.

Affinities

The described coccolithophore is reminiscent of species of
the genera Pappomonas and Ventimolina (Thomsen et al.,
2015) with respect to the flattened calyx, with the two-
dimensional plate made up of adjoining elements (two in
core species of Pappomonas and four in Ventimolina). In con-
trast, the core feature of Papposphaera is a three-dimensional
calyx (Thomsen and Østergaard, 2014).

A further similarity to the core species of both Pap-
pomonas and Ventimolina is the marked hypertrophy of one

element of the calyx, as also found in P. weddellensis Thom-
sen in Thomsen et al. (1988) and Ventimolina stellata Thom-
sen. With representatives of Papposphaera and especially
Ventimolina, Pappomonas vexillata shares the variomorphic
coccosphere with all coccoliths bearing processes. This has
been a key feature distinguishing these genera from Pap-
pomonas, which has polymorphic coccospheres, yet excep-
tions have been described, e.g., in the case of Pappomonas
garrisonii, which, however, could be clearly affiliated with

https://doi.org/10.5194/jm-40-75-2021 J. Micropalaeontology, 40, 75–99, 2021



92 S. Keuter et al.: Novel heterococcolithophores, holococcolithophores and life cycle combinations

Figure 13. Pappomonas vexillata. (a, b) Complete coccospheres (GoA, 18 April 2017, 140 and 60 m). (c) Close-up of body coccoliths
showing the two-tiered calyx with a triangular blade and a stick-like element on the left, as well as the central area and rim structure on
the right side. (d) Circum-flagellar coccoliths with long processes and the two types of unevenly sized blade-like elements (c, d: GoA,
11 September 2017, 120 m). Scale bars: 1 µm.

Pappomonas based on its HOL life cycle phase (Thomson
and Østergaard, 2014).

P. vexillata has in common with Pappomonas and Pap-
posphaera, but not Ventimolina, a rim comprised of a cycle
of elongated elements and an upper cycle of larger pentago-
nal elements that give the coccoliths a characteristic serrated
distal margin (Fig. 13c). In Ventimolina the rim is reduced to
the elongated elements only (Thomson et al., 2015), which is
a major feature for the differentiation of the new genus from
Pappomonas.

Based on the bidimensional calyx and serrated distal mar-
gin of the coccoliths, we assign the new species to the genus
Pappomonas. The taxonomy of Papposphaeraceae, however,
is an ongoing process awaiting the description of many more
species for a better systematization of these lightly calcified
coccolithophores.

Because presently the monospecific genus Ventimolina
is still not an official emendation to the Papposphaeraceae

(Thomson et al., 2015), we also propose leaving the alloca-
tion of P. vexillata in the genus Pappomonas as tentative. For
a better understanding of the relationships within and among
groups of Papposphaeraceae, we strongly encourage further
descriptions of species of these enigmatic deep-dwelling coc-
colithophores, as has been advanced by several recent publi-
cations that revisited polar specimens of Papposphaeraceae,
including life cycle phases, but also described new genera
from tropical waters (Thomson et al., 2016a–d; Thomson and
Egge, 2016; Thomsen and Østergaard, 2014, 2015b, 2016;
Thomsen et al., 2015, 2013).

Distribution

Like other warm-water species of Papposphaeracae, P. vexil-
lata was mostly recorded in the deep ranges > 100 m in the
GoA (Fig. 11c). A seasonality was noted with peaks in early
spring, reaching 0.2 cells mL−1 in March (120 m). However,
P. vexillata was restricted neither to those depths nor to the
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relatively colder spring water temperatures, and it was also
detected in low concentrations in the first summer and au-
tumn of our survey. It has to be noted that the water temper-
ature in the GoA does not drop below 20 ◦C throughout the
150 m water column, which increases the distribution range
of papposphaeraceans. A further specimen of P. vexillata was
also found in the eastern Mediterranean in a sample collected
in April at a depth of 110 m offshore of Israel (personal ob-
servation of Keuter and Frada, 2018).

3.6 New observations of combination coccospheres
involving members of the family Papposphaeraceae

Picarola margalefii with Papposphaera sp,
cf. polybotrys

Fig. 14a

We found one likely combination coccosphere consisting
of two heterococcoliths of Picarola margalefii and multiple
undescribed holococcoliths resembling Papposphaera poly-
botrys (Fig. 14a). We also found coccospheres with similar
holococcoliths (Fig. 14b). The P. margalefii heterococcoliths
are readily identified by the banana-shaped central process,
whilst the short length of these processes (1–2 µm) indicates
that they are body coccoliths. The holococcoliths appear to
consist of a mix of circular body coccoliths and larger holo-
coccoliths with a central process ending in a broadly flaring
paddle-shaped structure. The most similar known holococ-
colithophore is P. polybotrys (formerly Turrisphaera poly-
botrys). This species produces similar CFCs but the BCs
have a low process with a widely flaring end. It is possible
that the BCs on our coccosphere are like the latter, but no
clear examples are seen. In addition, P. polybotrys is only
known from Arctic samples, with water temperatures of ca
5 ◦C, so it seems an unlikely species to occur in the warm
waters (> 20 ◦C) of the GoA.

Discussion

Given the uncertainty in the identification of the holococcol-
ith, we refrain from any taxonomic revision. Our observa-
tions, however, do suggest that Picarola produces holococ-
coliths similar to those of Papposphaera, and this supports
the placement of the genus in the family Papposphaeraceae,
as suggested by Andruleit and Young (2010).

Papposphaera sp. with unidentifiable holococcolith

Fig. 14c

We found a likely combination coccosphere involving
eight Papposphaera heterococcoliths and a mass of holococ-
colith calcite (Fig. 14c). The heterococcoliths are relatively
elliptical muroliths with the serrated rim typical of Pap-
posphaera and Pappomonas, an axial cross, and spines end-
ing in simple tips. Papposphaera arctica forms similar body

coccoliths, but definitive identification is not possible with-
out circum-flagellar coccoliths, while it is known that there
are many undescribed low-latitude species of Papposphaer-
aceae (e.g., Cros and Fortuño, 2002). The holococcolith ma-
terial is partially collapsed but appears to consist of sheets of
crystallites similar to those seen on the Picarola combination
coccosphere (Fig. 14a).

3.7 Novel holococcolithophore forms

Calyptrosphaera lluisae Keuter, Young, Koplovitz,
Zingone & Frada sp. nov.

Fig. 15

Calyptrosphaera sp. (smaller heimdaliae) Cros & Fortuño
2002 Fig. 93C, D

Diagnosis

Coccospheres are weakly dimorphic, spherical, 8–11 µm
diameter. Body coccoliths are elliptical calyptroliths 2.2–
2.4 µm long and 0.8–1.2 µm wide, consisting of a tube and
a low conical to dome-shaped distal cover. Tube imperforate,
weakly flaring, four crystallites high (ca. 0.4 µm), sharply
separated from the distal cover. At the base of the cover there
is a cycle of 18 to 20 pores separated from each other by
struts one crystallite wide. The rest of the cover is imper-
forate, except for a single circular small (ca. 0.2 µm) apical
pore, which is visible on most coccoliths. Crystallites are
rather irregular in shape and arrangement. Likely circum-
flagellar coccoliths, similar to BCs but with a substantially
higher distal cover (total height 1.4–1.7 µm) were observed
on only a few coccospheres (Fig. 15f). In these putative CFCs
often two rows of pores at the base of the BCs were ob-
served. This feature was also observed in all coccoliths of
some specimens (Fig. 15c). However, this may represent a
different coccolithophore species.

Material observed

Images of 16 specimens were used for the description; many
more were counted during our survey in the Gulf of Naples in
a total of 8 samples from the surface (31 May, 14 June, 5 July,
25 August, 20 September 2016, 6 June 2017) and from 10
and 60 m (14 June 2016).

Holotype

Figure 15a shows a specimen from surface water in the
GoN at the LTER-MC site on 14 June 2016. The speci-
men is deposited in the herbarium of the Hebrew University,
Jerusalem, with the reference number HUJAL/805003.
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Figure 14. (a) Combination cell of Picarola margalefii. (b) Papposphaera polybotrys-like HOL. (c) Combination cell of Papposphaera sp.
(a: GoA, 18 April 2017, 120 m and b, c: 140 m). Scale bars: 2 µm.

Etymology

The epithet lluisae is in honor of Dr. Lluisa Cros, who first
documented this species (Cros and Fortuño, 2002) and who
has contributed important discoveries of coccolithophore bi-
ology and ecology.

Distribution

In the GoN C. lluisae occurred for a short time in high num-
bers (up to 65 cells mL−1) in late spring (mid-June) at the sur-
face and at 60 m depth. Cros and Fortuño (2002) found this
holococcolithophore in the western Mediterranean off Spain
at the surface and a depth of 5 m.

Affinities and discussion

As noted by Cros and Fortuño (2002), this species is similar
to C. heimdaliae, which, however, has coccoliths with higher
covers, wider openings and crystallites arranged in a hexag-
onal meshwork pattern. Overall, the two species can be read-
ily distinguished, yet morphological resemblances clearly in-
dicate they are closely related. Importantly, C. heimdaliae
has been proposed to be the holococcolithophore life cycle
phase of the Rhabdosphaeraceae species Cyrtosphaera ac-
uleata (Triantaphyllou et al., 2016). Furthermore, Šupraha
et al. (2018) observed a poorly preserved Rhabdosphaera
xiphos combination coccosphere-bearing holococcolith sug-
gested to be Calyptrosphaera dentata. It is therefore conceiv-
able that C. lluisae is also linked to Cyrtosphaera or at least
to the Rhabdosphaeraceae.

Calicasphaera bipora Keuter, Young, Koplovitz,
Zingone & Frada sp. nov.

Fig. 16a, b

Holococcolithophore Yang et al. 2001, plate 1, fig. 2 and 3.

Diagnosis

Coccosphere is monomorphic, ellipsoidal, 8–10 µm long,
formed of ca. 80–90 coccoliths. Coccoliths are elliptical open
tubes, flaring distally (calicaliths; Kleijne, 1991). The outer
layer of the tube is formed of regular calcite rhombohedra
with a small proximal flange at the base, consisting of a sin-
gle ring of crystallites. Inside the tube, less regular crystal-
lites occur, filling it with the exception of two large irregular
pores at the ends of the longitudinal axis. The coccoliths are
1.4–1.8 µm long, 1–1.15 µm wide and 0.6–0.8 µm high.

Material observed

Images of five specimens were used for the description; three
from the GoA, one from IODP359-P26 and one from Yang
et al. (2001).

Holotype

Figure 16a, water sample from Station A, collected on
18 June 2018 and incubated for 4 d. The specimen is
deposited in the herbarium of the Hebrew University,
Jerusalem, with the reference number HUJAL/805004.

Etymology

Bipora: the epithet “bipora” (two pores) refers to the two per-
forations in the holococcoliths.

Distribution

Found only in incubations of a water sample collected from
Station A, 20 m, in June 2017, and surface waters, November
2018, from the IUI pier (coastal; 4 m deep).
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Figure 15. Calyptrosphaera lluisae. (a) Coccosphere with body coccoliths and a couple of putative circum-flagellar coccoliths at the bottom
right of the image. (b) Coccospheres with BCs. (c) Specimen with mostly two rows of pores at the base of the distal cover; the scale bars
in (a)–(c) are 3 µm. (d) Coccoliths in side view with tube walls ca. four crystallites high. (e) Distal view of body coccoliths and (f) of
circum-flagellar coccoliths with higher covers; scale bars: 1 µm (all images from sample GoN, 14 June 2016, 1 m).

Affinities

The coccoliths are clearly calicaliths, i.e., tubes with an open
distal end without a process. The irregular appearance of the
inner crystallites of Calicasphaera bipora calicaliths is rem-
iniscent of those of C. blokii, which, however, have a single
opening in the center of the tube, are smaller (1–1.5 µm) and
are formed of larger crystallites.

Holococcolithophore A

Fig. 16c

Diagnosis

Coccosphere is monomorphic, sub-spherical, 6–7 µm in di-
ameter. Holococcoliths are elliptical open tubes with very
thick (0.3–0.4 µm) walls of hexagonal mesh fabric, ca.
0.45 µm high, ca. 1.7 µm long and 1.1 µm wide. The distal
rim of the wall forms six to seven elevations.
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Figure 16. Novel holococcolithophores. (a, b) Calicasphaera bipora (incubated water sampled in the GoA, 18 June 2018, 20 m). (c) Holo-
coccolithophore A (GoN, 30 November 2016, 10 m). Scale bars: 3 µm.

Material

Only one specimen was found at a depth of 10 m at the
LTER-MC station on 30 November 2016.

Discussion

This appears to be an undescribed form, but with only one
specimen we prefer not to describe it. It is similar to Syra-
colithus sp. type A of Kleijne (1991), which, however, has
additional rings of crystallites filling the central area.

4 Conclusions

Here we described a series of heterococcolithophores, holo-
coccolithophores and life cycle combinations from the fam-
ilies Syracosphaeraceae and Papposphaeraceae as well as
the genus Florisphaera. The new taxa and combinations
were detected either in the GoA or the GoN as part of
multi-annual surveys of coccolithophores (our unpublished
research). Overall, this set of new observations further ex-
tends our knowledge of coccolithophore diversity and life
cycle and will facilitate taxonomic studies and data interpre-
tations in ecological research.
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