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Coccolithophores play an important role in global biogeochemical cycling, but many aspects of their ecology
remain poorly understood, including their heteromorphic haplo-diplontic life cycle. The presence of combination
coccospheres in environmental samples, which represent a transition between the lightly calcified haploid (HOL) and
heavily calcified diploid (HET) life phases, provides crucial evidence linking the two life cycle phases of a particular
species. Here, we describe combination coccospheres from the Southern Ocean that show a novel association
between Helicosphaera hyalina (HE'T) and Helicosphaera HOL catilliferus type. The ability of Helicosphaera HET and HOL
morphospecies to form multiple different combinations indicates a substantial complexity in the relationships between
life cycle phases in this group. The findings suggest recent divergence within the Helicosphaera lineage may have resulted
in significant inter- and intra-specific variability, with cryptic speciation in one or both life cycle phases contributing
to their ability to form multiple HET/HOL associations.
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INTRODUCTION

Coccolithophores (Haptophyta) are calcified unicellular
phytoplankton that play an important role in biogeo-
chemical cycling. They exhibit a haplo-diplontic hetero-
morphic life cycle that remains poorly understood (Frada
etal., 2019). Coccolithophores exist in either haploid (1N)
or diploid (2NN) life cycle phases that can each undergo
asexual reproduction, although the factors that trigger
a switch between life cycle phases remain unclear. Both
phases are morphologically distinct, with the heavily cal-
cified 2N phase producing the characteristic heterococ-
coliths (HET) and the usually lightly calcified 1N phase
producing holococcoliths (HOL), which are formed from
small rhombohedral crystallites (Young et al., 2003). The
HET and HOL life cycle phases exhibit distinct but over-
lapping geographical distributions that may allow species
to expand their ecological niche (De Vries et al., 2021;
Frada et al., 2019).

As life cycle transitions are not commonly observed in
laboratory cultures, environmental observations of com-
bination coccospheres have provided crucial information
for the study of coccolithophore life cycles. Combination
coccospheres contain coccoliths from the previous and the
new life-cycle phase, i.e. both heterococcoliths and holo-
coccoliths. Critically, they have allowed researchers to link
morphologically distinct cell types that were previously
thought to be different taxa, but are in fact the HOL and
HET phases of the same species (Iriantaphyllou et al.,
2015; Young et al., 2020). However, combination cocco-
spheres have not been recorded for all species and in some
cases relationships between HET and HOL phases have
not been straightforward, indicating that much remains
to be learnt about coccolithophore life cycles.

In this study, we examined the occurrence and iden-
tity of combination coccospheres in the diverse coccol-
ithophore communities found within the Great Calcite
Belt (GCB) of the Southern Ocean (Balch et al., 2011).

METHODS

Water samples for coccolithophore analysis were collected
from the surface mixed layer in February 2020 within a
mesoscale meander of the Southern Subtropical Front
(STT) in the Southern Indian Ocean (38.5-41.5°S, 30.9-
35.5°E). We vacuum-filtered 150 mL of seawater, pre-
pared samples for scanning electron microscopy (SEM)
and imaged as described in Langer et al. (2021).

RESULTS

All identified combination coccospheres (n = 7) belonged
to the genus Helicosphaera (Order Zygodiscales) and

Fig. 1. Scanning electron micrographs of Helicosphaera from the South-
ern Ocean. A: HET phase of Helicosphaera hyalina. Note that there is no
transverse bar separating two aligned openings of heterococcoliths, as
in H. carteri, B: HOL phase of Helicosphaera catilliferus type, C—F: Com-
bination coccospheres of H. kyalina (HET) and H. HOL catilliferus type
from the Southern Indian Ocean. Note the holococcolith protruding out
from in between the heterococcoliths in image E. Scale bars 2 pum.

represented a novel association between Helicosphaera
hyalina (HET) and H. HOL catilliferus type (Fig. 1C-F).
The heterococcoliths possessed well-developed wings
in the distal flange and a closed central area (Iig 1A).
Holococcoliths were elliptical with a sharply pointed
central protrusion (Cros and TFortufio, 2002) (Fig. 1B).
All combination coccospheres were nearly perfectly
preserved, suggesting that they do not represent a
sampling artifact e.g. from collisions between cells.

DISCUSSION

Helicosphaera are medium to large species with heavily cal-
cified heterococcoliths and a global distribution (éupraha
and Henderiks, 2020). There is continued uncertainty
about the relationships between HET and HOL mor-
photypes within Helicosphaera, as multiple combination
coccospheres have been described and there does not
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Fig. 2. Schematic showing the currently known combination coccospheres of the group Helicosphaera spp based on the HOL morphotype
nomenclature established by Young and Bown (2014). SEM images of HET H. pavimentum, wallichir, hyalina and HOL types dalmaticus, ponticuliferus

and confusus were used from Nannotax3 with permission. Scale bars 2 pum.

appear to be a simple 1:1 correlation of HET and HOL
types, as in most other coccolithophore groups (I'ig. 2). H.
wallichiu (HET) has been associated with the HOL types
ponticuliferus and catilliferus (Couapel et al., 2009; Young
and Bown, 2014). The weak evidence for an additional
interaction with HOL type dalmaticus probably represents
an accidental association (Geisen et al., 2004; Young and
Geisen, 2002). The HOL type catilliferus has in addi-
tion been found in combination with HET coccoliths
of Helicosphaera carter;, and the HOL type dalmaticus 1s
also associated with H. pavimentum (HET) (Cros et al.,
2000; Young et al., 2020). Our finding adds the fur-
ther combination of H. hyalina (HET) and HOL type
catilliferus.

These observations render the question whether (1)
these Helicosphaera morphotypes represent a single species
where genetic variability leads to the formation of distinct
coccolith morphologies, or (2) different Helicosphaera
morphotypes represent diverging species that have not yet
lost (or have regained) the ability to hybridize (introgres-
sive hybridization), enabling the formation of multiple

combination coccospheres. For clarity, we have used
the term morphotypes below to differentiate between
cell types, although their exact relationships remain
unclear.

H. hyalina HET and H. wallichi HET were initially
regarded as varieties of f1. cartert HE'T due to their similar
morphology (Cros and Tortufio, 2002; Jordan and Green,
1994). Analysis of fossil Helicosphaera populations over
the last 15 Myr indicates an evolutionary trend favoring
smaller celled species (like H. hyalina) that may have been
driven by the prevalence of oligotrophic conditions and
could have contributed to divergence within this lineage
(Supl‘ulla and Henderiks, 2020).

Molecular evidence is now needed to unveil whether
these Helicosphaera morphotypes represent distinct species,
and if they do, when and how they emerged. Sequencing
of the fast-evolving chloroplast gene tufA showed multiple
substitutions between H. carter: and H. hyalina, suggesting
arecent pseudocryptic speciation event (Saez et al., 2003).
However, there is currently no genetic information for

any other Helicosphaera HET or HOL morphotypes that
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would allow a comparison with H. carteri. Our newly
described association between H. hpalina and H. HOL
catilliferus indicates that I. hyalina does in fact belong to
the H. wallichii—carter: species complex. Distinct distribu-
tions (De Vries et al., 2021) within this wallichii—carteri—
hyalina group suggest that the variability within this super-
species allows the expansion of their geographical niche.
The question of how phytoplankton species originate
and evolve remains elusive. The processes required for
genetic differentiation of terrestrial organisms, i.e. lim-
ited gene flow through dispersal barriers, natural selec-
tion, mutation or genetic drift are not always clear in
the open ocean (Rengefors et al., 2017). Despite this,
eukaryotic phytoplankton are hugely diverse in their phy-
logeny, physiology and morphology (De Vargas et al.,
2015). Recent whole-genome analysis from another coc-
colithophore group, Gephyrocapsa/Emiliania, suggests that
speciation within this group occurred during a period of
physical isolation, and was followed by recent secondary
contact leading to interspecific hybridization and gene
flow (Filatov et al., 2021). A similar situation of diver-
gence followed by secondary contact within Helicosphaera
could provide an explanation for the multiple associa-
tions between HET/HOL morphotypes. Evidence of
associations of the HOL types catilliferus and confusus
could represent an indication of sexual reproduction,
1.e. hybridization between distinct Helicosphaera species
(Cros et al., 2000).

Note that combination coccospheres are not observed
in Gephyrocapsa/ Emiliania as the haploid phase is not calci-
fied (Frada et al., 2019).

CONCLUSION

Our observation provides additional evidence for a com-
plex relationship between HET and HOL morphotypes
within Helicosphaera, highlighting the need to better under-
stand coccolithophore life cycles and the processes of
speciation within phytoplankton. In addition to the mor-
phological analysis of the fossil record, the development
of techniques to link genetic information to morphologi-
cal phenotypes, e.g through targeted single-cell genomic
sequencing of environmental samples, may enable us to
address these questions in the near future.

ACKNOWLEDGEMENTS

The authors thank the crew and technical staff on R/V Thomas
Thompson as well as the scientists that participated in sample
acquisition and equipment installation onboard (Barney Balch,
Colin Brownlee, and Joost deVries). They would also like to
thank Glenn Harper from the University of Plymouth Electron
Microscopy Centre for his guidance on using the SEM machines.

FUNDING

This work was supported by the Natural Environmental
Research Council [grant number NE/SO07210/1] as
part of the INSPIRE Doctoral Training Program (DTP).

REFERENCES

Balch, W. M., Drapeau, D. T., Bowler, B. C., Lyczskowski, E., Booth,
E. S. and Alley, D. (2011) The contribution of coccolithophores
to the optical and inorganic carbon budgets during the Southern
Ocean Gas Exchange Experiment: New evidence in support of
the “Great Calcite Belt” hypothesis. J. Geophys. Res., 116, CO0F06.
https://doi.org/10.1029/2011JC006941.

Couapel, M. ]J. J., Beaufort, L. and Young, J. R. (2009) A new
helicosphaera-syracolithus combination coccosphere (haptophyta)
from the western mediterrancan seal. . Phycol, 45, 914-916.
https://doi.org/10.1111/j.1529-8817.2009.00703.x.

Cros, L. and Fortuiio, J. M. (2002) Atlas of Northwestern
Mediterranean  Coccolithophores.  Scz.  Mar, 66, 1-182.
https://doi.org/10.3989/scimar.2002.66s1 1.

Cros, L., Kleijne, A., Zeltner, A., Billard, C. and Young, ].
R. (2000) New examples of holococcolith-heterococcolith
combination  coccospheres  and  their  implications  for
coccolithophorid  biology.  Mar.  Micropaleontol., 39, 1-34.
https://doi.org/10.1016/50377-8398(00)00010-4.

De Vargas, C., Audic, S., Henry, N., Decelle, J., Mahé, F. and Logares,
R. (2015) Eukaryotic plankton diversity in the sunlit ocean. Sczence,
348, 1261605. https://doi.org/10.1126/science.1261605.

De Vries, J., Monteiro, F, Wheeler, G., Poulton, A., Godrijan, J.,
Cerino, I, Malinverno, E., Langer, G. ¢t al. (2021) Haplo-diplontic life
cycle expands coccolithophore niche. Biogeosciences, 18, 1161-1184.
https://doi.org/10.5194/bg-18-1161-2021.

Filatov, D. A., Bendif, E. M., Archontikis, O. A., Hagino, K. and
Rickaby, R. E. M. (2021) The mode of speciation during a recent
radiation in open-ocean phytoplankton. Curr. Biol., 31, 5439-5449.¢5.
https://doi.org/10.1016/j.cub.2021.09.073.

Frada, M. J., Bendif, E. M., Keuter, S. and Probert, I. (2019) The private
life of coccolithophores. Perspect. Phycol., 6, 11-30.

Geisen, M., Young, J. R., Probert, I., Saez, A. G., Baumann, K.-
H., Sprengel, C., Bollmann, J., Cros, L. ¢t al. (2004) Species level
variation in coccolithophores. In H. R. Thierstein, and J. R. Young.
Coccolithophores — From Molecular Processes to Global Impact, Springer,
327-366. https://doi.org/10.1007/978-3-662-06278-4_13.

Jordan, R. W. and Green, J. C. (1994) A check-list of the extant Hap-
tophyta of the world. J. Mar. Biol. Assoc. United Kingdom, 74, 149-174.
https://doi.org/10.1017/50025315400035736.

Langer, G., Taylor, A. R., Walker, C. E., Meyer, E. M., Ben Joseph,
O., Gal, A., Harper, G. M., Probert, L. ¢f al. (2021) Role of silicon in
the development of complex crystal shapes in coccolithophores. New
Phytol., 231, 1845-1857. https://doi.org/10.1111/nph.17230.

Rengefors, K., Kremp, A., Reusch, T. B. H. and Wood, A. M. (2017)
Genetic diversity and evolution in eukaryotic phytoplankton: Reve-
lations from population genetic studies. 7. Plankton Res., 39, 165-179.
https://doi.org/10.1093/plankt/fbw098.

Saez, A. G., Probert, I, Geisen, M., Quinn, P, Young, J. R.
and Medlin, L. K. (2003) Pseudo-cryptic speciation in coc-
colithophores. Proc. Natl. Acad. Sci. U S. 4., 100, 7163-7168.
https://doi.org/10.1073/pnas.1132069100.

849

¥20zZ Re|N gz uo Jesn Ateiqi AejeH Aq 02.20.299/8€8/9/vv/e1o1e/pue|d/wod dnosojwepeoe//:sdiy wolj pepeojumod


https://doi.org/10.1029/2011JC006941
https://doi.org/10.1111/j.1529-8817.2009.00703.x
https://doi.org/10.3989/scimar.2002.66s11
https://doi.org/10.1016/S0377-8398(00)00010-4
https://doi.org/10.1126/science.1261605
https://doi.org/10.5194/bg-18-1161-2021
https://doi.org/10.1016/j.cub.2021.09.073
https://doi.org/10.1007/978-3-662-06278-4_13
https://doi.org/10.1017/S0025315400035736
https://doi.org/10.1111/nph.17230
https://doi.org/10.1093/plankt/fbw098
https://doi.org/10.1073/pnas.1132069100

JOURNAL OF PLANKTON RESEARCH

éupraha, L. and Henderiks, J. (2020) A 15 million-year long record
of phenotypic evolution in the heavily calcified coccolithophore
Helicosphaera and its biogeochemical implications. Biogeosciences, 17,
2955-2969. https://doi.org/ 10.5194/bg-17-2955-2020.

Triantaphyllou, M. V,, Karatsolis, B. T., Dimiza, M. D., Malinverno,
E., Cerino, E, Psarra, S., Jordan, R. W. and Young, J. R. (2015)
Coccolithophore combination coccospheres from the NE Mediter-
ranean Sea: New evidence and taxonomic revisions. Micropaleontology,
61, 457-472. https://doi.org/10.47894/mpal.61.6.05.

Young, J. R., Arapov, ., Skeji¢, S., Bakrac, A., Buzanci¢, M. and Trianta-
phyllou, M. V. (2020) Verification of the life-cycle of Helicosphaera

VOLUME 44

NUMBER 6 | PAGES 846850 | 2022

pavimentum , and discussion of the identity of Syracolithus dalmati-
cus. J. Nannoplankt. Res., 38, 41-47.

Young, J. R. and Bown, P. R. (2014) Some emendments to calcareous
nannoplankton taxonomy. 7. Nannoplankt. Res., 33, 39—46.

Young, J. R. and Geisen, M. (2002) Xenospheres-associations
of coccoliths resembling coccospheres. J. Nannoplankt. Res., 24,
27-35.

Young, J. R., Geisen, M., Cros, L., Kleijne, A., Sprengel, C.,
Probert, I. and Ostergaard, J. (2003) A guide to extant

coccolithophore taxonomy. J. Nannoplankt. Res. Spec. Issue, 1,
1-132.

850

¥20zZ Re|N gz uo Jesn Ateiqi AejeH Aq 02.20.299/8€8/9/vv/e1o1e/pue|d/wod dnosojwepeoe//:sdiy wolj pepeojumod


https://doi.org/10.5194/bg-17-2955-2020
https://doi.org/10.47894/mpal.61.6.05

	 Novel combination coccospheres from Helicosphaera spp indicate complex relationships between species
	INTRODUCTION
	METHODS
	RESULTS
	DISCUSSION
	CONCLUSION
	FUNDING


