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ABSTRACT ARTICLE HISTORY
Haptophytes are an environmentally important phylum of eukaryotic phytoplankton, forming Received 19 December 2021
the second most abundant algal group after diatoms in recent estimates of ocean biodiversity. Accepted 21 June 2022

Haptophytes are phylogenetically and functionally diverse, including globally distributed and KEYWORDS
bloom-forming calcifying species such as Emiliania and Coccolithus, and non-calcifying orders 185 rDNA; coccolithophorid;
that may form important components of phytoplankton communities in polar (Phaeocystis, dispersal; meta-genomics;
Chrysochromulina) through to sub-tropical latitudes (Pavlova). In this review, we synthesize avail- niche adaptation;

able phylogenetic, genomic and environmental information concerning the diversity of hapto- prymnesiophyte; systematics
phyte life, considering the origins and placement on the eukaryotic tree; the diversity of the five

major orders (Pavlovophyceae, Phaeocystales, Prymnesiales, the CSZ clade, and Isochrysidales);

and the contrasting biogeographical distributions of haptophyte groups across different Tara

Oceans sampling stations and size fractions. We additionally consider outstanding questions

within the fields of haptophyte diversity and biology, particularly in the context of newly discov-

ered and largely uncultured major groups (DPL lineages and Rappemonads), and current gaps in

our knowledge of genomic content and niche adaptation across the haptophyte tree.

Global importance of haptophyte algae in the
world ocean

The entire ocean ecosystem and its associated micro- and coccolithophorids (Walker, Dorrell, Schlacht, & Dacks,
macro-biota are supported by a diverse range of photo- ~ 2011). Most of these organisms are photosynthetic, are
synthetic cyanobacteria and eukaryotic algae, which are ~ unicellular and have a planktonic lifestyle. To date, 1,176
distributed across the tree of life (Guidi et al., 2016; Ustick haptophyte species have been described within AlgaeBase
et al., 2021). Despite often being very small, these organ- (accessed 26/10/21) (Guiry et al., 2014), although these (as
isms significantly impact on planetary ecology, assimilat- ~ P€f other algal groups, c.f. (Williams, 2021)) may include
ing as much carbon dioxide from the atmosphere as ~ Synonymous and invalid names. Even greater haptophyte
plants (Guidi et al., 2016; Malhi & Grace, 2000) and diversity remains to be formally classified, particularly in
enabling the trophic transfer and dynamic cycling of ~ marine environments. For example, the initial Tara
nutrients across the entire marine food chain (Chaffron ~ Oceans and Tara Polar Circle Expeditions, which between
et al., 2021). Recently, the environmental distributions of ~ 2006 and 2013 mapped eukaryotic algal and protist diver-
some of the key marine algal groups have been revealed at ity across over 200 sites within the global ocean (Bork
unprecedented levels of resolution through environmen- €t al, 2015), recorded 2550 distinct haptophyte 185 V9
tal sequencing (meta-genomic) initiatives such as Bio-GO ~ OTUs (Operational Taxonomic Units, corresponding to
SHIP (Ustick et al., 2021) and the Tara Oceans  Species orsubspecies) as registered within the Ocean
Expedition at large (Ibarbalz et al., 2019; Planes et al, Barcode Atlas (OBA) (Vernette et al, 2021). Alongside

2019; Sommeria-Klein et al., 2021). this predominantly marine unexplored diversity, a small
Haptophytes are a phylum of eukaryotic algae of major ~ number of freshwater haptophyte species have been
environmental importance. Some haptophytes (the calcar- ~ described both via classical isolation and taxonomic

eous members, see below) are also referred to as  approaches (Deodato, Barlow, Hovde, & Cattolico, 2019;
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Plancq, Couto, Ijaz, Leavitt, & Toney, 2019) and metage-
nomic investigation of river, lake and soil microbial com-
munities (Singer et al., 2020).

The Tara Oceans meta-barcode total abundances
indicate that haptophytes are the second most abundant
group of eukaryotic phytoplankton in the modern
oceans, after diatoms (and, debatably, dinoflagellates;
Fig 1a) (Liu et al., 2009; Pierella Karlusich et al., 2022;
Vernette et al., 2021). Recent and more detailed studies
of phytoplankton biogeography across the Tara Oceans
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dataset have revealed characteristic spatial distributions
for individual haptophyte species, defined by environ-
mental latitude (Sommeria-Klein et al., 2021) and, to
some extent, oceanic ecoregions (Dorrell et al., 2021a).
Other classical and molecular ecology studies have pro-
vided deeper levels of insight into haptophyte behaviour
in the world ocean, demonstrating, for example, their
important roles as mixotrophs as well as obligate photo-
trophs in the marine food chain (Anderson, Charvet, &
Hansen, 2018; Unrein, Gasol, Not, Forn, & Massana,

2

Figure 1. Importance and diversity of haptophytes in the world ocean. A: Total abundances of 185 V9 (following K Ibarbalz et al.,
(2019)) and plastid 16S V4-V5 (annotated by BLAST best hit analysis against a reference alignment previously published in (Karlusich
et al., 2022)) ribotypes from Tara Oceans data, across all stations and size fractions that correspond to eukaryotic algae, with the
relative contributions of haptophytes highlighted. Dinoflagellates are not shown in the 16S data due to the extreme divergence of
their plastid 16S genes (Dorrell, Nisbet, Barbrook, Rowden, & Howe, 2019). B: A schematic haptophyte cell structure. C:
Exemplarhaptophyte diversity (i) Pavlova gyrans CCAP940 (Pavlovophyceae); (ii) Exanthemachrysis sp RCC1532 (Pavlovophyceae);
(iii) Phaeocystis globosa RCC851 (Phaeocystales); (iv) Chrysochromulina camella RCC1187 (Prymnesiales); (v) Prymnesium simplex
RCC1387 (Prymnesiales); (vi) Calcidiscus leptoporus RCC1129 (CSZ clade); (vii) Scyphosphaera apsteinii RCC1480 (CSZ clade); (viii, ix)
bright-field and SEM images of Emiliania huxleyi RCC914 (Isochrysidales); (x) Pavlomulina ranunculoformis NIES-3900 (Rappemonads).
Image credits: El Mahdi Bendif (i); Priscillia Gourvil (ii, iv, v); Florence Le Gall (iii, viii); Margaux Carmichael (vi); lan Probert (vii, ix); and

Ryoma Kamikawa and Mami Nomura (x). Scale bar = 5 pm.



2014) and in their projected vulnerability and resilience
to oceanic heating and acidification (Chaffron et al,
2021).

In this review, we first outline the evolutionary diver-
sity of haptophytes within the eukaryotic tree of life and
describe the key morphological features that unify the
haptophyte lineage as a whole or differentiate individual
haptophyte orders from one another. Next, we consider
the biogeographical distributions of the major orders
from meta-barcoding data within the Tara Oceans
Barcode Atlas, highlighting differences in relative abun-
dance, distribution and co-occurrence with different abio-
tic factors (Vernette et al., 2021). Finally, we establish the
state of play in our current understanding of haptophyte
genome and transcriptome diversity and the transforma-
tive potential of meta-genome and meta-transcriptome
data from environmental sequencing initiatives for under-
standing haptophyte biological processes across the mod-
ern ocean (Carradec et al., 2018; Delmont et al., 2022).

Characteristic and diverse haptophyte
morphology and ecology

Haptophytes display great morphological diversity, but
with key features allowing for ready identification from
light microscopy (Fig 1c). The characteristic haptophyte
is a small eukaryotic unicellular organism (2-20 pm
length) and typically covered with organic or minera-
lized scales (Eikrem et al., 2017). The haptonema, which
gives the haptophytes their name (“hdptd” = touch and
“nema” = thread) and represents a synapomorphy for
this phylum, plays a key role in phagocytosis as it is used
to catch, aggregate and deliver prey to the anterior cell
surface where they are consumed (Kawachi, Inouye,
Maeda, & Chihara, 1991). It also allows cell attachment
to substrates (e.g., sediments for benthic and terrestrial
species) and might have a role in obstacle perception
through coiling movements (Inouye & Kawachi, 1994).
The length of the haptonema varies considerably, from
100 pum (Chrysotila strobilus) to 1 pm (Isochrysis spp.)
(Eikrem et al.,, 2017), while some haptophytes (e.g.,
Ochrosphaera) only possess a vestigial haptonema
(Fresnel & Probert, 2005). The haptonema structure is
unusual compared to other eukaryotic flagellar orga-
nelles, with six or seven microtubules surrounded by
a cylindrical endoplasmic reticulum, and very different
from that of the true flagella (9 doublets + 2 singlets
microtubules surrounded by the plasma membrane)
(Eikrem et al., 2017). The swimming behaviour of
motile haptophytes is afforded by two
lengthened flagella (isokonts) that pull the cell forward
by beating at the same time (homodynamic flagella) or
in opposition (heterodynamic flagella) (Eikrem et al.,

same-
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2017; Manton, 1968). Non-motile haptophytes are also
prevalent, and a select few form colonies or short fila-
ments (Phaeocystis) (Eikrem et al., 2017).

Haptophyte cells typically contain mitochondria
with tubular lamellae and two yellow-brown chloro-
plasts derived from the direct or indirect endosymbio-
sis of red algae (see below, Fig 1b,c). Similar to the
situation observed in other major groups of eukaryotic
algae with chloroplasts of secondary red origin (e.g.,
cryptomonads and ochrophytes including diatoms),
the haptophyte chloroplast contains three thylakoid
membrane layers surrounded by four membranes, the
outermost of which is contiguous to the endoplasmic
reticulum (Andersen, 2004) (Fig 1b). Haptophyte
chloroplasts are differentiated structurally from those
of cryptomonads by the absence of a nucleomorph
(vestigial red algal nucleus) (Cavalier-Smith, 2002)
and from ochrophytes by the absence of a “girdle
lamella” structure (thylakoid trilayer around the per-
iphery of the chloroplast stroma that encloses other
thylakoid membranes) (Andersen, Saunders, Paskind,
& Sexton, 1993). Haptophyte chloroplasts contain mul-
tiple photosynthetic pigments including chlorophylls
a, c1-3, fucoxanthin and 19’-hexanoyloxyfucoxanthin
(Andersen, 2004), the latter of which is specific to
haptophytes and their endosymbiotic derivatives (e.g.,
dinoflagellates within the Kareniaceae) (Takishita,
Nakano, & Uchida, 1999) and accordingly used as
a proxy to estimate their environmental abundances
(Fuller et al., 2006). The main storage product of
photosynthesis is chrysolaminarin, a small p-1-3-glu-
can (polymers of 20-50 glycosides) located in cytoplas-
mic vacuoles (Granum, Roberts, Raven, & Leegood,
2009). Lipid bodies containing fatty acids and sterols
may be particularly important in some oleaginous spe-
cies (e.g., Chrysochromulina) (Hovde et al., 2015).

Beyond these relatively conserved features, much diver-
sity exists in haptophyte form and behaviour. The most
famous group, coccolithophorids, are characterized by
a cell surface covered by calcified scales named coccoliths
that accumulated in the Cretaceous Seas of Europe and
now form the chalk cliffs along the English Channel (Bown,
1998; O’'Dea et al., 2014) (Fig 1c, panel ix). Other hapto-
phyte groups may have non-calcareous scales, either totally
organic or composed of silicon (Yoshida, Noél, Nakayama,
Naganuma, & Inouye, 2006), and these scales may further-
more have the same shape or not, be present in one or
several layers and cover the whole cell or be unevenly
distributed dependent on the species (Eikrem et al., 2017).
Scale characteristics represent helpful taxonomic criteria
for haptophytes. Other haptophyte species are known for
the production of high-value products (alkenones and
omega-3-fatty acids) of interest to biofuel research (Araie
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et al., 2018; Shi, 2019), while others may produce toxins
that cause significant damages to fisheries and natural
ecosystems (Blossom et al., 2014; Valenti et al., 2010).

2000 1000 500 300
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In the wild, haptophytes are classically thought of as
K-strategists, characterized by high affinities for nutrients
but lower growth rates, adapted to grow in highly
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Figure 2. Convoluted evolutionary history of haptophyte nuclear and chloroplast genomes. Schematic tree of eukaryotic life,
showing the evolutionary position of haptophytes (as sister to centrohelids and distantly related to other eukaryotic algae) and the
timeline of their divergence from other groups (Burki et al., 2016; Strassert et al., 2021); the probable evolutionary history of their
chloroplasts, which is ultimately of red eukaryotic origin but has likely been acquired from a cryptomonad-like organism (Rice &
Palmer, 2006) and is supported by nucleus-encoded and chloroplast-targeted proteins acquired from pelagophyte or dictyochophyte
algae within the stramenopiles via a possible cryptic endosymbiotic event (Dorrell et al., 2017, 2021b); the evolutionary relationships
between six major haptophyte orders (Dorrell et al., 2021a; Kawachi et al., 2021); and the inferred origin points of endosymbiotic
transfers from haptophytes into dinoflagellates (e.g., within the Kareniaceae) (Kawachi et al., 2021; Takishita et al., 1999). Arrows
representing chloroplast transfers involved in haptophyte history are highlighted. The cartoon below summarise these events.



stratified waters where nutrient availability is low
(Alexander et al., 2015; Endo, Ogata, & Suzuki, 2018).
Nonetheless, some haptophyte species are known to be
bloom-forming (e.g., Emiliania, Gephyrocapsa and
Phaeocystis in temperate, tropical and polar regions,
respectively) when light and nutrient conditions become
favourable (Segaard et al., 2021; Vincent, Sheyn, Porat,
Schatz, & Vardi, 2021). During these blooming episodes,
haptophytes may be able to outcompete diatoms, which
are considered principally as r-strategists, for available
nutrients (Alexander et al., 2015). These bloom dynamics
are typically curtailed by viral infection and lysis (Frada,
Probert, Allen, Wilson, & de Vargas, 2008; Vincent et al.,
2021). Other haptophyte groups, including species
adapted to oligotrophic conditions, may utilize mixotro-
phy to support their growth, with bacterivory observed in
some laboratory species (Chysocampanula spinifera,
Chrysochromulina leadbeteri and Haptolina hirta) (Al-
Nahdi & Sayegh, 2021; Johnsen et al., 1999; Kawachi
et al,, 1991) and inferred in many others from environ-
mental data (Unrein et al., 2014; Zubkov & Tarran, 2008).

A complex and ancient origin of the haptophyte
genome

Within the eukaryotes, haptophytes are distantly
related to plants, animals and other major algal groups
such as red and green algae, cryptomonads, dinoflagel-
lates and ochrophytes (Fig 3). The exact phylogenetic
position of haptophytes remains the subject of debate,
although multigene phylogenies typically resolve hap-
tophytes as either sister group to the SAR clade of
stramenopiles (including ochrophytes), alveolates
(including dinoflagellates) and rhizaria (Burki et al.,
2016; Strassert, Irisarri, Williams, & Burki, 2021) or

novel or unknow
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as part of a CCTH group (previously termed
“Hacrobia”), including cryptomonads, which show
greater evolutionary proximity to green algae, red
algae and plants (Okamoto, Chantangsi, Horak,
Leander, & Keeling, 2009) (Fig 2). The single closest
relatives to the haptophytes, the centrohelids, are
a group of obligately heterotrophic phagotrophs
(Burki et al., 2016; Cavalier-Smith & von der Heyden,
2007), with no documented evolutionary history of
a chloroplast (Fig 2).

Haptophyte chloroplasts are surrounded by four
membranes and contain the accessory pigment chloro-
phyll ¢, both of which are characteristic of chloroplasts
of secondary or higher red (eukaryotic) algal endosym-
biotic origin (Andersen, 2004). These features indeed
unify cryptomonad, ochrophyte and dinoflagellate
chloroplasts (although dinoflagellate chloroplasts are
only surrounded by three membranes), which have his-
torically been proposed to have a common endosym-
biotic origin within the red algae (Cavalier-Smith,
1999). However, more recent phylogenomic studies
have indicated independent endosymbiotic acquisitions
of the cryptomonad, haptophyte, ochrophyte and dino-
flagellate chloroplasts, with the haptophyte chloroplast
(and its associated genome) most likely having been
acquired from a cryptomonad alga that itself possessed
a secondary (or higher) red algal chloroplast, indicating
a tertiary origin (Rice & Palmer, 2006; Stiller et al., 2014)
(Fig 2).

This already complicated evolutionary picture is
further muddied by equivalent studies of chloroplast-
associated genes encoded in the haptophyte nuclear
genome, which suggest that the haptophyte host may
have also performed a tertiary (or higher) endosym-
biotic acquisition of an ochrophyte, most likely within

Depth e o %o LB = a8
=5 S P — % °
T i — %

log10 of total haptophyte 18S-V9 relative abundance

Figure 3. Total occurrence of haptophytes in Tara Oceans data. A: Pie chart of the total contribution of five major cultured haptophyte
orders (Pavlovophyceae, Phaeocystales, Prymnesiales, the CSZ clade and Isochrysidales) alongside three uncultured groups (corre-
sponding to Prymnesiophyte clades D and E and other unknown groups) (X. L. Shi et al., 2009) to total 18S V9 sequence abundances
across all stations and size fractions within the Tara Oceans Barcode Atlas (Ibarbalz et al., 2019; Vernette et al., 2021). B: Boxplot
distributions of log;o haptophyte relative abundances across all stations for different combinations of depth and size fractions,
demonstrating negligible differences between surface and DCM stations but much greater relative abundances in small (0.8-20 pm)
than larger (5-2000 pm) size fractions.
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the pelagophytes or dictyochophytes (Dorrell et al,
2017, 2021b; Stiller et al., 2014) (Fig 2). This compli-
cated series of evolutionary events renders the hapto-
phyte cell an evolutionary mishmash, containing
(most probably) genes from the direct ancestors of
the eukaryotic nuclear genome, alongside genes of
proteobacterial (mitochondrial) and cyanobacterial
(chloroplast) origin, genes from the red algal ancestor
of the haptophyte chloroplast and genes from what-
ever other eukaryotic algal groups (cryptomonads,
pelagophytes) this chloroplast has passed through on
its way to being acquired by the haptophyte cell
(Fig 2). Finally, haptophytes have passed their chlor-
oplasts on at least once by further (quaternary) endo-
symbioses to dinoflagellates within the Kareniaceae
through at least one acquisition (Hehenberger, Gast,
& Keeling, 2019; Takahashi, Benico, Lum, & Iwataki,
2019; Takishita et al., 1999) and potentially other
dinoflagellate groups (e.g., peridinin-containing spe-
cies) as well (Dorrell et al., 2021b; Yoon, Hackett, &
Bhattacharya, 2002).

The exact timing of all of these events, while not
entirely certain, is most definitely ancient. Despite the
appearance of haptophytes in the fossil records only
200-300 million years before the present (Medlin,
Saez, & Young, 2008), molecular estimates place their
divergence from centrohelids (and, indeed, acquisition
or acquisitions of chloroplast) well into the pre-
Cambrian (Liu, Aris-Brosou, Probert, & de Vargas,
2010; Strassert et al., 2021) and potentially stretching
back to a billion years (Yoon, Hackett, Ciniglia, Pinto, &
Bhattacharya, 2004) (Fig 2). The ancient separation (and
distinct phylogenetic position) of haptophytes from
other algal groups on the tree of life creates the rich
potential for the evolution of unique genome contents
and eco-physiological life strategies. Moreover, while
the internal radiation dates of the haptophyte groups
remain poorly understood, their ancient origin suggests
an internal genetic diversity as great as the evolutionary
distances between angiosperms and mosses or mam-
mals and fish (Liu et al., 2010; Medlin et al., 2008)
(Fig 2). Understanding the genetic and functional com-
ponents of haptophyte diversity will be instrumental in
explaining their varied distributions across the contem-
porary ocean.

Individual biology and eco-physiology of the
major haptophyte orders

Phylogenetic data positions several major groups or
«orders» within the haptophytes, each with very differ-
ent biological strategies and biogeographical trends

(Figs 1 c; 2). Here, we describe key features associated
with five haptophyte orders that are well established in
laboratory culture: the Pavlovales within the
Pavlovophyceae and the Phaeocystales, Prymnesiales,
the «CSZ» clade and Isochrysidales, which together
form the Prymnesiophyceae.

The Pavlovophyceae is the most distantly related
haptophyte group, with the divergence between these
and the Prymnesiophyceae occurring potentially over
five hundred million years ago (Parfrey, Lahr, Knoll, &
Katz, 2011; Strassert et al., 2021) (Fig lc, panels I, ii;
Fig 2). The only described order within the
Pavlovophyceae, the Pavlovales, bears one chloroplast
and two flagella of unequal lengths. An eyespot is often
present in the chloroplast and plays a role in photore-
ception (Foster & Smyth, 1980; J. C. Green, 1980)
(Fig 1c, panel i). They are covered in small scales
(“knob scales”) that are diversely arranged on the cell
surface depending on the species. These organisms are
referenced as common in nearshore areas, estuaries and
coastal environments (Simon, Lopez-Garcia, Moreira, &
Jardillier, 2013). They are found in the phytoplankton
fraction or in benthic communities, and some species
have also been described in lakes and ponds, with one
species (Diacronema sp. CCMP2436) even known from
ice-influenced Arctic ecosystems (Dorrell et al., 2021a).
However, they are described as scarce in the open ocean
and there are no cultured strains originating from ocea-
nic gyres among the 49 available in the Roscoff culture
collection (accessed 20/10/2021) (Vaulot, Le Gall,
Marie, Guillou, & Partensky, 2004).

Prymnesiophyceae are divided in several orders
(Fig 2), the main ones being the Phaeocystales, the
Prymnesiales, the CSZ (Coccolithales-Syracosphaerales-
Zygodiscales) and the Isochrysidales. Early in their evo-
lutionary history, a close relative of the common ances-
tor of Prymnesiophyceae was acquired via a tertiary (or
higher) endosymbiotic event by a specific dinoflagellate
group, the Kareniaceae, although free-living extant rela-
tives of this lineage have yet to be identified (Kawachi
et al., 2021; Takishita et al., 1999) (Fig 2).

The first evolutionary split within cultured
Prymnesiophyceae occurred between the
Phaeocystales and all other groups (Fig 2).

Phaeocystales are planktonic, photosynthetic, mixo-
trophic and non-calcified organisms encountered in
marine environments worldwide, from tropical to
polar latitudes (Assmy et al., 2017; Schoemann,
Becquevort, Stefels, Rousseau, & Lancelot, 2005; Vogt
et al., 2012). They include motile and non-motile free-
living species, as well as several species forming gela-
tinous (“palmelloid”), round, motile or non-motile
colonies during specific life stages (Fig lc; panel iii).



Some species produce massive blooms (P. antarctica
and P. pouchetti) (Assmy et al., 2017; DiTullio et al,
2000), which may be harmful for marine animals
(P. globosa) (Wang, Song, Wang, & Chen, 2021).
Some Phaeocystales are also known to be endosym-
bionts of zooplanctonic Acantharians, within the
Rhizaria, and non-photosynthetic dinoflagellates
related to but distinct from the Kareniaceae (Fig 2)
(Decelle et al., 2019; Hehenberger et al., 2019).

Prymnesiales is an order comprising the
Chrysochomulinaceae and the Prymnesiaceae families
(Fig 1c, panels iv, v). While not unified by 185 rDNA
phylogenies, they are typically resolved as monophyletic
by concatenated multigene trees (Dorrell et al., 2021a;
Strassert et al., 2021). They are found in all marine and
some freshwater environments (Deodato et al., 2019),
with select species capable of forming blooms.
Extraordinary metabolic diversity is found within the
Prymnesiales, including many species with siliceous
biomineralization (Prymnesium polylepis), and/or
toxin-producing (Prymnesium parvum) capabilities
(Blossom et al., 2014; Yoshida et al., 2006). Several
studies describe the relatively high abundance and the
diversity of Prymnesiales in the oligotrophic oceans
compared to other phytoplanktonic eukaryotes (Fuller
et al., 2006). This success may in part be due to their
tremendous capacity for mixotrophy, with active pha-
gocytic cells able to ingest particles using characteristi-
cally long haptonemas (Anderson et al.,, 2018; Liu et al,,
2009) (Fig 1c, panel iv).

The CSZ clade is a group containing members of the
Coccolithales, Syracosphaerales and Zygodiscales, which
may either be monophyletic or paraphyletic excluding
the Isochrysidales (below) (De Vargas, Aubry, Probert,
& Young, 2007; Dorrell et al., 2021a) (Fig lc, panels vi,
vii; Fig 2). This group is composed of calcifying species,
including aesthetically renowned members (e.g.,
Coccolithus pelagicus), and are mainly free planktonic
cells in marine ecosystems (Edvardsen, Egge, & Vaulot,
2016). Because of the density of their coccoliths, these
algae sink at a higher rate than non-mineralized species
and thus play an important role in the biological carbon
pump and nutrient export from the photic zone (Guidi
et al, 2016). Some members of this group (e.g.,
Braarudosphaera) possess diminished cyanobacterial
endosymbionts (within the UCYN-A group), which
lack the capacity to perform photosynthesis indepen-
dently. The cyanobacteria provide Braarudosphaera
with fixed organic nitrogen in exchange for organic
carbon (Mills et al., 2020; Thompson et al., 2012).

Finally, the Isochrysidales is an order that includes both
calcified and non-calcified species. The most studied spe-
cies within this group is the coccolith-bearing Emiliana
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huxleyi, which is known to form massive blooms during
summer and autumn, sometimes visible from space (Read
et al., 2013; Zondervan, 2007) (Fig 1c, panels viii, ix). The
Emiliania genus complex contains both haplo-diploid
members (Emiliania) and permanently diploid members
(Gephyrocapsa), with contrasting latitudinal preferences.
Emiliania prefers more temperate waters, whereas
Gephyrocapsa resides primarily in tropical environments
(Bendif et al., 2019; Liu et al., 2018). These distributions are
related to the prevalence of the Emiliania virus that only
infects diploid Emiliania cells but shows heat-dependent
inactivation. This constrains the obligately diploid sub-
species to subtropical waters (Bendif et al., 2019). The
Isochrysidales order also includes terrestrial and euryha-
line species (Ruttnera) (Green & Parke, 1974), along with
other species (Tisochrysis, Chrysotila). Members of this
group of haptophytes produce the very long-chain (Css
-Cso) fatty acids known as alkenones, the saturation index
of which has long since been used as a proxy to reconstruct
paleotemperatures. Their unusual fatty acids have also
been targeted for industrial purposes including biofuels,
cosmetic products and novel materials (Araie et al., 2018;
Richter et al., 2019; Shi, 2019).

Uncultured and emergent haptophyte orders

Historical understanding of haptophyte biology and
diversity has been limited by their cultivability.
Many environmentally important species remain diffi-
cult to establish in culture either due to undiscovered
auxotrophies (Absolon, Smith, & Helliwell, 2019; Nef
et al, 2019) or nutrient requirements that may be
different (e.g., more oligotrophic) than standard
laboratory media (Andersen, 2005). Environmental
sequencing is therefore an important tool for under-
standing haptophyte biodiversity in the real world,
giving us insight into the environmental abundances
of major orders. It allows the molecular classification
of species complexes that cannot be differentiated via
morphological synapomorphies (Ibarbalz et al., 2019)
and the identification of new, uncultured haptophyte
groups, which may ultimately then become established
as laboratory model organisms (Kawachi et al., 2021).

One such example is the Rappemonads, a lineage first
detected in environmental sequence data surveys from
the Pacific Ocean (Rappé, Suzuki, Vergin, &
Giovannoni, 1998; Shi, Marie, Jardillier, Scanlan, &
Vaulot, 2009) and subsequently detected also in the
North Atlantic (Kim et al.,, 2011) and globally within
the temperate and sub-tropical ocean, as part of the
Tara Oceans Expedition (Kawachi et al, 2021).
Phylogenetic analysis of the rappemonad rDNA operon
suggested that this lineage forms either a sister group to
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all Prymnesiophytes to the exclusion of Pavlovophyceae
or to all haptophytes entirely (Kim et al., 2011; Shi et al.,
2009), and fluorescence microscopy of environmental
rappemonad isolates sorted by FISH revealed the pre-
sence of two to four chloroplasts per cell, indicating
either photosynthetic capacity or the retention of stable
photosynthetic endosymbionts (Kim et al., 2011). Most
recently, a previously isolated haptophyte species,
Pavlomulina ranunculiformis, has been re-identified as
the first laboratory rappemonad culture by Kawachi
et al. (2021). The Pavlomulina cell contains ultrastruc-
tural synapomorphies that link it to Prymnesiophyceae
and not Pavlovophyceae (e.g., flagella of equal length,
presence of chlorophyll ¢3 and not c1 and absence of an
eyespot) but lacks 19" hexanoyl-fucoxanthin as found in
core Prymnesiophycean groups (Kawachi et al., 2021)
and indeed contains structural features (four plastids
per cell) unique among haptophytes (Fig 1c, panel x).
Phylogenetic analysis of the Pavlomulina organelle
(plastid and mitochondria) genomes confirms
a probable sister group position to all
Prymnesiophyceae (Kawachi et al., 2021), to the exclu-
sion of the ancestor of the Kareniacean dinoflagellate
plastid (Fig 2), although alternative phylogenetic posi-
tions (e.g., a sister-group position to all Pavlovophyceae)
have also been proposed (Song, Chen, Liu, & Chen,
2021).

Beyond rappemonads, there are multiple other
groups of haptophytes described from environmental
data that have yet to be established in laboratory culture.
Choi et al. (2017) reported the occurrence of two novel
haptophyte groups, termed Deep-Branching Plastid
Lineages (DPL) 1 and 2, from analysis of chloroplast
environmental 16S rDNA. Both DPL groups are of low
abundance in Tara Oceans data but show global distri-
butions across temperate and sub-tropical stations as
per rappemonads. DPL1 appears to resolve as an
immediate sister group to the Prymnesiophyceae to
the exclusion of rappemonads and the ancestors of the
Kareniaceaen plastid, whereas DPL2 may form a sister
group to all cultured haptophyte orders (Choi et al.,
2017). The veracity of these positions rests on the isola-
tion and cultivation of DPL1 and DPL2 group species,
and particularly the resolution of their phylogenetic
relationships to Prymnesiophyceae, haptophytes at
large and potentially even centrohelids via multigene
phylogeny (Burki et al., 2016; Strassert et al., 2021).
Additional haptophyte groups, detectable within 18S
rDNA barcodes from the Tara Oceans Expedition,
include Clade U2, projected to form a sister group to
all Prymnesiophyceae, but distinct from rappemonads
and potentially corresponding to a DPL group (X. L. Shi
et al., 2009) and Prymnesiophyte Clades D and E, which

may correspond to new orders that are sisters to all
other Prymnesiophyceae or to all Prymnesiophyceae
excluding Phaeocystales, following previous phyloge-
netic analyses of the complete 185 rDNA sequence
(Wu, Huang, Liao, & Sun, 2014; Wu, Wang, Liao, &
Huang, 2015).

Nonetheless, further new haptophyte species, genera
or orders may still await our discovery in environmental
sequence data, dependent on seasonality of sampling
and masking members of the rare marine biosphere by
sequences from more abundant organisms.

Global distribution of the major haptophyte
orders in Tara Oceans data

While the biogeographical distribution of individual
haptophyte species (Bendif et al., 2016; von Dassow
et al.,, 2015) and community composition across spatial
and temporal transects have been studied and reviewed
elsewhere (Alexander et al., 2015; Egge et al., 2015),
relatively little is known to date about the distributions
of the specific orders on a global scale. Here, we attempt
to resolve this knowledge gap by considering the pat-
terns of relative abundance for eight distinct haptophyte
categories (Pavlovophyceae, Phaeocystales,
Prymnesiales, CSZ clade, Isochrysidales, clades D and
E prymnesiophyceae and haptophytes incertae sedis),
following the classification scheme erected using the
PR? (protist ribosomal rDNA) Reference Database in
18S V9 meta-barcode data within the Tara Oceans
Barcode Atlas (Guillou et al., 2013; Vernette et al.,
2021) (Figs 3-5). We acknowledge that these insights
are preliminary and should ideally be supported with
additional barcode data (e.g.,, 185 v4 or 16S V4-V5),
alongside meta-transcriptome-based methods for eval-
uating haptophyte relative abundances, particularly
given the limited efficiency of common V9 primers in
amplifying 18S rDNA from specific haptophyte orders
(Liu et al., 2009; Karlusich et al., 2022).

Abundance, size and depth distributions: Across all
Tara Oceans stations, Prymnesiophyceae represented
approximately 98% of haptophyte total relative abun-
dance, with a slight majority (52%) from Prymnesiales.
Phaeocystales also contributed a substantial proportion
(26%), with <2% total relative abundance attributable
each to Pavlovophyceae, the CSZ clade and
Isochrysidales (Fig 3a). Considering their total relative
abundances across Tara Oceans as previously calculated
(Kawachi et al., 2021) (3.2 x 107™* per million total
ribotypes), Rappemonads represent only 0.004% of
total haptophyte abundance. Relatively little differences
in relative abundances exist between surface and deep
chlorophyll maximum (DCM) stations, reflecting
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Figure 4. Biogeographical distributions of haptophyte orders across the world ocean. A: Map of Tara Oceans stations, showing the
proportional contribution of different haptophyte orders at the surface and in nano- and pico- (>0.8, 0.8-3, 0.8-5, 0.8-20 um) size
fraction combinations to each station (Vernette et al., 2021). B: Heatmap, showing the strength of co-association of different
haptophyte orders to one another, as per previous studies (Lima-Mendez et al., 2015; Vincent & Bowler, 2020), across all station,
depth and size fraction combinations, showing separate partitioning of CSZ clade and Phaeocystalean haptophytes to all other
haptophyte orders. C: Boxplots of relative haptophyte abundances in nano- and pico-size fractions of each haptophyte order across
Tara Oceans stations divided into biomes per Longhurst (2006), demonstrating in particular contrasting enrichments (CSZ clade and
Phaeocystales) and scarcity (Pavlovophyceae and Isochrysidales) in Polar Biome occurrence of different haptophyte orders.

haptophyte physiological flexibility between nutrient-
limited (oligotrophic) surface habitats and light-
limited (mesotrophic) DCM habitats. However, sub-
stantial differences are apparent in haptophyte relative
abundance across size fractions (Fig 3b). Typically, hap-
tophyte relative abundance is greatest in nano- and

picoplanktonic (0.8-20, 0.8-5 and 5-20 um) size frac-
tions, with approximately 100 times greater relative
abundance than observed in the larger (5-20, 20-180
and 180-2000 um) size fractions (Fig 3b). The disparity
in haptophyte relative abundance across size fractions
may hint to the greater relative diversity found in small
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abundances in stations with low environmental temperatures.

and non-calcifying species than larger, colonial and
calcareous haptophytes and/or a greater occurrence of
free-living over symbiotic species in marine commu-
nities (Liu et al., 2009).

Spatial distributions: Distinctive patterns in haptophyte
distribution were observed across the Tara Oceans dataset
(Fig 4a). Most stations were dominated by Prymnesiales,
particularly members of Chrysochromulina sp. (70% of
Prymnesiales relative abundance), with the exception of
stations in the Southern Ocean, which principally con-
tained ribotypes from the Phaeocystales (Fig 4a).
Phaeocystales additionally showed strong presences in
the Arctic and Southern Atlantic Oceans, although the
vast majority of these ribotypes did not correspond to
classified species (Phaeocystis antarctica, cordata, globosa;
Fig 4a). Other haptophyte lineages (CSZ, Isochrysidales,
Pavlovophyceae) showed globally low abundances, albeit
with some regional asymmetries (e.g., greater relative
occurrence of Isochrysidales in stations along the Gulf
Stream and the North Atlantic Drift; Fig 4a). Reflecting
these asymmetries, Phaeocystales and CSZ clade hapto-
phytes showed positive co-associations (i.e., co-preferences
for polar oceanic regions) (Lima-Mendez et al., 2015)
across Tara Oceans data, to the exclusion of

Pavlovophyceae, Prymnesiales, Isochrysidales and uncul-
tured lineages, which all showed varying degrees of posi-
tive co-occurrence to one another (Fig 4b).

We note the occurrence of haptophytes in most Tara
Oceans stations, underscoring their global importance
to the marine ecosystem, although with striking asym-
metries between stations (Fig 4c). Using partitions
(Polar, Coastal, Trades and Westerlies) for each station
defined in previous studies (Longhurst, 2006;
Sommeria-Klein et al., 2021), we noted more than two
to five times greater relative abundances of haptophytes
in Polar stations than in other regions (Fig 4c). No
obvious seasonal effect on abundances were observed
across the entire dataset, although we note that different
ocean regions were sampled in different seasons. For
example, Arctic sampling was conducted during spring,
summer and autumn, and Southern Ocean sampling
occurred during spring and summer, when blooms are
more likely to happen. Different haptophyte orders
showed preferential accumulations in different oceanic
biomes, likely reflective of both environmental prefer-
ences and sampling time relative to different blooming
events. Pavlovophyceae appeared to be 10 to 25 times
less abundant on average in Polar biomes relative to



temperate and tropical (Coastal, Westerlies and Trades
biomes) (Fig 4c). Isochrysidales also tends to be less
abundant in Polar biomes, whereas Prymnesiales
showed the same relative abundances in all biomes
and regions (Fig. 4c). In contrast, Phaeocystales and
CSZ clade haptophytes were 10-15 times more abun-
dant in Polar than other biomes, perhaps due to bloom-
ing events (Fig 4c).

Correlations to environmental variables: Finally, we
calculated Spearman correlations between the relative
abundances of each major haptophyte order across phy-
sical variables in Tara Ocean stations (Pesant et al.,
2015). In Fig 5, we present correlation heatmaps for
the >0.8, 0.8-5, and 0.8-20 um size fractions and surface
depths, for seven environmental characteristics: 1) tem-
perature, 2) coastal distance to distinguish coastal versus
offshore species, 3) NO;™ and 4) PO, concentrations,
as a measure of oligotrophy/eutrophy), 5) CO5>" levels,
as an indicator of coccolith formation in calcareous
species (Zondervan, 2007) 6) chlorophyll a, as an
index of primary production, and 7) estimated Fe con-
centration at 5 m depth, which is typically negatively
correlated with diatom abundance, and hence might
serve as a proxy of haptophyte/diatom co-occurrence
in the open ocean (Caputi et al., 2019). Full tabulated
correlations are found in Table S1.

The relative abundances of Pavlovophyceae,
Prymnesiales, Isochrysidales and basal haptophyte
orders negatively correlated with nutrients (nitrate and
phosphate) and chlorophyll content and positively cor-
related with temperature (Fig 5a). Pavlovophyceae
showed the strongest negative correlations to nitrate
and phosphate and a strong positive correlation (in
0.8-20 um size fractions, covering the Arctic Ocean,
Red Sea and Indian Ocean) to iron. While
Pavlovophyceae showed positive correlations to tem-
perature in surface fractions, mixed trends were
observed within the DCM (Supplementary table S1),
suggesting that this lineage is likely to be ecologically
heterogeneous, including previously undescribed open-
ocean and polar components (Bendif et al.,, 2011;
Dorrell et al., 2021a). Contrasting with the historical
understanding of Pavlovophyceae as a predominantly
coastal order, we did not globally detect an enrichment
in their abundance in coastal Tara Oceans stations,
considering either biome distribution or coastal dis-
tance (Figs 4c, 5a) (De Vargas et al., 2007).
Prymnesiales exhibit positive correlations with both
temperature and (for 0.8-20 pum size fractions) coastal
distance, suggesting their importance to subtropical and
oligotrophic open-ocean waters (Fig 5a). In contrast to
Pavlovophyceae and Prymnesiales, Isochrysidales
showed an additional positive correlation (particularly
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in DCM fractions) to carbonate concentrations, reflect-
ing the global importance of calcification for this lineage
(Kegel, John, Valentin, & Frickenhaus, 2013; O’Dea
et al., 2014; Read et al.,2013; Zondervan, 2007) (Fig 5a;
Supplementary table S1).

In contrast, both the CSZ clade and Phaeocystales are
more abundant in cold, nutrient and chlorophyll-rich
waters, consistent with their positive co-association with
one another and preferences with polar biomes (Figs 4b,
¢, a). These trends were particularly notable in
Phaeocystales, which were most abundant (relative
abundance >107%) in stations with environmental tem-
peratures below 8°C (Fig 5b). Despite the reputation of
CSZ clade haptophytes as calcifiers, they showed
a strong negative correlation to CO;~ concentrations
in DCM size fractions. This raises questions concerning
the relative environmental abundances of non-
calcareous species (e.g., silicifiers such as Prymnesium
neolepis) (Yoshida et al., 2006) or cells (e.g., haploid
members of haplo-diploid species) within this clade
(Frada et al., 2008) (Supplementary table S1).

Knowns and unknowns of haptophyte
genomes, transcriptomes and environmental
genomics

Genomic knowledge of haptophytes started with the
sequencing of the «pan» genome (13 globally distributed
strains, with four selected for deep sequencing) of the
Isochrysidalean Emiliania huxleyi in 2013 (Read
et al.,2013). The Emiliania genome, as a typical hapto-
phyte genome assembly, comprises 141.7 Mbp
sequences assembled over 6,995 scaffolds, with 35,385
annotated gene models (Read et al.,2013) (Fig 6a).
Comparative genomic analysis of the four Emiliania
strains revealed considerable intra-specific variation,
with as much as one-tenth of the protein coding genome
unique to individual strains and highlighting the impor-
tance of micro-evolution for understanding the genetic
diversification of haptophytes and marine algae in gen-
eral (Blanc-Mathieu et al., 2017; Rastogi et al., 2020;
Read et al.,2013).
Subsequent haptophyte
included the oleaginous Prymnesialean species
Chrysochromulina tobinii and Chrysochromulina
parva (Hovde et al,, 2015), the temperate and Arctic
Pavlovophyceae Diacronema lutheri NIVA-4/92 and
Diacronema sp. CCMP2436 (Dorrell et al., 2021a;
Hulatt, Wijffels, & Posewitz, 2021); the alkenone-
producing Isochrysidalean Tisochrysis lutea; and
Phaeocystis globosa and P. antarctica, respectively, tro-
pical and Antarctic members of the Phaeocystales
(Fig 6a) (Grigoriev et al., 2021; Nelson et al., 2021).

genome projects have
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within the Tara Oceans expedition (Ibarbalz et al., 2019; Vaulot et al., 2004). Although the majority ofcultured species have been
isolated from sites around continental North America and Europe, cultured and environmental resourcesexist for profiling haptophyte

genomic diversity on a global scale.

These targeted genomes have been supplemented by
the inclusion of haptophytes in multi-species sequen-
cing efforts, e.g., transcriptomes for 32 haptophyte
species within the Marine Microbial Eukaryote
Transcriptome Sequencing Project (MMETSP)
(Keeling et al., 2014). Most recently, Delmont et al.
have published assemblies for 92 haptophyte
Metagenome-Assembled Genomes (MAGs) from
Tara Oceans data, of uncertain taxonomy but presum-
ably enriched in environmentally abundant genera

(Chrysochromulina, Phaeocystis) (Delmont et al.,
2022).

The rapid and exponential increase in genomic
resources available, alongside quantitative estimates of
gene expression obtained both from transcriptomes of
model species (e.g., Emiliania) (Bochenek et al., 2013;
Hernandez Limon et al., 2020; Vincent et al.,, 2021) and
from meta-genomic and meta-transcriptomic datasets
such as Tara Oceans (Caputi et al., 2019; Carradec et al.,
2018), provides an unprecedented opportunity for



understanding fundamental principles in haptophyte biol-
ogy and diversification. Here, we outline some of the ques-
tions that may now be addressed by haptophyte genomic
and environmental resources and knowledge gaps in hap-
tophyte genomic diversity that may be addressed by future
studies.

Functional evolution of the chimeric
haptophyte chloroplast

Although the haptophyte chloroplast genome is most clo-
sely related to those of cryptomonads (Rice & Palmer,
2006), it is supported by nucleus-encoded and chloroplast-
targeted proteins most probably derived from
a pelagophyte or dictyochophyte within the ochrophytes
(Dorrell et al., 2017; Stiller et al., 2014) (Fig 2). Resolving
the exact contributions of both these donors to the early
evolution of haptophytes rests not only on denser genomic
sampling of early-diverging haptophyte groups (e.g., pav-
lovophyceae and rappemonads) (Kawachi et al., 2021) but
also on comparative genomic analyses of the immediate
sister groups of haptophytes (centrohelids) (Burki et al,
2016), cryptomonads (Goniomonas) (Cenci et al., 2018)
and pelagophytes and dictyochophytes (e.g., pinguio-
phytes) (Di Franco, Baurain, Glockner, Melkonian, &
Phillippe, 2022). This would help to identify exactly
which sets of genes have been transferred between each
group of organisms, at what time point and in what direc-
tion. Identifying the specific connection between these
gene transfers and the haptophyte chloroplast may only
be possible following experimental resolution of the hap-
tophyte chloroplast proteome, as recently accomplished in
other algal lineages such as euglenids (Vanclova et al.,
2020) and diatoms (Schober, Flori, Finazzi, Kroth, &
Bértulos, 2018) and/or environmental and experimental
characterization of key chloroplast proteins using Tara
Oceans data (Carradec et al., 2018) and emergent trans-
formable haptophyte model systems (Faktorova et al.,
2020).

Diversity of haptophyte cell biological systems
and metabolism

As alluded to above, the plastid is far from the only
interesting cell biological facet of haptophytes that can
be informed by genomic data (Eikrem et al., 2017). The
haptonema, for example, is an enigmatic structure asso-
ciated with predation/phagocytosis and unique to hap-
tophytes. Investigating the complement of cytoskeletal
components or membrane-trafficking proteins uniquely
encoded in haptophytes could well suggest candidate
proteins to serve as handles for downstream molecular
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cell biological studies. The cell biology of coccolith for-
mation and the haptophyte-specific coccolith vesicle is
similarly mysterious (Gonzalez & Read, 2005; Nam,
Park, Lee, & Jin, 2019) but could be approached in the
same manner, in this case by looking for components
present in coccolith forming versus non-mineralizing
species. Genes involved in the production of alkenones
could likewise be identified by comparisons of genomic
complements of Isochrysidales (which produce them) to
other haptophyte orders (which typically do not) (Araie
et al.,, 2018; Richter et al.,, 2019; Shi, 2019). Finally,
comparative genomics of laboratory species with obli-
gate phototrophic versus mixotrophic life strategies may
be used to identify marker genes whose presence or
absence is associated with phagotrophy, and to develop
predictive models of haptophyte metabolism either in
newly cultured species or in environmental datasets
(Bock et al., 2021).

Cross-referencing the prevalence of meta-genes encod-
ing such components with the prevalence of environmen-
tal factors across the Tara Oceans dataset, for example,
CO;* abundance and pH in the case of coccolith-forming
genes (Lohbeck, Riebesell, & Reusch, 2014), should also
provide insight into the cellular modulation in response to
the environment. Cross-referencing the expression levels
of these genes to biological abundance data (e.g., V9
OTUs) might even allow the identification of possible
biotic functions and constraints on haptophyte metabolic
processes (Lima-Mendez et al., 2015; Vincent et al., 2021).
For example, the expression of haptonema-associated
genes (associated with phagocytosis) may show positive
correlations with the abundance of potential prey species,
whereas coccolith-associated gene expression may show
correlations with the abundances of marine viruses
(which have been shown in lab and in mesocosm experi-
ments to modify coccolith formation dynamics) (Frada
et al., 2008; Vincent et al., 2021). Understanding of the
functional dynamics and regulation of each gene will be
further aided by genomics-enabled exploration of non-
coding and repetitive DNA in haptophyte genomes
(Read et al., 2013), particularly with regard to epigenomic
features such as histone and DNA modifications (Alaguraj
Veluchamy et al,, 2013, 2015) and long non-coding RNAs
(de Carvalho, Sun, Bowler, & Chua, 2016), as have been
explored in other marine algae such as diatoms.

Finally, it must be noted that a very large proportion of
cell biological information comes from studies in animal
and fungal model systems, and it is then assumed that the
models of how cells work is widely applicable to all eukar-
yotes. However, emerging data show that while this is very
often true, many aspects of cell biology and protein
machinery, that are present in the broad diversity of eukar-
yotes, are not present in animal and fungal models (More,
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Klinger, Barlow, & Dacks, 2020). Several components of
this evolutionary class (termed Jtnarlogs) have been iden-
tified in E. huxleyi (Hirst et al., 2014; Schlacht, Mowbrey,
Elias, Kahn, & Dacks, 2013), raising questions as to
their prevalence in haptophytes more generally.
Having a more complete picture of what cellular
machinery haptophytes possess jumpstarts down-
stream functional investigation not only in this line-
age but also more broadly across the eukaryotic tree of
life.

How does the environment structure
haptophyte genome evolution?

An environmentally informed vision of haptophyte
genomic content may reveal what micro-adaptations
allow haptophytes to succeed in different marine envir-
onments on a global scale. Analysis of 185 rDNA V9
barcode data from Tara Oceans indicates that hapto-
phytes show important spatial segregation and limita-
tions to dispersal, principally defined by latitude,
suggesting the probable occurrence of polar, temperate
and subtropical-specific haptophyte assemblies and gen-
omes (Sommeria-Klein et al., 2021). Indeed, a recent
phylogenomic analysis of Arctic algal genome content,
including the Pavlovophycean Diacronema sp.
CCMP2436, identified the presence of substantial num-
bers of Arctic-specific genes unique to marine algae
from this biome. These genes are shared between dis-
tantly related Arctic algal species by within-oceanic
horizontal gene transfer to the exclusion of closely
related species from lower latitudes (Dorrell et al.,
2021a). These include ice-binding domain proteins,
which allow psychrophilic algae to survive freezing tem-
peratures and potentially to adhere to floating sea ice.
The ice-binding protein genes in Diacronema sp.
CCMP2436 have been acquired by horizontal transfer
from an Arctic pelagophyte, whereas the Antarctic
Phaeocystalean haptophyte Phaeocystis antarctica has
independently acquired ice-binding proteins from
Antarctic diatoms (Dorrell et al, 2021a; Raymond &
Kim, 2012). Identifying what genes enable haptophyte
adaptations to specific environmental habitats, and
indeed under what conditions these genes are expressed,
will be invaluable to understanding the pan-genomic
variation of haptophytes with global environmental dis-
tributions (e.g., Emiliania huxleyi) (Bendif et al., 2016;
von Dassow et al., 2015) and for identifying factors that
may underpin responses of different haptophyte groups
to rising sea temperatures (Chaffron et al., 2021).

Knowledge gaps and future directions

Despite the exponential increase in genomic resources
available across the haptophytes at large, relatively little
is still known about the genomic content of certain
haptophyte groups. These include, necessarily, the
nuclear genomes of uncultured (DPL, Prymnesiophyte
Clades D and E) (Choi et al., 2017) or recently cultivated
lineages (rappemonads) (Kawachi et al., 2021). At
a functional level, no genomes have yet been sequenced
for species known to engage in mixotrophy under
laboratory conditions (e.g., Chrysocampanula spinifera
and Haptolina hirta) (Anderson et al., 2018), toxic spe-
cies (Prymnesium  parvum), species
(Prymnesium neolepis) (Yoshida et al., 2006) or species

siliceous

with a pulsatile vacuole, a specialized organelle which
may allow adaptation to variable salinity environments
(Diacronema noctivaga, D. vlkianum and Pavlova gran-
ifera) (Bendif et al., 2011).

At a global scale, existing haptophyte genomes and
transcriptomes are necessarily biased towards temperate
and coastal species, with much less known about the
genomic content of tropical, polar and open ocean hap-
tophyte groups (Fig 6b). This knowledge gap is none-
theless readily accessible, via the establishment of
globally distributed haptophyte species in culture (e.g.,
the Roscoft Culture Collection, Fig 6b) (Vaulot et al.,
2004) and indeed through metagenome-assembled gen-
omes from the Tara Oceans dataset (Delmont et al.,
2022). Additional challenges include the identification
and sequencing of haptophytes from freshwater envir-
onments (Deodato et al., 2019; Singer et al., 2020), of
which species are known but few are in culture; along-
side species that are inaccessible, rare or fragile such as
sea-ice, terrestrial and obligately non-photosynthetic
haptophytes (Eikrem et al., 2017; Singer et al., 2020;
Segaard et al., 2021). Here, targeted sequencing of envir-
onmental samples, e.g., single-cell genomics, may be
instrumental in closing the most recalcitrant gaps in
our knowledge of haptophyte genomic diversity
(Mangot et al., 2017; Seeleuthner et al., 2018).

Concluding remarks

Despite their great abundance within the oceans, and
central position in eukaryotic algal evolutionary his-
tories (Figs 1, 2), our understanding of haptophyte
genomics, ecophysiology and diversity remains frag-
mented (Fig 6a). This reflects both the uncultivability
of many ecologically prominent species, including
entire haptophyte orders, alongside sampling biases
both in terms of seasonality (relative to blooming



events) and the geographical distribution of cultured
species (biased towards continental oceans from tempe-
rate northern latitudes; Fig 6b).

Nonetheless, the increasing quantity of informa-
tion produced from meta-genomic approaches,
which can be correlated to quantitative environmen-
tal variables, may provide unprecedented opportu-
nities to understand holistically the complexity and
the diversity of haptophytes. For instance, the Tara
Oceans expeditions may allow us to better understand
the specificecological preferences of individual hap-
tophyte orders, with some results questioning current
knowledge of haptophyte ecology (Figs 3-5).
Combining these meta-genomic data with both phy-
logenetic and molecular approaches, for example,
emergent systems for haptophyte orders transforma-
tion and cell biology (Faktorova et al., 2020; Prasad
etal., 2014), may allow us to unravel common features
and specific adaptations between haptophyte orders,
genus, species and ecotypes. These approaches may
therefore cast insight into observed haptophyte geo-
graphical and seasonal patterns, alongside the real-
world ecological significance of evolutionary and phy-
siological phenomena observed within cultured spe-
cies, such as chimeric chloroplast proteomes, flexible
trophic life strategies and biogeographically struc-
tured genomes. Exploring the interplay between hap-
tophyte genomes, meta-genomes and encoded
functions may allow us to better understand the
roles haptophytes play in oceanic biogeochemical
dynamics, their centrality to marine ecosystems and
food networks and their inferred sensitivity and resi-
lience to environmental modifications induced by
climate change.
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