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Abstract: Microalgae of the division Haptophyta are a major component of the marine nanoplankton and present in all seas. They are 
important primary producers and grazers of picoplankton in the ocean, and their metabolic products can have an impact on global climate. 
Due to their small size, species are difficult to distinguish by microscopy, and knowledge on their diversity and distribution is incomplete. 
Environmental sequencing studies have revealed a high marine protist diversity. We review the current knowledge on diversity and distri-
bution of haptophytes revealed by Sanger sequencing of clone libraries (environmental sequencing) and by high-throughput sequencing of 
amplicons (metabarcoding). We also discuss the methodology used. Finally, we provide a curated haptophyte reference 18S rRNA-gene 
database for future taxonomic assignment of environmental sequences and metabarcoding reads.
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Introduction

Haptophytes are mostly single-celled nanophytoplankton 
(usually 2–30 μm) and have a worldwide distribution. They 
are one of the major groups of primary producers in the 
ocean, together with cyanobacteria, diatoms, dinoflagellates 
and prasinophytes. They have also been found to be impor-
tant grazers on picoplankton in the open ocean (e.g. Frias-
Lopez et al. 2009, Unrein et al. 2013). Some haptophytes, 
such as members of the genera Emiliania, Gephyrocapsa, 
Phaeocystis, Chrysochromulina and Prymnesium, form 
extensive blooms that may affect the global carbon bal-
ance and possibly climate forcing, or cause fish kills with 
ecological and economical impact (Jordan & Chamberlain 
1997; Edvardsen & Imai 2006). However, their small cell 
size means that they are difficult to study. Species identifica-
tion often requires electron microscopy and a high degree 
of taxonomic expertise. This is especially true for non-
calcifying haptophytes, whereas coccolithophorids have 
calcified scales (coccoliths), which are easier to preserve and 
observe under the optical and scanning electron microscopes. 
Therefore knowledge on haptophyte diversity, distribution 
and abundances at the species level remains fragmentary. 
The effect of environmental factors and climate change on 

populations of this important phytoplankton group is also to 
a large extent unclear. However, the use of molecular meth-
ods, such as environmental sequencing and metabarcoding 
has revealed large haptophyte diversity in the ocean that was 
previously unsuspected. By environmental sequencing we 
hereafter mean PCR amplification of marker genes (ampli-
cons) in natural plankton samples followed by clone library 
construction and Sanger sequencing of specific clones. In 
the metabarcoding approach, the clone library construction 
is omitted and sequencing of amplicons is performed by 
high-throughput sequencing (HTS, also called next genera-
tion sequencing or NGS). Metabarcoding with the 454 Life 
Sciences technology is also called pyrosequencing. In con-
trast, metagenomics refers to whole-genome sequencing of 
environmental samples.

In genetic surveys of plankton communities, different size 
fractions of the community are often separated by filtration 
in order to avoid the dominance by bigger organisms with 
larger genomes and high number of gene copies per genome 
(Zhu et al. 2005). These studies have revealed high, unex-
pected haptophyte diversity within the pico- (0.2–2–3 μm)  
and nano-plankton (2–20 μm) size ranges. Most of these 
sequences do not have a close similarity to cultured species 
(Unrein et al. 2013, Egge et al. 2015a). They may represent 
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species that have been formerly described, but not yet cul-
tured or for which DNA sequences are not yet available, or 
correspond to novel species and lineages at taxonomic lev-
els from genus to class. Only a few described haptophyte 
species are known to be of picoplankton size (Vaulot et al. 
2008; Worden & Not 2008), and most of the pico-haptophyte 
diversity is expected to represent novel taxa, or alterna-
tively a picoplanktonic life cycle stage of a known, larger 
haptophyte.

In this paper, we review current knowledge of diversity 
and distribution of haptophytes obtained from environmen-
tal sequencing and metabarcoding studies, and give an over-
view of these studies and discuss the methodology used. We 
also propose standardised names for major clades without 
cultured representatives based on a global haptophyte 18S 
rRNA gene phylogeny. We have produced a curated hapto-
phyte 18S rRNA-gene reference database comprising 971 
sequences, mostly > 800 bp and retrieved from the Protist 
Ribosomal Reference database (PR², Guillou et al. 2013), 
for taxonomic assignment of environmental sequences and 
HTS reads. We envisage that this will facilitate and pro-
mote future molecular diversity surveys of haptophytes and 
improve our understanding of their distribution patterns and 
ecological role.

Morphology and taxonomy of Haptophyta

Division Haptophyta comprises at present ca. 312 spe-
cies, 80 genera, 6 orders and 2 classes (see below, Jordan 
et al. 2004, Edvardsen and Medlin 2007, Edvardsen et al. 
unpubl.). It is a monophyletic group not closely related to 
any other organisms. It has been proposed to belong to the 
supergroup Hacrobia together with cryptophytes and some 
heterotrophic groups (Okamoto et al. 2009; Cavalier-Smith 
et al. 2015). Most species are marine, but 12 described spe-
cies have been recorded from freshwater (Preisig 2002). 
Most haptophytes are unicellular, planktonic flagellates, 
but coccoid, amoeboid, palmelloid, filamentous, colonial 
and benthic forms also occur (Hibberd 1980; Fig. 1). Most 
are phototrophic, but some are heterotrophic and many 
are known to be mixotrophic (e.g. Jones et al. 1993; 1994; 
Unrein et al. 2013). In most species, at least one stage in the 
life cycle has two smooth flagella and between them a third 
appendage, the haptonema, a unique organelle that can be 
long and curling, to short and stiff or even vestigial. It can 
be used to attach to a surface or for food handling (Kawachi 
et al. 1991). Cells are typically covered by one to several 
layers of organic scales, and coccolithophorids also have 
calcified scales called coccoliths. Holococcolithophores are 
covered by simple holococcoliths that may be produced on 
the external cell surface, whereas heterococcolithophores 
have elaborate heterococcoliths produced in intracel-
lular compartments. A third group of calcified scales are 
the nannoliths. Species identification within Haptophyta 

is largely based on scale morphology (Leadbeater 1994). 
Haptophytes generally possess 1–2 yellow-brown chloro-
plasts, with three thylakoids in the lamellae and no girdle 
lamella. Haptophytes may have a heteromorphic haplo-
diploid life cycle, where both the haploid and diploid 
stages are capable of vegetative cell division. The holo-
coccolithophorid species (about 50) are now thought to 
be the haploid stage in a haplo-diploid life cycle with a 
diploid heterococcolithophorid, and combination cells of 
these also occur (Geisen et al. 2004; Houdan et al. 2004; 
Billard & Inouye 2004). The complete sexual life cycle 
has been observed in only a few species and knowledge on 
haptophyte life cycles is still fragmentary. The evolution 
of Haptophyta was recently reviewed by (Liu et al. 2010), 
and that of the coccolithophorids by de Vargas et al. (2007). 
The molecular phylogeny of Haptophyta and morphology 
of major clades were reviewed by Sáez et al. (2004) and 
Edvardsen and Medlin (2007). A haptophyte 18S rRNA 
gene phylogeny was presented recently (Egge et al. 2015a, 
2015b) including 76 cultured species, and environmental 
sequences representing most (all but HAP1) major clades 
without a cultured representative. Here we have recon-
structed a global phylogeny based on all 971 sequences in 
the Haptophyta database showing all major clades (Fig. 2), 
and without collapsed clades (Fig. S1).

Molecular markers for phylogeny and 
diversity

The most commonly used gene marker to infer phylogeny 
within Haptophyta is the nuclear-encoded SSU (18S) rRNA 
(e.g. Medlin et al. 1997; Simon et al. 1997; Edvardsen et al. 
2000; Edvardsen et al. 2011; Bendif et al. 2011; Bendif 
et al. 2013). It has both conserved regions enabling a relia-
ble alignment and phylogenetic comparison at higher taxo-
nomic levels, and variable regions enabling differentiation 
down to species level. However, some closely related spe-
cies have identical sequences such as Emiliania huxleyi and 
Gephyrocapsa oceanica, and Prymnesium pienaarii and 
P. simplex (Edvardsen et al. 2011; Bendif et al. 2011). Like 
for most protist groups, the 18S rRNA is the gene for which 
most reference sequences of haptophyte species are avail-
able (Guillou et al. 2012; Table 1). The phylogeny inferred 
from the 18S rRNA gene is generally congruent with the 
taxonomy based on morphology (Edvardsen et al. 2000). 
Partial 28S rRNA gene sequences embracing ca. 770–1000 
bp of the D1 and D2 regions have hypervariable positions 
that usually have to be removed for a reliable alignment, 
resulting in few remaining informative sites and a partly 
unresolved phylogeny (e.g. Edvardsen et al. 2011). The 
ribosomal internal transcribed spacers ITS1 and ITS2 have 
been used to segregate populations within a species and 
closely related species (Medlin et al. 2000 and references 
therein; Bendif et al. 2014), but the high variation in length 
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Fig. 1. Haptophytes: (a) Haptolina hirta, (b) Chrysochromulina alifera, (c) Phaeocystis pouchetii, (d) Coccolithus pelagicus, and (e) 
Pavlova gyrans. (From Throndsen, J., Hasle, G.R. & Tangen K., Phytoplankton of Norwegian Coastal Waters, Almater Forlag AS, 
Oslo, 2007, with permission.)

and nucleotide sequence makes it difficult to align reliably 
(Medlin et al. 2000). Some haptophyte phylogenies have 
also been inferred from the plastid-encoded 16S rRNA 
(e.g. Edvardsen et al. 2011) or rbcL genes (e.g. Fujiwara 
et al. 2001; Yoshida et al. 2006), but these genes suffer 
from the same limitation as the nuclear 18S rRNA gene 
in terms of resolution. The mitochondrial encoded cox1–3 
genes have in general a higher variation than coding rRNA 
regions and have been used as barcode to delineate sub-
clades of Emiliania huxleyi and Gephyrocapsa spp. (Bendif 
et al. 2014). Concatenated phylogenies combining two or 
more genes in the same alignment may improve the robust-
ness and/or resolution of the resulting phylogenetic tree 
(Edvardsen et al. 2011; Bendif et al. 2013, 2014). Some of 
the genes useful for phylogenetic inference of haptophytes 
have also been used as molecular markers (barcodes) for 
identification and detection of taxa in environmental sam-
ples, especially the ribosomal RNA genes coding for the 
18, 28 and 16S sub-units. Cultured haptophyte species 
for which both the 18S and partial 28S (D1-D2 region) 
sequences have been determined generally show higher 
interspecific variation in 28S than 18S (Table S5 in Liu 
et al. 2009; Egge et al. unpubl.). The 28S may thus reveal 
higher diversity of haptophytes than 18S rRNA, and could 
constitute a powerful barcode in environmental sequenc-
ing. However, the number of reference sequences from 

described and cultured species is lower than for 18S, which 
makes taxonomic assignment more difficult (Table 1).

Reference sequences

For reconstructing molecular phylogenies and for molecu-
lar identification, reliable reference sequences are crucial. 
Of the 312 described and currently valid haptophyte species 
(Jordan et al. 2004; Edvardsen et al. unpubl.), 96 (31%) have 
been cultured and their sequences determined for 18S com-
pared to only 76 (25%) for 28S (Table 1). Within Pavlovales, 
85% (11 of 13 spp.) have 18S and 28S sequences determined, 
whereas within Prymnesiales, more reference sequences 
are available for 18S than 28S (38 spp. (48%) and 28 spp. 
(35%), respectively). Within Calcihaptophycidae, the num-
ber of available reference species is 41 for 18S and 32 for 
28S. The plastid 16S rRNA gene has been sequenced for 52 
haptophyte species and data are available from the database 
PhytoREF (http://phytoref.org, Decelle et al. 2015).

Haptophyte 18S rRNA gene database

We have built a Haptophyta 18S rRNA gene reference 
database (Table S1) with curated and updated taxonomy, 
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Fig. 2. Maximum-likelihood tree (RAxML, GTRCAT) based on all haptophyte 18S rRNA gene sequences (971) from Table S1, col-
lapsed to show all major clades. Five Hacrobia sequences (AF534709, AJ564771, JX988758, KJ762967, AF508268) were used as 
outgroup, and were pruned from the tree. Support values at the nodes represent bootstrap-values from 100 replications, and scale 
bar number represent substitutions/site.
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Table 1. Number of species described and with available 18S, 28S and 16S rRNA gene sequence available in the various taxa of 
Haptophyta.
Taxa Described 

species
Descr. spp. 
18S rDNA

% with 
18S

Descr. spp. 
28S rDNA

% with 
28S

Descr. spp. 
16S rDNA

% with 16S

Pavlovales 13 11 85 11 85 5 38
Coccolithales 26 22 85 19 73 8 31
Isochrysidales 17 9 53 8 47 7 41
Phaeocystales 10 6 60 5 50 6 60
Prymnesiales: Chrysochromulinaceae 47 11 23 8 17 9 19
Prymnesiales: Prymnesiaceae 32 27 84 20 62 14 44
Syracosphaerales 58 2 3 3 5 1 2
cf. Syracosphaerales, incertae sedis 36 0 0 0 0 0 0
Zygodiscales 10 2 20 3 30 1 9
Holococcolithophorids 48 2 4 0 0 0 0
Nannolith-bearing, incertae sedis 13 2 15 0 0 1 10
Chrysoculteraceae 1 1 100 0 0 0 0
Watznaueriaceae 1 1 100 0 0 0 0
SUM 312 96 31 76 25 52 17

comprising all sequences assigned to Haptophyta from the 
PR2 database (Guillou et al. 2012) corresponding to the 
GenBank release v. 203 (October 2014). These sequences 
are longer than 800 bp. We have also included 27 sequences 
shorter than 800 bp that were phylogenetically placed and 
used as references by Egge et al. (2015a). Thirty-two chi-
meras have been identified and removed (see Table S1). 
The database contains 971 sequences: 451 from cultured 
strains and 520 from marine and freshwater environmen-
tal samples. We have determined the taxonomy of all 
sequences by phylogenetic analyses (MAFFT alignment 
and maximum likelihood (ML) analyses). Sequence meta-
data (sequence length, strain or clone code, name of organ-
ism in GenBank, locality, year and author of submission) 
were downloaded from NCBI and added to the database. 
Finally, the taxonomy was updated according to the latest 
taxonomic revisions (Edvardsen et al. 2000, 2011, Jordan 
et al. 2004, Bendif et al. 2011, 2013, Andersen et al. 2014, 
2015b). A detailed description of the construction of the 
database is provided in File S1. The database is available 
both as an Excel-file including all information mentioned 
(Table S1) and as files for use with Qiime or mothur for 
taxonomic assignation of high-throughput reads (Files S2, 
S3). In addition, we also provide an alignment (File S4) for 
all sequences in the database with addition of five taxa as 
outgroup (Chilomonas paramecium, Chlamydaster sternis, 
Chroomonas mesostigmatica, Leucocryptos marina, 
Picomonas judraskeda and Telonema subtile), and a com-
plete RAxML tree (Fig. S1).

We compiled information from studies including hap-
tophyte environmental sequences (papers containing more 
than 3 sequences) focusing on 18S rRNA gene clone librar-

ies (Tables 2A, B). Table S2 compiles some of the commonly 
used PCR primers in these studies.

Diversity revealed by environmental clone 
libraries

The first paper to report on haptophyte diversity explored 
by environmental sequencing used universal eukary-
otic 18S rRNA gene primers to amplify picoplankton (< 
2–3 um) from filtered sea water samples in combination 
with clone library construction (Moon-van der Staay et al. 
2000, 2001). They found 17 haptophyte OTUs (Operational 
Taxonomic Units, an estimate for species) from the pico-
plankton fraction of the equatorial Pacific Ocean, of which 
14 represented taxa without a cultured and sequenced rep-
resentative. In subsequent years, picoeukaryote diversity 
was investigated using environmental sequencing of the 
18S rRNA gene with universal primers in the Sargasso Sea 
(Not et al. 2007a), Pacific Ocean near Hawaii (Frias-Lopez 
et al. 2009), Mediterranean Sea (Not et al. 2009), and SE 
Pacific Ocean (Shi et al. 2009). These studies uncovered 
high picoeukaryote diversity and numerous haptophyte 
OTUs were found representing members of known gen-
era such as Chrysochromulina, Emiliania/Gephyrocapsa 
and Phaeocystis, and many uncultured taxa or novel lin-
eages within Prymnesiophyceae. Edgcomb et al. (2011) 
investigated the protist community composition in an oxic-
anoxic transition zone in the Caribbean Sea using massive 
sequencing of clone libraries with several primer pairs. 
Their study revealed a high diversity of protists (from 
pico- to micro-plankton), representing over 6,000 species, 
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Diversity and distribution of haptophytes 7

but only 19 OTUs (Tables 2A, S1, 0.3% of the OTUs) and 
0.5% of the sequences were assigned to Haptophyta. In 
contrast, Orsi et al. (2012) studied picoeukaryote diver-
sity in oxic-anoxic waters off the west coast of Canada by 
clone libraries and universal 18S rRNA gene primers and 
recovered 59 haptophyte OTUs (9%), most assigned to the 
genus Chrysochromulina (Table S1) despite the fact that 
the forward primer used (Euk515F) has one mismatch to all 
sequences from cultures in our alignment (an inserted A). 
Not et al. (2009) suggested that analysis of RNA instead of 
DNA may provide a better image of the protist community 
since DNA may not correspond to active organisms. It may 
also reduce the bias due to the differences in DNA copy 
number per cell among taxonomic groups (Not et al. 2009). 
Another sampling approach is to sort by flow cytometry 
specific photosynthetic eukaryote populations based on 
their size and chlorophyll signal. This strategy allows bet-
ter recovery of haptophyte sequences, including sequences 
not observed in filtered samples (Shi et al. 2009; Marie 
et al. 2010; Cuvelier et al. 2010). The low recovery of hap-
tophyte sequences from environmental 18S rRNA clone 
libraries can also be overcome by the use of haptophyte-
specific or -biased 18S and 28S primers (Liu et al. 2009; 
Shalchian-Tabrizi et al. 2011; Bittner et al. 2013; Egge 
et al. 2015a, b; Simon et al. 2013; Young et al. 2014; Table 
S2). For example, using haptophyte-specific 28S (D1-D2 
domain) rRNA gene primers, Liu et al. (2009) revealed 
an extreme diversity of pico-planktonic (0.2–3 µm) non-
calcifying haptophytes in 5 samples from Arctic subpo-
lar and subtropical (South Indian Ocean) oceanic waters 
(Table 2B). From c. 1000 clones, they recovered 674 OTUs 
(at 100% similarity). Phylogenetic analyses showed that 

the majority of the sequences clustered within the genus 
Chrysochromulina. Phaeocystales, Prymnesiaceae and 
Calcihaptophycidae were also represented among the novel 
pico-haptophyte sequences. As mentioned above, to date, 
more haptophyte species have been sequenced for the 18S 
compared to the 28S rRNA gene (Table 1), in particular for 
Prymnesiales. Thus it is possible that some of the novel 
sequences in this study represent described species without 
available 28S sequence.

Targeting the plastid-encoded 16S rRNA gene instead 
of the nuclear rRNA genes allows biased amplification of 
the phytoplankton (Fuller et al. 2006; McDonald et al. 2007; 
Shi et al. 2011), filtering out heterotrophic protists that may 
dominate in marine pico- and nanoplankton metabarcoding 
data sets (e.g. de Vargas et al. 2015). These studies revealed 
a much higher contribution of haptophytes to photosynthetic 
sequences than estimated from 18S rRNA studies with uni-
versal primers. For example Fuller et al. (2006) found at two 
stations in the Arabian Sea 17 and 37% of the plastid 16S 
rRNA clones belonging to Prymnesiophyceae. However, 
this contribution strongly depends on the primers used as 
shown on sorted samples from the SE Pacific Ocean (Shi 
et al. 2011).

Diversity revealed by metabarcoding

Environmental sequencing of clone libraries usually under-
estimates the diversity compared to metabarcoding with 
HTS (e.g. Egge et al. 2013), where a large sequencing 
depth can be obtained enabling detection of rare taxa. Some 
HTS technologies suffer from high error rates that demand 

Table 2B. Selected studies including haptophyte environmental sequences (n >3) not in our database and information on locality, 
size fraction, gene, and number of haptophyte OTUs. See Tables 2A for abbreviations. HTS = high throughput sequencing.
Reference Locality M/B/F Size fraction (μm) HTS Gene # OTUs
McDonald et al. 2007 Gulf of Naples, Mediterranean Sea, Italy M < 5 16S 114
Liu et al. 2009 Sub-Arctic, S Indian Ocean M 0.2–3 28S 674
Nersveen 2011 Southern Ocean, Atlantic M nano, pico 28S 34
Shalchian-Tabrizi et al. 2011 Finsevatn, Norway F > 1 (GF/C) X 18S 8
Shi et al. 2011 South Pacific Ocean M FCM-sorted pico 16S 29
Bittner et al. 2013 Gulf of Naples, Mediterranean Sea, Italy M 0.8–3, 3–20 X 28S 627
Kilias et al. 2013 Arctic Atlantic Ocean, Fram strait M micro X 18S > 53
Kilias et al. 2014 Arctic Atlantic Ocean, Fram strait M pico X 18S nd
Lie et al. 2014 SPOT station N Pacific; Gulf Stream,  

E Pacific Rise; Arctic
M > 0.7–80 (GF/F) X 18S nd

Taylor & Cunliffe 2014 English Channel, N Atlantic M total X 18S > 260
Thiele et al. 2014 Southern Ocean, Atlantic M nano, pico X 18S nd
Egge et al. 2015a Outer Oslofjord, Skagerrak, N Atlantic, 

Norway
M+B < 3 and 3–45 X 18S 156

Young et al. 2014 Atlantic Ocean, Pacific Ocean, 
Mediterranean Sea 

M > 5–10 28S > 74



eschweizerbart_xxx

un
co

rre
ct

ed
 p

ro
of

8 B. Edvardsen, E. Sinæs Egge & D. Vaulot

thorough bioinformatics treatment. Egge et al. (2013) tested 
various bioinformatics pipelines on a haptophyte mock com-
munity sequenced by 454 and found that some pipelines 
overestimated the species richness more than 100 times 
clustering at 99% similarity level. The treatment that best 
estimated the actual species richness included initial filter-
ing in mothur (Schloss et al. 2009) followed by denoising by 
AmpliconNoise and chimera check and removal by Perseus 
(Quince et al. 2011). As different studies use different pipe-
lines, some derived variables such as OTU richness can be 
difficult to compare.

Amplification of the V4 region of the 18S rRNA gene 
with eukaryote-general (Stoeck et al. 2010) or haptophyte-
specific primers (Egge et al. 2013) gives ca. 400 bp. frag-
ments suitable for 454 HTS (Table S2) and also more 
recently for Illumina. Reads can usually be taxonomi-
cally assigned to species level using a clustering level of 
99–99.5% (Egge et al. 2015a). Egge et al. (2015a, 2015b) 
explored the haptophyte diversity in the outer Oslofjorden 
during two years with monthly sampling using hapto-
phyte specific primers targeting the 18S V4 region. From 
ca. 400,000 reads, 156 haptophyte OTUs were obtained 
(99.5% similarity). Most OTUs (84%) represented uncul-
tured and/or not yet 18S-sequenced species, most of which 
were affiliated to Prymnesiales. Kilias et al. (2013, 2014) 
investigated protist composition in Atlantic Arctic waters 
using 454-metabarcoding of the 18S V4. As expected, 
reads of Phaeocystis pouchetii were abundant at all stations 
in the picoplankton fraction.

The V9 region of 18S rRNA gene (Amaral-Zettler et al. 
2009) relies on a shorter fragment length of c. 130 bp, 
which is suitable for the Illumina platform, but appears to 
have lower taxonomic resolution compared to the longer 
V4 region for Haptophyta (Edvardsen unpubl.). Illumina 
sequencing is considerably less expensive on a per base pair 
basis than with 454 and was the chosen platform for 18S V9 
metabarcoding of samples from the Tara Oceans expedition. 
De Vargas et al. (2015) assessed the eukaryotic diversity 
from 334 size-fractionated photic-zone plankton communi-
ties collected across tropical and temperate oceans during 
this circumglobal expedition and detected > 700 haptophyte 
OTUs.

Bittner et al. (2013) targeted haptophytes with hapto-
phyte-specific 28S primers and 454 metabarcoding and com-
pared pico- and nano-plankton size fractions at two depths 
from the Gulf of Naples as well as amplicons obtained 
from rDNA and rRNA/cDNA. Clustering at 97% similar-
ity resulted in 627 OTUs. Only 1% of the OTUs could be 
assigned to a described and cultured species with available 
28S sequence (at 97% similarity), and less than 12% clus-
tered with reference sequences obtained previously from 
cloning and Sanger sequencing of environmental samples. 
The LSU-metabarcoding also revealed high diversity and 
relative abundance of Chrysochromulinaceae.

Diversity and distribution within established 
clades

Class Pavlovophyceae
Pavlovophyceae consists of one order, one family, 4 genera 
and 13 described species of which all but 2 (Pavlova cal-
ceolata and Rebecca helicata) have been cultured and the 
18S rRNA gene sequence determined (Bendif et al. 2011, 
Tables 1, S1). At least 27 additional strains have been iso-
lated into culture for which the 18S rRNA gene sequence 
has been determined. They represent several novel species 
that await formal description (Bendif et al. 2011, Table S1). 
Pavlovophytes have been described mostly from littoral, 
brackish or sometimes fresh waters, and may be common in 
near shore planktonic and benthic microalgal communities 
as well as ponds and lakes (Preisig 2002, Not et al. 2012). 
None of the available 18S environmental sequences assigned 
to Pavlovophyceae originate from open marine waters, 
confirming their near-shore or freshwater distribution. 
Environmental 18S sequencing has revealed only 5 OTUs 
that could not be assigned to a cultured and sequenced 
species (≥ 99% similarity). All are more than 95% similar to 
a known and cultured species. Metabarcoding seasonal data 
from outer Oslofjorden revealed 3 OTUs without match to a 
cultured strain or available environmental sequence (Egge 
et al. 2015a). They formed a sister group to Diacronema, 
suggesting that they represent novel species of Diacronema 
or a novel genus. A fourth OTU, present in May only, was 
very similar (1–2 bp difference) to environmental sequences 
(e.g. JX680423) from a lake in France (Simon et al. 2013). 
The low number of OTUs without a cultured representative 
suggests that this group is easy to cultivate in standard nutri-
ent rich algal medium and may be mainly photoautotrophic.

Class Prymnesiophyceae

Order Phaeocystales
This order presently consists of one family and one genus, 
Phaeocystis, with 10 current species that are all marine, of 
which 7 are well characterised by EM and 6 for which 18S 
rRNA has been sequenced (Table 1, S1). Three of these, 
P. antarctica, P. globosa and P. pouchetii produce colonies 
as part of their life cycle and may form extensive blooms 
with large biogeochemical impact. Phaeocystis cordata, 
P. jahnii and P. scrobiculata are only known as solitary flag-
ellates (Medlin & Zingone 2007) and P. rex as non-motile 
or flagellated single cells (Andersen et al. 2015a). In addi-
tion, at least 10 Phaeocystis sp. strains with available 18S 
rRNA gene sequences are included in our database (Table 
S1), and some may represent novel Phaeocystis species (e.g. 
Medlin & Zingone 2007). Decelle et al. (2012) found by 
DNA sequencing that symbionts of marine planktonic acan-
tharians (Radiolaria) belonged to Phaeocystis, either to well-
known, abundant and free-living species such as P. globosa, 
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Diversity and distribution of haptophytes 9

P. antarctica and P. cordata, or to two novel ribotypes 
(Phaeo 1 and Phaeo 2, Decelle et al. 2012). Metabarcoding 
data from the Oslofjorden revealed an unknown diver-
sity within this clade that may represent novel species and 
genera (Egge et al. 2015a). Fifteen OTUs belonged to this 
order, of which 4 represented known species (≥ 99% similar-
ity, P. pouchetii, P. globosa, P. cordata and P. jahnii). Two 
well-supported sub-clades were identified consisting of envi-
ronmental sequences only, originating from the South and 
North Pacific Ocean, the Florida Strait (Frias-Lopez et al. 
2009; Cuvelier et al. 2010; Thompson et al. 2012), and outer 
Oslofjorden (Egge et al. 2015a). These, and other environ-
mental sequences from marine open-ocean, without affinity 
to cultured representatives, may represent novel genera or 
species complexes within Phaeocystis.

Clade D
Clade D was introduced by Moon-van der Staay (2000) 
to embrace environmental picoplankton sequences origi-
nating from oligotrophic, equatorial Pacific waters. 
This well supported clade, only consisting of uncultured 
ribotypes, has an unstable placement and either diverges 
after Phaeocystales within the Prymnesiophyceae, or forms 
a sister clade to Phaeocystales (Fig. 2; Edvardsen et al. 
2000; 2011; Moon-van der Staay et al. 2000; Egge et al. 
2015a). Environmental sequences within this clade have 
been reported from many studies since then, in particu-
lar within the picoplankton size fraction from Equatorial, 
South and North Pacific Ocean, Florida strait, Caribbean 
Sea off Venezuela, Marmara Sea, Skagerrak, Southern 
Ocean suggesting a wide marine distribution (Table S1; Shi 
et al. 2009; Cuvelier et al. 2010; Lie et al. 2014; Edvardsen 
unpubl.). Clade D taxa do not appear to be strongly related 
to any other haptophyte taxa and may represent a novel 
order. In view of their early divergence, one may hypoth-
esize that they do not have coccoliths.

Order Prymnesiales
Prymnesiales consists of two families, Chrysochromulinaceae 
with one genus, Chrysochromulina, containaing 47 
described species (listed by Chrétiennot-Dinet et al. 2014), 
and Prymnesiaceae with 6 genera and 32 described species 
(Edvardsen et al. 2011; Edvardsen et al. unpubl.). The tax-
onomy of the order has been revised recently and the phylog-
eny and taxonomy described in detail elsewhere (Edvardsen 
et al. 2011; Bendif et al. 2013). Within these families, 23% 
and 87%, respectively, of the described species have been 
cultured and the 18S rRNA gene sequence determined 
(Table 1). Most cultured strains have been isolated from 
coastal waters where Prymnesiales species may be abundant 
and even form blooms. Recently, metabarcoding studies 
have revealed high diversity within Prymnesiales without 
match to cultured species. In the Skagerrak, Egge et al. 
(2015a) found 93 OTUs affiliated to Prymnesiales (60% of 
all haptophyte OTUs) and only 8% of these matched cul-

tured species (≥ 99% similarity). Some of these probably 
represent known, but not yet cultured species. Haptophyta 
OTU richness was more than twice the species richness 
observed by electron microscopy over the years in this well 
studied region (Egge et al. 2015a).

Prymnesiales is usually the order that contains the larg-
est number of OTUs in environmental sequencing studies. 
In our database (Table S1) 57% of the environmental hap-
tophyte sequences were affiliated to Prymnesiales and 43% 
to Chrysochromulina. Within oceanic picoplankton a large 
proportion of the haptophyte 18S OTUs have been assigned 
to Chrysochromulina (e.g. Cuvelier et al. 2010; Orsi et al. 
2012; Simon et al. 2013; Wu et al. 2014). Surprisingly, 
only 3 of the described Chrysochromulina species are in 
the pico-size range (≤ 3 μm, Vaulot et al. 2008). Many have 
however a size ca 4–6 μm and may be squeezed through a 
3 μm pore size filter. Many novel picoplanktonic species 
of Chrysochromulina are therefore probably waiting to be 
described. Egge et al. (2015a) found 6 OTUs assigned to 
Chrysochromulina that were only retrieved from the pico-
plankton size fraction and not from the nanoplankton (3–45 
μm). One of these was assigned to C. rotalis, described to be 
4–6 μm in diameter (Eikrem & Throndsen 1999). This spe-
cies was found to have a haplo-diploid life cycle embracing 
haploid cells bearing aberrant scales that were smaller than 
the typical diploid cells described in the original descrip-
tion of this species (Edvardsen & Imai 2006; Edvardsen 
unpubl.). The 18S environmental sequencing and metabar-
coding data support previous observations by microscopy 
that many species of Chrysochromulina usually co-exist 
(Leadbeater 1972). Similarly, studies using the LSU rRNA 
gene as a marker revealed a high diversity especially within 
Prymnesiales and Chrysochromulinaceae (Liu et al. 2009; 
Bittner et al. 2013). OTUs assigned to Prymnesiaceae are pre-
dominately found in neritic waters such as in the Skagerrak, 
Marmara Sea, or Saanich Inlet (Table S1), whereas OTUs 
assigned to Chrysochromulinaceae are found both in open 
oceans and neritic waters, which is in agreement with micro-
scopical observations (Thomsen et al. 1994; Not et al. 2012). 
OTUs assigned to Chrysochromulina have been found in all 
seas from the Arctic in the north (e.g. Balzano et al. 2012) 
to the Southern Ocean (Nersveen 2011). In an environmen-
tal clone library study using haptophyte specific LSU prim-
ers Nersveen (2011) detected 29 OTUs (clustered at 99.3%) 
assigned to Chrysochromulinaceae along a transect at 15°E 
between 54–69°S in the Southern Ocean. In this study, 
Chrysochromulina simplex, the only OTU that matched a 
cultured and sequenced haptophyte species, was detected 
at all stations. Egge et al. (2015a) found C. simplex to be 
the most frequent Chrysochromulina species, present in all 
monthly samples during two years, supporting its wide geo-
graphical and temporal distribution.

A number of environmental sequences clustering with 
the base of Prymnesiales form well-supported clades with-
out cultured representatives (Fig. 2). Clades B3, B4 and B5 
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consist of environmental sequences only, and may represent 
novel families and/or genera within Prymnesiales.

Clade B3 was introduced by Simon et al. (2013) 
to include 7 environmental sequences from the Sea of 
Marmara, the Sargasso Sea and the Florida strait (Atlantic 
Ocean, Table S1; Not et al. 2007; Cuvelier et al. 2010). 
Here we place 11 additional sequences from Canada 
(off Vancouver, NW Pacific and Beaufort Sea, Arctic) 
and from an alpine lake in Norway into this clade (Table 
S1). Metabarcoding of samples from outer Oslofjorden, 
Norway detected 7 OTUs clustering with clade B3 (Egge 
et al. 2015a). Two of these were only found in the pico-
plankton size-fraction. Members of this clade may thus be 
found both in marine and fresh, oceanic and coastal, cold to 
warm, and oligotrophic to eutrophic waters, and some may 
belong to the picoplankton.

Clade B4 was introduced by Egge et al. (2015a) to 
embrace 13 OTUs from outer Oslofjorden (N Atlantic) 
together with environmental sequences from Villefranche 
(Mediterranean Sea, France), Hawaii (Pacific Ocean) and 
Sargasso Sea/Florida (Atlantic Ocean). Here we also place 
sequences from South China Sea (E Pacific Ocean) and 
California (NW Pacific Ocean), and the Baltic Sea (Table S1, 
2A). All B4 sequences are from marine or brackish surface 
waters, from coastal or open oceans.

Clade B5 is introduced here to embrace four OTUs. 
Two originate from the equatorial Pacific Ocean (clones 
OLI51059, LOI51033), one from off California, and one 
from a lagoon in the Mediterranean Sea.

Subclass Calcihaptophycidae
The subclass Calcihaptophycidae was erected to comprise 
the calcifying coccolithophorids as well as non-calcifying 
species affiliated with these, such as members of the genus 
Isochrysis (de Vargas et al. 2007). This taxon is conveni-
ent for novel environmental sequences clustering with the 
coccolithophores, as it is not known whether they repre-
sent actually calcifying species or not. In Edvardsen et al. 
(2000) this clade was named Clade C. About 208 extant 
species of Calcihaptophycae have been formally described: 
26 Coccolithales, 17 Isochrysidales, 58 Syracosphaerales, 
10 Zygodiscales, 36 cf. Syracosphaerales incertae sedis, 
48 holococcolithophorids and 13 nannolith-bearing spe-
cies (Jordan et al. 2004; Edvardsen et al. unpublished). 
However, each holococcolithophorid is now believed to 
be part of the life cycle of a heterococcolithophorid spe-
cies (Houdan et al. 2004; Billard & Inouye 2004), and thus 
160 species are left, of which about 120 are well-described 
(Geisen et al. 2004). For 41 spp. 18S rRNA gene sequences 
are available: 85% are available for Coccolithales, but 
only 3% for Syracosphaerales (Table 1). Environmental 
sequences in our database assigned to the coccolitho-
phorid orders Coccolithales (10), Syrachosphaerales (3), 
Zygodiscales (1), and families Braarudosphaeraceae (13), 
and Noëlaerhabdaceae in Isochrysidales (8) all originate from 

marine waters (Table S1). Only two sequences originated 
from brackish waters (assigned to Hymenomonadaceae, 
cf. Jomonlithus sp.). Three coccolithophorid species 
(Hymenomonas roseola, Acanthoica schilleri, A. ornata) 
have been recorded from freshwater (Preisig 2002), but their 
DNA sequences are not available. Environmental sequences 
assigned to Isochrysidales fall into three main clades rep-
resenting the families Noëlaerhabdaceae (incl. Emiliania /
Gephyrocapsa), the non-calcifying Isochrysidaceae, and a 
clade with only environmental sequences (originally named 
Clade EV and renamed here to Clade C1) introduced by 
Simon et al. (2013) (Table S1). The naked genus Dicrateria 
was transferred to Prymnesiales and now also includes mem-
bers of the previous genus Imantonia (Bendif et al. 2013). 
Sequences assigned to Clade C1 of Isochrysidales all origi-
nate from freshwater lakes (Simon et al. 2013). The clade 
forms a sister clade to Isochrysidaceae in our global 18S 
rRNA gene tree (Fig. 2, S2) and may represent a novel fam-
ily of Isochrysidales.

The calcifying family Braarudosphaeraceae presently 
consists of the genus Braarudoshaera and the species 
Chrysochromulina parkae, suggested to be a life cycle stage 
of B. bigelowii or a sibling species to B. bigelowii (Hagino 
et al. 2013). In our analysis Braarudosphaeraceae nests 
within Calcihaptophycidae (Fig. 2), but its placement in the 
haptophyte tree is uncertain and changes depending on the 
analysis, and may also fall within Prymnesiales (Hagino 
et al. 2013).

The low diversity of coccolithophorids from 18S envi-
ronmental sequencing studies (listed in Table S1) compared 
to morphological species may be due to various biases. Some 
species may have identical 18S rRNA (such as E. huxleyi and 
Gephyrocapsa oceanica) or be joined in a common haplo-
diploid life cycle. Several environmental sequencing stud-
ies included only the picoplanktonic size-fraction (Table 2). 
Coccolithoporids are in general larger (c. 4–40 μm) and 
would be removed during 3 μm-filtration (Young et al. 2014) 
used in many studies.

Clade E was introduced by Moon-van der Staay (2000) to 
include two environmental picoplankton sequences without 
cultured representatives originating from oligotrophic, equa-
torial Pacific Ocean. Shi et al. (2009) described one addi-
tional picoplankton OTU also from the equatorial Pacific 
Ocean falling in this clade. One OTU from outer Oslofjorden 
from the pico-size fraction was further assigned to Clade E. 
All environmental sequences in Clade E are thus from the 
pico-size fraction. This well supported clade has an uncer-
tain placement and is either placed as sister to the coccolitho-
phorids (e.g. Edvardsen et al. 2000), between Isochrysidales 
and the remaining coccolithophorid orders (Edvardsen & 
Medlin 2007; Egge et al. 2015a), or, as here (Fig. 2), as a 
sister to members of Syracosphaerales. Chrysoculter rhom-
boideus was described in 2005 from culture and suggested 
to belong to Clade E (Nakayama et al. 2005). However, 
in the phylogeny of Egge et al. (2015a) it falls in a sister 
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clade of Clade E, and in this study (Fig. 2, S1) at the base of 
Calcihaptophycidae.

Clade F was introduced by Egge et al. (2015a) and com-
prises environmental sequences from the Caribbean Sea, off 
Vancouver in the NW Pacific Ocean, Sargasso Sea in the 
Atlantic Ocean, and from sea ice in the Baltic Sea (Table S1 
with references), as well as 3 metabarcode OTUs from outer 
Oslofjorden (Skagerrak, N Atlantic). In the latter study, OTU 
4 dominated completely the haptophyte community during 
the diatom-dominated spring bloom (Egge et al. 2015b). 
Clade F forms a sister group to Zygodiscales in Egge et al. 
(2015a) and in this study (Fig. 2).

Major clades without cultured and described 
species

Phylogenetic analyses based on 18S rRNA gene sequences 
show that there are a number of major clades without cul-
tured representatives. This suggests that novel taxa, ranging 
from class to genus level, have yet to be described.

Diversity of putative novel haptophyte classes, 
Clades HAP1 to HAP5
Sequences assigned to Clade HAP1 have been detected 
twice and only in fresh water sediments (Slapeta et al. 2005; 
Shalchian-Tabrizi et al. 2011). In these studies, phylogenetic 
analyses placed it between the two described haptophyte 
classes, and it was proposed to represent a novel class. In the 
present analysis Clade HAP1 falls basal to all haptophytes.

Sequences assigned to HAP2, 3, 4, and 5, have only been 
recorded in marine plankton samples – in diverse environ-
ments from the Arctic to the tropics. All four clades have 
been found both in the pico- and nano-plankton size-fractions 
(Egge et al. 2015a).

Sequences assigned to Clade HAP2 were first recorded 
from picoplankton from the DCM of the equatorial Pacific 
Ocean and were suggested by the authors to represent a novel 
class (Shi et al. 2009). Later, environmental sequences from 
off Florida, USA, (Cuvelier et al. 2010) and the Caribbean Sea 
(Edgcomb et al. 2011) were assigned to this clade that may 
indeed warrant a new class when the morphology is revealed.

Clade HAP3 was introduced by Simon et al. (2013) 
and also suggested to represent a novel class. Sequences 
assigned to HAP3 have been recorded from the Marmara Sea 
(Simon et al. 2013), off Vancouver in the NW Pacific (Orsi 
et al. 2012) and from the South China Sea in the W Pacific 
Ocean (Wu et al. 2014), all from the pico-size fraction, and 
in the outer Oslofjorden (Egge et al. 2015a) from both the 
pico- and nano-size fractions. Egge et al. (2015a) found 
four OTUs of which two were present in surface water in 
the outer Oslofjorden most of the year whereas the two 
others only occurred during autumn. This clade has only 
c. 90% sequence similarity to representatives from the two 
current haptophyte classes, and its position within the hap-

tophyte phylogenetic tree is unstable (Simon et al. 2013; 
Egge et al. 2015a). It is either placed between the classes 
Pavlovophyceae and Prymnesiophyceae (Simon et al. 2013; 
Egge et al. 2015a; this study) or basal to all haptophytes 
(Simon et al. 2013), both positions without support.

Clades HAP4 and HAP5 were introduced by Egge et al. 
(2015a) and were suggested to represent putative novel 
classes. Clade HAP4 consists of seven environmental 
sequences from the Caribbean Sea (Edgcomb et al. 2011), 
from 2500 m depth in the Sargasso Sea (Countway et al. 
2007), 120 m deep in the Saanich Inlet (N Pacific coast) 
(Orsi et al. 2012), the N Pacific Ocean (Frias-Lopez et al. 
2009), in the Arctic at 500 m depth (Lie et al. 2014), as well 
as in the South China Sea (Wu et al. 2014; Fig. S1; Table 
S1). Egge et al. (2015b) found six metabarcode OTUs in 
outer Oslofjorden assigned to HAP4 present mainly dur-
ing autumn (Sep-Nov), when the influence of the saline 
N Atlantic current is strongest. Clearly, members of this 
novel lineage have a wide geographical distribution and may 
live at great depths in the open ocean, suggesting hetero-
trophic nutrition, as well as in surface coastal waters.

Clade HAP5 was erected to embrace two environmen-
tal sequences, one from off Vancouver, N Pacific (identi-
fied as a chimera in this study and removed, Table S1), and 
one in the Atlantic Ocean, and three metabarcoding OTUs 
from Oslofjorden, Skagerrak (Egge et al. 2015a). One of the 
Oslofjorden OTUs was present most of the year and was the 
15th most abundant OTU from this two years monthly study 
(Egge et al. 2015b). We have included one additional envi-
ronmental sequence from S China Sea.

Distribution patterns revealed by 
environmental sequencing

Haptophyte distribution patterns have initially been studied 
by light and electron microscopy, mainly for the well-calci-
fied coccolithophorids or colony-forming Phaeocystis spe-
cies (e.g. Thomsen et al. 1994; Jordan & Chamberlain 1997; 
Medlin & Zingone 2007). Environmental sequencing and 
metabarcoding studies have revealed that tiny non-calcifying 
members of Prymnesiales have a very wide distribution both 
geographically and vertically (Table S1), and may contribute 
to most of the haptophyte diversity and relative abundance 
(Liu et al. 2009; Cuvelier et al. 2010; Egge et al. 2015b). A 
high diversity of Chrysochromulina species has been found 
in the picoplankton in open oceans. Data from environmen-
tal sequencing support that some species such as Emiliania 
huxleyi have a very wide geographic distribution whereas 
others have a more restricted distribution both in time and 
space (Jordan & Chamberlain 1997; Egge et al. 2015b). 
Among the novel lineages without a cultured representative, 
members of clades HAP1 and Clade C1 seem to be restricted 
to freshwater, and Clades HAP2 to HAP5 and D, E, F to 
marine waters. Members of Clade D are found in tropical, 
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temperate and polar waters. Some haptophyte OTUs are pre-
sent all throughout the year in the temperate Skagerrak (e.g. 
Chrysochromulina simplex and Phaeocystis cordata) while 
others occur mainly in the late summer-late autumn, such as 
Coccolithales (Egge et al. 2015b). The latter is supported by 
microscopical surveys in the same region (Gaarder 1971).

Conclusions and perspectives

Environmental sequencing of clone libraries has been fun-
damental for our knowledge of haptophyte diversity and 
distribution. Especially for the tiny pico-haptophytes and 
the non-calcifying members, that are fragile, have few eas-
ily observable morphological characters, and often require 
transmission electron microscopy and specific taxonomic 
expertise for species identification. A high diversity, 
expected to represent many novel species and lineages, 
has been revealed, and their distribution pattern begins to 
be deciphered. More full-length sequences, from the rRNA 
genes (nuclear 18S, 28S and plastid 16S) and also from more 
resolutive DNA regions such as the rRNA gene spacers ITS1 
and ITS2 are needed, from cultured species, flow cytometry-
sorted populations, or individually picked cells. More taxa 
need to be formally described, to be able to assign accurately 
a sequence to a known species and thus connect a genotype 
to a phenotype. Studies coupling metabarcoding and elec-
tron microscopy may also provide educated guesses as to the 
identity of environmental sequences that do not match refer-
ence sequences from cultures (e.g. Young et al. 2014). Using 
fluorescence in situ hybridisation (FISH), it may be possible 
to detect and observe under the microscope cells belonging 
to a taxon for which specific oligonucleotide probes can be 
designed (e.g. Kolodziej & Stoeck 2007). For metabarcod-
ing, the use of more than one primer set, each with different 
specificity will enable to generate data for groups for which 
we have little information such as Clades HAP1–HAP5 that 
may correspond to novel classes. Long read length is nec-
essary for a correct phylogenetic placement and usually for 
taxonomic resolution down to the species level. The HTS 
454 Roche technology is progressively phased out and the 
Illumina MiSeq, presently allowing read length of 2 x 300 
bp, is now replacing it for protist metabarcoding surveys. 
The technological developments in this field are extremely 
fast and new technologies are emerging such as Single 
Molecule, Real-Time DNA sequencing pioneered by Pacific 
Biosciences resulting in very long read length up to 20K bp. 
We suggest that plankton, DNA and/or RNA/cDNA from 
molecular plankton surveys should be stored in Biobanks 
to be able to reanalyse these with improved HTS technolo-
gies in the future. There is a need for standardised protocols 
for field sampling, laboratory work, HTS, and bioinformat-
ics treatment to be able to compare results from different 
metabarcoding studies, especially if the data are to be used 
in long term monitoring. Curated taxonomic sequence data-

bases, such as the one presented here for Haptophyta, will 
not only contribute to this standardisation, but also enable 
a more detailed taxonomic assignation needed in ecological 
and evolutionary studies.

The pdf version (Adobe JavaScript must be enabled) of this 
paper includes an electronic supplement:
Fig. S1. Maximum-likelihood tree (RAxML v. 8.026, 
GTRCAT) based on 971 haptophyte 18S rRNA gene 
sequences from Table S1: 451 are from cultured strains and 
520 from environmental clone libraries. Bootstrap values 
are marked at the nodes. The colours indicate taxonomic 
groups.
Table S1. Haptophyte 18S rRNA gene sequence reference 
database including 971 sequences: 451 from cultures and 
520 from environmental clone libraries. See File S1 for 
description of its construction. Chimeras (32) identified by 
uchime in mothur and by manual blast are listed on sheet 2.
Table S2. Commonly used PCR primers for environmental 
sequencing and metabarcoding of haptophytes.
File S1. Description of the construction of the Haptophyta 
18S rRNA gene reference sequence database, alignment and 
final RAxML phylogenetic tree.
File S2. Fasta file with accession numbers and 18S rRNA 
gene sequence of 971 haptophyte reference sequences for 
taxonomic assignment using mothur or Qiime.
File S3. Taxonomy file with systematic placement of 971 
haptophyte 18S rRNA gene reference sequences for taxo-
nomic assignment using mothur or Qiime.
File S4. Curated haptophyte 18S rRNA gene alignment for 
Figs 2 and S1.
Please download the electronic supplement and rename the 
file extension to .zip (For security reasons Adobe does not 
allow to embed .exe, .zip, .rar etc. files).
All supplementary material are available at figshare: https://
figshare.com/account/home#/projects/11914 .
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