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Summary

The cosmopolitan coccolithophore Emiliania huxleyi
is characterized by a strongly differentiated haplo-
diplontic life cycle consisting of a diploid phase, gen-
erally bearing coccoliths (calcified) but that can be
also non-calcified, and a non-calcified biflagellated
haploid phase. Given most studies have focused on
the bloom-producing calcified phase, there is little-
to-no information about non-calcified cells in nature.
Using field mesocoms as experimental platforms,
we quantitatively surveyed calcified and non-calcified
cells using the combined calcareous detection fluo-
rescent in situ hybridization (COD-FISH) method and
qualitatively screened for haploid specific transcripts
using reverse transcription-PCR during E. huxleyi
bloom successions. Diploid, calcified cells formed
dense blooms that were followed by the massive pro-
liferation of E. huxleyi viruses (EhVs), which caused
bloom demise. Non-calcified cells were also detected
throughout the experiment, accounting for a minor
fraction of the population but becoming progressively
more abundant during mid-late bloom periods con-
comitant with EhV burst. Non-calcified cell growth
also paralleled a distinct window of haploid-specific
transcripts and the appearance of autotrophic flagel-
lates morphologically similar to haploid cells, both
of which are suggestive of meiosis and sexual life

cycling during natural blooms of this prominent
marine phytoplankton species.

Introduction

Emiliania huxleyi (Lohmann) Hay and Mohler (Prymnesio-
phyceae, Haptophyta) is a highly diverse and ubiquitously
distributed coccolithophore morphospecies (Winter et al.,
1994; Iglesias-Rodriguez et al., 2006; Hagino et al.,
2011), often constituting an important component of the
marine phytoplankton assemblages (McIntyre and Bé,
1967; Okada and McIntyre, 1977; Campbell et al., 1994)
and forming seasonal blooms that cover vast oceanic and
neritic areas worldwide (Holligan et al., 1983; Brown and
Yoder, 1994; Tyrrell and Merico, 2004). This massive
development of E. huxleyi populations enhances the
fluxes of important elements (oxygen, carbon, sulfur)
between the atmosphere, the oceans and oceans floor,
exerting a major impact on earth climate (Charlson et al.,
1987; Westbroek et al., 1993; Malin and Steinke, 2004;
Rost and Riebesell, 2004). Consequently, the ecophysi-
ology and molecular ecology of E. huxleyi has been inten-
sively studied (Paasche, 2001; von Dassow et al., 2009;
Rokitta et al., 2011), and a whole genome sequencing
project is nearing completion (http://genome.jgi-psf.org/).

A basic feature of E. huxleyi, shared among prymnesio-
phytes (Billard, 1994), is its characteristic haplodiplontic
and heteromorphic life cycle composed of a diploid (2N)
coccolith-bearing non-motile phase (calcified cell), a 2N
non-calcified non-motile phase (naked cell), which is
sometimes interpreted as a artefact of extensive cultiva-
tion periods, and a haploid (1N) non-calcified biflagellated
phase bearing organic scales bound to the plasmalemma
(scaly cell) and likely serving at some point as sexual
gametes (Klaveness, 1972; Green et al., 1996). All life
cycle forms are capable of independent mitotic division
producing dense cultures, but there is no insight into the
timing and key factors triggering life cycle interchange,
such as syngamy and meiosis. Original descriptions
(along with our own observations) noticed that 1N and
2N-naked cells may form spontaneously when calcified
cells become senescent, but reversion back to the calci-
fied form was never observed (Klaveness, 1972).

Beyond a clear morphological distinction, it has recently
been shown that 1N and 2N cells possess distinct physi-
ological and genetic properties. For example, 1N cells
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appear to be high light sensitive (Houdan et al., 2005). On
the other hand, 1N cells are not susceptible to E. huxleyi
specific viruses (EhVs) that routinely infect and kill 2N
cells (Frada et al., 2008). Morphologically distinct 1N cells
may thus be produced through meiosis and act as a
resistant stage allowing species survival under viral pres-
sure; a process metaphorically coined as the ‘Cheshire
cat escape strategy’ (Frada et al., 2008). Recent tran-
scriptome analyses have also revealed a dramatic differ-
entiation between 1N and 2N cells with less than 50% of
transcripts estimated to be common between the two
phases, thereby exposing a wide array of distinct physi-
ological abilities (von Dassow et al., 2009; Rokitta et al.,
2011).

Taken together, this marked physiological differentia-
tion strongly suggests that 2N and 1N cells may exploit
different niches, displaying distinct roles in nature. None-
theless, such claims still require verification. To date,
nearly all field studies have focused solely on the 2N
coccolith bearing phase largely due to the formation of
extensive blooms. In contrast, field evidence of non-
calcified cells (including 1N and non-calcified 2N cells) is
minimal and at best fragmentary and unclear. For
instance, the original descriptions by Lohmann (1902)
reported non-calcified flagellated cells in natural
samples, stating that they could be related to calcifying
E. huxleyi cells based on their shape and size. More
recently, Rhodes and colleagues (1995) while examining
phytoplankton assemblages from the coast of New
Zealand isolated calcified cells that in culture produced
motile non-calcified cells. However, a clear identification
of these cells was not provided in the study and no par-
ticular trigger for phase transition was identified. Camp-
bell and co-authors (Campbell et al., 1994) did obtain the
first total E. huxleyi counts during cruise transects on the
north Atlantic and Pacific oceans using antibodies devel-
oped to target both calcified and non-calcified E. huxleyi
cells (Shapiro et al., 1989). Unfortunately, individual cal-
cified and non-calcified cells counts were not provided in
this study. In these terms, the relative proportion and the
ecological interplay over time and space between calci-
fied and non-calcified forms as well as prevalence and
role of haploid cells and frequency of sexual life cycle
interchange remain unknown.

In this study, we monitored calcified and non-calcified
E. huxleyi cells during the development of E. huxleyi
blooms induced in offshore mesocosms (Bergen,
Norway) using the COD-FISH method (Frada et al.,
2006). We further assessed the presence of 1N-specific
transcripts using recently described life cycle specific
markers for E. huxleyi (von Dassow et al., 2009) as a
further diagnostic of haploidy during bloom succession.
Our study provides the first quantitative field-survey of
non-calcified E. huxleyi cells in nature using a novel oli-

gonucleotide fluorescent probe. It also unveils haploid
cells in nature and furthermore provides evidence for life
cycle transition via meiosis during peak bloom abundance
of E. huxleyi diploid cells and the onset of viral demise.

Results

Bloom dynamics: assessment of calcified and
non-calcified E. huxleyi cells

Calcified and non-calcified E. huxleyi cells were assessed
via the COD-FISH method using a novel fluorescence
probe (EG28-03) specific to E. huxleyi and to the sister
species Gephyrocapsa oceanica, and not labelling other
microalgae strains (Fig. S1). COD-FISH couples fluores-
cence in situ hybridization with cross-polarization micros-
copy, allowing for the simultaneous fluorescent labelling of
calcified and non-calcified E. huxleyi cells within natural
assemblages and optical discrimination of calcified cells
(see Experimental procedures).

COD-FISH assessment of the surrounding fjord water
prior to the mesocosm revealed ~ 2.4 ¥ 102 to ~ 3.0 ¥ 102

E. huxleyi 2N calcified cells ml-1 and 12–26 non-calcified
cells ml-1 in the upper 10 metres (Fig. 1). This water
served as the inoculum for mesocosm enclosure experi-
ments, which were supplemented daily with NaNO3 and
K2HPO4 at either 15N: 1P ratio (nutrient replete, M3) or
75N: 1P ratio (phosphate limited, M2). Surveys of cells in
both enclosures over 16 days revealed three major
growth phases (Fig. 2): Phase 1 (days 0–7), character-
ized by a lagging phase with calcified cells varying from
~ 3.0 ¥ 102 cells ml-1 to ~ 1.4 ¥ 104 cells ml-1; Phase 2
(days 7–13), characterized by the marked growth of cal-
cified cells from ~ 1.4 ¥ 104 cells ml-1 to a maximum of

Fig. 1. Vertical distribution of calcified and non-calcified E. huxleyi
cells in the upper 10 m of Raunefjorden water column. Cells were
assessed with the COD-FISH method.
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~ 0.8 ¥ 105 cells ml-1 in M2 (day 12), and from ~ 1.5 ¥ 104

cells ml-1 to ~ 1.7 ¥ 105 cells ml-1 in M3 (day 13), and the
initial proliferation of EhVs (virus data was retrieved from
Pagarete et al., 2011); Phase 3 (days 13–17), character-
ized by stationary phase of the calcified population around
0.8 ¥ 105 cells ml-1 in M2, whereas in M3 calcified cells
declined from ~ 1.7 ¥ 105 cells ml-1 in day 13 to 0.3 ¥ 105

cells ml-1 in day 17. At this point EhVs reached their
maximal abundance of ~ 1.3 ¥ 107 EhVs ml-1 in M2 (day
16) and ~ 2.8 ¥ 107 EhVs ml-1 in M3 (day 15).

In parallel, we also detected non-calcified E. huxleyi
cells in all mesocosm phases (Fig. 2, bottom insets). In
Phase 1, these cells ranged from 25 to 50 cells ml-1 in M2
and M3, appearing fully labelled with the EG28-03 probe
(Fig. 3A). At the end of exponential growth of calcified
cells, we detected the progressive development of the
non-calcified pool, increasing up to ~ 1 ¥ 103 cells ml-1 in
day 14 and 15 in M3 and M2 respectively (Fig. 2; see cells
in Fig. 3D and E). Microscopic examination of fresh
samples collected between days 12 and 14 also detected
clusters of 2 or 3 small (� 5 mm) photosynthetic flagel-
lated cells bound to coccolith aggregates (Fig. 3F–H,

Video S1). Subsequent COD-FISH analysis from days 16
and 17 revealed the rapid accumulation of non-calcified
cells together with the sudden appearance of empty
E. huxleyi coccospheres, which did not possess chloro-
phyll autofluorescence and were not labelled with the
fluorescent FISH probe.

Assessment of E. huxleyi specific transcripts

The detection of non-calcified cells by COD-FISH and the
observations of a few flagellates associated with cocco-
liths prompted us to more decisively determine the nature
of these cells. We used a reverse transcription–
polymerase chain reaction (RT-PCR) approach that
employed E. huxleyi haploid specific primers (Table S1) to
screen cDNA generated from mesocosm samples (M3,
days 0, 1, 5, 7, 11, 14, 15, 16) for the presence 1N gene
signatures. The primer sets used were specific for an
elongation factor 1a targeting both 1N and 2N cells and
six 1N specific primers (histone H2A, Myb family tran-
scription factor, false agglutinin homologue, phototropin
homologue, putative DNA-6-adenine methyltransferase

Fig. 2. Mesocosm blooms dynamics. Calcified and non-calcified E. huxleyi cells, as well as empty E. huxleyi coccospheres were assessed
with the COD-FISH method. EhV abundance was assessed by flow-cytometry (Pagarete et al., 2011). Bottom panels highlight the dynamics of
less dense non-calcified cells and empty coccospheres, as indicated by arrows. Asterisks below M3 plot (upper right panel) indicate the time
points used for reverse transcription–polymerase chain reaction (RT-PCR) (see Fig. 4 and related results).
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and inner arm DHC1b), according to transcriptome analy-
ses of 1N and 2N E. huxleyi cells performed by von
Dassow and colleagues (2009).

Preliminary PCR tests using genomic DNA (gDNA) of
different microalgae strains (Fig. 4, right panel) prior to
analysing the mesocosm samples verified that all primer
sets amplified both E. huxleyi control strains (Eh1 and
Eh2), except the inner arm DHC1b primer set that only
amplified Eh1. Non-specific amplification of G. oceanica
(Go) and/or Isochrysis (Ig) was verified for the elongation
factor 1a, histone H2A, phototropin homologue and inner
arm DHC1b. Complementary tests performed at higher
annealing temperatures (up to 62°C) did not improve the
overall result (data not shown). Strict specificity to E. hu-
xleyi was only obtained with Myb family transcription
factor, false agglutinin homologue and putative DNA-6-
adenine methyltransferase primer sets. No positive ampli-
fications were obtained with the flagellated haptophyte
C. ericina (Co). We also tested primer sets for two other
genes (outer arm DHC-beta, putative cGMP protein
kinase; see Experimental procedures) that successfully
amplified in both E. huxleyi strains and Go (cGMP protein

kinase only). However, we did not obtain positive amplifi-
cation in the mesocosm samples, so these results were
excluded from Fig. 4.

During the analysis of the M3 mesocosm samples
(Fig. 4, left panel), we were able to amplify the elongation
factor 1a in samples from all days, verifying both the
presence of E. huxleyi throughout the bloom, as well as
the quality of the sample extracts. cDNA products were
notably smaller than genomic DNA products, due to the
presence of introns (von Dassow et al., 2009). Notably,
we obtained two additional larger size amplicons on days
0, 11 and 14, one equalling the size of the DNA amplicon
at ~ 500 bp and a larger one at ~ 800 bp. These bands
persisted even after re-extracting new RNA from fresh
duplicate samples. Among the primer sets strictly target-
ing E. huxleyi 1N-specific genes, we only observed suc-
cessful amplification of mesocosm cDNA during early
days (days 0 and 1) and during the peak bloom of 2N cells
(days 11 and 14). All the other 1N primers followed the
same general pattern, except for inner arm DHC1b and
false agglutinin only amplifying on days 11 and 16 respec-
tively. It was also noticeable that several 1N primer sets

Fig. 3. Microscopic images of different E. huxleyi cell forms detected during the mesocosms.
A–E. Merged epifluorescence microscopy (490/515 nm, excitation/emission) and cross-polarized microscopy images from samples processed
by COD-FISH using the E. huxleyi specific oligonucleotide probe EG28-03 (scale = 5 mm). (A) Non-calcified (upper cell) and calcified (lower
cell) E. huxleyi cells on day 2. An assemblage of coccoliths covering the cell can be seen around the calcified cell. (B and C) Groups of
calcified E. huxleyi cells on days 4 and 9 respectively). (D) Calcified (left cell) and non-calcified (right cell) E. huxleyi cells on day 13. (E) Two
non-calcified E. huxleyi cells. Dispersed coccoliths released from calcified cells can be seen around the non-calcified cells during the late
period of the bloom (day 15).
F–H. Phase-contrast and epifluorescence micrograph images taken from fresh bloom samples: (F) A cluster of three non-calcified flagellated
cells can be seen closely associated with an aggregate of coccoliths along with an isolated E. huxleyi calcified cell below (day 14 bag 3). (G)
Chloroplast auto-fluorescence (490/630 nm, excitation/emission) for the cells in image (F). (H) Flagellated (arrow) non-calcified cell attached to
coccolith debris. In a slightly lower plane, another non-calcified cell (slightly out of focus) can be seen next to the aggregate of coccoliths
(magnification = 2500¥).
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amplified multiple bands in day 0, which was not circum-
vented in duplicate extractions.

Discussion

COD-FISH probe specificity

A critical aspect of our study was to assess E. huxleyi
non-calcified cells in nature using the application of the
COD-FISH method (Frada et al., 2006) using a new
fluorescent probe (EG28-03) specifically targeting this
species. Our probe (EG28-03) was designed against
E. huxleyi and its close relative G. oceanica (Fig. S1), due
to the fact that both cells can only be differentiated by a
single nucleotide mutation in the 28S rRNA sequence (Liu
et al., 2010; E.M. Bendif, I. Probert, J.R. Young, D.C.
Schroeder and C. De Vargas, submitted) upon which no
distinctive probe could be successfully developed. The
lack of strict specificity of EG28-03 to E. huxleyi poses
potential limitations while analysing field samples that
contain both morphospecies. However, this caveat was

not applicable to our study since G. oceanica cells are
more associated with lower latitude water masses (Winter
et al., 1994; Ziveri et al., 2004). In fact, we never detected
calcified (2N) Gephyrocapsa cells, which are distinguish-
able from E. huxleyi due to the presence of a bridge
spanning over the central area of coccoliths (Young et al.,
2003; Frada et al., 2010). Thus, we are confident that our
COD-FISH analyses specifically detected E. huxleyi cells
in the mesocosm and surrounding fjord waters.

Bloom dynamics: abundance, distribution and ploidy
nature of non-calcified cells

Offshore mesocosms have been extensively used over
the last couple of decades to reproduce E. huxleyi blooms
and build a comprehensive understanding of factors
promoting and controlling bloom succession. They have
helped to define ecological and biogeochemical con-
straints, consequences, resilience to future atmospheric
scenarios (e.g. Egge and Heimdal, 1994; Delille et al.,
2005; Riebesell et al., 2008) and the interactions between

Fig. 4. RT-PCR detection of E. huxleyi
transcripts (cDNA) in the nutrient replete M3
enclosure during days 0, 1, 5, 7, 11, 14, 15
and 16 (left panel). The elongation factor 1a
gene is present in both 1N and 2N life cycle
phases. All other genes (histone H2A, Myb
family transcription factor, false agglutinin
homologue, phototropin homologue, putative
DNA-6-adenine methyltransferase and inner
arm DHC1b) are haploid phase-specific
according to von Dassow and colleagues
(2009). Controls testing the specificity of the
primers against genomic DNA (gDNA) from
other prymnesiophytes (right panel): Eh1,
E. huxleyi CCMP 374; Eh2, E. huxleyi
CCMP1516; Go, Gephyrocapsa oceanica AC
396; Ig, Isochrysis galbana CCMP 1335; Ce,
Chrysochromulina ericina. The positions of
the molecular weight markers are shown on
the left side of the gels.
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E. huxleyi and specific viruses (e.g. Bratbak et al., 1993;
Jacquet et al., 2001; Martinez-Martinez et al., 2007;
Pagarete et al., 2009). Here, we focused on a unique
perspective by quantitatively surveying the presence and
development of both calcified and non-calcified cells and
detecting haploid cells (1N) during bloom successions.
Emiliania huxleyi cells were quantified via the COD-FISH
method (Frada et al., 2006) using a new E. huxleyi-
specific probe, whereas haploid cells were detected via
RT-PCR using haploid specific primers.

In order to provide ecological context on the back-
ground community, we first assessed the surrounding
fjord water that was used to fill-up the mesocosm enclo-
sures. Calcified 2N cells represented most of the E. hux-
leyi cells. However, non-calcifying E. huxleyi cells were
also detected forming a minor ~ 10% fraction of the overall
E. huxleyi community (Fig. 1). The ploidy nature of these
cells is unclear. Nonetheless, the presence of 1N-specific
transcripts detected during early mesocosm time points
(Fig. 4, days 0 and 1) suggested that 1N cells may have
been in fact present in fjord communities. Given that our
focus was primarily on the analysis of the mesocosms, we
did not survey the temporal dynamics and development
of non-calcified cells. Nonetheless, complementary time
series performed during a previous year in the same fjord
area, as well as in the English Channel, also indicated that
non-calcified cells (likely including 1N cells) follow parallel
and relatively stable temporal dynamics with calcified 2N
cell types, which always represented the most abundant
phase (Fig. S2).

Daily N and P additions to the mesocosms promoted the
formation of blooms of calcified 2N E. huxleyi cells (Fig. 2).
In general, the magnitude of these blooms appeared to be
dependent on P availability (Jacquet et al., 2001), while its
final collapse, particularly in M3, was tightly regulated by
EhV infection, as demonstrated in companion studies per-
formed during the same mesocosm survey (Pagarete
et al., 2009; 2011; A. Vardi, L. Haramty, B. Van Mooy, H.
Fredricks, S. Kimmance, A. Larsen and K. Bidle, pers.
comm.). In these terms, P-limited enclosures (M2) yielded
approximately half the cellular and viral densities com-
pared with nutrient-replete enclosures (M3). Overall, non-
calcified cells, including 1N cells, remained comparatively
dilute. However, their relative abundance rose progres-
sively during the stationary phase of calcified cells in M2
and at the end of exponential growth in M3 (Figs 2 and
3A–E), in parallel with EhV burst.

Within this same period, we obtained prominent ampli-
fication signals for a diverse suite of 1N-specific gene
markers from the community cDNA, thereby specifically
diagnosing the presence of haploid cell types at specific
time windows (days 0–1 and days 11–14; Fig. 4). In par-
allel water samples, we microscopically detected clusters
of two or three small (� 5 mm) autotrophic flagellates

actively carrying remnants of E. huxleyi coccospheres
(Fig. 3F–H, Video S1) and one of these flagellated cells
detaching and swimming away from the coccoliths aggre-
gate. These cells strongly resembled 1N E. huxleyi cells in
terms of size, shape and swimming patterns (Green et al.,
1996; Houdan et al., 2004; our laboratorial observations).
Together with the aforementioned 1N molecular markers,
we suggest that these flagellated cells represent recently
produced 1N E. huxleyi cells that are still associated with
the coccoliths of ‘mother’ 2N cells. As a consequence, our
data support the induction of meiosis in E. huxleyi during
peak bloom abundance and the beginning of viral demise.
Indeed, the fact that our RT-PCR analysis was unable
to detect haploid-specific transcripts during diploid cell
bloom development (days 5 and 7), while sensitive
enough to detect haploid-transcripts at pre-bloom non-
calcified cell densities (days 0–1; 2–26 cells ml-1), argues
against haploid cells deriving solely from an initial inocu-
lum. However, given the rarity of non-calcified cells rela-
tive to 2N calcified cells (Figs 1 and 2), we estimate that
meiosis encompassed only a minor fraction of the 2N
population (< 1%). To our knowledge, this is the first time
that 1N E. huxleyi cells have been unequivocally
‘unveiled’ in nature.

An intriguing aspect of our survey was the rapid burst of
non-calcified E. huxleyi during days 15 and 16 based on
COD-FISH observations (Fig. 2). Given the decline of
1N-specific transcripts after day 15 (Fig. 4), where only a
weaker false agglutinin homologue band was detected at
day 16, and the concomitant increase in empty cocco-
spheres without chlorophyll autofluorescence, we argue
that the majority of these late-phase non-calcified cells
were actually senescent 2N cells that had either lost or
were in the act of losing their outer coccolith layers due to
virally mediated cell death. Indeed, viral infection of E. hu-
xleyi is known to elicit shedding of coccoliths and signifi-
cantly reduces photosynthetic efficiency (Bidle et al., 2007;
Frada et al., 2008). As such, our findings raise interesting
questions as to the fate of the aforementioned 1N cells that
had flourished within the 11–14 day time window. Perhaps
they were more dilute among the cellular debris released
during bloom collapse and therefore escaped detection or
were preferentially lost through grazing. It is equally plau-
sible that 1N cells underwent syngamy, preferentially
mating and forming novel 2N genotypes. However, our
level of analysis is insufficient to support either explanation
and warrants further investigations into the ecological fate
of haploid cells in late bloom phases.

Prevalence of non-calcified E. huxleyi cells within
native populations

Based on the fjord (Fig. 1 and Fig. S2), mesocosm
(Fig. 2) and English Channel time series (Fig. S2) and
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detection of non-calcified in ulterior field surveys (Camp-
bell et al., 1994), it is clear that non-calcified E. huxleyi
cells currently co-habit native populations. Thus, we now
provide quantitative evidence that non-calcified cells,
which likely contain 1N cells, generally contribute a minor
fraction of the total E. huxeyi population with both life
stages following parallel dynamics through time. This sce-
nario contrasts with what has been reported for other
coccolithophore species in which 2N and 1N cells (both
producing distinct coccoliths and therefore readily identi-
fiable), occupy different depth layers in the same geo-
graphic areas [Helicosphaera carteri, Syracosphaera
pulchra, C. mediterranea (Cros, 2002)] or inter-change
their relative dominance between seasons [C. braarudii
(Okada and McIntyre, 1977; Balestra et al., 2004)]. Given
E. huxleyi is the most dominant and widespread coccoli-
thophore morphospecies (McIntyre and Bé, 1967; Camp-
bell et al., 1994), this distinction between the dynamics of
2N and 1N cells of E. huxleyi and other coccolithophores
may indicate a selective advantage to maintain both life
cycle phases in the same water mass. Indeed, a recurrent
hypothesis for the maintenance of a haplodiplontic life
cycle is the idea that each phase occupies distinct niches,
providing opportunities for species to exploit different
resources (Valero et al., 1992; Mable and Otto, 1998).
Niche separation in most coccolithophores appears to
reflect physical separation on spatial and temporal scales,
as mentioned above. However, as demonstrated in our
study, haploid and diploid phases can overlap in time or
space, perhaps complementing the respective ecological
potential with minimal intra-specific competition due to
distinct physiological attributes. In this case, beneficial
properties of 1N E. huxleyi cells, like swimming abilities,
mixotrophy (Rokitta et al., 2011) and viral resistance
(Frada et al., 2008), could account for the maintenance of
a stable coexistence between both life cycle phases,
while ultimately contributing to the overall success of
E. huxleyi in modern oceans.

Life cycle turnover: evidence and implications

A particularly noteworthy finding in our study was the
apparent induction of meiosis during the end of expon-
ential and stationary phases of bloom development, as
supported by the timing of morphological and mole-
cular markers. Which conditions or cues promoted this
process? Current knowledge of factors promoting cocco-
lithophore (or even Haptophyte) life cycle phase transi-
tions, including meiosis and syngamy, is extremely vague
(see Houdan et al., 2004 and Noël et al., 2004, for
reviews). A few reports suggest that in the Pleurochrysi-
daceae, a family of coastal coccolithophores, tempera-
ture, light and nutrient availability critically promote
phase changes (Leadbeater, 1971; Gayral and Fresnel,

1983). Both nutrient availability and quality also appear
to be fundamental for sex and meiosis in Calyptro-
sphaera sphaeroidea (Noël et al., 2004). In contrast, the
key trigger of syngamy in the oceanic species C. braaru-
dii may be turbulence (Houdan et al., 2004; 2006).
Current information on E. huxleyi is equally meagre.
Klaveness’s (1972) original descriptions state that flagel-
lated, 1N cells are produced by senescent calcified 2N
cells, implicating that nutrient starvation promotes
meiosis. More recently, Laguna and colleagues (2001)
suggested that meiosis was induced by changes in
medium viscosity (i.e. agar-plating). However, these
authors did not provide reliable cytological evidence for
newly formed 1N cells, which instead closely resembled
bacterial contaminants. These results should therefore
be considered with caution. More recently, Frada and
colleagues (2008) observed that 1N cells were produced
after EhV-mediated collapse of 2N cultures, suggesting
that meiosis could be triggered in response to viral infec-
tion. This mechanism, coined the ‘Cheshire Cat’ escape
strategy, argues that host cells switch to the 1N and EhV
resistant stage via meiosis, enabling species survival
and long-term persistence. Our observations during the
Bergen 2008 mesocosm experiments are consistent with
this model, namely that the development of 1N cells
coincided with massive EhV proliferation and the death
of diploid host cells. Whether meiosis was directly or indi-
rectly triggered in response to viruses is uncertain.
However, it seems plausible that meiosis could be
induced by chemical cues released during infection, pos-
sibly by infected cells during or upon cell lysis, and sen-
sitizing healthy cells to produce EhV-resistant haploids in
order to escape viral pressure and arguably constrain
viral proliferation (Frada et al., 2008; Bidle and Vardi,
2011). Candidate molecules with such potential may
include reactive oxygen species (ROS) and bioactive
sphingolipids (and/or derived products), since they are
both produced and dispersed during EhV infection
(Evans et al., 2006; Vardi et al., 2009; A. Vardi, L.
Haramty, B. Van Mooy, H. Fredricks, S. Kimmance, A.
Larsen and K. Bidle, pers. comm.) and they are known
elicitors of sexual life cycle transition in other organisms,
including dinoflagellates (Vardi et al., 1999), colonial
green algae (Nedelcu et al., 2004; Nedelcu, 2005), slime
moulds (Ameisen, 2002) and yeast (Cowart et al., 2006).
The effectiveness of these molecules on inducing E. hu-
xleyi life cycling warrants further investigation. Of course,
it is also possible that induction of meiosis was caused
by factors such us starvation exerted during blooms peak
or even by the exposure to meiosis-promoting factors
that could accumulate at high cell densities and elicit life
cycle transition like in yeast (Hayashi et al., 1998). Alter-
natively, meiosis could be regulated by an internal bio-
logical clock. In fact, it has been repeatedly observed the
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seemingly spontaneous production of 1N E. huxleyi cells
within healthy 2N E. huxleyi cultures within three and
nine months after isolation (Houdan et al., 2004). As in
many other living organisms (Costas and Varela, 1989;
Lüning and Kadel, 1993; Montresor and Lewis, 2006),
endogenous cellular rhythms controlling growth and
reproduction could apply to E. huxleyi.

Final remarks

Detailed knowledge of E. huxleyi life cycle transitions is
fundamental for a holistic comprehension of its ecological
and biogeochemical significance, resilience and evolu-
tion. Using morphological and molecular gene markers
we provided novel insights into the life phase dynamics
and life cycle transitions of natural E. huxleyi populations
and during bloom succession. There are many open
questions that remain, such as the maintenance of a
stable coexistence between life cycle phases during inter-
bloom periods, the trigger(s) of meiosis, the fate of haploid
cells released into the environment, as well as the timing
and mode of syngamy and its impact on E. huxleyi and
EhV evolution. Comprehensive approaches spanning
from culturing to field surveys, where detailed microscopy
(COD-FISH), gene expression and meiosis- or mating-
specific molecules can be assessed and tested, provide
an immense platform to fully unveil the life cycle intrica-
cies of this ecologically and biogeochemically important
phytoplankton species.

Experimental procedures

Experimental set-up

Mesocosms designed to monitor E. huxleyi blooms were
carried out for 17 days (5–21 June 2008) in the Raunef-
jorden, western Norway [60°22.1′N; 5°28.1′E; as previously
described in Pagarete et al. (2011)]. Briefly, 11 m3 trans-
parent enclosures were mounted on floating frames and
filled with unfiltered seawater from the surrounding fjord.
Enclosures were enriched daily with NaNO3 and K2HPO4 at
either 15N:1P (1.5 mM NaNO3: 0.1 mM K2HPO4; M3-replete)
or 75N:1P ratios (1.5 mM NaNO3: 0.02 mM K2HPO4; M2-
P-limited). Surface water samples from each enclosure
were collected at 06:00 h. Prior to the mesocosm experi-
ment, samples were also collected from the fjord (0, 5 and
10 m) using a Niskin bottle in order to provide context on
the background community. Samples were brought to the
laboratory adjacent to the mesocosms and processed for
subsequent COD-FISH and gene expression analyses (see
below). Fresh samples were also monitored daily with a
microscope (Leica DMR type 020–525.024 straight micro-
scope) for microalgae diversity. Photographic images were
taken with a standard digital camera (SONY cyber-shot 5.1
mega pixels) directly through the microscope eyepiece.
Emiliania huxleyi virus (EhVs) counts used in our study are
derived from those published in Pagarete and colleagues
(2011).

COD-FISH probe design, testing and analysis

Emiliania huxleyi interchanges between calcified and
non-calcified forms during its life cycle (e.g. Green et al.,
1996). Calcified cells are clearly visible and readily identifi-
able by cross-polarizing microscopy (Frada et al., 2006;
2010). Non-calcified cells, however, are undistinguishable
from other small microalgae using optical methods. For this
reason, we designed a new fluorescence in situ hybridiza-
tion (FISH) oligonucleotidic probe to specifically target and
highlight non-calcified E. huxleyi cells within natural phy-
toplankton assemblages. This novel probe (EG28-03,
5′-TAAAGCCCCGCTCCCGGGTT-3′) was designed against
the large ribosomal subunit (28S) of both E. huxleyi and the
close relative and nearly undistinguishable at the ribosomal
level, Gephyrocapsa oceanica (Liu et al., 2010; E.M. Bendif,
I. Probert, J.R. Young, D.C. Schroeder and C. De Vargas,
submitted) with the ARB software (Ludwig et al., 2004). The
probe was labelled with horseradish peroxidase (HRP) for
enhanced fluorescence labelling (Not et al., 2002). We then
used the COD-FISH method that couples FISH with cross-
polarizing microscopy, thereby allowing the specific and
simultaneous quantitative assessment of calcified and non-
calcified E. huxleyi cells in field samples (Frada et al.,
2006).

Prior applying the probe in field samples, we tested its
specificity against a wide array of cultured microalgae
(Fig. S1) and fine-tuned hybridization conditions. Briefly,
5–10 ml of each culture and 5–200 ml of mesocosm samples
(higher volumes were processed with low cell density
samples, whereas smaller volumes were used for high
density samples) were fixed in triplicate with 1% paraformal-
dehyde 6 mM Na2CO3 for 1 h at 4°C, then vacuum filtered
onto 25 mm anodisc filters (Whatman, Maidstone, Kent, UK),
dehydrated in a ethanol series (50%, 80% and 100%) and
covered with 1 ml of pre-warmed 1% liquid gelatine according
to the original protocol (Frada et al., 2006). After drying the
filters were stored at -80°C. EG28-03 probe hybridization
was performed with representative sections of the filters at
40°C for 12 h in 45% formamide hybridization buffer.
Washing steps were performed at 42°C with NaCl adjusted to
50 mM. Labelled cells were simultaneously enumerated by
epifluorescence microscopy (495/520 nm excitation/emission
for FITC fluorescence) and cross-polarized microscopy using
an Olympus BX51 microscope equipped with a mercury lamp
and basic Nomarski setup (Olympus, Japan). Pictures were
taken with a RT-Slider Spot cooled charge coupled device
digital camera (Diagnostic Instruments, Sterling Heights, MI,
USA).

RNA isolation, cDNA generation and PCR conditions

Sample volumes harvested from M3 enclosure for RNA
analysis varied depending on collection day: 0.5 l, day 0; 1 l,
days 1 and 5; 2 l, day 7; 1.5 l, days 11, 14, 15 and 16. Cells
were filtered under gentle vacuum onto 47 mm diameter,
0.8 mm pore-size white AAWP mixed cellulose ester filters
(Millipore, Billerica, MA, USA) after prescreening with 100 mm
pore-size Nitex mesh to remove large zooplankton. Collected
biomass was scraped off the filters with a clean razor blade
into a sterile Petri dish, resuspended in 0.2 mm-filtered sea-
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water and transferred to a sterile microfuge tube. Cells were
pelleted via centrifugation (2 min, max. speed, room tem-
perature), frozen immediately in liquid N2 and stored at -80°C
until processing.

For RNA extraction, 1 ml of TRI reagent (Applied
Biosystems/Ambion, Austin, TX, USA) was added to sample
pellets and incubated for 5 min at room temperature, fol-
lowed by the addition of 100 ml of 1-bromo-3-chloropropane
(BCP, Molecular Research) and incubation for 10 min.
Samples were centrifuged (12 000 g at 4°C for 15 min), the
aqueous phase was transferred to new tubes, and mixed
with 0.5 volume of 100% ethanol. Extracts were applied
to RNeasy columns (RNAeasy Plant Minikit, Qiagen, Valen-
cia, CA, USA) and processed according to the manufactur-
er’s recommendations. RNA was eluted in 40 ml of RNase-
free water. RNA quantity and quality was assessed with a
Nanodrop spectrophotometer (Thermo Fisher Scientific,
Walthem, MA, USA), with 260:280 ratios consistently ª 2.
Approximately 4 mg of RNA for each sample was rendered
free from possible contaminating DNA with one round of
Turbo DNase treatment (Applied Biosystems/Ambion) fol-
lowing manufacturer’s recommendations. The treated RNA
was again quantified using a Nanodrop and the presence of
contaminating DNA was assessed via PCR using Invitrogen
DNA Taq polymerase (Invitrogen, Carlsbad, CA, USA) and
an 18S general primer (Medlin et al., 1988). All RNA
samples (~ 1mg) were reverse transcribed into cDNA using
the SuperScript III first-strand synthesis system (Invitrogen,
Carlsbad, CA, USA) for 50 min at 55°C using oligo-dT
primers following the manufacturer’s protocol. First strand
cDNA was used for qualitative PCR detection of selected
and constitutively expressed E. huxleyi genes (von Dassow
et al., 2009, Table S1). We specifically targeted one gene
expressed in both 1N and 2N phase, the elongation factor
1a (cluster ID, GS00217); all the other markers specifically
targeted 1N cells: histone H2A (cluster ID, GS10455), Myb
family transcription factor (cluster ID, GS00273), false agglu-
tinin homologue (cluster ID, GS05223), phototropin homo-
logue (cluster ID, GS00920), putative DNA-6-adenine
methyltransferase (cluster ID, GS02990), flagellar dynein
inner arm heavy chain DHC1b (cluster ID, GS02579), flagel-
lar dynein outer arm heavy chain DHCb (cluster ID,
GS00667) and a possible cGMP protein kinase (cluster ID,
GS00910). PCR amplifications were performed using
recombinant Taq Polymerase (Invitrogen, Carlsbad, CA,
USA) with 1 mM MgCl2, 0.2 mM dNTPs, 0.2 mM of each
primer (see von Dassow et al., 2009) and 5% of dimethyl-
sulfoxide (Sigma-Aldrich, St. Louis, MO, USA). The ther-
mocycler protocol was as follows: initial denaturation at
95°C for 5 min; 40 cycles of 45 s denaturation at 95°C, 45 s
of annealing at 60°C (except for actin which used a 55°C
annealing temperature), and 90 s extension at 72°C; 10 min
extension at 72°C. 1% agarose gel electrophoresis was
used to assess amplifications.

Prior applying the primer sets on the mesocosm samples
we tested their specificity against DNA extracts of several
microalgae strains. Tests were performed against cell lysates
from two E. huxleyi strains (CCMP374 and CCMP1516), two
phylogenetic relatives, Gephyrocapsa oceanica (AC396) and
Isochrysis galbana (CCMP1335), and a flagellated hapto-
phyte, Chrysochromulina ericina (Parke and Manton, Univer-

sity of Bergen Culture Collection). PCR amplifications were
performed under the same conditions described above.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Specificity test of the probe EG28-03. All the tested
strains are visualized by epifluorescence hybridized both with
the EG28-03 probe and a general haptophyta probe (Pym-
02, Simon et al. 2000) and by cross-polarization. Hapto-
phytes: A. Emiliania huxleyi RCC1216 (mixture of diploid and
haploid cells); B. E huxleyi RCC1249 (mixture of diploid and
haploid cells); C. Gephyrocapsa oceanica RCC1315 (mixture
of diploid and haploid cells); D. Isochrysis galbana RCC1347;
E. I. galbana RCC1349; F. Pleurochrysis carterae RCC1402;
G. Algirosphaera robusta RCC1128; H. Syracosphaera
pulchra RCC1131; I. Prymnesium sp. RCC1348; J. Chryso-
chromulina sp. RCC1186; K. Phaeocystis sp. CCMP2496; L.
Pavlova sp. RCC1543. Non-haptophytes (only tested with
EG28-03): M. Rhodomonas salina RCC20; N. Skeletonema
costatum RCC70; O. Amphidinium carterae RCC88; P.
Dunaliella tertiolecta RCC6. Scale bar = 5 mm.
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Fig. S2. E. huxleyi calcified and non-calcified cell dynamics
in the English Chanel (Astan station, offshore Roscoff,
France) and Raunefjord (Bergen, Norway).
Table S1. List of haploid-diploid and haploid specific gene
primers.
Video S1. Movie of two autotrophic flagellated swimming
bound to a common coccolith agglomerate during day 14 in
mesocosm 3. Cells were visualized by phase contrast. The

movie was taken with a standard digital camera (SONY
cyber-shot 5.1 mega pixels) directly through the microscope
eyepiece. Magnification = 2500¥.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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