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The expression of genes of biogeochemical interest in calcifying and noncalcifying life stages of the cocco-
lithophore Emiliania huxleyi was investigated. Transcripts potentially involved in calcification were tested
through a light-dark cycle. These transcripts were more abundant in calcifying cells and were upregulated in
the light. Their application as potential candidates for in situ biogeochemical proxies is also suggested.

Phytoplankton productivity and calcification are two major
biological processes contributing to the regulation of the cli-
mate of our planet via their impact on the global carbon cycle.

Coccolithophores are planktonic unicellular microalgae which
play an important role in ocean biogeochemistry (20). They are
among the most productive calcifying organisms on Earth and
thus are a key functional group in the marine carbon cycle.

Among modern coccolithophorids, Emiliania huxleyi is the
most successful species, exhibiting a worldwide distribution in
open and coastal oceans, except in the polar areas.

Emiliania huxleyi has been intensively studied in several con-
texts, but its physiology at the molecular level remains largely
unknown. However, this area can now be intensively investi-
gated thanks to the ever-growing number of analyses of ex-
pressed sequence tags (6, 10, 21, 27) and the whole-genome-
annotation effort (Joint Genome Institute).

In this exploratory work, we focus on a few genes potentially
involved in calcification, one of the processes which will
likely be affected by current and future global environmental
changes, such as ocean acidification.

Previous molecular studies of E. huxleyi calcification (4, 17,
21) were carried out using noncalcifying and calcifying cultures
obtained by inducing phosphorus limitation. In this paper, we
take advantage of the fact that the haplodiploid life cycle of E.
huxleyi involves an alternation between calcified, coccolith-
bearing diploid cells and organic scale-bearing motile haploid
cells, each of which can exist independently of the other and
reproduce vegetatively (8). This approach has the considerable
advantage of maintaining the two life stages of E. huxleyi under
identical culture conditions.
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While the large subunit of RuBisCO (ribulose-1,5-bisphos-
phate carboxylase), rbcL, is well known for its central role in
photosynthetic carbon fixation and has already been shown in
a pilot field experiment to relate successfully to photosynthesis
measurements (1), research aimed at identifying key genes and
proteins involved in calcification is still in its infancy.

In the last few years, several novel molecular tools have been
used to investigate calcification and coccolithogenesis (4, 6, 17,
21, 27). Results from these studies of coccolithophores as well
as those carried out with other calcifying organisms were used
to select genes. gpa was chosen because it codes for proteins in
association with intracellular precursors of coccolith polysac-
charides (2). The carbonic anhydrase (CA) proteins play an
important role in the biomineralization of vertebrates and in-
vertebrates (e.g., references 7, 9, and 25). In coccolithophores,
cDNAs encoding putative y and & types of CA proteins have
been identified (23), and a y-CA cDNA was shown to be
preferentially expressed in calcifying cells (6).

The last transcript investigated in the present study is related to
calmodulin. Marshall (15) and Zoccola et al. (30) have previously
suggested that L-type Ca** channels, which are regulated by
CaM, are involved in the calcium transport process for calcifica-
tion in scleractinian corals. In addition, Li et al. (13) and Yan et al.
(28) showed important roles for CaM in regulation of Ca™* up-
take, transport, and secretion in the process of shell formation in
the oyster Pinctada fucata. The involvement of CaM in calcifica-
tion or calcium homeostasis of E. huxleyi is supported by
Dyhrman et al. (4), who reported the presence of this gene in a
calcifying culture of E. huxleyi depleted of phosphorus.

Haploid (N) and diploid (2N) cells of Emiliania huxleyi were
grown at 17°C under a 14-h-light-10-h-dark photoperiod. Mor-
phological differences between haploid and diploid cultures
were checked and validated using microscopy analyses at the
beginning and the end of the experiment. Batch cultures were
grown in triplicate for each life stage. Exponentially growing
cultures were collected in the dark and in the light. Total RNA
was extracted with Trizol, and DNases were treated and quan-
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TABLE 1. Forward and reverse primers used in real-time quantitative PCR assays

Protein Orientation Primer Sequence (5'-3") Amplicon size (bp)
Calmodulin (CAM) Forward calmF ATCGACTTCCCCGAGTTCT 151
Reverse calmR CGAGGTTGGTCATGATGTG
Carbonic anhydrase (CA) Forward CAF1 GCAAGAGTAGCATCGGAGAC 150
Reverse CARI1 CAACCACCGCAAAGTTGT
Calcium binding protein (GPA) Forward gpaBRF GTTCAGCGTGCTCTCCGAG 70
Reverse gpaBRR AGGCCTTCTCCAGCATCAT

tified. Total RNA was adjusted to a final concentration of 200
ng wl™! for all samples, reverse transcribed into first-strand
c¢DNA, and run in triplicate. Controls without reverse trans-
criptase were prepared simultaneously to ensure that no DNA
contamination occurred. Normalization of real-time PCR data
was done using equivalent amounts of DNase-treated RNA as
material for cDNA synthesis (5, 24, 26). The primer sequences
used for quantitative PCR in the study are listed Table 1. The
methods are further detailed in the supplemental material.
Figure 1 shows a higher abundance of transcripts in the
calcifying cells than in the noncalcifying cells both in the dark
and in the light. The difference was far more significant for

Dark period

light than for darkness. The most significant difference in abun-
dance corresponds to the CaM transcript in the light, with
about two times more transcripts in calcifying cells than in
noncalcifying cells. Fig. 2 also highlights an upregulation of all
transcripts in the light in the calcifying cells.

Concerning gpa, the upregulation observed in calcifying cells
contrasts with the downregulation reported by Quinn et al.
(21). It must be pointed out, however, that in that study, cal-
cifying cells were obtained by inducing a phosphorus limita-
tion. In contrast, the cells used in the present study were
replete with phosphorus.

The y-EhCA?2 preponderance in calcifying cells supports the
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FIG. 1. Relative abundances of CaM, CA, and gpa transcripts in the dark (A) and light (B) periods in the diploid (dotted black bars) and haploid
(dotted white bars) stages in E. huxleyi (strains RCC1216 and RCC1217). Data are presented as means *+ standard deviations for three independent
cultures. Bars indicate significant differences between diploid and haploid cells (Student’s ¢ test; P < 0.05). Note that the x axes start at 40%.
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FIG. 2. Relative abundances of CaM, CA, and gpa transcripts in the haploid (A) and diploid (B) stages in E. huxleyi (strains RCC1216 and
RCC1217) during the dark (black bar) and light (white bar) periods. Data are presented as means = standard deviations for three independent
cultures. The bars indicate significant differences between results for dark and light conditions (Student’s ¢ test; P < 0.05). Note that the x axes

start at 40%.

results obtained by Fujiwara et al. (6). The upregulation of the
CA transcript by light in calcifying cells is supported by Soto
et al. (23) and contradicted by other results obtained for cal-
cifying organisms, such as scleractinian corals, where CA ex-
pression decreases in the light (16). However, a recent review
of carbonic anhydrases reported five CA proteins («, B, v, 9,
and {), and while the functions of most of the classes have been
well described, the physiological roles of the <y class are not
well documented (29). Soto et al. (23) already suggested that
isoforms have different roles in inorganic carbon metabolism.

CaM is by far the target most sensitive to light, presenting
the largest differences in abundance between calcifying and
noncalcifying cells. In the oyster Pinctada fucata, the CAM
protein was shown to modify the morphology of the calcite
through regulation of its growth (28).

Monitoring gene expression in the haploid and diploid life
stages of E. huxleyi demonstrates that all transcripts investi-
gated were more abundant in calcifying cells and that their
expression is upregulated in light. These molecular results are
consistent with physiological data obtained using tracers such
as '*C (3) and **Ca (14). These studies unequivocally demon-
strated that coccolith formation in E. huxleyi is strongly light
dependent. The fact that gpa, CA, and CaM are also expressed
in darkness is also in agreement with multiple sources of evi-

dence showing that E. huxleyi can form coccoliths in the dark,
albeit at a lower rate than in the light (18, 22).

These results open the way for investigating (i) the regula-
tion of calcification by other environmental changes (e.g., ele-
vated temperature and/or partial CO, pressure) and (ii) the
potential use of selected genes as molecular proxies for bio-
geochemical processes in the field. In fact, a relatively large
number of studies have already analyzed photosynthesis
through rbcL expression, and an intercalibration of biogeo-
chemical fluxes and gene expression measurement has already
been suggested (12). Also, further studies are required to iden-
tify additional genes involved in calcification.

Thanks are due to J. Kegel, K. Bidle, L. Kerkorff, I. Probert, B.
Read, B. Warwrik, Swati Naravan-Yadav, and K. Wyman for their
valuable assistance. B. Read and J. Kegel kindly provided sequences
and primers.
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