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Cell division in photosynthetic organisms is tightly regulated by light. Although the light dependency of the onset of the cell
cycle has been well characterized in various phototrophs, little is known about the cellular signaling cascades connecting
light perception to cell cycle activation and progression. Here, we demonstrate that diatom-specific cyclin 2 (dsCYC2) in
Phaeodactylum tricornutum displays a transcriptional peak within 15 min after light exposure, long before the onset of cell
division. The product of dsCYC2 binds to the cyclin-dependent kinase CDKA1 and can complement G1 cyclin-deficient yeast.
Consistent with the role of dsCYC2 in controlling a G1-to-S light-dependent cell cycle checkpoint, dsCYC2 silencing
decreases the rate of cell division in diatoms exposed to light-dark cycles but not to constant light. Transcriptional induction
of dsCYC2 is triggered by blue light in a fluence rate-dependent manner. Consistent with this, dsCYC2 is a transcriptional
target of the blue light sensor AUREOCHROME1a, which functions synergistically with the basic leucine zipper (bZIP)
transcription factor bZIP10 to induce dsCYC2 transcription. The functional characterization of a cyclin whose transcription is
controlled by light and whose activity connects light signaling to cell cycle progression contributes significantly to our
understanding of the molecular mechanisms underlying light-dependent cell cycle onset in diatoms.

INTRODUCTION factors or nutrients and, in the case of phototrophs, light. In Chla-
mydomonas reinhardtii, the commitment point has been shown to
be preceded by a primary arrest point in G1 at which cell cycle
progression becomes light dependent (Spudich and Sager, 1980).

Despite the fact that light plays a key role in the growth
of photoautotrophic organisms, as demonstrated by the light-
driven expression of various cell cycle genes (Bisova et al.,
2005; Moulager et al., 2007, 2010; Lépez-Juez et al., 2008;
Huysman et al., 2010; Moriyama et al., 2010), little is known
about the cellular signaling mechanisms that connect light
perception with the activation of the cell cycle machinery in the
nucleus, which includes cyclin-dependent kinases (CDKs) and
their interaction partners, the cyclins (CYCs) (Morgan, 1997;
Inzé and De Veylder, 2006). In the green alga Ostreococcus

In eukaryotes, the presence of various cell cycle checkpoints en-
sures that the genetic information in a cell is inherited correctly by
inhibiting the replication and distribution of incomplete or damaged
chromosomes to the daughter cells. The major cell cycle check-
points occur during the onset of DNA replication (G1-to-S transition)
and mitosis (G2-to-M transition). During the mid-to-late G1 phase,
most organisms exhibit a commitment point, before which a number
of intra- and extracellular conditions must be fulfilled (Hartwell et al.,
1974; Pardee, 1974; Spudich and Sager, 1980; Moulager et al.,
2010). Beyond this commitment point, cells complete their cell cycle
and become independent of mitogenic stimuli, such as growth
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tauri, cyclin A plays an important role during S phase entry. This
gene, the first cell cycle gene to be transcribed in the organism
after dawn, is translated in a cyclic adenosine monophosphate
(cAMP)-dependent manner only when cells have acquired ade-
quate levels of light energy, thereby reflecting the metabolic
state of the cells (Moulager et al., 2010). In the red alga Cyani-
dioschyzon merolae, the inhibition of cyclin 1 degradation through
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a tetrapyrrole-mediated signaling pathway during the shift from
dark to light was shown to be crucial for connecting organellar
and nuclear DNA replication (Kobayashi et al., 2011).

Here, we studied the molecular regulation of the light-
dependent checkpoint in diatoms. Diatoms are unicellular algae
that dominate primary production in many aquatic ecosystems
and are responsible for about 20% of global photosynthetic
carbon fixation (Van den Hoek et al., 1995; Field et al., 1998;
Mann, 1999). Diatoms can grow and photosynthesize over a wide
range of different light intensities and wavelengths (Holdsworth,
1985; Mercado et al., 2004), and they possess specific light
sensing and acclimation strategies (Nymark et al., 2009; Bailleul
et al., 2010; Park et al., 2010; Zhu and Green, 2010; Lepetit et al.,
2012). Light quality and intensity not only determine the photo-
synthetic capacity of diatoms, but it also affects different cellular
processes, including motility, sexual reproduction, and cell di-
vision (Brzezinski et al., 1990; Chen et al., 2004; Cohn et al., 2004;
McLachlan et al., 2009; Mouget et al., 2009). Analogous to
C. reinhardtii, the cell cycle of diatoms consists of light-dependent
and -independent segments (Vaulot et al., 1986). The two major
diatom groups, the centrics and the pennates (Kooistra et al.,
2003; Sims et al., 2006), appear to have evolved different light-
sensitive phases during their mitotic cell cycles. Flow cytometric
analyses of dark-adapted cells have shown that in centric spe-
cies, two light-sensitive stages are present during their cell cy-
cle, namely, the G1 and G2/M phases (Olson et al., 1986; Vaulot
et al., 1986; Brzezinski et al., 1990). Some pennate species have
been reported to show a similar G1 and G2/M arrest, as reported
for Cylindrotheca fusiformis (Brzezinski et al., 1990), while others
display only a G1 arrest, as in Phaeodactylum tricornutum
(Huysman et al., 2010) and Seminavis robusta (Gillard et al., 2008).
For those species with only a light-dependent segment at the G1
phase, the immediate release of dark-arrested cells has proven
to be a useful characteristic to synchronize and study the cell
division process (Gillard et al., 2008; Huysman et al., 2010).

Although the light dependency of the diatom cell cycle was
demonstrated more than 20 years ago (Olson et al., 1986; Vaulot
et al., 1986; Brzezinski et al., 1990), to date, nothing is known
about the molecular regulators that control the light-dependent
cell cycle checkpoints in diatoms. In a previous study, we identi-
fied many members of the cyclin gene family in the pennate di-
atom P. tricornutum and the centric Thalassiosira pseudonana and
described a class of diatom-specific cyclins involved in environ-
mental signaling (Huysman et al., 2010). One of the most strongly
and earliest expressed genes during the switch from dark to light
in synchronized cells is the diatom-specific cyclin2 (dsCYC2),
hinting at a role for this cyclin in cell cycle activation after dark
arrest. To address this hypothesis, we studied the role of dsCYC2
at the light-dependent G1 checkpoint and investigated the light-
dependent transcriptional regulation of this gene in P. tricornutum.

RESULTS

Light-Dependent Transcriptional and Translational
Control of dsCYC2

As previously shown, the transcript level of dsCYC2 changes
abruptly upon exposure of dark-grown P. tricornutum cells to light

(Huysman et al., 2010). To document the kinetics of dsCYC2
transcript and protein abundance upon illumination, we gener-
ated a transgenic marker line that expressed the full-length
dsCYC2 open reading frame (ORF) C-terminally fused to a hem-
agglutinin (HA) tag under the control of the dsCYC2 promoter
(Pascyc2), which we will refer to as the HA marker line (Figure 1A).
To determine the kinetics of dsCYC2 transcript levels after light
exposure, we conducted a finely resolved sampling experiment
during the first hour after illumination of dark-arrested cells. To
this end, cells were grown exponentially under a 12-h-light/12-h-
dark (12L/12D) regime and then transferred to the dark for
a prolonged period (24 h) that, due to a light-dependent seg-
ment within the G1 phase, enriches cultures for G1 phase cells
(Brzezinski et al., 1990; Huysman et al., 2010). When returned to
light, cells progress synchronously through the cell cycle starting
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Figure 1. Light-Dependent Transcription and Translation of dsCYC2.

(A) Schematic representation of the HA marker construct.

(B) Transcript levels of dsCYC2 (solid line) and HA-tagged dsCYC2
(dashed line) during a 60-min time course after illumination (A.l.) of 24-h
dark-adapted HA marker cells. Values were normalized against those
obtained for histone H4 and then rescaled to the gene expression levels
at 0 min after illumination (=1). Error bars represent st of three technical
replicates.

(C) dsCYC2-HA protein levels during a 12-h (top panel) and 60-min
(bottom panel) time course after illumination of 24-h dark-adapted HA
marker cells. —, Negative control (wild-type 4 h light); +, positive control
(HA 4 h light). LC, loading control by Coomassie blue staining.



from the G1 phase (Huysman et al., 2010). After illumination,
samples were taken at 0, 5, 10, 15, 30, 45, and 60 min for real-
time quantitative PCR to monitor dsCYC2 transcript levels. An
initial increase in transcript levels was observed after only 5 min of
illumination, reaching a peak at 15 min, followed by a rapid de-
crease of the dsCYC2 mRNA levels (Figure 1B). Protein gel blot
analysis over a 12-h time course showed that dsCYC2-HA pro-
tein was undetectable immediately after illumination but reached
high levels at 30 to 60 min, decreasing gradually thereafter to
become undetectable by 12 h (Figure 1C). Protein analysis
during the first hour after illumination showed increasing levels
of dsCYC2-HA starting from 10 min until 60 min after light ex-
posure (Figure 1C), although the transcript levels were markedly
lower at the later time point (Figure 1B). These data show that
upon illumination, dsCYC2 transcript levels instantly reach a peak
within 10 to 15 min, followed by a translational peak 30 to 60 min
after light exposure.

dsCYC2 Interacts with CDKA1 but Not CDKA2

To explore the role of dsCYC2 during the cell cycle, we tested
whether dsCYC2 can bind to the most conserved CDKs of P. tri-
comutum. To this end, we performed a yeast two-hybrid (Y2H)
interaction assay in which P. tricomutum CDKA1, a G1/S-regulated
cyclin-dependent kinase (CDK) containing the amino acid PSTAIRE
motif, and CDKA2, a mitotically expressed CDK containing a
PSTALRE motif (Huysman et al., 2010), were used as bait and
dsCYC2 as prey. Growth on selective His-lacking medium was
observed for the combination of dsCYC2 with CDKA1, but not with
CDKA2 or any of the controls (Figure 2A). Complex formation be-
tween dsCYC2 and CDKAT1 is supported by their coexpression at
the G1-to-S transition in synchronized cells (Huysman et al., 2010).

Complementation of a Conditional G1 Cyclin-Deficient
Yeast Mutant by Expression of dsCYC2

The interaction of dsCYC2 with CDKA1, and its peak in abun-
dance during the early cell cycle, suggested that dsCYC2 might
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encode a G1-specific cyclin controlling the G1/S transition.
Therefore, we examined whether dsCYC2 is able to functionally
substitute for yeast G1 cyclins using a complementation assay
in the yeast strain BF305-15d-21. BF305-15d-21 cells contain
mutations in the endogenous cyclin1 (CLN1) and cyclin2 (CLN2)
genes and express cyclin3 (CLN3) from a Gal-inducible pro-
moter (Xiong et al., 1991). Hence, these cells are able to divide
only in the presence of Gal. On Glc-containing medium, CLN3
expression is repressed and cells arrest at a regulatory transition
point in the G1 phase. BF305-15d-21 cells were transformed
with the pTH-dsCYC2 vector, containing the dsCYC2 ORF
under control of a doxycycline-repressible promoter. Cells con-
taining pTH-dsCYC2 were able to resume division in the presence
of Glc (Figure 2B). When dsCYC2 expression was repressed
by doxycycline, complementation did not occur (Figure 2B),
confirming that the complementation was linked to dsCYC2
expression. These results demonstrate that dsCYC2 encodes
a functional cyclin that is able to complement a G1 cyclin-
deficient yeast strain.

Silencing dsCYC2 Slows Cell Cycle Progression by
Prolonging the Light-Dependent G1 Phase

The early light-dependent transcription of dsCYC2 suggests that
its gene product plays a role in the reactivation of cell division
upon illumination. To test this hypothesis, P. tricornutum dsCYC2
knockdown lines were generated by introducing a hairpin con-
struct under control of the constitutive histone H4 promoter
(De Riso et al., 2009) targeting the N-terminal region of dsCYC2
(Figure 3A). Silencing was evaluated at 15 min after illumination
by comparing dsCYC2 transcript levels in wild-type cells and
six independent transgenic lines harboring the RNA interference
constructs. Two lines (dscyc2-2.4 and dscyc2-2.8) showed no
silencing of dsCYC2, while four other lines (dscyc2-2.6, dscyc2-
2.9, dscyc2-3.4, and dscyc2-3.5) showed a 40 to 75% reduction
in transcript level compared with wild-type cells (Figure 3B).
To test whether dsCYC2 silencing had an effect on cell cycle
progression, growth rate analysis was performed on wild-type
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Figure 2. dsCYC2 Functions as a G1-Cyclin.

(A) Interaction of dsCYC2 with CDKA1. Yeast PJ694-a cells were cotransformed with bait and prey plasmid as indicated. Cotransformation was
analyzed on medium lacking Leu and Trp (+His). Cotransformants were tested for their ability to activate the His marker gene by assessing yeast growth
on medium lacking Leu, Trp, and His (-His). Constructs containing -glucuronidase (GUS) were used as negative controls. For each combination, three
independent colonies were screened, one of which is shown.

(B) Complementation of G1 cyclin—deficient yeast by dsCYC2. BF305-15d-21 cells were transformed with pTHGW (vector control) or pTH-dsCYC2.
Yeast cells were serially diluted and spotted onto SD-Ura plates containing Gal (+Gal) or Glc (+Gilc). When Glc was the sole carbon source, control cells
were not able to grow because of the lack of G1 cyclin expression, while cells that expressed dsCYC2 overcame this phenotype. When dsCYC2
expression was repressed by the addition of doxycycline (+Dox), the complementation was lost.
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and dsCYC2 knockdown lines grown under a 12L/12D regime.
No effect was observed for the nonsilenced internal control lines
(dscyc2-2.4 and dscyc2-2.8) (Figure 3C). By contrast, all knock-
down lines (dscyc2-2.6, dscyc2-2.9, dscyc2-3.4, and dscyc2-3.5)
showed a significant increase in generation time compared with
wild-type cells (Figure 3C), indicating that dsCYC2 is crucial for
proper cell cycle progression.

Expression analysis of different cell cycle marker genes during
the light-dependent cell cycle reentry of 24-h dark-arrested wild-
type and dscyc2-2.9 cells indicated that silencing of dsCYC2
results in the attenuation of G1 progression upon light exposure.
Expression of the early cell cycle marker genes cyclin H1 (CYCHT1)
and the transcription factor E2F1 was extended in the silenced
versus wild-type cells (Figure 3D), indicating that cells with lower
dsCYC2 expression levels spend more time in the G1 phase and
are delayed in the onset of the cell cycle upon illumination. Also,
the timing of expression of the G2/M markers CYCB1 and MAD3
(Figure 3E) was clearly delayed in the dscyc2-2.9 cells compared
with wild-type cells. Thus, in addition to having an effect on
cell cycle initiation at the G1 checkpoint after dark arrest, the

m— WT CYCH1

absence of dsCYC2 expression also affects the timing of all
downstream cell cycle transitions. The possibility that dsCYC2
silencing affected transcription in general or produced a gen-
eral stress response could be excluded, as several miscel-
laneous genes that were examined showed no differential
expression in wild-type versus silenced lines (see Supplemental
Figure 1 online).

If dsCYC2 acts primarily at the light-dependent G1 check-
point, no growth defects would be expected in dscyc2 cells that
do not experience a dark arrest. Therefore, we monitored the
growth rates of wild-type and dscyc2-2.9 cells grown under
constant light conditions. Because cells grow faster and reach
the stationary phase earlier in constant light compared with
12L/12D cycles, this experiment was performed at lower light
intensities (50 PE) to enable the detection of the exponential
phase in the growth curves. While a clear reduction of cell
growth rate was observed in dscyc2-2.9 compared with wild-
type cells grown in 12L/12D (Figure 3C), no significant difference
in growth rate was observed when cells were grown in constant
light (Table 1). However, when cells grown under continuous
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Figure 3. Effect of dsCYC2 Silencing on Cell Cycle Progression.
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(A) Schematic representation of the dsCYC2 inverted repeat constructs used for silencing analysis. In the dscyc2-2 construct, the large fragment is
positioned first, followed by the small fragment. In the dscyc2-3 construct, the small fragment is followed by the large fragment (arrows).

(B) Real-time quantitative PCR analysis of dsCYC2 transcript levels in wild-type (WT) and silenced lines. Cells were dark adapted for 24 h, and transcript
levels were measured 15 min after light exposure. Transcript levels of wild-type cells were set at 100%.

(C) Generation times of wild-type and dsCYC2 silenced lines grown at 100 yE 12L/12D cycles. Error bars (in (B) and (C) represent sp of the mean of
three independent experiments. *P < 0.005; **P < 0.001 (two-tailed Student’s t test).

(D) and (E) Transcript expression profiles of G1 marker genes (D) and mitotic markers (E) during a synchronized time course in wild-type and dscyc2-2.9

knockdown cells. Error bars represent se of two biological replicates.
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light were moved to 12L/12D conditions, the cells regained the
growth phenotype within 3 d (Table 1). Since P. tricornutum cells
are only light dependent at the G1 phase, these data suggest
a primary role for dsCYC2 at the G1 phase.

Wavelength and Fluence Rate Dependency of
dsCYC2 Transcription

To determine whether the light-regulated induction of dsCYC2
transcripts is photoreceptor mediated, transcript levels were
examined under different light conditions, including blue and red
light at different fluence rates. As observed for white light, dark-
adapted cells that were shifted to blue light showed an increase
of dsCYC2 transcript levels 10 min after light exposure, with
a stronger effect at lower light intensities (Figure 4A). Although
dsCYC2 induction was lower under 90 pE blue light, the tran-
script levels remained high for a longer period of time compared
with lower light intensities. In contrast with blue light, exposing
dark-adapted cells to red light did not result in major changes in
dsCYC2 transcript levels at either low or higher light intensities
(Figure 4A).

To determine whether dsCYC2 induction is solely pho-
toreceptor mediated or, to some extent, also controlled by
photosynthesis-mediated metabolic changes, the effect of the
addition of DCMU during the light period was tested (Figure 4B).
DCMU is a specific inhibitor of noncyclic photosynthetic elec-
tron transport (PET) and blocks the transfer of electrons from
photosystem Il to the plastoquinone pool. The addition of DCMU
prior to blue light exposure had no effect on the induction of
dsCYC2 at 10 or 30 min after illumination (Figure 4B), suggesting
that dsCYC2 induction is photoreceptor mediated and not de-
pendent on PET.

To assess the effects of light color and intensity on diatom
growth and the role of dsCYC2 under these conditions, the
growth rates of wild-type and dsCYC2 knockdown cells ex-
posed to a 12L/12D photoperiod of white, blue, or red light
adjusted to equal values of photosynthetically absorbed radiation
(QPhar) were determined. Because dsCYC2 is only induced when
blue light is present, no difference in growth rate was expected
to occur under red light conditions. Indeed, while dsCYC2
knockdown cells grew more slowly than wild-type cells under
white and blue light, no difference was observed between the
control and transgenic cultures under red light (Figure 4C).
These results support the role of blue light-induced dsCYC2
expression during the cell cycle in P. tricornutum cells. In general,
cells grown in red light showed a lower growth rate than those
grown in blue or white light, highlighting the importance of blue
light for diatom growth.

Table 1. Generation Times (h) of Wild-Type (WT) and dscyc2-2.9 Cells
Grown in Constant White Light at 50 UE or Shifted to a 12L/12D Cycle

LD (Early, LD (Late,
Strain LL Days 1 and 2) Days 3 to 5)
WT 295 + 34 29.2 = 0.0 42.3 = 3.9
dscyc2-2.9 30.1 £ 15 312 £ 0.3 59.1 = 1.0

LD, light-dark cycle; LL, constant white light.

Diatom Cell Cycle Onset Controlled by dsCYC2 219

A
8 8000 B 10 min
>~ . [30 mi
& 7000 min
< 6000 B 60 min
.5 5000 B 120 min
w
3 4000
3
% 3000
2 2000
©
E 1000
0, - T T il
1.5pE 3uE 9uE 90uE 5uE 50pE
Blue Red
B
& 10 min 10 min +DCMU ®m 30 min O30 min +DCMU
O
>_10000 ; I
2 I I I "
T 1000 l I
c
2
3'3 100
o
(=%
=
o 10
[4}]
=
8 L0 || NI [N
[1]
o 1,5uE 3uUE 9uE 90uE
C —8— WTWL WTBL WTRL
=& dscyc2-2.9 WL dscyc2-2.9 BL dscyc2-2.9 RL
0.30
I |
£ 025 11
= i
8 0.20 -t =
=z &7
T
8 o015 ¥
§ ;
= 0.10
3 1
< 005
4 - ® =1
L =
0.00

0 ‘1 2 3 4 5 6 7 8 9
Time (days)

10 11 12 13 14 15

Figure 4. Blue Light Photoreceptor-Mediated Control of dsCYC2
Induction.

(A) Wavelength and fluence rate dependency of dsCYC2 induction. Wild-
type cultures were dark incubated for 60 h and switched to blue or red
light at different light intensities, as indicated. Relative mRNA levels of
dsCYC2 at 10, 30, 60, and 120 min after light exposure are shown.
Relative levels were normalized to histone H4 levels and rescaled to the
expression level in dark-incubated cells (=1).

(B) Effect of DCMU on dsCYC2 induction. Log scale representation of
the relative mRNA levels of dsCYC2 at 10 and 30 min after blue light
exposure at different light intensities in the absence or presence of
DCMU. In (A) and (B), error bars represent st of two biological replicates.
(C) Growth curves of wild-type (WT) and dscyc2-2.9 cells grown in white
(WL), blue (BL), and red (RL) light adjusted to equal values of photo-
synthetically absorbed radiation. Error bars represent sp of three bi-
ological replicates.
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Regulation of the dsCYC2 Promoter by Light

The observation that dsCYC2 transcript levels were markedly
affected by light suggests that either light has a direct effect on
dsCYC2 transcript stability or there is a yet undefined light-
dependent signaling pathway that targets the dsCYC2 promoter
sequence. In order to distinguish between these possibilities, we
analyzed the short-term expression kinetics of a reporter gene
placed under control of the dsCYC2 promoter during the light
period following dark incubation. To construct this reporter fu-
sion, we combined the 1018-bp region upstream of the trans-
lational start of dsCYC2 (pcycs) and the coding region of
enhanced yellow fluorescent protein (€YFP) (Figure 5A). Similar
to dsCYC2 transcript levels, eYFP transcript levels were induced
shortly after light exposure and dropped again to basal levels
after longer periods of illumination (Figure 5B). The slight delay in
the decrease of eYFP transcript compared with the kinetics of
the dsCYC2 transcript (Figure 5B) is likely due to the higher in-
trinsic stability of eYFP versus dsCYC2 mRNA. Nevertheless,
the overall parallel kinetics of the endogenous dsCYC2 tran-
script and the eYFP reporter transcript over time suggest that
changes in dsCYC2 mRNA are primarily a consequence of
changes in promoter activity rather than transcript stability.

AUREOCHROME1a and bZIP10 Associate with the
dsCYC2 Promoter

To identify transcription factors that can bind to and regulate the
dsCYC2 promoter, a genome-wide yeast one-hybrid (Y1H)
cDNA library screen was conducted. To this end, a pcyes re-
porter yeast strain was generated harboring the dsCYC2 pro-
moter upstream of the HIS3 and the LacZ reporter genes, and
this strain was transformed with a yeast-compatible P. tri-
cornutum cDNA library. The screen yielded two predicted basic
leucine zipper (bZIP) transcription factors, AUREOCHROME1a
(AUREO1a) and bZIP10. AUREO1a is a putative blue light pho-
toreceptor that contains an N-terminal bZIP domain responsible
for DNA binding and dimer formation and a C-terminal LOV
(for light, oxygen, voltage) domain responsible for light sensing
(Takahashi et al., 2007; Depauw et al., 2012). bZIP10 is a clas-
sical bZIP transcription factor (Rayko et al., 2010). Retrans-
formation of AUREO1a and bZIP10 in the Y1H reporter strain
confirmed their binding to the dsCYC2 promoter, as indicated by
auxotrophic growth on selective medium and the expression of
the LacZ gene (Figure 5C).

Posttranslational Control of dsCYC2 Induction

Light-dependent transcriptional induction of dsCYC2 through
the activation of the LOV domain of AUREO1a would be ex-
pected to occur without the need for de novo protein synthesis.
To test this hypothesis, dsCYC2 transcription was measured in
wild-type cells treated with cycloheximide (CHX), an inhibitor
of eukaryotic translation, just before illumination. As predicted,
CHX treatment did not impair the light-dependent induction of
dsCYC2 (Figure 6A). Surprisingly, in contrast with the control
cultures that showed a decrease of dsCYC2 transcript levels
following the initial transcriptional peak during the first hours
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Figure 5. Regulation of the dsCYC2 Promoter by Light.

(A) Schematic representation of the prom-eYFP marker (right) con-
structs.

(B) Transcript levels of dsCYC2 and eYFP during a 60-min time course
after illumination (A.l.) of 24-h dark-adapted p,.cyc,-€YFP cells. Values
were normalized against H4 expression levels and rescaled to the levels
at 0 min after illumination (= 1). Error bars represent se of two biological
replicates.

(C) Y1H protein-DNA interaction assay. Interactions are positive when
HIS3 (growth on 3-aminotriazole—containing medium (+3AT) and LacZ
(X-Gal turns blue) expression is induced. Constructs containing GUS
were used as negative controls. For each combination, three independent
colonies were screened, one of which is shown.

after light exposure, transcripts accumulated to high levels in the
CHX-treated cultures (Figure 6A), suggesting that upon illumi-
nation, a repressor is produced de novo that specifically targets
the promoter activity of dsCYC2 to repress its expression. The
addition of CHX during the dark period did not alter dsCYC2
transcript levels (see Supplemental Figure 2 online), indicating
that the effect of CHX was specific to light exposure. Together,
these data corroborate the hypothesis of induction of dsCYC2
transcription through activation of a photoreceptor, such as
AUREO1a. Moreover, protein gel blot analysis demonstrated
constitutive levels of AUREO1a during the switch from dark to
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Figure 6. Posttranslational Regulation of dsCYC2 Induction upon Light
Exposure.

(A) Wild-type (WT) cultures were synchronized by 24-h dark treatment
(Dark) and then exposed to light for 0.5 (30 minL), 1 (1 hL), or 3 h (3 hL) in
the absence (dark gray) or presence (light gray) of 2 ng/mL CHX. Relative
expression levels of dsCYC2 are shown. Values were normalized against
H4 expression levels and then rescaled to the gene expression levels of
the dark sample (=1). Error bars represent se of two independent ex-
periments.

(B) AUREO1a protein levels during a 60-min time course after illumina-
tion (A.l.) of 24-h dark-adapted HA marker cells. LC, loading control by
Coomassie blue staining.

light (Figure 6B), which suggests posttranslational activation of
AUREO1a upon light exposure.

Activation of the dsCYC2 Promoter by AUREO1a and bZIP10

Because bZIP proteins are known to function as homo- or
heterodimers (Schiitze et al., 2008), a Y2H interaction assay was
performed to test whether AUREO1a and bZIP10 can interact
with themselves or with each other. In this test, when AUREO1a
was used as a bait, there were high levels of self-activation,
precluding any conclusions about interactions. However, when
bZIP10 was used as a bait, an interaction was found to occur
with both bZIP10 and AUREO1a, as indicated by auxotrophic
growth on His-lacking medium (Figure 7A).

To assess the effect of AUREO1a and bZIP10 on dsCYC2
promoter activity, a transient activity assay was performed.
AUREO1a and bZIP10 effector plasmids were transiently
transformed either alone or together, along with a pycye,:fLUC
reporter construct, into tobacco (Nicotiana tabacum) Bright
Yellow-2 (BY-2) protoplast cells. When provided alone, both
AUREO1a and bZIP10 slightly activated the dsCYC2 promoter
(Figure 7B). However, the activation effect was significantly in-
creased when both effector plasmids were coexpressed (Figure
7B). These data suggest that AUREO1a and bZIP10 function in
a synergistic manner to activate the dsCYC2 promoter in re-
sponse to light.
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DISCUSSION

dsCYC2 Functions at the Light-Dependent G1 Checkpoint

For any photosynthetic organism, including diatoms, light is
an extremely important factor that influences growth. Because
diatoms can grow over a wide range of light intensities and
wavelengths, these organisms are believed to have developed
specific photoacclimation and photoadaptation mechanisms
(Huisman et al., 2004; Lavaud et al., 2004; Lavaud et al., 2007).
As with most other phytoplankton species, the timing of diatom
cell division can be entrained by alternating periods of light and
dark, implying that the cell cycle consists of light-dependent
and -independent segments (Vaulot et al., 1986). Accordingly,
both by light limitation and deprivation experiments, light-
controlled restriction points have been identified in several
diatom species, either during the G1 phase or during both the
G1 and G2/M phases of the cell cycle (Olson et al., 1986;
Vaulot et al., 1986; Brzezinski et al., 1990; Gillard et al., 2008;
Huysman et al., 2010).

Previous work highlighted the role of dsCYCs in linking
diverse environmental conditions to the cell cycle in diatoms
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Figure 7. Activation of the dsCYC2 Promoter by AUREO1a and bZIP10.

(A) Y2H protein—protein interaction assay. Yeast cells were cotransformed
with bait and prey plasmid as indicated. Cotransformation was analyzed
on medium lacking Leu and Trp (+His). Cotransformants were tested for
their ability to activate the His marker gene by assessing yeast growth on
medium lacking Leu, Trp, and His (-His). Constructs containing GUS were
used as negative controls. For each combination, three independent
colonies were screened, one of which is shown.

(B) Protoplast transactivation assay using pdsCYC2:fLUC as reporter,
p35S:rLUC as normalization, and p35S:AUREQO1a and p35S:bZIP10 as
effector constructs. Luciferase activity of the control was arbitrarily set to
1. Error bars represent se of three biological replicates (‘P = 0.05, two-
sided t test).
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(Bowler et al., 2008; Huysman et al., 2010). Here, we functionally
characterized dsCYC2 as a crucial regulator of cell cycle onset
after a period of darkness in P. tricornutum. Upon light expo-
sure, dsCYC2 mRNA levels increase within minutes, followed by
the induction of dsCYC2 protein. The specific expression of
dsCYC2 during the G1 phase and its ability to complement G1
cyclin—deficient yeast cells suggest that dsCYC2 operates early
in the cell cycle. A role for dsCYC2 in cell cycle entry is sup-
ported by the observation that lower dsCYC2 levels following
light exposure prolong the G1-to-S phase transition, as shown
by the delayed and altered transcript levels of the G1 markers.
Also G2/M marker genes displayed a delayed expression of
about 1 to 2 h compared with wild-type cells. Thus, although
dsCYC2 likely acts primarily at the point of cell cycle onset, it
appears that its effects go well beyond the early time points.
From growth rate analysis, we determined that dscyc2-2.9 cells
have a generation time almost double that of wild-type cells;
thus, we would have expected to observe a longer mitotic delay.
Most likely this difference can be explained by the observation
that ~10 to 15% of the dscyc2-2.9 cells are not cycling but
appear to be arrested at the S phase, as observed from DNA
abundance measurements (see Supplemental Figure 3 online).
Therefore, the observed longer generation time most likely
results from the cumulative effect of a slower cell cycle pro-
gression at the G1 phase of the cycling cells and an S phase
arrest of a subset of the cells. The increase in S phase cells
suggests that a prime action of dsCYC2 is to activate the
CDK/cyclin complexes that are required for DNA replication,
a function similar to that of the G1-specific CLN1/2 and cyclin
E genes in budding yeast and mammalian somatic cells, re-
spectively (Morgan, 2007). Although dsCYC2 protein can be
detected during the S phase, it is unlikely that dsCYC2 con-
trols DNA replication itself, as no difference in generation time
was observed between control and dsCYC2 silenced lines
under constant light conditions. Together with the observation
that dsCYC2 levels only peak at the G1/S transition under
dark/light cycles, these data suggest that dsCYC2 functions to
relieve light-dependent G1 arrest, rather than regulating DNA
replication.

In yeast, appropriate cell growth and metabolic status trigger
G1 progression by activating CLN3, followed by CLN1 and
CLNZ2, in association with CDC28 to finally activate the G1/S
transcription factor SBF/MBF and the transcription of S phase
genes (Tyers et al., 1993; reviewed in Mendenhall and Hodge,
1998). In animals and plants, D-type cyclins are stimulated
by serum growth factors and hormones or Suc, respectively.
D-type cyclins associate with CDKs and phosphorylate reti-
noblastoma (Rb) protein, leading to the release and activation
of E2F transcription factors and the G1-to-S phase transition
(reviewed in Oakenfull et al., 2002). Overexpression or si-
lencing of these G1 cyclins has been reported to exhibit
various effects on the G1 phase duration and overall cell cycle
length, depending on the type of cyclin and cells (Quelle et al.,
1993; Resnitzky et al., 1994; Sherr, 1995; Menges et al.,
2006). Both CLN1-3 and D-type cyclins are characterized by
PEST sequences that render the proteins unstable and confer
rapid turnover (Rechsteiner and Rogers, 1996; Renaudin
et al., 1996; Mendenhall and Hodge, 1998). Furthermore, plant

and animal D-type cyclins, as well as the Ostreococcus cyclin
A, possess an LxCxE amino acid motif at their N-terminal
region that is responsible for their interaction with the Rb
protein (Dowdy et al., 1993; Renaudin et al., 1996; Moulager
et al., 2010). None of these motifs can be recognized in the
dsCYC2 sequence, suggesting that dsCYC2 turnover is reg-
ulated by alternative mechanisms and that the protein prob-
ably does not interact directly with the P. tricornutum Rb
orthologous protein. Alternatively, it is possible that dsCYC2
expression results in the transcription or activation of other
G1 cyclins that regulate the Rb protein in P. tricornutum.
Because diatom cell cycle progression depends not only on
light, but also on other environmental factors, such as nutrient
availability, it is to be expected that multiple cyclins are in-
volved in G1 control, representing a complex integrative fine-
tuning network of different signaling pathways. The presence
of a critical molecule, such as dsCYC2, that rapidly coordinates
the activation of the cell cycle machinery upon changing
light conditions is thus of major importance for diatoms
living in highly variable environments and potentially allows
them to pace their cell division rate to the prevailing light
conditions.

Blue Light-Dependent Induction of dsCYC2

Promoter-reporter analysis suggests that transcriptional reg-
ulation of dsCYC2 occurs through its promoter sequence.
Screening for interactors of the dsCYC2 promoter yielded two
transcription factors belonging to the bZIP transcription factor
family: AUREO1a and bZIP10. Of particular interest is AUR-
EO1a, which belongs to the AUREOCHROME family of blue light
photoreceptors in photosynthetic stramenopiles (Takahashi et al.,
2007; Ishikawa et al., 2009). AUREOCHROMES typically pos-
sess an N-terminal bZIP domain expected to be involved in
dimerization and DNA binding and a C-terminal LOV domain
thought to act as a photosensor (Takahashi et al., 2007;
Toyooka et al., 2011). Absorption of blue light by flavin mono-
nucleotide (FMN) attached to the LOV domain induces covalent
adduct formation between FMN and a conserved Cys residue in
the LOV domain. P. tricornutum encodes four AUREOCHROME-
like proteins (Rayko et al., 2010; Depauw et al., 2012), but only
AUREO1a seems to be involved in dsCYC2 regulation. In Vau-
cheria frigida, the bZIP domain of AUREO1 was found to rec-
ognize the bZIP binding site TGACGT (Jakoby et al., 2002;
Takahashi et al., 2007). Interestingly, the promoter of dsCYC2
contains three of these sites (see Supplemental Figure 4 online),
rendering them putative regulatory cis-acting elements. The role
of AUREO1a in dsCYC2 induction is further supported by the
specific transcription of dsCYC2 by blue light, but not red light.
Treatment of cells with CHX or the redox inhibitor DCMU had no
effect on dsCYC2 induction, indicating that no de novo protein
synthesis or PET is required, reinforcing the hypothesis of di-
rect photoreceptor-mediated regulation of dsCYC2 induction
by AUREO1a. The specific response of dsCYC2 to low fluence
rate blue light through AUREO1a signaling could be of particular
significance to diatoms as blue light (350 to 500 nm) is the most
prevalent color of light below the surface of oceanic waters
(Maclntyre et al., 2000); hence, efficient blue light sensing and
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signaling mechanisms are expected to play a crucial role in the
control of diatom growth.

Various LOV domain-signaling mechanisms have been
described for different plant, algal, and bacterial proteins,
such as light-induced unfolding, rotation, dimerization, and/or
DNA binding of the effector domain (reviewed in Herrou and
Crosson, 2011). Here, we have shown that AUREO1a and
bZIP10 can form heterodimers and that bZIP10 is able to form
homodimers. Either protein could activate the dsCYC2 pro-
moter in the BY-2 protoplast system, but activation was
enhanced when both proteins were coexpressed. Based on
these findings, different models of dsCYC2 regulation can be
envisioned. First, upon blue light exposure, AUREO1a and
bZIP10 might form heterodimers and as such bind and acti-
vate the regulatory sites present in the dsCYC2 promoter.
However, previous reports have suggested that the V. frigida
AUREO1 LOV domain has a dimeric nature (Mitra et al., 2012)
and that two LOV domains would be needed to activate
AUREO1 (Toyooka et al., 2011). Therefore, it seems plausible
that upon illumination, homodimers of AUREO1a and bZIP10
would occupy different regulatory sites within the dsCYC2
promoter and act synergistically to activate it (Figure 8). How
bZIP10 activates transcription of dsCYC2 remains unknown,
but possible mechanisms include nuclear translocation or post-
translational modifications upon light exposure that result in
the modulation of the DNA binding activity or activation potential,
as described for other bZIP proteins (Jakoby et al., 2002).
Further investigations are needed to uncover the pre-
cise mechanism of dsCYC2 activation by AUREO1a and
bZIP10.
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Interestingly, inhibition of protein synthesis at the dark-to-light
transition delays the decrease of dsCYC2 transcript levels in the
light and results in the accumulation of higher transcript levels
after illumination, suggesting that upon light exposure, a re-
pressor of dsCYC2 transcription is generated. Such a repressor
might interfere with DNA binding of the activators, either directly
through, for example, occupation and repression of the regulatory
sites, or indirectly by interfering with the dimerization or DNA
binding properties of the activators through, for example, post-
translational modifications (Schiitze et al., 2008). Future work will
focus on identifying the repressor(s) and their mode of regulation.

In conclusion, we identified two bZIP transcription factors
that are likely to be involved in the blue light-dependent tran-
scription of a cyclin gene that regulates the onset of the cell cycle
in diatoms after a period of darkness. The involvement of au-
reochromes in blue light-mediated branching and sex organ de-
velopment have previously been described (Takahashi et al.,
2007). This study identifies a possible role for AUREO1a and its
target gene dsCYC2 during the cell cycle. The dsCYC2 gene ap-
pears to be conserved in other pennate diatom species, including
Fragillariopsis cyclindrus (http://genome.jgi-psf.org/Fracy1/Fracy1.
home.html, Fracy1_253344) and Pseudo-Nitzschia multiseries
(http://genome.jgi.doe.gov/Psemu1/Psemuil.home.html, Psemu_
301178), but no clear homolog was found in the centric T. pseu-
donana (Huysman et al., 2010). However, because of the high
number of dsCYCs in diatom species (Huysman et al., 2010) and
the presence of AUREO1a in both pennates and centrics (Depauw
et al., 2012), the mechanism of light-dependent cell cycle activa-
tion through AUREO1a-mediated induction of a cyclin gene is
most likely conserved in diatoms.

LIGHT

ascyc?

Cell cycle onset

Figure 8. Hypothetical Model of the Light-Dependent Regulation of dsCYC2 and Cell Cycle Onset in P. tricornutum.

Upon light exposure, the LOV domain of AUREO1a is changed from the dark state (gray) into the light state (yellow) through cysteinyl-FMN adduct
formation. This induces a conformational change in the homodimer protein complex, resulting in the binding of the bZIP domains to the promoter of
dsCYC2. Binding of both AUREO1a and bZIP10 homodimers to different regulatory elements in the dsCYC2 promoter results in the synergistic

activation of dsCYC2 and leads to the onset of the cell cycle.
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METHODS

Diatom Culture Conditions

Phaeodactylum tricornutum (Pt1 8.6; accession numbers CCAP 1055/1
and CCMP2561) cells were grown in f/2 medium without silica (f/2-Si)
(Guillard, 1975) made from filtered and autoclaved sea water collected
from the North Sea (Belgium) or artificial sea water medium (Vartanian
et al., 2009). Cultures were cultivated at 18 to 20°C under a 12L/12D
regime using 70 to 100 wmol photons m—2 s~ white light (Radium NL
36W/840 Spectrolux plus, cool white). Liquid cultures were shaken at 100
rpm. For expression studies under blue and red light conditions, blue light
(380 to 450 nm) was generated using neon lamps (Osram L36W/67,
Lumilux Bleu), while red light (620 to 720 nm with a peak intensity of 670
nm) was generated using an LED source (Flight Il DC Red + Black;
Quantum Devices), and different light intensities were obtained using
neutral density filters.

Vector Cloning and Biolistic Transformation

The 1018-bp promoter sequence alone, the promoter and full-length
gene sequence, or the gene sequence alone of dsCYC2 of P. tri-
cornutum was amplified with gene-specific primers (see Supplemental
Table 1 online), cloned in the pDONR221 or pENTR-D-TOPO vector
(Invitrogen), and subsequently recombined in a P. tricornutum desti-
nation vector (pDEST) by attL X attR recombination (Invitrogen) (Siaut
et al., 2007). The dsCYC2 promoter sequence was recombined in
pDEST-C-EYFP for C-terminal fusion to construct the prom-eYFP re-
porter line. The promoter and gene constructs were recombined in
pDEST-C-HA to construct the HA marker line. Both plasmids were
subsequently digested with Sacll and Notl (Promega) to remove the
fcpB promoter sequence. The digested product was treated with T4
DNA polymerase in the presence of 10 mM deoxynucleotide tri-
phosphate to produce blunt ends and then ligated using T4 DNA ligase
according to the manufacturer’s instructions (Promega). For the creation
of dsCYC2 inverted repeat silencing constructs, a 167-bp fragment
(corresponding to the dsCYC2 gene sequence from 13 to 179 bp) and a
301-bp fragment (corresponding to the gene sequence from 13 to 313 bp)
were amplified from the dsCYC2 cDNA with the primers dsCYC2f1_Fw
(containing a EcoRlI site) and dsCYC2f1_Rv (containing a Xbal site),
and dsCYC2f1_Fw and dsCYC2f2_Rv (containing a Xbal site) (see
Supplemental Table 1 online), respectively. The fragments were di-
gested with EcoRI and Xbal (Promega) and ligated in sense and anti-
sense orientations to the EcoRl site of the linearized hir-PtGUS vector
(De Riso et al., 2009).

Constructs were introduced into P. tricornutum by microparticle
bombardment as previously described (Falciatore et al., 1999). The prom-
eYFP reporter plasmid and the HA marker plasmid were each co-
transformed with the pAF6 plasmid to confer resistance to phleomycin
(Falciatore et al., 1999). Individual phleomycin-resistant colonies were
both restreaked on /2-Si agar plates and grown in liquid f/2-Si medium
without antibiotics for further analysis.

Real-Time Quantitative PCR

For RNA extraction, 5 X 107 cells were collected by fast filtration,
and filters with cell pellets were fast frozen in liquid nitrogen and stored at
—70°C. Cell lysis and RNA extraction were performed using TriReagent
(Molecular Research Center) according to the manufacturer’s instructions.
Contaminating genomic DNA was removed by DNasel treatment (GE
Healthcare), and RNA was purified by ammonium acetate precipitation.
RNA concentration and purity were assessed by spectrophotometry.
Total RNA was reverse transcribed using iScript reverse transcriptase

(Bio-Rad) or a Quantitect reverse transcription kit (Qiagen) according to
the manufacturer’s instructions. Finally, an equivalent of 5 or 10 ng of
reverse-transcribed RNA (cDNA) was used as template in each quanti-
tative PCR reaction.

Samples in triplicate were amplified on the Lightcycler 480 platform
(Roche) or the CFX96 Real-Time PCR detection system (Bio-Rad) with
Lightcycler 480 SYBR Green | Master mix (Roche Applied Science) in the
presence of 0.5 pM gene-specific primers (dsCYC2_Fw, 5'-CTATCA-
TCGCACTCGTCATCAAC-3’, and dsCYC2_Rv, 5'-TGTCCACCAAAGC-
CTCCAAAC-3’; dsCYC2-HA_Fw, 5'-TCGCTCCTCTGGTGGAA-3’, and
dsCYC2-HA_Rv, 5'-GTCGTAGGGGTAGGCGTAGT-3'; for other primer
sequences, see Siaut et al., 2007 and Huysman et al., 2010). The cycling
conditions were 10 min polymerase activation at 95°C and 45 cycles at
95°C for 10 s, 58°C for 15 s, and 72°C for 15 s. Amplicon dissociation
curves were recorded after cycle 45 by heating from 65 to 95°C. Data were
analyzed using the AC; (cycle threshold) relative quantification method
using gBase (Hellemans et al., 2007), with the stably expressed histone H4
used as a normalization gene (Siaut et al., 2007).

Protein Gel Blot Analysis

For protein extraction, 5 X 107 cells were collected by fast filtration,
and filters with cell pellets were fast frozen in liquid nitrogen and stored at
—70°C. Proteins were extracted by adding 200 pL Laémli buffer con-
taining Complete Protease Inhibitor Cocktail (Roche) to the frozen cells
and vortexing at high speed until the cells were lysed. Cell lysates were
incubated for 15 min on ice and centrifuged at 13,000 rpm for 15 min at
4°C to remove insoluble material. Protein concentrations were de-
termined by the Bio-Rad Protein Assay (Bio-Rad) based on the method
of Bradford (1976). Equal amounts of protein extracts were resolved on
12% SDS-PAGE gels and transferred to nitrocellulose membranes
(Millipore) using the wet-blot method. The dsCYC2-HA fusion protein
was detected by incubating proteins transferred to nitrocellulose
membranes for 1 h with a 1:500 dilution of anti-HA primary antibody
(Roche) at room temperature, followed by 1 h incubation in a 1:10,000
dilution of horseradish peroxidase anti-rat secondary antibody (Abcam)
at room temperature. AUREO1a protein was detected by incubating
proteins transferred to nitrocellulose membranes for 1 h with a 1:1000
dilution of a specific anti-AUREO1a primary antibody at room temper-
ature, followed by 1 h incubation in a 1:10,000 dilution of horseradish
peroxidase anti-rabbit secondary antibody (GE Healthcare) at room
temperature. Signals were visualized using the Western Lightning de-
tection kit (Thermo Scientific Pierce) according to the manufacturer’s
instructions.

Y2H Analysis

Y2H bait and prey plasmids were generated through recombinational
Gateway cloning (Invitrogen). The full-length ORFs of the P. tricornutum
dsCYC2, CDKA1, and CDKA2 genes were amplified from cDNA using
gene-specific primers (see Supplemental Table 1 online), cloned in the
pENTR-D-TOPO vector (Invitrogen), and subsequently recombined in the
pDEST22 and pDEST32 vectors (Invitrogen) by attL X attR recombination,
resulting in translational fusions between the proteins and the GAL4
transcriptional activator and DNA binding domains, respectively. AUR-
EO1a and bZIP10 cDNAs were derived from plasmid extraction (Zymo-
prep; Zymo Research) from positive colonies of a Y1H library screen (see
below) and recombined in the pDEST22 and pDEST32 vectors by
Gateway recombination. Bait and prey plasmids were cotransformed in
the yeast strain PJ694-a by the LiAc method (Gietz et al.,, 1992). Co-
transformed yeast cells were selected on synthetic defined (SD) medium
plates lacking Leu and Trp. Interaction between the introduced proteins
was scored on SD plates lacking Leu, Trp, and His.
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Yeast Complementation

The full-length dsCYC2 cDNA was cloned into the yeast tetracycline-
repressible vector p THGW (Peres et al., 2007) by LR cloning. The resulting
plasmid, pTH-dsCYC2 (or pTHGW as a control), was transformed into the
G1-deficient yeast strain BF305-15d-21 (MATa /leu2-3, 112his3-11,
15ura3-52 trp1 adel met14; arg5,6 GAL1-CLN3 HIS3::cin 1 TRP1::cin2)
by the LiAc method (Gietz et al., 1992). Complementation was assayed on
Gal-containing SD medium in the presence or absence of 20 pg/mL
doxycycline (Sigma-Aldrich).

Y1H Analysis

For the Y1H library screen, the dsCYC2 promoter sequence (1018 bp
upstream of ATG) was cloned in the pMW#2 and pMW#3 destination
vectors (Deplancke et al., 2006), yielding HIS3 and LacZ reporter con-
structs, respectively. The Y1H bait strain was generated as previously
described (Deplancke et al., 2004, 2006). Subsequently, the Y1H bait
strain was transformed with 50 g of prey plasmids derived from a custom-
made P. tricomutum Y2H cDNA library (Invitrogen) according to the Yeast
Protocol Handbook (Clontech), and yeast cells that hosted a successful
interaction were selected on selective SD medium lacking His, Ura, and Trp
containing 25 mM of 3-amino-1,2,4-triazole and retested using a direct Y1H
test.

Growth Analyses

To monitor growth rates of wild-type and dscyc2 cells, cells were grown at
12L/12D (100 pE of white light) in a 24-well plate (Falcon), in a total volume
of 1 mL, over a time period of 11 d. Absorbances of the cultures were
measured at 405 nm using the VICTOR?® Multilabel Plate Reader (Perkin-
Elmer) each day in the morning. The growth curves of triplicate cultures
were LN(2) transformed, and mean generation times were calculated
by determination of the derivative of the values between the points of
maximal slope (exponential growth phase).

To determine the growth rates of wild-type and dscyc2-2.9 cells under
constant light conditions, batch cultures were grown under continuous
illumination of white light for at least 2 weeks. At the beginning of the
experiment, cells were diluted with fresh F/2 medium without silica to the
same absorbance at 405 nm (0.025), and cells were either placed under
constant light conditions or transferred to 12L/12D conditions at the same
light intensity (50 YE). Generation times were calculated as described
above.

To monitor growth curves under different light quality conditions, wild-
type and dscyc2-2.9 batch cultures were cultivated at 12L/12D at 20°C in
air-lifted 100-mL test tubes. Flora light-emitting diode panels (CLF Plant
Climatics) were used for illumination with monochromatic blue light and
red light at wavelengths of 469 nm = 10 nm and 659 nm = 11 nm, re-
spectively. White fluorescence tubes (18W/865; Osram) provided illu-
mination with white light. The spectral composition of the light sources
was recorded with a spectroradiometer (Tristan). The relative absorption
of incident light varied for the different light sources. Therefore, the in-
cident light intensity was adjusted to either 72 ymol photons m=2 s~ blue
light, 120 pmol photons m~2 s~ white light, or 123 ymol photons m=2s~"
red light. This resulted in similar values of 30 ymol absorbed photons
m~2 s~ photosynthetically absorbed radiation (Qg,,) at a culture density of
2 ug chlorophyll a mL~" as calculated according to Gilbert et al. (2000). All
cultures were inoculated with 50,000 cells mL~". The in vivo absorption at
405 nm was recorded with a spectrophotometer (Specord M500; Zeiss).

nCounter Analysis

RNA levels were measured using the Nanostring nCounter analysis
system (Nanostring Technologies) by the VIB Nucleomics Core Facility as
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previously described (Geiss et al., 2008). An overview of the nCounter
probe pairs used in this study is shown in Supplemental Table 2 online. All
probes were screened against the P. tricornutum annotated transcript
database from the Department of Energy Joint Genome Initiative for
potential cross-hybridization. Total RNA extract (100 ng) from two bi-
ological replicates for both wild-type and dscyc2-2.9 cells was used for
hybridization, and all genes were measured simultaneously using multi-
plexed reactions. After a first normalization against the internal spike-in
controls, genes were normalized against the four reference genes EF1a,
histone H4, RPS, and UBI-4. Fold induction calculations for wild-type and
dscyc2-2.9 cells values were divided by the value at the 0-h time point.

Inhibitor Studies

To determine the effect of PET inhibition, DCMU (Sigma-Aldrich) was
dissolved in ethanol to a stock concentration of 100 mM and delivered to
the cells 10 min before the onset of light treatment at a final concentration
of 20 uM. Identical volumes of ethanol were added to the controls and had
no effect on transcript expression.

To determine the effect of inhibition of protein translation on dsCYC2
transcription, cells were treated with or without CHX (Duchefa Biochemie)
at a final concentration of 2 pyg/mL, 5 min before the onset of light
treatment.

Transient Reporter Assays

The dsCYC2 promoter sequence was cloned simultaneously with the
fLUC sequence in the pm42GW?7,3 destination vector (Karimi et al., 2007)
by multisite Gateway cloning (Invitrogen). To generate the effector con-
structs, the cDNA clones of AUREO17a and bZIP10 were recombined in
the p2GW?7 destination vector by Gateway cloning, containing the cau-
liflower mosaic virus 35S promoter. Both reporter and effector plasmids
were used to transfect tobacco (Nicotiana tabacum) BY-2 protoplasts
using the polyethylene glycol/Ca2+ method as described by De Sutter
et al. (2005). Luciferase measurements were performed using the Dual-
luciferase Reporter 1000 Assay System (Promega) according to the
manufacturer’s instructions and as previously described (De Sutter et al.,
2005).

Accession Numbers

Sequence data from this article can be found in the P. tricornutum genome
sequence database through the Joint Genome Initiative portal (http://
genome.jgi-psf.org/Phatr2/Phatr2.home.html) under the following acces-
sion numbers: dsCYC2, Phatr2_34956; CDKAT1, Phatr2_20262; CDKA2,
Phatr2_51279; AUREO1a, Phatr2_49116; and bZIP10, Phatr2_43744.
Sequence data from other genes discussed in this article can be found in
the EMBL/GenBank data libraries under the accessions numbers listed in
Supplemental Table 2 online.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure 1. Silencing of dsCYC2 Does Not Result in
a General Stress Response.

Supplemental Figure 2. Effect of CHX on dsCYC2 Transcript
Expression in Dark and Light.

Supplemental Figure 3. S-Phase Distribution in Wild-Type (Solid Line)
versus dscyc2-2.9 (Dashed Line) Cells during a Synchronized Time
Course.

Supplemental Figure 4. Mapping of TGACGT Sites in the dsCYC2
Promoter Sequence.
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Supplemental Table 1. Overview of the Cloning Primers.

Supplemental Table 2. Overview of the nCounter Code Set Probe
Pairs.
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