Plant Mol Biol (2010) 73:143-156
DOI 10.1007/s11103-010-9619-2

Alteration of PHYA expression change circadian rhythms

and timing of bud set in Populus

Iwanka Kozarewa - Cristian Ibafiez - Mikael Johansson -

Erling Ogren - David Mozley - Eva Nylander -
Makiko Chono - Thomas Moritz - Maria E. Eriksson

Received: 31 August 2009/ Accepted: 20 February 2010/ Published online: 13 March 2010

© Springer Science+Business Media B.V. 2010

Abstract In many temperate woody species, dormancy is
induced by short photoperiods. Earlier studies have shown
that the photoreceptor phytochrome A (phyA) promotes
growth. Specifically, Populus plants that over-express the
oat PHYA gene (oatPHYAox) show daylength-independent
growth and do not become dormant. However, we show
that oatPHYAox plants could be induced to set bud and
become cold hardy by exposure to a shorter, non-24 h
diurnal cycle that significantly alters the relative position
between endogenous rhythms and perceived light/dark
cycles. Furthermore, we describe studies in which the
expression of endogenous Populus tremula x P. tremulo-
ides PHYTOCHROME A (PuPHYA) was reduced in
Populus trees by antisense inhibition. The antisense plants
showed altered photoperiodic requirements, resulting in
earlier growth cessation and bud formation in response to
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daylength shortening, an effect that was explained by
an altered innate period that leads to phase changes of
clock-associated genes such as P#CO2. Moreover, gene
expression studies following far-red light pulses show a
phyA-mediated repression of PftfLHYI and an induction
of PFKFI and PuFT. We conclude that the level of
PttPHYA expression strongly influences seasonally regu-
lated growth in Populus and is central to co-ordination
between internal clock-regulated rhythms and external
light/dark cycles through its dual effect on the pace of
clock rhythms and in light signaling.
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Abbreviations
CaMV Cauliflower mosaic virus

CDL Critical daylength
LL Constant light
DD Constant dark

FR Far-red

LD Long day
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SD Short day
ZT Zeitgeber time

Introduction

Circadian rhythms persist in constant conditions with a
period close to 24 h (Dunlap 1999). To track the time of
the year accurately, plants measure daylength. According
to the external coincidence model proposed by Biinning
(1936), these measurements require an endogenous circa-
dian oscillator that is reset daily to local light conditions
(entrained), and decides a light-sensitive phase of the day
(reviewed in Thomas and Vince-Prue 1997). In plants that
are induced to flower under long days (LDs), a long pho-
toperiod will illuminate this critical phase and result in
flowering, while under short days (SDs) flowering is
inhibited when darkness is perceived at this point.

The timing of the peak expression (phase) of CON-
STANS (CO) in relation to light follows the external
coincidence model and determines the flowering response
in Arabidopsis: if expressed in light it triggers the
expression of FLOWERING LOCUS T (FT), which induces
flowering (Putterill et al. 1995; Samach et al. 2000; Suarez-
Lépez et al. 2001; Roden et al. 2002; Yanovsky and Kay
2002; Valverde et al. 2004; Corbesier et al. 2007). In
hybrid aspen (Populus tremula x P. tremuloides, Ptt), LDs
sustain shoot elongation and trees stop growth and set bud
only when daylength falls below the critical daylength
(CDL). In our study, CDL is the photoperiod that marks the
transition between active growth to cessation of growth and
bud set. Growth cessation refers to the stopping of inter-
node elongation before bud set; in deciduous trees, growth
cessation is induced by shortening daylength and down-
regulation of active gibberellins (Olsen et al. 1995, 1997;
Eriksson and Moritz 2002). Growth cessation and the for-
mation of terminal buds is a prerequisite for cold-accli-
mation and freezing tolerance (Olsen et al. 1997). P#tCO
and P1tFT have recently been shown to promote growth in
aspen (Bohlenius et al. 2006), when their expression
coincide with light, providing a molecular frame work for
further understanding daylength control of growth.

Rhythmic outputs from the endogenous oscillator(s),
such as gene expression or leaf movement under constant
conditions, are used to monitor the function of the internal
clock (Millar et al. 1995; Swarup et al. 1999). In Arabid-
opsis, CIRCADIAN CLOCK ASSOCIATED 1 (CCAl,
Wang and Tobin 1998) and LATE ELONGATED HYPO-
COTYL (LHY, Schaffer et al. 1998) encode single-Myb
domain transcription factors that oscillate in a circadian
fashion, with peaks of mRNA and protein abundance in the
early morning (Salome and McClung 2005). They form
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part of a negative-feedback loop with TIMING OF CAB
EXPRESSION 1 (TOC1) (Alabadi et al. 2001; Perales and
Mais 2007). TOCI encodes a nuclear protein containing a
receiver domain similar to those found in plant response
regulators (Strayer et al. 2000). The peaks in the abundance
of both mRNA and protein expressed from TOCI occur at
dusk, approximately 180° out of phase with CCAI and LHY
(Salome and McClung 2005).

Mutations in genes that are constituents of the circadian
clock often result in changes in flowering time in Arabid-
opsis. Such effects have been attributed to changes in the
timing of CO expression (Roden et al. 2002; Yanovsky and
Kay 2002). In studies on the focl-I mutant, the circadian
period was shortened to 21 h, resulting in CO expression
occurring during light periods under both LD and SD, and
consequently, photoperiod-independent flowering (Yanov-
sky and Kay 2002). However, when grown under light with
dark cycles matching the endogenous cycle of 21 h, timing
of flowering in tocl-1 did not differ from wild type (WT)
plants (Yanovsky and Kay 2002). Roden et al. (2002)
showed that growing Arabidopsis WT plants with external
cycles shorter or longer than 24 h resulted in later and
earlier phasing of CO expression, with flowering acceler-
ated only when CO expression coincided with the light
period. Together these data illustrate the importance of the
circadian system in synchronization of seasonal events.

In Arabidopsis, the light dependent FLAVIN-BINDING
KELCH DOMAIN F BOX PROTEIN 1 (FKFI) was found
to control flowering time by regulation of CO expression
through degradation of a CO repressor (CDF1; Imaizumi
et al. 2005). In addition, FKF1 and GIGANTEA (GI)
interact in response to blue light and to regulate the timing
of daytime CO expression (Sawa et al. 2007). However,
recent studies (Salazar et al. 2009) suggest a CO tran-
scription independent role of FKF1 in regulation of the
level of expressed FT. Both FKFI and GI expression is
under circadian clock regulation, possibly by a binding
motif called an evening element (EE, AAAATATCT) in
their promoters (Harmer et al. 2000; Imaizumi et al. 2003).
The EE is sufficient for CCAI/LHY binding (Harmer et al.
2000; Perales and Mas 2007).

Photoreceptors are essential for the plant’s detection of
its light environment. There are several families of pho-
toreceptors in Arabidopsis, including the red (R)/far-red
(FR) monitoring phytochromes (phy) A through E (Clack
et al. 1994) and the blue light absorbing cryptochromes
(cry) 1 and 2 (Lin et al. 1996; Lin et al. 1998). Light
received by crys and phys synchronizes the circadian clock
to that of the solar day (Devlin 2002; Somers et al. 1998).

Decreasing levels of individual receptors will result in
less light being received by the circadian oscillator and
hence a lengthening in period. Arabidopsis plants deficient
in phyA have longer periods of CHLOROPHYLL A/B
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BINDING PROTEIN (CAB2) expression than WT in low
red and blue light (Somers et al. 1998). phyA mutants also
flower later than WT plants when SDs of fluorescent light
are extended with several hours of light rich in FR light,
which promotes flowering (Johnson et al. 1994; Yanovsky
and Kay 2002). Thus, a reduction in phyA level results in
changes in period length of daily clock-controlled rhythms,
as well as seasonally regulated traits such as flowering.
Phytochrome A also regulates the binding of the CCAl
protein to the CAB2 promoter in order for it to robustly
cycle in a circadian manner (Wang and Tobin 1998; Tep-
perman et al. 2001), providing a direct molecular link
between the light reception and light modification of output
clock rhythms.

Populus has three phys: phyA, phyB1, and phyB2 (Howe
et al. 1998). Over-expression studies of oat phyA have
implicated phyA in growth cessation and bud set (Olsen et al.
1997). Growth in hybrid aspen is controlled in a manner
reminiscent of flowering in Arabidopsis, which is supported
by the loss of short day induction of bud set in oat phyA over-
expressers, night break experiments (Olsen et al. 1997), and
the function of CO/FT (Bohlenius et al. 2006). These find-
ings, together with the fact that many genes involved in
seasonal regulation of flowering and bud set are regulated in
a circadian fashion, led us to investigate circadian clock
function and seasonal regulation of growth in hybrid aspen
with reduced expression of P#PHYA. Such plants showed
lengthening of circadian clock-controlled gene expression
and leaf movements rhythms under constant conditions. We
also found that a FR pulse induced a significantly higher
PttLHY1 expression in antisense PttPHYA lines compared to
WT, suggesting that period lengthening is due to modulated
P1tLHY expression. The increase in the length of the circa-
dian period changed the coincidence of light with the PttCO2
expression and consequently led to an altered PrCO2
expression in response to SD as well as a reduced induction
of PttFT upon FR treatment. Thus, a reduction in phyA
signaling fail to support growth under SD and FR supple-
mented light and is sufficient to explain the earlier growth
cessation and bud set detected in the antisense lines.

Results

Identification of antisense lines with reduced expression
of PttPHYA

P1tPHYA was introduced into hybrid aspen in reversed
orientation (antisense) behind the 35S cauliflower mosaic
virus (CaMV) using Agrobacterium-mediated transforma-
tion; seven independent lines were obtained. The critical
day length (CDL) for growth cessation and bud formation
for hybrid aspen clone T89 is 15.5 h (Olsen et al. 1997).

Strong lines featured compact growth and apical bud for-
mation under tissue culture conditions (16 h light/8 h dark;
Supplemental Fig. 1a). To accurately assess the level of
expressed PttPHYA in the obtained putatively down-regu-
lated lines, denoted aPtitPHYA, the expression of remain-
ing sense PrtPHYA was quantified in leaves harvested
under long day conditions (LD, 18 h light/6 h dark) by
anti-sense RNA ribo probes using Northern blot. The
transcript levels were reduced in all lines and ranging from
just 30-80% of WT levels in aPt#tPHYA-7 and -5 (Sup-
plemental Fig. 1b). The expression of endogenous PrtP-
HYA was low, but readily detectable throughout the plant
in all tissues and photoperiods assayed (Supplemental
Figure 2a, b). For initial growth experiments, all lines were
used. For additional analyses, we selected lines based upon
their PrtPHYA expression and growth performance, and
later focused on aPttPHYA-I and -5, which represented
strong and moderate growth phenotypes.

Strong down-regulation of PttPHYA causes earlier
timing of growth cessation and bud set under CDL

The effects of photoperiod on height increment under
growth-permissive (LD) conditions were first tested using
all seven lines (Supplemental Table 1). In general, aPttP-
HYA lines did not differ from WT under LD with respect to
elongation.

In response to a decreasing photoperiod, two growth
stages were recorded: cessation of internode elongation and
then bud set (Figure 1). The time to bud set at CDL con-
ditions (15 h light/9 h dark) was compared between the
selected aPttPHYA lines -1, -2, -9, and WT. All three
transgenic lines formed buds significantly earlier than WT
(Supplemental Table 2). The timing of bud set in this
experiment and the expression level of PrtPHYA in these
lines had a correlation coefficient (R2) of 0.985. In addition,
an experiment with aP#PHYA-1 and -5 and WT confirmed
that aP#tPHYA-I ceased growth and formed buds earlier
than WT and aP#tPHYA-5 at CDL (Supplemental Table 2).

Under SD even moderate down-regulation of PtitPHYA
leads to an earlier growth cessation

The timing of growth cessation/bud set, as well as height
increment and increase in leaf number, was examined in
aPttPHYA-1, aPttPHYA-5, and WT after a shift from near
CDL (16 h light/8 h dark) to SD conditions (12 h light/
12 h dark). Under these conditions, both lines show growth
cessation and bud set significantly earlier than WT
(Table 1). Height increment and leaf number were slightly
but significantly reduced in aP#tPHYA-5 compared to WT,
whereas there were no statistical difference between the
two transgenic lines.
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Internode elongation Bud set

Growth cessation

Fig. 1 Stages of growth in response toward SDs. An actively growing plant showing internode elongation (arrows a), growth cessation where
internode elongation has stopped (arrows b), and bud set (bud indicated by arrow c)

Table 1 Growth response of PrtPHYA-antisense and wild type plants under SD (12 h light/12 h dark) or SD followed by 3 h enriched in FR
(SD + FR)

Line Days to stop Days to bud set Height increment Leaf number
SD SD + FR SD SD + FR SD SD + FR SD SD + FR
WT 20.0 26.3 29.2 31.2 10.2 232 9.2 6.7
a-1 14.0%%% 16.4* 20.0% 20.0% 8.4% 22.5 8.0°% 6.0
a-5 14.0%%* 16.4* 20.0%** 22.6% 7.8% 27.6 6.8% 6.0

Height increment (cm), increase in leaf number, time to growth cessation (time to stop), and visible bud formation (time to bud set) were
recorded. Before the shift, plants were grown at 16 h light/8 h dark (both treatments), and initially 4 h and 30 min of FR enriched light (only

SD + FR treatment)
WT wild type
aPttPHYA lines a-1, a-5

Data were analyzed using ANOVA. Means were significantly different from WT according to Fisher’s protected LSD tests at confidence level
0.001 (*#%), 0.01 (**), and 0.05 (*) as noted. ¥ Indicates lack of difference between the two aPt#tPHYA, n = 5-6

When SDs were extended with 4.5 h of FR-enriched
light (SD + FR), all genotypes responded to this end-of-
day (EOD) FR treatment with fast elongation and reduced
leaf number. However, as no genotype showed signs of
stopping growth, the extension was shortened to 3 h. There
were no differences between genotypes in height increment
under either extension (Table 1). However, the 3 h exten-
sion led to a significantly earlier growth cessation in both
the strong aPttPHYA-I and the more moderately down-
regulated aPttPHYA-5 line, with a significantly early bud
set in aPttPHYA-I. In addition to the differential growth
cessation response between genotypes, all plants indepen-
dent of their growth cessation and bud set phenotype
showed an increased height and lower number of leaves
under SD + FR, suggesting a still functional shade
avoidance response in these plants, which is mediated by
stable phys (Table 1). A similar EOD FR response was
found previously to be functionally independent of the
insensitivity towards photoperiod in oatPHYAox plants
(Olsen et al. 1997; Olsen and Junttila 2002).

This experiment demonstrated that under SD conditions
or SD with EOD FR, there were significant difference
between aPttPHYA lines and WT in the timing of growth
cessation, and the response of strong aPttPHYA-I line and
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the moderately down-regulated aPttPHYA-5 were compa-
rable under both conditions. However, when SD is com-
bined with an EOD FR extension, growth of WT plants is
better sustained, as shown by the increase in days required
to stop growth or set buds when receiving EOD FR. In
contrast, the aPttPHYA require about the same number of
days under both treatments. Hence, there is dependence on
P1tPHYA expression and putatively phyA activity in
maintaining growth, which varies with light period and
quality as shown by the response of plants with down-
regulated PttPHYA expression towards SD and SD with
EOD FR.

A 6 h light/6 h dark cycle induces growth cessation
and installs winter hardiness in oatPHYA
over-expressing line

To explore the dependence on the coincidence between
endogenous rhythms and external light conditions for
growth, we tested if short light/dark cycles would induce
growth cessation in aspen trees. We first entrained WT,
aPttPHYA-1, aPttPHYA-5, and oatPHYA over-expressing
line 22 (oatPHYAox; Olsen et al. 1997) to a 12 h light/12 h
dark (24 h cycle), followed by a 6 h light/6 h dark (12 h
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cycle) regime. We hypothesized that the phasing of
endogenous rhythms and the external light/dark will be
drastically changed under these conditions and may lead to
growth cessation and bud set even in the oatPHYAox line,
which were shown not to terminate growth in a 24 h cycle
of even 6 h light/18 h dark (Olsen et al. 1997). In partic-
ular, any phase between a clock regulated endogenous
factor in the oatPHYAox and the external 24 h light/dark
cycles that may be required for growth could be signifi-
cantly altered (disrupted) under the shorter 12 h cycle and
perhaps permit growth cessation and bud set to occur.
Similar schemes have been successful in modifying flow-
ering response in Arabidopsis (Roden et al. 2002; Yanov-
sky and Kay 2002).

Initially, all plants were growing, while already after
63 days WT and asPHYA-1 were showing clear signs of
growth cessation and bud formation, in contrast to oat-
PHYAox plants (Fig. 2; Supplemental Fig. 3). The speed of
growth cessation and bud set response depends on the
daylength conditions and under SD (12 h light/12 h dark)
WT took 29 days in our conditions (Table 1) to reach
complete bud set. When grown under near CDL conditions
all WT plants had fully formed and hardened buds after
40 days (Supplemental Table 2). We found that this pro-
cess took about 80 days under 6 h light/6 h dark for WT
plants.

Within 112 days under these conditions, all plants,
including oatPHYAox, were able to stop growth and 80%
of oatPHYAox to set an apical bud (Fig.2). Over-
expressers were significantly shorter and produced less
leaves than the other genotypes. Overall, genotype signif-
icantly effected height and leaf number (ANOVA height;
genotype: F = 37,1, 2 df, P = 0; ANOVA leaf number;

Fig. 2 Mean of weekly height
increment of WT, aPttPHYA-1,
and oatPHYAox lines grown
under a 6 h light/6 h dark cycle.
Plants were grown under 12 h
light/12 h dark for 12 days,

genotype: F = 168,1, 2 df, P = 0). There were no signif-
icant differences between WT and aPttPHYA-I; however,
oatPHYAox were significantly different from both (P = 0).
A significantly reduced stature of oatPHYAox was also
reported under external cycles of 24 h (Olsen et al. 1997);
therefore, this phenotype was apparently not much affected
by the change in external light/dark cycle.

Since proper growth cessation and bud set is required to
acquire freezing resistance, we tested if oatPHYAox that
had stopped growing were also capable of cold hardening.
Indeed, under the 6 h light/6 h dark regime, these plants
developed marginally inferior levels of cold hardiness
compared to WT and aPrtPHYA-1 lines (Fig. 3). In con-
trast, under the 12 h light/12 h dark regime, oatPHYAox
did not seem to undergo any cold hardening at all, whereas
WT and anti-sense lines were equally competent (cf.
Fig. 3a, b). Thus, the growth cessation/bud set and hardi-
ness properties depend on accurate timing between an
endogenous rhythm and external light/dark conditions,
results that are clearly evident in the way oatPHYAox
plants responded.

The expression of genes involved in daylength
detection is altered in aP#PHYA plants under SD

The circadian clock is likely to be functioning in the
detection of daylength, specifically by timing the regula-
tion of down-stream components that directly control such
events. In Populus, there are two LHY- like and one TOCI-
like genes, identified by sequence homology of Arabidop-
sis counter parts (Takata et al. 2009; Ramirez-Carvajal
et al. 2008), that may be involved in the central clock
mechanism. Due to the strong sequence and expression
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Fig. 3 Results of freeze tests using the electrolyte leakage method to
assess injury of stems in WT (closed diamond), aPttPHYA-1 (open
circle), and oatPHYAox (open square) plants following cold harden-
ing at a 6 h day/6 h night and b 12 h day/12 h night. Mean &+ SE
values are shown for seven replicate plants

profile similarity between P#LHYI and P#tLHY?2 and their
combined expression, PrtLHY was examined with primers
binding to both genes.

Clock-controlled gene expression provides an out-put that
can be used to follow the innate period of rhythms in plants.
Two robust promoter:reporter constructs that have previously
been used in Arabidopsis for this purpose are the Arabidopsis
thaliana CIRCADIAN CLOCK ASSOCIATED 1 (AtCCAI)
and COLD CIRCADIAN RHYTHM RNA BINDING 2
(AtCCR2) promoter fused to firefly LUCIFERASE (LUC)
(Wang and Tobin 1998; Strayer et al. 2000). We introduced
both ArCCAIpro:LUC and AtCCR2pro:LUC transgenes into
WT Populus plants by Agrobacterium mediated transforma-
tion. To investigate if they function in Populus, the resulting
luminescence was followed under LD and under constant
dark following SD entrainment (Fig. 4a, b). We found
that under LD the expression of AtCCAlpro:LUC and
AtCCR2pro:LUC expression, as determined by BRASS on
the second peak under LD, was found at 2 h after dawn
(Zeitgeber time; ZT2) and ZT13 similar to previous studies in
Arabidopsis (McWatters et al. 2000; Kreps and Simon 1997).
Moreover, under constant darkness (DD) AtCCAlpro:LUC
and AtCCR2pro:LUC reported an internal mean period from
3 and 2 independently transformed lines (n = 2—4 per line) of
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Fig. 4 Expression of the AtCCAlpro:LUC and AtCCR2pro:LUC
transgene in WT. Luminescence from WT plants carrying the
transgenes was detected under LD (18 h light/6 h dark, red and blue
LEDs 20 pmol m™2 s’l) (a) and following a shift to constant dark
after entrainment under SD (8 h light/16 h dark, red and blue LEDs
20 pmol m~2 s~') (b). Normalized average luminescence from at
least two independently transformed lines and cuttings (n = 2—4
replicates per line) is shown for each genotype. Grey bars indicate
subjected light period and black bars indicate subjective dark period

23.7h £ 0.1 (SEM) and 23.5 h &+ 0.2 as expected for a
circadian (~24 h) rhythm.

In response to two short days (SD; 12 h light/12 h dark),
the expression of P#zLHY was highest immediately after
lights-on and lowest at ~12 h at ZT12 for all genotypes
(Fig. 5a). The lowest point of expression was in the
aPitPHYA lines adjusted to last longer (increase later),
suggesting a slight delay of P#tLHY expression in these lines.

Two peaks of expression of P##TOCI were found at ZT4
and ZT12 in WT and only at ZT8 for aP#tPHYA-5 with a
low and arrhythmic expression in the stronger anti-sense
line aP#tPHYA-I (Fig. 5b).

Daily peaks of PttLHY and PttTOCI expression under
SD were out of phase with each other, results that were
similar to what was reported for chestnut (Ramos et al.
2005). However, the double peak of P#TOCI expression in
WT suggests that those plants may be still entraining and
were not yet fixed to a single phase (Fig. 5b).

There are two putative homologues of PitFKFI in
P. trichocarpa and only one was detected under our
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conditions. Analysis of its promoter revealed two evening
elements, prompting us to investigate its expression using
quantitative real-time PCR (qRT-PCR). P#FKF1 expres-
sion peaked at ZT8 in all genotypes, but its level of
expression was reduced in the aP#tPHYA lines (Fig. 5c).

To investigate if the pattern of PttCO2 could explain the
altered photoperiodic response of the aP#tPHYA plants
(Table 1), we investigated the expression of Pt#CO2 in WT
and aP#tPHYA plants under SD conditions (Fig. 5d). Our
results showed that while WT PrtCO2 expression peaked at
ZT0/24 and ZT8, aPttPHYA lines only showed expression
at ZT0/24, suggesting that the aP#tPHYA plants had down-
regulated PttCO2 only after two SDs. The peak at ZT8 is
reminiscent of the FKF1 dependent peak that is detected in
Arabidopsis following SD shifts (Salazar et al. 2009). The
ZT8 peak is completely lacking and the phase of PrtCO2
expression shifted later in the aPttPHYA lines, results that
suggest PrtPHYA expression is needed to support its
expression. These results demonstrate that the altered
photoperiodic timing of growth cessation and bud set in the
antisense lines is accompanied by a reduced PrtTOCI,
P1tCO2, and PttFKF1 expression, most notably following
two SDs.

The circadian period varies with expressed PHYA levels

Since the circadian clock is likely to control the phase of
expression of the photoperiodic genes PtCO2 and
P1tFKF1, we probed the circadian clock function. Circa-
dian period can be estimated by measurements of clock-
controlled rhythms in the movements of Arabidopsis leaves
(Swarup et al. 1999). We measured such movements from

Populus leaves under continuous light (LL) using WT,
oatPHYAox line 22, and aPttPHYA-1. Using one way
ANOVA, these studies revealed that the mean period of
leaf movements was significantly shorter in oatPHYAox
(F=52,1 df, P<0.05) and longer in aPttPHYA-I
(F =9.2, 1df, P <0.01) relative WT plants (Fig. 6a). The
robustness of rhythmic leaf movements is shown (Relative
Amplitude Errors, RAE > 0.6; Fig. 6b).

To confirm the lengthening of circadian periodicity
found in aPttPHYA-1 plants, the PttLHY expression was
assayed under LL. We found there were delayed peaks in
the expression of PrtLHY in both aP#tPHYA-1 and aPttP-
HYA-5, compared with WT (Fig. 7). When the expression
of PrtLHYI and PttLHY2 was assessed independently,
similar profiles and delays were detected for both genes
(data not shown). The phase changes in P#tLHY expression
found under these conditions suggest a lengthening of the
internal period in lines with reduced levels of P#PHYA
under light and supports the long period of leaf movements.
We also found P#tFKFI to be altered under these condi-
tions, supporting a link between PttLHY and P#tFKFI
(Supplemental Fig. 4).

To follow a circadian out-put in constant darkness, the
AtCCR2pro:LUC transgene was also introduced to the
transgenic aPttPHY-1 and aPttPHY-5 lines. Following
entrainment of LD, the expression of AtCCR2, reported as
bioluminescence, was followed in plants in constant dark
(DD). The period length was found to increase in aPttP-
HYA-I and aPttPHYA-5 in DD, compared to WT (Table 2).
The detected lengthening of the internal period in aP#tP-
HYA lines can explain the late phase of PrCO2 found
under SD.
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Fig. 7 Expression of PrtLHY in WT, and aPttPHYA-lines under
continuous light. The subjective night length used for entrainment is
shown in grey. The results are presented relative to the lowest value
after standardization with respect to /85 rRNA. Mean £ SE denotes
technical replication of pooled leaf material from three plants

Down-regulation of P##tPHYA induces P#tLHYI
expression and reduces P#tFKF1 and PitFT expression
in response to a FR light pulse

To investigate the effect of FR light pulses on selected
clock and photoperiodic genes’ expression, aPttPHYA-I
and WT plants were adapted to constant dark for 4 days
before 1 h of FR treatment. The activation of expression in
aPttPHYA-1 and WT in leaf tissues were monitored by
gRT-PCR and primers detecting P#LHYI, PttLHY2, Ptt-
TOCI, PuFKFI, PrtCO2, and PttFT relative control
primers 18 s RNA. We found that the only genes showing
significant difference in response to a FR pulse were
P1tLHYI, PttFKF1, and PttFT (Fig. 8). The expression of
P1tLHYI increased in aPt#tPHYA-1 relative WT, suggesting
that phyA mediated FR light acts to repress the expression
of this gene.

In contrast, PitFKF1 and Pt#tFT expression was reduced
in aPttPHYA-I, indicating a promoting effect of phyA
mediated FR signaling on these genes’ expression. These
changes are in line with the notion that de-repression of
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particular, this regulation is relevant for understanding the
phyA mediated regulation of growth cessation and bud set
following EOD FR treatment (Table 1), where growth
terminates faster both in strong and moderately down-
regulated lines. Together, these data suggest molecular
links between FR light signaling, expressed P#tPHYA lev-
els, and downstream targets of regulation of the circadian
clock and growth.

Discussion

The internal circadian clock keeps the organism in tune with
the daily changes in light/dark and the seasonal cycles of the
year. This is important for synchronized flowering and
timely cessation of growth and bud set of perennials at high
latitudes (Eriksson and Millar 2003; Rohde and Bhalerao
2007). Changes in light perception affect the accuracy of this
daylength discrimination and may lead to alterations in the
clock function, which alters photoperiodic responses. The
present investigation found that plants with reduced levels of
the endogenous PrtPHYA responded faster to daylength
shortening than WT plants did, with earlier growth cessation
and bud set. The severity of the phenotype correlated with
the level of PitPHYA expressed and was more apparent in
response to SD and SD with EOD FR extensions of the
photoperiod, which acts through phyA since EOD sustain
growth for longer in WT plants (Table 1). In addition, plants
with moderate down-regulation were significantly earlier to
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Table 2 Period estimates for rhythmic PrtPHYA-antisense and wild
type plants carrying the AtCCR2pro:LUCIFERASE (LUC) transgene
under constant darkness

Genotype AtCCR2pro: Period (h) SEM Number of cuttings
LUC line (rhythmic/total)
WT Line 5 229 +1.2  8/8
Line 7 22.5 +1.0 8/9
Line 8 233 +1.2  9/9
a-1 Line 1 26.0 +0.7  9/9
Line 2 27.0 +04 79
Line 3 25.7 +03 8/9
a-5 Line 1 26.0 +0.2  9/9
Line 3 26.3 +0.2  9/9

WT wild type
aPttPHYA lines a-1, a-5

Aspen cuttings were grown under 18 h white light/6 h dark cycles
under about 50 umol m~ s~ and then moved to 15 pmol m~2 s™"
white LEDs for 3 days before receiving constant darkness (DD) at
dusk. Rhythm analysis on DD traces was performed by BRASS

stop growth under these conditions as compared to the SD
treatment, showing a strong sensitivity for PttPHYA levels in
order to sustain growth under EOD FR. Thus, these results
led to the conclusion that earlier timing of growth cessation
and bud set is due to reduced levels of PrtPHYA.

Genes required for dormancy induction and mainte-
nance were induced by SDs alone (Ruttink et al. 2007), and
phyA has previously been implicated in the SD induction

of growth cessation and cold acclimation by studies of
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Fig. 8 FR response of gene expression in dark-adapted leaves. WT
and aPttPHYA-1 plants were shifted to constant dark 4 days before a
FR light pulse and sampling. Expression of PttLHY1 (a), PttLHY2 (b),
PuTOCI (¢), PttFKFI (d), PttCO2 (e), and PttFT (f) is presented as

WT aPttPHYA-1

WT  aPttPHYA-1 WT

oatPHYA over-expressing plants (Olsen et al. 1997; Well-
ing et al. 2002). Leaves are the main receptors of daylength
information, while the apex is the organ that responds with
growth cessation and bud formation. Ruonala et al. (2008)
showed that CENLI expression in the apex of oatPHYAox
plants continues to increase during SD exposure and may
be important for the sustained growth in these PHYA over
expressers.

We studied the timing of putative clock components
(PttLHY, PttTOCI) and likely clock regulated genes, which
may be important for photoperiodic regulation (PttFKF1,
PttCO2). Following two SDs, PttLHY showed a slight delay
in its lowest level of expression, while PttTOCI, PttFKF1,
and PrtCO2 showed a reduced expression in the aPitPHYA
lines (Fig. 5). The expression pattern of PttCO2 was most
changed, and in aP#tPHYA plants showed no overlap in its
expression with the light period at ZT8, suggesting that an
earlier disruption of the coincidence between light and
P1tCO?2 can be responsible for the higher sensitivity to SD
detected in plants with reduced P#tPHYA levels (Table I;
Fig. 5d). The regulation of P##CO2 probably depends on
circadian clock function in these trees, so we determined
whether the clock regulated control of leaf movements and
gene expression was altered in aP#tPHYA lines under con-
stant light and dark. In constant light, a lengthening in the
internal period of leaf movements was detected (Fig. 6), and
we could confirm that the expression of P#LHY and P#tFKF]
was affected in a comparable manner (Fig. 7; Supplemental
Fig. 4). In constant dark, the effect was similar with a

12x 106 1(C)
10 x 106
8x 106
6 x 10
4x 106
2x 106

0

WT aPttPHYA-1

PttTOC1/18S (Normalized)

30 x 107 1 (F)
25x 107
20x 107
15x 107
10 x 107 .
5x 107

0

PttFT/18S (Normalized)

aPttPHYA-1

standardization with respect to /8S rRNA (18S). Mean + SE of three
biological replicates are shown. Data were analyzed using ANOVA.
Means were significantly different with significance level 0 (¥%%),
0.001 (**) and 0.01 (¥)
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slightly longer period detected for the measured heterologus
AtCCR2 promoter:LUC reporter (Table 2). Together these
data support the notion that clock regulated periods are
lengthened as levels of PtrtPHYA decrease.

It is possible that phyA Pfr levels persist in WT and act
to re-set the period of the clock through PrtLHY. This is
supported by the increased P#LHY expression of aPttP-
HYA-1 to a FR pulse and suggests that phyA acts to repress
PrtLHY expression in response to FR (Fig. 8). Therefore,
phyA reduction in the antisense plants likely impaired the
re-setting and resulted in a longer endogenous period. Such
alterations in PrtLHY levels will also probably affect the
levels of Pt#tTOCI, which were clearly reduced under SD
(Fig. 5b).

Moreover, we also detected a significant dependence on
phyA in response to FR of P#FKFI and PutFT (Fig. 8).
Most importantly, this suggests that P#FT can be stimu-
lated in a light dependent manner, but does not require
increased PttCO2 expression. This could be explained by
an increased stabilization of PttCO2 protein by FR light
leading to increased levels of PttFT or by a mechanism that
acts independent of PttCO2 but requires light and PttFKF1.
Both are plausible explanations since there is evidence of
both in Arabidopsis (Salazar et al. 2009 and refs. there in).

Our studies are coherent with studies on phyA signal
transduction in Arabidopsis hypocotyls that indicate a short
signaling pathway between phyA received FR light and
target genes within the circadian clock and genes important
for photoperiodic measurement (Tepperman et al. 2001).
Tepperman et al. found that CO expression was stimulated
by FR in a phyA dependent manner, a finding we did not
detect in our experimental set up. However, since we
investigated the response of dark adapted leaves of trees
that were previously actively growing under LD, while
Tepperman et al. (2001) investigated hypocotyls that were
not previously exposed to light cycles, it is likely that the
expression pattern of specific genes are different.

Using a 6 h light/6 h dark treatment, we found that WT,
aPttPHYA-1, and most interestingly oatPHYAox were able
to stop growth and set bud (Fig. 2). The inability of oat-
PHYAox to stop growth and set buds under a 24 h cycle
suggests that the phase of a critical and presumably cir-
cadian controlled endogenous rhythm with light (phyA)
signaling is in a favorable angle with the external cycle and
will support growth continuously in such plants. By
introducing a light/dark cycle of 12 h, this phase is effi-
ciently disrupted and lead to growth cessation and bud
set also of oatPHYAox plants (Fig. 2). Moreover, we found
that these plants obtained dormancy and normal freezing
tolerance (Fig. 3). This result is novel in the sense that
oatPHYAox lines were previously found to be unable to set
bud and become freezing tolerant by any photoperiodic
(SD) treatment alone. However, growth could be inhibited
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and hardiness obtained only by a combination of applica-
tion of GA inhibitors together with temperature cycles
(Olsen et al. 1997; Mghlmann et al. 2005).

We propose that daylength discrimination in Populus
depends on correct function of the circadian oscillator. Its
dysfunction here is manifested as lengthening of internal
period resulting in earlier disruption of the coincidence of
light and phase of PrtCO2 leading to altered daylength
sensing and an earlier bud set (Table 1; Fig. 5d); however,
dependence on light-mediated activation was shown by the
12 h cycle experiment (Fig. 2) and the FR pulse response
of asP1tPHYA-1 (Fig. 8).

Hence, Populus will grow when the circadian clock
controlled phase of PttCO2 coincides with light and P#FT
expression is stimulated. P#tFT can presumably be induced
both via daylength regulation of P#CO?2 or through direct
FR induction perhaps through PttCO2 and PttFKF1
(Fig. 9). Most importantly, in the control of seasonal
growth of this species, both modes of regulation require a
functional phyA signaling.

It has been known for many years that the length of the
photoperiod is an important environmental signal for var-
ious physiological processes, including the induction of
dormancy in many woody species (Wareing 1956). How-
ever, our understanding of the molecular mechanisms
involved in growth cessation and bud set and its induction
by a CDL has been limited. In this study of hybrid aspen
with low levels of PrtPHYA, we have established a link

WT Antisense PttPHYA

phyA phyA
l ¥ Keep period % A Longer period
\
\)

\

PttCO2, PttFKF1? PttCO2, PttFKF1?
’ — A .

—[AA

|
1
v

FT W
| !

Growth No growth

Fig. 9 A hypothetical model of phyA contribution to the regulation
of growth in Populus under short day. WT plants with normal levels
of PttPHYA expression repress P#LHY in order to re-set clock
rhythms according to light/dark cycles and promote PttFT expression
possibly via activation of PttCO2 and PttFKF1 in response to light
(FR) (left). In antisense lines with lower levels of P#PHYA
expression, the level of PrtLHY is not restricted and probably leads
to an increased period length and a delayed phase of clock regulated
genes such as PrtCO?2 so that the coincidence with light is disrupted
earlier than WT in response to a perceived short day. Therefore, PttFT
levels are not supported in response to light perceived by phyA, and
low levels of PutFT (dashed arrow and cross, right) will hasten
growth cessation. Arrows indicate positive effect and bars repression
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between light perception, the circadian clock, and the
photoperiodic response of growth cessation and bud set.
We demonstrated the following: (1) reduction of PitPHYA
expression levels results in earlier timing of growth ces-
sation and bud set in hybrid aspen, (2) the effect on timing
of growth cessation correlates with a lengthened internal
circadian clock period in aPttPHYA lines, (3) FR light
signaling via phyA affects PrtLHY1, PttFKFI, and PttFT
expression levels support a role in clock entrainment and
growth, and (4) the integration between the endogenous
timing with the environment is essential to growth since
oatPHYAox lines with constantly activated light signaling
will stop growth when external light/dark cycles are
unfavorably matched with internal rhythms. Together these
studies show the important role of phyA signaling in timing
of seasonal regulation of growth in deciduous trees.

Materials and methods
Vector construction

The antisense PtPHYA vector was constructed using the
P1tPHYA full length cDNA clone (accession number
AJ001318) described in Eriksson and Moritz (1997). It was
cut with Xho I, filled in with Klenow, Bam HI linked, and
ligated into the Bam HI site of pPCV702.kana (Koncz and
Schell 1986). Constructs carrying the cDNA in antisense
orientation were identified by enzymatic digestion and
confirmed by sequencing. The resulting construct is deno-
ted aPttPHYA and includes the full length PrrtPHYA cDNA
in an inverted position driven by the CaMV 35S promoter.

Plant transformation

Hybrid aspen (Populus tremula L. x P. tremuloides
Michx.) clone T89 was transformed with aPttPHYA and
regenerated essentially as described (Eriksson et al. 2000).
Seven independent lines were produced. Due to problems
with maintenance of lines in vitro, two lines (aPttPHYA-1
and -5) remained during the course of experiments.

Gene identification and qRT-PCR

Putative homologues of Arabidopsis circadian clock-asso-
ciated genes were identified by BLAST searches against
two databases (http://haddock.fysbot.umu.se and http://
genome.jgi-psf.org/Poptr1/Poptrl.home.html) followed by
phylogenetic analyses (data not shown). We used two
approaches: direct collection of genomic data followed by
predictions using FGENESH (http://www.softberry.com/
berry.phtml), and searches against databases to identify
genes that had already been predicted. In all cases, the

results were the same. Primers used for detection of
P1tCO2 and P#tFT were according to Bohlenius et al.
(2006): PttFKFI forward: GCAGAAGAATCCGGCAAT
TAAC, reverse: GCTCCAATGCACCTGTGAC; PuLHYI
and 2 (combined) forward: GAGAAAGAACCACGTCCT
GAG, reverse: CTTCTGAGCAATTGTCATCCTG; PuLHY1
forward: TGCAATGAATCCTTTATCAC, reverse: CTTT
AACAGTGCCATTATCC; PttLHY?2 forward: AGTAATC
AATCCTCTGTCACC, reverse: CTAGTGCTGTTATCCT
GTTTG; PuTOCI forward: AAGTGCTCTTATCAAGT
TACATCAGTG, reverse: TTGGTCATTGGAATGTCAA
CTTCAG. All annealing temperatures were at 55°C,
except for P#tFT, which annealed at 57°C.

RNA was extracted from leaf samples collected every 4 h
as described in Eriksson et al. (2000), and the resulting RNA
was purified by an RNeasy Plant Mini Kit (Qiagen, Hiden,
Germany), including DNAse treatment as described in the
manufacturer’s protocol and a second DNAse treatment
using a TURBO DNA-free kit (Ambion) when necessary.
RNA concentration was measured using an ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA); 1 pg of RNA was used as template for cDNA
synthesis, using iScript"™ ¢cDNA Synthesis Kit procedures
(Bio-Rad Laboratories, Inc., Hercules, CA USA).

Real-time PCR was performed with an iCycler iQ™
Real-Time PCR Detection System (Bio-Rad Laboratories)
using iQ SYBR® Green Supermix (Bio-Rad Laboratories).
In each reaction, 12.5 ng cDNA was used, except in PttFT
expression analyses, where 50 ng cDNA was used.

Standards were prepared by diluting a pool of all cDNA
samples to be tested. The PCR values presented here are
mean of three biological repeats unless otherwise specified
expressed relative to the lowest value of all samples after
standardization to the 18S rRNA. The efficiency of every
primer used was determined using the iCycler iQ™ Real-
Time PCR Detection System Software according to this
formula: Efficiency = {10 /8Py _ 1

To calculate the relative amount of transcript present in
each sample, the following formula (adapted from
Czechowski et al. 2004) was used: “relative transcript
amount = (1 + efficiency of the gene of interest)*eshold

cycle of the gene of interest jiyided with (1 + efficiency of the
reference gene)—threshold cycle of the reference geness

Plant growth conditions

The photoperiod in long day (LD) conditions was 18 h
light/6 h dark or where indicated 16 h light/8 h dark, under
critical day length conditions (CDL) 15 h light/9 h dark,
and under short days (SD) 12 h light/12 h dark. Temper-
ature (18°C) and relative humidity (80%) were kept con-
stant. Plants were watered daily and fertilized with a
complete nutrient solution (SuperbaS, Supra Hydro AB,

@ Springer


http://haddock.fysbot.umu.se
http://genome.jgi-psf.org/Poptr1/Poptr1.home.html
http://genome.jgi-psf.org/Poptr1/Poptr1.home.html
http://www.softberry.com/berry.phtml
http://www.softberry.com/berry.phtml

154

Plant Mol Biol (2010) 73:143-156

Landskrona, Sweden) once a week. At the onset of SD,
fertilization was discontinued.

The rooted in vitro cuttings for SD (control) and
SD + FR treatments were first planted in soil and grown
under 16 h light/8 h dark at 200 pmol m~2 s™' under cool
fluorescent light (Philips TLD 50W 83 OHF, Germany).
After two weeks of growth, the plants were divided into
separate chambers (HPS 1500.S, Heraeus Industretechnik,
Germany) with white light of 100 umol m™2 s~ (Philips)
under a 12 h light/12 h dark regime. The main photoperiod
was extended to 4 h and 30 min of a mixture of R and FR
light with the ratio R/FR 0.01-0.08 and 20-26 pmol
m~ > s~ total irradiation from LEDs with peak wavelength
at 660 nm (R) and 730 nm (FR) (MD Electronics, UK).
After a month, the R/FR extension was reduced to 3 h.

For studies of growth under 6 h light/6 h dark cycles,
plants were established under LD (18 h light/6 h dark) for
7 weeks, transferred to SD (12 h light/12 h dark) for
12 days, and transferred to continuous light for 4 days
before 6 h light/6 h dark.

Before the freeze tests, plants were kept under 6 h light/
6 h dark for 16 weeks, or 12 h light/12 h dark for 9 weeks
when transferred to cold under the respective photoperiods
and dim fluorescent light (10-15 pmol m~2 s~ ', Philips
TLD 36W/840, Germany) for 6 weeks, 3 weeks of 6°C
followed by 1°C for 3 weeks.

Freeze test

Stem sections from seven plants per genotype were har-
vested at one time point. A 20-60 cm stem section beneath
the shoot tip was cut into 5-cm segments. They were rinsed
twice in distilled water and then placed into test tubes. The
six test temperatures were run in a randomized order over a
period of 10 days. The tubes were stored at 2°C with caps
loosely fitted until use. The caps were then removed and
small amounts of ice were added before tubes were placed
in the freezing cabinet (500/80-180DU, Weiss Umwelt-
technik GmbH, Germany). Samples were equilibrated for
1 h at —2°C before they were cooled at a rate of 3°C h™'
down to the test temperature that was kept constant for 1 h
before tubes were thawed at rate of 10°C h™" up to —2°C.
Temperature was tracked using a thermocouple and a
CR10X data logger (Campbell Scientific Inc., Logan, UT,
USA). On retrieval, 2-5 slices of 5-mm lengths were cut
from the midsection of each stem segment while still fro-
zen using a sharp industrial blade. The slices were placed
into 3—4 ml of 0.01 M boric acid with 0.002% Triton
X-100. Samples were shaken at 200 rpm for 18 h at room
temperature before the temperature-corrected conductivity
was measured (cell model 6.0907.110, Metrohm, Switzer-
land). The measurements were repeated after samples had
been exposed to 90°C for 10 min and then shaken for
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another 18 h. Indices of injury were calculated by linear
scaling according to Flint et al. (1967).

Growth conditions and sampling for qRT-PCR assays
under SD and LL and following a FR pulse

WT, aPittPHYA-1, and aPttPHYA-5 lines as indicated were
grown under LD at constant 18°C for 40 days as above
when subjected to SD 48 h before sampling.

After seven SDs, plants were given LL and allowed to
free-run for 48 h, when samples were harvested for free-
running experiment. The tissues collected were leaf blades
from three different plants per genotype harvested at 4-h
intervals from internodes 9-11 (counting from the first
internode below the first leaf at least 1 cm long).

Long day grown plants were adapted to DD for 4 days.
When given an hour FR pulse of ~20umol m—2 s~ total
irradiation from LEDs with peak wavelength at 730 nm
(MD Electronics), leaf blades were harvested from 8 to 9th
internode from three different plants per genotype.

Statistical analysis

The plants were grown following completely randomized
design. All physiological data were subjected to analysis of
variance (ANOVA). Balanced or unbalanced ANOVAs
were performed depending on the number of replications in
the experiments. Post hoc tests were performed typically
using Dunnett’s or Tukey. Means were separated using
Fisher’s protected least significant difference at 1-5% level
as indicated.

Leaf movement analysis

Leaf movement rhythms were measured in trimmed cuttings
from WT, oatPHYAox line 22, and aPttPHYA-1 shoots that
had been cultivated in vitro on sucrose-free half strength M'S
medium and 1.5% agar. The cuttings were entrained to a SD
photoperiod in a Percival chamber (Percival Inc, IA, USA)
at 100 pmol m™2 s~' (22°C for 7 days). Then they were
transferred to LL in chamber (KBK/LS 4330, EHRET,
Labor- u. Pharmatechnik, Germany) at 40 pmol m~2 s—h
22°C, where images were captured every 20 min using
Dinion 1/3 color cameras (LTC0455, Bosch Security Sys-
tems, Germany). Digital photographs were collected by
means of the Video gala framegrabber, PixelSmart, (http://
www.pixelsmart.com) using an adapted image acquisition
plug-in for the Image] package (Rasband, W.S., ImageJ,
U.S. National Institutes of Health, Bethesda, Maryland,
USA, http://rsb.info.nih.gov/ij/). The captured pictures were
analyzed by Metamorph 6.3 image-analysis software
(Molecular Devices, PA, USA). Individual period estimates
were generated by importing data into BRASS (available
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from www.amillar.org) and using BRASS to run fast Fourier
transform nonlinear least-squares analysis programs to
estimate rhythmic cycles and period lengths (Millar et al.
1995; Plautz et al. 1997; Locke et al. 2005). The two
experiments each with two to three replicated plates were
considered as replications of one experiment over time and
analyzed together.

Luminescence assays

Populus WT, aPttPHYA-1, and aPttPHYA-5 plants were
transformed by Agrobacterium tumefaciens carrying the
heterologous Arabidopsis promoters fused to LUCIFER-
ASE (LUC) as indicated. Sterile in vitro generated shoots
from independent transformation events were grown on MS
medium with 2% sucrose and supplemented with 5 mM
luciferin 24 h before the assay and imaged by ORCA-II-
ERG 1024 cooled camera (Hamamatsu Photonics, Japan) at
22°C. Image acquisition and light control were driven by
WASABI imaging software (Hamamatsu Photonics,
Japan). Shoots were entrained to LDs under white or red
(660 nm) and blue (470 nm) light emitting diodes with
15 pmol m~2 s~ " and 20 pmol m—2 s~ (MD Electronics).
Expression of AtCCAlpro:LUC and AtCCR2pro:LUC
under diurnal or constant conditions was imaged by ORCA-
II-ERG 1024 camera cooled to —60°C (Hamamatsu Pho-
tonics, Japan) at 22°C. Image acquisition and light control
were driven by WASABI imaging software (Hamamatsu
Photonics). Images were processed by Metamorph
(Molecular Devices) and individual period estimates were
generated as described above.
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