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ABSTRACT

 

The obligate long-day plant 

 

Nicotiana sylvestris

 

 with a
nominal critical day length of 12 h was used to dissect the
roles of two major phytochromes (phyA1 and phyB1) in
the photoperiodic control of flowering using transgenic
plants under-expressing 

 

PHYA1

 

 (SUA2), over-expressing

 

PHYB1

 

 (SOB36), or cosuppressing the 

 

PHYB1

 

 gene
(SCB35). When tungsten filament lamps were used to
extend an 8 h main photoperiod, SCB35 and SOB36
flowered earlier and later, respectively, than wild-type
plants, while flowering was greatly delayed in SUA2.
These results are consistent with those obtained with
other long-day plants in that phyB has a negative role in
the control of flowering, while phyA is required for sens-
ing day-length extensions. However, evidence was
obtained for a positive role for 

 

PHYB1

 

 in the control of
flowering. Firstly, transgenic plants under-expressing both

 

PHYA1

 

 and 

 

PHYB1

 

 exhibited extreme insensitivity to
day-length extensions. Secondly, flowering in SCB35 was
completely repressed under 8 h extensions with far-red-
deficient light from fluorescent lamps. This indicates that
the dual requirement for both far-red and red for maxi-
mum floral induction is mediated by an interaction
between phyA1 and phyB1. In addition, a diurnal period-
icity to the sensitivity of both negative and positive light
signals was observed. This is consistent with existing mod-
els in which photoperiodic time measurement is not based
on the actual measurement of the duration of either the
light or dark period, but rather the coincidence of endoge-
nous rhythms of sensitivity – both positive and negative –
and the presence of light cues.
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INTRODUCTION

 

The timing of flowering is a critical component in the suc-
cess of angiosperms. Flower initiation must occur early
enough in the growing season so that seed production is
completed before the onset of unfavourable conditions.
Flowering must also be synchronized among individuals
of a population if outcrossing is to occur to a significant
extent. In many plant species the timing of flowering is
controlled by environmental cues such as photoperiod and
temperature.

Day-length information is sensed through photorecep-
tors in the leaves, activating the production and transport
of graft-transmissible floral stimuli and inhibitors that con-
trol the transition of the shoot apical meristem from the
vegetative to the reproductive state (Zeevaart 1976; Tho-
mas & Vince-Prue 1997; Boss 

 

et al

 

. 2004). The primary pho-
toreceptors involved in photoperiodic timing mechanisms
are the phytochromes (Thomas & Vince-Prue 1997), and
the cryptochrome family of blue-light photoreceptors
(Mockler 

 

et al

 

. 1999; Botto 

 

et al

 

. 2003; El-Assal 

 

et al

 

. 2003).
Physiological studies have led to the general conclusion
that there is a diurnal fluctuation in the requirement for the
presence or absence of Pfr for flowering in both long-day
plants (LDP) and short-day plants (SDP). Generally speak-
ing, in SDP high levels of Pfr during the day promote flow-
ering, but become inhibitory in the middle of the inductive
dark period. LDP, on the other hand, are the mirror image
of SDP in that high levels of Pfr are usually inhibitory to
flowering during the early part of day-length extension but
become promotive later (Zeevaart 1976; Thomas & Vince-
Prue 1997). The paradox that the presence of Pfr can be
either promotive or inhibitory to flowering led to the
hypothesis that two different pools of phytochrome with
differential stabilities were involved in the photoperiodic
timing mechanisms (Takimoto & Saji 1984).

The subsequent discovery (Mathews & Sharrock 1997;
Pratt 

 

et al

 

. 1997) of the existence of multiple species of
phytochrome encoded by a gene family (

 

PHYA

 

 through

 

PHYE

 

 in 

 

Arabidopsis

 

) demonstrated that different pools
of phytochrome do indeed exist 

 

in vivo

 

. Moreover, consid-
erable evidence has accumulated indicating individual
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phytochromes have distinct, albeit in some cases overlap-
ping, functions in many aspects of photomorphogenesis,
including photoperiodically controlled flowering (Quail

 

et al

 

. 1995; Smith 1995; Thomas & Vince-Prue 1997; White-
lam & Delvin 1997).

The flowering responses in mutants deficient in phyA,
phyB or other phytochromes, as well as transgenic plants
ectopically expressing different phytochrome genes, have
supported the notion that multiple phytochromes are
involved in the photoperiodic control of flowering (White-
lam & Delvin 1997). It has been suggested that phyA is
required for sensing the day-length extension in LDP 

 

Ara-
bidopsis

 

 and pea (Johnson 

 

et al

 

. 1994; Weller, Murfet &
Reid 1997). Furthermore, phyA controls the synthesis or
transport of a flower inhibitor in pea (Weller 

 

et al

 

. 1997,
2001). On the other hand, phyB is inhibitory to flowering
in 

 

Arabidopsis

 

 and pea, both LDP and the SDP sorghum
(Reed 

 

et al

 

. 1994; Weller 

 

et al

 

. 1995; Childs 

 

et al

 

. 1997). In
addition, the disruption of short day (SD)-induced tuber
formation in antisense PHYB potato plants led to the sug-
gestion that phyB also controls the production of a graft-
transmissible flowering inhibitor (Jackson 

 

et al

 

. 1996; Jack-
son & Thomas 1997). However, this does not appear to be
the case for phyB-mediated SD suppression of flowering in
pea (Weller 

 

et al

 

. 2001).
Considerable progress has been made identifying genetic

loci involved in the signalling pathways leading to flowering
and elucidating their genetic relationships (Boss 

 

et al

 

.
2004). The genes 

 

CONSTANS

 

 (

 

CO

 

), 

 

FLOWERING
LOCUS T

 

 (

 

FT

 

) and 

 

SUPPRESSOR OF OVEREX-
PRESSION OF CONSTANS 1

 

 (

 

SOC1

 

) are obligatory
components of the photoperiod pathway leading to flower-
ing in 

 

Arabidopsis

 

 (Boss 

 

et al

 

. 2004). Transfer to long day
(LD) results in CO-mediated induction of 

 

FT

 

 in the leaves,
the site of perception of day length. 

 

FT

 

 mRNA is then
transported to the apex where activation of 

 

SOC1

 

 and
other downstream genes leads to flowering. Apparently 

 

FT

 

mRNA is (or a component of) the elusive florigen (Ayre &
Turgeon 2004; Huang 

 

et al

 

. 2005; Yoo 

 

et al

 

. 2005).
At least in 

 

Arabidopsis

 

, the roles of phyA and phyB in
photoperiodic timing mechanisms are manifested through
an antagonistic regulation of the stability of CO resulting
in a diurnal fluctuation in CO abundance (Valverde 

 

et al

 

.
2004). In this model, phyB promotes degradation of CO
early in the photoperiod, but as the day progresses, the
inhibitory effects of phyB wane. Simultaneously, a stabiliz-
ing effect of phyA becomes more pronounced thereby lead-
ing to the accumulation of CO and the subsequent
induction of 

 

FT

 

 (Valverde 

 

et al

 

. 2004). Nevertheless, the
mechanisms by which phyB and phyA regulate CO stability
remain unclear. Furthermore, this model does not address
which aspect of the photoperiod is actually measured; e.g.
do plants measure the duration of the light period or of the
dark period as commonly believed (Lang 1965)?

In some respects, there is a degree of ambiguity associ-
ated with studies on the photoperiodic control of flower-
ing in quantitative LDP such as 

 

Arabidopsis

 

. Plants with
quantitative photoperiodic requirements will flower under

non-inductive photoperiods because other floral pathways
are activated (Boss 

 

et al

 

. 2004). This is especially true in
situations in which light signals mediated by phytochrome
promote flowering by simultaneously activating both the
photoperiodic (Valverde 

 

et al

 

. 2004) and light-quality path-
ways (Mockler 

 

et al

 

. 2003). Under such circumstances, it is
difficult to discern how phytochrome is involved in photo-
periodic time measurement. The use of a species with an
obligate photoperiodic requirement provides a significant
advantage in these types of studies. In this study, the obli-
gate LDP 

 

Nicotiana sylvestris

 

 was chosen as a model plant
to dissect the functions of individual phytochromes in the
photoperiodic timing mechanisms. Using transgenic plants
with altered expression levels of the 

 

PHYA1

 

 or 

 

PHYB1

 

genes, we have gained additional insights about the physi-
ological roles of type-A and type-B phytochromes in the
photoperiodic control of flowering.

 

MATERIALS AND METHODS

Plant material and general growth conditions

 

Seeds of wild-type (WT) and transgenic 

 

N. sylvestris

 

 were
germinated in plug flats of 22 

 

×

 

 22 

 

×

 

 35 mm cells filled with
a commercial soil-less media (Metro-Mix 360; Scotts-Sierra
Horticultural Products Company, Marysville, OH, USA).
One-month-old plants were transplanted into 3.8 L plastic
pots, transferred to a greenhouse with a temperature set
point of 25 

 

°

 

C and grown under 8 h photoperiods (SD) until
the initiation of the experimental treatments. SDs were
obtained by completely enclosing the bench with one-layer-
cotton blackout cloth (F.C. Gloeckner, Inc., Harrison, NY,
USA), which in turn was covered with a layer of XLS-
Obscura Revolux A/B plastic weave containing a reflective
outer surface (Cravo Equipment, Ltd, Brantford, Ontario,
Canada) from 1600 to 0800 h. During the main photope-
riod, supplemental light from high-intensity discharge
lamps (photosynthetic photon flux at bench top
level 

 

=

 

 100 

 

µ

 

mol m

 

−

 

2

 

 s

 

−

 

1

 

) was provided when the intensity of
sunlight outside of the greenhouse fell below 300 W m

 

−

 

2

 

.
Throughout the experiment, plants were fertilized three

times a week with a 20 N-4.4 P-16.6 K complete liquid
fertilizer (Scotts-Sierra Horticultural Products) at a rate of
200 mg L

 

−

 

1

 

 N.

 

Construction of antisense PHYA1 and sense 
PHYB1 expression cassettes

 

A 2.3 kb EcoRI fragment of a partial 

 

Nt-PHYA1

 

 cDNA
(Adam 

 

et al

 

. 1993), which shared 62% homology at the
nucleotide level with the corresponding 

 

Nt-PHYB1

 

 region
(Kern 

 

et al

 

. 1993), was blunt-ended and ligated in the anti-
sense orientation into the SmaI site of the pUC18 vector,
resulting in the pUA2.3. The 2.3 kb BamHI/SacI fragment
containing the antisense 

 

PHYA1

 

 from pUA2.3 was then
subcloned into BamH1/SacI sites in the binary vector
pBI121 with a CaMV 35S promoter and NOS terminator.
The resulting plasmid was designated as pAA2.3.
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For the sense 

 

PHYB1

 

 cassette under the control of a
single 35S promoter, a 4 kb BamHI/SacI fragment of a full-
length 

 

Nt-PHYB1

 

 cDNA sharing 59% nucleic acid
sequence homology with 

 

PHYA1

 

 (Adam 

 

et al

 

. 1993; Kern

 

et al

 

. 1993) was directly cloned into BamHI/SacI sites of
pBI121, resulting in the pSB. Construction of the enhanced

 

PHYB1

 

 expression cassette pESB, with dual CaMV35S
enhancers is described elsewhere (Zheng 

 

et al

 

. 2001).

 

Transformation and phenotypic screening of 
transgenic tobacco plants

 

The resulting plasmids pAA2.3, pSB and pESB were trans-
ferred into the 

 

Agrobacterium tumefaciens

 

 strain
LBA4404 using the freeze-thaw method (An 

 

et al

 

. 1993).

 

Agrobacterium

 

-mediated transformation was described by
Horsch 

 

et al

 

. (1985), except that plants were generated
from leaf discs cultured on MS medium containing BA
(1 mg L

 

−

 

1

 

) and NAA (0.1 mg L

 

−

 

1

 

), and selection was based
on carbenicillin (500 mg L

 

−

 

1

 

) and kanamycin (100 mg L

 

−

 

1

 

).
Putative lines under-expressing 

 

PHYA1

 

 and lines over-
or cosuppressing 

 

PHYB1

 

 were identified by the altered
hypocotyl length when grown for 12–14 d under continuous
white light (Wc), red light (Rc), far-red light (FRc), or
darkness (Dc). Seeds were spread on one-half-strength MS
agar medium without sucrose, placed in darkness at 4 

 

°

 

C
for 2 d followed by Wc from fluorescent lamps for 1–2 d to
synchronize germination, and then transferred to growth
chambers at 24 

 

°

 

C with Wc, Rc or FRc. Wc was obtained
from 20 W cool-white fluorescent lamps that provided an
approximate photon flux (400–700 nm) of 36 

 

µ

 

mol m

 

−

 

2

 

 s

 

−

 

1

 

to the seedlings. Rc was obtained by wrapping 20 W cool-
white fluorescent tubes with two layers of R19S red
cellulose plastic (Barbizon Light, Woburn, MA, USA); the
photon flux (400–700 nm) was 3 

 

µ

 

mol m

 

−

 

2

 

 s

 

−

 

1

 

. FRc was
obtained by filtering light from a 250 W halogen spotlight
through a CBS-750 Far Red filter (Carolina Biological Sup-
ply Co., Burlington, NC, USA), at a photon flux (700–
750 nm) of about 2 

 

µ

 

mol m

 

−

 

2

 

 s

 

−

 

1

 

 to the seedlings; there was
negligible radiation at wavelengths shorter than 700 nm.

T

 

1

 

 transgenic lines showing seedling phenotype of longer
hypocotyls under FRc (for antisense 

 

PHYA1

 

 transfor-
mants) and longer or shorter hypocotyls under Rc (for
sense 

 

PHYB1

 

 transformants) were selected, grown to
maturity in the greenhouse in which natural photoperiods
were extended to 14 h by providing supplemental light
from high-discharge lamps from 0600 to 1000 h and from
1600 to 2000 h in order to induce flowering, and selfed to
obtain T

 

2

 

 seeds. Homozygous T

 

2

 

 seeds were identified by
uniform kanamycin resistance and exhibition of the appro-
priate seedling phenotypes under the same light conditions
used in the initial selection process.

 

PCR analysis

 

PCR was used to amplify the tobacco 

 

PHYA1

 

 and 

 

PHYB1

 

cDNA to identify putative transgenic plants. Genomic
DNA was extracted from young leaves of the T

 

2

 

homozygous lines by the CTAB-method (McGarvey &
Kaper 1991). For PHYA1, two primers were used to amplify
a 0.68 kb genomic DNA fragment and a 0.48 kb transgenic
cDNA fragment. The sequence of the 22-mer forward
primer AA1 was 5′-CGT GAG TAA AAT GTT GGA ATT
A-3′, and the sequence of the 22-mer reverse primer AA2
was 5′-CTT CGC ACA CTC TTG ACC AGT C-3′. For
PHYB1, two primers were used to amplify a 1.2 kb cDNA
fragment. The forward primer SB1 (5′-GAA TGG TAT
ACG CTT TAC AA-3′) was specific for Nt-PHYB1 cDNA,
while the reverse primer SB2 was based on the pBI121
vector sequence: 5′-TCC AGC CGA ATT CCC CGA TA-
3′. PCR was conducted using Taq DNA polymerase (Gibco
BRL; Grand Island, NY, USA) under the following condi-
tions for 30 cycles: 94 °C, 1 min; 52 °C (for PHYA1) or 55 °C
(for PHYB1), 1 min; 72 °C, 1 min. An additional 7 min
extension at 72 °C was performed after the last cycle.

RNA gel-blot analysis

Total RNA was extracted from 10-day-old dark-grown
seedlings or young leaves of light-grown plants under dim
green light, using the method described by Logemann,
Schell & Willmitzer (1987). Ten micrograms of total RNA
were fractionated on a 1.2% formaldehyde agarose gel and
then transferred onto a nylon membrane. The probe was
labelled by PCR (Sambrook, Fritsch & Maniatis 1989). The
primers AA1 and AA2 used for PCR screening of PHYA1
antisense plants were also used to label a 0.48 kb PHYA1
cDNA probe that shared 57% nucleic acid sequence
homology with PHYB1 cDNA. The PHYB1 probe was a
0.3 kb PHYB1 cDNA fragment (showing about 48% nucle-
otide sequence identity with PHYA1 gene) generated using
a forward primer SB1 used in PCR screening of transgenic
plants and a reverse primer BP2 (5′-ACC TGT AGT ATT
CTC ACT TG-3′). PCR labelling was carried out using the
same conditions as described above except α (32P)-dATP
was incorporated. The hybridization was performed as
described (Sambrook et al. 1989).

Photoperiodic treatments

Experiments designed to examine the response of plants to
various photoperiodic treatments were carried out in the
greenhouse. Plants received a basic 8 h photoperiod as
described before. Various light treatments were imposed
during the subsequent 16 h dark period. Lamp systems pro-
viding different red to far-red ratios (R:FR; photon flux
655 nm to 665 nm photon−1 flux 725 nm to 735 nm) were
suspended approximately 1.5 m above each bench, but
underneath photoperiodic blackout cloth. Two different
light sources were used: (1) 30 W cool-white fluorescent
lamps (Flu) that provided light with a bench-level photon
flux (400–800 nm) of approximately 4 µmol m−2 s−1 and an
R:FR of 5.9; and (2) 60 W tungsten-filament lamps (TF)
that provided light with a bench-level photon flux (400–
800 nm) of approximately 8 µmol m−2 s−1 and an R:FR of
0.7. Photon irradiances and R:FR ratios were measured
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using a Model LI-1800 Portable Spectroradiometer (Li-Cor
Inc., Lincoln, NE, USA). The number of days from the start
of the treatments to the appearance of flower buds was used
as a quantitative measure of flowering.

Grafting experiments

Scions of the WT and the various transgenic lines of
N. sylvestris were grafted onto stocks of a day-neutral cul-
tivar of Nicotiana tabacum L., ‘Wisconsin 38’. Plants for
scions and stocks were grown under SD. N. tabacum stocks
were prepared by removing the top 1–2 cm portion of the
stem, followed by complete defoliation. All axillary buds
were removed except one that was located about 5 cm from
the top of the stem; this bud was allowed to grow out as an
‘indicator’ shoot for presence of flower promoting or inhib-
itory substances originating from the N. sylvestris scions
(Lang, Chailakhyan & Frolova 1977). The N. sylvestris sci-
ons were prepared using the top 2–3 cm of the rosette from
which all leaves greater than 5 cm were removed. The sci-
ons were then cleft-grafted onto the stocks and secured by
wrapping a 2-cm-wide strip of Parafilm (American National
Can, Neenah, WI, USA) around the scion–stock junction.
The grafted plants were transferred to a standard mist-
propagation house under natural light conditions for
2 weeks until a graft union had formed; the day length
during this period of the grafting process was about 9.25 h.
The grafted plants were transferred to a greenhouse and
maintained under SD. After 56 d, five grafts of various
N. sylvestris genotypes were subjected to an 8 h day-length
extension with light from TF lamps, while five grafts were
maintained under SD. During the entire experimental
period, leaves from the N. tabacum indicator shoot were
regularly removed when they reached 10 cm in length.

Experimental design and statistical 
treatment of data

All greenhouse experiments employed a randomized com-
plete block design with multiple locations. The data are
presented as means and standard deviations of the number
of days until flower formation (appearance of visible flower
buds). For statistical analysis, data were subjected to one-
way analysis of variance following reciprocal transforma-
tion to ensure homogeneous variances (Roberts et al. 1997)
and significantly different means separated using Tukey’s
pair-wise comparison test at P ≤ 0.05. Greenhouse experi-
ments were performed three times (twice and once during
the winter and summer months, respectively) except for the
grafting experiments, which were performed twice, both
during the winter months of two successive years.

RESULTS

Generation and characterization of transgenic 
plants under-expressing PHYA1

There are two PHYA genes, PHYA1 and PHYA2, in the
tetraploid N. tabacum (Adam et al. 1993, 1997). Because

N. tabacum is derived from the two parental diploid species,
N. sylvestris and Nicotiana tomentosiformis, the two PHYA
genes may have individually originated from each of the
parental species, or they may have existed in both species.
A preliminary work (Zheng 1999) using specific primers for
the 5′ upstream regions of the two genes to amplify
genomic DNA from N. sylvestris and N. tomentosiformis
showed that PHYA1 and PHYA2 are derived from
N. sylvestris and N. tomentosiformis, respectively. Thus,
generation of transgenic plants that under-produce phyA
was based on the sequence of the N. tabacum PHYA1 gene
because it has the closest sequence similarity to the
N. sylvestris gene.

Plants of N. sylvestris that under-produce phyA1 were
generated using Agrobacterium-mediated transformation
with a partial cDNA PHYA1 clone oriented in the antisense
direction. Selection based on kanamycin resistance pro-
vided a total of 11 putative independent T0 lines trans-
formed with the antisense PHYA1 construct; these lines
were designated as SUA (N. sylvestris under-expressing
PHYA1). Seedlings of the T1 progeny were then screened
for altered hypocotyl length under different light condi-
tions. The T1 lines SUA2, SUA7 and SUA11 had longer
hypocotyls under FRc than WT seedlings, but exhibited
normal hypocotyl phenotypes under Dc, Rc and Wc defi-
cient in wavelengths longer than 700 nm (Fig. 1a). PCR
analysis of genomic DNA from young leaves of homozy-
gous T2 plants showed the PHYA1 transgene was incorpo-
rated into the genome of each of the three SUA lines
(Fig. 1b). RNA blot analysis of dark-grown seedlings con-
firmed that expression of antisense PHYA1 suppressed, but
did not eliminate, the expression of the endogenous
PHYA1 gene (Fig. 1c) without affecting PHYB1 gene
expression (Fig. 1d). All three transgenic lines were appar-
ently the result of one T-DNA insertion based on 3:1
segregation ratio of kanamycin-resistant to kanamycin-
sensitive individuals (data not shown). Thus, the elongated
hypocotyl phenotype of seedlings grown under FRc in the
three SUA lines was a result of the down-regulation of
PHYA1 gene expression.

Generation and characterization of 
transgenic plants over-expressing or 
cosuppressing PHYB1

As is the case for PHYA, N. tabacum contains two
PHYB-like genes, PHYB1 and PHYB2 (Kern et al. 1993),
and because it appears likely that PHYB1 is also derived
from N. sylvestris (Zheng 1999), it was used to generate
transgenic plants in this species. A total of 13 T0 lines
independently transformed with the sense PHYB1 con-
struct pESB and one line (SOB1) transformed with pSB
were obtained. Lines displaying segregation of individuals
with short and long hypocotyls under Rc were designated
as SOB (N. sylvestris over-expressing PHYB1). Seedlings
from T2 homozygous lines SOB1, 35, 36, 40 and 50, which
had one T-DNA insertion based on a 3:1 segregation ratio
of kanamycin resistance (data not shown), were subjected
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to Dc, Wc, Rc and FRc. Typical of phyB-mediated
responses, FRc had no effect on seedling growth of any
line. Under Rc and Wc, four of the five SOB lines exhib-
ited shorter hypocotyls and well-separated cotyledons.
The remaining line, SOB35, had longer hypocotyls than
WT under Rc, Wc and Dc (Fig. 2a). Moreover, the cotyle-
dons of this line only partially separated when grown
under Wc and Rc (data not shown). Because this pheno-
type is similar to that expected for a plant deficient in
phyB, SOB35 represented a potential line in which the
endogenous PHYB1 gene was down-regulated through
cosuppression.

PCR analysis indicated the PHYB1 transgene was
incorporated into the genomes of the five SOB lines
(Fig. 2b). RNA blot analysis confirmed that the expres-
sion of sense PHYB1 resulted in higher PHYB1 mRNA
levels in all of the SOB lines except for SOB35 in which
both endogenous and transgene expression were sup-
pressed (Fig. 2c), indicating cosuppression was indeed
the basis for the observed phenotype of SOB35 (Meyer
& Saedler 1996). Therefore, this line was redesignated as
SCB35 (N. sylvestris cosuppressing PHYB1). Expression
of the PHYA1 gene was not altered in SCB35 or the
four SOB lines (Fig. 2d), consistent with a lack of an
effect by FRc on either the hypocotyl or the cotyledon
phenotypes.

Generation and characterization of transgenic 
plants in which PHYA1 and PHYB1 are 
simultaneously down-regulated

Flowering T3 homozygous SUA2 and SCB35 plants were
crossed to produce progeny in which both PHYA1 and
PHYB1 were simultaneously down-regulated. PCR anal-
ysis showed that both the antisense PHYA1 gene and
the sense PHYB1 gene were incorporated into the
genomes of the progeny regardless of which genotype
served as the pollen source (Figs 3a & b, respectively).
Moreover, the seedling phenotype of the progeny from
the crosses indicated a functional deficiency in the per-
ception of both R and FR light. Hypocotyls of seedlings
of the crosses were longer than WT when grown under
either Rc or FRc (Fig. 3c), a characteristic similar to
phyAphyB double mutants in Arabidopsis (Smith, Xu &
Quail 1997).

There are similarities in the roles of PHYA1 and 
PHYB1 in the photoperiodic control of flowering 
in N. sylvestris to those of PHYA and PHYB in 
other long-day plants

The effect of altered expression of PHYA1 and PHYB1 on
the flowering responses to different photoperiods was com-
pared. Because of space considerations, one line of each
transgenic genotype was used in all experiments: SUA2,
SCB35, SOB36 and SUA2 × SCB35. Plants of the four
transgenic lines and WT were maintained SD, or subjected
to 10, 12 or 16h photoperiods by extending the main 8 h

Figure 1. Molecular analysis of three putative phyA1 under-
producing lines of Nicotiana sylvestris. (a) Comparison of 
hypocotyl lengths of seedlings of wild-type (WT) and three 
independent T2 homozygous N. sylvestris underexpressing PHYA1 
(SUA) lines grown under various light conditions for 7 d. Data 
represent the mean of 40 seedlings; vertical bars represent the 
standard deviations. Dc, Rc, FRc, Wc: continuous dark, red, far-
red and white light from fluorescent lamps, respectively. (b) PCR 
amplification of both antisense PHYA1 cDNA (0.48 kb) and 
endogenous PHYA1 genomic DNA (0.68 kb) containing an intron. 
P, plasmid pAA2.3. (c) RNA blot analysis using a 0.48 kb PHYA1 
cDNA probe. Both the antisense RNA (lower band) and the 
endogenous PHYA1 mRNA (upper band) were hybridized. The 
loading of total RNA was shown by ethidium bromide staining of 
25S rRNA. (d) RNA blot analysis using a 0.3 kb PHYB1 cDNA 
probe. The loading of total RNA was shown by ethidium bromide 
staining of 25S rRNA.



1678 Z-L. Zheng et al.

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd, Plant, Cell and Environment, 29, 1673–1685

photoperiod with 2, 4 or 8 h of TF. Under SD, none of the
genotypes flowered even after nearly 6 months following
the initiation of the photoperiodic treatments when the
plants were about 9 months old (Table 1). Extending the
total photoperiod from 8 to 10, 12, or 16 h with TF pro-
moted flowering by different degrees in WT, SCB35,
SOB36 and SUA2.

All genotypes remained vegetative under SD (Table 1).
Increasing duration of TF extensions resulted in a concom-
itant reduction in flowering times, the magnitude of which
was dependent on genotype. Altering the level of PHYB1
expression changed the sensitivity of plants to day lengths
close to the critical day length (Table 1). Compared with
WT, flowering was significantly delayed in SOB36, espe-
cially under a 2 h TF extension. In contrast, SCB35 flow-
ered substantially earlier than WT. For example, a 2 h TF
extension was as effective in promoting flowering in SCB35
as a 4 h TF extension was for WT (Table 1). However, there
were no significant differences in the flowering times of WT,
SOB36 or SCB35 under 8 h TF extensions (Table 1).

A reduction in the expression of PHYA1 substantially
delayed flowering compared with WT under all three TF

Figure 2. Molecular analysis of five Nicotiana sylvestris lines 
transformed with the Nicotiana tabacum PHYB1 gene. (a) 
Comparison of hypocotyl lengths of seedlings of wild-type (WT) 
and five T2 homozygous N. sylvestris overexpressing PHYB1 
(SOB) lines grown under various light conditions for 7 d. Data 
represent the mean of 40 seedlings; vertical bars represent the 
standard deviations. Dc, Rc, FRc, Wc: continuous dark, red, far-
red and white fluorescent light, respectively. (b) PCR amplification 
of PHYB1 genomic DNA (1.2 kb). P, plasmid pESB; WT, wild-type 
genomic DNA. (c) RNA blot analysis using a 0.3 kb PHYB1 cDNA 
probe. Both the transgenic RNA (slightly lower position) and 
endogenous PHYB1 mRNA (slightly higher position) were 
hybridized. The loading of total RNA was shown by ethidium 
bromide staining of 25S rRNA. (d) RNA blot analysis using a 
0.48 kb PHYA1 cDNA probe. The loading of total RNA was shown 
by ethidium bromide staining of 25S rRNA. The reduction of 
PHYB1 expression and seedling phenotype of SOB35 was 
apparently the result of the cosuppression of the endogenous 
PHYB1 gene; hence this line was renamed SCB35.
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extensions. Even under 8 h TF extensions, SUA2 flowered
about 6 weeks later than WT, SOB36 and SCB35 (Table 1).
In total, the results are consistent with other LDP and SDP
in that phyB tends to be inhibitory to flowering under sub-
optimal or non-inductive photoperiods, while phyA is
required for sensing day-length extensions in LDP (Childs
et al. 1997; Thomas & Vince-Prue 1997; Lin 2000; Weller
et al. 2001). Surprisingly, none of the plants of the
SUA2 × SCB35 cross-flowered when subjected to 2 or 4 h
TF extensions. Even under 8 h TF extensions,
SUA2 × SCB35 flowered nearly 3 weeks after SUA2.
Apparently, a reduction in PHYB1 expression enhanced
the delay in flowering caused by lower PHYA1 expression
levels, rather than counteracting it.

Spectral composition of the day-length 
extension and the flowering response

In general, day-length extensions that are most effective in
promoting flowering in LDP are those containing R and
FR light mixtures (Thomas & Vince-Prue 1997). The roles
of the two phytochromes in the perception of these two
light signals were investigated by subjecting plants of the
various genotypes to 2, 4 or 8 h day-length extensions of
light from TF or Flu lamps which had R:FR ratios of 0.7
and 5.9, respectively. Day-length extensions of FR-
deficient Flu were far less effective than TF in promoting
flower formation (Table 1). This, along with the observa-
tion that day-length extensions of FR alone were totally
ineffective in promoting flowering (Zheng 1999), is consis-
tent with many other species in which day-length exten-
sions most effective in promoting flowering in LDP are

those containing mixtures of R and FR light (Thomas &
Vince-Prue 1997).

No genotype flowered under 2 h Flu extensions. Under
4 h Flu extensions, flowering was observed only in WT and
SOB36, which were 8 and 7 weeks, respectively, later than
plants of both genotypes subjected to 4 h TF extensions
(Table 1). WT plants flowered about 6 weeks later using
day-length extensions with Flu than with TF (Table 1).
Whereas over-expression of PHYB1 resulted in a delay of
flowering of SOB36 compared with WT with TF day-
length extensions, there was no difference in flowering
times between WT and SOB36 with Flu extensions
(Table 1).

Quite unexpectedly, none of the SCB35 plants flowered
by the end of the 160-day-treatment period when subjected
to 2, 4 or 8 h Flu extensions (Table 1). Thus, despite the fact
that the Pfr form of phyB is generally considered to be
inhibitory to flowering in other LDP (Lin 2000), SCB35 is
paradoxically less sensitive to day-length extensions con-
taining negligible FR than either WT or SOB36. This indi-
cates that PHYB1 has an additional, positive role in
flowering of N. sylvestris as well.

Although the PHYA1 under-producing line, SUA2,
exhibited reduced sensitivity to day-length extensions with
TF, flowering was even more delayed under FR-deficient
day-length extensions (Table 1). Flowering was observed
only under 8 h Flu extensions and was over 3 weeks later
than SUA2 plants subjected to 8 h TF extensions (Table 1).
This is consistent with results from investigations on the
quantitative LDP Arabidopsis (Johnson et al. 1994) and
pea (Weller et al. 1995) demonstrating FR promotion of
flowering is mediated by phyA. However, FR must act in

Table 1. Flowering responses of transgenic plants under various photoperiods

Genotype

Duration of day-length extension with tungsten filament light (total day length)

0 h (8 h; SD) 2 h (10 h) 4 h (12 h) 8 h (16 h)

Days until flower formation
Wild type > 160 81 ± 9 40 ± 1 21 ± 2
SOB36 > 160 > 160 48 ± 5 24 ± 2
SCB35 > 160 41 ± 5 29 ± 2 22 ± 1
SUA2 > 160 > 160 87 ± 6 64 ± 1
SUA2 × SCB35 > 160 > 160 > 160 83 ± 6

Genotype

Duration of day-length extension with fluorescent light (total day length) 

2 h (10 h) 4 h (12 h) 8 h (16 h)

Days until flower formation
Wild type > 160 103 ± 13 59 ± 2
SOB36 > 160 98 ± 15 60 ± 1
SCB35 > 160 > 160 > 160
SUA2 > 160 > 160 87 ± 12
SUA2 × SCB35 > 160 > 160 > 160

Plants grown under short-day conditions (8 h natural light) were subjected to day-length extensions from low intensity light from tungsten
filament or fluorescent lamps for 0 (short-day control), 2, 4 or 8 h. Values represent the means (± standard deviations) of the number of
days from initiation of the day-length extension treatment until flower formation. Each treatment contained five plants.
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conjunction with R because day-length extensions with FR
alone failed to promote flowering in any genotype (Zheng
1999).

Additional insight on the interaction of phyB and phyA
on a functional level was obtained by examining the flow-
ering response in plants of the cross SUA2 × SCB35 sub-
jected to day-length extensions with different R:FR ratios.
Of all the genotypes, flowering was delayed the most in
SUA2 × SCB35 (Table 1). In fact, plants of this genotype
flowered only when the day length was extended with TF.
Under these conditions, plants of the SUA2 × SCB35 flow-
ered, on average, 19 and 61 d later than SUA2 and SCB35,
respectively (Table 1). Rather than counteracting the late
flowering phenotype in SUA2, the reduction in PHYB1
magnified the negative effects of decreased PHYA1 expres-
sion on flowering. One interpretation of this observation is
that PHYB1 has more than one role in the control of flow-
ering that includes both the generally accepted negative
function (Thomas & Vince-Prue 1997; Lin 2000; Mockler
et al. 2003) and a positive one as well, at least in
N. sylvestris.

The level of phytochrome signalling affects the 
apparent critical day length

The results mentioned earlier suggest that the level of
expression of either PHYA1 or PHYB1 may be important
in defining the critical day length in this species. In a pre-
liminary work, Zheng (1999) determined the critical day
length of the WT line of N. sylvestris used in this study to
be nominally 12 h. This value was the shortest photoperiod
under which all plants produced visible flower buds within
60 d of the initiation of the photoperiodic treatment. In a
subsequent work in which the observation period was
extended from 2 to 6 months, we found that flowering will
occur under 10 or 11 h photoperiods, although consider-
ably late and inconsistent. However, WT plants grown
under 8 h photoperiods do not flower even after 1 year.
(Zheng 1999; J.D. Metzger, unpublished observations).
Thus, although the 12 h value for the critical day length of
the WT line is somewhat arbitrary, it does serve as a useful
benchmark for making physiological comparisons with
other genotypes.

To further examine the roles of PHYA1 and PHYB1 in
defining the critical day length, plants of all genotypes
except SOB36 were grown for 10 weeks under SD and
transferred to a greenhouse section maintained under
natural photoperiods from 1 January (day length = 9.3 h)
to second week of April (day length = 13 h). Although the
differences in flowering times between the genotypes
were not as pronounced under natural photoperiods
(Fig. 4) as when days were extended with TF (Table 1),
similar trends were observed. The earliest flowering geno-
type was SCB35, with the average date of flower forma-
tion occurring on 1 March, while WT plants flowered
about 2 weeks later (Fig. 4). Both SUA2 and
SUA2 × SCB35 flowered in the second week of April,
some 4 weeks after SCB35.

Under natural light conditions, the additional negative
effect of simultaneously under-expressing both the PHYA1
and PHYB1 genes that occurred when plants were sub-
jected to day-length extensions TF was not observed
(Table 1 and Fig. 4). This is probably the result of the fact
that there was incomplete suppression of PHYA1 and
PHYB1 gene expression in SUA2 and SCB35, respectively
(Figs 1 & 2), which resulted in plants with decreased sensi-
tivity, rather than a complete loss of the ability to respond
to light signals. It is likely that some of the decreased sen-
sitivity was compensated by the higher light intensities
when plants were maintained under natural photoperiods.
Nevertheless, a reduction in the expression level of PHYA1
did result in a significant lengthening of the critical day
length, while reducing PHYB1 expression shortened the
critical day length.

Diurnal fluctuations in the flowering 
response to light cues

Physiological studies have shown that there is a diurnal
fluctuation in the sensitivity to light cues in both SDP and
LDP. Night-break experiments with the LDP Hyoscyamus
niger (Hsu & Hamner 1967), Sinapis alba (Kinet et al. 1973)
and Lolium temulentum (Vince-Prue 1975) have shown
that there is a circadian rhythm in the ability of a night
break to promote flowering. We investigated the physiolog-
ical roles of phytochromes A and B in these rhythms of

Figure 4. The comparative flowering response of Nicotiana 
sylvestris genotypes that under-produce either phyA or phyB to 
naturally increasing photoperiods from January to April. Plants 
were grown for 10 weeks under short-day conditions in a growth 
chamber and then transferred on 1 January (day length = 9.3 h) to 
a greenhouse section without supplemental light. Columns with 
different letters are significantly different at P ≤ 0.05 level of 
confidence as determined by Tukey’s pair-wise comparison test 
following reciprocal transformation of the means.
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sensitivity by subjecting plants of the five genotypes to 2 h
night breaks with TF at various times during the 16 h night
such that all plants received a total of 10 h of light each day.
Table 2  shows that there was a definite periodicity in the
sensitivity to night breaks. With the exception of
SUA2 × SCB35, which did not flower regardless of the tim-
ing of the night break, maximum sensitivity of all other
genotypes was observed when the night breaks occurred
between 2200 and 0400 h. Night breaks imposed during this
period of maximum sensitivity resulted in little or no dif-
ference in the flowering times of WT, SCB35 and SOB36,
while SUA2 flowered about 4 months later. In contrast, a
2 h night break was least effective when imposed immedi-
ately before or after the main 8 h photoperiod (Table 2).

Although there were no significant differences in the
flowering responses of WT, SOB36 and SCB35 to the night
breaks in the middle of the dark period (i.e. the 6 h period
beginning 6 h and ending 12 h after termination of the main
photoperiod), altering expression levels of PHYB1 did
have a substantial effect on flowering times when the night
breaks were imposed at other times during the 16 h dark
period. When the night break was imposed at 1600–1800 h
(immediately after the main 8 h photoperiod), no flower
formation was observed in SOB36 plants. Even though
both WT and SCB35 eventually flowered, SCB35 flowered
nearly 7 weeks earlier than WT (Table 2). However, the
differences between the three genotypes gradually dimin-
ished as the timing of the night break approached the mid-
dle of the 16 h dark period when maximum sensitivity
occurred and no differences in the flowering responses
between genotypes were observed. Twelve hours after the
start of the dark period (0400 h), plants of all three geno-
types became less sensitive to the night break, with SOB36
and SCB35 exhibiting the greatest and least delay in flow-
ering, respectively. None of the genotypes flowered when
the night break was imposed just prior to the beginning of
the main 8 h light period (Table 2). In total, these results
indicate that there is a diurnal fluctuation in the inhibitory
action of phyB1, which is at a maximum during the day and

progressively declines until a minimum is reached some-
time between 14 and 20 h after the beginning of the main
light period.

SUA2 plants flowered only when the night breaks were
applied between 2200 and 0400 h, which corresponded to
the timing of the peak of maximum response observed in
the other genotypes; however, flower formation in SUA2
was considerably delayed (Table 2). This is consistent with
the observation that transformation with the antisense
PHYA1 gene resulted in substantial, but incomplete, sup-
pression of PHYA1 (Fig. 1c). Furthermore, SUA2 plants
flowered when the night breaks coincided with the period
during which PHYB1 inhibition was at its apparent mini-
mum (Table 2). This may indicate that the timing of the
maximum in the flowering response of SUA2 simply
reflects the minimum in the cycle of inhibitory action of
PHYB1. The existence of a second rhythm of light sensitiv-
ity with a positive or promotive role in flowering is also
possible. Evidence for such a rhythm, although not incon-
trovertible, is the observation that none of the genotypes,
including SCB35, flowered either in SD (Tables 1 & 2) or
when the night break was applied at 0600 h (Table 2),
despite suppression of PHYB1 expression. Conversely,
SUA2 did not flower when the night break was imposed at
1800 or 2000 h, during which PHYB1 inhibition of flower-
ing was clearly reduced to different degrees in the other
three genotypes (Table 2), suggesting that the positive
actions of PHYA1 and PHYB1 in LD-induced flowering
also exhibit a diurnal cycle of activity, but are 180° (or
nearly so) out of phase with the diurnal cycle of PHYB1
inhibition.

Phytochrome control of graft-transmissible 
flower promoting and inhibitory substances

From the results of the grafting experiments using
N. sylvestris scions as donors and a day-neutral tobacco
(N. tabacum) cultivar as the ‘indicator’ stocks, Lang and
coworkers concluded that photoperiodic control of

Table 2. The effect of timing of a 2 h night break on flower formation in transgenic plants

Time of night break

Genotype

Wild type SOB36 SCB35 SUA2 SUA2 × SCB35

Days to flower formation
1600–1800 h 121 ± 17 > 150 74 ± 6 > 150 > 150
1800–2000 h 71 ± 10 87 ± 4 40 ± 4 > 150 > 150
2000–2200 h 54 ± 5 79 ± 7 36 ± 4 > 150 > 150
2200–0000 h 39 ± 3 44 ± 4 34 ± 3 128 ± 10 > 150
0000–0200 h 35 ± 3 41 ± 6 31 ± 0 112 ± 16 > 150
0200–0400 h 34 ± 3 38 ± 8 32 ± 1 119 ± 24 > 150
0400–0600 h 66 ± 12 79 ± 4 41 ± 7 > 150 > 150
0600–0800 h > 150 > 150 > 150 > 150 > 150

Plants grown under short-day conditions (8 h natural light) were subjected daily to 2 h ‘night breaks’ with low intensity light from tungsten-
filament lamps at various times during the 16 h dark period. Values represent the means (± standard deviations) of the number of days from
initiation of the night break treatments until flower formation. Each treatment contained five plants.
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flowering in N. sylvestris is mediated by the production and
transport from the leaves of a graft-transmissible floral
inhibitor and promoter under non-inductive and inductive
photoperiods, respectively (Lang et al. 1977; Lang 1989).
Inasmuch as PHYB1 has an inhibitory role in flowering, it
is reasonable to infer that this inhibition is mediated
through PHYB1 control of production and/or transport of
the inhibitor.

Possible phytochrome control of transmissible sub-
stances that inhibit flower formation was investigated by
using the method developed by Lang et al. (1977) to assay
for the presence of flowering inhibitors in N. sylvestris. In
this system, the scion, which serves as the source of putative
inhibitory and promotive flowering signals, is grafted onto
a defoliated stock plant with all but one of its axillary buds
removed. This bud is allowed to grow out to serve as an
assay or ‘indicator’ shoot for the production of graft-
transmissible flowering signals. The stock is a day-neutral
line of tobacco. Flowering time in the indicator shoot from
a control graft combination containing a scion from the
same day-neutral line serves as a comparative measure by
which to ascertain the presence or absence of inhibitors
originating from the scion.

In the present work, scions from the various genotypes
of N. sylvestris were grafted onto indicator stocks derived
from the day-neutral tobacco cultivar ‘Wisconsin 38’
(Wis38). The graft combinations were then subjected to
either SD or LD (SD + 8 h TF extension) (Table 3).
Under SD, both the scions and the indicator shoots flow-
ered rapidly in Wis38/Wis38 control graft combinations. In
contrast there was no flower formation in the WT/Wis38
graft combinations under SD. However, both the WT
scion and the Wis38 indicator shoot flowered 45 and 33 d
after the transfer to LD. Consistent with the conclusions
of Lang et al. (1977), the suppression of flowering in the
day-neutral Wis38 indicator shoots in SD can be inter-
preted in terms of production and transport of a flowering

inhibitor by the WT N. sylvestris scions. However, there
was no difference in the flowering response of the Wis38
indicator shoots in the graft combinations with WT and
the SCB35 N sylvestris donor scions (Table 3). This, along
with the fact that the Wis38 indicator shoot in a graft com-
bination with SUA2 × SCB35 did not flower under either
SD or LD, indicates that altering phyB1 levels has no
effect on the production or transport of the putative flow-
ering inhibitor, as similarly suggested by Weller et al.
(2001) for pea.

There is more evidence that PHYA1 rather than PHYB1
regulates some aspect of the transmission of flowering sig-
nals: flowering in the Wis38 indicator shoots was only
observed under LD and if PHYA1 was fully expressed in
the scion (Table 3). Transfer to LD resulted in flowering of
both the indicator shoot and the scion of the SCB35/Wis38
and WT/Wis38 graft combinations, while no flowering was
observed in the SUA2/Wis38 and the SUA2 × SCB35/
Wis38 combinations. There are two equally plausible expla-
nations for these results. One interpretation is that PHYA1
suppresses a flowering inhibitor as proposed for pea
(Weller et al. 2001). However, the fact that the Wis38 indic-
tor shoot flowered only when the donor scion flowered
argues against this hypothesis and instead suggests that
PHYA1 mediates the LD-induced production of a pro-
moter that is required for flowering.

DISCUSSION

Roles of PHYA1 and PHYB1 in the photoperiodic 
control of flowering

In many respects, PHYA1 and PHYB1 function in a similar
manner in the obligate LDP N. sylvestris as their homologs
in Arabidopsis and pea, both quantitative LDP. In all three
species, phyA is clearly required for sensing day-length
extensions (Johnson et al. 1994; Bagnall et al. 1995; Weller

Table 3. Flower formation in grafts between various transgenic lines of Nicotiana sylvestris and a day-neutral cultivar of Nicotiana tabacum 
(var. Wisconsin 38)

Scion genotype

Short day Long day 

Scion Indicator Control Scion Indicator Control

Days to flower formation
Wis38 43 ± 3 44 ± 3 – – – –
Wild type > 140 > 140 > 140 101 ± 5 89 ± 2 85 ± 1
SCB35 > 140 > 140 > 140 100 ± 6 90 ± 3 84 ± 1
SUA2 > 140 > 140 > 140 > 140 > 140 136a

SUA2 × SCB35 > 140 > 140 > 140 > 140 > 140 > 140

aOnly one control SUA2 plant flowered during the experimental period.
Scions derived from plants of one of four genotypes of N. sylvestris were cleft-grafted onto stock plants of N. tabacum var. Wisconsin 38
under short-day conditions. After 56 d, five graft combinations with each genotype were transferred to long days (8 h natural light plus 8 h
day-length extension from tungsten-filament lamps), and five were maintained under short-day conditions. For comparison purposes, five
non-grafted plants of each N. sylvestris genotype from the group of plants used for grafting were included in each photoperiodic treatment
(‘control’). Values represent the means ± standard deviations of the number of days from the day that plants were grafted until the flower
formation in both the scion and the indicator shoot of the stock plant.
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et al. 1997) while phyB represses flowering under SD or
suboptimal LD (Reed et al. 1994; Bagnall et al. 1995;
Weller et al. 1995).

As has been observed in many LDP (Thomas & Vince-
Prue 1997), day-length extensions with mixtures of R and
FR light were most effective in promoting flowering in all
N. sylvestris genotypes; FR alone was not sufficient for
flower induction (Zheng 1999), while FR-deficient Flu
evoked a much weaker response than TF (Table 1). The
dual R and FR requirement for maximum induction is an
indication that, as in many other LDP, the day-length exten-
sion is sensed by a phytochrome-mediated high irradiance
response (HIR) mechanism (Mancinelli & Rabino 1978;
Thomas & Vince-Prue 1997).

This raises the question of whether a single photorecep-
tor senses both R and FR signals. It is assumed that phyA1
is the FR sensor for flower induction because it mediates
FR-induced inhibition of hypocotyl growth (Fig. 1a) and
because phyA appears to be the sensor mediating FR-
induced flowering in Arabidopsis (Johnson et al. 1994), and
FR-containing day-length extensions in pea (Weller et al.
1997, 2001). It remains unclear, however, if phyA1 is also
the receptor for red light required in the day-length exten-
sion in N. sylvestris. On the one hand, the HIR action
spectrum can be explained in terms of the kinetics of the
photochemical and dark reactions of a single phytochrome
species (Wall & Johnson 1983), but such models do not
easily explain the observation that phyB1-deficient SCB35
plants did not flower when subjected to day-length exten-
sions of Flu, but flower early with TF (Table 1). Even plants
of the phyA1 under-producing genotype SUA2, flowered,
albeit extremely late, under FR-deficient day-length exten-
sions with Flu (Table 1). This indicates that phyB1 has an
essential positive role in sensing day-length extensions in
N. sylvestris that contrasts with its apparent negative role
when the photoperiods are less than the critical day length.
Similar to its photosensory functions in seedling develop-
ment, phyB1 likely mediates R-induced processes in the
light-grown mature plants; in other words, PfrB1 is the
active form in the flower-induction process. Additional evi-
dence for separate but essential roles of the two phyto-
chrome species in sensing day-length extensions is the
observation that SUA2 × SCB35 flowered 7 weeks later
than SUA2 and nearly 15 weeks later than SCB35 when
plants were subjected to 8 h day-length extensions with TF
(Table 1). We conclude that the promotion of flowering by
day-length extensions is the result of a functional interac-
tion between phyA1 and phyB1. In addition, we presume
that the requirement for a mixture of R and FR is a reflec-
tion of the fact that Pfr and Pr forms of phyB1 and phyA1,
respectively, mediate the promotion of flowering by day-
length extensions.

The fact that SCB35 flowers as early as WT under 8 h TF
day-length extensions and yet did not flower under Flu
extensions of the same length (Table 2) seems at first glance
to be a direct contradiction of this model. But this can be
explained as follows. Although flowering in all genotypes
was induced by 8 h day-length extensions of either TF or

Flu (exception: SUA2 × SCB35), TF, which contains a high
proportion of FR (R:FR = 0.7), was much more effective
than Flu with an R:FR ratio of 5.9 (Table 1). Because the
promotive effects of FR are quantitatively dependent on
the absolute amounts of the Pr form of phyA1 (PrA1), Flu
is therefore substantially less effective than TF in inducing
flowering. Likewise, reducing the expression of PHYA1 will
result in lower absolute PrA1 levels in SUA2, which flowers
later than WT, regardless of the light source. The fact that
flowering in SUA2 is not completely suppressed under TF
or even Flu extensions is likely due to incomplete suppres-
sion of PHYA1 expression (Fig. 1c), although the redun-
dant action of another phytochrome cannot be completely
ruled out.

The component of the flowering response to day-length
extensions mediated by phyB1 will be related to the abso-
lute level of the Pfr form of this phytochrome (PfrB1).
However, the minimum level of PfrB1 required for flower
induction must be low because under an 8 h TF day-length
extension, SCB35 flowered at the same time as WT
(Table 1). The paradox of the failure of SCB35 to flower
with 8 h Flu day-length extensions can be explained by the
fact that under FR-deficient conditions, the combined lev-
els of PfrB1 and PrA1 are below some critical threshold
required for LD-induced flower induction.

The phyB requirement for sensing day-length extensions
has not been observed in Arabidopsis (Goto, Kumagai &
Koornneef 1991; Halliday, Thomas & Whitelam 1997) or
pea (Weller et al. 2001). This apparent discrepancy may be
due to the fact that, in contrast to N. sylvestris, both of these
species are quantitative LDP that ultimately flower in SD.
In other words, plants with a quantitative LD requirement
will flower in SD because other floral pathways such as the
autonomous or light-quality pathways (Boss et al. 2004) are
activated. In obligate LDP, such as N. sylvestris, these alter-
nate floral pathways may be greatly delayed or perhaps
non-existent.

Photoperiodic timing mechanisms in N. 
sylvestris: what is actually measured?

Photoperiodic timing mechanisms in LDP are thought to
be based on a circadian rhythm of sensitivity to light. A
general model to explain the involvement of circadian
rhythms is the external coincidence model in which there
is a daily cycle in the sensitivity to light such that flowering
is promoted when the light stimulus coincides with a light-
sensitive phase of a circadian cycle (Thomas & Vince-Prue
1997). The results presented in Table 2 are generally
consistent with the observations of other LDP and with the
external coincidence model, but suggest additional insights.
For example, it appears that there are two rhythms of light
sensitivity opposite in action and 180° out of phase with one
another with respect to the timing of maximum sensitivity
to light. One of these rhythms is inhibitory and is mediated
by PfrB1. Maximum sensitivity in the inhibitory rhythm to
light occurs during the period just prior to the initiation of
the main-light period (‘dawn’) and most likely continues for
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at least several hours. However, by 8 h after the beginning
of the main-light period, sensitivity to light begins to
decline, and reaches a minimum 14–20 h (Table 2). The sec-
ond rhythm of sensitivity to light is responsible for promo-
tion of flowering and is mediated by a combination of PrA1
and PfrB1; maximum sensitivity to light in this rhythm
occurs during the same period when inhibitory rhythm is
the least sensitive (Table 2). Thus, a major conclusion of this
model is that photoperiodic time measurement is not based
on the actual measurement of the duration of either the
light period or, as generally believed, the dark period (Lang
1965). This physiological model is generally consistent with
the model for molecular basis of photoperiodic control of
flowering in Arabidopsis proposed by Valverde et al.
(2004): the phyB-mediated inhibitory and phyA-promotive
rhythms in N. sylvestris correspond to the diurnal fluctua-
tion in phyB-induced degradation and phyA-mediated sta-
bilization of CO, respectively.

The physiological mechanisms underlying the control of
flowering by the two rhythms are not known, but grafting
experiments (Table 3) indicate that graft-transmissible sig-
nals are likely involved. As in the case of pea (Weller et al.
2001), the inhibitory rhythm apparently does not in-
volve phyB1-modulated transport or synthesis of a graft-
transmissible inhibitor (Table 3). In contrast, there is a
more compelling evidence for a role of the promotive
rhythm in regulating the production (or transport) of a
substance or substances that play a pivotal role in photope-
riodically induced flowering, because flower formation in
the Wis38 indicator shoots was only observed when the
N. sylvestris scion flowered (Table 3). During the receptive
phase of the promotive rhythm, light signals may induce the
suppression of a floral inhibitor as postulated for pea
(Weller et al. 2001). On the other hand, an equally plausible
explanation is that maintenance of the vegetative state in
SD is the result of the lack of a promoter, rather than the
presence of an inhibitor. By inference this flowering-pro-
moting signal could be the product of the N. sylvestris
ortholog of Arabidopsis FT (Ayre & Turgeon 2004; Huang
et al. 2005).

The existence of two rhythms, opposite in action and
out of phase also provides an explanation for the physio-
logical basis of the critical day length: this will be the time
after plants sense the beginning of the day when the activ-
ity of the promotive rhythm exceeds that of the inhibitory
rhythm, which for WT under our experimental conditions
is about 12 h (Zheng 1999). Variations in the sensitivity of
the two rhythms to light signals can lead to subtle, but
significant shifts in the critical day length. For example,
reduction in PHYB1 expression resulted in the shortening
of the critical day length in SCB35 plants maintained
under natural photoperiods, while the apparent critical
day length was longer than WT when PHYA1 expression
was inhibited in SUA2 plants (Fig. 4). Thus, clinal varia-
tions in critical day lengths for flowering (McMillan 1974)
and bud dormancy in trees (Håbjørg 1978) may be based
in part on genetic variation in the sensitivity of light-signal
perception.
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