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Abstract AtFPF1 (FLOWERING PROMOTING FAC-
TOR 1) is a gene that promotes flowering in Arabidopsis.
An expression vector containing AtFPF1 driven by a Ubi-
1 promoter was constructed. The gene was introduced
into rice callus by Agrobacterium-mediated transforma-
tion and fertile plants were obtained. The presence of
AtFPF1 in rice plants was confirmed by PCR, Southern
and Northern blot analyses, as well as by b-glucuronidase
assay. The results showed that, as in Arabidopsis, AtFPF1
reduced flowering time in rice. Furthermore, introduction
of AtFPF1 enhanced adventitious root formation but in-
hibited root growth in rice during the seedling stage. The
results suggest that AtFPF1 promotes flowering time in
both dicots and monocots, and plays a role in the initiation
of adventitious roots in rice.
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Abbreviations 6-BA: 6-Benzyladenine · GUS:
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Introduction

Since the ABC genetic model of floral development was
proposed (Coen and Meyerowitz 1991; Ge et al. 2001),
molecular and physiological characterization of the
mechanism that modulates flowering time has become an
important issue. It is now well established that develop-
mental genes in plants have conservative functions in
diverse species. LFY, a floral homeotic gene in Ara-
bidopsis, is able to promote flowering in heterogeneous
species such as tobacco and poplar (Populus tremula �
tremuloides) (Yong et al. 2000). Flower development in
rice, a monocotyledonous model plant, shares a similar
pattern of genetic control to that of Arabidopsis (Ge et al.
2001). A number of genes that affect floral development
in rice have been discovered that also have a conserved
function in other species. For example, constitutive ex-
pression of the rice gene OsMADS1 involved in floral
development also modulates flowering in tobacco (Chung
et al. 1994).

Flowering and floral development are very important
traits for cultivars in agriculture since they impact crop
yield. AtFPF1 (FLOWERING PROMOTING FACTOR 1)
is one of the important genes involved in the genetic
control of flowering time in Arabidopsis. It is expressed
in apical meristems immediately after photoperiodic in-
duction of flowering in long-day plants, which flower
only when exposed to long days (Kania et al. 1997).
During the transition to flowering, the FPF1 gene is ex-
pressed at the same time as LFY and earlier than AP1.
FPF1 modulates the acquisition of competence to flower
in the apical meristem. Overexpression of FPF1 leads to
early flowering in Arabidopsis (Kania et al. 1997; Melzer
et al. 1999). Plants doubly transgenic for the genes AP1
and FPF1 showed a synergistic effect in the shortening of
flowering time. The co-overexpression of FPF1 and LFY
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in Arabidopsis showed an additive reduction in flowering
time. FPF1 regulates flowering in Arabidopsis through an
independent pathway that is parallel to that of LFY and
AP1 (Melzer et al. 1999). So far, few functions of AtFPF1
other than floral development have been reported.

OsRAA1, the protein produced by another rice gene,
OsRAA1 (Oryza sativa root architecture associated 1),
shares 58% amino-acid sequence identity with AtFPF1,
and modulates root architecture and development (Ge et
al. 2004). In Arabidopsis, it has been reported that many
genes involved in auxin signal transduction control the
development of roots (Marchant et al. 2002). The AUX/
IAA family, the SAUR (small auxin up-regulated RNA)
family, and the GH3 family, all involved in root devel-
opment, are regulated by auxin in Arabidopsis. Previous
studies have confirmed that auxin controls its own re-
sponse through a feedback regulation by inducing
SCFTIR1-dependent degradation of AUX/IAA proteins
(Gray et al. 2001). Moreover, the auxin signal transduc-
tion pathway may be conserved between monocot and
dicot plants. Unlike in Arabidopsis, the molecular
mechanisms regulating the development of root system in
monocots remain largely unknown. There are several root
development mutants in maize and rice, but the genes
corresponding to these mutants have not been cloned
(Hochholdinger et al. 2001; Hao et al. 2002). Recently
OsRAA1, a homologue of FPF1, was reported by our
group (Ge et al. 2004). Overexpression of OsRAA1 in rice
leads to pleiotropic phenotypes including altered leaf,
flower and root development and root response to gravity,
which are mediated by auxin.

Little is known about the molecular mechanisms that
control root development in rice (Ge et al. 2004). Simi-
larly, the molecular genetic network of flowering in rice is
also unclear. In this context, studying the function of the
AtFPF1 gene in rice will help us to understand the
functional conservation of this dicot gene in a monocot
species. The specific aim of this study was to identify the
developmental role of AtFPF1 gene in rice. Constitutive

expression of AtFPF1 shows that it regulates flowering
and root development in rice.

Materials and methods

Rice (Oryza sativa L. ssp japonica, cv Zhonghua 10) obtained from
the Chinese Agricultural Academy of Sciences at Beijing, China,
was used in all the experiments. Plants were grown in a plant
growth chamber or a greenhouse at 30�C under a 12 h photoperiod.
The cDNA clone of AtFPF1 was a gift from Siegbert Melzer of the
Institute for Plant Sciences, Switzerland.

Construction of overexpression vector

A full-length cDNA of AtFPF1 gene from Arabidopsis was inserted
into SmaI and KpnI sites in the plasmid pUN130 to create an ex-
pression vector. The pUN1301 vector is derived from the pCAM-
BIA1301 series of binary vectors for Agrobacterium -mediated
plant transformation (Roberts et al. 1997). AtFPF1 was driven by a
maize Ubi-1 promoter (Christensen et al. 1992) (Fig. 1). The b-
glucuronidase (GUS) reporter gene, and the selectable marker gene
for hygromycin resistance (HYG) were driven by the cauliflower
mosaic virus (CaMV) 35S promoter. The integrity of expression
vector was confirmed by restriction analysis and DNA sequencing.

Agrobacterium-mediated transformation and analysis
of transgenic plants

Mature seeds were dehulled and surface sterilized in 10% (v/v)
Clorox (6% sodium hypochlorite) plus 0.2% (v/v) Tween 20
(Polysorbate 20) with vigorous shaking for 10 min. Following
rinsing with sterile distilled water, seeds were plated on callus in-
duction medium [MS medium (Murashige and Skoog 1962) plus
3.0 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), 500 mg/l gluta-
mine, 500 mg/l proline, 3% sucrose, 0.25% phytagel, pH 5.8] for
callus induction. Cultures were transferred at 25�C in the dark.

Embryogenic calli were visually selected and subcultured on
fresh callus-induction medium and kept in the dark at 25�C for
1 week before co-cultivation. The embryonic calli were infected for
3 days in the dark at 25�C with Agrobacterium tumefaciens
EHA105 containing a binary vector, as described by Huang et al.
(2000). Subculturing of transgenic calli was conducted every
2 weeks using MS medium containing 30 g/l sucrose, 1 mg/l a-

Fig. 1 Map of the vector used
in transformation. GUS b-Glu-
curonidase, Ubi maize ubiquitin
promoter, FPF1 flower promit-
ing factor 1
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naphthaleneacetic acid (NAA), 5 mg/l kinetin (KT), 5 g/l gelrite
and 50 mg/l hygromycin (Hyg). Transgenic calli were selected in a
nutrient broth (NB) medium containing Hyg (50 mg/l). NB medium
contains N6 major salts (Zhu et al. 1975) and minor salts, vitamins,
300 mg/l casamino acid, 500 mg/l proline, 500 mg/l glutamine,
30 mg/l sucrose and 7 mg/l agar, pH 5.8 (Wu and Chen 1987).
Antibiotic treatment and the entire selection process were per-
formed at 25�C in the dark. At 6 weeks after infection, Hyg-re-
sistant calli were regenerated into plants by cultivating in RE1-CH
differentiation medium (MS, 30 g/l sucrose, 25 g/l sorbitol, 500 mg/
l casamino acid, 300 mg/l cefotaxime, 50 mg/l hygromycin, and
2.5 g/l gelrite, pH 5.8) containing 3 mg/l 6-benzyladenine (6-BA),
2.5 mg/l KT, 0.2 mg/l zeatin (ZT), and subsequently in RE2-H
medium containing MS vitamins, one-quarter strength MS salts,
1 mg/l paclobutrazol, 0.5 mg/l NAA, 50 mg/l Hyg and 6.5 g/l agar
(pH 5.8). Plants were rooted on one-half strength MS medium (1/2
MS) containing 75 mg/l Hyg in the light (2,000 lx, 16 h light/8 h
dark) at 25�C for 14 days. GUS activity in transformed plants was
assayed using the method of Jefferson (1989). Transgenic plants
were grown in a greenhouse for collecting seeds.

Seeds of the T1 generation were germinated in 1/2 MS con-
taining 75 mg/l Hyg and GUS gene expression in roots was as-
sayed. As a control, non-transgenic seeds were germinated under
the same conditions except for the absence of Hyg in the medium.
The number of roots at the seedling stage was counted. At the
flowering stage, the numbers of secondary branches on spikes,
denoted as the number of spikelets per plant, were monitored.
The number of days before floral emergence was monitored in
each transgenic line, as well as in non-transgenic plants. Data
were subject to t-test using the software Origin 6.1 (http://
www.originlab.com).

PCR identification

Seeds for molecular analysis were placed on 1/2 MS plus 75 mg/l
Hyg for germination. About 3 weeks after germination, fresh leaf
tissue was collected and genomic DNA was isolated according to
the method described by Dellaporta et al. (1983). Both primers in
PCR were designed based on the cDNA sequence of FPF1 open
reading frame (ORF). The forward primer was 50-GCACGA GTC
ATG TCA GGC GTG T30 and the reverse primer was 50-AAT
GGG AGT CTC GGA CAT GGA A-30. PCR was carried out for 30
cycles under the following conditions: initial incubation at 94�C for
2 min, 94�C for 1 min for denaturation, 58�C for 1 min for an-
nealing and 72�C for 1 min for extension, with an additional ex-
tension step at 72�C for 10 min in the last cycle. The expected size
of the PCR product was 300 bp.

Southern blot analysis

Genomic DNA was extracted from tissues as described by Della-
porta et al. (1983). Genomic DNA extracted from 10 mg material
was digested with restriction enzymes (EcoRI and HindIII) and
fractionated on a 1.0% agarose gel. After the DNA was blotted onto
positively charged nylon membranes (Boehringer Mannheim,
Germany), the blots were pre-hybridized and hybridized as previ-
ously described (Ge et al. 2000). cDNA of AtFPF1 was labelled by
[32P]CTP for the hybridization. Pre-hybridization (6� SSC, 5�
Denhardt’s, 0.5%SDS, 10 mg/ml salmon sperm DNA) and hy-
bridization (6� SSC, 0.5%SDS, 10 mg/ml salmon sperm DNA)
were carried out at 65�C for 3 and 17 h, respectively. Blots were
washed once with 2� SSC buffer plus 0.5% sodium dodecyl sul-
phate (SDS) at room temperature for 5 min followed with 2� SSC
buffer plus 0.1% SDS at room temperature for 15 min, and then
washed in 0.1� SSC plus 0.1% SDS at 65�C for 20 min. An au-
toradiograph of the DNA blots was obtained by exposing the blot to
X-ray film at �80�C.

Northern blot analysis

Total RNA was isolated from root and leaf tissues using the
RNeasy plant mini kit (Qiagen, Hilden, Germany). Total RNA (15
mg) was electrophoretically separated and transferred onto a nylon
membrane (Hybond N+) as described by Ge et al. (2000). AtFPF1
cDNA from Arabidopsis labeled with [32P]dCTP was used as the
probe for hybridization. After hybridization for 20 h at 68�C, the
membrane was washed once with 2� SSC plus 0.1% SDS at 68�C
for 20 min, then washed with 1� SSC plus 0.1% SDS at 37�C for
30 min and exposed to X-ray film at �70�C for 3–7 days.

Histochemical analysis of GUS activity

Analysis of GUS activity was performed according to the method
described by Jefferson (1989). Hyg-resistant calli and shoots of
transgenic plant seedlings were incubated in a GUS staining solu-
tion [containing 100 mM Na-phosphate buffer at pH 7.0, 10 mM
EDTA, 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, 0.1% Triton X-
100, and 1 mM X-Gluc] at 37�C for 12 h. All samples were vac-
uum-infiltrated for 5 min prior to incubation.

Results and discussion

Integration of the AtFPF1 gene into the rice genome

The AtPFP1 gene driven by a maize Ubi-1 promoter was
successfully introduced into the rice genome by Agro-
bacterium-mediated transformation. The transformation
efficiencies with the control vector pUN1301 and the
FPF1-expressing vector were 52.9% and 32.9%, respec-
tively, based on the number of calli growing on selective
medium. Nearly 57% of the selected calli showed positive
GUS staining. Among the 129 AtFPF1 transgenic plants
regenerated, 84% (105 plants) were GUS positive in the
experiment. Plants from calli were defined as the T0
generation. The T1 transgenic lines were termed fot-1
(FPF1 overexpression transgenic line), fot-2, fot-3, and so
on. Transgenic T1 seeds were selected by germinating on
Hyg-containing medium and then staining for GUS ac-
tivity (data not shown). In Hyg-resistant plants, typical
GUS staining always appeared at outer tissues of the
shoot while there was no staining in the non-transformed
plants (Fig. 2). Eight T1 transgenic lines (fot-1 to fot-8)
were obtained. The T1 plants were further confirmed by
PCR (Fig. 3a) and Southern blot assays (Fig. 3b). The
expected PCR product of 300 bp was sequenced to con-
firm integration of FPF1 transgene. This PCR product
was present in all the transgenic plant lines tested
(Fig. 3a). Southern blots probed with the AtFPF1 cDNA
showed the presence of 2–4 bands in the range of 2–20 kb
in different transgenic lines (fot-1, fot-2, fot-3, fot-4). No
detectable signal was observed in non-transformed plants
(Fig. 3b). Sequence analysis showed that EcoRI and
HindIII restriction sites were absent in the AtFPF1 coding
region (data not shown), suggesting that multiple copies
of AtFPF1 were integrated into different genomic loci of
the transgenic plants tested. All transgenic plants were
further identified by either Northern blot or RT-PCR (data
not shown). Results of Northern blot analysis showed that
a strong hybridization signal was detected in both roots
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and leaves in all transgenic lines, whereas no signal was
observed in the same tissues of wild type plants under the
same growth conditions (Fig. 4).

Effect of AtFPF1 on flowering and root development
in rice

AtFPF1 transgenic plants showed a clear phenotype in
flowering time (Table 1, Fig. 5). The transgenic lines fot-
1, fot-2, fot-3, fot-4 flowered 15–21 days earlier than the
control plants under the same growth conditions. Statis-
tical analysis showed that the average number of sec-
ondary branches in spikes (spikelets) in the transgenic
plants (5.6–7.8) was significantly less than that in the
control (8.8) (Table 1). Moreover, flowering duration of
transgenic plants (5 days) was shorter than that of non-
transformed plants (9 days) under the same conditions
(Table 1). On average, transgenic plants ripened 13 days
earlier than non-transgenic plants (Table 1). The reduc-
tion in flowering time of the transgenic rice plants was
similar to that observed in transgenic Arabidopsis (Kania
et al. 1997).

Root developmental changes were observed in AtFTP1
transgenic rice plants (Fig. 6). Initiation of adventitious
roots was affected more than root growth (Tables 2, 3).
The inhibition of growth (length) was noticed in the

Fig. 2 Histochemical GUS
staining of shoot transverse
section in fot-1 transgenic
(right) and non-transgenic (left)
plants

Fig. 3a,b Identification of T1
transgenic plants. a PCR anal-
ysis. Lanes: 1 Molecular weight
markers; 2 single 50end primer;
3 single 30 end primer; 4 nega-
tive control (water); 5 positive
control (plasmid DNA); 6 non-
transgenic plant, 7–9 transgenic
lines fot-1, fot-2, fot-3, respec-
tively. b Southern blot analysis.
Lanes: 1 Molecular weight
markers; 2, 7 non-transgenic
plants; 3, 8 fot-1; 4, 9 fot-2;
5, 10 fot-3; 6, 11 fot-4 trans-
genic lines. Lanes 2–6, genomic
DNA digested by EcoRI; lanes
7–11, genomic DNA digested
by HindIII. Arrows AtFPF1
hybridizing fragments

Fig. 4 Northern blot analysis of FPF1 expression in transgenic
plants. WT Non-transgenic wildtype, Transgenic transgenic plant
line fot-1. Upper panel Hybridization signal with AtFPF1, lower
panel RNA stained with ethidium bromide as a loading control
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seedling stage but was not discernible in the mature
phase. In the seedling stage, inhibition was more promi-
nent for fourth adventitious roots than with first, second
and third (Table 3). The percentage of long roots (>1 cm)
in the transgenic lines (68.1%) was much lower than that
in the control (81.7%) in 9-day-old seedlings (Table 2). In
both seedlings and mature plants, more adventitious roots
grew in transgenic plants (Fig. 6), which indicated a
promoting effect of AtFPF1 on initiation and develop-

ment of adventitious roots in rice. Statistical analysis
showed that numbers of total and adventitious roots in
transgenic plants were significantly higher than in non-
transformed plants (P<0.05).

FPF1 protein was first studied as a promoter of flow-
ering in mustard (Sinapis alba) (Kania et al. 1997; Melzer
et al. 1990). It was reported that FPF1 is involved in a
GA-dependent signaling pathway (Kania et al. 1997), and
that it may work synergistically with AP1 and LFY to
regulate shoot apical meristem competence for flowering
(Melzer et al. 1999). Constitutive expression of FPF1 in
Arabidopsis leads to early flowering under both long-day
and short-day conditions, and leads to a shortened juve-
nile phase as measured by the trichome distribution on the
abaxial leaf surface. Overexpression of AtFPF1 in rice
caused an early flowering phenotype. Meanwhile, trans-
genic rice plants displayed a shortened flowering phase
and ripened faster (Table 2), suggesting that the function
of AtFPF1 in promoting flowering is conserved in both
monocots and dicots.

Flower and root development are traits that directly
impact crop yield. Information on genes involved in the
control of both root development and flowering are lim-
ited (Ge et al. 2004). MADS box genes are involved in the
control of flower development and at least one such gene
controls root development (Zhang and Forde 1998). When
the AtFPF1 gene was introduced into rice, transgenic
plants headed earlier than non-transformed control plants.
The model of FPF1 modulating flowering time in Ara-
bidopsis may explain the altered flowering phenotype in
transgenic rice. FPF1 modulates competence for flower-
ing through the pathway mediated by LFY and/or some
other alternate pathway (Melzer et al. 1999). Root initi-
ation was promoted but root growth was suppressed in the
transgenic plants during the seedling stage, which totally
matched the behavior of OsRAA1 transgenic rice plants
(Ge et al. 2004). Notably, constitutive expression of Os-
RAA1 also modulates flowering time in rice (Ge et al.
2004).

In conclusion, the AtFPF1 transgene leads to altered
flowering time and root development in rice, showing that
its function is conserved in both dicots (Arabidopsis) and
monocots (rice). It is likely that FPF1 could be exploited
for agricultural and horticultural crop improvement. As in
Arabidopsis (Kania et al. 1997), the modulating effects of
FPF1 in floral development in rice may include the GA

Table 1 Statistical analysis of flowering time and spike growth in
AtFPF1 transgenic plants. The total number of plants used per
experiment was 30–40; 10–15 plants were examined for each ex-

periment or for each treatment. Four independent transgenic lines
(fot-1, fot-2, fot-3, fot-4) of the T1 generation with positive b-
glucuronidase (GUS) staining signals were used in the experiments

Transgenic lines

Non-transformed fot-1 fot-2 fot-3 fot-4

Number of spikelets 8.8€0.7 5.9€0.5** 5.6€0.8** 7.8€0.6** 7.6€0.9**
Reduction in flowering time (days) 0 18.4€2.5 21.2€3.2 14.8€4.1 15.5€5.2
Flowering duration (days) 9.6€0.8 5.8€0.5** 5.7€0.6** 5.2€0.4** 5.5€0.7**
Number of days reduced for ripening 0 12.3€0.4 14.1€0.7 11.8€0.8 13.5€0.9

** Significant difference between non-transgenic and transgenic plant populations as determined by repeated-measures analysis of
variance (two samples t-test conducted using Origin 6.0; P<0.01)

Fig. 5 Effect of AtFPF1 transgene on flowering time. WT Non-
transgenic wildtype, AtFPF1, representative AtFPF1 transgenic
rice plants (fot-1) at 115 days after germination. The flowers were
8 days from heading
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signal transduction pathway. However, nothing is known
about the biochemical mechanism controlling AtFPF1
action in root development,.
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