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Introduction
All the wild species in the genus Rosa are non-recurrent 

flowering (NF) except Chinese rose (Rosa chinensis), the trait 
of recurrent flowering (RF) became the fundamental charac-
ter in modern roses, which not only enriches the landscape 
but also enables year-round production of cut roses in culti-
vation. Investigation of the molecular mechanisms for the RF 
trait is important for plant developmental biology and may 
be applicable for molecular breeding of flowering time in or-
namental plants.

The RF trait is controlled by a recessive monogene 
(Debener, 1999), which has been selected as an essential 
character in modern roses. In a previous study, we observed 
that expression of ROSA TERMINAL FLOWER 1c (RoTFL1c) at 
four developmental stages in R. chinensis (a RF species) and 
modern rose cultivars is far lower than in R. rugosa, R. mul-
tiflora, and other non-recurrent flowering (NF) species. 
Thus, it was presumed that a low expression level or loss-of-
function of RoTFL1c releases the inhibition of LEAFY (LFY), 
a downstream target gene in flower development, which 
then induces initiation of the floral meristem and produces 
flower organs, whereas in NF species, the LFY is inhibited 
by RTFL1c, and the floral meristem identity can’t be induced 
(Wang et al., 2012). In addition, RoKSN (a TFL1 homologue 
of rose) is a repressor of RF in rose and strawberry (Iwata et 
al., 2012). Transcription of RoKSN is blocked in RF roses be-
cause of the insertion of a retrotransposon, and the absence 
of the floral repressor results in RF. Both of these studies in-
dicate that the expression patterns of TFL1 homologues are 
associated with RF. As a floral meristem identity gene, LFY is 
a downstream target gene of TFL1 homologues in the regula-
tory network of flower development in Arabidopsis (Parcy et 
al., 2002). TFL1 suppresses the expression of LFY and, con-
versely, LFY negatively regulates the expression of TFL1.

Applications of GA to axillary shoots in March inhib-
ited floral development in ‘Félicité et Perpétue’ (hybrid of 
R. sempervirens) but not in ‘Little White Pet’ (Roberts et al., 
1999). LFY occupies a hinge location in the GA and photo-
period signal transduction pathways during flower evoca-
tion (Mouradov et al., 2002; Izawa et al., 2003; Amasino et 
al., 2004; Boss et al., 2004). Flowering is promoted by GA 
through activation of the LFY promoter, whereas a negative 
regulatory gene in GA signaling, SPINDLY (SPY ), suppresses 
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 Summary
Recurrent flowering is an important character-

istic in modern roses. Previous studies indicate that 
RoTFL1 (RTFL1c, RoKSN) plays an important role in 
this trait, but homologues of its downstream target 
gene LEAFY (LFY ) have not been identified in roses. 
In this study, we isolated LFY homologues from three 
Rosa species (here collectively designated Rosa LEAFY 
[RoLFY ]) with recurrent or non-recurrent flower-
ing habits. The RoLFY genes were isolated from Rosa 
chinensis, R. multiflora, and R. rugosa using a com-
bination of degenerate and gene-specific primers 
by thermal asymmetric interlaced-PCR and normal 
PCR. The full-length cDNA was 2142 bp. The coding 
sequence was 1242 bp and encoded 413 amino acids. 
The sequence identity among the three species was 
96.1%, compared with 57.2% with Arabidopsis LFY. 
A phylogenetic analysis clustered the RoLFY proteins 
in one group, which was most similar to LFY homo-
logues of strawberry (FaLFY ) within the Rosaceae. 
The deduced tertiary structure of the RoLFY proteins 
was almost identical and the domains were consist-
ent with those of FaLFY-2 from strawberry. The RoLFY 
protein was localized in the nucleus consistent with 
other transcription factors. Over-expression of RoLFY 
promoted reproductive growth and earlier flowering 
in transgenic Arabidopsis. Marked differences in ex-
pression levels were detected during early flower bud 
development, but not at subsequent stages, among 
the non-recurrent flowering R. multiflora and R. ru-
gosa, and the recurrent flowering R. chinensis. These 
results suggest that once floral initiation is complete, 
recurrent-flowering roses can flower continuously 
without repeated accumulation of RoLFY mRNA.

Keywords
continuous flowering, expression pattern, floral 
meristem identity gene, rose, transcription factor, 
transformation

Significance of this study
What is already known on this subject?
• Inhibition of RoTFL1 leads to recurrent flowering in 

roses. Homologues of LFY, a target gene of TFL1, have 
not been isolated and identified previously from roses. 

What are the new findings?
• RoLFY accelerates flowering of transgenic Arabidopsis. 

After floral initiation, recurrent-flowering roses flower 
continuously without repeated accumulation of RoLFY 
mRNA.

What is the expected impact on horticulture?
• Isolation of RoLFY will aid understanding of the 

regulatory network in recurrent flowering genotypes, 
and enable genetic modification of flowering behavior.
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the expression of LFY. RoSPY in roses is co-located with the 
RECURRENT BLOOMING (FLOWERING) locus, thus it may be 
associated with RF (Remay et al., 2009). Therefore, LFY is a 
key factor in GA-related RF.

LFY interacts with another floral control gene, APETALA1, 
to promote the transition from inflorescence to floral mer-
istem (Weigel et al., 1992), maintains the development of 
floral organs, and prevents the reversion of meristem iden-
tity (Mizukami et al., 1997). LFY is expressed throughout 
the vegetative growth phase, but the expression level in-
creases sharply before flowering under long-day conditions 
(Blazquez et al., 1997). LFY is activated when floral induction 
is complete, and is continuously expressed throughout the 
entire flower development process. The LFY protein accu-
mulates in the area surrounding the top of the inflorescence 
meristem (Weigel et al., 1992). Some LFY homologues have 
been isolated, including PpLFL in peach, FALSIFLORA in to-
mato, Zfl1 in the Andropogoneae, PcLFY in pear, and AFL2 in 
apple. LFY homologues are highly conserved, but their ex-
pression patterns differ among species. Unlike FLO, which is 
expressed only in floral meristems in Antirrhinum (Coen et 
al., 1990), LFY homologues are expressed in both vegetative 
and floral meristems in Arabidopsis, tobacco, tomato, and pea 
(Weigel et al., 1992; Kelly et al., 1995; Blazquez et al., 1997; 
Hofer et al., 1997). 

LFY is not only the target gene of RoTFL1, but also oc-
cupies a hinge location in GA-related RF and is associated 
with the molecular regulation of RECURRENT FLOWERING. 
Remay et al. (2009) cloned 32% (401 bp) of RoLFY mRNA 
from R. wichurana, and demonstrated that its transcript ac-
cumulation increased during spring and was associated with 
the flowering time of RF and NF roses. Iwata et al. (2012) 
observed that RoLFY mRNA is progressively accumulated 
during the flowering process in NF roses. To date, neither 
full-length LFY homologues from rose have been cloned, nor 
have the differential expression patterns between RF and NF 
roses during the whole growing season been determined. 

As the downstream target gene of RoTFL1, we hypoth-
esized that a high expression level of RoLFY is maintained in 
RF roses through release by the absence or low expression 
level of RoTFL1, whereas in NF roses RoLFY expression is 
inhibited by a high expression level of RoTFL1. Thus, we iso-
lated LFY homologues from R. chinensis (RF), R. rugosa and 
R. multiflora (both NF). We compared the coding sequence, 
amino acid sequence and tertiary structure of the proteins, 
explored phylogenetic relationships among LFY homologues 
and the subcellular localization of the protein, and investi-
gated its function through over-expression in transgenic 
Arabidopsis. In addition, the expression patterns in the re-
spective Rosa species were analyzed at different stages of 
flower development.

Materials and methods

Plant materials
Material of the NF species R. multiflora ‘Albo-plena’ and 

R. rugosa were obtained from the Beijing Botanical Garden 
(South Garden), Chinese Academy of Sciences, and mate-
rial of two cultivars of the RF species R. chinensis, ‘Slater’s 
Crimson China’ and ‘Parson’s Pink China’ (‘Old Blush’), were 
collected from the Beijing Botanical Garden (North Garden). 
Flower buds and young leaves were harvested on 5 April, 3 
May, 1 June, 14 July, and 4 September 2012, corresponding 
to five stages of flower development, i.e., flower bud (S1), 
pre-flowering (S2), flowering (S3), post-flowering (S4) and 

re-flowering (S5). There are various flower development 
stages on recurrent species, we can take the plant materials 
of same developmental stages from various species in a same 
day. The plant materials were snap-frozen in liquid nitrogen 
and stored at -80°C until use.

Isolation of rose LFY homologues
Genomic DNA was extracted from the flower buds using 

the cetyl trimethylammonium bromide (CTAB) method (Xu 
et al., 2004). Gene-specific primers (LFY-F-1 and LFY-R-1; 
Table 1) were designed according to the conserved sequence 
of Rosa LEAFY lodged in GenBank (FM999801.1, http://
www.ncbi.nlm.nih.gov/). LFY homologues were amplified 
using genomic DNA as a template. The 50-µL total reaction 
mixture contained 0.2 µg genomic DNA, 5 µL 10× LA Taq 
buffer including LA Taq DNA polymerase (Takara, Tokyo, 
Japan), 2 µL primer (10 µM), and 8 µL dNTPs (2.5 mM). The 
PCR conditions were 94°C for 3 min; 30 cycles of 94°C for 
30 s, 54°C for 30 s and 72°C for 2 min; and 72°C for 10 min. 
The PCR products were purified, ligated into the pGEM-T 
vector (Promega, Madison, WI, USA) and transformed into 
competent cells of Escherichia coli strain DH5α. The positive 
clones were sequenced (Invitrogen, Shanghai, China) and 
fragments of the LFY homologues were obtained.

Specific primers for thermal asymmetric interlaced-PCR 
(TAIL-PCR) were designed and synthesized based on the 
sequences of the fragments. Two arbitrary degenerate (AD) 
primers were also synthesized. The TAIL-PCR reaction mix-
ture contained 0.25 µM specific primer, 2.5 µM AD primer, 
and 80 ng genomic DNA of R. multiflora (as a template). The 
TAIL-PCR conditions are shown in Table S1. After the pri-
mary PCR, 1-µL aliquots of a 1:20 dilution of the primary 

Table 1.  Primers used for PCR to amplify RoLFY.

A  Degenerate primers for random fragments
LFY-F-1 CTACACGGCGGCGAAGATAG
LFY-R-1 GCTAGAGGCGGTGGCATTGT
B  SP primer for TAIL-PCR
LFY-SP1 GCCTTGGCCCGCAGCTATTTCC
LFY-SP2 GTGCCACCTCCCCAGCCTCAGT
LFY-SP3 TCCGCTTCTCCGCCGCCGTAAC
C  AD primers for TAIL-PCR
AD1 NGTCGA(G/C)(A/T)GANA(A/T)GAA
AD2 NTCGA(G/C)T(A/T)T(G/C)G(A/T)GTT
D  Gene-specific primers for full-length DNA 
LFY-F-2 ATGGATCCAGACGCCTTCTCT
LFY-R-2 CCTCAAACTCTCTCCCCCTTCA
E  Primers for cDNA cloning
LFY-F-3 ATGGATCCAGACGCCTTCTCT
LFY-R-3 CCTCAAACTCTCTCCCCCTTCA
F  Primers for real-time PCR
LFY-F-4 AGGCGAGAACATTGGGGCGTGGA
LFY-R-4 GCGGAGCTAGAGGCGGTGGCATT
TCTP-F GAGGGAGCAACCAAGTTTCTG
TCTP-R TGTAGTAGGCAAAGACCAAAGC
G  Primers for PCR and real-time PCR in transformation
RoLFY-CF AGGCGAGAACATTGGGGCGTGGA
RoLFY-CR GCGGAGCTAGAGGCGGTGGCATT
Actin-At-F TCTCTATGCCAGTGGTCGTA
Actin-At-R CCTCAGGACAACGGAATC
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TAIL-PCR amplification products were used as template in 
the secondary PCR. Similarly, after the secondary PCR, 1-µL 
aliquots of a 1:20 dilution of the secondary TAIL-PCR ampli-
fication products were used as template in the third PCR. The 
positive recombinant clones were sequenced.

RNA extraction and reverse transcription
Total RNA was extracted using the EASYspin Plant RNA 

Quick Extraction Kit (Aidlab Biotechnologies, Beijing, China). 
For first-strand cDNA synthesis, the 20 µL reaction mix-
ture contained 2 µg total RNA, 300 ng oligo(dT)18 (Takara) 
and 200 U Super-Script™ reverse transcriptase (Invitrogen, 
Carlsbad, CA, USA). The primers used for PCR were designed 
according to the deduced cDNA sequence based on the ob-
tained genomic DNA sequence. The cDNA sequences of the 
LFY homologues were amplified by RT-PCR with the primers 
LFY-F-3 and LFY-R-3 (Table 1). The 50 µL reaction mixture 
contained 2 µL reverse transcription product, 2 µL primers, 
5 µL 10× LA Taq buffer, 8 µL 2.5 mM dNTPs, 2.5 U LA Taq 
DNA polymerase, and ddH2O up to 50 µL. The PCR conditions 
were 94°C for 3 min; 30 cycles of 94°C for 30 s, 54°C for 30 s 
and 72°C for 70 s; and 72°C for 10 min.

Sequence and phylogenetic analyses
The cDNA sequences of the RoLFY homologues were 

compared using GenDoc version 2.7.0 (Free Software Foun-
dation, Inc., Boston, MA, USA). The amino acid sequences 
were predicted from the cDNA sequences and analyzed with 
Vector NTI® Advance version 10 (Invitrogen, Carlsbad, CA, 
USA) and GenDoc version 2.7.0.

To explore phylogenetic relationships among LFY homo-
logues, the predicted amino acid sequences for the RoLFY 
homologues were aligned with amino acid sequences for 
other LFY homologues downloaded from National Center for 
Biotechnology Information databases using ClustalX version 
1.83 (Thompson, 1997) with the default parameters. A phy-
logenetic tree was constructed using the neighbor-joining 
(NJ) method with MEGA 5.1 (Biodesign Institute, Tempe, AZ, 
USA) based on p-distances. The pairwise deletion option was 

used to handle gaps and missing data. The reliability of the 
tree topology was tested using the bootstrap method with 
1,000 replications. The tertiary structures of the RoLFY pro-
teins were predicted using Protein Model Portal at http://
expasy.org/proteomics/protein_structure.

Subcellular localization of RoLFY
The amplified open reading frame fragment of RoLFY was 

inserted into the vector pBI121-GFP via the restriction sites 
XbaI and BamHI, and positive clones of pBI121-RoLFY-GFP 
were identified by enzyme digestions. The RoLFY–GFP fusion 
gene was transformed into onion epidermal cells by particle 
bombardment, using the vector pBI121-GFP as a control. The 
onion epidermis was cultured on 1/2 strength Murashige 
and Skoog (MS) medium in the dark for 18 h, and then ob-
served under a laser scanning confocal microscope.

Over-expression of RoLFY in Arabidopsis thaliana
To investigate the function of RoLFY, we constructed the 

expression vector pBI121-RoLFY, which was transformed 
into wild ecotype Columbia-0 (Col-0) of Arabidopsis thali-
ana mediated by Agrobacterium tumefaciens. Arabidopsis 
thaliana Col-0 seeds, Escherichia coli JM109, A. tumefaciens 
LBA4404 and the pBI121 vector were provided by the State 
Key Laboratory of Plant Genomics, Institute of Microbiology, 
Chinese Academy of Sciences. Arabidopsis T1 seeds were 
obtained after transformation using the floral dip method 
(Clough and Bent, 1998). The seeds were germinated on 
MS + kanamycin (80 mg L-1) medium in an incubator with 
a 16/8 h (light/dark) photoperiod for about one week. 
Kanamycin-resistant T2 seedlings were transplanted into 
medium consisting of nutrient soil and vermiculite (1:2, v/v) 
and grown in a greenhouse. After two weeks, genomic DNA 
was extracted from leaves using the CTAB method (Xu et al., 
2004), and PCR was conducted using the primer pair RoLFY-
CF/CR (Table 1) and wild-type Arabidopsis as the control to 
confirm the presence of RoLFY in the selected T2 individu-
als. Total RNAs were extracted with TRIzol reagent, and real-
time RT-PCR was conducted with the primer pair RoLFY-CF/
CR. After the above molecular test, the Arabidopsis Col-0, 
pBI121-transformed plants and pBI121-RoLFY transgenic 
plants were grown in the nutrient soil/vermiculite mixture, 
and plant growth and flowering were carefully observed.

Semi-quantitative RT-PCR and real-time RT-PCR
To analyze the relationship between RoLFY expression 

and RF, we analyzed the expression patterns of RoLFY in the 
flower buds and leaves of R. multiflora, R. rugosa and R. chin-
ensis at five developmental stages using semi-quantitative 
RT-PCR and real-time RT-PCR. The primers used for PCR 
were designed according to the obtained cDNA sequences 
(LFY-F-4 and LFY-R-4; Table 1). The level of RNA was nor-
malized using TRANSLATIONALLY CONTROLLED TUMOR 
PROTEIN (TCTP) as a reference; TCTP primers (TCTP-F and 
TCTP-R; Table 1) were synthesized as previously described 
by Remay et al. (2009). All RNA extractions and PCR reac-
tions were repeated at least three times for each experimen-
tal material.

For semi-quantitative RT-PCR, the 25-µL reaction mix-
ture contained a 1-µL aliquot of 1:2 dilution of the reverse 
transcription product, 1.0 µM forward and reserve primers, 
1.25 U Taq DNA polymerase, 10 mM dNTPs, and 2.5 µL 10× 
Taq buffer. The RT-PCR conditions were as follows: 94°C for 
3 min; 30 cycles of 94°C for 30 s, 61°C for 30 s and 72°C for 
60 s; and 72°C for 10 min.

Table S1.  Cycle conditions used for TAIL-PCR.

Reaction Thermal settings No. of 
cycles

Primary 
PCR

94°C, 4 min; 95°C, 1 min   1
94°C, 1 min; 62°C, 1 min; 72°C, 2.5 min   5
94°C, 1 min; 25°C, 3 min; ramping to 
72°C in 3 min; 72°C, 2.5 min   1

94°C, 35 s; 68°C, 1 min; 72°C, 2.5 min; 
94°C, 35 s; 68°C, 1 min; 72°C, 2.5 min; 
94°C, 35 s; 44°C, 1 min; 72°C, 2.5 min

15

72°C, 5 min   1

Secondary 
PCR

94°C, 4 min   1
94°C, 35 s; 64°C, 1 min; 72°C, 2.5 min; 
94°C, 35 s; 64°C, 1 min; 72°C, 2.5 min; 
94°C, 35 s; 44°C, 1 min; 72°C, 2.5 min; 
94°C, 35 s; 64°C, 1 min; 72°C, 2.5 min; 
94°C, 35 s; 64°C, 1 min; 72°C, 2.5 min

12

72°C, 5 min   1

Third 
PCR

94°C, 4 min   1
94°C, 50 s; 44°C, 1 min; 72°C, 2.5 min 20
72°C, 10 min   1
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Real-time RT-PCR was performed using the SYBR® Green 
PCR Master Mix Kit (Takara) with a real-time PCR instru-
ment (DNA Engine Opticon® 2 Continuous Fluorescence 
Detector, MJ Research, Inc., Waltham, MA, USA). The 20-µL 
reaction mixture contained a 1.6-µL aliquot of 1:5 dilution of 
the reverse transcription product, 12 µL 2× SYBR Green PCR 
Master mix, and 0.4 µM forward and reserve primers. The 
real time RT-PCR conditions were as follows: 94°C for 3 min; 
44 cycles of 94°C for 30 s, 61°C for 30 s and 72°C for 30 s; and 
72°C for 10 min. The relative expression levels were calcu-
lated from threshold cycle (CT) values of the RoLFY and TCTP 
genes, using the following formula (Hayeshi, 2008): relative 
mRNA expression level = 2−ΔCT, where ΔCT= CT LFY gene− CT TCTP gene. 
Data from three replicates were used to calculate standard 
errors. Student’s t-tests were performed to compare means 
using a significance level of P ≤ 0.05 or P ≤ 0.01.

Results

Cloning and sequencing of LFY homologues
Full-length LFY homologues were cloned from R. mul-

tiflora, R. rugosa and R. chinensis ‘Slater’s Crimson China’ 
and ‘Old Blush’ by TAIL-PCR and PCR (Figure S1), and were 
designated RmLFY (R. multiflora LEAFY ), RrLFY (R. rugosa 
LEAFY ), RcLFY (R. chinensis ‘Slater’s Crimson China’ LEAFY ) 
and RpLFY (R. chinensis ‘Old Blush/Parson’s Pink China’ 
LEAFY ), respectively. RmLFY, RrLFY and RcLFY were of the 
same length at 2142 bp, whereas RpLFY was 2131 bp. The 
cDNA fragments amplified by RT-PCR of the former three 
genes were also of identical length (1274 bp; Figure 1), and 
contained the complete coding sequence (CDS) of 1242 bp 
that encoded 413 amino acids, whereas the cDNA of RpLFY 
was 1262 bp and contained a complete CDS of 1230 bp that 
encoded 409 amino acids.

Comparison of the deduced amino acid sequences in-
dicated that RmLFY, RrLFY and RcLFY showed more than 
99.5% identity, but slightly lower (97.3%) when RpLFY 
was included (Table S2). Sequence alignment indicated that 
RpLFY lacked four alanine residues (A) at positions 43–46 
compared with the other three genes (Figure 1). The se-
quence identity between RmLFY and RoLFY (Remay et al., 
2009) or LFY was 96.1% or 57.2%, which was higher than 
that between AlsLFY (BAL70386.1) from Alstroemeria and 
LFY.

Phylogenetic and structural analysis of RoLFY
Because only one-third of the RoLFY CDS was available, it 

was excluded from the phylogenetic analysis. The NJ tree of 
17 LFY homologues based on amino acid sequences (Figure 
2) showed that the four rose LFY homologues formed a clus-
ter sister to FaLFY from strawberry (Fragaria ×ananassa), 
to which RmLFY and RrLFY showed the highest similarity. 
Within the Rosaceae, the rose LFY homologues showed high 
identity to FaLFY, PpLFL from Prunus persica, AFL2 from 
Malus ×domestica, PpLFY-2 from Pyrus pyrifolia, CoLFY-2 
from Cydonia oblonga, and EjLFY-2 from Eriobotrya japonica. 
Some woody species, such as Juglandaceae Carya cathayensis 
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FIGURE	S1.  Full-length cloning of LFY homologues (A) and their cDNAs (B) from three rose 
species. Lanes 1 and 2, Rosa	multiflora. Lanes 3 and 4, R.	rugosa. Lanes 5 and 6, R.	chinensis	
‘Slater’s Crimson China’. Lanes 7 and 8, R.	chinensis ‘Parson’s Pink China’. Lane 9, negative 
control. M, 1 kb marker. 
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Table S2.  Identity (%) of coding sequences (CDSs) and 
predicted amino acid sequences of RoLFY mRNAs.

LFY homologues
Identity (%) of CDS/amino acids

RrLFY RcLFY RpLFY
RmLFY 99.9 /99.8 99.6 /99 97.7 /97.6
RrLFY 99.5 /98.8 97.6 /97.3
RcLFY 97.3 /96.6

Figure S1.  Full-length cloning of LFY 
homologues (A) and their cDNAs (B) 
from three rose species. Lanes 1 and 2, 
Rosa multiflora. Lanes 3 and 4, R. rugo-
sa. Lanes 5 and 6, R. chinensis ‘Slater’s 
Crimson China’. Lanes 7 and 8, R. chin-
ensis ‘Parson’s Pink China’. Lane 9, neg-
ative control. M, 1 kb marker.
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FIGURE	1.  Comparison of amino acid sequences of RoLFY proteins. The black boxes show, 
from top to bottom, the alanine-rich, acidic middle, and highly-conserved C-terminal do-
mains. 
 
  

Figure 1.  Comparison of amino acid sequences of RoLFY proteins. The black boxes show, from top to bottom, the alanine-
rich, acidic middle, and highly-conserved C-terminal domains.

Figure 2.  Phylogenetic tree for LFY hom-
ologues constructed using the neighbor-
joining method derived from deduced 
amino acid sequences. GenBank acces-
sion numbers are as follows: Fragaria 
×ananassa (FaLFY-1, AFA42323; FaLFY-2, 
AFA42324; FaLFY-3, AFA42325), Cydonia 
oblonga (CoLFY-2, BAD10958), Pyrus py-
rifolia (PpLFY-2, BAD10956), Malus ×do-
mestica (AFL2, BAB83097), Eriobotrya 
japonica (EjLFY-2, BAD10960), Mangifera 
indica (MSLFY, ADX97318), Carya cathay-
ensis (CcLFY, ABI58284), Prunus persica 
(PpLFL, ABM63321), Juglans regia 
(JRoLFY, AEO14879), Dimocarpus longan 
(DlLFY, ABP02007), Arabidopsis thaliana 
(LFY, NP_200993), Antirrhinum majus 
(FLO, AAA62574).
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(CcLFY), Juglandaceae Juglans regia (JRoLFY), Sapindaceae 
Dimocarpus longa (DlLFY) and Anacardiaceae Mangifera 
indica (MSLFY), were placed between the Rosaceae species 
and Brassicaceae Arabidopsis thaliana (LFY). 

The RoLFY protein possesses characteristic domains, in-
cluding highly conserved C-terminal, acidic middle, and Ala-
rich N-terminal domains (Figure 1). The deduced tertiary 
structures of RmLFY, RrLFY, RpLFY, and RcLFY were almost 
identical, irrespective of differences in individual amino  
acids. The domains in RoLFY were consistent with those of 
FaLFY-2 from F. ×ananassa, but slightly different from those 
of Arabidopsis LFY (Figure 3). There is only one different do-

main in the acidic middle, where the LFY is connective, the 
RoLFY and FaLFY-2 are opened.

The identities of the CDSs and encoded proteins from 
RmLFY, RrLFY, RpLFY, and RcLFY were more than 96.3%. The 
proteins shared the same motifs as LFY, and their tertiary 
structure was almost identical to that of FaLFY. Therefore, 
we hereafter collectively refer to RmLFY, RrLFY, RpLFY, and 
RcLFY as RoLFY (Rosa Leafy), consistent with the terminol-
ogy used by Remay et al. (2009). 

Subcellular localization of RoLFY
Expression of the RoLFY-GFP fusion protein in onion epi-

dermal cells was mainly localized in the nucleus, whereas the 
GFP protein was localized in both the nucleus and cytoplasm 
(Figure 4). These results were consistent with the localiza-
tion characteristics of transcription factors. 

Over-expression of RoLFY in Arabidopsis thaliana
After transformation, many T1 seeds were obtained 

and sown on MS + Kanamycin 80 mg L-1 (140 petri dishes, 
~1,000 seeds dish-1). We obtained 48 through RT-PCR analy-
sis kanamycin-resistant seedlings (0.03% of which four died 
at the seedling stage), we identified 27 positive RoLFY over-
expressing plants from the surviving 44 kanamycin-resistant 
plants (Figure 5). Real-time RT-PCR analysis showed that 
the relative expression level of RoLFY in the transgenic lines 
RoLFY-7, -13, -19 and -25 was remarkably higher than that of 
the control pBI121-transformed line (Figure 5). 

The number of rosette leaves for the transgenic lines 
RoLFY-7, -13, -19 and -25 was 6.7, 6, 6.5, and 6.9, respec-
tively, which was less than 10.9 in the pBI121-transformed 
control, and the number for RoLFY-13 was significantly dif-
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FIGURE	3.  Predicted tertiary structure of LFY, FaLFY-2, and RoLFY. Arrows indicate the var-
iable domain. 
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FIGURE	4.  Subcellular localization of RoLFY in onion epidermal cells. (A and B) GFP signal 
localized in the cell nucleus and the cytoplasm; (C and D) RoLFY-GFP fusion protein signal 
localized mainly in the cell nucleus. 
 
  

Figure 3.  Predicted tertiary structure of LFY, FaLFY-2, and 
RoLFY. Arrows indicate the variable domain.

Figure 4.  Subcellular localization of 
RoLFY in onion epidermal cells. (A 
and B) GFP signal localized in the cell 
nucleus and the cytoplasm; (C and D) 
RoLFY-GFP fusion protein signal lo-
calized mainly in the cell nucleus.
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Figure 5.  Relative expression level of RoLFY in transgenic Arabidopsis detected by PCR (A) 
and real-time RT-PCR (B). (A) 1, Positive control; 2, wild type; 3, blank control; 4, marker II; 
5–25, Arabidopsis plants transformed with RoLFY. (B) RoLFY-7, -13, -19 and -25 are four 
transgenic lines expressing RoLFY; pBI121 is Arabidopsis expressing the pBI121 empty vec-
tor. * and ** indicate a significant difference at P≤0.05 and P≤0.01, respectively (Student’s 
t-test). 
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FIGURE	6.  Phenotypes of transgenic Arabidopsis expressing RoLFY and pBI121. (A) Compar-
ison of overall growth habits; (B) comparison of rosette leaf and lateral shoot. RoLFY-7, 
RoLFY-13, RoLFY-19, and RoLFY-25 are the four transgenic lines expressing RoLFY; pBI121 
is Arabidopsis expressing the pBI121 empty vector. 
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Figure 6.  Phenotypes of transgenic Arabidopsis expressing 
RoLFY and pBI121. (A) Comparison of overall growth habits; 
(B) comparison of rosette leaf and lateral shoot. RoLFY-7, 
RoLFY-13, RoLFY-19, and RoLFY-25 are the four transgenic 
lines expressing RoLFY; pBI121 is Arabidopsis expressing the 
pBI121 empty vector.
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ferent (P ≤ 0.05). The transgenic lines RoLFY-7, -13, -19, and 
-25 flowered 17.2, 14.6, 16.3, and 14.9 days after transplant-
ing, respectively, which was earlier than the control (22.9 
days after transplanted). The pBI121-RoLFY transgenic lines 
produced 3–5 shoots with single flowers borne from the ax-
ils of rosette leaves, i.e., the inflorescence was determinate 
rather than indeterminate; while the control pBI121 exhib-
ited rosette leaves without any reproductive organs at the 
same time. Axillary shoots from the inflorescence stem also 
produced single flowers. In addition, the leaves on the inflo-
rescence stem were crimped (Figure 6).

Expression patterns of RoLFY in RF and NF roses
The RT-PCR assay showed that the RoLFY expression lev-

el gradually increased during the process of floral develop-
ment in the NF R. multiflora (RmLFY ) and R. rugosa (RrLFY ). 
In the RF R. chinensis, the expression level of RcLFY was high 
at the early flower bud stage (S1), but decreased as flower 
development progressed. Over the whole flower develop-
ment process, the differences in expression level between 
the NF and RF species were most marked at the early flower 
bud stage (Figure 7).

Real-time RT-PCR analysis showed that there were re-
markable differences in relative expression levels among 
the species and among developmental stages. Little or no ex-
pression of RoLFY was detected at the flower bud stage (S1) 
in the NR R. multiflora and R. rugosa, but the expression level 
increased gradually at the pre-flowering (S2) and flowering 
(S3) stages, before declining to an undetectable level after 

flowering (S4 and S5). In contrast, in the RF R. chinensis, a 
high expression level was detected at S1, which subsequently 
decreased at stages S2, S3, S4, and S5. R. multiflora flowered 
only in spring, while R. rugosa flowered mainly in spring and 
slightly in summer and autumn, it was called one and half 
season flowered species in China. This may cause the ex-
pression level in the R. rugusa was slightly different with NF 
R. multiflora but sharing the same variation tendency. The 
RT-PCR results were in agreement with those of the real-time 
RT-PCR analysis. The expression levels of RoLFY were not 
only significantly different at S1, but also showed contrasting 
variation tendencies between NF and RF roses. 

Discussion
Four LFY homologues, collectively referred to as RoLFY, 

were isolated and cloned from three rose species in this 
study. Their CDS and deduced amino acid sequences exhib-
ited high similarity and an identical tertiary structure. The 
C-terminus of RoLFY was highly conserved, the N-terminus 
was rich in Ala residues, and the middle portion was an acid-
ic domain. In addition, RoLFY showed high identity to FaLFY 
from Fragaria ×ananassa in the phylogenetic analysis and 
an almost identical tertiary structure. These results indicate 
that RoLFY is highly conserved in Rosaceae similar to other 
plant species during evolution (Weigel and Nilsson, 1995; Ma 
et al., 2004). RoLFY was localized mainly in the nucleus of on-
ion epidermal cells, which is characteristic of transcription 
factors (William et al., 2004).
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FIGURE	7.	 Gene expression of RoLFY at different stages of flower development analyzed by 
RT-PCR (A) and real-time RT-PCR (B). Stages: S1, flower bud; S2, pre-flowering; S3, flower-
ing; S4, post-flowering; S5, re-flowering. Relative RoLFY mRNA concentrations with the 
same letters (a, b, c, or d) are not significantly different (P≤0.05, Student’s t-test) among 
the developmental stages or among different species. 
 
  

Figure 7.  Gene expression of RoLFY at different stages of flower development analyzed by RT-PCR (A) and real-time RT-PCR 
(B). Stages: S1, flower bud; S2, pre-flowering; S3, flowering; S4, post-flowering; S5, re-flowering. Relative RoLFY mRNA con-
centrations with the same letters (a, b, c, or d) are not significantly different (P ≤ 0.05, Student’s t-test) among the developmen-
tal stages or among different species.
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Over-expression of RoLFY in Arabidopsis thaliana led 
to decreased number of rosette leaves, earlier flowering, a 
determinate inflorescence, and terminated flowering in axil-
lary shoots. These phenotypic traits are similar to those of 
tfl1-1 (Shannon et al., 1991). As it is positioned downstream 
of TFL1, RoLFY promotes vegetative growth and flowering. 
Both genes regulate flowering through mutual inhibition 
(Foucher et al., 2003).

We also analyzed the expression patterns at different 
floral development stages for the three Rosa species us-
ing RT-PCR and real-time RT-PCR. Significant differences 
in expression levels were observed at the flower bud (S1), 
pre-flowering (S2), flowering (S3), post-flowering (S4) and 
re-flowering (S5) stages between NF and RF roses. At the 
S1 stage, the expression levels were lower or undetectable 
in the NF roses but higher in the RF roses although RpLFY 
was extremely higher than RcLFY. Contrasting variation ten-
dency were observed between RF and NF roses. In the NF 
roses, RoLFY was progressively accumulated during flower 
development, consistent with the results of previous studies 
(Remay et al., 2009; Iwata et al., 2012), and decreased after 
flowering. In Arabidopsis thaliana LEAFY is extensively ex-
pressed during the vegetative phase, increasing gradually be-
fore flowering transition (Blazquez et al., 1997). In Narcissus 
tazetta there are two peaks during meristem transition from 
vegetative to reproductive development and during differ-
entiation of flower primordia (Noy-Porat et al., 2010). The 
expression of RoLFY in NF roses is consistent with annual 
Arabidopsis and bulbous Narcissus. Thus, the different RoLFY 
expression patterns are exhibited between NF and RF roses, 
therefore, our hypothesis should be rejected, i.e., RoLFY is 
only associated with the first flowering event of RF roses and 
not with continuous blooming. 

There are at least two possible reasons for the different 
expression patterns of RoLFY observed in roses. LFY plays a 
central role in the regulatory network for flowering. Its ex-
pression is inhibited by TFL1 (Shannon and Meeks-Wagner, 
1991), and thus inhibition by RoTFL1 is one major reason. 
TFL1 inhibits the formation of inflorescence meristems at 
an early stage of the vegetative–reproductive transition, 
whereas at an advanced stage of the transition it maintains 
the development of inflorescence meristems by suppressing 
the expression of LFY and inhibits the transition from inflo-
rescence meristem to floral meristem. In RF roses, RoTFL1 
shows a low or undetectable expression level, thus releasing 
the suppression of RoLFY at an early stage and leading to flo-
ral development (Wang et al., 2012). The abnormal expres-
sion of RoTFL1 is caused by the insertion of a retrotranspo-
son (Iwata et al., 2012). 

Gibberellin promotes flowering by activating the LFY 
promoter (Blázquez et al., 1998), and thus the second rea-
son for the differences in RoLFY expression patterns may be 
related to the flowering pathway of GA regulation. Before flo-
ral initiation in spring, the concentrations of GA in NF roses 
are two- to three-fold higher than those in RF roses. After 
floral initiation, the concentrations of GA in NF roses are 
substantially increased and 12- to 17-fold higher than those 
in RF roses, which remain at permissive levels throughout 
the growing season (Roberts et al., 1999). Floral initiation in 
NF roses occurs when concentrations of GA are low, but it 
is inhibited when concentrations of GA are high. In summer, 
NF roses did not flower even after exogenous application of 
a GA synthesis inhibitor (Randoux et al., 2012). In RF roses 
the concentration of GA are relatively lower, and the floral 

initiation is carried out continuously throughout the growing 
season. Thus GA inhibit flowering in NF roses but not in RF 
roses. The reasons for the function of GA in roses with dif-
ferent flowering habits need to be investigated in the future.

Once floral initiation is complete, the expression pat-
terns of RoLFY are irrelevant to the flowering habit. In other 
words, RF roses can continuously repeat the “heading–bud–
flowering” process without the increased accumulation of 
RoLFY mRNA. This contrasts with RoTFL1, which exhibits 
remarkable differences during the overall flower develop-
ment period in roses with different flowering habits (Wang 
et al., 2012). RoTFL1 is an inflorescence meristem identity 
gene, which controls the vegetative–reproductive transition, 
i.e., whether plants flower. As a floral meristem identity gene, 
RoLFY regulates flower initiation, i.e., when flowering occurs. 

As a floral meristem identity gene, RoLFY is not only 
released by RoTFL1, a flowering inhibitor induced by GA, 
but is also promoted by FT, a systemic flowering integrator 
that promotes floral initiation and development, and plays 
a crucial function in flower initiation and development. All 
environmental and endogenous flowering signals must be 
integrated and transduced to RoLFY. Recurrent-flowering 
roses are self-inductive (Roberts et al., 2003), i.e., endog-
enous signals trigger floral initiation. Among the six flower-
ing pathways, only the age, autonomous and GA pathways 
are endogenous signals. At present, only the GA pathway 
includes the concentration of GA and its regulator RoSPY 
(Remay et al., 2009). In addition to RoTFL1 (a flowering in-
hibitor), RoLFY (a floral meristem identity gene) and RoSPY, 
other genes must be involved in the flowering pathways or 
floral meristem regulation in RF roses. To understand the 
molecular mechanisms and regulatory network, the expres-
sion patterns of flowering-related genes in NF and RF roses 
need to be investigated at the genomic level, such as through 
transcriptome or de novo DNA sequence analyses, which are 
currently in progress in China and France.
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