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ABSTRACT. Warm day and cool night conditions significantly induce
reproductive spike formation in Phalaenopsis plants; hence, determining
the flowering mechanism regulating the reproductive transition is
important. Flowering locus T (FT) plays important roles in flowering
induction in several plants. To explore spike induction by warm days and
cool nights in Phalaenopsis orchids, we isolated the F'T (PhFT) from
Phalaenopsis hybrid Fortune Saltzman. The cDNA of PAFT was 809-
bp long and contained a 531-bp open reading frame encoding a putative
protein of 176 amino acids, a 58-bp 5'-untranslated region (UTR), and a
220-bp 3'-UTR. The predicted molecular mass of PhFT was 19.80 kDa,
with an isoelectric point of 8.68. The PhFT was predicted to possess the
conserved functional regions of the phosphatidylethanolamine-binding
protein superfamily. Nucleotide sequence data indicated that PhFT
contained 3 introns and 4 exons. Sequence alignment and phylogenetic
analyses of PhFT revealed high homology to the FT proteins of
Cymbidium goeringii and Oncidium Gower Ramsey. Quantitative real-
time polymerase chain reaction analysis indicated that PAFT mRNA

Genetics and Molecular Research 13 (3): 5982-5994 (2014) ©FUNPEC-RP www.funpecrp.com.br



Functional characterization of a PhFT gene 5983

was expressed in roots, apical leaves, mature leaves, and flowers. In
flowers, PhFT was expressed more in developing floral buds than in
mature flowers and was predominantly expressed in ovaries and petals.
Ectopic expression of PAFT in Arabidopsis fi-1 mutants showed novel
early-flowering phenotypes that lost their siliques. Our results indicated
that the ectopic expression of PAFT could partially complement the late
flowering defect in transgenic Arabidopsis ft-1 mutants. Our findings
suggest that PhF'T is a putative /'T homolog in Phalaenopsis plants that
regulates flowering transition.

Key words: Flowering locus T; Flowering transition; Gene expression;
Phalaenopsis orchids; Warm day and cool night conditions

INTRODUCTION

Floral transition is crucial for successful reproduction in flowering plants. The
transition is controlled by both internal and environmental signals. For example, Arabidopsis
thaliana contains at least five flowering pathways that are responsive to these signals, including
the photoperiod, vernalization, gibberellin, autonomous, and aging pathways (Srikanth and
Schimid, 2011). Therefore, a complex flowering regulatory network has been determined and
is known to include many known genes such as F7 (Flowering locus T), SOCI (SUPPRESSOR
OF OVEREXPRESSION OF CONSTANSI), AP1 (APETALAI), and LFY (LEAFY) (Abe et al.,
2005; Corbesier et al., 2007; Lee et al., 2008; Lee and Lee, 2010). Of these genes, the FT'
gene of some plants plays a pivotal role in the induction of phase transition and is proposed to
encode a florigen (Corbesier et al., 2007; Lin et al., 2007; Tamaki et al., 2007).

FT belongs to a small protein family whose members show homology to the mam-
malian phosphatidylethanolamine-binding protein (PEBP; Kardailsky et al., 1999; Kobayashi
et al., 1999). The FT-like proteins that promote flowering have been confirmed in a series of
dicotyledonous and monocotyledonous plants, such as sugar beet (Pin et al., 2010), sunflower
(Blackman et al., 2010), pea (Hecht et al., 2011), soybean (Sun et al., 2011), medicago (Laurie
et al., 2011), lettuce (Fukuda et al., 2011), chrysanthemum (Oda et al., 2012), rice (Kojima et
al., 2002), corn (Meng et al., 2011), and orchids such as Oncidium Gower Ramsey (Hou and
Yang, 2009) and Chinese Cymbidium (Huang et al., 2012; Xiang et al., 2012). More recently,
an antiflorigenic effect of F7-like genes on flowering was identified in several plant species. In
sunflower, a frameshift mutation allele in Helianthus annuus FT1 (HaFTI) was found to delay
flowering through interference with the action of HaF'T4 (Blackman et al., 2010). In sugar beet
Beta vulgaris, FT1 (BvFTI) represses flowering (Pin et al., 2010). In tobacco Nicotiana taba-
cum, FT1, FT2, and FT3 proteins act as floral inhibitors (Harig et al., 2012). Furthermore, FT'
regulates stomatal opening and modulates lateral shoot outgrowth in 4. thaliana (Kinoshita et
al., 2011; Hiraoka et al., 2013) and affects the architecture but not floral organogenesis in cotton
(McGarry et al., 2013).

Flowering time has an important impact on economic benefits; therefore, understand-
ing how flowering is regulated in ornamental crops such as Phalaenopsis orchids is neces-
sary. Phalaenopsis orchids are epiphytic plants that show crassulacean acid metabolism and
are widely cultivated worldwide (Endo and Ikusima, 1989; Guo and Lee, 2006). Researchers
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have been attempting to reveal how environmental conditions, such as temperature, regulate
flowering (Sakanishi et al., 1980; Chen et al., 1994, 2008) in order to achieve stable year-
round flower production. They found that the average daily temperatures of 25°-30°C were re-
quired to promote leaf development and inhibit flower initiation during greenhouse production
(Sakanishi et al., 1980; Chen et al., 1994), and that fluctuating warm day (28°C) and cool night
(20°C) conditions significantly induced the formation of spikes in Phalaenopsis plants (Chen
et al., 2008). Furthermore, the effects of warm day and cool night conditions on the photosyn-
thetic efficiency, metabolic pools, and physiology of Phalaenopsis plants have been studied
(Chen et al., 2008; Pollet et al., 2011a,b). Despite the efforts of researchers to understand the
mechanisms underlying the effects of warm day and cool night conditions on the induction of
flowering in Phalaenopsis orchids, very little is known about the genetic basis of flowering
transition and development of floral buds induced by warm days and cool nights.

In a previous study, we obtained one full-length cDNA [JK720571, 809 bp, containing
the 5'-untranslated region (UTR) and 3'-UTR] from a suppression subtractive hybridization
cDNA library obtained from the spikes of Phalaenopsis hybrid Fortune Saltzman subjected
to warm day and cool night conditions (Li et al., 2014). The cDNA sequence was highly ho-
mologous to the FT proteins of Cymbidium goeringii (92%), Cymbidium faberi (91%), and
Oncidium Gower Ramsey (90%) by BLASTx search. This cDNA was designated as PAFT. In
this study, the full-length PAFT cDNA and the corresponding genomic DNA region were char-
acterized, and the corresponding putative protein was analyzed using various bioinformatic
tools and methods. Transcript levels of the PAFT gene in different developing floral buds and
flowers induced by warm days and cool nights and in the vegetative leaves and roots under
warm daily temperature conditions were tested using quantitative real-time PCR. Finally, the
ectopic expression of the PAFT gene that promoted flowering in Arabidopsis fi-1 mutation
lines was investigated. To our knowledge, this is the first study to report the functional char-
acterization of the PAFT gene in Phalaenopsis orchids. The present study might contribute to
an understanding of the molecular function of PAFT and its possible function in controlling
flowering time in Phalaenopsis plants.

MATERIAL AND METHODS

Plant materials, growth conditions, and treatments

In August 2010, mature, non-flowering plants with at least 5 fully developed leaves of
Phalaenopsis hybrid Fortune Saltzman were grown in plastic pots (diameter = 6.35 cm) filled
with sphagnum moss in a greenhouse at the Environmental Horticulture Research Institute,
Guangdong Academy of Agricultural Sciences, under natural light and controlled temperature
conditions. Before the start of the experiment, the plants were placed in a greenhouse for
at least 2 weeks with day [relative humidity (RH) = 70-95%] and night (RH = 100%) tem-
perature regime of 28° £+ 2°C. Plants in the untreated group were subsequently grown at day
(28° £ 2°C; RH = 70-95%) and night (26° £+ 1.5°C; RH = 100%) conditions to maintain the
vegetative phase. Warm day and cool night treatment was carried out at day (28° + 2°C; RH =
70-95%) and night (21° + 1.5°C; RH = 100%) conditions for 1.5 months to complete the spike
transition. In the untreated group, the apical vegetative leaves, first mature leaves from the
top, and roots were collected. In the treated group, floral buds at different developing stages,
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mature flowers, and different flower organs were collected. All samples collected were washed
with double-distilled water and immediately frozen in liquid nitrogen. Frozen samples were
stored at -80°C until RNA extraction.

RNA extraction

Total RNA was extracted using the RNeasy plant mini kit (Qiagen, Germany) accord-
ing to manufacturer protocols. Total RNA was then treated by RNase-free DNase I (TaKaRa,
Japan) to remove DNA contamination. The total RNA yield and quality were determined spec-
trophotometrically (Nanodrop ND-2000C; Thermo, USA). The integrity of the total RNA was
checked by running samples on 1.2% denaturing agarose gels.

DNA preparation and amplification of the coding sequence of PhFT

Genomic DNA was extracted from mature flowers of Phalaenopsis hybrid Fortune
Saltzman as described previously (Li et al., 2007). The gene-specific primers (PAFT-F1 and
PhFT-R1; Table 1) were used for the amplification of PAFT from the isolated genomic DNA.
The PCR system (25 pL) contained 12.5 puL 2X GC buffer I, 4.0 pL 2.5 mM of each dNTP,
0.25 uL 5 U/uL LA Taq DNA polymerase (TaKaRa), 1.0 pL. 10 uM of each gene-specific
primer, 1.0 pL 30 ng/uL genomic DNA, and 5.25 pL distilled water. Reactions were per-
formed using a Bio-Rad T100™ thermal cycler with the following amplification protocol: 4
min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 58°C, 2 min at 72°C, and a final
step of 7 min at 72°C. PCR products were gel purified, sub-cloned, and sequenced (Invitro-
gen Biotech).

Table 1. Primers used in this study.

Primer codes Sequences (5'—3")
PhFT genomic PCR
PhFT-F1 ATGAATAGAGAGACGGACGC
PhFT-R1 TCAATCTTGCATCCTTCTTCCAC
PhFT real-time PCR
PhFT-F2 ACCGCTTTGTCTTCGTGCTG
PhFT-R2 CGACTGGCGAACCGAGATTA
Phactin real-time PCR
Phactin-F CAGTGTTTGGATTGGAGGTT
Phactin-R TCTCGGGTTCCATTTCCATC
PhFT ectopic expression
PhFT-F3 CCATGGATGAATAGAGAGACGGACGC*
PhFT-R3 AGATCTATCTTGCATCCTTCTTCCAC**

*Underlined added Ncol restriction site. **Underlined added Bg/II restriction site.

Bioinformatic analysis

DNA sequence data were analyzed using BLAST (http://www.ncbi.nlm.nih.gov/blast;
Altschul et al., 1997), GENSCAN (Burge and Karlin, 1997), and Compute p//Mw tool (http://
www.expasy.ch/tools/pi_tool.html). Multiple alignments were analyzed using the ClustalX
software version 1.81 (Thompson et al., 1997). A phylogenetic tree was constructed using the
neighbor-joining method (1000 bootstrap replicates) by using the MEGA program version 4
(Tamura et al., 2007).
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Analysis of the PhFT transcript in Phalaenopsis orchid

Real-time PCR was used to analyze the expression levels of PAFT in different tissues
and organs of Phalaenopsis hybrid Fortune Saltzman. Total RNA (1.0 pg) of each sample was
synthesized using the PrimeScript™ 1st strand cDNA synthesis kit (TaKaRa) according to
the manufacturer protocol. Primers used for real-time PCR are shown in Table 1. Real-time
PCR was carried out using the SYBR Green I kit (TaKaRa) in a final volume of 20 pL that
contained 0.5 pL 10 uM forward primer, 0.5 pL 10 uM reverse primer, 10 pL 2X SYBR green
premix, 2.0 pL diluted first-strand cDNA, and 7.0 uL sterile distilled water. The reactions were
performed using the Light Cycler 480 real-time PCR system (Roche Diagnostics, USA) using
the following program: preheating at 95°C for 30 s, followed by 40 cycles of 5 s at 95°C, 15
s at 58°C, and 30 s at 72°C. The levels of gene expression were analyzed using the Light Cy-
cler 480 software (Roche Diagnostics) and normalized with the results for actin (AY 134752).
Real-time PCR was performed in three replicates for each sample, and data are reported as
means + standard deviation (N = 3).

Transformation vector construction and transgenic plant analysis

For Arabidopsis transformation, wild-type (Landsberg erecta background, Ler) and
ft-1 mutation lines of the Ler plants were obtained from the Arabidopsis Biological Resource
Center (Ohio State University, Columbia, OH, USA). The protein-coding region of PAFT
cDNA was PCR-amplified using primers containing Ncol and Bg/II restriction sites (Table
1). The amplified product was cloned into the binary vector pCAMBIA1303 (CAMBIA,
Canberra, Australia) under the control of the CaMV 35S promoter. Arabidopsis plants were
transformed using the improved floral dipping method (Logemann et al., 2006). Hygromycin-
resistant transformants were grown at 22°C under long-day (LD) conditions (16-h light/8-h
dark). The T1 generation was analyzed morphologically. Analysis of variance was performed
using the SPSS software version 16.0.

RESULTS
Characterization of the cDNA sequence of PhFT

We obtained one full-length cDNA (JK720571, 809 bp) from a suppression subtrac-
tive hybridization cDNA library of Phalaenopsis hybrid Fortune Saltzman spikes induced
by warm days and cool nights in a previous study (Li et al., 2014). BLASTx search showed
that the cDNA sequence was highly homologous to the FT proteins of C. goeringii (acces-
sion No. ADI58462.1; 92%), C. faberi (ADW76861.1; 91%), and Oncidium Gower Ramsey
(ACC59806.1; 90%). It was designated as PAFT. The cDNA sequence region from 59 to 589
nucleotides corresponded to an open reading frame encoding a polypeptide of 176 amino ac-
ids, with a 58-bp 5'-UTR upstream of the start codon ATG and a 220-bp 3'-UTR downstream
of the stop codon TGA (Figure 1). The 3'-UTR region contained a putative polyadenylation
signal AATAA at a position 97 bp downstream from the stop codon (Figure 1).
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1 GACACACACTTCTCTCACTTCAA! }CCCAGGACTTCAACAT'l‘ATCTAAAGAACATGGA'I‘
M
61 ATAGAGAGACGGACGCATTAA'l"['G'l"l‘GGAAGAG'I‘GATAGGAGA'l‘A'l‘AC’l“l‘GA'l'CCCTT
NRETDALTVGRYVY I GDTULDPF
121 CACAAGAAGGGTTTCTCTCAGAGTTAGTTACGGTTCAAGAGTTGTCAGTAATGGCATAGA
T RRVSLRYVSYGSRVVSNGTIE
181 ATTTAAGCCCTCGGCAGTAGTGGAGCAGCCGAGAGTTAAAGTTGGTGGGAATGATCTCAG
FKPSAVVEQPRVYVY KV GGNDTLR
241 GACTTTCTACACTCTTGTCATGGTAGATCCAGATGCTCCAAGTCCAAGTGATCCTCAACT
TrrYTL VMV DPDAPSPSDPAQL
301 TAGAGAATACTTACACTGGTTAGTCACGGATATCCCTGCAACAACAACAGCAACATTCGG
REYLHWLVTDTIPATTTATTFG
361 CAGAGAAATAGTGTGCTATGAGAGCCCACGCCCAAGTCTAGGCATACACCGCTTTGTCTT
RETIVCYESPRPSULSGTIHRTEFUVF
421 CGTGCTGTTTCATCAACTAGGCCGACAGACAGTTTACGCCCCTGGCTGGCGTCAAAATTT
VL FHQLGRQTVYAPGWRAQNTF
481 CAACACCCGTGATTTTGCCGAGCTCAATAATCTCGGTTCGCCAGTCGCAGCCGTCTACTT
NTRDFAELNNLGS?PVAAVYTF
541 TAACTGCCAAAGAGAGGCCGGCTCCGGTGGAAGAAGGATGCAAGATTGATGAATTTCCAT
NCQREAGSGGRRMQD *
601 GTGTTTGTGCTTCTACCATTAGTTATTCTCTCACAACCGCTTATCTGTTCAAGTATTTTG
661 CTATAATG TC'l"l‘C'I‘A'l‘G'l‘CGGATGAT}CTAATAG TATAGGTCATATCAATGATTT
721 ATGCATGATGTTTTGATTTCCAAGGTTGCTTTCAGTAACTTATTTATAATATCTTAGTTC
781 TAGCCAAAAAAAAAAAAAAAAAAAAAAAA

Figure 1. Full-length cDNA sequence and deduced amino acid sequence of PAFT. The start codon (ATG) is boxed
and the stop codon (TGA) is marked with an asterisk. Numbers corresponding to the nucleotide sequence are
indicated on the left.

Analysis of the genomic PhFT sequence

The genomic DNA sequence of PAFT was 2055 bp in length from the start codon
to the stop codon. It was submitted to GenBank under the accession No. JX162558. The
exon/intron boundaries of the genomic sequence were determined by performing GENSCAN
analysis, and the genomic sequence was aligned with the corresponding cDNA sequence. The
genomic DNA of PhFT contained 3 introns and 4 exons (Figure 2). The sizes of the introns
and exons were 128, 1312, and 84 bp and 198, 62, 41, and 230 bp, respectively (Figure 2).
The first, second, and third introns had T/GT and AG/G splice site sequences, G/GT and AG/G
splice site sequences, and G/GT and AG/G splice site sequences, respectively. All sequences
of the introns followed the “GU-AG rule” for cis-splicing (Blumenthal and Steward, 1997).

ATG T/GT AG/G G/GT AG/G GI/IGT AG/G TGA
PhFT m 128 62 1312 41 84 230
Exon 1 Intron 1 Exon 2 Intron 2 Exon 3 Intron 3 Exon 4

Figure 2. Genomic structure of the PhFT gene. Black boxes indicate exons, and open boxes represent introns.
Exons and introns are drawn schematically to indicate their relative positions and sizes.
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Analysis of the deduced amino acid sequence of PhFT

The protein coded by PAFT had a calculated molecular mass of 19.80 kDa and a theo-
retical isoelectric point of 8.68. BLASTp comparison of the deduced amino acid sequence of
PhFT with that of other FT proteins revealed that PhFT had 92% sequence identity (Expect =
Se-116) with C. goeringii FT (ADI58462.1), 91% sequence identity (Expect = 1e-115) with
C. faberi FT (ADW76861.1), and 90% sequence identity (Expect = le-114) with Oncidium
Gower Ramsey FT (ACC59806.1). BLASTp also suggested that PhFT contained a PEBP su-
perfamily domain, containing 25 to 163 amino acid sites (Figure 3).

The predicted protein of PhFT was further aligned with some other related FT proteins,
including C. goeringii (AD158462.1), Oncidium Gower Ramsey (ACC59806.1), Gossypium hir-
sutum (ADK95113.1), Pyrus pyrifolia (BAJ11577.3), Oryza rufipogon (BAG72301.1), Prunus
mume (BAH82787.1), and Hordeum vulgare subsp vulgare (AAZ38709.1) by using Clustal X.
The analysis results suggested that PhFT had high identities with these FT proteins (Figure 3).

1 5 50 5 it 5 150 1%

PhFT Query seq.
Specific hits

substrate binding site | Ad )

Superfanilies

A A M4l
PEBP_euk
PEBP superfamily

Pyrus pyrifolia MP-~~RDRDPLVVGRVVGDVLDPFTRSVSLRVTYGNKEVNNGCELKPSQVVQQPRVDTGG 57
Prunus mume MP-——RDRDPLVVGRVVGDVLDPFTRSVSLRVTYGLKEVNNGCELKPSQVVQQPRVDIGG 57
Gossypium hirsutum MP-~~RDRDPLVVGRVIGDVLDPFTRSISLRVTYATRDVSNGVELKPSQVVNQPRVDIGG 57
Cymbidium goeringii MN-——RERDSLIVGRVIGDVLDPFTRRVSLRVTYSSRDVINGLELKPSAVVEQPRVEVGG 57
Oncidium Gower Ramsey MN-~~RERDSLIVGRVIGDVLDPFTRSVSLRVTYTTRCITNGLELKPSVVVEQPRVEVGG 57
Phalaenopsis hybrid MN-—-RETDALIVGRVIGDILDPFTRRVSLRVSYGSRVVSNGIEFKPSAVVEQPRVKVGG 57
Oryza rufipogon MAGSGRDRDTLVVGRVVGDVLDAFVRSTNLKVTYGSKTVSNGCELKPSMVTHQPRVEVGG 60
Hordeum vulgare MAG——RDRDPLVVGRVVGDVLDPFVRTTNLRVTFGNRAVSNGCELKPSMVAQQPRVEVGG 58
* sk koklokodkokk ko kokrn ook kodekk ok ekiok, ok
Pyrus pyrifolia DDLRTFYTLVMVDPDAPSPSDPNLKEYLHWLVTDIPATTAASFGQETIVCYESPRPTVGIH 117
Prunus mume DDLRTFYTLVMVDPDAPSPSDPNLKEYLHWLVTDIPATTAASFGQETVCYESPRPTVGIH 117
Gossypium hirsutum DDLRTFYTLVMVDPDAPSPSDPNLREYLHWLVTDIPATTGASFGQEVVCYESPRPTVGIH 117
Cymbidium goeringii NDLRTFYTLVMVDPDAPSPSDPHLREYLHWLVTDIPATTGATFGSEIVCYESPRPSLGIH 117
Oncidium Gower Ramsey NDLRTFYTLVMVDPDAPSPSNPQLREYLHWLVTDIPATTAATFGSEIVCYESPRPSLGIH 117
Phalaenopsis hybrid NDLRTFYTLVMVDPDAPSPSDPQLREYLHWLVTDIPATTTATFGREIVCYESPRPSLGIH 117
Oryza rufipogon NDMRTEYTLVMVDPDAPSPSDPNLREYLHWLVTDIPGTTAASFGQEVMCYESPRPTMGIH 120
Hordeum vulgare NEMRTFYTLVMVDPDAPSPSDPNLREYLHWLVTDIPGTTGASFGQEVMCYESPRPTMGIH 118
H Lk sk ek sk pelelelelololok ; kelok
Pyrus pyrifolia REVFVLFRQLGRQTVYAPGWRQNFNTRDFAELYNLGLPVAAVYFNCQRESGSGGRRR—— 174
Prunus mume REVLVLFRQLGRQTVYAPGWRQNFNTRDFAELYNLGLPVAAVYFNCQRESGSGGRRR— 174
Gossypium hirsutum REVEVLFRQLGRQTVYAPGWRQNFNTRDFAELYNLGLPVAAVYFNCQRESGSGGRRT -~ 174
Cymbidium goeringii REVFVLFHQLGRQTVYAPGWRQNFNTRDFAELYNLGSPVAAVYFNCQREAGSGGRRMQD 176
Oncidium Gower Ramsey REVFVLFHQLGRQTVYAPGWRQNFNTRDFAELYNLGSPVAAVYFNCQREAGSGGRRMQD 176
Phalaenopsis hybrid REVFVLFHQLGRQTVYAPGWRQNFNTRDFAELNNLGSPVAAVYFNCQREAGSGGRRMQD 176
Oryza rufipogon RLVFVLFQQLGRQTVYAPGWRQNFNTKDFAELYNLGSPVAAVYFNCQREAGSGGRRVYN 179
Hordeum vulgare RFVLVLFQQLGRQTVYAPGWRQNFNTRDFAELYNLGQPVAAVYFNCQREAGSGGRRMYN 177

3k ook kekiiiliiok kiok ok kil ekl

Figure 3. Multiple alignment of the deduced amino acid sequence of PAFT with other reported FT proteins. Alignment
of the amino acid sequences of PAFT and related FT proteins from Cymbidium goeringii (ADI58462.1), Oncidium
Gower Ramsey (ACC59806.1), Gossypium hirsutum (ADK95113.1), Pyrus pyrifolia (BAJ11577.3), Oryza rufipogon
(BAG72301.1), Prunus mume (BAH82787.1), and Hordeum vulgare subsp vulgare (AAZ38709.1). The numbers on
the right side indicate the amino acid positions in the sequence. (-), (*), (), and (.) indicate gaps, identical amino acid
residues, conserved substitutions, and semi-conserved substitutions in the aligned sequences, respectively.

Genetics and Molecular Research 13 (3): 5982-5994 (2014) ©FUNPEC-RP www.funpecrp.com.br



Functional characterization of a PhFT gene 5989

Phylogenetic analysis

The phylogenetic relationship of PhFT with FT proteins from other species was deter-
mined by aligning the sequences of various FT proteins from other plant species and construct-
ing a phylogenetic tree using the neighbor-joining method (Figure 4). The PhFT protein, C. go-
eringii (ADI58462.1), C. faberi (ADW76861.1), and Oncidium Gower Ramsey (ACC59806.1)
clustered into the same subgroup (Figure 4). The dendrogram obtained revealed that PhFT was
closely related to FT proteins belonging to the genus Oncidium and Cymbidium.

93 - Betula luminifera-AFK91525.1
Betula platyphylla-AFR31531.1
Theobroma cacao-EOY08585. 1
Gossypium hirsutum-ADK95113.1
Carica papaya-ACX85427.1
Populus nigra-BAD02371.1
31 Populus tomentosa-AFU08240.1
’ Litchi chinensis-AEU08962. 1
Camellia sinensis-AGD93126.1
Pyrus pyrifolia-BAK74837.1
Malus domestica-ACL98164.1
Prunus mume-BAH82787.1
58 Prunus persica-ACH73165.1
100 I: Oryza sativa Indica Group-AFU82577.1
Ory=a rufipogon-BAG72302.1
Zea mays-AFW75584.1
59  Triticum aestivum-AAW23034.1
55 E Aegilops tauschii-4ABI34864.1

Hordeum vulgare subsp. vulgare-4BV59389.1

94 Lolium perenne-4BC33722.1
6 Lolium perenne-CBN73215.1
64— Lolium temulentum-CBN73219.1

O Phalaenopsis hybrid
100 Oncidium hybrid cultivar-ACC59806.1
64 [ Cymbidium goeringii-ADI58462.1
99 '— Cymbidium faberi-ADW76861.1

Figure 4. Phylogenetic analyses of orthologs of Flowering locus T (FT) proteins from various plant species. Numbers
on the branches represent bootstrap support for 1000 replicates. The scale bar represents a genetic distance of 0.02,
and numbers on the tree indicate bootstrap values. The circle indicates the FT protein of Phalaenopsis hybrid Fortune
Saltzman. FT proteins of various plant species in the tree are indicated by species names followed by GenBank
accession numbers.

100

81

0.02

Gene expression analysis of PhFT

PhFT mRNA was detected in floral buds at different development stages, mature
flowers, leaves, and roots. Among these samples tested, PAFT showed the highest expression
in roots and the least expression in mature leaves at the vegetative phase. In flowers, PAFT
was expressed more in young floral buds than in mature flowers and was markedly expressed
in the ovaries and petals (Figure 5).
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lunn
Petal

Fs 6
B 0.06
0.05
0.04
0.03
0.02

io-Bu.ll_a

0.00

(PhFT/actin)

Relative expression ratios

FS1 FS2 FS3 FS4 FS5 FS6 FS7 FS8 FS9 FS10 FS11 FS12 FS13 FS14

Different tissues and organs

Figure 5. Tissues and detection of expression of PAFT by real-time polymerase chain reaction (PCR) in Phalaenopsis
hybrid Fortune Saltzman. A. Floral buds of Phalaenopsis hybrid Fortune Saltzman at different developmental
stages, a mature flower of Phalaenopsis hybrid Fortune Saltzman consisting of three sepals, two petals, a lip, a
column and an ovary, apical leaves, mature leaves, and roots. B. Detection of expression of PAFT by real-time PCR.

Functional complementation of PhFT in Arabidopsis

Whether PhFT could compensate for the F7 function in Arabidopsis was confirmed
by analyzing the ectopic expression of PAFT in Arabidopsis fi-1 mutants. A representative fi-/
358:PhFT line grown in LD flowered earlier than the untransformed f#-/ mutants (Figure 6A).
The average flowering transition time for these fi-1 35S:PhFT transgenic plants was about 37
days after sowing until when about 11 leaves were produced (Figure 6B). The flowering transi-
tion time of f#-/ mutants was about 48 days, and more than 24 leaves were produced (Figure 6B).
However, the average flowering transition time for these ft-/ 35S:PhFT transgenic plants was
still about 13 days later than that of the wild-type Ler plants (Figure 6B). Unlike the wild-type
Ler plants, f#-1 35S:PhFT transgenic lines kept losing siliques after flowering (Figure 6C). These
results indicated that, although the function of PAFT was similar to that of Arabidopsis FT, it
was not able to completely complement the late flowering defect in Arabidopsis fi-1 mutants.
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60 B Days to flowering transition 30
@ No. of leaves at flowering transition
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@ Q
g 30 155
Q <
S
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Ler wild type fi-1 mutants fi-1 35S:PhFT lines
Genotype
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Figure 6. Phenotype analysis of transgenic Arabidopsis plants with PAFT. A. Representative plants grown in long-
day (LD) conditions for 42 days. Flowering occurred in all lines, but not in the untransformed f#-/ mutants. WT
= wild type. B. Days of flowering transition and leaf numbers at flowering transition of Ler, f¢-/ mutants, and f-/
35S8:PhFT lines of Arabidopsis plants. Numbers of Ler, fi-/ mutants, and f-1 35S: PhFT plants were 21, 13, and 40,
respectively. C. Early flowering but silique lost in f¢-1 355:PhFT lines of Arabidopsis plants.

DISCUSSION

The reported F'T genes have been characterized in many plant species; however, the
FT from Phalaenopsis orchids has not yet been characterized. In this study, the role of F7 in
regulating the transition from vegetative to reproductive growth in Phalaenopsis orchids was
investigated by molecularly characterizing and functionally analyzing the ortholog of the F'T
of Phalaenopsis hybrid Fortune Saltzman (PhFT). Similar to the F'T genes from other plant
species, the PAFT contained 3 introns and 4 exons (Figure 2). Although the sizes of ' introns
vary across different plant species, the lengths of the second (62 bp) and third (41 bp) exons
seem to be conserved across different plant species (Fukuda et al., 2011; Harig et al., 2012).
PhFT had a highly conserved amino acid sequence from the N-terminal to C-terminal, which
was concomitant with the FT proteins of C. goeringii, Oncidium Gower Ramsey, G. hirsutum,
P. pyrifolia, O. rufipogon, P. mume, and H. vulgare subsp vulgare (Figure 3). Phylogenetic
analysis showed that PhFT was closely related to the FT proteins of species belonging to the
genus Oncidium and Cymbidium (Figure 4). Moreover, the FT proteins from Oncidium and
Cymbidium species were reported to regulate the vegetative to reproductive phase transition
and flowering initiation (Hou and Yang, 2009; Huang et al., 2012; Xiang et al., 2012). Thus,
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these data suggest that PhFT is potentially an FT ortholog that regulates flowering transition
and initiation in Phalaenopsis hybrid Fortune Saltzman.

Our data indicate that the expression patterns of PAFT vary across different tissues and
organs. In the vegetative phase, the transcript levels of PAFT were higher in the apical leaves
than in the mature ones. This result was different from that obtained in lettuce. In lettuce, the
transcripts of FT were the most abundant in the largest leaves (Fukuda et al., 2011). More in-
terestingly, the transcripts of PAFT in the roots under vegetative phase were the highest than
in the leaves and flowers tested. The root is an essential organ for Phalaenopsis orchids and is
involved in absorbing water, providing mineral nutrition, and supplying compounds for leaf,
spike, and floral bud development. These results suggest that roots might play an important role
before flowering transition in Phalaenopsis hybrid Fortune Saltzman and might be involved in
the flowering transition and development signaling pathway. Compared with that in the apical
leaves under warm daily temperatures, the expression of PAFT was obviously higher under
warm day and cool night conditions; such conditions induced 0-3-mm long spikes and gradu-
ally reduced during spike development (Li et al., 2014). The mRNA expression of PAFT dur-
ing flowering was remarkably higher in the flower buds at the different developmental stages
(Figure 5), similar to observations for /7 in Oncidium Gower Ramsey (OnFT) (Hou and Yang,
2009). However, the expression patterns of PAFT fluctuated at the early stages (FS1-FS4), and
then gradually decreased at later stages (FS4-FS6; Figure 5). This pattern was different from
that of expression of FT orthologs in Oncidium Gower Ramsey and Arabidopsis. In Oncidium
Gower Ramsey, the expression of OnF'T was significantly higher in young F1 flower buds and
gradually decreased during flower maturation (Hou and Yang, 2009). In Arabidopsis, the ex-
pression of FT gradually increased during flower maturation (Kobayashi et al., 1999).

The function of PhFT in flower transition was revealed by conducting functional
complementation analysis using transgenic 4. thaliana. Compared with the Arabidopsis ft-1
mutants, the early-flowering phenotype and production of less rosette leaves were observed in
ft-1 35S:PhFT transgenic plants (Figure 6A and B). This was similar to Arabidopsis and other
plant species that ectopically express 7T orthologs (Kardailsky et al., 1999; Kobayashi et al.,
1999; Hou and Yang, 2009; Fukuda et al., 2011; Hecht et al., 2011; Laurie et al., 2011; Sun
et al., 2011; Huang et al., 2012; Xiang et al., 2012). In addition, the f#-1 35S:PhFT transgenic
plants lost siliques after flowering (Figure 6C). This was different from the observation in
Oncidium Gower Ramsey expressing OnFT. Ectopic expression of OnFT in transgenic Ara-
bidopsis plants showed novel phenotypes by losing the indeterminacy of inflorescence (Hou
and Yang, 2009). Our data suggest that PAFT might be related with the ability of producing
seeds in Phalaenopsis orchids.

In conclusion, the full-length F7T gene, PhFT, was characterized from Phalaenopsis
hybrid Fortune Saltzman in this study. The protein encoded by PAFT shared a conserved
PEBP superfamily domain with the corresponding proteins from other plant species. Gene
expression data indicated that PAFT was involved in a wide range of developmental pro-
cesses, including vegetative growth and spike and floral bud development. Furthermore, the
ectopic expression of PAFT could partially complement the late flowering defect in trans-
genic Arabidopsis fi-1 mutants. Our results indicated that PAFT is a putative /T homolog in
Phalaenopsis plants that regulates flowering transition and controls flowering time. Future
studies are required to elucidate the mechanism of PAZFT mRNA or protein transportation in
Phalaenopsis plants.

Genetics and Molecular Research 13 (3): 5982-5994 (2014) ©FUNPEC-RP www.funpecrp.com.br



Functional characterization of a PhFT gene 5993

ACKNOWLEDGMENTS

Research supported by the Guangdong Academy of Agricultural Sciences Fund
(#201019), the Guangzhou Municipal Science and Technology Project (#12C14071654), and
the Agricultural Research Team Project about Flowers Breeding and Flowering Regulation
Technology (#2011A020102007).

REFERENCES

Abe M, Kobayashi Y, Yamamoto S, Daimon Y, et al. (2005). FD, a bZIP protein mediating signals from the floral pathway
integrator FT at the shoot apex. Science 309: 1052-1056.

Altschul SF, Madden TL, Schaffer AA, Zhang J, et al. (1997). Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res. 25: 3389-3402.

Blackman BK, Strasburg JL, Raduski AR, Michaels SD, et al. (2010). The role of recently derived FT paralogs in sunflower
domestication. Curr. Biol. 20: 629-635.

Blumenthal T and Steward K (1997). RNA Processing and Gene Structure. In: C. elegans II (Riddle DL, Blumenthal T,
Meyer BJ and Priess JP, eds.). Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 117-396.

Burge C and Karlin S (1997). Prediction of complete gene structures in human genomic DNA. J. Mol. Biol. 268: 78-94.

Chen WH, Tseng YC, Liu YC, Chuo CM, et al. (2008). Cool-night temperature induces spike emergence and affects
photosynthetic efficiency and metabolizable carbohydrate and organic acid pools in Phalaenopsis aphrodite. Plant
Cell Rep. 27: 1667-1675.

Chen WS, Liu HY, Yang L and Chen WH (1994). Gibberellin and temperature influence carbohydrate content and
flowering in Phalaenopsis. Physiol. Plantarum 90: 391-395.

Corbesier L, Vincent C, Jang S, Fornara F, et al. (2007). FT protein movement contributes to long-distance signaling in
floral induction of Arabidopsis. Science 316: 1030-1033.

Endo M and Ikusima I (1989). Diurnal rhythm and characteristics of photosynthesis and respiration in the leaf and root of
a Phalaenopsis plant. Plant Cell Physiol. 30: 43-47.

Fukuda M, Matsuo S, Kikuchi K, Kawazu Y, et al. (2011). Isolation and functional characterization of the FLOWERING
LOCUS T homolog, the LsFT gene, in lettuce. J. Plant Physiol. 168: 1602-1607.

Guo WJ and Lee N (2006). Effect of leaf and plant age and day/night temperature on net CO, uptake in Phalaenopsis
amabilis var. formosa. J. Am. Soc. Hort. Sci. 131: 320-326.

Harig L, Beinecke FA, Oltmanns J, Muth J, et al. (2012). Proteins from the FLOWERING LOCUS T-like subclade of the
PEBP family act antagonistically to regulate floral initiation in tobacco. Plant J. 72: 908-921.

Hecht V, Laurie RE, Vander Schoor JK, Ridge S, et al. (2011). The pea GIGAS gene is a FLOWERING LOCUS T
homolog necessary for graft-transmissible specification of flowering but not for responsiveness to photoperiod. Plant
Cell 23: 147-161.

Hiraoka K, Yamaguchi A, Abe M and Araki T (2013). The florigen genes FT and TSF modulate lateral shoot outgrowth
in Arabidopsis thaliana. Plant Cell Physiol. 54: 352-368.

Hou CJ and Yang CH (2009). Functional analysis of FT and TFL1 orthologs from orchid (Oncidium Gower Ramsey) that
regulate the vegetative to reproductive transition. Plant Cell Physiol. 50: 1544-1557.

Huang W, Fang Z, Zeng S, Zhang J, et al. (2012). Molecular cloning and functional analysis of three FLOWERING
LOCUS T (FT) homologous genes from Chinese Cymbidium. Int. J. Mol. Sci. 13: 11385-11398.

Kardailsky I, Shukla VK, Ahn JH, Dagenais N, et al. (1999). Activation tagging of the floral inducer FT. Science 286:
1962-1965.

Kinoshita T, Ono N, Hayashi Y, Morimoto S, et al. (2011). FLOWERING LOCUS T regulates stomatal opening. Curr.
Biol. 21: 1232-1238.

Kobayashi Y, Kaya H, Goto K, Iwabuchi M, et al. (1999). A pair of related genes with antagonistic roles in mediating
flowering signals. Science 286: 1960-1962.

Kojima S, Takahashi Y, Kobayashi Y, Monna L, et al. (2002). Hd3a, a rice ortholog of the Arabidopsis FT gene, promotes
transition to flowering downstream of Hd1 under short-day conditions. Plant Cell Physiol. 43: 1096-1105.

Laurie RE, Diwadkar P, Jaudal M, Zhang L, et al. (2011). The Medicago FLOWERING LOCUS T homolog, MtFTal, is
a key regulator of flowering time. Plant Physiol. 156: 2207-2224.

Lee J and Lee I (2010). Regulation and function of SOC1, a flowering pathway integrator. J. Exp. Bot. 61: 2247-2254.

Genetics and Molecular Research 13 (3): 5982-5994 (2014) ©FUNPEC-RP www.funpecrp.com.br



D.M. Li et al. 5994

Lee J, Oh M, Park H and Lee I (2008). SOC1 translocated to the nucleus by interaction with AGL24 directly regulates
leafy. Plant J. 55: 832-843.

Li DM, Ye QS and Zhu GF (2007). Analysis of the germplasm resources and genetic relationships among hybrid
Cymbidium cultivars and native species with RAPD markers. Agric. Sci. China 6: 922-929.

Li DM, FB L, Zhu GF, Sun YB, et al. (2014). Identification of warm day and cool night conditions induced flowering-
related genes in a Phalaenopsis orchid hybrid by suppression subtractive hybridization. Genet. Mol. Res. 13: [Epub
ahead of print].

Lin MK, Belanger H, Lee YJ, Varkonyi-Gasic E, et al. (2007). FLOWERING LOCUS T protein may act as the long-
distance florigenic signal in the cucurbits. Plant Cell 19: 1488-1506.

Logemann E, Birkenbihl RP, Ulker B and Somssich IE (2006). An improved method for preparing Agrobacterium cells
that simplifies the Arabidopsis transformation protocol. Plant Methods 2: 16.

McGarry RC, Prewitt S and Ayre BG (2013). Overexpression of FT in cotton affects architecture but not floral
organogenesis. Plant Signal. Behav. 8: €23602.

Meng X, Muszynski MG and Danilevskaya ON (2011). The FT-like ZCNS8 gene functions as a floral activator and is
involved in photoperiod sensitivity in maize. Plant Cell 23: 942-960.

Oda A, Narumi T, Li T, Kando T, et al. (2012). CsFTL3, a chrysanthemum FLOWERING LOCUS T-like gene, is a key
regulator of photoperiodic flowering in chrysanthemums. J. Exp. Bot. 63: 1461-1477.

Pin PA, Benlloch R, Bonnet D, Wremerth-Weich E, et al. (2010). An antagonistic pair of FT homologs mediates the
control of flowering time in sugar beet. Science 330: 1397-1400.

Pollet B, Kromwijk A, Vanhaecke L, Dambre P, et al. (2011a). A new method to determine the energy saving night
temperature for vegetative growth of Phalaenopsis. Ann. Appl. Biol. 158: 331-345.

Pollet B, Vanhaecke L, Dambre P, Lootens P, et al. (2011b). Low night temperature acclimation of Phalaenopsis. Plant
Cell Rep. 30: 1125-1134.

Sakanishi Y, Imanishi H and Ishida G (1980). Effect of temperature on growth and flowering of Phalaenopsis amabilis.
Bull. Univ. Osaka Pref. Ser. B Agric. Biol. 32: 1-9.

Srikanth A and Schmid M (2011). Regulation of flowering time: all roads lead to Rome. Cell Mol. Life Sci. 68: 2013-2037.

Sun H, Jia Z, Cao D, Jiang B, et al. (2011). GmFT2a, a soybean homolog of FLOWERING LOCUS T, is involved in
flowering transition and maintenance. PLoS One 6: ¢29238.

Tamaki S, Matsuo S, Wong HL, Yokoi S, et al. (2007). Hd3a protein is a mobile flowering signal in rice. Science 316:
1033-1036.

Tamura K, Dudley J, Nei M and Kumar S (2007). MEGA4: Molecular Evolutionary Genetics Analysis (MEGA) software
version 4.0. Mol. Biol. Evol. 24: 1596-1599.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, et al. (1997). The CLUSTAL X windows interface: flexible
strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25: 4876-4882.

Xiang L, Li X, Qin D, Guo F, et al. (2012). Functional analysis of FLOWERING LOCUS T orthologs from spring orchid
(Cymbidium goeringii Rchb. f.) that regulates the vegetative to reproductive transition. Plant Physiol. Biochem. 58:
98-105.

Genetics and Molecular Research 13 (3): 5982-5994 (2014) ©FUNPEC-RP www.funpecrp.com.br



