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Abstract Hickory (Carya cathayensis Sarg.) is an impor-
tant economic nut tree in China. However, its long juvenile
phase is a deterrent to expanding its cultivation and produc-
tion to wider areas. To understand the genetic and molecular
mechanisms that underlie the reproductive process in hick-
ory trees, CcLFY, a homologue of FLORICAULA/LEAFY,
was cloned and its expression patterns were studied during
vegetative and reproductive development. The cDNA se-
quence of CcLFY consisted of 1,442 bp encoding a putative
protein of 385 amino acids. The protein consisted of a Pro-
rich region, a central acidic domain, a putative Leucine
zipper, and a basic region formed by a core of Arg and
Lys residues that are critical motifs for transcription factors.
sThe amino acid sequence of the CcLFY protein shares
89.2% and 65.6% identities with LFY proteins of Castanea
mollissima and Arabidopsis thaliana, respectively. CcLFY
was highly expressed in flower buds and leaves, weakly
expressed in stems, and was undetectable in roots. In situ
hybridization revealed that CcLFY was highly expressed in
both immature leaves and flower buds. Expression of CcLFY
was initiated during floral transition in the spring, and
subsequently, continued to increase, reaching peak levels
at 16 days after full bloom (DAFB). Moreover, during this
period, the major floral buds formed. Heterologous
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expression of CcLFY in transgenic tobacco plants induced
precocious flowering of growing shoots, and flowers were
of normal phenotypes. These results suggested that CcLFY
might play a pivotal role in flower initiation and in the
development of floral organs in C. cathayensis.

Keywords Carya cathayensis - Flowering - LEAFY- Gene
expression

Introduction

Floral transition is one of the major phases in the life cycle of
flowering plants. The transition from the vegetative phase to
the reproduction phase is controlled by multiple endogenous
and environmental cues including hormonal signals, photope-
riodic induction and temperature promotion (Mouradov et al.
2002). Four major pathways of flowering have been identi-
fied and characterized over recent decades (Mouradov et al.
2002; Simpson and Dean 2002; Liu et al. 2009). First, the
photoperiodic pathway involves phytochromes and crypto-
chromes. The interaction of these photoreceptors with a
circadian clock initiates a pathway that eventually results
in the expression of the gene CO (CONSTANS). CO acts
through other genes to increase the expression of the floral
meristem identity gene LFY (LEAFY). Second, in the auton-
omous and vernalization pathways, flowering occurs either
in response to internal signals or to low temperatures. In the
autonomous pathway of Arabidopsis, all of the genes asso-
ciated with the pathway are expressed in the meristem.
Third, the carbohydrate, or sucrose, pathway reflects the
metabolic state of the plant. Sucrose stimulates flowering
in Arabidopsis by increasing LFY expression. Fourth, the
gibberellin pathway is required for early flowering and for
flowering under noninductive short days (Taiz and Zeiger
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2006). All four pathways converge by increasing the ex-
pression of the key floral meristem identity gene SOC/
(SUPPRESSOR OF OVEREXPRESSION OF COI) (Lee
and Lee 2010; Ma et al. 2011). Once turned on by SOCI,
LFY activates the floral homeotic genes—API (APETALAI),
AP3, PI (PISTILLATA), and AG (AGAMOUS)—that are
required for the development of floral organs (Du and Pijut
2010; Hou et al. 2011; Li et al. 2011; Liu et al. 2010). While
the long day and vernalization pathways respond to light
and temperature, the autonomous and gibberellic acid (GA)-
dependent pathways monitor the endogenous developmen-
tal state of the plant (Moon et al. 2005; Lee and Lee 2010).
These signals induce flowering time genes and eventually are
integrated on a few genes to form a flower (Zhang etal. 2011).
CO, FLC (FLOWERING LOCUS C), FT (FLOWERING
LOCUS T), SOCI and LFY are the key genes in the flower-
ing transition (Moon et al. 2005; Liu et al. 2009; Lee and
Lee 2010; Xu et al. 2010; Chang et al. 2011; Ma et al. 2011).

LFY, a floral meristem identity gene, plays a central role
in flower development (Coen et al. 1990; Weigel et al. 1992;
Blazquez et al. 1997; Shiokawa et al. 2008; Moyroud et al.
2010). LFY integrates signals from multiple flowering path-
ways, and its expression level eventually determines the
exact flowering time (Mouradov et al. 2002; Liu et al.
2009; Lee and Lee 2010). It activates downstream genes
that give their unique identities to the floral meristem and
floral organ primordia (Liu et al. 2009; Moyroud et al.
2009). Arabidopsis Ify plants form leaflike shoots at the sites
of flower formation in wild-type plants and are unable to
make the transition to flower development. In contrast, the
overexpression of LFY in transgenic plants can induce early
flowering (Weigel and Nilsson 1995; Blazquez et al. 1997).
LFY homologues are present in a wide range of angiosperms
and gymnosperms (Frohlich and Estabrook 2000; Shiokawa
et al. 2008), and are even conserved in ferns and bryo-
phytes (Frohlich and Estabrook 2000). Many homologues of
LFY have been isolated from different species, especially
woody plants such as Populus trichocarpa (Rottmann et al.
2000), Eucalyptus grandis (Southerton et al. 1998; Dornelas
et al. 2004), Hevea brasiliensis (Dornelas and Rodriguez
2005a), Pinus caribaea (Mellerowicz et al. 1998; Dornelas
and Rodriguez 2005b), Actinidia deliciosa (Walton et al.
2001), Citrus sinensis (Pena et al. 2001), Cedrela fissilis
(Dornelas and Rodriguez 2006) and Malus x domestica
(Wada et al. 2002).

Although woody plants receive flowering signals every
year, they exhibit vegetative growth during early develop-
ment. Woody plants begin to flower for the first time after
several years, and in some cases, even decades, after sow-
ing. Signals may block the flowering transition through the
lower expression of integration genes in the juvenile phase.
The longer juvenile phase causes difficulties for in the
breeding of woody plants. LFY can shorten the juvenile

period. When the LFY gene was transferred to Populus,
the time to flowering was reduced from years to months
(Weigel and Nilsson 1995). Therefore, biotechnological
control of flowering should facilitate the breeding of woody
plants (Shiokawa et al. 2008).

Hickory (Carya cathayensis Sarg.) is a member of the
walnut family. It is a very well-known nut tree in Eastern
Chinaand and is mainly found in the vicinity of Tianmu
Mountain (30°18'30"-30°24'55" N, 119°23'47"-119°28'
27" E). Hickory is very important economically, since its
nuts are good sources of oil and nutrients. However, hickory
grown from seed needs almost 10 years in the juvenile phase
before flowering, which reduces its breeding efficiency and,
therefore, its yield. Naturally, shortening the juvenile period
and increasing the propagation efficiency represent an in-
triguing strategy for promoting production. In this paper, we
report the cloning and characterization of the hickory LFY
homologous gene to explore its application to shortening the
juvenile phase.

Material and Methods

Plant Materials and Isolation of Total DNA and Total RNA
from Hickory

The experimental material consisted of five clones from 15-
year-old hickory (C. cathayensis) trees in the fields of Lin'an
City (30°N, 119°W). Terminal buds of short branches of
hickory were sampled and 30-50 terminal buds were im-
mediately frozen in liquid nitrogen and stored at about —
70°C. Sampling dates are presented as days after full bloom
(DAFB), where full bloom is defined as the date when 80%
of the terminal flowers on spurs are open. Collections were
made from —30 DAFB (26th March 2008) until 22 DAFB
(18th May 2008) during the female flowering period. Each
frozen sample was ground in a stainless steel blender and
then in a stainless steel grinder to give a fine powder. The
DNA was extracted by using a modified version of the
CTAB method as described by Tai and Tanksley (1990).
Total RNA extraction was performed as described by Wang
et al. (2000). Isolated DNA and RNA were quantitated using
a Nanodrop spectrophotometer.

Scanning Electron Microscopy (SEM)

Terminal buds of short branches of hickory were immediately
fixed in 4% paraformaldehyde under vacuum for 24 h, dehy-
drated in absolute ethanol, and stored at 4°C until needed. For
SEM observation, the plant material was initially dissected in
absolute ethanol under an Olympus dissecting microscope.
The resultant material was critically point-dried with CO, in a
Balzer's drier and further dissected, when necessary. The
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samples were mounted in metallic stubs with carbon con-
ductive adhesive tape, coated with colloidal gold (40-nm
thick) and observed at 10-20 kV using a ZEISS DSM 940 A
or a LEO 435 VP scanning electron microscope.

Amplification by PCR and Sequencing

To obtain a fragment of the CcLFY gene, we performed
both normal PCR and inverse-PCR using total DNA from
hickory. We amplified a DNA fragment that corresponded to
the conservative sequence of LFYlike genes. The sequences
of primers were the sense primer E1 and antisense primer E2
(Table 1). Amplification by PCR was performed under
the following conditions: 94°C for 5 min, 35 cycles of
94°C for 1 min, 57°C for 45 s and 72°C for 1.5 min,
and final extension at 72°C for 7 min. We succeeded in
amplifying a DNA fragment of 873 bp. This fragment
was named CcL873.

To obtain 5'- and 3'-sequences adjacent to CcL873, rapid
amplification of cDNA ends (RACE)-PCR was performed
using a SMART™ rapid cDNA Amplification Kit (Invitro-
gen, USA). Adapter primer AP, universal amplification

primer (AUAP), specific PCR amplification primer
3GSP1 and nest PCR primer 3GSP2 (Table 1) were
designed for 3-RACE according to the fragment. Amplifi-
cation by inverse-PCR was performed under the following
conditions: 94°C for 3 min, 35 cycles of 94°C for 30 s, 56°C
for 30 s and 72°C for 1.5 min, and final extension at 72°C
for 7 min. We obtained an amplified DNA fragment of about
3,500 bp that contained the putative region. For 5'-RACE,
three primers, SGSP1 (reverse transcription primer), SGSP2
(PCR primer) and 5GSP3 (nest PCR primer) (Table 1), were
designed from the cloned sequence and the synthesis of
first-strand cDNA from total RNA and subsequent PCR
with gene-specific primers were performed with a 5'-RACE
kit (Version 2.0; Invitrogen). The 5-RACE procedure
yielded an amplified DNA fragment of about 507 bp.

The full-length cDNAs were amplified by the shared 5’
primer sequence (LSP) (designed according to the sequence
of 5-RACE flanking regions) and 3’ primer sequence (RSP)
(designed according to the sequence 3'-RACE flanking
regions) (Table 1). A fragment of about 1.2-kb cDNA was
obtained and subcloned into the pMDT-18 vector and sequenced
completely in both directions.

Table 1 Primer sequences used

in PCR cloning of CcLFY. The Primer

Oligonucleotide

underlined sequence means the
site of Kpnl enzyme Primers for an internal fragment
E1, sense primer

E2, antisense primer

RACE primers

AP, adapter primer

AUAP, universal amplification primer

3GSP1, specific PCR amplification primer

3GSP2, nest PCR primer

5GSP1, reverse transcription primer

5GSP2, PCR primer
SGSP3, nest PCR primer
Specific primers

LSP, sense primer

RSP, antisense primer
11-1, sense primer

11-2, antisense primer
12-1, sense primer

12-2, antisense primer
Real-time RT PCR primers
Actl, sense primer

Act2, antisense primer
RT1, sense primer

RT2, antisense primer

Primers for a Kpnl-Sacl fragment

CL1, sense primer
CL2, antisense primer

5'-CTTGGGTTTACAGTGAGTACGCTG-3'
5'-TGGTATGTACCCACCAAACTTCGT-3'

5-GGCCACGCGTCGACTAGTACT(T)16-3’
5-GGCCACGCGTCGACTAGTAC-3'
5-TCCAACACACTGAGAAGAGC-3'
5'-ATGCTACAAGCCTCTGGTC-3'
5'-GAGAGAGCGTCAAGAG-3'
5'-CTCTAACTGCAGCTTTAATACCG-3’
5'-CGTCCAGCTCCTCGTC CTTC-3'

5-AGAC GTGAGTGAGGAGTGG-3'
S-TTGTAATTTAGAGGGGCATGTG-3'
5'-GACGCTCTC TCCCCAGA AG-3'
5'-CCTGCTGTACTGGCTCCTC-3'
5'-GTCTCGATTACCTCTTCCATCTC-3'
5'-CTCCAGCCTTCTTCGCATACC-3'

5'-GCTGAACGGGAAATTGTC-3'
5'-AGAGATGGCTGGAAGAGG-3'
5'-CCAAATGCGACACTAGGTGC-3'
5-TCCA CGCCCCAACATTTTC-3'

5'-catggtaccAGACGTGAGTGAGGGAGTGG-3’
S"-TTGTAATTTAGAGGGGCATGTG-3'
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To analyze the genomic structure of the gene, two over-
lapping genomic fragments were amplified by PCR on
genomic DNA. PCR primers Intronl (I1-1 and I1-2) and
Intron2 (I12-1 and 12-2) are shown in Table 1. The sequenc-
ing was performed by dideoxy methods using an ABI
PRISM 3730 automated sequencer. Sequence analysis was
carried out in public databases using BLASTX (Altschul et
al. 1997) and the DNAMAN software package. The com-
plete nucleotide and protein sequences of different LFY
homologues were retrieved from GenBank (http:/www.
ncbi.nlm.nih.gov/sites/entrez) and aligned with Clustal W
(Thompson et al. 1994). Genetic distance matrixes were
obtained from the alignments using MEGAA4, and phyloge-
netic trees were built using DNAMAN software.

Southern Blot Analysis

Southern blotting was performed as described by Sambrook
et al. (1989) using genomic DNA digested with Msel, Vspl,
Kpnl, and BamHI and blotted on a Hybond-N Plus mem-
brane (Roche). The CcLFY probe used in Southern experi-
ments was an 873-bp PCR product obtained using the
primers E1 and E2 and a CcLFY cDNA clone as template.
Hybridization conditions, washing stringencies and detec-
tion conditions were those suggested by the kit manufactur-
er (DTG-High Primer DNA Labeling and Detection Starter
Kitll, Roche, Germany). The hybridized DNA was immu-
nologically detected with antidigoxigenin-AP and visual-
ized with NBT/BCIP (Sangon).

Real-time RT-PCR

We performed real-time RT-PCR with total RNA from root,
shoot, leaf and terminal bud of hickory using the Qiagen
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Overall,
the procedures for real-time RT-PCR and the detection of
genomic DNA contamination were carried out as described
by Bustin et al. (2010) and Zheng et al. (2010). The isolated
RNA yield and purity were calculated to ensure that none of
the RNA had significant impurities that may have affected
reverse transcription and/or amplification. Five micrograms
of RNA was used for cDNA synthesis using oligo dT-primer
and Superscript I Rnase-Reverse Transcriptase (Invitrogen)
according to the manufacturer's instructions. Amplification
of cDNA was performed in the presence of gene-specific
primers and the SYBR Green PCR master mix (Applied
Biosystems, Foster City, CA, USA) in MicroAmp Optical
96-well reaction plates with optical covers using an ABI
Prism 7000 Sequence Detector (Applied Biosystems). Each
sample was analyzed in biological triplicate, using individ-
ual plants and treatments to test for reproducibility. The
reaction conditions were 50°C for 2 min, 94°C for 10 min,
and then 40 cycles of 94°C for 15 s and 60°C for 1 min. All

c¢DNA samples were included in triplicate in all assays. Pri-
mers were designed using Primer express software (Applied
Biosystems). Relative quantification of gene expression data
was carried out with the 27247 or comparative CT method
(Livak and Schmittgen 2001), where the threshold cycle
(CT) indicates the cycle number at which the amount of
amplified transcript reaches a fixed threshold. Expression
levels were normalized with the CT values obtained for the
hickory actin. The gene-specific primers for the actin gene
(Actl and Act2) and CcLFY gene (RT1 and RT2) are shown
in Table 1.

In Situ Hybridization

The collected shoots of short branches in different de-
velopmental stages of hickory were fixed in 3.7% form-
aldehyde, 5% acetic acid, and 50% ethanol for 5 h. The
material was dehydrated with ethanol, cleared with His-
toclear, embedded in paraffin (Paraplast Plus) and pro-
cessed as described by Dornelas et al. (1999, 2000). The
template for the CcLFY digoxigenin-labeled riboprobes
was the 873-bp cDNA fragment cloned in pGEM-T vector
using E1 and E2 primers. Probes were labeled using DIG
labeling mix (Roche) according to the manufacturer's pro-
tocol. Signal was detected by a colorimetric assay using
antiDIG coupled to alkalyne phosphatase and NBT/BCIP
as a substrate. The hybridized sections were observed im-
mediately and photographed under a Zeiss Axiovert 35
microscope.

Construction of Expression Vector

The Kpnl-Sacl fragment of CcLFY was generated by PCR
with primers CL1 and CL2 (Table 1). This fragment was
cloned into the pGEM-T Easy vector to yield pGEM-T-
CcLFY, which was then sequenced. The fragment was intro-
duced into the vector pPCAMBIA1301 with CaMV35S pro-
moter and 35S polyA, which had been digested with Kpnl
and Sacl, and the product was designated as pCAM—CcLFY,
which was used for the transformation of tobacco.

Transformation of Tobacco

Leaf sections from Nicotiana tabacum cultivar yuyan 86
were transformed as described previously (Yamada et al.
2003). Transformed plants were grown on Murashige and
Skoog medium with 100 mg 1! kanamycin under long-day
conditions (18-h photoperiod) at 26°C. Antibiotic-resistant
plants were maintained as transgenic lines and plantlets
were transplanted to soil.
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Results
Reproductive Development in C. cathayensis

Based on our analysis by SEM and the morphological
observation of bourse shoot apices, five morphologically
distinct stages, from vegetative development to floral organ
initiation, were defined (Figs. | and 2), which is the same as
in a study on female flower development (Huang et al.
2007). Initially, at —30 DAFB, the exterior appearance of
pistillate flower bud shows no differentiation from leaf bud
before flower-bud initiation, and all bourse shoot meristems
are small, flat and narrow (Fig. 1a). In the second stage, all
bourse shoot meristems become more broad and the top
tends to assume a hemisphere shape at =23 DAFB, but the
exterior appearance does not change (Fig. 1b). At —20
DAFB, three flower primordia are formed (Fig. 1c). Stage
4 begins with the initiation of a bract that subtends the apical
meristem itself; the flower bud is ambiguous and every tiny
flower forms a total husk and three small husks at around —17
DAFB (Fig. 1d). During stage 5, the tiny flower begins to
develop, and all meristems have begun floral organ initia-
tion from —4 DAFB to 22 DAFB (Fig. 2).

Cloning and Sequence Analyses of CcLFY

A full-length cDNA clone from the young leaves of hickory,
named CcLFY (GenBank accession number: DQ989225),
was identified by using the RACE method. The completed
cDNA of CcLFY was 1,442-bp long and encoded a putative
protein of 385 amino acids (Fig. 3). The predicted molecular
weight (MW) of CcLFY protein is 43.5 kDa. Based on the

Fig. 1 Reproductive develop-
ment in Carya cathayensis. All
pictures are images obtained

by scanning electron microscopy
(SEM). a Formation of vegeta-
tive meristems in an apical bud
collected during early spring

at =30 DAFB. b Early develop-
ment of flower meristem at —23
DAFB. ¢ Flower meristem

at —20 DAFB. d Early floral
meristem development at —17
DAFB. [f leaf primordia, bp
bract primordium, fp flower pri-
mordium, mf flower meristem,
ma apical meristem, gy female
flower bud primordium. Bars:
(a, d) 50 pm; (b, ¢) 100 p

@ Springer

amino acid sequence alignment, CcLFY showed high homol-
ogy to LF'Y homolog genes of trees, especially to CMLFY of
chestnut, which has 89.2% amino acid sequence similarity
to CMLFY (Castanea mollissima). The putative protein
CcFLY showed 88%, 83.7%, 83.6% and 65.6% identity to
TroLFY (Trochodendron aralioides), PTLF (P. trichocarpa),
SALFY (Salix discolor) and LFY (Arabidopsis), respectively
(Fig. 3). Moreover, alignment of the deduced amino acid
sequence of CcLFY and its homologs from other organisms
revealed that CcLFY shared two major conserved regions
with other members of the LFY family: one in the N-
terminal end and the other in the C-terminal region
(Fig. 3). Further structural analysis of CcLFY revealed that
the deduced amino acid sequence of CcLFY included several
transcriptional function-related domains such as a proline-
rich region, a central acidic domain, a putative Leu-zipper,
and a basic region that consists of a core of Arg and Lys
residues in the C-terminal region (Fig. 3).

Evolutionary Position of CcLFY

To understand the relationships among plant LFYs, we con-
structed a phylogenetic tree of aligned amino acid sequences
using the DNAMAN software program. A phylogenetic
analysis showed that CcLFYin C. cathayensis is in a distinct
class of the angiosperm LFY family (Fig. 4). Based on the
above alignment and previously reported results, the C
termini of the LFY family are highly conserved throughout
evolution in Angiosperms, Gymnosperms, Ferns and
Mosses, which suggests that CcLFY probably also func-
tioned as a transcription factor, like LFY in Arabidopsis.
As in previous results (Shiokawa et al. 2008), the present
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Fig. 2 Flower morphological development of Carya cathayensis at —4 DAFB (a), 6 DAFB (b), 12 DAFB (c), 18 DAFB (d), and 22 DAFB (e).

Bar: (a—e) 50 mm

phylogenetic analysis showed that after Arabidopsis, LFY
evolves into a higher subfamily in the angiosperm super-
family. As indicated in Fig. 4, CcLFY is closely homologous
to CMLFY (Angiosperms), which was derived from C.
mollissima.

Transcript Levels of CcLFY Determined by Real-Time
RT-PCR

To gain insight into the role of CcLFY, CcLFY cDNA levels
were analyzed by real-time RT-PCR in samples prepared

from different tissues of mature hickory such as leaves,
stems, roots and flower buds. Transcripts for the gene were
present in most tissues of adult hickory. The CcLFY gene
was most highly expressed in flower buds, whereas it was
barely detectable in roots and stems (Fig. 5). We also iso-
lated total RNA from various developmental stages of the
apical floral buds of short branches and analyzed cDNA for
the CcLFY gene using real-time RT-PCR (Fig. 6). With the
development of apical floral buds, expression of the CcLFY
gene increased and reached a peak at =16 DAFB. Over the
next 16 days, the expression decreased sharply (Fig. 6).

CeLFY USPRKIDPRGVY. . . . PP.NRLLEAVAAPTAAATMYSLW%E 100
CHLFY i '-Lf'ilurn PRGVV....JAATNRLLEAVAPPQALA. AVYSVRP E 100
SdLFY | "LFH'-“' TRAHV....gHPNRLLEMVAPPQOPPA. AAF AVRP. E 100
TrolFY SA "LFET-TI' .+ «|dP5.NRLLEAM. ... .APSPAYAIRP D 95
PTLF WAJED TRAMY . . . . gHPNRLLEMVPPPQQOPPA. AAFAVRP El 100
LFY -Eﬁﬂrsmp'rmwonpﬁw PPPLQQQ. . .. .w‘rmnnrcnnﬂomolﬂo ¥ (Ih 99
Consensusmdp £ 1 gle ygir ytaa :.aelgft. tl kd el rm sls ifr 1

CcLFY EEEHRSS . . . . . DTTINALDALSQEGLSEEPVGQEKE . . GTWEVVGE. .RR. : 3 188
CHLFY SP....DTTINALDALSQEGLSEEPVQQEKE. . A GTWEAVAGGGRR. 2 [ = 191
SALFY ABLSG. .. . DTNTLDALSQEGF SEEPVQQODKEAL. . G TWEAVT. 190
TroLFY s .. .. SDTTNALDALSQEGLSEEPVQOEKE . . A e IGVGTWEVVATE : s ; 183
PTLF SG....DNNTNTLDALSQEGFSEEPVQQDKE . . & G RGT‘UEAVMGERK. ! . 192
LFY '. JLSAAGDSGTHHALDALSOE GLSEEPVQQODQTD A ALk ( SGYWDAGQGE! . . R 202
Consensus 1vgerygikaavraerrr e g o

CeLFY YDENEGAE.......... D . DDNGNGNANGGGS|AR eI 12 Aty Jed s 282
CHLFY HDDDELGA..........DHDDDHNGNV. . .GS} EHPFIVTEP 283
SdLFY GDDEHGGA.......ce e IC i ivannnusaoa il EHPFIVTEP 272
TroLFY VEDEEEEG..........G.DDES.....GGGG) EHPFIVTEPG 272
PTLF GD]Z@EHGGA .......... ICivesssssnnnas EHPFIVTEP 274
LFY VETDEDVNEGEDDDGHMDNG.NGGS EHPFIVTEPG [ ] ¥ 301
Consensus e grehpf ivtepgevargkkngldvlrhlveqcr £l qvq i k rgekcptkvtnqvtr akk gasvi

CELFY mmﬁiw;nsssvscacnnnpn . 385
CHLFY NHA TASSSVSGGADHMPF . . 386
SdLFY IGATASSSVSGTGVHLPF . . 375
TrolFY NN AASSSSAAAMARAAGPI 377
PTLF SATSSSSVSGTGGHLPF. . 377
LFY : Cji RE JFNAE I ) NAV. .....RARRALVGGI 400
Consensus nkplum:hwhcyalhc de sn lrr fkergenvyg vrqacvkp lv ia gwdid fnahprl wyvptklrgle er

CcLFY Paesearararr e 385
CHLFY  ssvivasaassssvensns 386
SALFY  ssvsevssssnsssnsnns 375
TrolLFY AGPPF . isnossnnsins 382
PTLF  cssssssssnssasssnans 377
LFY SCTGSSTSGRGGCGGDDLR 419
Consensus

Fig. 3 Multiple sequence alignment of plant FLORICAULA/LEAFY.
Identical amino acid residues in this alignment are shaded in blue, and
similar amino acid residues are shaded in red. The sequences included
in the analysis have the following accession numbers: Carya

cathayensis DQ989225 (CcLFY), Castanea mollissima ABB83126
(CMLFY), Salix discolor AAO73539 (SALFY), Arabidopsis thaliana
B38104 (LFY), Trochodendron aralioides AAF77118 (TroLFY), and
Populus trichocarpa AAB51533 (PTLF)
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Fig. 4 Phylogenetic analysis of Angiosperm FLORICAULA/LEAFY
amino acid sequences by the Neighborhood Joining Bootstrap method
(Bootstrap analysis with 1,000 replicates). The sequences included in
the analysis have the following accession numbers: Populus tricho-
carpa AAB51533 (PTLF), Salix discolor AAO73539 (SALFY), Carya
cathayensis DQ989225 (CcLFY), Castanea mollissima ABB83126
(CMLFY), Platanus racemosa AAF77610 (PlaraLFY), Vitis vinifera
AAN14527 (VFL), Petunia *x hybrida 022621 (ALF), Nicotiana
tabacum Q40504 (NFL1), Nicotiana tabacum Q40505 (NFL2), Antir-
rhinum majus AAA62574 (FLO), Malus x domestica BAB83096
(AFL1), Malus x domestica BAB83097 (AFL2), Pisum sativum
AAB88139 (UNI), Acacia auriculiformis AY229891 (AAL), Acacia
mangium AAO064448 (AML), Arabidopsis thaliana B38104 (LFY),
Jonopsidium acaule AAF00503 (VcLFY1), Jonopsidium acaule
AAQO73066 (VcLFY2), Brassica oleracea CAAT9166(BOFH), Euca-
lyptus globulus O64953(ELF1), Lycopersicon esculentum AAF66101
(FLSFL), and Cucumis sativus AAC64705.1(CFL)
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Fig. 5 Relative expression of CcLFY mRNA in the root, stem, leaf and
bud of Carya cathayensis. Actin gene was selected as a reference gene.
All cDNA samples were included in triplicate in all assays

In Situ Hybridization Analysis of CcLFY mRNA

Real-time RT-PCR showed that CcLFY was highly expressed
in the vegetative bud. To more exactly pinpoint the tissues
that express CcLFY during flowering, we used RNA in situ
hybridization. The CcLFY sense and antisense transcripts
were hybridized to longitudinal sections of vegetative and
reproductive meristems at the apical floral buds of short
branches in various developmental stages. The results from
hybridization with the antisense probe indicated that expres-
sion of CcLFY is mainly localized in the shoot apical mer-
istem (SAM) and leaf primordia (Fig. 7). CcLFY was
strongly expressed over the leaf primordia and the whole
SAM in the early floral buds at =26 DAFB (Fig. 7a). The
expression of CcLFY continued to increase in the leaf pri-
mordia and SAM after the initiation of floral development
(Fig. 7b). At —12 DAFB, a large quantity of CcLFY accu-
mulated and reached a peak in the apices of SAM (Fig. 7c).
A low level of CcLFY expression was detected in the pri-
mordia of sepal, leaf and pistil, flower bracts and vascular
cambium. However, no expression was found in the mature
leaf primordia (Fig. 7c, d, e). No hybridization signal was
obtained with the CcLFY sense RNA probe (Fig. 7).
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Fig. 6 Relative expression of CcLFY mRNA during vegetative and
reproductive growth of Carya cathayensis at =30 DAFB, —26 DAFB,
—23 DAFB, —16 DAFB, —12 DAFB, —8 DAFB, —4 DAFB and 0
DAFB
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Fig. 7 In situ localization of
CcLFY transcripts during vege-
tative and reproductive growth
of Carya cathayensis at —26
DAFB (a), —16 DAFB (b), —12
DAFB (c¢), -4 DAFB (d) and 0
DAFB (e). All sections are
longitudinal. All hybridizations
were done with the antisense
probe, except in (f), where the
corresponding sense probe was
used. The hybridization signal
with CcLFY is observed as a blue
precipitate. am apical meristem,
ap axillary bud primordium,

gy female flower bud primordi-
um, bp bract primordium. Bar:
(a—c and e—f) 346 um; (d)

200 pm

Genetic Transformation Analysis of CcLFY

To analyze the effect of CcLFY on flowering, we generated
35S::CcLFY transgenic tobacco that expressed the 1158 bp
PCR-amplified fragment of CcLFY. Overall, we obtained 38
independent TO plants that harbored the CcLFY gene as
determined by PCR. Wild-type and 35S::CcLFY transgenic
plants were grown in a growth chamber. As a result of the
transformation, 35S::CcLFY transgenic plants produced
higher levels of CcLFY mRNA in their leaves than the
control lines. Compared with the wild-type, all of these
35S::CcLFY transgenic plants produced oval leaves during
the seedling stage (Fig. 8), and flowered 10-12 days earlier
than the wild-type plants, approximately 90 days after sow-
ing (Fig. 9). The 35S::CcLFY transgenic plants had a normal
floral phenotype.

Discussion

A better understanding of the process of flower development
is critical for the establishment of breeding programs. In
woody perennials, the mechanism that regulates flowering is
remarkably different from that in herbaceous species, with
regard to long juvenile phases, bud dormancy and flower
transition (Dornelas and Rodriguez 2005a). It is crucial that
we understand the regulation of the flowering process in
woody perennials for the management and improvement of
woody species. In the present study, we succeeded in

isolating and characterizing CcLFY from hickory, which
encodes for a transcription factor that regulates floral meri-
stem identity. The predicted protein of CcLFY has 385
amino acid residues with conserved structures that are char-
acteristic of most LFY proteins. CcLFY had high amino acid
sequence homology (89.2%) to a chestnut LFY protein
(Fig. 3). An alignment analysis among CcLFY and other
LFY homologues showed that the gene structure and splic-
ing sites are highly conserved among the angiosperms. Most
angiosperm LFY proteins have a prolinerich region within
about the first 40 amino acids. In addition, two highly
conserved regions are present in both CcLFY and other

Fig. 8 Comparison of leaves between 45-day-old 35S::CcLFY trans-
genic tobacco (leff) and 45-day-old nontransformed tobacco (right).
Bar: 1 cm
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Fig. 9 Early flowering of 35S::CcLFY transgenic tobacco (lefi) com-
pared with nontransformed tobacco ecotype (right) grown under long-
day conditions. Bar: 5 cm

LFY homologues (Fig. 3). One is located at the amino (N)
region of the proteins and the other is located in the carboxyl
(C) region. The prolinerich region, as suggested by Coen et
al. (1990), plays a critical role in transcriptional activation.
However, Maizel et al. (2005) suggested that the C-terminal
domain plays an essential role in DNA-binding activity and
regulates the expression of downstream floral homologs by
binding the sequences in their enhancers (Weigel and Nilsson
1995; Souer et al. 1998; Southerton et al. 1998; Lohmann
and Weigel 2002). These regions are also conserved in
CcLFY. These results indicate that the CcLFY protein pos-
sesses conserved domains that exhibit the same transcrip-
tional regulating functions as the other angiosperm and
gymnosperm homologs of LFY proteins.

To understand the evolutionary relationships between
LFY genes, we constructed a phylogenetic tree of LFY
amino acid sequences (Fig. 4). As expected, groups are
formed by the sequences from Angiosperms (Fig. 4) and
the genetic relationship between monocotyledon and gym-
nosperm is closer than that between dicotyledon and gym-
nosperm (data not shown). Southern blot analysis indicated
that the CcLFY gene exists in the C. cathayensis genome as
a single copy (Fig. 10). Generally, angiosperm species have
one copy of the LFY gene while gymnosperm species have
two copies. However, some angiosperm species such as
apple (Wada et al. 2002), tobacco (Ahearn et al. 2001) and
maize (Bomblies et al. 2003) have more than two copies.
Among these copies of LFY genes, only one has been well
characterized and no function was found for the other copy
(Dornelas et al. 2004; Southerton et al. 1998). Frohlich and
Estabrook (2000) reported that the copy number of the LFY
gene in angiosperms tends to decrease. Therefore, the copy
number of LFY homologous genes can, to a certain extent,
also reflect the evolutionary relationship between plants.

Bradley et al. (1996) reported that LFY/FLO is not
detected during the early vegetative phase in snapdragon

@ Springer

Msel Vspl Kpnl BamHI

Fig. 10 Southern blot analysis of genomic DNA from Carya
cathayensis probed with CcLFY. Lane I digested with Msel, lane 2
digested with Vspl, lane 3 digested with Kpnl, lane 4 digested with
BamHI

(Antirrhinum majus), and its expression is confined to newly
emerging floral primordia. In the rubber tree (H. brasilien-
sis), Dornelas and Rodriguez (2005b) also found that
HbLFY expression was only restricted to reproductive tis-
sues, and that HbLFY transcripts accumulated in the floral
buds and floral organs, and in the vegetative-to-reproductive
transition apex. A similar suggestion has been proposed by
Bomblies et al. (2003) and Rottmann et al. (2000) for
Populus and maize, respectively. Moreover, the seasonal
alternating expression of LFY homologues has been
reported for other woody species such as apple, kiwifruit,
and grape (Walton et al. 2001; Carmona et al. 2002; Wada et
al. 2002). However, Kelly et al. (1995) reported that LFY/
NFL is expressed constitutively in tobacco (N. tabacum),

Fig. 11 Structural model of CcLFY protein based on SWISS-MODEL
Workspace
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with expression in the vegetative phase including emerging
leaf primordia. Southerton et al. (1998) reported that ELF],
a homolog of LFY, is expressed strongly in the early floral
primordium and then successively in the primordia of
sepals, petals, stamens and carpels. It is also expressed in
the leaf primordia, and in young leaves of adult and juvenile
trees. Wada et al. (2002) reported that there are two ortho-
logues of FLORICAULA/LEAFY in apple (Malus * domes-
tica Borkh.): AFLI, which is expressed only in the floral
bud during the transition from vegetative to reproductive
growth, and AFL2, which is expressed in vegetative shoot
apex, floral buds, floral organs and root. The same results in
other woody species including E. grandis showed that
EgLFY, the E. grandis homolog of the Arabidopsis gene
LFY, is expressed in both reproductive and vegetative tissues
(Dornelas et al. 2004). In our study, CcLFY expression was
detected in reproductive tissues (Figs. 5, 6 and 7). The
expression of CcLFY increased as organs expanded and
the highest level of CcLFY expression corresponded to the
time of flower meristem formation (Fig. 7). These results
suggest that the expression of CcLFY might play an impor-
tant role in the process of flower initiation in hickory tree, as
do other angiosperm and gymnosperm homologs of most
LFYlike genes.

We showed that all of these 35S:CcLFY transgenic to-
bacco plants produced oval leaves during the seedling stage
compared with wild-type (Fig. 8). Kyozuka et al. (1998)
also reported that transgenic Arabidopsis plants containing
35S-RFL, the FLO/LFY homolog in rice, had a variety of
morphological abnormalities in vegetative organs. Lee et al.
(1997) reported lobed leaves in transgenic Arabidopsis car-
rying 35S-UF O, and this phenotype required the presence of
functional LFY. They also reported that a low level of LFY
RNA expression is present in young leaf primordia of Ara-
bidopsis. Their results and ours suggest that LFY plays an
unknown role in the development of leaves. The expression
of CcLFY may disturb the function of endogenous LFY in
leaves. It will be interesting to see whether FLO/LFY homo-
logs from other plant species cause phenotypes similar to
35S::CcLFY when they are ectopically expressed in tobacco
plants. Although the conservation of sequences indicates
that CcLFY and FLO/LFY arose from a common ancestral
gene, diversification of both their functions and the regula-
tion of their expression have occurred during evolution.

To better understand the biological role of CcLFY during
flower development, we investigated the effect of a gymno-
sperm CcLFY gene on angiosperm flowering by introducing
the CcLFY sequence into the tobacco genome. Although we
observed normal flowers on 35S::CcLFY transgenic plants,
the early-flowering phenotype observed in 35S::CcLFY
transgenic tobacco plants (Fig. 9) was similar to that in
transgenic tobacco plants with CjNdly from Cryptomeria
Jjaponica plants (Shiokawa et al. 2008) and with a chimeric

NFLI gene (Ahearn et al. 2001), and in transgenic Arabi-
dopsis plants with NLY from radiata pine (Mouradov et al.
1998) and with ELFI from Eucalyptus plants (Dornelas et
al. 2004). Wada et al. (2002) also reported that transgenic
Arabidopsis which overexpressed AFL2 of apple (Malus x
domestica Borkh.) showed accelerated flowering and direct-
ly gave rise to several solitary flowers from rosette axils.
AFLI had similar effects, but the phenotypes of transgenic
Arabidopsis with AFL1 were weaker than those with 4AFL2.
These results suggested that CcLFY can act as a meristem
identity gene in angiosperms, similar to the AFL, NLY and
CjNdly genes isolated from gymnosperms.

To study how CcLFY specifically recognizes its target
DNA sequences, we constructed a structural model based on
SWISS-MODEL  Workspace (http://swissmodel.expasy.
org). We found that CcLFY has a seven-helix fold
(Fig. 11), similar to Arabidopsis LFY (Hames et al. 2008).
Hames et al. (2008) crystallized LFY-C from Arabidopsis in
complex with DNA, and the structure they identified
showed a novel protein fold, made of seven alpha helices,
which bind DNA as a cooperative dimer, to form base-
specific contacts in both the major and minor grooves. This
cooperative binding mechanism was proposed to contribute
to the sharp induction of flowering (Moyroud et al. 2009).

Our results showed that CcLFY may play a pivotal role in
the transition from the vegetative to the reproductive phase
in C. cathayensis, which is consistent with other reports
(Weigel et al. 1992; Blazquez et al. 1997). The photoperiod
and vernalization contribute to the expression of CcLFY and
may integrate external signals into the decision to flower.
An increased understanding of flower development in C.
cathayensis should eventually contribute to improving breed-
ing efficiency and increasing products through biotechnolog-
ical manipulation. If we can control meristem-identity genes
such as CcLFY with the use of reverse genetics, we might be
able to further characterize the role of CcLFY during repro-
ductive development in hickory tree.
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