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Abstract The transition to flowering is a major developmen-
tal switch in flowering plants. The nuclear RNA-binding pro-
tein FCA responds to seasonal signals and abscisic acid
(ABA), which can control the flowering time via ambient
temperature and autonomous pathways. Citrus FCA ortholog
(PtF'CA) has been isolated and characterized from precocious
trifoliate orange (Poncirus trifoliata L. Raf). Three alterna-
tively spliced transcripts of PtFCA (PtFCAI, PtFCA2, and
PtFCA3) were isolated. The expression pattern of PtFCA in-
dicated that it may be involved in phase transition in preco-
cious trifoliate orange. A functional complementation experi-
ment of PtFCA indicated that PtFCAI partially rescued the
late-flowering phenotype of the fca-/ mutant. There was no
influence on flowering time of transgenic Arabidopsis by
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PtFCA3 as compared with PtFCA2, which exhibits delayed
flowering time in a fca-1 background. Meanwhile, these three
transcripts also showed different abilities to regulate root de-
velopment in the fca-1 background. The study of protein—pro-
tein interactions suggested that PtFCA may form higher order
complexes with PtFY and PtNF-YA7 to regulate timing of the
transition from the vegetative to reproductive phase in preco-
cious trifoliate orange. ABA and ambient temperature treat-
ments changed the expression of PtFCA and interaction pro-
tein. These findings reveal that PtFCA may play important
roles in flowering time and root development of precocious
trifoliate orange through the formation of multiple protein
complexes.

Keywords Precocious trifoliate orange - FCA - Flowering
time - Protein interaction - Root development - Alternative
splicing

Introduction

The major developmental transition in flowering plants is the
switch from vegetative to reproductive development (Srikanth
and Schmid 2011). Previous studies reported that flowering
time is regulated principally by internal genetic factors and
environmental signals, such as temperature, light intensity,
day length, gibberellins, aging by sequentially operating
miRNAs, and body size (Amasino and Michaels 2010;
Jaeger et al. 20006). So far, the autonomous, gibberellin, pho-
toperiod, vernalization, and aging pathways have been shown
to regulate flowering in Arabidopsis, and several genes related
to the five response networks have been identified by molec-
ular analysis of Arabidopsis mutants (Amasino and Michaels
2010; Jaeger et al. 2006; Khan et al. 2014; Srikanth and
Schmid 2011). The autonomous pathway refers to
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endogenous regulators that are independent of the photoperi-
od and gibberellin pathways (Srikanth and Schmid 2011).
However, the genes of the autonomous pathway are involved
in mediating the effects of the ambient temperature and circa-
dian clock pathways (Abou-Elwafa et al. 2011; Blazquez et al.
2003). The autonomous pathway includes FCA, FY,
LUMINIDEPENDENS (LD), FPA, FLOWERING LOCUS D
(FLD), FLOWERING LOCUS VE (FVE), and RELATIVE OF
EARLY FLOWERING 6 (Khan et al. 2014; Liu et al. 2007).
Decades of studying Arabidopsis have revealed that FCA and
FVE are involved in the perception of ambient temperatures.
In contrast to Arabidopsis, many perennial plants with differ-
ent growth forms show a diversity in flowering responses that
are not easily explained based solely on studies of flowering in
Arabidopsis, thus illustrating the value of model tree systems
(Mouradov et al. 2002; Amasino and Michaels 2010; Khan
et al. 2014; Lee et al. 2005).

FCA protein consists of two RNA recognition motifs
(RRMs) and a protein interactor WW domain (Macknight
1997). In Arabidopsis, FCA is involved in controlling
flowering time and plays more general roles in RNA-
mediated chromatin silencing (Jang et al. 2009b). This process
is conserved and diverse in Arabidopsis (dicot) and rice
(monocot), and it occurs through alternative splicing and al-
ternative polyadenylation resulting in different transcripts.
Only one transcript forms a functional nuclear protein that
can promote flowering in Arabidopsis, whereas alternative
processing of OsFCA transcript is more complex than its
Arabidopsis counterpart (Jang et al. 2009a; Kumar et al.
2011; Lee et al. 2005; Macknight 2002). FCA protein was
found to interact with various proteins having different func-
tional domains, although several of the interactors contain
XPXPP motif. For example, FCA protein interacts physically
and genetically with the RNA 3’-end processing factor FY
containing two PPLP motifs via its WW domain (Simpson
et al. 2003). This interaction is required both for correct pro-
cessing of transcripts derived from FCA itself and for the
down-regulation of transcript (directly or indirectly) at the
expense of full-length FCA mRNA, thus limiting the expres-
sion of active F'CA in Arabidopsis and rice (Jang et al. 2009b;
Sarnowski et al. 2002; Simpson et al. 2003). FCA-RRM do-
mains are known to mediate RNA-binding functions in nu-
merous proteins. Many of the reports on FCA-RRMs were
related to their roles in floral development (Liu and Cai
2013; Quesada 2003; Sun et al. 2011). Indeed, FCA research
has provided hints about additional role(s) in the induction of
dormancy and the germination process and its effects on
abscisic acid (ABA)-responsive promoters of Em and VPI
(Kumar et al. 2011; Ruttink et al. 2007). In addition, a recent
study indicated that F'CA also binds to pri-miR172 transcripts
and promotes their processing in response to ambient temper-
ature changes (Jung et al. 2012). However, most information
about F'CA functions and expression regulation has come from
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studies of model annual plants (typically Arabidopsis), with
relatively few reports regarding woody plants.

Citrus is one of the most economically important evergreen
fruit crops for the production of fresh fruit and juice (Tan and
Swain 2007). However, the phase transition in most citrus
plants requires 48 years and is much longer for some species,
such as seedling oranges and grapefruit, which require 8—
10 years to flowering (Davenport 1990). Precocious trifoliate
orange was derived from trifoliate orange (Poncirus trifoliata
L. Raf)); about 20 % of the seedlings from precocious trifoliate
orange seeds first flowered in the next year after the spring
planting; the juvenile period of precocious trifoliate orange
has been greatly reduced to 1-2 years as compared with other
citrus plants which has a juvenile period of 6 to 8 years.
Therefore, precocious trifoliate orange provides good material
for studying the molecular mechanism of the seasonal re-
sponse and flowering in citrus plants (Zhang et al. 2011a).
For most citrus plants, there are three important types of
shoots produced during the growing season: spring shoots,
summer shoots, and autumn shoots, with spring shoots being
the most important for flower formation and flowering (Liang
etal. 1999; Zhang et al. 2014). All three types of citrus shoots
typically cease growth temporarily by abortion of the shoot
tips. This physiological phenomenon is called “self-pruning.”
Previous cytological studies revealed that the floral buds of
spring shoots in trifoliate orange initiated differentiation im-
mediately after self-pruning (Zhang et al. 2014). Therefore,
self-pruning appears to be a demarcation point for the meri-
stem to initiate leaf bud or floral bud development (Li et al.
2010; Zhang et al. 2014). In addition, flower induction and
flowering of citrus plants are also regulated by temperature in
subtropical regions. Previous studies reported that citrus trees
continue vegetative growth without producing flower buds at
temperatures above 25 °C, whereas the trees produce flower
buds at temperatures below 25 °C (Nishikawa et al. 2007).
This phenomenon indicated that cool ambient temperatures
may play an important role in floral induction of citrus plants.

Based on these observations, it appears that the genes of the
autonomous and thermosensory flowering pathway may be
involved in the unique flowering behaviors of citrus plants.
Therefore, we have isolated and characterized a homolog to
the Arabidopsis FCA gene from precocious trifoliate orange to
study the molecular mechanism of the seasonal signal re-
sponse and flower formation in perennial woody plants.

Materials and methods
Plant material and growth conditions
The samples of precocious trifoliate orange were collected

from the experimental fields of the National Citrus Breeding
Center at Huazhong Agricultural University (30° 35’ N, 114°
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17" E). Seeds were planted in 20-cm pots containing commer-
cial medium (Peilei, China) for 2 months in a greenhouse
maintained at 25 °C with 16-h light/8-h dark photoperiod.
Seedlings were then transplanted and grown under natural
environmental conditions.

To investigate the expression of PtF'CA in spring shoots,
the terminal bud and the following five buds (the major node
positions for flower formation) from the spring shoots of adult
trees (7-8 years old and had flowered several times) were
collected at three distinct phases (15 days before self-pruning,
beginning of self-pruning, and 20 days after self-pruning). To
examine different developmental stages, juvenile samples
from shoot apical meristems of 6-month-old trees, phase tran-
sition samples from 12-month-old trees, and adult samples
from the terminal bud and the following five buds from 7-
year-old trees after self-pruning of spring shoots were collect-
ed. To analyze the spatial expression, roots, shoots, leaves,
flowers at full bloom, and the whole fruits at 1 month after
flowering were collected.

To examine the effects of ambient temperatures on gene
expression, 3-month-old seedlings were grown at either 23
or 27 °C with a photoperiod of 16-h light/8-h dark for 2 weeks.
Leaves were collected for further gene expression analysis. To
examine the effects of ABA on gene expression, 15 pmol/L
ABA was sprayed on the spring shoots of adult trees from
shoot sprouting to flowering at 5 p.m. every day in the field.
Shoots were collected according to the developmental stages.
At the sprouting stage, the entire spring shoots were collected
when they had reached a length of 2-3 cm. For the phase
transition stage, the terminal bud and the following five buds
of spring shoots were collected during self-pruning. In this
study, all plant tissues were sampled according to the require-
ment of each experiment from the three groups of trees (with
each group containing three trees) used as biological repeats,
immediately frozen in liquid nitrogen, and stored at —80 °C
until further analysis.

Gene isolation and sequence analysis

The primers were designed for reverse transcription (RT)-
PCR amplification (Table S1). PCR amplification was con-
ducted in 25 pL reactions containing 50 ng of cDNA template,
2.5 uL 10 x PCR buffer, 0.5 mM each primer, 0.5 U LA Taq
DNA polymerase (TaKaRa, Japan), and 2.5 mM dNTPs. RT-
PCR was performed with the following protocol: denaturing
at 95 °C for 5 min; 36 cycles of annealing at 95 °C for 35 s,
52 °C for 35 s, and 72 °C for 2 min; and extension at 72 °C for
10 min. The PCR product was cloned into pMD18-T vector
(TaKaRa, Japan) and sequenced (BGI Tech, China). Sequence
analysis was performed by the National Center for
Biotechnology Information (NCBI) and GeneScan
(http://genescan.info/). The sequence alignment was carried
out using ClustalX (ver. 2.1), and the phylogenetic tree was

constructed by the neighbor-joining method using MEGA 4.0
(Tamura et al. 2007). Bootstrap values were derived from
1000 replicate runs. The amino acid sequence of PtAGL24
was aligned with homologous protein sequences from various
plants through BLASTN. All the sequences were downloaded
from the NCBI database.

Gene expression analysis by real-time PCR

Real-time PCR was applied to evaluate transcription levels of
PtFCA by using the SYBR Green PCR master mix (Roche
Applied Science, Germany). Total RNA was extracted by
using Trizol reagent (TaKaRa) according to the manufac-
turer’s instructions. About 1 ng total RNA after treatment with
RNase-free DNase I was synthesized into cDNA with the
Reverse First Strand cDNA Synthesis Kit (Invitrogen,
USA). Real-time PCR was conducted on the
LightCyclerW480 Detection System (Roche Applied
Science) as described previously (Zhang et al. 2009). Real-
time PCR was normalized with the results of [3-actin.

Three biological replicates and four technical replicates
were assayed in this study, and all biological replicates
showed similar trends. Data from one biological replicate are
presented. The data were processed using one-way analysis of
variance (ANOVA), and statistical differences were compared
based on Student’s ¢ test, taking P < 0.01 as significant.

Subcellular localization analysis

For localization studies in onion epidermal cells, the open
reading frame (ORF) of PtFCA without the terminator codon
of different transcripts was constructed to the pPCAMBIA1302
vector fused to green fluorescent protein (GFP) by using re-
striction enzymes. The PtFCA-GFP expression vector was
precipitated on gold particles and bombarded onto the onion
epidermal layer tissue (von Arnim 2007). The transformed
onion cells for GFP (excitation 488 nm) were observed with
a universal fluorescence microscope (90i, Nikon).

Arabidopsis transformation and phenotype analysis

PtFCA transcripts containing ORF were ligated into the binary
plant transformation vector pCAMBIA1301 driven by
CaMV35S and then transferred into Agrobacterium strain
EH105. Arabidopsis (fca-1) plants were transformed by the
floral dip method (Clough and Bent 1998). Positive lines were
selected as described by Zhang’s method (Zhang et al. 2011a).
Transgenic plants (T, and T,) were confirmed by PCR ampli-
fication. To investigate flowering time, the days to flowering
and the number of rosette leaves were counted when plants
had 1-cm-long inflorescence. To investigate root develop-
ment, the length of transgenic plant roots was measured at
15 days of age. The root tip phenotype of Arabidopsis 15-
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day-old plants analyzed in this study was observed on a Nikon
90i stereomicroscope. Statistical analysis was performed by
using SPSS, taking P < 0.01 as significant.

Yeast two-hybrid analysis

For yeast two-hybrid screening, a cDNA library was con-
structed from precocious trifoliate orange. The conserved do-
main of PtFCA was cloned into pGBKT7. A yeast two-hybrid
experiment was performed by the Matchmaker Yeast Two-
Hybrid System (Clontech). Yeast cells were transformed by
the LiAc/DNA/PEG method according to the Yeast Protocols
Handbook from Clontech (http://www.clontech.com). The
transformed cells growing on SD/Leu-Trp-His-Ade/X-x-Gal
media were transferred to selective medium containing X-«-
Gal (20 mg/ml), and the blue positive colonies were charac-
terized. The screening of interaction clones was carried out
according to the manufacturer’s instructions. Plasmids were
isolated from colonies showing a positive (blue) reaction and
introduced into AH109 for the further confirmation of protein
interaction. The one-to-one hybrid experiment was performed
on selective SD/-Trp/-Leu/-His/-Ade/X-x-gal (40 pg/ml) me-
dia supplemented with 5 mM 3-amino-triazole (3-AT). Inserts
of the plasmids were also sequenced by the Beijing Genomics
Institute (Wuhan, China).

Bimolecular fluorescence complementation analysis

The full-length ORF of PtFCA and PtFY without a stop codon
were cloned into the BiFC vectors (Walter et al. 2004) pUC-
SPYNE and pUC-SPYCE by using BamHI and Kpnl, respec-
tively. Each fusion construct was verified by sequencing. The
BY-2 cell lines (Nicotiana tabacum L. cv. Bright Yellow 2)
were transformed with each of the above constructs by particle
bombardment (von Arnim 2007). The yellow fluorescent pro-
tein (YFP, excitation 514 nm) signal was observed under a
confocal laser scanning microscope (LSM510 Meta, Zeiss,
Germany) and recorded by LSM Image Examiner software
(Zeiss).

Results
Isolation and sequence analysis of PtFCA

To understand the molecular mechanism of flowering in citrus
plants, a previous transcriptional study was executed at the
phase transition of precocious trifoliate orange by tran-
scriptome sequencing (Zhang et al. 2011b). Five
Arabidopsis FCA homologous unigenes were found by de
novo analysis, but only three transcripts (PtFCAI, PtFCA2,
and PtFCA3) were left after excluding the redundant se-
quences by PCR analysis (Fig. 1a and S1B). These transcripts
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could be localized into the same genome DNA sequence, sug-
gesting that they arise via an alternative splicing process.
Structure analysis revealed that PtFCAI contained 19 exons
and 18 introns (Fig. 1b). The relative sizes of exons and in-
trons were also generally well conserved as compared with
Arabidopsis (Macknight 1997). The third intron (3741 bp)
was determined to be the largest PtFCAI intron, in accord
with Arabidopsis, Brassica napus, Oryza sativa, and pea
(Macknight 2002). The ORF of PtFCAI was 2016 bp, con-
taining 700 amino acids with two RRMs and a WW protein
interaction domain. The PtFCA2 was formed from cleavage
and polyadenylation within intron 3 and contained intron 1, 2,
and 309 bp of intron 3, while 60 bp of the 5’ region in the
retained portion of intron 3 was spliced (Fig. 1b). In contrast,
PtFCA3 contained 369 bp of intron 3 without a splice occur-
ring in the 5’ region (Fig. SIA). In addition, four kinds of
transcripts (x, {3, v, and 8) could be generated from FCA in
Arabidopsis (Macknight 2002). Therefore, to find other alter-
native splicing of PtFCA, a 3'-RACE experiment was
preformed based on 3’ conserved sequences of PtFCA, but
no new alternative splicing was found.

The deduced PtFCA1 protein showed only 53 and 43 %
similarity to Arabidopsis and rice, respectively. However, the
two RRMs and the WW domain exhibited high similarity to
Arabidopsis (83 and 79 %, respectively) and to rice (83 and
72 %, respectively). Previous studies reported that all the
monocot FCAs contained glycine-rich regions at the protein
N-terminus corresponding to a GC-rich region at the 5" end of
the nucleic acid region (Kumar et al. 2011). However, this
region was lacking in Arabidopsis as well as precocious trifo-
liate orange (Fig. 1). PtFCA1 has a proline-rich region behind
the RRMs domain, which was absent from all the other FCA
proteins. There was a longer PolyQ region in the N-terminus
than that in Arabidopsis. PtFCA2 and PtFCA3 were truncated
and only comprised a partial RRM1 domain without RRM2
and the WW domain. PtFCA3 consisted of 101 amino acid
residues, whereas PtFCA2 with only one amino acid. Their C-
terminus was slightly divergent by several amino acids
(Fig. 1). Experiments indicated that the alternative processing
of PtFCA is conserved between citrus and Arabidopsis. A
phylogenetic tree based on a sample of known FCA protein
sequences from monocots and dicots was generated
(Fig. S1C). Protein-based phylogenetic comparison exhibited
clear divergence between monocot and dicot FCA.
Observations revealed that PtFCA is most closely related to
Arabidopsis FCA in dicots.

Localization of PtFCA proteins

Sequence analysis revealed that PtFCA1 possesses a nuclear
localization signal “KRPRP” at the 293rd amino acid position.
But the nuclear localization signal (NLS) was absent in
PtFCA2 and PtFCA3. The PtFCA-GFP fusion protein was
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constructed to examine whether PtF'CA transcripts were local-
ized in the nucleus. PtFCA1, PtFCA2, and PtFCA3 ORFs
(without the stop codon) were fused to N-terminus of the
GFP reporter gene under the control of CaMV35S. The fusion
plasmids and the control (GFP) were transiently expressed in
onion epidermal cells and monitored for green fluorescence
with a microscope. Transient expression assays indicated that
GFP, PtFCA2-GFP, and PtFCA3-GFP were detected in the
cytoplasm and nucleus, as seen in the control, whereas the
PtFCA1-GFP fusion protein was exclusively restricted in the
nucleus (Fig. 2). The nuclear localization of PtFCA1-GFP
also suggests that PtFCA1 is a nuclear protein.

Expression pattern of PtFCA in precocious trifoliate
orange

To understand the role of PtFCA in the seasonal periodicity of
flowering in precocious trifoliate orange, the dynamic expres-
sion of three PtFCA transcripts and total PtFCA (tPtFCA:
including PtFCA1, PtFCA2, and PtFCA3) were investigated
during different developmental stages of spring shoots of pre-
cocious trifoliate orange by real-time PCR. tPtFFCA and

12

NINTIPQQATSPAVPLIIC!

14 1516 1718 19

45 67

sativum; AtFCA from Arabidopsis; OsFCA from Oryza sativa. b
Structures of the genomic sequence of PtFCA. The black boxes
represent exons, and the gray boxes represent introns

PtFCAI had the same expression pattern during the flower
development process of spring shoots. A high transcript level
of PtFCAI was seen before self-pruning, decreased as the
spring shoots began to self-pruning, followed by maintenance
of a high level of expression after self-pruning. PtFCA2 was
present at higher levels during the self-pruning process.
Interestingly, the high transcript level of PtF'CA3 was also
seen before self-pruning of spring shoots and the amount de-
creased at the beginning of self-pruning.

To understand the relationship between phase transition
and the expression of PtF'CA, we investigated the expression
level of PtFCA at three key developmental stages (juvenile,
phase transition, and adult) of precocious trifoliate orange.
The expression of tPtFCA1 showed higher levels at the phase
transition stage as compared with the juvenile stage; PtFCA]
showed higher levels at the adult stage as compared with the
juvenile and phase transition stages; PtF'CA?2 increased at the
phase transition stage and remained at a high level of expres-
sion at the adult stage. However, PtF'CA3 showed the highest
transcript level at the phase transition stage compared with the
levels in other two stages (Fig. 3b). In addition, the expression
of PtFCA was also investigated in different tissues including

@ Springer



85 Page 6 of 14

Tree Genetics & Genomes (2016) 12: 85

Fig. 2 Localization of PtFCA-
GFP in onion epidermal cells. A:
Fluorescent image of 35S::GFP
for positive control. B:
Fluorescent image of

35S::PtFCA1:GFP. C:
Fluorescent image of
35S::PtFCA2:GFP. D:
Fluorescent image of
35S::PtFCA3:GFP. a, b, ¢, and d
indicated bright-field image of
onion epidermal cells
corresponding to A, B, C, and D,
respectively. Bar = 50 pm

leaves, roots, spring shoots, flowers, and fruits of adult trees
by real-time PCR. PtFCA exhibited broad expression patterns,
with transcripts detected in all the plant organs. The expres-
sion levels of tPtFCA and PtFCA3 were particularly higher in
roots as compared with other tissues (Fig. 3c). The expression
of tPtFCA and PtFCA2 was strongly detected in fruits; the
PtFCAI and PtFCA3 were detected strongly in the flowers
and leaves, slightly in shoots, and scarcely in fruits.
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Fig. 3 The temporal and spatial expression pattern of PtF'CA (tPtFCA,
PtFCAI, PtFCA2, and PtFCA3). a The relative expression of PtFCA
during reproductive transition process of spring shoot. Stage 1: 15 days
before self-pruning; stage 2: beginning of self-pruning; stage 3: 20 days
after self-pruning. 5 The relative quantities of PtFCA genes during
different developmental stages (asterisks indicate significant difference
from stage 1.¥P < 0.05, **P < 0.01). Juvenile: 6-month-old seedling;
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Functional analysis of PtFCA in transgenic Arabidopsis

To evaluate the function of PtFCA in flowering regula-
tion of precocious trifoliate orange, PtFFCAl, PtFCA2,
and PtFCA3 were ectopically expressed in Arabidopsis
fca-1 mutant driven by the 35S promoter, 15, 18, and
20 independent kanamycin-resistant plants were obtained
in the T; generation, respectively. In order to further
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transition: 12-month-old precocious trifoliate orange; adult: 7-year-old
precocious trifoliate orange. ¢ The relative expression of PtFCA in
different tissues including roots, shoots, leaves, flowers at anthesis, and
whole fruits at 1 month after flowering (asterisks indicate significant
difference from root.*P < 0.05, **P < 0.01). -actin was used as a
control. Real-time PCR experiments were conducted using the primers
displayed in Supplementary Table S1
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analyze PtFCA function, three independent transgenic
lines were randomly selected for phenotypic observation
by PCR detection using DNA templates. We selected 15
T; transgenic plants for each transgenic line. The results
showed that overexpression of PtFCAI can partially res-
cue the late-flowering and short-root phenotype in fca-1
mutants (Fig. 4a and b). Three 35S::PtFCA1 transgenic
lines flowered significantly earlier than the fca-I mu-
tants (Student’s ¢ test, P < 0.05) in terms of both days
to flowering and number of leaves (Table 1). The aver-
age time to flowering of three transgenic lines ranged
from 18.1 to 24.1 days, whereas that of the fca-/ and
wild-type plants was 42.8 and 19.8 days (Table 1). The
average number of rosette leaves at flowering ranged
from 11 to 14 in three transgenic lines and was 21
and 9.5 in the fca-I and wild-type plants (Table 1).
No difference in the appearance of flowers and inflores-
cences was observed among 35S::PtFCA1 and wild-type
and fca-1 plants. In addition, the meristem and elonga-
tion zone of transgenic Arabidopsis primary roots were

Fig. 4 The phenotypes of
PtFCAL, PtFCA2, and PtFCA3 in
transgenic Arabidopsis. a Ectopic
expression of PtFCA transcripts
in Arabidopsis fca-1 mutant. b
Phenotypes of root length in
transgenic Arabidopsis. ¢ Root tip
of transgenic Arabidopsis
visualized with microscopy.

Bar =25 pm

also different (Fig. 4c). These results indicated that
PtFCAI might promote flowering and root development.

Interestingly, PtFCA2 was capable of conferring a
late-flowering phenotype and rescue short-root pheno-
type in the fca-1 background (Fig. 4a, b, Table 1).
Three 35S::PtFCA2 transgenic lines flowered signifi-
cantly later than all other transgenic plants (Table 1).
The average time to flowering ranged from 47 to
60 days, and the average number of leaves at flowering
ranged from 20.3 to 30.7 in three transgenic lines
(Table 1). The average length of roots from 17.8 to
21.0 mm in three transgenic lines. However, it is worth
noting that the average length of roots was 13.1 and
17.2 mm in the fca-1 and wild-type plants, respectively
(Table 1). However, overexpression of PtFCA3 did not
exhibit any effect on flowering time and root develop-
ment (Fig. 4). Moreover, these results also reveal that
PtFCA transcripts has functional similarity and differ-
ence with Arabidopsis FCA with regard to flowering
time regulation and root development.

358::PtFCA2/
fea-1

358::PtFCAl/fea-1
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Table 1 Phenotypes of ectopic

Day to flowering®

Rosette leaves at
flowering stage®

Length of root*
(number of plants)

35S:PtFCAI, 35S::PtFCA2and ~ Genotype Plant number
358::PtFCA3 expression in fca-1
under long-day conditions
Ler 15
fea-1 15
358::PtFCAl 15
15
15
358::PtFCA2 15
15
15
358::PtFCA3 15
15
15

19.87 + 0.35
42.80 = 1.20"
24.13 + 2.70%
23.60 + 4.074%
18.13 + 0.35°
4773 £ 2.67¢
60.47 + 3.91%
60.73 + 4.85%
40.53 +2.90¢
40.27 + 2.37¢
40.53 +2.61¢

s

9.47 + 1.06
21.00 + 1.65
14.93 + 1.71%
13.60 + 1.24%
11.13 £ 0.35°
2027 + 2.74¢
30.47 + 4.02%
29.73 + 3.97%
18.67 = 0.90¢
17.87 + 1.00¢
1727 + 1.33¢

17.20 + 3.27(15)
13.08 + 3.89(12) ™
15.95 + 3.69(14)°
15.03 + 2.09(15)°
16.11 + 2.14(9)°
17.82 + 3.22(15)°
20.06 + 2.56(15) %
20.97 + 3.16(15)%
11.82 + 2.38(15)¢
13.88 + 2.78(15)¢

14.04 + 1.45(15)¢

*Day to flowering is defined as the days when the inflorescence extends about 1 cm

® Rosette leaves were counted on the day that the inflorescence extends about 1 cm

¢ Length of root was measured on seedlings grown on square vertical agar plates 15 days after germination
9 Significantly different from wild-type Ler control (P < 0.01)

¢ Significantly different from fca-1 (P < 0.01)

** Significantly different between Ler and fea-1 (P < 0.01)

Isolation of PtFCA interaction protein by yeast
two-hybrid system

To better understand the role of PtFCA during the develop-
ment of precocious trifoliate orange, we attempted to identify
proteins that interact with PtFCA. A yeast two-hybrid system
was used to screen a cDNA expression library of precocious
trifoliate orange. The coding sequence of WW and RRM do-
mains was cloned into pGBKT7 as baits, respectively. There
was no positive clone obtained by using the RRM domain
when screening the library. Various kinds of proteins were
found on the bases of screens conducted with WW domain
baits (Table 2). Approximately 1 x 10° yeast colonies were
screened, and 131 positive clones were identified from the
cDNA library. DNA sequencing showed that the 131 clones
represented 11 proteins. Further analysis was also performed
for interaction between the WW domain bait and the 11 pro-
teins by one-to-one hybrid, but APX2 does not interact with
FCAWW. One possible explanation is that the selection pres-
sure was increased during interaction verification process by
add 3-AT in media. These interacting proteins were found to
be involved in translation, metabolism, and cell division pro-
cesses (Fig. 5a). Among these interaction proteins, one tran-
script factor, named PtNF-YA7, was a homolog of
NUCLEAR FACTOR-Y SUBUNIT A 7 (NF-YA7), which
plays an important role in the integration of vernalization
and photoperiod seasonal signals along with regulation of
flowering initiation in temperate cereals (Siefers et al. 2009;
Zhang et al. 2011a). In addition, it is also able to regulate ABA
signaling components during germination and other ABA-
mediated developmental responses in Arabidopsis

@ Springer

(Siriwardana et al. 2014). Another interesting interaction pro-
tein was PtELIP2, a homolog of early light inducible proteins
(ELIP2), which was transiently induced by light, ABA, and
other environmental stresses, such as heat, cold, salinity, and
desiccation.

On the other hand, the FY/FCA interaction is clearly need-
ed in Arabidopsis for FCA autoregulation (Simpson et al.
2003), and this has also been demonstrated in rice (Jang
et al. 2009b). However, we did not obtain the homolog of
FY by screening a yeast two-hybrid library. To further inves-
tigate the PtFY/FCA interaction, a homolog of FY" from pre-
cocious trifoliate orange was isolated according to the Citrus
genome database (http://citrus.hzau.edu.cn/orange/). The FY
WD domain and PPLPP motifs were cloned into pPGADT7,
respectively. The result revealed that PtFCA interacts with
PtFY via the PtFCA-WW domain and PtFY-PPLPP motifs
(Fig. 5b). To verify the PtFY/FCA interaction in plants, a
bimolecular fluorescence complementation (BiFC) experi-
ment was carried out in tobacco Bright Yellow 2 (BY-2) cell
lines by particle bombardment. After the fusion of PtFCA and
PtFY to the N- or C-terminal YFP fragment and co-expression
in tobacco cells, strong BiFC signals were observed in the
transformed cells (Fig. 5c).

Expression profiles of PtFCA in response to ABA
and ambient temperature

PtFCA has diverse domains and interacts with several
ABA and ambient temperature-related proteins. Thus,
the expression pattern of PtFCA was detected in preco-
cious trifoliate orange under ABA and ambient
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Table 2  Interaction proteins screened by a yeast two-hybrid assay using PtFCA WW domain as bait

Seq description Accession no. Conserved domain Seq length (bp)  GOs

Uncharacterized protein Ciclev10021755m  SMC prok A, ND6 super family 1114 Glucose catabolic process

Succinate dehydrogenase Ciclev10025149m  Succ DH flav C, PRK06175 1173 Tricarboxylic acid cycle

super family

Probable polygalacturonase Ciclev10020162m  Pectate lyase 3 802 Carbohydrate metabolic process

Pollen-specific protein Ciclev10023761m  LIM2 SF3,LIM1 SF3 1254 Actin filament bundle assembly

Plastocyanin chloroplast Ciclev10002698m  Plastocyanin, Ifi-6-16 891 Negative regulation of translation

High mobility group b protein 14  Ciclev10017037m HMGB-UBF HMG-box 842 Chromatin assembly or disassembly,
response to UV and copper ion

Early light induced protein 2 Ciclev10006006m  Chloroa b-bind 891 Anthocyanin-containing compound
biosynthetic process, response to
sucrose stimulus, cold, UV-B, red
or far red light and karrikin

Cell division control protein Ciclev10000344m  PTZ00112 509 Cell division

Aldose 1-epimerase Ciclev10008981m  Aldose epim super family 544 Hexose metabolic process

Nuclear transcription factor-y Ciclev10016491m  CBFB NFYA, PHA03160 1099 Regulation of timing of transition

subunit a-7-like (NF-YA7)* super family from vegetative to reproductive

phase and transcription

Ascorbate peroxidase 2 (APX2)b Ciclev10030198m NO 519 Regulation of cellular ROS

“ Protein interacted with PtFCA WW which may regulate the flowering time was focused
® Protein interacted with P(FCA WW domain was negative by retesting in yeast by co-transformation

Fig. 5 The isolated interaction . 3 S S S f:
protein with PtFCA protein. a A i B N z Ze ZF
Yeast two-hybrid analysis. b s & s ; F
PtFCA/PtFY interactions 2 @ 2y 2%

examined by one-to-one hybrid. ¢

N o BD-FCAWW/ BD-FCAWW
PtFCA/PtFY interaction in AD-NF-YA7 AD_Fy(pprg)
tobacco BY-2 cells by
bimolecular fluorescence ig-zgﬁWW{ BD-FCAWWY
complementation. BY-2 cells i need AD-FY(WD)
were transformed by particle
. BD-FCAWW/
bombardment with a set of AD-copper ion BD-FCA(RRMY
constructs for PtFCA-YFPY and binding ADEY(PPLEF)
PtFY—YFPC Bar=10 pm BD-FCAWW/
AD-succinate
dehydrogenase BD-FCA(RRMY
AD-FY(WD)
BD-FCAWW/
AD-ELIP
BD/
AD-FY(PPLPP)
BD-FCAWW/
AD-polygalacturonase-
like
BD-FCA(WW)/
AD
BD-FCAWW/
AD-uncharacterized
partial C
Fluorescence Visible light Merged
BD-FCAWW/ .
AD-pollen-specific PUC-SPYNE:: FCA/ #* &
protein PUC-SPYCE:: FY
BD-FCAWW/
AD-aldose 1-

epimerase-like

BD-FCAWW/
AD-v-type proton
atpase subunit e-like

BD-FCAWW/
AD-APX2

BD-53/
AD-T

PUC-SPYNE/
PUC-SPYCE:: FY
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temperature treatments. The effect of ABA was investigat-  the levels in treated tissue, the two genes were detected
ed during the flowering developmental process of spring  and present at high levels in the control tissue.
shoots, which can flower after sprouting without dorman- To investigate the effect of low temperature, 3-month-old

cy. Length, number of nodes per shoot, and the flower  seedlings were treated at 27 or 23 °C for 2 weeks. The results
number to shoot number ratio were reduced (Fig. 6a). A indicated that PtFCAI and PtFY in seedlings kept at higher
similar expression pattern of tPtFFCA and PtFLC was de-  ambient temperature were reduced greatly after 2 weeks, con-
tected under ABA treatment: it increased at phase transi-  trary to PtFCA2 and PtFCA3 (Fig. 6b). PtNF-YA7 exhibited
tion and remained at a high level of expression at the  higher expression at 27 °C, whereas PtFY showed higher ex-
flowering stage. The same expression pattern of PtFCA3  pression at 23 °C.

and PtNFYA7 was also observed at these development

stages either with or without ABA treatments (Fig. 6a),

and the two genes tended to decrease from the sprouting  Discussion

stage to the flowering stage. A significant difference in

the transcript level was seen between the treatment and  The molecular mechanism for flowering has been studied in
control in PtFCA2: it showed the highest transcript level  citrus plants, and several genes involved in flowering time
at flowering stage compared with the levels in the control.  regulation have been identified and characterized
At the flowering stage, PtFCAI showed the opposite trend ~ (Nishikawa et al. 2007; Tan and Swain 2007; Zhang et al.
to PtFCA3 with ABA treatment. However, compared with ~ 2011b; Zhang et al. 2009). According to previous reports

Fig. 6 Effect of ABA and A D comrol  40m tptrcA £33 Contro o o

ambient temperature on . ABA . ABA 16 PIFCAT  m AoA 4y pFeaz. B ol
precocious trifoliate orange é 304 e < :: 5 o

seedlings. a The length, node ° 2 10 lII 4

number per shoot, and ratio of £ 20 g s % 2

flowering number to shoot 2 2 10 i g

number of spring shoots with § 101 : s & g 11 A
H,0 or 15 um/ml ABA " * *
treatment, respectively. Asterisks 0- 1 3 3 005 2 3 o 1 2 3

indicate significant differences
between H,O and 15um/ml ABA 109 PiFCA3 31 Control b KA — B
treatment (*P < 0.05, **P < 0.01).

b The expression pattern of

o
o
]

I
S
1

@
=3
1

c c
$ 6 g g
PtFCA, PtFY, PtNF-YA7, and % x4 5 H
PtFLC during the development 24 2 E £
stages of spring shoots with ABA ) § b I : 2 104
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stage; stage 2: transition stage; 1 2 3 1 2 3
stage 3: flowering stage. b
Expression patterns of PtFCA, B 1.59 tptFcA ©=3 23°C 1.59 PtFCA1 ©3 23 2.09 pirca2 B3 23C
PIFY, PINF-YA7, and PIFLC - aro - re - e
under ambient temperature § 5 S 1.5
treatment (*P < 0.05, **P < 0.01). 2 104 = 2 1.0 0 il
The 3-month-old seedlings were E % %
grown under a photoperiod of s s "k s 1.0
16-h light/8-h dark at 23 or 27 °C. 2 o5 2 05 2
Total RNA was extracted after s s < 0.5
2 weeks of treatment & & ©
0.0 T 0.0- 0.0 T
N mEe e @me Speew 2R 151pmc 252
s g 5 5 =
g 44 2 1.0 —= 2 1.04 2 4.04
2 5 g g
&) ) o
2 208 2 0s 2
£ % 0.5 ok & 0.5 % 0.59
o4 0.0 0.0 v 0.04
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regarding flowering pathway in Arabidopsis, these genes ap-
pear to be involved in the photoperiod, vernalization, and
gibberellic pathways (Zhang et al. 2011b). However, findings
about other flowering pathways (autonomous and
thermosensory) have not yet been reported (Khan et al.
2014). In the current study, we reported on the molecular
identification and characterization of a citrus FCA homolog
(PtFCA) from precocious trifoliate orange. PtF'CA exhibited
high homology with Arabidopsis, especially in the RRM and
WW domains, and contains an additional feature of proline-
rich and a longer PolyQ region (Fig. 1). The proline-rich do-
main is known to display competitive interaction with the
WW domain. Their diverse interactions are critically impor-
tant in the transcription and signal transduction pathways (Gao
et al. 2014). Longer PolyQ expansions can retard FCA homo-
log autoregulation and affect FCA-FY interaction (Lindqvist
et al. 2007). It seems that the FCA has sequence conservation
between trifoliate orange and Arabidopsis, which may be re-
lated to their conserved functions in different species.

In Arabidopsis, FCA contains two RNA recognition motifs
and a WW domain, suggesting a role in posttranscriptional
RNA modifications. On the other hand, FCA mRNA was also
shown to be subject to alternative splicing, and different tran-
scripts were expressed at different levels in various tissues
(Jang et al. 2009a; Simpson et al. 2003). In Arabidopsis, four
kinds of transcripts can be generated from FCA: «, 3, 7y, and §
(Macknight 2002). In this study, we demonstrated that the
alternative splicing of the PtF'CA was also evolutionarily con-
served; transcripts that were equivalent to F'CA-/3 and FCA-y
could be detected in citrus, whereas those equivalent to
FCA-« and FCA-6 could not be detected. These results indi-
cated that the alternative processing of PtF'CA has diverged
between citrus and Arabidopsis. Meanwhile, our findings sug-
gest also that PtF'CA might be a candidate FCA gene in pre-
cocious trifoliate orange. In addition, we identified two alter-
native splicing transcripts that lacked the nuclear localization
signal, and the subcellular localization analysis dovetailed
nicely with bioinformatics prediction (Fig. 4). In
Arabidopsis, there are several examples where protein iso-
forms from alternatively spliced pre-mRNAs are targeted to
different cellular locations and affected functions
(Kriechbaumer et al. 2012; Papadopoulos et al. 2011; Remy
et al. 2013). Our observations seem to suggest that PtFCA
may display different functions in citrus plants by altering
the subcellular localization of proteins. In this study,
PtFCA2 and PtFCA3 were not contained RRM2, NLS and
WW domains compared with PtFCA1. The WW domain of
FCA protein is critical for the interaction between FCA and
FY to occur in Arabidopsis and rice (Jang et al. 2009b;
Macknight 1997). In addition, the WW domain could also
interact with components of the multiprotein complexes in-
volved in transcription, RNA processing, chromatin remodel-
ing, and actin polymerization by location in the nucleus

(Ingham et al. 2005). These results further indicated that
PtFCA1 may play more important and extensive role com-
pared with PtFCA2 and PtFCA3 during the development pro-
cess of precocious trifoliate orange.

FCA is a transcription factor and regulates transition to
flowering by interacting with FY in Arabidopsis and rice
(Jang et al. 2009b; Simpson et al. 2003). Arabidopsis fca-1
mutant exhibited a strong late-flowering and significantly
short-root phenotypes (Macknight 2002). The transcript
can complement the fca-1 late-flowering phenotype, but tran-
scripts FCA-( and FCA-§ do not (Macknight 1997,
Macknight 2002; Quesada 2003). F'CA was expressed during
all development stages and in all tissues in Arabidopsis and
rice, although it was expressed at lower levels in root than in
other tissues (Lee et al. 2005; Macknight 1997). Likewise,
PtFCA transcripts accumulated in all tissues examined in
these experiments. In contrast, PtFF*CA were observed at higher
levels in root than other tissues (Fig. 3c). These results sug-
gested that PtFCA transcripts may be associated with a func-
tion in root development. Therefore, whether PtFCA regulates
root development or not need to be further investigated in
precocious trifoliate orange. For alternatively spliced tran-
scripts of PtF'CA, the expression of PtFCAI that was equiva-
lent to functional FCA-y transcript presents at higher levels in
the adult compared with the juvenile stage (Fig. 3b). It also
exhibited higher levels in the stages of summer shoots as
compared with spring shoots (Fig. 3a). Based on the expres-
sion pattern of PtFCA1, we propose that PtFCA [ may involve
in root development and reproductive growth. On the other
hand, F'CA appears to be a component of a posttranscriptional
cascade involved in the control of flowering time (Macknight
1997). In this study, ectopic expression of different PtFCA
transcripts affected the flowering time and root development
in transgenic Arabidopsis. PtFCAI partially complemented
the fca-1 late-flowering and short-root phenotype. This result
coincides with the reports in transgenic OsF'CA as compared
to Arabidopsis (Lee et al. 2005). These results indicated that
PtFCA] performed the same functions with Arabidopsis FCA.
Thus, we conclude that PtFFCAI regulates flowering time,
which is functionally conserved to FCA in Arabidopsis.
However, ectopic overexpression of PtFCA2 in fca-1
Arabidopsis delayed the flowering time and promoted root
development (Fig. 4). The 35S::PtFCA3 transgenic
Arabidopsis plants did not show any aberrant phenotype
(Fig. 4). This finding suggested that expressions of PtFAC2
may control flowering time and root development.
Meanwhile, PtFCA?2 is a new transcript with several amino
acids different from PtFCA3, but the function is different. One
possible explanation for this observation is that these different
amino acids may lead to differences in the crystal structure of
PtFCA2 and PtFCA3. Further studies were required by solv-
ing high-resolution crystal structures of the two proteins be-
cause this was a preliminary, inconclusive deduction on our
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part. However, the Arabidopsis FCA-o, FCA-(3, and FCA-§
transcripts being nonfunctional did not complement the fca-/
phenotype (Macknight 2002). This evidence further supports
the hypothesis that citrus plants’ FCA may have divergent
functions as compared with herbaceous FCA.

Interestingly, F'CA is autoregulated by its own transcript
levels through its interaction with FY (Quesada 2003;
Simpson et al. 2003). PtFCA has conserved and divergent
functions of herbaceous FCA and contains diverse domains,
so the molecular mechanism of PtFCA to regulate trifoliate
orange development may be variable. The Arabidopsis FCA
protein interacts with FY and AtSWI3B (Sarnowski et al.
2002; Simpson et al. 2003). The regulation of F'CA transcript
levels by interaction with FY is an important determinant in
regulating FLC and controlling the floral transition (Jang et al.
2009b; Sarnowski et al. 2002; Simpson et al. 2003). In this
study, the WW domain of PtFCA could interact with the com-
ponents of multiprotein complexes involved in multiple bio-
logical processes (Fig. 5), consistent with the results of FCA in
rice (Ingham et al. 2005). This may explain why PtFCA could
interact through its WW domain with various proteins that had
different functions. We have verified that the PtFY interaction
with PtFCA was conserved in citrus. This result suggested that
PtFCA was regulating the flowering time in a FY-dependent
manner in citrus, which may share the same mechanism with
herbaceous plants. Through interaction with FY, FCA affects
alternative polyadenylation of many transcripts including
flowering repressor FLC (Simpson et al. 2010). Our lab re-
ported that the 5-untranslated region of the PtFLC gene has
alternate splicing (Zhang et al. 2009). These reports indicated
that the PtFCA/PtFY complex may regulate the alternate
splicing of PtFLC in trifoliate orange. In addition, PtFCA also
interacted with PtNF-YA7, a homolog of NF-YA7, which is
another interaction protein in the NF-Y family (Siriwardana
et al. 2014; Sorin et al. 2014). The competition of NF-YA7
with VERNALIZATION2 (VRN2) and CONSTANS?2 (CO2)
proteins for interaction plays an important role in the integra-
tion of vernalization and photoperiod seasonal signals by reg-
ulating flowering initiation in temperate cereals (Zhang et al.
2011a). Thus, PtFCA may regulate flowering time by forming
higher order complexes to integrate various flowering signal-
ing pathways in citrus. Both the special proline-rich domain
and the interactor of PtFCA are involved in the perception of
ABA-mediated developmental responses and ambient tem-
perature (Table 2) (Blazquez et al. 2003; Jung et al. 2012;
Siriwardana et al. 2014).

In Arabidopsis, Razem et al. reported that FCA protein is a
receptor for ABA (Razem et al. 2006). However, Joanna et al.
find that ABA affects FCA autoregulation but does not bind
FCA protein (Risk et al. 2008). Our expression analysis
showed that PtFCA expression was more abundant in root
and was regulated by exogenous ABA treatment (Figs. 3¢
and 6b), the FY interaction with FCA was also conserved in
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trifoliate orange (Fig. 5). Therefore, ABA may indirectly reg-
ulate PtFCA expression via FCA-FY interaction complex.
PtFCA3 lacking the WW domain responded to 27 °C ambient
temperature more strongly than to 23 °C. However, PtFCA]
responding to higher ambient temperature was contrary to the
situation in PtFCA2 and PtFCA3 (Fig. 6b). Furthermore, the
PtFCA2 and PtFCA3 did not contain RRM2 and WW do-
mains compared with PtFCA1. These results suggested that
the RRM2 and WW domains may be critical for the response
to higher ambient temperature in trifoliate orange. Different
experiments have been conducted to study the effect of FCA
responses to ABA and ambient temperature in Arabidopsis
(Kumar et al. 2011; Lee et al. 2014). FCA seems to control
flowering time in response to temperature changes mostly
through an FLC-independent pathway (Blazquez et al.
2003). Different expression patterns of ABA treatment and
the ambient temperature response indicate that PtFCA may
respond to seasonal environmental inputs during plant devel-
opmental stages. However, more analysis is needed to better
define the PtFCA response to seasonal environmental inputs
through its domain or protein interactions.
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