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Abstract. The fruitfulness of grapevines (Vitis vinifera L.) is determined to a large extent by the differentiation of uncommitted
meristems, especially in the second-crop production of some varieties, where the intermediate of inflorescence and tendril accounts for
a significant proportion in two-crop-a-year grape culture system. The differentiation of uncommitted lateral meristem was reported
to be regulated by a network, whose backbone was composed of several floral meristem identity genes. In the present study, the
phylogenetics of grape floral meristem identity genes with their orthologues in other species, and their conserved domain and
interaction networks were analysed. In addition, the effects of chlormequat chloride and pinching treatments on the expression
profiles of floral meristem identity genes and content of gibberellic acid (GAs) and zeatin riboside (ZR), as well as the ratio of
ZR/GAs in buds that were used to produce the second crop, and the ratio of inflorescence induction of the second crop were studied
in ‘Summer Black’. The present results showed that floral meristem identity genes of grape and their orthologues in one or more
among Malus domastic, Citrus sinensis, Theobroma cacao, Nicotiana tabacum, Solanum lycopersicum and Glycine hirsutum, probably
originated from a common ancestor. Interaction networks of six grape-floral meristem identity genes indicated that the inflorescence
induction and floral development were regulated by one more complex network, and expression profiles of genes that involved in this
network could be affected by each other. Expression profiles of eight floral meristem identity genes were affected by chlormequat
chloride and pinching treatments, and higher expression levels of FT, TFL1A and TFL1B, as well as lower expression levels of
LFY from 3 days before full bloom to 11 days after full bloom were thought to play important roles in promoting the formation of
inflorescence primordial of the second crop, and higher expression levels of CAL A, SOC1 and TFL1A at 18 days after full bloom
(DAF) could promote the development of inflorescence primordial. In addition, lower ratio of ZR/GAs at 3 days before full bloom and
4 days after full bloom could promote the formation of uncommitted lateral meristems in chlormequat chloride and pinching-treated
plants, and higher ratio at 11 days after full bloom was the main reason for the formation of more inflorescences after chlormequat
chloride treatment.
Keywords. grapevine; inflorescence induction; floral meristem identity; evolution; expression profiles;
chlormequat chloride treatment.
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Introduction
The inflorescence induction involved the activity of a
genetic network that acted in meristems to specify floral identity, and the main output of this network was
the initiation of a developmental patterning programme
for the generation of floral organs. The first characteristic
of meristem identity genes was their capacity to integrate
the environmental and endogenous signs that regulate the
onset of flowering, and the second was the mutual regulatory interactions established between them. Finally, the
third feature was the overlap between the meristem identity and other developmental programmes that operated
simultaneously to regulate different aspects of the construction of flowers (Blazquez et al. 2006).
In various angiosperms, some proteins were proved to
form the backbone of the regulatory network controlling
floral meristem identity (FMI) (Blazquez et al. 2006; Benlloch et al. 2007). For example, LEAFY (LFY) encoded
a transcription factor that was so far found only in the
plant kingdom (Maizel et al. 2005), and served as a flower
meristem identity regulator activating the transcription of
other FMI genes (Parcy et al. 1998). APETALA1 (AP1),
CAULIFLOWER (CAL), FRUITFULL (FUL) and SUPPESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1) are members of MADS-box genes family in Arabidopsis thaliana. AP1 and CAL are expressed throughout
young floral meristems and in flower development, their
expression became restricted to the first and second whorls
of the flower, and to floral pedicels. FUL was a close relative of AP1 and CAL, but their expression patterns in
the inflorescence were almost complementary, and it was
able to partially replace the function of AP1 and CAL
(Blazquez et al. 2006). SOC1 (AGL20) integrated signals
from the photoperiod, vernalization and autonomous floral induction pathways, and the level of SOC1 activity
was critical to the control of flowering time (Lee et al.
2000). FLOWERING LOCUS T (FT) and TERMINAL
FLOWER 1 (TFL1) are members of PEBPs gene family in A. thaliana (Kobayashi et al. 1999). FT interacted
with FD, a bZIP transcription factor that promoted flowering in A. thaliana through direct activation of AP1 in
the shoot apical meristem (SAM) (Abe et al. 2005; Wigge
et al. 2005). TFL1 controlled the length of the vegetative
phase and delayed the flowering transition, and maintained the identity of inflorescence meristems, thus, playing
a role in controlling the inflorescence architecture (Shannon and Meeks-Wagner 1993; Bradley et al. 1997). In
A. thaliana, genetic and molecular analyses have demonstrated the interaction between TFL1 and LFY in the
establishment of inflorescence architecture (Shannon and
Meeks-Wagner 1991; Bradley et al. 1997).
Grapevine (Vitis vinifera L.) is a woody perennial vine
with a pattern of organ formation and development quite
distinct to those previously described for annual herbaceous plants (Mullins et al. 1992). In adult grapevine

plants, the SAM produced a characteristic sequence of leaf
primordia and uncommitted meristems (UCM) (Tucker
and Hoefert 1968; Pratt 1974; Gerrath and Posluszny
1988). The UCM gave rise to tendrils for a long period of
time before the plant initiates flowering, and upon flowering induction, the first two or three UCMs in the latent bud
on the primordial shoot had the potential to differentiate
into inflorescences, while the following UCM differentiated into tendrils (Pratt 1970; Srinivasan and Mullins 1981;
Posluszny and Gerrath 1986; Gerrath and Posluszny 1988;
Morrison 1991). When it differentiated, the UCM first
divided to form two arms, if a tendril primordium was
formed, there was no further branching. If an inflorescence primordium was formed, the UCM proliferated to
give multiple branch primordials, with each branch being a
protuberance of undifferentiated meristematic tissue (Carmona et al. 2002). As both structures were formed from
the UCM, tendrils and inflorescences were proposed to be
homologous organs (Boss et al. 2003; Crane et al. 2012).
Grape bud fruitfulness, expressed as the number of clusters per bud, was thought to be influenced by genetic
background, environmental conditions and horticultural
practices (Crane et al. 2012). Based on the above, it
appeared that control of UCM fate may be to a large
extent responsible for the degree of fruitfulness (Crane
et al. 2012). It was reported that cytokinin could promote
the development of inflorescences rather than tendrils from
the newly formed UCM (Srinivasan and Mullins 1978;
Srinivasan and Mullins 1980b). Gibberellic acid (GA) promoted UCM initiation, but inhibited UCM differentiation
into inflorescences, favouring tendril development (Srinivasan and Mullins 1980a). Unlike its orthologues in A.
thaliana that played roles in delaying the flowering transition, VvTFL1A was involved in the control of inflorescence
development, and its activity could delay acquisition of floral meristem identity, thus, extended the branching period
for the UCM, resulting in the differentiation of inflorescence primordia (Crane et al. 2012). The orthologues of
A. thaliana AP1, FUL-like, FT and LFY in grape, VvAP1,
VvFUL-L, VvFT and VvLFY were reported to be associated with tendril development (Calonje et al. 2004; Crane
et al. 2012). Except for their common roles in tendril
development, they had respective roles in flower or fruit
development. For example, VvAP1 has a role in flowering
transition and flower development, and VvFUL-L has a
role in floral transition and carpel and fruit development
(Calonje et al. 2004). Overexpression of VvFT in transgenic
A. thaliana could generate early flowering phenotypes, suggesting its role in flowering promotion (Carmona et al.
2007). VvLFY not only participated in flower meristem
specification but also in the maintenance of indeterminacy
before the differentiation of derivatives of the apical meristem: flowers, leaves, or tendrils (Carmona et al. 2002). The
A. thaliana SOC1 orthologue, VvSOC1, whose expression
level was high in the axillary buds at the time when inflorescence primordials were initiated in them, suggesting its role
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in the early stages of inflorescence development (Sreekantan and Thomas 2006).
Although, the functions of cytokinin and GA, as well
as the function of floral integrators in UCM development
were studied in grape, the mechanism that controls inflorescence induction and the strategy by which the above
factors manipulate this mechanism are still not clear.
In temperate regions, grapevine requires two consecutive growing seasons to flower (Calonje et al. 2004). In
recent years, grape production was expanded to warmer
subtropical areas, where the climatic conditions allow the
production of two crops per year. In the two-crop-a-year
grape culture system, the growing season for the first, or
summer, crop was usually from February to June, and that
of the second, or winter, crop was from August to December (Xu et al. 2011). The fruitfulness of the second crop of
some cultivars, like ‘Summer Black’, is much worse in some
subtropical areas, and the chlormequat chloride (CCC),
a plant growth inhibitor, and pinching were usually used
to promote the inflorescence induction, thus, enhancing
the fruitfulness (Naoki et al. 1978). Therefore, the worse
fruitfulness of the second crop of some cultivars in the twocrop-a-year culture production provides a good material
to study the mechanism that controls inflorescence induction.
In the present study, the expression levels of eight FMI
genes in the developing buds that were used to produce the
second crop of grape post CCC and pinching treatments
were analysed, and the contents of GAs and zeatin riboside
(ZR) were measured in the same buds. Finally, the result
of inflorescence induction was calculated after the second
crop starts development.

Materials and methods
Plant material and treatments

The grape variety ‘Summer Black’ (V. labrusca × V.
vinifera) used in this study was grown in the rain shelter
greenhouse at Guangxi Academy of Agricultural Sciences,
Nanning, Guangxi, China (22◦ 82 N, 108◦ 37 E). Threeyear-old ‘Summer Black’ grape plants were used for CCC
and pinching treatments.
Pinching treatment was conducted when the sixth leaf
(from the base of the cane) expanded fully, the shoot section above the sixth leaf was excised artificially. All the
lateral shoots were erased except the top one, whose shoot
apical was excised until there were eight leaves on it. CCC
treatment was conducted by spraying leaves with 316 µM
CCC (Solarbio, Beijing, China, the purity is 98%), at 10
and 1 d before full bloom. Control plants’ leaves were
sprayed with purified water. The shoot apical of control
and CCC treatment was excised when there were 14 leaves
on the cane, and all lateral shoots were erased. Thirty buds
at the 5th and 6th nodes from the base that were used to
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Table 1. Dates of sampling and corresponding growth stages.
Date
March 30th
April 1st
April 5th
April 12th
April 19th
April 26th
May 10th
May 24th

DAF
−9
−7
−3
4
11
18
32
46

Growth stage
H17
H18
19
J27
J29
K31
M35
M37

DAF, days after full bloom.

produce the second crop usually were sampled at −9, −7,
−3, 4, 11, 18, 32 and 46 d after full bloom (DAF, corresponding to 10, 12, 16, 23, 30, 37, 51 and 65 d after pinching
treatment, and 1, 3, 7, 14, 21, 28, 42 and 56 d after the first
CCC treatment), and immediately frozen in liquid nitrogen and stored at –80◦ C until use. According to the study
by Coombe (1995), the relationship between dates of sampling and grape growth stages are shown in table 1. All the
samples were used to analyse the expression levels of eight
floral meristem identity genes, and measure the contents
of GAs and ZR. All the experiments were repeated thrice.
Sequence and phylogenetic analysis

Orthologous genes of the eight grape FMI genes in other
crops were searched in NCBI through sequence alignment.
Multiple alignments of protein sequences fromV. vinifera,
Theobroma cacao, Nicotiana tabacum, Solanum lycopersicum, A. thaliana, Glycine max, Malus domastic, Gossypium hirsutum, Citrus sinensis were performed using the
ClustalW program. Phylogenetic trees were constructed
with the MEGA 5.0 software using the neighbour-joining
(NJ) method, and the bootstrap test was replicated 1000
times (Guo et al. 2013).
Prediction of Pfam domain and interaction network

The Pfam domain and interaction network of eight grape
FMI genes were predicted using SMART (http://smart.
embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1)
(Letunic et al. 2012).
Expression analysis of grape FMI genes

Total RNA was extracted using the Spectrum plant total
RNA kit, according to the manufacturer’s instructions
(Sigma, USA). A total of 500 ng of DNAse-treated total
RNA was used for first strand cDNA synthesis, using a
mixture of poly(dT) and random hexamer primers along
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with PrimeScript RTase (TaKaRa Biotechnology, Dalian,
China). The cDNA samples were then diluted six-fold and
stored at –40◦ C for the quantitative real-time PCR (qRTPCR) analysis.
The grape Actin1 gene (GenBank accession number
AY680701) was used as internal control. Gene-specific
primers were designed for the eight grape FMI genes
(table 1 in electronic supplementary material at http://
www.ias.ac.in/jgenet/). QRT-PCR analysis was conducted
with a Roche LightCycler480 real-time PCR instrument
(Roche, Basel, Switzerland). Each reaction was carried out
in triplicate with a reaction volume of 20 µL containing
1 µL each primer (1.0 µM), 2 µL cDNA, 10 µL SYBR
Green I Master (Rocheta et al. 2014) and 6 µL sterile distilled water. The PCR parameters were 95◦ C for 5 min,
followed by 40 cycles of 95◦ C for 10 s, 60◦ C for 20 s,
72◦ C for 20 s. Melt-curve analyses were performed using
a program with 95◦ C for 5 s, 65◦ C for 1 min, and then a
constant increase to 97◦ C. Relative expression levels were
analysed using the LightCycler480 software and the normalized expression method.

Measurement of endogenous hormones contents

Endogenous hormones, including GAs and ZR, were
extracted and purified as described by Bollmark et al.
(1988) and He (1993). The contents of GAs and ZR were
measured using the method of enzyme-linked immunosorbent assay (ELISA) as described previously (Yang et al.
2001).

Measurement of inflorescence induction ratio of the second
cropping

The shoot was pruned at mid-August, and the cane above
the 6th node from the base was excised. Buds at the 5th
and 6th nodes from the base of cane were broken dormancy
with 2.5% (w/w) cyanamide, until there was no bleeding at
the pruning wound. Number of inflorescences, tendrils and
the intermediate of inflorescence and tendril as described
by Crane et al. (2012) was counted 20 d postcyanamide
treatment, and their per cent was calculated.

Statistical analysis

All experiments were repeated independently thrice for
each of the three biological replicates. Results are presented
as means and standard errors, and were calculated using
Excel (Microsoft, USA). Paired t-test was performed using
the SPSS Statistics 17.0 software (IBM, Beijing, China) to
assess significant differences.

Results and discussion
Phylogenetic analysis of FMI genes from various plant species

Three phylogenetic trees were constructed with eight FMI
genes from various plant species (figures 1–3). To provide a reference for the evolutionary history of plant FMI
genes, orthologues of AP1, CAL A, FUL, SOC1, LFY,
FT/TFL1 proteins from nine species, including grape,
Theobroma cacao, Nicotiana tabacum, Solanum lycopersicum, A. thaliana, Glycine max, Malus domastic, Gossypium hirsutum and Citrus sinensis were analysed.
It was found that AP1, CAL A, FUL and SOC1
were members of MADS-box transcription factor family through sequence alignment, and the former three
belong to AP1/FUL sub-group as described previously
(Wang et al. 2015). As shown in figure 1, AP1, CAL
A and FUL from the analysed nine species clustered
together, indicating the three genes originated from the
same ancestor. Moreover, VvSOC1 was more closely
related to TcSOC1 and CsSOC1, while VvAP1 was more
closely related to MdAP1 (figure 1). Thus, it could be
concluded that SOC1 in grape, T. cacao and C. sinensis, as well as AP1 in grape and apple shared a common
ancestral gene, and their functions could be similar. It
was reported that the citrus SOC1-like gene, CsSL1 (corresponding to CsSOC1 in the current study) was able
to shorten the time taken to flower in the Arabidopsis
wile-type ecotypes Columbia and C24 (Tan and Swain
2007) and MdMADS5 (corresponding to MdAP1 in the
current study) was involved in flower-bud formation,
regulation of floral meristems and floral organ development of the apple (Kotoda et al. 2002; Mimida et al.
2013). Therefore, the grape SOC1 may have function in
promoting early-flowering, and AP1 has roles in flowerbud formation, floral meristems regulation and floral
organ development. The flower meristem identity regulator, LFY in grape, N. tabacum and S. lycopersicum
clustered together (figure 2), implying the proteins in
the above three species come from a common ancestor.
NFL1 (corresponding to NtLFY in the present study) was
reported to play a critical role in the allocation of meristematic cells that differentiated lateral structures such as
leaves and branches, thereby determining the architecture of the wild-type tobacco shoot, and it also controls
the cell proliferation and cell identity, thus, regulated floral meristem development (Ahearn et al. 2001), and the
tomato FALSIFLORA (FA, corresponding to SlLFY in
the present study) could regulate both floral meristem
identity and flowering time in tomato in a similar way
to LFY of Arabidopsis (Molinero-Rosales et al. 1999). It
was reported that VvLFY participated in flower meristem
specification, and had roles in the maintenance of indeterminacy before the differentiation of derivatives of the
apical meristem: flowers, leaves, or tendrils (Carmona et al.
2002), thus, its function was similar to that of NFL1 and
SlFA.
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Figure 1. Phylogenetic analysis of AP1, CAL A, FUL and SOC1 proteins from grape and other plants. Different colours
represent proteins from different plant species. The accession numbers for each sequence are as follows: V. vinifera AP1
(AAT07447.1), CAL A (XP_002263017.1), FUL (XP_010660493.1), SOC1 (XP_010661478.1); T. cacao TcAP1 (XP_007045796.2),
TcCAL A-1 (XP_017973950.1), TcCAL A-2 (XP_017974314.1), TcSOC1 (XP_017969659); N. tabacum NtAP1c (OIS95986),
NtAGL8 (NP_001312134.1), NtCAL A (XP_016466964), NtSOC1 (NP_001312958); S. lycopersicum SlAP1 (NP_001234665.1),
SlCAL A (XP_010316206.1), SlFUL2 (NP_001294867), SlSOC1 (XP_004248574); A. thaliana AtAP1 (NP_177074.1), AtCAL
A (NP_564243.1), AtFUL (NP_568929.1), AtSOC1 (NP_182090.1); G. max GmCAL A-1 (XP_003547792), GmCAL A-2
(XP_006581051.1), GmSOC1 (NP_001236377); M. domastic MdAP1 (ACD69426), MdCAL A-1 (XP_008374663), MdCAL A-2
(XP_008393257), MdSOC1 (NP_001280855); G. hirsutum GhCAL A-1 (NP_001313746), GhCAL A-2 (XP_016744306), GhCAL
A-3 (NP_001313669.1), GhMADS23 (NP_001314083.1), GhSOC1 (XP_016735195); C. sinensis CsAP1 (NP_001275828), CsCAL
A-1 (XP_00647715), CsCAL A-2 (XP_006482432), CsSOC1 (NP_001275772).

Figure 2. Phylogenetic analysis of LFY proteins from grape
and other plants. The accession numbers for each sequence
are as follows: V. vinifera VvLFY (AAM46141.1), G. hirsutum GhLFY (NP_001314573.1), M. domestic MdLFY
(NP_001280945.1), C. sinensis CsLFY (AAR01229.1),
G. max GmLFY (NP_001304626.1), N. tabacum NtLFY
(XP_016449328.1), S. lycopersicum SlLFY (NP_001234388.1),
A. thaliana AtLFY (NP_200993.1).

FT, TFL1A and TFL1B belonged to the FT/TFL1
gene sub-family (Carmona et al. 2007). A phylogenetic
analysis was also conducted using five grape FT/TFL1
proteins together with orthologues from other eight species
(figure 3). The present result showed that VvFT and
VvTFL1A were more closely related to MdFT1, TcHD3A,
GhHD3A and TcCEN2, GhCEN2, respectively, and
VvTFL1B to MdTFL1-1 and MdTFL1-2, VvTFL1C to
NtCEN1 and SlCEN1, VvMFT to CsMFT, TcMFT and
GhMFT (figure 3), indicating FT in grape and its orthologues in M. domastic, T. cacao and G. hirsutum, TFL1A
in grape and its orthologues in T. cacao and G. hirsutum, TFL1B in grape and its orthologues in M. domastic,
TFL1C in grape and its orthologues in N. tabacum and
S. lycopersicum, and MFT in grape, C. Sinensis, T. cacao
and G. hirsutum originated from a common ancestor, and
their functions may be similar. It was reported that MdFT1
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Figure 3. Phylogenetic analysis of FT-TFL1 proteins from grape and other plants. The accession numbers for each sequence
are the following: V. vinifera VvMFT (DQ871594), VvFT (DQ504308), VvTFL1A (DQ871591), VvTFL1B (DQ871592),
VvTFL1C (DQ871593); T. cacao TcCEN2 (XP_007015849.1), TcHD3A (XP_007028083.1), TcMFT (XP_017978764.1), TcSP
(XP_007027716.1), TcCEN1(XP_017973069.1); N. tabacum NtMFT (XP_016507970), NtCEN1 (AF145259), NtCEN2 (AF145260),
NtCEN4 (AF145261), NtCEN5 (AF145262), NtTFL1 (XP_01644627.1); S. lycopersicum SlSP2G (AY186734), SlSP3D
(AY186735), SlSP6A (AY186737), SlSP5G (AY186736), SlFLT (XP_004250075), SlCEN1 (XP_004234370), SlSP9D (AY186738),
SlSP (U84140); A. thaliana AtMFT (AF147721), AtTSF (AF152907), AtFT (AF152096), AtBFT (NM_125597), AtTFL1
(U77674), AtATC (AB024714); G. max GmTFL (ACJ61501.1), GmHD3A (NP_001240185.1), GmMFT (NP_00123689.1),
GmBFT (NP_001236597.1); M. domastic MdMFT (XP_008374830), MdFT1 (AB161112), MdTFL1-1 (AB052994), MdTFL1-2
(AB162046);G. hirsutum GhCEN2 (XP_016747639.1), GhHD3A (XP_016692018.1), GhMFT (XP_016708673.1), GhSP
(XP_016676616.1), GhCEN1 (XP_016743136.1); C. sinensis CsMFT (XP_006467912), CsFT (AB027456), CsTFL1 (AY344245).

could function to induce early flowering by activating the
downstream flowering-related genes (Kotoda et al. 2010;
Li et al. 2010; Tränkner et al. 2010), which was similar
to that of VvFT (Carmona et al. 2007). The other gene
in the FT/TFL1 gene sub-family of apple, MdTFL1, was
reported to be involved in the maintenance of the vegetative phase in apple and suppression of the expression leads
to early flowering (Kotoda and Wada 2005; Szankowski et
al. 2009), whose function was similar to that of VvTFL1
(Crane et al. 2012).
Conserved domain and interaction networks of FMI genes in
grapevine

The conserved domain and interaction networks of the
four FMI genes that belonged to MADS-box gene family are shown in figure 4. One MADS domain and one

K-box domain were included in the four proteins (figure 4a). Moreover, the interaction network of FUL was
the same as that of AP1, proteins that interacted with
them were members of mitogen-activated protein kinase
(MAPK) family or homologue of MAPK (figure 4, b & d;
table 2 in electronic supplementary material). Several proteins that contained in the interaction network of CAL
A were also included in the AP1 and FUL, such as
VIT_19s0014g00220.t01, VIT_06s0004g03620.t01, VIT_
17s0000g02570.t01,
VIT_15s0046g02010.t01,
VIT_
12s0142g00130.t01 and VIT_18s0001g13010.t01 (figure 4,
b–d), implying interaction networks of the three proteins
were crossed with each other. Besides, the above mentioned
six proteins, three members of MADS-box family were
included in the interaction network of CAL A, separately,
they were MADS4, VIT_00s0313g00070.t01, corresponding to MADS6 and MADS52, respectively, in previous
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Figure 4. The distribution of MADS and K-box domains of grape (a) AP1, CAL A, SOC1 and FUL and the interaction network
of (b) AP1, (c) CAL A and (d) FUL.

study (Wang et al. 2015), as well as MADS8, corresponding to SOC1 in the present work (figure 4c; table 3 in
electronic supplementary material) indicating that there
was interaction among the members of MADS-box family. In addition, one transcriptional corepressor SEUSS
(VIT_18s0001g15320.t01) was also included in the interaction network of CAL A (figure 4c; table 3 in electronic
supplementary material).
There was one FLO_LFY domain in the grape LFY
domain, and one helix structure was seen at the Cterminal of this domain (figure 5a). Three MADS-box
proteins, MADS8 (SOC1 in the present work), AP3
(MADS46 in the previous study (Wang et al. 2015)) and
TM6, as well as one receptor protein kinase CLAVATA1
(VIT_18s0001g14610.t01), one axial regulator YABBY1
(VIT_15s0048g00550.t01), one protein UNUSUAL FLORAL ORGANS (VIT_01s0011g01220.t01), one homebox protein knotted-1-like 1 (VIT_14s0060g01180.t01),

one protein FRIGIDA (VIT_19s0014g00030.t01), one
chromatin structure-remodelling complex protein SYD
(VIT_05s0020g02020.t01) and one ATP-dependent helicase BRM (VIT_15s0046g02290.t01) were included in the
interaction network of LFY (figure 5b; table 4 in electronic
supplementary material). It should be noted that MADS8,
termed as SOC1 in the present work, was included in the
interaction networks both of CAL A and LFY, indicating
the the three proteins interact with each other.
One PBP domain was found in TFL1A and TFL1B proteins, and proteins in the interaction networks were the
same (figure 5, c–f), implying that the functions of the two
proteins may be similar. Except for the LFY protein and
one bZIP protein, FD (VIT_18s0001g14890.t01), other
proteins included in the interaction networks of TFL1A
and TFL1B were ribosomal proteins (figure 5, d&f; table
5 in electronic supplementary material). The participation
of LFY in the interaction networks of TFL1A and TFL1B
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Figure 5. The distribution of conserved domain and three-dimensional structure of grape (a) LFY, (c) TFL1A and (e) TFL1B and
(b, d, f) the interaction network of the three proteins.
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Figure 6. Expression profiles of eight inflorescence and floral meristem identity genes in the developing buds postCCC and pinching
treatments. Data represent mean values ± SD from three independent experiments. *Statistical significance (*0.01 < P < 0.05, **P <
0.01, student’s t-test) between treatments and control.

indicated their interaction networks were crossed with each
other. It was worth noting that the FD protein was predicted to interact with TFL1A and TFL1B in grape, while
its orthologues in A. thaliana and G. hirsutum, AtFD and
GhFD, were reported to interact with AtFT and GhFT,
respectively (Abe et al. 2005; Wigge et al. 2005; Zhang et al.
2016).
From the above mentioned interaction networks of the
six proteins, it could be concluded that the eight FMI genes
in the present work were interacted with one more complex network, and their expression profiles were affected
by each other.

Effect of CCC and pinching treatments on expression profiles of
grape FMI genes

CCC and pinching treatments were widely applied to
promote the bud differentiation, thus, enhancing the fruitfulness (Naoki et al. 1978). To determine whether grape
FMI genes were responsive to CCC and pinching treatments, the 5th and 6th buds from the base of the cane of
‘Summer Black’ following CCC and pinching treatments
were sampled at several differentiation stages, and absolute expression levels of the eight grape FMI genes in these

buds were determined using quantitative real-time PCR.
To make the result more intuitionistic, the relative expression level of each gene at –9 DAF of control was set as 1,
and their relative expression levels at all stages post CCC
and pinching treatments, as well as other stages of control were in the ratio of their absolute expression levels to
that at –9 DAF of control. Then, the relative expression
level of each gene postCCC and pinching treatments were
compared with that of the control at the same stage, and
if it was lower than that of the control, this gene was negatively regulated by the treatment. As shown in figure 6,
the relative expression level of VvAP1 was almost 20 times
higher than that of control, and picked at 11 DAF, then
decreased, and increased post 18 DAF, and then became
stable at 32 DAF postpinching treatment, while its relative
expression level was higher than that of control just at 32
and 46 DAF postCCC treatments. The relative expression
level of VvCAL A was upregulated at –3, 4, 18, 32 and
46 DAF postCCC and pinching treatments, and downregulated at 11 DAF postCCC treatment (figure 6). The
VvFT was upregulated at –3, 4 and 11 DAF postCCC and
pinching treatments, and it was upregulated at –7 and 32
DAF postpinching treatments, and downregulated at –9
and 18 DAF and upregulated at 46 DAF postCCC treatment. The other member of AP1/FUL sub-group, VvFUL,
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whose relative expression level was higher than that of the
control at –9, –3, 4 and 46 DAF postCCC and pinching treatments, and it was downregulated at 11 and 18
DAF postCCC treatments (figure 6). Further, it should
be noted that the variation trends of VvAP1 and VvFUL
were similar, even though there was considerable difference
between their relative expression levels, and this would be
due to the same interaction (figures 4, b&d; 6). The relative expression level of VvLFY was lower than that of
the control at 11, 18 and 32 DAF postCCC and pinching
treatments, and besides the three stages, its relative expression level at –7, –3 and 46 DAF was lower than that of
the control postpinching treatment. SOC1 was downregulated at –9, –7, 11 and 46 DAF, and upregulated at 18
DAF postCCC and pinching treatments. Meanwhile, it
was downregulated at 32 DAF postCCC treatment. The
relative expression level of VvTFL1A was higher than that
of the control at 4, 11 and 18 DAF postCCC and pinching
treatments, and lower at –9 DAF. And it was downregulated and upregulated at –7 and –3 DAF, respectively,
postpinching treatment. The paralogous of VvTFL1A,
VvTFL1B were upregulated at –3, 11, 32 and 46 DAF
postCCC and pinching treatments, and upregulated at –
9 DAF and 4 DAF postCCC and pinching treatments,
respectively, and downregulated at –9 and –7 DAF postpinching treatments.
It was reported that VvTFL1A might be involved in
the control of inflorescence development, and its high
expression level may be beneficial for the differentiation
of inflorescence primordia (Crane et al. 2012). Moreover,
VvAP1, VvFUL-L, VvFT and VvLFY were associated
with tendril development (Calonje et al. 2004; Crane
et al. 2012). The expression level of VvSOC1 was high
when inflorescence primordial was being initiated in buds
(Sreekantan and Thomas 2006). In the present study, when
the expression profiles of grape FMI genes were combined with the result of inflorescence induction postCCC
and pinching treatments, it was found that higher relative
expression levels of FT, TFL1A and TFL1B, as well as
lower relative expression levels of LFY from –3 DAF to
11 DAF, and higher relative expression levels of CAL A,
SOC1 and TFL1A at 18 DAF may promote the formation
of inflorescence of the second crop (figures 6 and 8). Therefore, it was speculated that the most important period for
inflorescence induction in the 5th and 6th buds from the
base of the cane of ‘Summer Black’ was from –3 DAF to 18
DAF. The functions of VvTFL1A, VvLFY and VvSOC1 in
inflorescence induction were consistent with previous studies in grape (Carmona et al. 2002; Sreekantan and Thomas
2006; Crane et al. 2012), and similar to their orthologues in
N. tabacum, M. domestica, S. lycopersicum and C. sinensis
that were in the phylogenetic analysis (Molinero-Rosales
et al. 1999; Ahearn et al. 2001; Kotoda and Wada 2005;
Tan and Swain 2007; Szankowski et al. 2009). The differences of the relative expression profiles of other FMI genes
in the present study and previous reports were caused by

differences of varieties, climatic conditions and cultivation
measures.
It seemed possible that high sequence similarity was
not necessarily correlated with similar expression levels,
because proteins with very similar sequences, presumably
performing similar biochemical functions, were needed in
different periods during growth and development (Guo
et al. 2013). In the present study, AP1, CAL A, as well as
FUL that belonged to the AP1/FUL subgroup of MADSbox gene family; and FT, TFL1A as well as TFL1B that
belonged to the FT/TFL1 subfamily of PEBPs family had
different expression levels postCCC and pinching treatments (figure 6). Therefore, it could be speculated that
these genes carried out similar biological functions in floral meristem identity through different expression levels,
and their expression levels were influenced by proteins in
their interaction networks.

Effect of CCC and pinching treatments on content of plant
endogenous hormones

It was proposed that the requirement for a specific balance
of hormones for flower formation was readily applicable to woody perennials (Zeevaart 1976). In grapevine,
inflorescence formation was regulated at two levels: formation of UCM and differentiation of UCM; and GA and
cytokinin were the principal regulators of flowering (Vasconcelos et al. 2009). It was reported that cytokinin could
promote the development of inflorescence rather than tendril from the newly formed UCM, when it was applied to
shoot tips (Srinivasan and Mullins 1978 Srinivasan and
Mullins 1980b) and GA promoted UCM initiation, but
inhibited UCM differentiation into inflorescence (Srinivasan and Mullins 1980a). In the present study, the content
of GAs in developing buds was higher at –9 and 32 DAF,
and lower at –7, 4 to 18 DAF than that of control postCCC
treatment, and higher at 4 DAF and lower at –9 and 11–46
DAF postpinching treatments (figure 7a). The ZR content
was decreased at –7, –3, 4, 18 and 46 DAF and increased at
32 DAF postCCC treatment, and decreased at –9, –3 and
11–46 DAF postpinching treatments (figure 7b). The ratio
of ZR/GAs was higher at –7, 11 and 32 DAF postCCC
treatment than that of the control, and higher at –7 DAF
postpinching treatment, and it was lower at –3 and 4 DAF
following CCC and pinching treatments (figure 7c).
When the expression profiles of grape FMI genes were
combined with the ratio of ZR/GAs and the result of inflorescence induction postCCC and pinching treatments, it
could be concluded that higher expression levels ofFT,
TFL1A and TFL1B, as well as lower expression levels
of LFY, and lower ratio of ZR/GAs from –3 DAF to 4
DAF might promote the formation of UCM, and higher
expression levels of FT, TFL1A and TFL1B, lower expression levels of LFY, and higher ratio of ZR/GAs at 11
DAF were benefitted for the differentiation of UCM into
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Figure 7. Endogenous content of (a) GAs and (b) ZRs in the developing buds postCCC and pinching treatments and the ratio of (c)
ZR/GAs. Data represent mean values ± SD from three independent experiments. *Statistical significance (*0.01 < P < 0.05, **P <
0.01, student’s t-test) between treatments and control.

inflorescence primordial of the second crop (figures 6–8).
Moreover, higher expression levels of CAL A, SOC1 and
TFL1A at 18 DAF would promote the development of
inflorescence primordial (figure 6).

Effect of CCC and pinching treatments on inflorescence induction
of the second crop

It was reported that CCC and pinching treatments could
promote the inflorescence induction (Naoki et al. 1978).
Both these methods were used to enhance the fruitfulness
of the second crop in warmer subtropical areas, where
the two-crop-a-year grape culture system was applied
widespread. In this survey, effect of CCC and pinching
treatments on inflorescence induction of the second crop
was tested, and the results showed that the ratio of inflorescence was 36 and 10% higher than that of the control
postCCC and pinching treatments, respectively, while the
ratio of intermediate of inflorescence and tendril was 24%
and 5% lower than that of the control postCCC and pinching treatments, respectively, and the ratio of tendril was
12% lower than that of the control postCCC treatment
(figure 8). It should be noted that the main factor that
limit the fruitfulness of the second crop was the formation
of higher proportion of intermediate of inflorescence and
tendril, and further study should be focussed on this.
In conclusion, in the present research, the phylogenetics
of eight grape FMI genes with their orthologues in other
species, their conserved domain and interaction networks
were analysed. In addition, the effects of CCC and pinching treatments on the expression profiles of the eight FMI
genes and content of GAs and ZR, as well as the ratio
between them, and the inflorescence induction of the second crop were studied in ‘Summer Black’. Results implied
that AP1 in grape, M. domastic, SOC1 in grape, C. sinensis
and T. cacao, FT in grape, and its orthologues in M. domastic, T. cacao and G. hirsutum, TFL1A in grape, and its
orthologues in T. cacao and G. hirsutum, TFL1B in grape

Figure 8. The result of inflorescence induction of the second
crop postCCC and pinching treatments. Data represent mean
values ± SD from three independent experiments. *Statistical
significance (*0.01 < P < 0.05, **P < 0.01, student’s t-test)
between treatments and control.

and its orthologues in M. domastic, LFY in grape and its
orthologues in N. tabacum and S. lycopersicum were originated from a common ancestor. Interaction networks of
six grape FMI genes indicated that the inflorescence induction and floral development were regulated by one more
complex network. Expression profiles of eight FMI genes
were affected by CCC and pinching treatments, higher
expression levels ofFT, TFL1A and TFL1B, and lower
expression levels of LFY from –3 DAF to 11 DAF might
promote the formation of inflorescence primordial of the
second crop, and higher expression levels of CAL A, SOC1
and TFL1A at 18 DAF could promote the development of
inflorescence primordial. Lower ratio of ZR/GAs at –3 and
4 DAF could promote the formation of UCM in CCC and
pinching treated plants, and higher ratio at 11 DAF was
the main reason for the formation of more inflorescence
following CCC treatment.
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