Gu et al. Rice (2022) 15:47
https://doi.org/10.1186/512284-022-00593-1

Rice

RESEARCH Open Access
()]

Check for
updates

OsFTL4, an FT-like Gene, Regulates Flowering
Time and Drought Tolerance in Rice (Oryza
sativa L.)

Houwen Gu'", Kunming Zhang'", Jie Chen', Sadia Gull’, Chuyan Chen', Yafei Hou', Xiangbo Li', Jun Miao'?,
Yong Zhou'?" and Guohua Liang"**

Abstract

The initiation of flowering in cereals is a critical process influenced by environmental and endogenous signals.
Flowering Locus T-like (FT-like) genes encode the main signals for flowering. Of the 13 FT-like genes in the rice genome,
Hd3a/OsFTL2 and RFT1/OsFTL3 have been extensively studied and revealed to be critical for flowering. In this study, a
rice FT-like gene, OsFTL4, was functionally characterized. Specifically, osftl4 mutants were generated using a CRISPR/
Cas9 system. Compared with the wild-type control (Guangluai 4), the osftl4-1 and osftl4-2 mutants flowered 9.6

and 5.8 days earlier under natural long-day and short-day conditions, respectively. Additionally, OsFTL4 was mainly
expressed in the vascular tissue, with the resulting OsFTL4 protein localized in both the nucleus and cytoplasm. Fur-
thermore, OsFTL4 was observed to compete with Hd3a for the interaction with multiple 14-3-3 proteins. An analysis
of the effects of simulated drought stress suggested that silencing OsFTL4 enhances drought tolerance by decreasing

the drought response in rice.

stomatal conductance and water loss. These results indicate that OsFTL4 helps integrate the flowering process and
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Background

In plants, flowering involves a complex physiological
process that regulates the transition from the vegeta-
tive growth stage to the reproductive growth stage (Sun
et al. 2014). An appropriate flowering time is critical
for maximizing yield and is influenced by local envi-
ronmental conditions, including light and temperature
(Izawa 2007). After Chailakhyan suggested the existence
of a florigen, research involving molecular genetics and
molecular biology revealed that the protein encoded by
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FLOWERING LOCUS T (FT) is the florigen of plants
(Taoka et al. 2013).

The FT protein belongs to the phosphatidylethanol-
amine-binding protein (PEBP) family, which is com-
monly found in plants and animals. In plants, PEBP genes
encode the central regulators of growth and develop-
ment that control the flowering time, plant architecture,
and seed germination (Bradley et al. 1996; Karlgren et al.
2011; Vaistij et al. 2018). The PEBP family in angiosperms
can be divided into the following three major clades:
FLOWERING LOCUS T (FT), MOTHER OF FT AND
TFL1-like (MFT-like), and TERMINAL FLOWERI-like
(TFL1-like) (Chardon and Damerval 2005). The MFT-like
gene is mainly expressed in seeds, with the encoded pro-
tein affecting the abscisic acid (ABA) and gibberellic acid
(GA) signaling pathways to break seed dormancy and
promote seed germination as well as flowering (Xi et al.
2010; Nakamura et al. 2011).
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Many F1-like genes have been identified in the genomes
of monocotyledonous crops, including rice (13 FT paral-
ogs), wheat and barley (12 FT paralogs each), and maize
(15 FT paralogs) (Halliwell et al. 2016; Danilevskaya et al.
2008; Chardon and Damerval 2005); most of these genes
are related to flowering regulation. There are two florigen
genes Hd3a/OsFTL2 and RFT1/OsFTL3 in rice, the Hd3a
more likely induces flowering under short-day (SD), and
RFT1 promotes flowering under long-day (LD) condi-
tions (Kojima et al. 2002; Komiya et al. 2008). These genes
are involved in two regulatory pathways: the OsGI-Hd1—
Hd3a/RFT1 pathway is conserved, sharing high similar-
ity with the GI-CO-FT pathway in Arabidopsis, and the
Ghd7-Ehd1-Hd3a/RFTI1 pathway is a unique flowering
pathway in rice (Izawa et al. 2002; Komiya et al. 2009).
Both Hd3a and RFTI1 are expressed in the leaf blade
vascular tissue, after which the proteins are transported
to the SAM through the phloem (Tamaki et al. 2007;
Komiya et al. 2009; Pasriga et al. 2018). Previous stud-
ies revealed that Hd3a/RFT1 interacts with 14-3-3 pro-
teins in the shoot apical meristem (SAM) cytoplasm and
enters the nucleus, wherein it combines with OsFD1 to
form a heterohexamer, which is also known as the flow-
ering activation complex (FAC) that induces the expres-
sion of the flower development-related genes OsMADS14
and OsMADSI15 (Taoka et al. 2011; Tamaki et al. 2007).
TFL1 is known to antagonize FT proteins, and inhibits
the formation of floral primordia in the SAM and delays
flowering (Sohn et al. 2007). In rice, the four isoforms of
RICE CENTRORADIALIS (RCN) are homologous to the
TFL1, which have inhibitory effects on florigen activ-
ity (Lifschitz et al. 2014). The RCNs repress flowering by
competing with Hd3a for the binding to 14-3-3 proteins
and combine with OsFD1 to form a FAC-like heterohex-
amer complex named the florigen repression complex
(FRC) (Kaneko-Suzuki et al. 2018). The overexpression of
RCNI, RCN2, and RCN3 delays flowering and increases
the number of panicle branches (Kaneko-Suzuki et al.
2018; Nakagawa et al. 2002). The balance between FAC
and FRC modulates floral initiation to optimize inflores-
cence development (Kaneko-Suzuki et al. 2018).

Drought stress can alter all aspects of plant growth
and development, including the timing of flowering. To
adapt to drought conditions, plants often produce seeds
before the effects of stress become lethal. In Arabidopsis,
the activation of FT and TFLI is induced by GI and ABA
under water deficit and LD conditions to promote flower-
ing, whereas under SD conditions, water stress and ABA
activate repressors (e.g., SVP) that delay flowering by
limiting the transcription of florigen genes (Riboni et al.
2013). Similar to Arabidopsis, the drought response in
rice is influenced by the ABA signaling pathway. Unlike
Arabidopsis, the regulation of flowering in rice under
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drought conditions is not dependent on the photoperiod
(Zhang et al. 2016). Earlier research demonstrated that
Ehd1, which is a photoperiod-related gene, plays a key
role in the integration of drought stress and photoperiod
signals (Galbiati et al., 2016). Moreover, Ghd7, which is
expressed upstream of Ehd1, is also involved in the reg-
ulation of the rice flowering time and drought response
(Du et al. 2018). In rice, the overexpression of OsFTL10
induces flowering and increases drought tolerance
(Fang et al. 2019). To date, there is no report describing
OsFTL4, which is a homolog of Hd3a, in rice.

In the present study, we characterized an FT-like gene,
OsFTL4, in rice. Knocking out OsFTL4 via the CRISPR/
Cas9 system resulted in an early flowering time under
both LD and SD conditions. The OsFTL4 knockout
mutants also exhibited enhanced drought tolerance.

Results

Phylogenetic Analysis of Rice PEBP Genes

The rice genome contains 19 PEBP genes, including 13
FT-like genes (OsFTL1 to OsFTL13), 4 RCN genes (RCNI
to RCN4), and 2 MFT genes (OsMFT1 and OsMFT2).
The evolutionary relationship between the 19 PEBP
genes in rice and the six PEBP genes in Arabidopsis was
investigated (Chardon and Damerval 2005). To clarify
the relationship between OsFTL4 and 76 functional
PEBP proteins in other species, a neighbor-joining tree
was generated after aligning the functionally annotated
PEBP proteins from 11 monocotyledonous species (e.g.,
rice, maize, and onion) and 12 dicotyledonous species
(e.g., Arabidopsis and soybean) (Fig. 1). The phylogenetic
tree included one TFL1-like clade, one MFT-like clade,
and five FT-like clades. Most of the TFL1 homologous
proteins in the TFL1-like clade repress flowering. The
MFT-like clade contained four MFT proteins that vary in
terms of their functions. The FT-like clade Ia comprised
OsFTL1, OsFTL2/Hd3a, and OsFTL3/RFT1 from rice as
well as AtFT from Arabidopsis, suggesting that the char-
acteristics of this family in plants developed before the
dicot-monocot divergence. Furthermore, most of the F1-
like genes encode flowering inducers. Although all of the
FT-like proteins in FT-like clade Ib are from dicotyledon-
ous species, they have diverse functions. Notably, the FT-
like proteins in FT-like clade III, including OsFTL8 and
OsFTL10 from rice, ZCN8 and ZCN12 from Zea mays,
and HVFT3 from Hordeum vulgare, are all from mono-
cotyledonous species. Although PaFTL1 and PaFTL2
from Picea abies were the only two members of FT-like
clade IV in the phylogenetic tree, they delay flowering
and appear to be functionally similar to TFL1 (Karlgren
et al. 2011). Within clade FT-like II, OsFTL4 and TgFT3,
which are highly homologous proteins, were associated
with OsFTL5, OsFTL6, OsFTL7, and OsFTL11; however,
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Fig. 1 Phylogenetic analysis of PEBP family members in Oryza sativa and other plant species. Sequence alignment of OsFTL4 and other FT(-like) and
TFL1(-like) proteins in Arabidopsis thaliana, Oryza sativa, Glycine max, Nicotiana tabacum, Helianthus annuus, Beta vulgaris, Tulipa gesneriana, Malus
domestica, Hordeum vulgare, Narcissus tazetta, Gentia natriflora, Oncidium 'Gower Ramsey:, Vitis vinifera, Populus nigra, Zea mays, Picea abies, Allium
cepa, Pisum sativum, Ipomoea nil, Ananas comosus, Populus spp., Solanum tuberosum, Lolium perenne, Cymbidium spp., Saccharum spp., and Triticum
aestivum

only TgFT3 has been functionally characterized. The var-
ious FT-like proteins from the same species were distrib-
uted in different FT-like clusters, indicative of divergence.

Silencing OsFTL4 Induces Earlier Flowering in Rice

To functionally characterize OsFTL4, which is one of

the homologs of Hd3a, OsFTL4 knockout mutants with

the Guangluai 4 (GLA 4) genetic background (i.e., an
early flowering indica variety) were generated using
the CRISPR/Cas9 system. A total of 10 transgenic lines
were obtained. Two homozygous mutants (osftl4-1 and
osftl4-2) were isolated from two different transformants
and confirmed by sequencing. Compared with the wild-
type OsFTL4 sequence, the osftl4-1 and osft/4-2 mutant
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sequences had a 1-bp insertion and a 2-bp deletion in  (NLD) conditions, respectively (Fig. 2d, j, k). The osft/4-
the target site, respectively (Fig. 2a, b). An amino acid I and osft/4-2 plants had short panicles (Fig. 2e, I) and a
sequence alignment revealed that the changes in the semi-dwarf phenotype at maturity (Fig. 2f, i). Further
osftl4-1 and osftl4-2 sequences were frame-shift muta- analyses revealed that the semi-dwarf phenotype of the
tions that resulted in the introduction of a premature stop  mutants was due to a decrease in the internode length
codon and the translation of a protein with a truncated  (Fig. 2g, h). Yield-related parameters were also quanti-
PEBP domain (Fig. 2c). The heading date of the two osft/4  tatively analyzed, including panicle number per plant
mutants was 9.6 and 5.8 days earlier than that of GLA  (PN), grain number per panicle (GN), 1000-grain weight
4 under natural short-day (NSD) and natural long-day (TGW), and grain yield per plant (GYP) (Fig. 2m-p,
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Fig. 2 Knockout of OsfT14 affects the heading date and other agronomic traits in rice. a A specific target guide RNA located in the first exon was
used to edit OsFTL4 via the CRISPR/Cas9 system. The PAM region and guide sequence are marked in red and blue, respectively. The OsFTL4 mutation
sites in the two mutants (osft/4-1 and osft/4-2) are indicated. b Mutations were confirmed by sequencing. Mutated bases are marked with red

boxes. ¢ OsFTL4 protein structures in GLA 4, osftl4-1, and osft/4-2. The PEBP domain is marked in yellow. d Morphology of GLA 4, osft/4-1, and osftl4-2
plants at heading stage. Scale bars, 10 cm. e Panicle phenotype of GLA 4, osftl4-1, and osftl4-2. f Morphology of GLA 4, osft/4-1, and osft/4-2 plants at
maturity satge. Scale bars, 10 cm. g Panicle and internode at maturity. Scale bars, 10 cm. h Length of four internodes below the spike. Heading date
for GLA 4, osftl4-1, and osftl4-2 in Lingshui j and Yangzhou k. Comparison between GLA 4 and the mutants in terms of the plant height i, panicle
length I, panicle number per plant m, grain number per panicle n, 1,000-grain weight o, and grain yield per plant p. Data are provided as the

mean =% SD from 20 individual plants. Significant differences were determined according to Student’s t-test (**, p<0.01)
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Additional file 2: Table S1). The two osft/4 mutants pro-
duced more tillers at the tillering stage (Fig. 2d). At
maturity, the PN was 29.4% and 38.0% higher for osftl4-1
and osftl4-2, respectively, than for the wild-type control
(Fig. 2m). In contrast, the GN of the mutants decreased
significantly (Fig. 2n). Additionally, the TGW of osftl4-1
and osft/4-2 decreased by 4.25% and 6.62%, respectively
(Fig. 20). Moreover, there was a significant decrease in
the GY of the osftl4-1 and osftl4-2 plants (Fig. 2p). Con-
sidered together, these findings suggest that OsFTL4
expression delays flowering and substantially influences
multiple agronomic traits in rice.

OsFTL4 Expression Pattern and Subcellular Localization

of the Encoded Protein

To examine the temporal and spatial expression patterns
of OsFTL4, we performed a quantitative real-time PCR
(qRT-PCR) analysis to examine OsFTL4 expression lev-
els in various tissues collected from GLA 4 plants grown
under NLD conditions. The qRT-PCR data indicated that
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OsFTL4 was expressed in all examined tissues, but espe-
cially in the node and sheath (Fig. 3b). The tissue-specific
expression was analyzed using OsFTL4 promoter-GUS
transgenic plants. Consistent with our qRT-PCR results,
the GUS signal was detected in the panicle, node, root,
sheath, and leaf blade (Fig. 3c-h).

We also investigated the OsFTL4 expression pat-
tern under SD (10-h light, 28 °C/14-h dark, 26 °C) and
LD (14-h light, 28 °C/10-h dark, 26 °C) conditions in an
artificial climate chamber. Diurnal rhythms in OsFTL4
transcription were detected, they differed between the
controlled short-day (CSD) and controlled long-day
(CLD) conditions, and OsFTL4 is upregulated during the
light period under CLD and the dark period under CSD
(Fig. 3a). Arabidopsis lacks a homolog of Ehdl, which
encodes a B-type response regulator. Ehd1-Hd3a/RFT1
is a unique flowering pathway in rice, in which Ehdl
induces Hd3a/RFTI expression under SD and LD con-
ditions to promote flowering (Doi et al. 2004). Ehdl
exhibited a circadian pattern in osft/4 plants under both
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Fig. 3 OsfTL4 expression profile. a Diurnal OsFTL4 expression pattern under SD and LD conditions. b OsFTL4 transcript levels in different tissues. ¢
OsFTL4 promoter-GUS activity was detected in the leaf. d Sheath. e Node. f Stem. g Root. h Mature spikelet before fertilization. Scale bars: € 0.5 mm;
e 5mm; d, f-h 1T mm. i Subcellular localization of OsFTL4 in Nicotiana benthamiana leaf epidermal cells and rice protoplasts. Scale bars, 50 pm in N.
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LD and SD conditions. Additionally, there was no differ-
ence in the transcription of OsphyB and OsGI between
the wild-type and osft/4 plants, indicating that OsFTL4 is
expressed downstream of OsphyB and OsGI (Additional
file 1: Fig. S1). Furthermore, OsFTL4 regulates flowering
as part of the Ehdl pathway, possibly via the feedback-
regulated expression of Ekid1.

On the basis of the ProtComp online tool (http://www.
softberry.com/), the OsFTL4 protein was predicted to be
localized in both the cytoplasm and nucleus. To verify
the predicted localization, the OsFTL4-green fluorescent
protein (GFP) fusion construct under the control of the
CaMV 35S promoter was generated. The recombinant
35S:: OsFTL4-GFP construct was transiently expressed
in Nicotiana benthamiana leaf epidermal cells and rice
protoplasts. Confocal microscopy images confirmed
that OsFTL4 was localized in the cytoplasm and nucleus
(Fig. 3i).

Regulatory Effects of OsFTL4 on the Heading Date

To reveal the possible OsFTL4 genetic network, we com-
pared the expression levels of several rice genes that
control flowering. Among these genes, the Sepallata
(SEP) gene OsPAP2/0OsMADS34 and the three AP1/FUL-
like genes OsMADSI14, OsMADSI15, and OsMADSI8
encode florigen signals in the meristem (Preston and
Kellogg 2006; Kobayashi et al. 2012). The OsMADSI4,
OsMADSI15, OsMADS18, and OsMADS34 transcription
levels were higher in the two osft/4 mutants than in GLA
4 under both LD and SD conditions (Fig. 4). Accord-
ingly, OsFTL4 may delay flowering by downregulating the
expression of OsMADSI14, OsMADS15, OsMADS18, and
OsMADS34.

OsFTL4 Competes with Hd3a for the Interaction

with 14-3-3 Proteins

The interaction between Hd3a and 14-3-3 proteins in
the SAM generates a complex that is translocated to the
nucleus, where it binds to OsFD1. The resulting ternary
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FAC complex induces the transcription of OsMADSIS5,
which leads to flowering (Taoka et al. 2011). To eluci-
date the mechanism underlying the inhibitory effects
of OsFTL4 on flowering, the interaction of OsFTL4
with 14-3-3 proteins and OsFD1 was analyzed by con-
ducting a yeast two-hybrid (Y2H) assay. Specifically,
OsFTL4 was inserted into pGBKT7, whereas sequences
encoding eight 14-3-3 isoforms (GFl4a to GF14h)
and OsFD1 were inserted into pGADT7. All combi-
nations of recombinant plasmids were used to trans-
form Y2HGold yeast cells. The Y2H assay confirmed
that OsFTL4 can interact with GF14a, GF14b, GFl4c,
GF14d, GF14e, GF14f, GF14h, and OsFD1 in yeast cells
(Fig. 5a). However, there was no interaction between
OsFTL4 and GF14g. We also examined the interactions
in a luciferase complementation imaging (LCI) assay
involving N. benthamiana leaves, which produced simi-
lar results (Fig. 5b—j).

OsFD1 and Hd3a do not interact in vitro, whereas
the presence of interactions in the yeast system is due
to the bridging role played by the yeast 14-3-3 protein
BMHI1(Taoka et al. 2011). In the present study, OsFTL4
could interact with OsFD1 in yeast and tobacco system.
Several 14-3-3 isoforms were present in tobacco, and
some of them were reported to interact with bZIP pro-
teins (Igarashi et al. 2001). Meanwhile, these interac-
tions were dependent on conserved residuals (Taoka
et al. 2011; Igarashi et al. 2001). Protein sequence align-
ment revealed that Nt14-3-3a, Nt14-3-3b, Nt14-3-3e in
tobacco and brain modulosignalin homolog 1 (BMH]1)
in yeast were highly similar to the rice 14-3-3 proteins
OsGF14b and OsGFl4c sharing the same conserved
residuals (Additional file 1: Fig. S2). Therefore, the inter-
action between BMH1 with OsFTL4 and OsFD1, Nt14-
3-3e with OsFTL4 and OsFD1were verified by Y2H assay
and LCI assay, respectively (Fig. 6a—e). Furthermore,
OsFTL4/P93L, a key site mutantion of OsFTL4, could
not interact with BMH1, Nt14-3-3e and OsFD1 (Fig. 6b,
c,e).
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Fig. 4 Comparison of floral meristem identity gene transcription levels of the wild-type and mutant plants. OsMADS14, OsMADS15, OsMADS18, and
OsMADS34 expression levels in GLA 4 and osftl4 under LD and SD conditions. For all examined genes, the transcription level in GLA 4 was set at 1
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To test the hypothesis that OsFTL4 and RCN are func-
tionally similar, i.e., RCN competes with Hd3a for the
binding to 14-3-3 proteins to form FAC (Kaneko-Suzuki
et al. 2018), we co-expressed Hd3a and OsFDI in rice
protoplasts. This co-expression activated the expres-
sion of OsMADSI14. Meanwhile, single transformation
of OsFD1 also activated the expression of OsMADSI14.
However, its activation was significantly diminished
when OsFTL4 was co-expressed, and no reduction
in OsMADS14 expression levels was observed when
OsFTL4/P93L mutant was co-expressed (Fig. 6f). These
results demonstrated that OsFTL4 competes with Hd3a
for the interaction with 14-3-3 proteins to repress the flo-
ral transition in rice. To further explore the competitive
relationship between OsFTL4 and Hd3a, we performed
BiFC analysis between OsFTL4 and Hd3a. When Hd3a-
nCFP, OsFTL4-cCFP fusion proteins were co-expressed
with OsFD1 in rice protoplasts, cyan fluorescent

signals of Hd3a-OsFTL4 interactions were observed in
the nucleus. When a P93L substitution was introduced in
OsFTL4, no BiFC signal was detected (Fig. 6g).

Mutation to OsFTL4 Improves Rice Drought Tolerance

An examination using the PLACE online program (http://
www.dna.affrc.go.jp/PLACE) suggested that the OsFTL4
promoter region contains multiple hormone-responsive
elements (Additional file 3: Table S2). A previous study
determined that ABA helps increase the expression of
drought-responsive genes in rice (Rabbani et al. 2003).
We observed that OsFTL4 expression was repressed by
ABA (Additional file 1: Fig S3). To investigate whether
OsFTL4 is involved in rice responses to drought stress,
the drought tolerance of the osft/4 mutants was assessed.
The wild-type plants and osft/4 mutants were grown
under well-watered conditions for 2 weeks (Fig. 7a), after
which watering was stopped. Following a 4-day exposure
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(See figure on next page.)

Fig. 7 Phenotypes of GLA 4 as well as osft/4-1 and osftl4-2 mutants under drought conditions. a—c Both mutants (osft/4-1 and osft/4-2) exhibited
enhanced drought tolerance. The GLA 4, osft/4-1, and osftl4-2 seedlings (nearly 40 seedlings per genotype) with regular watering for 14 days a
were subjected to drought stress for 4 days b, and recovery for 7 days ¢, respectively. Scale bars, 5 cm. d Survival rate calculated on the basis of

the growth of a new leaf blade after 7 days of re-watering. Error bars represent the SE of three biological replicates (**, p<0.01, by Student’s t-test).
e Water loss rate of detached leaves from the wild-type and mutant lines at different time-points. Data are presented as the mean =+ standard
deviation (n=20). f Stomatal conductance of the wild-type and two mutant lines under normal and drought stress conditions. Error bars represent
three biological replicates (six plants per replicate). g OsNCED4, OsbZIP23, and Rab16c expression levels in wild-type and osftl4 plants under normal
and drought conditions. Mean values & SD were obtained from three technical repeats and three biological repeats. Statistical differences are
labeled with different letters using LSD test (p <0.05, one-way ANOVA)
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to drought stress, all of the wild-type GLA 4 plants were
severely affected, whereas the osft/4 mutant plants exhib-
ited less leaf rolling and wilting (Fig. 7b). After the recov-
ery period, osftl4 mutant plants had more green leaves
than the wild-type plants (Fig. 7c). Additionally, the sur-
vival rates of the two osftl4 mutants (38.7% and 40.7%)
were significantly higher than that of the wild-type plants
(Fig. 7d).

The results of an in vitro water dissipation test involv-
ing the leaves of 2-week-old GLA 4 and osf#/4 plants indi-
cated that the rate of water dissipation was significantly
lower in the mutants than in the wild-type control plants
(Fig. 7e). The stomatal status is an important factor asso-
ciated with plant drought responses. Thus, the stomatal
conductance of the wild-type and osftl4 plants at the 4-
to 5-leaf stage under normal and drought conditions was
analyzed. Drought stress obviously affected stomatal clo-
sure, leading to decreased conductance, but the stomatal
conductance of the osft/4 mutant plants was significantly
lower than that of the wild-type plants (Fig. 7f).

To explore the possible molecular mechanisms by
which OsFTL4 negatively regulates drought toler-
ance in rice, the expression of several stress-responsive
genes under normal and drought conditions was ana-
lyzed. These genes include OsNCED4, encoding a pro-
tein involved in ABA biosynthesis (Zhu et al. 2009);
OsbZIP23, encoding a basic leucine zipper protein (Zong
et al. 2016); Rab16¢, encoding a late embryogenesis abun-
dant protein (LEA) (Xiao et al. 2007). Compared with
their expression under normal conditions, OsNCED4,
OsbZIP23, and Rabl6c expression levels increased in
the wild-type and mutant plants in response to drought
stress. However, these genes were more highly expressed
in the osft/4 mutants than in the GLA 4 plants under
drought conditions (Fig. 7g). These findings imply that
a mutation to OsFTL4 enhances drought tolerance by
inducing drought stress-responsive gene expression in
rice.

Discussion

The FT-like proteins belong to the PEBP family, which
is widely conserved among plant species (Bradley et al.
1996). The function of Hd3a/RFTI, the main genes in
the FT-like family, during the floral transition of rice has
been well studied. However, the functions of the other
members of this family in rice remain relatively unchar-
acterized. In this study, knocking out OsFTL4 resulted
in earlier flowering under SD and LD conditions and
enhanced the drought tolerance of rice. In contrast, the
osftl4 knockout mutation resulted in a shorter rice plant,
a shorter panicle, and fewer grains per panicle, which
ultimately led to a decreased grain yield.
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In rice, an appropriate flowering time is important
for enhancing regional adaptations and increasing grain
yield. One of the most essential environmental cues for
flowering is the photoperiod. Photoperiodic flowering is
regulated by a combination of light signals and circadian
rhythms (Song et al. 2015). With dual functions, Hdl
promotes flowering under SD conditions, but suppresses
flowering under LD conditions (Izawa et al. 2002). Unlike
Hd1, Ehdl promotes flowering under LD conditions
(Wei et al. 2016). A previous study revealed that Ghd7
forms a complex with Hdl to repress Hd3a transcrip-
tion, while also substantially repressing Ehdl expression
to delay flowering under LD conditions in rice (Nemoto
et al. 2016). Another study indicated that a mutation to
OsELF3/Ef7, which is a homolog of Arabidopsis ELF3,
significantly increases the transcription of Ghd7 to delay
flowering under both LD and SD conditions (Yang et al.
2013). RFT1I is predominantly expressed under LD con-
ditions and Hd3a is the major floral activator under SD
conditions in rice. In response to the regulatory effects
of the photoperiod, both Hd3a and RFT1 are tran-
scribed; the silencing of both genes via RNAi leads to
not flower even at 300 days after sowing (Komiya et al.
2008). To date, no FT-like gene has been reported to have
the same function in both SD and LD conditions. In this
study, OsFTL4 knockout mutants flowered earlier than
the wild-type control under both NLD and NSD condi-
tions (Fig. 2). GLA 4 is a semi-dwarf early rice variety
that is photoperiod insensitive and temperature sensitive.
Therefore, based on the genetic background, OsFTL4
may be a genetic resource for heading time and plant
height improvement in some tall-stalked late rice varie-
ties. Additionally, OsFTL4 expression is induced by dark-
ness under CSD conditions (Fig. 3a), which may explain
the longer delay in the flowering of the osft/4 mutant
plants under NSD conditions than under NLD conditions
(Fig. 2j, k).

The qRT-PCR and GUS staining results indicated that
OsFTL4 was constitutively expressed and primarily dis-
tributed in vascular bundle tissues (Fig. 3b, c-k), which
was different from the expression pattern of Hd3a and
RFTI (Komiya et al. 2008). During flower formation,
Hd3a/RFTI is expressed in leaves, with the resulting
protein transported to the shoot apex through vascular
bundles to induce flowering (Tamaki et al. 2015, 2007;
Komiya et al. 2008). The RCN genes, which encode flow-
ering suppressors, are mainly expressed in the stem dur-
ing the vegetative, transition, early reproductive, and late
reproductive phases (Kaneko-Suzuki et al. 2018). The
OsFTL4 protein is located in both the cytoplasm and
nucleus (Fig. 31), which is similar to all charaterized FT1-
like genes (Zhang et al. 2020; Fang et al. 2019; Zhan et al.
2017). A recent study detected the RCN3 and 14-3-3
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BiFC signals in the cytoplasm and nucleus (Kaneko-
Suzuki et al. 2018). In rice, RCN proteins, which compete
with Hd3a, interact with 14-3-3 proteins (GF14b, GF14c,
GF14e, and GF14f) in the cytoplasm and are then trans-
ferred into the nucleus to interact with OsFD1, a rice FD
homologous protein, resulting in the formation of the
FRC complex that decreases florigen activity (Kaneko-
Suzuki et al. 2018; Taoka et al. 2011). Moreover, in rice,
OsFTL10 functions as a floral inducer that can interact
with OsFD1 as well as various 14-3-3 homologs, includ-
ing GF14a, GF14b, GFl4c, GF14d, and GFl4e (Fang
et al. 2019). In the current study, OsFTL4 was observed
to interact with OsFD1 and GF1l4a, GF14b, GFld4c,
GF14d, GF14e, GF14f, and GF14h in yeast and Nicotiana
benthamiana cells (Fig. 5a, b-j). However, the interac-
tion between OsFTL4 and OsFD1 required the presence
of 14-3-3 proteins in yeast and tobacco cells (Fig. 6a—e).
Thus, FT-like may regulate flowering by interacting with
different 14-3-3 isoforms in rice. In addition, competition
assays showed that OsFTL4 inhibits flowering by com-
peting with Hd3a to form an FRC-like complex (Fig. 6f,
g). OsFTL4 functions similarly to RCN (Kaneko-Suzuki
et al. 2018).

Drought is an environmental stress that influences
crop growth. Unlike animals, plants are sessile organ-
isms. Plants mitigate the adverse effects of drought stress
by regulating their vegetative and reproductive growth
according to water availability (Shim and Jang 2020). Mild
drought conditions can accelerate flowering in rice (Du
et al. 2018). Stomatal closure can decrease plant water
loss and help plants maintain the tissue water potential
following the uptake of water from the soil through deep-
growing roots (i.e., drought avoidance) (Hu and Xiong
2014). In this study, compared with the wild-type plants,
the water loss and stomatal conductance decreased in the
osftl4 mutant plants following an exposure to drought
stress (Fig. 7a—d). Moreover, Hd3a, RFT1, and Ehdl
appear to integrate the photoperiod and drought stress
signals to delay rice floral transition. Drought stress
reportedly significantly decreases the transcription of
Ehdl, Hd3a, and RFT1 (Galbiati et al. 2016). Drought-
induced flowering occurs via the ABA-dependent upreg-
ulated expression of the two florigen genes Hd3a and
RFTI. Similarly, ABA can repress OsFTL4 transcription
(Additional file 1: Fig. S3). The ABA-induced upregu-
lation of Hd3a and RFTI expression involves the ABA-
induced expression of OsbZIP23. The overexpression of
OsbZIP23 was revealed to upregulate and downregu-
late Ehdl and Ghd7 expression levels, respectively (Du
et al. 2018). Drought also induces the expression of the
circadian clock genes OsGI and OsTOCI, which encode
positive regulators of Hd3a and RFTI expression that
promote flowering (Riboni et al. 2013; Valim et al. 2019).
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Furthermore, RCN1 has antagonistic effects on the
florigen. A recent investigation determined that rcnml
mutant plants flower early and are relatively insensitive
to drought stress (Wang et al. 2020). Additionally, it has
been demonstrated that stomatal conductance and pho-
tosynthetic rate are positively correlated and ultimately
influence plant growth and yield through affecting CO,
assimilation (Kusumi et al. 2012). Some high-yielding
cultivars, such Takanari (Xu et al. 1997) and Haba-
taki (Adachi et al. 2011), have a high stomatal conduct-
ance and photosynthetic rate. In the current study, the
reduced stomatal conductance of the osft/4 mutant com-
pared to the wild type may have reduced CO, uptake by
reducing leaf photosynthetic rate, resulting in reduced
plant growth and lower grain yield.

Conclusion

In this study, we identified a novel FT-like gene, OsFTL4.
In contrast to FT, OsFTL4 represses flowering in rice
and integrates the mechanisms mediating flowering and
drought tolerance.

Materials and Methods

Plant Materials and Growth Conditions

GLA 4, which is an indica cultivar, was used to generate
transgenic lines. The wild-type and knockout mutants
were grown in the transgenic experimental field of Yang-
zhou University, China. Pure lines were screened and
grown in transgenic experimental fields under NLD
conditions at Yangzhou University (119.43° E, 32.39° N)
and NSD conditions in Lingshui, Hainan, China (110.05°
E, 18.51° N). During the floral transition period of rice,
the day length was longer than 13.5-h in Yangzhou and
shorter than 12.5-h in Lingshui (Additional file 1: Fig. S4)
(The Data was collected from www.timeanddate.com).

Phylogenetic Analysis

The PEBP family proteins were aligned using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo). The
aligned sequences were used for the phylogenetic analy-
sis, which was performed according to the neighbor-
joining method of MEGA X (Kumar et al. 2018). The
phylogenetic tree was modified and annotated using
FigTree (version 1.4.4).

Vector Construction and Rice Transformation

To construct the CRISPR-Cas9 vector for OsFTL4, the
predictions made by CRISPR-GE (http://skl.scau.edu.
cn/) were used to select a guide sequence targeting the
first exon with a low off-target rate. The gRNA frame-
work with the guide sequence was inserted into the
pC1300-Ubi:Cas9 empty vector to produce the CRISPR-
Cas9 recombinant vector (Hu et al. 2018). The 2.0-kb
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OsFTL4 promoter sequence (i.e., sequence upstream of
the ATG start codon) was amplified by PCR using GLA
4 genomic DNA as the template and then inserted into
the pCAMBIA1301 vector to control the expression
of the GUS-encoding gene. All constructs were intro-
duced into Agrobacterium tumefaciens EHA105 cells via
chemical transformation and then inserted into GLA 4
plants using a previously described A. tumefaciens-based
method (Hiei et al. 1994). All primers used for construct-
ing recombinant vectors are listed in Additional file 4:
Table S3.

Histochemical Analysis of GUS Activity

For the GUS staining analysis, leaves, nodes, sheaths,
stems, roots, and young panicles were collected from
hygromycin-resistant transformed plants at the booting
stage. The GUS activity was detected using the GUSblue
kit (Huayueyang, Beijing, China) according to the manu-
facturer’s manual. The samples were destained with pure
ethanol and then examined.

Subcellular Localization

The OsFTL4 coding sequence was amplified by PCR and
incorporated into pAN580 and pHG to form pAN580-
OsFTL4 and pHG-OsFTL4, respectively. For the tran-
sient expression assay in rice protoplasts, the pAN580
empty vector and the pANS580-OsFTL4 recombinant
vector were inserted into separate rice protoplasts as
previously described (Chen et al. 2006). Agrobacte-
rium tumefaciens GV3101 cells were transformed with
the pHG empty vector or the pHG-OsFTL4 recombi-
nant vector for the subsequent infiltration of healthy N.
benthamiana leaves. Fluorescent signals were detected
using the Zeiss LSM 710 laser scanning confocal micro-
scope. The primers used for constructing recombinant
vectors are listed in Additional file 4: Table S3.

Transient Expression Assay in Rice Protoplasts

For the transient expression analysis, different combina-
tions of 4 pg pAN580-Hd3a, 4 pg pAN580-FTL4, 4 pg
pAN580-FTL4/P93L and 5 pg pAN580-OsFD1 recom-
binant vectors were inserted into 100 pl rice protoplasts
according to a polyethylene glycol (PEG)-mediated
method (Zhang et al. 2011). After a 16-h incubation at
25 °C, the protoplast suspension was centrifuged and
the cell pellet was collected for an RNA extraction. The
c¢DNA synthesized via reverse transcription was used for
the qRT-PCR analysis.

Diurnal Expression Analysis

Rice plants grown under natural day-length conditions
for 4 weeks were transferred to a growth chamber and
incubated under SD (10-h light, 28 °C/14-h dark, 26 °C)
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or LD (14-h light, 28 °C/10-h dark, 26 °C) conditions with
65% relative humidity. Seven days later, the leaves of each
line were harvested every 4 h for 48 h. For each time-
point, the leaves from three different individuals were
collected as biological replicates.

ABA Treatment Assays

To detect the response of OsFTL4 to ABA, 2-week-old
seedlings of GLA4 were placed into -ABA or ABA solu-
tion in the light. For ABA dose-dependent tests, ABA
concentration were set at 0 uM, 1 uM, 5 pM, 10 pM, 30
M, and 50 pM, and expression levels of OsFTL4 were
detected after 3-h of ABA treatment. Furthermore, tran-
script levels of OsFTL4 were also detected at 0-h, 3-h,
6-h, 9-h, and 12-h after treatment under 10 uM ABA
conditions.

Drought Tolerance Assays

GLA 4 and the two mutant lines were grown in a growth
chamber (12-h light, 28 °C/12-h dark, 26 °C) for 2 weeks.
The second leaves of the wild-type and two osft/4 mutants
were selected for the water loss rate test. The samples
were weighed every 30 min and the water loss rate was
calculated using the following formula: water loss rate
(%) =(fresh weight—dry weight)/fresh weight x 100.
For drought treatment, 2-week-old rice seedling were
exposed to drought stress treatments. Each pot was filled
with the same amount of fluffy and breathable nutri-
ent soil. The water was withheld for 7 days and then the
drought stressed plants were re-watered to recover. After
recovery, the survival rates (%) were calculated from the
numbers of surviving plants with new leaves appeared.

Stomatal Conductance Analysis

The second leaves of 3-week-old rice plants were selected
for the stomatal conductance analysis, which was per-
formed using the LI-6400XT Portable Photosynthesis
System (LI-COR, USA) before and after a 3-day exposure
to drought conditions.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from diverse tissues collected
from plants exposed to different treatment conditions
using an RNA simple Total RNA Kit (Tiangen, Beijing,
China) according to the manufacturer’s manual and then
total RNA was reverse transcribed into ¢cDNA using
the Fast King One-step RT-qPCR kit (Tiangen, Beijing,
China). The qRT-PCR analysis was performed using
the ABI Viia™ system (Life Technologies, USA) and the
AceQ qPCR SYBR Green Master Mix (Vazyme, Nanjing,
China). Details regarding the qRT-PCR primers are listed
in Additional file 4: Table S3.
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Yeast Two-Hybrid Assay

The coding sequences of eight 14-3-3 isoforms
(OsGF14a to OsGF14h) were PCR-amplified from
rice ¢cDNA and cloned into separate pGADT7 vec-
tor, the full-length OsFTL4 sequence was inserted
into the pGBAD7 and pGBKT7 vector, respectively.
The OsFTL4/P93L-BD mutant vector was obtained
by single-base mutation of OsFTL4-BD vector. The
full-length BMH1 sequence was PCR-amplified from
yeast and inserted into pGADT7. The OsFD1 coding
sequence was amplified from rice cDNA and inserted
into pGADT7 and pGBKT?7 vector, respectively. The
recombinant plasmids were used for the co-transfor-
mation of Y2HGold yeast cells, which were then grown
on SD/ —Leu/ — Trp medium for 2—4 days. Single colo-
nies were selected and transferred to SD/ — Leu/ — Trp
and SD/-—Trp/—Leu/—His/ —Ade media for the
subsequent analysis of interactions, which were deter-
mined on the basis of colony growth. The primers used
for the PCR amplifications are listed in Additional
file 4: Table S3.

Bimolecular Fluorescence Complementation (BiFC) Assay
The OsFTL4 coding sequence was PCR-amplified and
inserted into SCCR vector, and the full-length Hd3a
sequence was inserted into SCNR vector (Waadt et al.
2008). The OsFTL4/P93L-SCCR mutant vector was
obtained by PCR amplification using the OsFTL4/
P93L-BD vector as a template. The primers used for the
BiFC vector are listed in Additional file 4: Table S3.

Luciferase Complementation Imaging (LCI) Assay

The full-length sequences of OsFTL4, OsFTL4/P93L,
and OsFD1 was inserted into the JW771-nLUC vec-
tor, respectively, whereas the OsGFI4 (a to h) and
Nt14-3-3e coding sequences were inserted into sepa-
rate JW772-cLUC vector (Gou et al. 2011). The recom-
binant plasmids were introduced into A. tumefaciens
strain GV3101 cells, which were then used to infiltrate
N. benthamiana leaves as previously described (Waadt
et al. 2008). Luminescent signals were detected using
the Tanon 5200 Chemiluminescent Imaging System.
The primers used for the LCI assay are listed in Addi-
tional file 4: Table S3.

Abbreviations

GLA 4: Guangluai 4; GUS: B-Glucuronidase; gRT-PCR: Quantitative real-time
PCR; GFP: Green fluorescent protein; GN: Grain number per panicle; TGW:
1000-grain weight; GYP: Grain yield per plant; CLD: Controlled long-day; CSD:
Controlled short-day; NLD: Natural long-day; NSD: Natural short-day; LCI: Lucif-
erase complementation imaging; LUC: Luciferase; PEG: Polyethylene glycol.
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