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Flowering time is a critical agronomic trait that determines successful seed production and adaptation of crop plants.
Photoperiodic control of this process in flowering plants is mediated by the long-distance mobile signal called florigen partly
encoded by FLOWERING LOCUS T (FT) in Arabidopsis thaliana and its orthologs in other plant species. Despite the progress
in understanding FT transport in the dicot model Arabidopsis, the mechanisms of florigen transport in monocots, which
provide most of the biomass in agriculture, are unknown. Here, we show that rice FT-INTERACTING PROTEIN1 (OsFTIP1),
a member of the family of multiple C2 domain and transmembrane region proteins (MCTPs) and the closest ortholog of
Arabidopsis FTIP1, is required for export of RICE FLOWERING LOCUS T 1 (RFT1) from companion cells to sieve elements.
This affects RFT1 movement to the shoot apical meristem and its regulation of rice flowering time under long days. We further
reveal that a ubiquitin-like domain kinase y4, OsUbDKvy4, interacts with OsFTIP1 and modulates its degradation in leaves
through the 26S proteasome, which in turn affects RFT1 transport to the shoot apical meristem. Thus, dynamic modulation of
OsFTIP1 abundance in leaves by a negative regulator OsUbDK+v4 is integral to the role of OsFTIP1 in mediating RFT1
transport in rice and provides key evidence for a conserved role of FTIP1-like MCTPs in mediating florigen transport in

flowering plants.

INTRODUCTION

The timing of the transition from vegetative to reproductive growth
is crucial for reproductive success in flowering plants. This tran-
sition to flowering is an important agronomic trait that determines
yield and adaptation to changing environment of economically
important cereal crops, including rice (Oryza sativa). As an essential
source of calories for much of the world’s human population, rice
is a facultative short-day (SD) plant, but eventually flowers under
noninductive long-day (LD) conditions. Rice cultivars have been
developed through continuous domestication and breeding to
adapt to a broad range of climatic conditions, such as different
photoperiods (Izawa, 2007; Song et al., 2015).

Investigation of photoperiodic control of flowering time or
heading date in rice has suggested that the proteins encoded by
Heading date 3a (Hd3a) and its closest homolog RICE FLOW-
ERING LOCUS T1 (RFT1), both of which are rice orthologs of
Arabidopsis thaliana FLOWERING LOCUS T (FT), are part of the
long-sought florigen that are essential for rice flowering (Corbesier
etal., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007; Tamaki
et al., 2007; Komiya et al., 2008). Knockdown of both Hd3a and
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RFT1 in rice by RNA interference almost completely blocks
flowering even under favorable SD conditions (Komiya et al.,
2008). Hd3a and RFT1 are diurnally expressed in leaves under SDs
and LDs, and their proteins move to the shoot apical meristem
(SAM), where they interact with a bZIP transcription factor OsFD to
regulate the expression of two rice orthologs (OsMADS14 and
OsMADS15) of an Arabidopsis floral meristem identity gene
APETALAT, thus provoking initiation of primary panicle branch
primordia (Tamaki et al., 2007; Komiya et al., 2008, 2009; Taoka
et al., 2011).

In the facultative LD model plant Arabidopsis, loss of function of
FT and its homologs, such as TWIN SISTER OF FT, results in
delayed flowering only under LDs (Kardailsky et al., 1999;
Kobayashi et al., 1999; Yamaguchi et al., 2005; Jang et al., 2009),
suggesting that FT-like genes are major determinants for the
flowering response to LDs in Arabidopsis. By contrast, knock-
down of Hd3a or RFT1 in the japonica rice cultivar Norin 8 delays
rice flowering only under SDs or LDs, respectively (Komiya et al.,
2008, 2009), indicating that Hd3a and RFT1 might be specific
florigen in rice under SD and LD conditions, respectively. Analysis
of Hd3a and RFT1 nucleotide sequences in different rice cultivars
hasrevealedthat RFT1 diverges more rapidly than Hd3a during the
rice breeding process and that RFT1 could have evolved with
a specific florigen function under LDs for adapting to the photo-
periodic conditions in many regions, such as north Asia, whererice
is typically cultivated under LD conditions (Hagiwara et al., 2009).
Interestingly, although mRNA expression of Hd3a and RFT1
simultaneously increases during the floral transition under LDs,
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only RFT1 affects rice flowering in response to this photoperiodic
condition (Komiya et al., 2009), implying that the capacity of Hd3a
and RFT1 to affect flowering time under LDs might be modulated
at the protein level.

Two Arabidopsis proteins, FT-INTERACTING PROTEIN1
(FTIP1) and SODIUM POTASSIUM ROOT DEFECTIVE1 (NaKR1),
have been shown to regulate flowering time through mediating
long-distance movement of FT from leaves to the SAM inresponse
to LDs (Liu et al., 2012; Zhu et al., 2016). FTIP1 is a member of the
family of multiple C2 domain and transmembrane region proteins
(MCTPs) (Liu et al., 2013). It interacts with FT in companion cells of
the phloem and specifically mediates FT protein movement from
companion cells to sieve elements in the phloem (Liu et al., 2012).
NaKR1, a heavy-metal-associated domain-containing protein, is
activated by CONSTANS (CO) under LDs and regulates long-
distance movement of FT and possibly other associated mole-
cules required for flowering from sieve elements in leaves to those
below the shoot apex (Tian et al., 2010; Zhu et al., 2016). Thus,
FTIP1 and NaKR1 play sequential and additive roles in mediating
FT transport from source leaves to the sink SAM through the
phloem stream. However, despite the progress in exploring the
mechanisms of FT transport in Arabidopsis, how florigen transport
is mediated in other flowering plants, especially in economically
important monocot plants, so far remains completely unknown.

To understand the underlying mechanisms of florigen transport in
rice, we systematically investigated the biological functions of rice
FTIP1-like MCTPs that contain three to four C2 domains at the N
terminus and one to four transmembrane regions at the C terminus. In
this study, we show that rice FTIP1 (OsFTIP1), the closest ortholog of
Arabidopsis FTIP1, plays an essential role in mediating rice flowering
time under LDs via its specific modulation on RFT1 transport from
companion cells to sieve elements. This affects RFT1 movement to
the SAM through the phloem stream and its further regulation of other
genes involved in floral meristem development, such as OsMADS 14
and OsMADS 15. We further show that a ubiquitin-like (UBL) domain
kinase vy4, OsUbDK~v4, interacts with OsFTIP1 and mediates its
degradationin leaves possibly through the ubiquitin-26S proteasome
pathway. This regulates OsFTIP1 levels in leaves, which in turn affects
RFT1 trafficking to the SAM, thus determining flowering time in rice
under LDs. These results provide a mechanistic understanding of
florigen transport in rice and reveal not only a conserved role of FTIP1-
like MCTPs in mediating florigen transport in flowering plants, but also
a hitherto unknown mechanism that dynamically regulates MCTP
levels required for florigen transport in source tissues.

RESULTS

OsFTIP1 Regulates Flowering Time in Rice under LDs

To understand the biological role of 12 FTIP1-like MCTPs inrice,
we systematically performed targeted mutagenesis of these
genes in the Nipponbare cultivar background (Oryza sativa ssp
japonica) using clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated nuclease 9 (Cas9) tech-
nology (Feng et al., 2014). Among the rice mutants created, we
observed delayed flowering phenotypes under LDs resulting from
targeted mutations in OsFTIP1 (Os06g0614000) (Figures 1A to

1E), a rice ortholog of Arabidopsis FTIP1 that contains three C2
domains and one phosphoribosyltransferase C-terminal domain
(PRT_C) as shown in other FTIP1-like MCTPs (Supplemental
Figure 1) (Liu et al.,, 2012, 2013). In the CRISPR/Cas9 system
created for targeted mutagenesis of OsFTIP1, the single guide
RNA (sgRNA) was designed to target the region 3’ to the trans-
lational start site of OsFTIP1 (Figure 1A). After genotyping and
sequencing analysis of 80 TO lines, we identified 10 independent
lines that contained mutations (insertions or deletions) at 3 to 4 bp
upstream of the protospacer adjacent motif, where the Cas9
cleavage site is located (Feng et al., 2014). After further se-
quencing targeted genomic regions of T2 populations derived
from T1 homozygotes, we selected two homozygous mutants in
the absence of the CRISPR/Cas9 transgene, Osftip7-1 and
Osftip1-2, which contained a 1-bp thymine (T) insertion and a 1-bp
thymine (T) deletion, respectively (Figure 1A). Examination of the
three most likely off-target sites of OsFTIP1 in Osftip1-1 and
Osftip1-2 did not reveal mutations in putative off-target loci
(Supplemental Table 1), indicating that CRISPR/Cas9-mediated
target mutagenesis of OsFTIP1 is reliable and accurate.

Both Osftip7-1 and Osftip1-2 showed comparable flowering
time to wild-type plants under SDs (Figures 1B and 1C) but
flowered significantly later than wild-type plants under LDs (Fig-
ures 1D and 1E), suggesting that OsFTIP1 plays a specific role in
controlling rice flowering under LDs. We also created 15 OsFTIP1
knockdown transgenic plants using RNA interference (RNAI),
among which 11 lines exhibited different levels of late flowering
under LDs. We measured OsFTIP1 expression in six selected lines
and found that the degrees of late flowering in OsFTIPT RNAI
plants were mostly related to the levels of downregulation of
OsFTIP1 expression (Supplemental Figures 2A and 2B). In con-
trast, the expression of Os0590429700 and Os04g0691800,
which shared the highest sequence similarity with OsFTIP1 in the
RNAI targeted region, was not obviously changed in these se-
lected RNAI transgenic lines (Supplemental Figures 2C and 2D).
These results, together with the flowering defect of Osftip7 mu-
tants, suggest that targeted disruption of OsFTIP1 has a dosage-
dependent effect on delaying flowering under LDs.

To confirm that the late-flowering phenotype of Osftip7-1 is at-
tributed to the loss of OsFTIP1 function, we transformed Osftip1-1
homozygous plants withagenomic construct (QOsFTIP1) harboring
a5.2-kb OsFTIP1 genomic region including the 2.7-kb 5" upstream
sequence and the entire 2.5-kb coding sequence (Supplemental
Figure 3A). Among the independent lines regenerated, eight pu-
tative transformants containing the single-copy transgene were
selected based on a 3:1 Mendelian segregation ratio by germination
on hygromycin-containing media. Examination of their homozy-
gous progenies at the T2 generation revealed that the late-flowering
phenotype of Osftip1-1 was rescued to different extents in these
eight lines, among which six lines displayed comparable flowering
time to wild-type plants (Supplemental Figure 3B), demonstrating
that OsFTIP1 isindeed responsible for the late-flowering phenotype
observed in Osftip1-1 under LDs.

Gene Expression and Subcellular Localization of OsFTIP1

We examined OsFTIP1 expression in various tissues of wild-type
plants using quantitative real-time PCR and found that OsFTIP1
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Figure 1. OsFTIP1 Promotes Flowering in Rice under LDs.

(A) CRISPR/Cas9-mediated target mutagenesis of OsFTIP1. The upper panel shows schematic diagram of the OsFTIP1 gene bearing the CRISPR/Cas9
target site indicated by an arrow. The exon and other genomic regions are represented by a black box and lines, respectively. The lower panel shows the
alignment of wild-type, Osftip1-1, and Osftip 1-2 sequences containing the CRISPR/Cas9 target site. A 20-bp CRISPR/Cas9 target sequence adjacent to the
underlined protospacer adjacent motif is indicated in red in the wild-type sequence. The newly created Osftip7-1 and Osftip71-2 mutants contain a 1-bp
insertion (T, blue font) and a 1-bp deletion (T, dash), respectively.

(B) Osftip1-1 and Osftip1-2 exhibit similar flowering time to a wild-type plant grown under SDs at 60 DAS. Arrows indicate panicles. Bar = 15 cm.

(C) Days to flowering of Osftip7 mutants and representative RNAi transgenic plants (OsFTIP1 Ri line 13) under SDs. n = 15; error bars denote sp.

(D) Osftip1-1 and Osftip1-2 display later flowering than a wild-type plant grown at 120 DAS under LDs. Arrows indicate panicles. Bar = 15 cm.

(E) Days to flowering of Osftip7 mutants and representative RNAi transgenic plants (OsFTIP1 Ri #13) under LDs. n = 15; error bars denote sp. Asterisks indicate
significant differences in flowering time of Osftip7-1, Osftip1-2, and OsFTIP1 Ri #13 compared with that of wild-type plants (Student’s t test, P < 0.05).

(F) Days to flowering of two representative Osftip7-1 lines harboring gOsFTIP1 and gOsFTIP1-HA, respectively, under LDs. n = 12; error bars denote sp.
Asterisk indicates a significant difference in flowering time of Osftip7-1 compared with that of wild-type and two rescued Osftip7-1 plants (Student’s t test,

P < 0.05).

was ubiquitously expressed in all tissues examined with the highest
expression in panicles and leaves (Figure 2A). In addition, OsFTIP1
was expressed at comparable levels in leaves under LDs and SDs
(Supplemental Figure 4A). To monitor the detailed tissue-specific
expression pattern of OsFTIP1, we created a ProOsFTIP1:3-
glucuronidase (GUS) reporter construct in which the same 2.7-kb
5’ upstream sequence included in gFTIP1 for the gene comple-
mentation test (Supplemental Figure 3A) was fused to the GUS
reporter gene (Supplemental Figure 4B). Among the 12 indepen-
dent ProOsFTIP1:GUS lines created, most lines showed similar
GUS staining patterns. ProOsFTIP1:GUS exhibited specific GUS

staining in vascular tissues of various plant organs, including leaves
(Supplemental Figures 4C to 4G). Examination of a transverse
section of a ProOsFTIP1:GUS leaf revealed that ProOsFTIP1:GUS
expression was specifically located in the phloem, including
companion cells (Figure 2B, left panel), which is similar to the FTIP1
expression pattern in Arabidopsis (Liu et al., 2012), indicating that
OsFTIP1 acts in the phloem to promote flowering.

We further examined the subcellular localization of OsFTIP1
through transiently expressing Pro35S:GFP-OsFTIP1 with vari-
ous fluorescent protein-tagged organelle markers (Nelson et al.,
2007) in Nicotiana benthamiana leaf epidermal cells and found that
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GFP-OsFTIP1 colocalized with the RFP-tagged endoplasmic
reticulum (ER) marker ER-RFP in whole cells (Figure 2C). In
contrast to free GFP control, GFP-OsFTIP1 was not localized in
the nucleus.

To precisely localize OsFTIP1 protein in the phloem in rice,
we performed immunoelectron microscopy on an Osftip1-1
gOsFTIP1-HA transgenic line (#5), in which gOsFTIP1-HA was
able to fully rescue the flowering defect of Osftip1-1 (Figure 1F;
Supplemental Figures 3B and 3C). Notably, OsFTIP1-HA sig-
nals, specifically detected by anti-HA antibody (Supplemental
Figure 8A), were only found in phloem companion cells, but not
in sieve elements (Figure 2D). This protein localization patternis
consistent with the ProOsFTIP1:GUS expression pattern
(Figure 2B), implying that OsFTIP1 is synthesized and func-
tional in companion cells. Unlike the localization of FTIP1 and
its homolog QUIRKY in Arabidopsis plasmodesmata (Fulton
et al., 2009; Liu et al., 2012; Vaddepalli et al., 2014), OsFTI-
P1-HAdid not appearto be presentin plasmodesmatabetween
companion cells and sieve elements in rice. It is technically
challenging to clearly identify plasmodesmata between com-
panion cells and sieve elements by transmission electron mi-
croscopy inrice. On very few occasions when we could identify
plasmodesmata between companion cells and sieve elements
on the sections, we did not observe OsFTIP1-HA signals. This
very small number of negative observations did not allow us to
determine whether OsFTIP1-HA was localized to the plas-
modesmata between companion cells and sieve elements, and
this possibility remains to be resolved in rice.

OsFTIP1 Interacts with RFT1

Totest whether the effect of OsFTIP1 onrice flowering under LDs
(Figure 1) is related to either Hd3a or RFT1 in the Nipponbare
cultivar background, we first generated hd3a and rft1 mutants
through CRISPR/Cas9-mediated target mutagenesis. Given
that Hd3a and RFT1 share high sequence similarity, sgRNAs
were designed to target regions that exhibit relatively low se-
quence similarity between Hd3a and RFT1 (Supplemental Figure
5A). We eventually created two homozygous mutants for either
Hd3a or RFT1 in the absence of the CRISPR/Cas9 transgene.
There was an adenine (A) insertion and a cytosine (C) deletion
in hd3a-1 and hd3a-2, respectively, while rft1-1 and rft1-2
contained a thymine (T) insertion and a cytosine (C) deletion,
respectively (Supplemental Figures 5B and 5C). All these mu-
tations resulted in premature termination of Hd3a and RFT1
proteins with only around 50 to 60 amino acids. Examination of
the three most likely off-target sites of Hd3a and RFT1 in these
mutants did not reveal any unexpected mutations in the putative
off-target loci (Supplemental Table 1). In agreement with the
observations on Hd3a and RFT1 RNAi lines in the Norin 8 cultivar
background (Komiya et al., 2009), hd3a or rft1 mutants in the
Nipponbare cultivar background also displayed late-flowering
phenotypes only under SDs or LDs, respectively (Supplemental
Figures 5D and 5E), substantiating that Hd3a and RFT1 are
specific florigen required for rice flowering under SDs and LDs,
respectively.

As both OsFTIP1 and RFT1 affected rice flowering mainly under
LDs (Figure 1), we proceeded to investigate their relationship by

comparing GUS expression patterns in leaf transverse sections of
ProOsFTIP1:GUS and ProRFT1:GUS (Hayama et al., 2003) under
LDs. GUS expression in both transgenic lines displayed a similar
pattern in the phloem, including companion cells (Figure 2B).
Furthermore, transient expression of Pro35S:GFP-OsFTIP1 and
Pro35S:RFT1-RFP in N. benthamiana leaf epidermal cells re-
vealed colocalization of GFP-OsFTIP1 and RFT1-RFP in whole
cells, including ER (Figure 3A; Supplemental Figure 6). Compared
with GFP-OsFTIP1, RFT1-RFP was also localized in the nucleus
(Figure 3A).

The similar tissue expression and subcellular localization of
OsFTIP1 and RFT1 prompted us to carry out a detailed analysis
of their potential protein interaction by different approaches. A
yeast two-hybrid assay revealed the interaction of RFT1 with
atruncated OsFTIP1 containing only three C2 domains atthe N
terminus, but not with the full-length OsFTIP1 (Figure 3B). This
is consistent with the yeast two-hybrid result showing the in-
teraction between FT and FTIP1 in Arabidopsis (Liu et al.,
2012), implying that the PRT_C domain containing the trans-
membrane regions at the C termini of FTIP1-like MCTPs
(Supplemental Figures 1A and 1B) may interfere with the in-
teraction between FTIP1-like MCTPs and FT-like proteins in
yeast cells. To determine which C2 domain is responsible for
the interaction of OsFTIP1 with RFT1, we created a series of
constructs containing various OsFTIP1 truncated proteins for
further yeast two-hybrid assays (Figure 3C, left panel). The
results showed that the truncated proteins bearing the third C2
domain consistently interacted with RFT1 (Figure 3C, right
panel), indicating that this specific C2 domain is required for the
interaction of OsFTIP1 with RFT1.

A glutathione S-transferase (GST) pull-down assay demon-
strated that OsFTIP1-HA generated from rice protoplasts bound
to in vitro-translated GST-RFT, but not GST (Figure 3D). Bi-
molecular fluorescence complementation (BiFC) experiments
also revealed the enhanced YFP (EYFP) signal in N. benthamiana
leaf epidermal cells except the nuclei (Figure 3E), implying a direct
interaction between OsFTIP1 and RFT1 in living tobacco cells. To
further test the in vivo interaction between OsFTIP1 and RFT1 in
rice, we attempted to create gRFT1-FLAG gOsFTIP1-HA plantsin
which the transgenic alleles of gRFT1-FLAG (#2) and gOsFTIP1-
HA (#5) were able to rescue rft1-1 and Osftip1-1, respectively
(Supplemental Figures 3B, 3C, 7A, and 7B). We transformed rft1-1
with a genomic construct (QRFT1-FLAG) that contained a 4.4-kb
RFT1 genomic fragment including the 2-kb 5" upstream sequence
and the 2.4-kb coding sequence plus introns (Komiya et al., 2009)
fused in frame with a FLAG tag. The T2 homozygous progenies
from three selected lines, which could harbor the single-copy
transgene based on a 3:1 Mendelian segregation ratio, displayed
significantly rescued flowering time compared with rft7-7 under
LDs (Supplemental Figure 7A). We selected the rft1-1 gRFT1-
FLAG (#2) that exhibited comparable flowering time to wild-type
plants (Supplemental Figures 7A and 7B) for further genetic
crossing with plants in various genetic backgrounds, including
gOsFTIP1-HA (#5) (Supplemental Figures 3B and 3C). Coimmu-
noprecipitation analysis of protein extracts from gOsFTIP1-HA
and gRFT1-FLAG gOsFTIP1-HA plants confirmed the in vivo in-
teraction of OsFTIP1-HA and RFT1-FLAG in gRFT1-FLAG
9gOsFTIP1-HA leaves under LDs (Figure 3F). Taken together, these
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Figure 2. Expression Patterns of OsFTIP1.

(A) Quantitative real-time PCR analysis of OsFTIP1 expression in various tissues of wild-type plants grown under LDs. Results were normalized against the
expression levels of Ubiquitin based on three biological replicates. Error bars indicate sp.

(B) Transverse section of the leaf blade from representative ProOsFTIP1:GUS and ProRFT1:GUS transgenic plants grown under LDs at 50 DAS. CC,
companion cell; Ph, phloem; SE, sieve element; Xy, xylem. Bars = 10 pm.

(C) Subcellular localization of GFP-OsFTIP1and free GFP in N. benthamiana leaf epidermal cells. GFP-OsFTIP1 is mostly colocalized with an ER marker.
GFP, GFP fluorescence; ER-RFP, RFP fluorescence of an ER marker; Merge, merge of GFP and RFP; Nu, nucleus. Bar = 10 um.

(D) Analysis of OsFTIP1-HA localization by immunogold electron microscopy using anti-HA antibody in companion cell-sieve element complexes in the leaf
vasculature of Osftip1-1 gOsFTIP1-HA. Arrows indicate the locations of gold particles. CC, companion cell; SE, sieve element. Bar = 1 um.
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Figure 3. OsFTIP1 Interacts with RFT1.

(A) Colocalization of GFP-OsFTIP1 and RFT1-RFP in N. benthamiana leaf epidermal cells. Merge, merge of GFP and RFP images; Nu, nucleus. Bar =20 um.
(B) Yeast two-hybrid assay of interaction between RFT1 and full-length OsFTIP1 (FL) and its N terminus (amino acids 1-500; N500) containing three C2
domains. Transformed yeast cells were grown on SD-His/-Trp/-Leu medium supplemented with 2 mM 3-amino-1,2,4-triazole. Empty refers to AD- or
BD-containing vector only.

(C) Yeast two-hybrid assay evaluating interaction between RFT1 and various OsFTIP1 truncated proteins. The left panel shows schematic diagrams of
OsFTIP1 truncated proteins (a—g) that were fused to AD. Full-length OsFTIP1 protein including three C2 domains and the PRT_C domain at the N and C
termini, respectively, is presented at the bottom. The right panel shows the results of the yeast two-hybrid assay.

(D) In vitro GST pull-down assay evaluating interaction between RFT1 and OsFTIP1. HA-tagged OsFTIP1 generated from rice protoplasts was incubated
withimmobilized GST or GST-RFT1, respectively. Immunoblot analysis was performed using either anti-HA (upper panel) or anti-GST (lower panel) antibody.
Input, 5% of the protein generated from rice protoplasts.

(E) BiFC analysis of interaction between RFT1 and OsFTIP1. DAPI, fluorescence of 4’,6-diamino-2-phenylindole; Merge, merge of EYFP, RFP, and DAPI
images. Bars = 10 um.

(F) In vivo interaction between OsFTIP1 and RFT1 shown by coimmunoprecipitation in rice. Total protein extracts from leaves of gOsFTIP1-HA and gRFT1-
FLAG gOsFTIP1-HA plants grown at 50 DAS under LDs were immunoprecipitated by anti-FLAG beads. The input and coimmunoprecipitated protein were
detected by either anti-HA (upper panel) or anti-FLAG (lower panel) antibody.



results suggest that OsFTIP1 interacts in vivo with RFT1 in rice
leaves. Interestingly, as Osftip1-1 rft1-1 flowered later than the
respective single mutants (Figure 4A), both proteins may either
interact to have a synergistic effect on rice flowering or act in-
dependently with other unknown coregulator(s) involved in the
control of rice flowering time.

OsFTIP1 Affects RFT1 Transport from Leaves to the SAM

Given that OsFTIP1 and RFT1 interacted with each other in vivo
and shared overlapping expression patterns at the tissue and
subcellular levels, it is possible that OsFTIP1 controls rice
flowering through mediating RFT1 function. To elucidate the
biological significance of the interaction between OsFTIP1 and
RFT1, we first examined how OsFTIP1 influences the effect of
RFT1 on rice flowering using various genetically crossed
materials containing the biologically functional gRFT1-FLAG
allele (#2) (Supplemental Figures 7A and 7B). This gRFT1-FLAG
allele fully rescued the late-flowering phenotype of rft7-1 (Sup-
plemental Figures 7A and 7B), and plants harboring this con-
struct exhibited earlier flowering than wild-type plants under LDs
because of higher levels of RFT1 transcripts including both
transgenic and endogenous RFT1 expression (Supplemental
Figure 7C).

Both Osftip1-1 and Osftip1-2 suppressed the early flowering
phenotype of gRFT1-FLAG, while supply of OsFTIP1 activity in
Osftip1-1 gOsFTIP1 restored the promotive effect of gRFT1-FLAG
on flowering (Figures 4B), indicating that the effect of RFT1 onrice
flowering is partially dependent on OsFTIP1. We found that RFT1-
FLAG protein levels, specifically detected by anti-FLAG antibody
(Supplemental Figure 8A), were comparable in leaves of gRFT1-
FLAG plants in various genetic backgrounds grown under LDs at
50 d after sowing (DAS), when these plants were undergoing the
floral transition (Supplemental Figure 7D). However, the levels of
RFT1-FLAG protein in the SAMs were lower in the gRFT1-FLAG
Osftip1-1 and gRFT1-FLAG Osftip1-2 backgrounds than in the
gRFT1-FLAG and gRFT1-FLAG Osftip1-1 gOsFTIP1 back-
grounds (Figure 4C; Supplemental Figure 12A). Consistently, the
expression of OsMADS 14 and OsMADS 15, which are involved in
floral meristem development and activated by RFT1 in SAMs
(Komiyaetal., 2009), was downregulated ingRFT1-FLAG Osftip1-
1 but restored in gRFT1-FLAG Osftip1-1 gOsFTIP1 (Figure 4D).
Thus, the flowering phenotypes of gRFT1-FLAG plants in various
genetic backgrounds are closely relevant to RFT1-FLAG protein
levels in SAMs, which are downregulated in the absence of
OsFTIP1.

RFT1 is synthesized in leaves and moves to the SAM through
the phloem (Komiya et al., 2009). Since OsFTIP1 did not affect
RFT1-FLAG levels in leaves (Supplemental Figure 7D), we hy-
pothesized that the effect of OsFTIP1 on RFT1-FLAG abundance
in SAMs might be due to modulation of RFT1-FLAG transport
through the phloem. As OsFTIP1-HA signals were only present in
phloem companion cells, but not in sieve elements (Figure 2D), we
then examined whether OsFTIP1 affects RFT1 export from
companion cells to sieve elements in gRFT1-FLAG lines in both
wild-type and Osftip71-1 backgrounds using immunoelectron
microscopy (Figure 4E). RFT1-FLAG signals detected by anti-
FLAG antibody were found in companion cells in both wild-type
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and Osftip1-1 backgrounds, albeit at different frequencies,
whereas in sieve elements the signals were greatly reduced in the
Osftip1-1 background (Figure 4E, upper panel). Quantitative
analysis of RFT1-FLAG signals in companion cell-sieve element
complexes showed that although all sections fromgRFT1-FLAG
and gRFT1-FLAG Osftip1-1 displayed RFT1-FLAG signals in
companion cells (Figure 4E, lower right panel), there was an
approximate 2.5-fold enrichment of signals in Osftip71-1 over the
wild-type background (Figure 4E, lower left panel). RFT1-FLAG
signals appearedin sieve elementsinnearly 75% of the wild-type
sections, but only in 12% of the Osftip7-1 sections (Figure 4E,
lower right panel). Furthermore, RFT1-FLAG signals in sieve
elements were much stronger in the wild type than in Osftip1-1
(Figure 4E, lower left panel). Thus, RFT1-FLAG accumulates in
companion cells and its transport to sieve elements is com-
promised when OsFTIP1 activity is impaired. In contrast, we
found that OsFTIP1 did not affect localization of free FLAG in
companion cell-sieve element complexes (Supplemental Figure
8B). These observations strongly suggest that OsFTIP1 spe-
cifically mediates RFT1 export from phloem companion cells to
sieve elements, thus affecting RFT1 transport through the
phloem to the SAM.

OsFTIP1 Interacts with OsUbDKvy4

To further examine how OsFTIP1 activity is regulated, we per-
formed yeast two-hybrid screening to identify putative inter-
action partners of the truncated OsFTIP1 bearing the N-terminal
C2 domains (Supplemental Table 2). One of the interactors
identified was a phosphatidylinositol 3-/4-kinase (P13/4K) family
protein (OsUbDK~y4) containing two N-terminal UBL domains
and a C-terminal PI3/4K domain (Supplemental Figure 9A).
PI3/4K family proteins have been found to regulate diverse
cellular functions, including lipid- and protein-mediated signal-
ing pathways (Fruman et al., 1998; Balla and Balla, 2006). In-
terestingly, the Arabidopsis ortholog of OsUbDK~vy4, UbDKv4,
has been suggested to facilitate substrate delivery to the 26S
proteasome (Galvao et al., 2008). We then sought to investigate
how OsUbDK~4 interacts with OsFTIP1 to modulate OsFTIP1 in
rice. Yeast two-hybrid assay confirmed the interaction between
OsUbDK~vy4 and the truncated OsFTIP1 devoid of the PRT_C
domain, but not with the full-length OsFTIP1 (Figure 5A). GST
pull-down assay demonstrated that OsFTIP1-HA generated
from rice protoplasts bound to in vitro-translated GST-
OsUbDK+v4, but not GST (Figure 5B). To further investigate the in
planta interaction between OsUbDKvy4 and OsFTIP1, we co-
transformed Pro35S:0sUbDKy4-GFP and Pro35S:0OsFTIP1-HA
into rice protoplasts. Coimmunoprecipitation analysis of the
protein extracts revealed that OsUbDKvy4-GFP interacted with
OsFTIP1-HA only in the protoplasts transformed with both
Pro35S:0sUbDKy4-GFP and Pro35S:0sFTIP1-HA (Figure 5C).
These results all support the notion that OsFTIP1 interacts with
OsUbDKv4.

We found that like OsFTIP1, OsUbDKy4 was ubiquitously
expressed in all tissues examined, with expression being
highest in panicles and leaves (Figure 2A; Supplemental Figure
9B). We also created a ProOsUbDKy4:GUS reporter construct
in which the same 3.1-kb OsUbDKvy4 5' upstream sequence
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Figure 4. OsFTIP1 Affects RFT1 Transport.

(A) Days to flowering of Osftip1-1 rft1-1 under LDs. n = 15; error bars denote sp. Asterisk indicates a significant difference in flowering time of Osftip1-1 rft1-1
compared with that of Osftip7-1 or rft1-1 (Student’s t test, P < 0.05).

(B) Days to flowering of gRFT1-FLAG plantsin various genetic backgrounds under LDs. n = 15; error bars denote sb. Asterisks indicate significant differences
in flowering time of gRFT1-FLAG Osftip1-1 and gRFT1-FLAG Osftip1-2 compared with that of gRFT1-FLAG (Student’s t test, P < 0.05).

(C) Immunoblot analysis using anti-FLAG antibody shows RFT1-FLAG abundance in SAMs of gRFT1-FLAG plants in various genetic backgrounds grown
under LDs at 50 DAS. a-Tubulin was used as a loading control. The numbers below each lane indicate the relative levels of RFT1-FLAG in various genetic
backgrounds, calculated by first normalizing each signal against the signal for a-tubulin and then against the value of gRFT1-FLAG (first lane).

(D) Quantitative real-time PCR analysis of OsMADS 714 and OsMADS 15 expression in SAMs of gRFT1-FLAG plants in various genetic backgrounds grown
under LDs at 60 DAS. Results were normalized against the expression levels of Ubiquitin based on three biological replicates. The maximum expression level
is set to 100%. Asterisks indicate significant differences in gene expression levels between gRFT1-FLAG Osftip1-1 and gRFT1-FLAG (Student’s t test,
P < 0.05). Error bars indicate sp.

(E) Analysis of RFT1-FLAG distribution in CC-SE complexes in leaves of gRFT1-FLAG and gRFT1-FLAG Osftip1-1 plants grown under LDs at 50 DAS by
immunogold electron microscopy using anti-FLAG antibody. The upper left panels demonstrate the representative CC-SE complexes. Higher magnification
views of CCs or SEs are shown in the upper middle or right panels, respectively. Arrowheads indicate the locations of gold particles. Quantification of RFT1-
FLAG immunogold signals in CCs and SEs of gRFT1-FLAG (wild-type background) or gRFT1-FLAG Osftip1-1 (Osftip1-1 background) is shown in the lower
left panel. Over 140 CC-SE complexes on 70 sections from seven different plants of each genotype were analyzed. The data are presented as the mean
number of gold particles per pm? plus or minus sb. Statistical analysis was performed using a two-tailed unpaired Student’s t test. The results are considered
statistically significant at P < 0.05. The lower right panel shows the frequency histogram of appearance of RFT1-FLAG immunogold signals in companion
cells and sieve elements in all examined sections of gRFT1-FLAG or gRFT1-FLAG Osftip1-1. Asterisks indicate that the frequency we observed companion
cell s without gold particles is 0 in all sections examined. CC, companion cell; SE, sieve element. Bars = 2 um in upper left panels and 0.5 pum in upper middle
and right panels.

fromthe startcodonincludedinthe gene complementation test the phloem, including companion cells (Figure 5E), a pattern
(Figures 6B and 6C) was fused to the GUS reporter gene. similar to that exhibited by ProOsFTIP1:GUS (Figure 2B).
Among 10 independent ProOsUbDKy4:GUS lines generated, Furthermore, transient expression of Pro35S:0sUbDKy4-GFP
most lines consistently displayed similar GUS staining patterns inN. benthamiana leaf epidermal cells also revealed substantial
in vascular tissues of various plant organs, such as leaves, leaf colocalization of OsUbDK+vy4-GFP with ER-RFP intobacco cells
sheaths, and roots (Figure 5D; Supplemental Figure 9C). except for the nuclear localization of OsUbDKvy4-GFP (Figure
ProOsUbDKvy4:GUS expression was specifically detectable in 5F). These observations on overlapping tissue expression and
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Figure 5. OsFTIP1 Interacts with OsUbDKv4.

(A) Yeast two-hybrid assay of interaction between OsUbDK+y4 and the full-length OsFTIP1 (FL) and its N terminus (amino acids 1-500; N500). Transformed
yeast cells were grown on SD-His/-Trp/-Leu medium supplemented with 2 mM 3-amino-1,2,4-triazole. Empty refers to AD- or BD-containing vector only.
(B) Invitro GST pull-down assay evaluating interaction between OsUbDK+y4 and OsFTIP1. HA-tagged OsFTIP1 protein generated from rice protoplasts was
incubated with immobilized GST or GST-OsUbDK~4, respectively. Immunoblot analysis was performed using either anti-HA (upper panel) or anti-GST
(lower panel) antibody. Input, 5% of the protein generated from rice protoplasts.

(C) In vivo interaction between OsUbDKvy4 and OsFTIP1 shown by coimmunoprecipitation. Pro35S:0sUbDKy4-GFP and Pro35S:0OsFTIP1-HA were
cotransferred torice protoplasts, and total protein extracts were immunoprecipitated by anti-GFP beads. The input and coimmunoprecipitated protein were
detected by either anti-HA (upper panel) or anti-GFP (lower panel) antibody.

(D) and (E) GUS staining of a representative ProOsUbDKy4:GUS line shows OsUbDKy4 expression in a leaf (D) and a transverse section of a leaf (E). CC,
companion cell; Ph, phloem; SE, sieve element; Xy, xylem. Bars = 100 um in (D) and 10 pm in (E).

(F) Subcellular localization of OsUbDK+y4-GFP in N. benthamiana leaf epidermal cells. OsUbDKvy4-GFP is mostly colocalized with an ER marker. GFP, GFP

fluorescence; ER-RFP, RFP fluorescence of an ER marker; Merge, merge of GFP and RFP; Nu, nucleus. Bar = 10 um.

subcellular localization of OsFTIP1 and OsUbDKv4, together
with their physicalinteraction at the protein level, strongly imply
that OsUbDKvy4 could be relevant to OsFTIP1 function in the
phloem.

OsUbDKy4 Affects Flowering Time in Rice under LDs

To investigate whether OsUbDKv4 affects rice flowering, we
generated Osubdky4 mutants through CRISPR/Cas9-mediated
target mutagenesis. We designed the sgRNA targeted to the
region 3’ to the translational start site of OsUbDK+y4 (Figure 6A)
and created two homozygous mutants, Osubdky4-1 and
Osubdky4-2,inthe absence of the CRISPR/Cas9 transgene. These
two mutants contained a 1-bp guanine (G) insertion and a 1-bp
thymine (T) deletion (Figure 6A), which resulted in premature ter-
mination of OsUbDKvy4 with only 79 and 82 amino acids, re-
spectively. Examination of the three most likely off-target sites of
OsUbDKvy4 in Osubdky4-1 and Osubdky4-2 did not reveal any
unexpected mutations in the putative off-target loci (Supplemental
Table 1).

Both Osubdky4-1 and Osubdky4-2 exhibited earlier flowering
than wild-type plants under LDs (Figures 6B and 6C), indicating
that OsUbDK~v4 delays flowering in rice. To substantiate that the

early-flowering phenotype of Osubdky4-1 is due to an impaired
function of OsUbDKy4, we transformed homozygous Osubdky4-1
plants with a genomic construct (gOsUbDKvy4) harboring
a 5.5-kb OsUbDKvy4 genomic fragment including the 3.1-kb 5’
upstream sequence and the 2.4-kb coding sequence plus one
intron, and selected seven independent transformants probably
containing the single-copy transgene based on a 3:1 Mendelian
segregation ratio. All their homozygous progenies at the T2
generation showed similar flowering time to wild-type plants
under LDs (Figure 6C), confirming that OsUbDK~y4 contributes to
repression of flowering in rice under LDs. In addition, we also
created 21 independent Pro35S:0sUbDKv4 transgenic lines,
among which 18 lines showed different levels of late flowering
under LDs. We measured OsUbDKy4 expression in five selected
late-flowering lines and found that the degrees of late flowering
under LDs in these lines were closely related to the levels of
upregulation of OsUbDK+vy4 expression (Figure 6D), indicating
that OsUbDKy4 might have a dosage-dependent effect on
suppressing flowering.

We next examined the biological significance of the in-
teraction of OsUbDK+y4 and OsFTIP1 through genetic analysis.
Because of the opposite effects of OsUbDK+vy4 and OsFTIP1 on
rice flowering, Osubdky4-1 and Osftip1-1 showed completely
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Figure 6. OsUbDKvy4 Delays Flowering in Rice.

(A) CRISPR/Cas9-mediated target mutagenesis of OsUbDKy4. The upper panel shows a schematic diagram of the OsUbDKy4 gene bearing the CRISPR/
Cas9 target site indicated by an arrow. Exons and other genomic regions are represented by black boxes and lines, respectively. The lower panel shows
alignment of wild-type, Osubdky4-1, and Osubdky4-2 sequences containing the CRISPR/Cas9 target site. A 20-bp CRISPR/Cas9 target sequence
adjacent to the underlined protospacer adjacent motif is indicated in red in the wild-type sequence. The newly created Osubdky4-1 and Osubdky4-2
mutants contain a 1-bp insertion (G, blue font) and a 1-bp deletion (T, dash), respectively.

(B) Osubdkvy4-1 displays earlier flowering than a wild-type plant and a representative Osubdky4-1 line harboring gOsUbDKvy4 (#4) grown under LDs at
105 DAS. Arrows indicate panicles. Bar = 15 cm.

(C) Days to flowering of selected Osubdk+y4-1 lines harboring gOsUbDKy4 at the T2 generation under LDs. n = 15; error bars denote sp. Asterisks indicate
significant differences in flowering time of Osubdky4-1 and Osubdky4-2 compared with that of wild-type and Osubdky4-1 gOsUbDK+4 lines (Student’s
t test, P < 0.05).

(D) Upregulation of OsUbDKvy4 has a dosage-dependent effect on delaying flowering. The upper panel shows OsUbDK+y4 expression determined by
quantitative real-time PCR in independent T2 Pro35S:0sUbDKy4 lines grown under LDs at 50 DAS. The levels of gene expression normalized to Ubiquitin
expression are shownrelative to the level in wild-type plants, which was set to 1. The lower panel shows days to flowering ofindependent Pro35S:OsUbDK y4
lines under LDs. n = 15; error bars denote sb. Asterisks indicate significant differences in flowering time of Pro35S:0sUbDKv4 lines compared with that of
wild-type plants (Student’s t test, P < 0.05).

(E) Days to flowering of Osubdky4-1 Osftip1-1 under LDs. n = 15; error bars denote sp. Open triangle indicates no statistically significant difference in
flowering time of Osubdky4-1 Osftip1-1 compared with that of Osftip7-71 (Student’s t test, P > 0.05).
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Figure 7. OsUbDK~y4 Modulates OsFTIP1 Abundance to Affect RFT1 Transport to the SAM.

(A) Detection of GFP fluorescence in mesophyll protoplasts of wild-type and Pro35S:0sUbDK 4 (#1 and #4) plants transformed with Pro35S:GFP-OsFTIP1
or Pro35S:GFP. GFP signals were examined at 16 h after transformation. Bar = 10 um.

(B) Immunoblot analysis using anti-GFP antibody shows GFP-OsFTIP1 abundance in mesophyll protoplasts of wild-type and Pro35S:0sUbDKy4 (#1 and
#4) plants transformed with Pro35S:GFP-OsFTIP1. Protoplast protein was extracted at 16 h after transformation. a-Tubulin was used as a loading control.
(C) and (D) Immunoblot analysis using anti-HA antibody shows OsFTIP1-HA abundance in leaves of gOsFTIP1-HA plants in the Osubdky4 (C) or Pro35S:
OsUbDKvy4 background (D) grown under LDs at 50 DAS. Total protein was extracted from leaves mock treated (0.01% Silwet-L77 and 0.2% DMSO) without
MG132 or treated with 100 uM MG132 (plus 0.01% Silwet-L77 and 0.2% DMSO) for 4 h. a-Tubulin was used as a loading control.

(E) Immunoblot analysis using anti-FLAG antibody shows RFT1-FLAG abundance in SAMs of gRFT1-FLAG plants in the Osubdky4-1 or Pro35S:0sUbDKy4
(#4) background grown under LDs at 50 DAS. a-Tubulin was used as a loading control.

(F) Quantitative real-time PCR analysis of OsMADS 714 and OsMADS 15 expression in SAMs of Osubdky4-1 and Pro35S:0sUbDK 4 (#4) grown at 80 DAS
under LDs. Results were normalized against the expression levels of Ubiquitin based on three biological replicates. The expression levels in wild-type plants
are setto 1. Asterisks indicate significant differences in gene expression levels in Osubdky4-1and Pro35S:0sUbDK y4 (#4) compared with those of wild-type
plants (Student’s t test, P < 0.05). Error bars indicate sp.

In (B) to (E), the numbers below each lane indicate the relative levels of the protein examined in various genetic backgrounds, calculated by first normalizing
each signal against the signal for a-tubulin and then against the highest value in each blot set to 1.

different flowering phenotypes under LDs (Figures 1D, 1E, 6B, This result, together with the observations on the interaction
and 6C). However, Osubdky4-1 Osftip1-1 double mutants between OsUbDKvy4 and OsFTIP1 (Figure 5), suggests that
exhibited late flowering similar to Osftip1-1 (Figure 6E), dem- OsUbDK~4 exerts its function in controlling flowering time via

onstrating that OsFTIP1 is genetically epistatic to OsUbDKy4. OsFTIP1.
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OsUbDK+vy4 Promotes Degradation of OsFTIP1

Previous studies have suggested that the UBL domain facilitates
UBL proteins to interact with the components of the 26S pro-
teasome and promote the targeting of proteolytic substrates to the
proteasome (Schauber et al., 1998; Sakata et al., 2003; Ishii et al.,
2006). In Arabidopsis, the UBL-domain-containing UbDKvy4 in-
teracts with Regulatory Particle Non-ATPase 10 (RPN10) and
Ubiquitin Fusion Degradation 1, both of which bind to some forms
of ubiquitin and mediate substrate delivery to the 26S proteasome
(Galvéo et al., 2008).

To investigate whether OsUbDK+4 could play a similar role to
UbDK+vy4 in mediating protein degradation, we first tested the
interaction between OsUbDKvy4 and OsRPN10 inrice. AGST pull-
down assay showed that OsRPN10-HA generated from rice
protoplasts bound to in vitro-translated GST-OsUbDK~v4 rather
than GST (Supplemental Figure 10A). We also cotransformed
Pro35S:0sUbDKvy4-GFP and Pro35S:0sRPN10-HA into rice
protoplasts and performed coimmunoprecipitation analysis of
protein extracts from these protoplasts. The interaction between
OsUbDK+y4-GFP and OsRPN10-HA was only found in protein
extracts from the protoplasts transformed with both Pro35S:
OsUbDK~4-GFP and Pro35S:0sRPN10-HA (Supplemental Figure
10B). These results demonstrate that OsUbDKvy4 interacts with
OsRPN10, implying that OsUbDKvy4 may similarly affect substrate
delivery to the 26S proteasome.

The interaction of OsUbDKy4 with OsFTIP1 and OsRPN10
prompted us to test whether OsUbDKy4 could mediate the

Protein
degradation

Vegetative
growth

degradation of OsFTIP1 through the 26S proteasome. To this end,
we transiently expressed Pro35S:GFP-OsFTIP1 or Pro35S:GFPin
mesophyll protoplasts of wild-type and Pro35S:0sUbDKvy4
transgenic plants (#7 and #4) (Figure 6D). The GFP-OsFTIP1
fluorescence signal was dramatically decreased in Pro35S:
OsUbDKvy4 protoplasts compared with wild-type protoplasts,
whereas the free GFP signal remained unchanged in both Pro35S:
OsUbDKy4 and wild-type protoplasts (Figure 7A). Immunoblot
analysis confirmed that GFP-OsFTIP1 abundance was reduced in
Pro35S:0sUbDKvy4 mesophyll protoplasts compared with wild-
type ones (Figure 7B; Supplemental Figure 12B), indicating that
OsUbDK~y4 activity is inversely correlated with OsFTIP1 protein
abundance in rice mesophyll protoplasts.

To further examine the in vivo effect of OsUbDK+y4 on OsFTIP1
abundance in rice, we crossed gOsFTIP1-HA (#5) (Supplemental
Figures 3B and 3C) with Osubdky4 mutants and Pro35S:
OsUbDKv4 (#1 and #4) transgenic plants (Figures 6C and 6D) and
measured OsFTIP1-HA protein levels in leaves of the resulting
homozygous progenies grown under LDs at 50 DAS treated with
or without MG132, a 26S proteasome inhibitor. In the absence of
MG132 treatment, OsFTIP1 levels were increased in Osubdky4,
but decreased in Pro35S:0sUbDKvy4, whereas under MG132
treatment, OsFTIP1 levels remained almost unaltered in both
Osubdky4 and Pro35S:0sUbDKv4 plants (Figures 7C and 7D;
Supplemental Figures 12C and 12D). These results, together with
the observation that OsUbDK~v4 interacts with OsFTIP1, indicate
that OsUbDKv4 recruits OsFTIP1 for degradation by the 26S

Shoot apex

OsMADS14
OsMADS15

Flowering

Figure 8. OsFTIP1-Mediated Regulation of RFT1 Transport Is Negatively Regulated by OsUbDK~v4 in Rice.

OsFTIP1 is required for RFT1 export from companion cells to sieve elements in rice leaves under LDs and affects RFT1 transport to the SAM for further
regulating other genes involved in floral meristem development, such as OsMADS 74 and OsMADS15. OsUbDK~4 interacts with OsFTIP1 and mediates
OsFTIP1 degradation in leaves. This contributes to modulation of RFT1 trafficking from leaves to the SAM, thus regulating flowering time in rice under LDs.
Red arrows indicate RFT1 transport, while black arrows indicate various promotive effects. Dotted arrow indicates the regulation of OsFTIP1 abundance.
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proteasome inrice leaves. In contrast, OsFTIP1 mRNA levels were
not changed in either Osubdky4 or Pro35S:0sUbDKv4 plants
(Supplemental Figure 10C), implying that OsUbDK+4 is unlikely to
transcriptionally affect OsFTIP1 expression.

Since OsFTIP1 affects RFT1 transport from leaves to the SAM
(Figure 4), we then tested whether the effect of OsUbDKvy4 on
OsFTIP1 abundance in leaves eventually influences RFT1 levels in
the SAM. We crossed gRFT1-FLAG (#2) (Supplemental Figures 7A
and 7B) with Osubdky4-1 and Pro35S:0sUbDKy4 (#4) and mea-
sured RFT1-FLAG protein levels in the SAMs of the resulting ho-
mozygous progenies grown at 50 DAS under LDs. In agreement
with the changes in OsFTIP1 levels in leaves (Figures 7C and 7D),
RFT1-FLAG abundance was increased in Osubdky4-1, but de-
creased in Pro35S:0sUbDKy4 (#4) (Figure 7E; Supplemental Figure
12E). Consistently, the expression of OsMADS14 and OsMADS15
was also upregulated in Osubdky4-1 but downregulatedin Pro35S:
OsUbDKv4 (#4) (Figure 7F). Meanwhile, yeast two-hybrid and
in vitro pull-down assays revealed that OsUbDK+vy4 did not interact
with RFT1 (Supplemental Figure 11). Thus, these observations
suggest that OsUbDKvy4 mediates the degradation of OsFTIP1,
which affects RFT1 transport to the SAM. This in turn regulates the
expression of OsMADS 14 and OsMADS 15 under LDs.

DISCUSSION

Over the centuries, domestication and breeding of rice, one of the
most important cereal crops in the world, have significantly ex-
panded the geographical regions in which rice varieties are grown.
As acritical agronomic trait that determines crop yield and regional
adaptability, flowering time in rice is controlled by a complex
network of regulatory pathways that responds to various envi-
ronmental signals, which typically include different photoperiods
in a broad range of latitudes (Izawa, 2007; Song et al., 2015). In
particular, adaptation of rice varieties to the cold regions of
northern high-latitudes permitsrice to flower in response to typical
LD conditions to ensure timely grain production before the onset of
the cold season (Izawa, 2007). Although two rice orthologs of
Arabidopsis FT, Hd3a and RFT1, have been identified as specific
florigen required for rice flowering under SD and LD conditions,
respectively (Tamaki et al., 2007; Komiya et al., 2008, 2009), how
they make their voyage from leaves to the SAM in response to
photoperiods remains elusive. Here, we have shown that OsF-
TIP1, a rice ortholog of Arabidopsis FTIP1 (Liu et al.,, 2012),
specifically regulates rice flowering time under LDs through
modulating RFT1 transport from companion cells to sieve ele-
ments. In addition, we revealed that a UBL protein, OsUbDK+v4,
interacts with OsFTIP1 and controls OsFTIP1 abundance in rice
leaves through the 26S proteasome, thus mediating RFT1
transport to the SAM and the resulting flowering time under LDs
(Figure 8). These findings shed light on the hitherto unknown
mechanisms underlying the regulation of florigen transport in the
monocot croprice and suggest that dynamic modulation of FTIP1-
like MCTP levels in leaves is integral to their effects on florigen
transport in source tissues.

Compared with the advanced understanding of flowering
regulatory networks in Arabidopsis, flowering time research in
monocots has been partially impeded by inefficient and relatively
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time-consuming reverse genetics approaches for creating or
screening inheritable genetic materials of interest. While the
regulators of rice flowering pathways were identified by mapping
quantitative trait loci (Yano et al., 2000; Rensink and Buell, 2004),
reverse genetics approaches including RNAi have recently been
intensively used to generate knockout or knockdown lines for
functional studies of flowering regulators in rice. For example,
characterization of the rice florigen genes Hd3a and RFT1
was based on RNAI lines created in the japonica cultivar Norin 8
(Komiya et al., 2009). However, further application of the resulting
RNAI lines for elucidating the regulatory mechanisms involving
florigen is difficult because of the inherent disadvantages of RNAI
lines, including the presence of early inserted transgenes, in-
complete knockdown efficiency, or possible off-target effects. In
this study, we systematically performed CRISPR/Cas9-mediated
target mutagenesis of genes involved in florigen transport, in-
cluding OsUbDKv4, OsFTIP1, Hd3a, and RFT1, and created the
corresponding rice mutants without the CRISPR/Cas9 transgenes
inthejaponica cultivar Nipponbare. These mutants, which have no
detectable off-target mutations (Supplemental Table 1), exhibit
stable and inheritable flowering phenotypes, thus serving as
essential genetic materials for further elucidation of the molecular
mechanisms underlying florigen transport in rice.

Ourinvestigation of these mutants and other derived rice plants has
provided several pieces of evidence that support an essential role of
OsFTIP1 in mediating RFT1 transport and its regulation of rice
flowering specifically under LDs. First, both OsFTIP1 and RFT1
promote rice flowering mainly under LDs, as impairing their activity in
genome-edited Osftip1 and rft1 mutants delays flowering only under
LDs. Second, OsFTIP1 and RFT1 share similar mRNA expression
patterns in the phloem and protein subcellular localization in plant
cells. More importantly, they interact with each other in vitro and also
in vivo in rice leaves. Third, the effect of RFT1-FLAG on promoting
flowering under LDs is compromised in Osftip 7 mutants. Thisis due to
the decreased abundance of RFT1-FLAG in the SAM, although
RFT1-FLAG abundance in leaves is not altered, indicating that RFT1
transport from leaves to the SAM is impaired in Osftip7 mutants.
Fourth, OsFTIP1 is only found in phloem companion cells. In Osftip1
mutants, RFT1-FLAG accumulates to high levels in companion cells,
but decreases in sieve elements, suggesting that OsFTIP1 promotes
RFT1-FLAG export from companion cells to sieve elements in the
phloem. Taken together, these findings reveal that OsFTIP1 plays an
indispensable role in contributing to the transport of a LD-specific
florigen, RFT1, from the leaves to the SAM in rice.

Since FT-like florigen have been identified in various flowering
species and have been proposed to be universal and functionally
exchangeable signals (Zeevaart, 1976, 2006; Putterill and Varkonyi-
Gasic, 2016), research on the conservation and diversification of
flowering mechanisms in flowering plants has been intensively
focused on characterizing these florigen proteins and their reg-
ulatory components under various environmental conditions. A
comparison of photoperiodic control of flowering in Arabidopsis
and rice revealed that dicots and monocots may have evolved
independent upstream regulatory pathways to control the ex-
pression of florigen genes under various photoperiods, in which
evolutionarily conserved regulators are only present to a limited
extent (Komiya et al., 2009; Shrestha et al., 2014). In particular, the
major flowering pathways that regulate florigen gene expressionin
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Arabidopsis andrice under LDs are mostly different. Transcription of
the florigen gene FT in Arabidopsis is activated by the nuclear zinc-
finger transcriptional regulator CO in response to LDs (Samach
et al., 2000; Suarez-Lépez et al., 2001; An et al., 2004), whereas
a unique B-type response regulator, Early heading date 1, mainly
contributes to activation of the LD-specific florigen gene RFT1 in
rice under LDs (Doi et al., 2004). Despite this major difference in
regulating florigen gene expression in rice and Arabidopsis, our
findings suggest that florigen transport from companion cells to
sieve elements under LDs could be mediated by similar members in
the family of MCTPs, including rice OsFTIP1 and its Arabidopsis
ortholog FTIP1 (Liu et al., 2012), both of which are membrane-
anchored multiple C2 domain proteins and present in phloem
companion cells, but notin sieve elements. It would be interesting to
further clarify the function of other FTIP1-like MCTPs to explore
whether the conservation of the florigen transport mechanism is
also applicabletorice flowering behaviorunder SDs, which is mainly
regulated through another SD-specific florigen gene Hd3a (Tamaki
et al., 2007; Komiya et al., 2008). In addition, as both OsFTIP1 and
FTIP1 are expressed in vascular tissues of various plant organs,
including reproductive organs and roots, in rice and Arabidopsis (Liu
et al., 2012), respectively, they may play multiple roles in plant
development. Generating combinatorial multiple mutants among
MCTPs may help to address whether these proteins play redundant
roles in regulating various developmental processes.

It is noteworthy that OsFTIP1 abundance in rice leaves is
modulated by a UBL-domain-containing protein OsUbDK~v4. Like
some other UBL proteins, OsUbDK~v4 interacts with the com-
ponents of the 26S proteasome, such as OsRPN10, which me-
diates delivery of proteolytic substrates to the proteasome
(Schauber et al., 1998; Sakata et al., 2003; Ishii et al., 2006; Galvao
etal.,2008). Both OsUbDK+vy4 and OsFTIP1 are associated with ER
in tobacco cells, implying that they could potentially be compo-
nents of the ER-derived 26S proteasome substrates. Consis-
tently, inhibition of 26S proteasome activity by MG132 abolishes
the effect of OsUbDKvy4 on modulating OsFTIP1 abundanceinrice
leaves. Thus, the interaction between OsFTIP1 and OsUbDK+vy4 as
well as their overlapping tissue expression patterns and sub-
cellular localizations suggests that OsUbDK~y4 tightly controls
OsFTIP1 levels in the phloem by mediating OsFTIP1 degradation
through the 26S proteasome (Figure 8). This explains why OsFTIP1
is genetically epistatic to OsUbDK~y4 in affecting rice flowering
time under LDs. As a result, OsUbDK~vy4 indirectly affects RFT1
transport to the SAM under LDs, although OsUbDK~4 itself does
not interact with RFT1. These findings suggest that the protea-
somal degradation pathway is ultimately important for regulating
florigen transport in rice under LDs. Further investigation of the
temporal and spatial regulation of this pathway in various flow-
ering plants will advance our understanding of the orchestrated
signal transduction networks required for florigen production and
transport in response to environmental signals.

METHODS

Plant Materials and Growth Conditions

Rice (Oryza sativa ssp japonica cultivar Nipponbare) was grown in climate
chambers under SDs (10 h light at 30°C/14 h dark at 25°C) or LDs (14 h light

at 30°C/10 h dark at 25°C) with a relative humidity of ~70%. Light (500-
700 nm, 100-200 pmol m~—2 s~') was provided by fluorescent white light
tubes. Flowering time was measured as the number of days from germi-
nation to the heading stage.

Plasmid Construction and Plant Transformation

To construct pCAMBIA1300-CAS9-Os-OsFTIP1/RFT1/Hd3a/OsUbDK4,
the psgR-CAS9-Os backbone was digested by Bbsl and ligated with the
synthesized sgRNA oligos. The resulting fragments were subcloned into the
Hindlll/EcoRl site of the pCAMBIA1300 binary vector for stable rice trans-
formation (Feng et al., 2014). To create RNAI constructs, the gene-specific
region of OsFTIP1 was selected and amplified. The PCR product was cloned
into pZH2bik as previously described (Kuroda et al., 2010). To construct
Pro35S:0sUbDKy4, the OsUbDKy4 cDNA sequence was amplified and
cloned into Pro35S-pENTR. To construct gOsFTIP1-HA, gRFT1-FLAG,
and ProRFT1:FLAG, the corresponding genomic fragments were amplified and
cloned into pENTR-6HA, pENTR-3FLAG and pENTR-6FLAG, respectively.
Transfer of the DNA fragment from the entry clone to pHGW by LR reaction was
performed according to the manufacturer’s instructions (Invitrogen). The primers
for creating the above constructs are listed in Supplemental Table 3. Transgenic
rice plants were generated by Agrobacterium tumefaciens-mediated trans-
formation ofrice calli as previously described (Toki et al., 2006). All rice transgenic
plants were selected on 50 w.g/mL hygromycin.

Expression Analysis

Total RNA was isolated with an RNeasy Plant Mini Kit (Qiagen) and reverse-
transcribed with the ThermoScript RT-PCR system (Invitrogen) according
to the manufacturer’s instructions. Quantitative real-time PCR was per-
formed in triplicates on a CFX38 real-time system (Bio-Rad) with iQ SYBR
Green Supermix (Bio-Rad). The relative expression levels were calculated
as previously reported (Liu et al., 2007). Expression analysis was performed
with three biological replicates. All primers used for gene expression
analysis are listed in Supplemental Table 3.

Histochemical Analysis of GUS Expression

Tissues for GUS staining were first infiltrated with staining solution
(50 mM sodium phosphate buffer, pH 7.0, 0.5 mM potassium ferro-
cyanide, 0.5 mM potassium ferricyanide, and 0.5 mg/mL X-Gluc) in
avacuum chamber and subsequently incubated with the same solution
at37°C for 6 h. Samples were dehydrated through an ethanol series and
an ethanol/histoclear series and finally embedded in paraffin for sec-
tioning at a thickness of 10 um using an Ultracut UCT ultramicrotome
(Leica).

Transient Expression of Proteins in Tobacco Cells and
Rice Protoplasts

The coding sequences of OsFTIP1 and OsUbDK~y4 were amplified and
clonedinto pGreen-GFP, while the coding sequence of RFT1 was amplified
and cloned into pGreen-RFP. Agrobacterium cultures grown overnight
with these expression vectors were harvested and resuspended with in-
filtration buffer (10 mM MES, pH 5.6, 10 mM MgCl,, and 100 pM aceto-
syringone) to an ODgy, of 0.5. To compare protein localization, equal
volumes of infiltration solutions containing different expression vectors
were mixed together and theninfiltrated into the abaxial surface of leaves of
3-week-old tobacco (Nicotiana benthamiana) plants with syringes. The
leaves were examined 40 to 48 h after infiltration under a confocal mi-
croscope. Isolation of rice protoplast and PEG-mediated transfection were
performed as previously described (Bart et al., 2006). After transformation,
the protoplasts were incubated in darkness for 12 to 16 h before being
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examined under a confocal microscope or collected for immunoblot
analysis.

Yeast Two-Hybrid Assay

The coding sequences of OsFTIP1, RFT1, Hd3a, and OsUbDKvy4 were
amplified and cloned into pGBKT7 and pGADT7 (Clontech), respectively.
Yeast two-hybrid assays were performed using the Yeastmaker Yeast
Transformation System 2 according to the manufacturer’s instructions
(Clontech).

GST Pull-Down Assay

To produce GST-tagged proteins, the cDNAs encoding RFT1, Hd3a, and
OsUbDK~4 were cloned into pGEX-6p-2 vector (Pharmacia), respectively.
These constructs and the empty pGEX-6p-2 vector were transformed into
Escherichia coli Rosetta (DE3) (Novagen), and protein expression was
induced by isopropyl-B-b-thiogalactoside at 16°C. The soluble GST fusion
proteins were extracted and immobilized on MagneGST Gilutathione
Particles (Promega) for subsequent pull-down assays. To produce
HA-tagged OsFTIP1, OsRPN10, and RFT1 proteins, the cDNAs encoding
these proteins were cloned into pGreen-HA vector. The resulting
plasmids were transformed into rice protoplasts to generate OsFTIP1-HA,
OsRPN10-HA, or RFT1-HA protein, respectively. The HA-tagged proteins
were then incubated with the immobilized GST and GST fusion
proteins. Proteins retained on the beads were resolved by SDS-PAGE and
detected with anti-HA antibody (sc-7392; Santa Cruz Biotechnology;
1:1000 dilution).

Coimmunoprecipitation Experiment

Total proteins were isolated from transgenic rice plants or transformed
protoplasts with a Plant Total Protein Extraction Kit (Sigma-Aldrich). The
protein extracts were then incubated with magnetic beads (Life Tech-
nologies) and anti-FLAG (F3165; Sigma-Aldrich; 1:1000 dilution) or anti-
GFP antibody (sc-9996; Santa Cruz Biotechnology; 1:1000 dilution) at 4°C
for 2 h. The total protein extracts as inputs and the immunoprecipitated
proteins bound by beads were resolved by SDS-PAGE and detected by
anti-HA antibody (sc-7392; Santa Cruz Biotechnology; 1:1000 dilution).

BiFC Analysis

The cDNAs encoding OsFTIP1 and RFT1 were cloned into primary pSAT1
vectors. The resulting cassettes including fusion proteins and the con-
stitutive promoters were cloned into a pGreen binary vector pHY105 and
transformed into Agrobacterium for BiFC analysis as previously published
(Sparkes et al., 2006).

Immunoblotting

To isolate rice SAMs, we removed all leaves surrounding the SAMs and
collected SAMs of around 400 pm in height and 500 wm in diameter under
the microscope. For total protein extraction, rice tissues were ground in
liquid nitrogen and resuspended in Pierce IP buffer (25 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, and 5% glycerol) with freshly
added 1 mM PMSF and 1X protease inhibitor cocktail (Roche). Protein
concentrations were determined by the Bio-Rad protein assay. Total
protein (25-30 w.g) of each sample was resolved by SDS-polyacrylamide
gel electrophoresis and detected with various antibodies. Immunoblots
were developed using SuperSignal West Pico or West Femto Chemilu-
minescent Substrate (Thermo Scientific). Densitometric analysis of im-
munoblot results was performed using Imaged software (National Institutes
of Health).
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Immunogold Transmission Electron Microscopy

Immunoelectron microscopy was performed as previously described (Liu
etal., 2012). Samples were fixed in paraformaldehyde-glutaraldehyde solution
(2 and 2.5%, respectively) overnight at room temperature and imbedded in LR
white medium (EMS). Ultrathin sections mounted on nickel grids were blocked
with 1% BSA in TTBS (20 mM Tris, 500 mM NaCl, and 0.05% Tween 20,
pH 7.5) for 30 min and then incubated with anti-HA or anti-FLAG antibody at
1:5(v/v)for 1 h. After washing with TTBS thrice, grids were incubated for 40 min
with 15-nm gold-conjugated goat anti-mouse antibody (EMS) that was diluted
1:20 with blocking solution. The grids were subsequently washed with TTBS
and distilled water. After tissue staining with 2% uranyl acetate for 15 min
at room temperature, photomicrographs were taken using a transmis-
sion electron microscope (Jeol JEM-1230). For quantitatively analyzing
immunogold labeling, electron micrographs of randomly photographed
immunogold-labeled transverse sections were digitized. The number of gold
particles and the cell area were measured by ImagedJ. We analyzed 70 in-
dividual sections from seven different plants of each genotype for calculating
the density of gold particles throughout the projected cell area. The results
were presented as the mean number of gold particles per pm? plus or minus
the sp and statistically evaluated by a two-tailed paired Student’s t test.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data Ii-
braries under the following accession numbers: OsFTIP1 (Os06g0614000),
OsUbDKy4 (0s02g0290500), Hd3a (0s06g0157700), RFT1 (Os06g0157500),
OsMADS14 (Os03g0752800), OsMADS15 (Os07g0108900), OsRPN10
(Os03g0243300), and Ubiquitin (Os03g0234200).
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