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Summary
More than half of the world’s food is provided by cereals, as humans obtain >60% of daily

calories from grains. Producing more carbohydrates is always the final target of crop cultivation.

The carbohydrate partitioning pathway directly affects grain yield, but the molecular mechanisms

and biological functions are poorly understood, including rice (Oryza sativa L.), one of the most

important food sources. Here, we reported a prolonged grain filling duration mutant 1 (gfd1),

exhibiting a long grain-filling duration, less grain number per panicle and bigger grain size

without changing grain weight. Map-based cloning and molecular biological analyses revealed

that GFD1 encoded a MATE transporter and expressed high in vascular tissues of the stem,

spikelet hulls and rachilla, but low in the leaf, controlling carbohydrate partitioning in the stem

and grain but not in the leaf. GFD1 protein was partially localized on the plasma membrane and

in the Golgi apparatus, and was finally verified to interact with two sugar transporters,

OsSWEET4 and OsSUT2. Genetic analyses showed that GFD1 might control grain-filling duration

through OsSWEET4, adjust grain size with OsSUT2 and synergistically modulate grain number

per panicle with both OsSUT2 and OsSWEET4. Together, our work proved that the three

transporters, which are all initially classified in the major facilitator superfamily family, could

control starch storage in both the primary sink (grain) and temporary sink (stem), and affect

carbohydrate partitioning in the whole plant through physical interaction, giving a new vision of

sugar transporter interactome and providing a tool for rice yield improvement.

Introduction

All living organisms require organic carbon to grow and survive.

Many eukaryotes, including humans, cannot produce carbon

supply by themself. More than half of the world’s food is provided

by cereals, as humans obtain >60% of daily calories from grains

(Alexandratos and Bruinsma, 2012; Julius et al., 2017). Assimi-

lating, transporting and distributing carbohydrates from leaves to

sink tissues are fundamental to cereals’ yield (Durand et al., 2018;

Julius et al., 2017; Zhang and Turgeon, 2018). Consequently,

understanding carbohydrate partitioning and its genetic regula-

tion mechanism could lead to a breakthrough in crop yield,

including rice (Oryza sativa L.), one of the most important food

sources (Wei et al., 2017).

Sucrose, the primary carbohydrate form, is produced by

photosynthetic source tissues such as leaf blades and transported

to other tissues via a continuous mature phloem transport system.

This system comprises phloem sieve elements connected end to

end, combining the whole plant organs. Generally, sucrose is firstly

loaded into the phloem in source tissues, then transported via the

long-distance vascular channels and finally unloaded into sink

tissues (Julius et al., 2017; Scofield et al., 2007b; Zhang

et al., 2007). The primary sink tissue is grain, where the sucrose

is mainly stored as starch. In the grain-filling process, sucrose flows

directly along the pedicel’s central vasculature distributing in the

whole panicle, then through the rachilla and pericarp dorsal

vascular bundle and finally into the endosperm for starch synthesis

(Scofield et al., 2007b; Zee, 1972). Besides, temporary starch

granules (SGs) stored in the stem can be acted as a temporary sink.

These SGs can convert to sucrose again, return to the long-

distance pathway and be transported into the panicle’s filling

grain. Up to 24–27% of the carbohydrate in the grain originates

from stem starch reserves (CocK and Yoshida, 1972). However, the

sugar transportation mechanism remains unclear in rice.
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In most monocots, the long-distance transport of sucrose may

be involved in the apoplastic pathway that requires sugar

transporters SUT (sucrose transporter) and Sugars Will Eventually

be Exported Transporters (SWEET) to facilitate sugars movement

between cells (Eom et al., 2011; Julius et al., 2017). SUTs load

sucrose against its prevailing concentration gradients into the

phloem. By comparison, SWEETs appear to function as facilitators

that promote transport down the sucrose gradients (Mathan

et al., 2021b; Wu et al., 2018). In the genome of rice, there are

five SUT genes. OsSUT1, OsSUT3, OsSUT4 and OsSUT5 encode

plasma membrane-localized proteins, and OsSUT2 is localized on

the tonoplast membrane (Aoki et al., 2003; Eom et al., 2011; Siao

et al., 2011). OsSUT1 is expressed after heading in the filling

grain, leaf sheath, stem, nucellus, vascular parenchyma tissue and

the nucellar projection (Matsukura et al., 2000; Scofield

et al., 2007b). OsSUT1 might take part in sugar assimilation

along the long-distance pathway, from the leaf to the base of the

filling grain (Furbank et al., 2001; Hirose et al., 2010; Matsukura

et al., 2000; Scofield et al., 2007b). OsSUT2 is highly expressed in

leaf mesophyll cells, emerging lateral roots, pedicels of fertilized

spikelets and cross-cell layers of grain coats (Aoki et al., 2003;

Eom et al., 2011). The ossut2 mutant exhibits a growth

retardation phenotype of tiller number, plant height, 1000-

grain weight and so on (Eom et al., 2011). OsSUT2 is most likely

involved in sucrose transport across the tonoplast from the

vacuole to the cytosol (Eom et al., 2011; Siao et al., 2011).

OsSUT3 transcripts likely accumulate in sink leaves and exposed

internode-1, but not in the enclosed region (Aoki et al., 2003;

Scofield et al., 2007b). OsSUT4 shows preferential expression in

sink leaves and stems (Aoki et al., 2003; Scofield et al., 2007b).

OsSUT5 is expressed most in sink leaves (Aoki et al., 2003;

Scofield et al., 2007b; Sun et al., 2010). Among 21 OsSWEET

genes in rice, OsSWEET4 and OsSWEET11 have major effects on

caryopsis development (Li et al., 2022), and ossweet4 is even

defective in grain filling (Sosso et al., 2015). The double-knockout

mutant ossweet11 ossweet15 exhibits unfunctional endosperm

and no accumulated starch in the grain (Ma et al., 2017; Yang

et al., 2018). However, we still know little about how these sugar

transporters work until now.

Multidrug and toxic compound extrusion transporters (MATEs)

are a category of cation antiporters in most organisms and

constitute one of the largest transporter families (Omote

et al., 2006; Takanashi et al., 2014). MATE transporters are

involved in various physiological functions in the plant, transport-

ing a broad range of substrates such as organic acids, plant

hormones and secondary metabolites (Takanashi et al., 2014;

Wang et al., 2016). Members of this family mediate the export

of organic substrates with the coupled exchange of Na+ or H+,

and are driven by the electrochemical gradient across the

membrane (Kuroda and Tsuchiya, 2009; Omote et al., 2006).

There are at least 50 MATE family members in rice (Yokosho

et al., 2016), but none has been reported to take part in sugar

transportation.

Here, we reported a prolonged grain filling duration mutant 1

(gfd1) exhibiting a long grain-filling duration, less grain number

per panicle and bigger grain size without changing grain weight.

Map-based cloning and molecular biological analyses revealed

that GFD1 encoded a MATE transporter and expressed high in

vascular tissues of the stem, spikelet hulls and rachilla, but low in

the leaf, controlling carbohydrate partitioning in the stem and

grain but not in the leaf. GFD1 proteins are partially localized on

the plasma membrane and in the Golgi apparatus and interact

with two sugar transporters, OsSWEET4 and OsSUT2. Genetic

analyses further showed that GFD1 might control grain-filling

duration through OsSWEET4, regulate grain size together with

OsSUT2 and synergistically modulate grain numbers per panicle

with OsSUT2 and OsSWEET4. Together, our study characterized

GFD1 as an important regulator in carbohydrate partitioning and

revealed a molecular mechanism involving grain-filling duration,

grain size and number per panicle, which may provide a tool for

rice yield improvement.

Results

Prolonged grain-filling duration mutant gfd1 shows
pleiotropic phenotypes

By screening the mutant library derived from the chemical

mutagenesis of G46B (an indica variety), we identified a

prolonged grain-filling duration mutant gfd1 (Figure 1a). Though

the heading date of gfd1 (74 days) was about 4 days later than

G46B (70 days), the mature period of gfd1 was more than

15 days longer than G46B. To eliminate the differences in the

mature period due to later heading, we examined the grain

weight every 3 days from the first day after fertilization (DAF) to

the mature stage in gfd1 and G46B. The results showed that the

period from fertilization to the largest grain weight day was more

than 10 days longer in gfd1 than in the wild type (WT) (Figure 1g,

h). The reduced grain weight of gfd1 in the early ripening stage

indicated its grain-filling rate was slowed down (Figure 1g,h).

However, the mature grain weight of gfd1 (45 DAF) was

comparable with that of the WT due to a longer grain-filling

duration (Figure 1h).

Grain filling is highly correlated with grain quality. We thus

compared the grain appearance between the mutant and WT.

The unshell mature gfd1 grains and the cross-sections appeared

brown-pink and opaque, whereas those of WT looked translucent

with partial chalk (Figure 1d). Scanning electron microscopy of

the endosperms further exhibited that the SGs in gfd1 endosperm

were loosely packed, resulting in large sizes of SGs with irregular

shapes; those in the WT were quite small and tightly organized

(Figure 1d). Chemical examination revealed that gfd1 grains

contained higher sucrose, glucose and fructose, but lower starch

proportions than the WT (Figure 1i–l). Furthermore, gfd1

displayed additional abnormal agronomic traits, such as bigger

grain, less grain number per panicle and a reduced yield

(Figures 1b,c,e,f, S1). Therefore, GFD1 mutation compromises

grain starch synthesis in the grain-filling process and negatively

regulates plant yield.

Map-based cloning of GFD1

For genetic analysis, an F2 population was constructed by crossing

the mutant gfd1 with its WT variety G46B. In this population, the

longer grain-filling duration and normal grain-filling duration

plants were segregated as 145:476 (P > 0.05), suggesting that a

single Mendelian factor controlled the grain-filling duration of

gfd1 (Figure 2a). Moreover, the grain width and length, and the

grain number per panicle were perfectly cosegregated with the

grain-filling duration (Figure 2b–d). These results suggested that

the pleiotropic variations of gfd1 might be caused by the same

locus.

We applied a map-based cloning method to identify the

responsible gene GFD1 (Figure 2). Sixty-five individuals with

extremely slower grain filling were chosen from the F2 population

crossing by gfd1 and ZH11. GFD1 was first located in the short
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arm of chromosome 3 between the simple sequence repeat (SSR)

marker RM218 and InDel marker C1 (Figure 2e). Then, 1 SSR and

9 InDel markers possessing polymorphisms between the two

parents were developed (Table S1). Using 232 slower grain-filling

individuals in the B2F2 population (gfd1 9 ZH11), we further

narrowed down the locus of GFD1 to a 121 kb region between

RM3716 and C7 (Figure 2f).

For hyperfine mapping, we constructed a B4F2 generation

population (gfd1 9 ZH11) and designed 3 single-nucleotide

polymorphism (SNP) markers. Thousand eight hundred sixty

individuals with a slower grain-filling phenotype were carefully

selected. The localization interval was finally narrowed to 7.3 kb

between S1 and C6 markers, containing only one open reading

frame LOC_Os03g12790 (Figure 2g,h). LOC_Os03g12790

encodes a MATE transporter, one of the largest transporter

families in the plant (Takanashi et al., 2014; Wang et al., 2016).

Full-length amplification and sequencing of the genome and

cDNA of LOC_Os03g12790 showed that gfd1 had a single base

mutation (G to A) in the second exon, which changed the amino

acid Glu to Lys in the MATE1 domain (Figure 2h).

Complementation and CRISPR/Cas9 knockout of GFD1

The full-length 6.2 kb genome fragment of LOC_Os03g12790

containing its promoter was jointed to the pCAMBIA1300 vector

for the complementation test. Because the indica variety G46B is

recalcitrant to transform, we introduced the complementation

constructor into the near-isogenic line of gfd1 in the ZH11

background (NILZH11). We obtained 20 independent-positive T0
lines holding a normal grain-filling duration as the WT (Figure 3).

In T1 generation lines, normal and slower grain-filling individuals

were segregated, and the positive individuals were all

cosegregated with the normal grain filling phenotype. Besides,

other agronomic trait variations in NILZH11, such as larger grain

size and less grain number per panicle, were also restored to the

WT level (Figures 3, S2).

Further validation was achieved by knockout GFD1 in ZH11

(KO1 and KO2) and Nipponbare (KO3) using the CRISPR/Cas9

system. Two sgRNA targeting sequence sites on the second exon

of GFD1 for CRISPR/Cas9 cleavage were applied, respectively

(Figure S3). We obtained more than eight independent knockout

lines in the two backgrounds. All the knockout lines showed

similar phenotypic mutations of gfd1, longer grain-filling dura-

tion, bigger grain size and less grain number per panicle

(Figures 3, S4–S8). Taken together, LOC_Os03g12790 was

considered to be the responsible gene for the mutation of gfd1.

Expression pattern and subcellular localization

Temporal and spatial expression analysis by quantitative RT-PCR

(qRT-PCR) showed that GFD1 was constitutively expressed in all

tested organs (Figure 4a). However, the transcript levels were

higher in the booting stem, heading stem, heading leaf sheath

and panicle but lower in leaves. The stem at the heading stage

possessed the highest transcription level, indicating the impor-

tance of GFD1 in the stem of this stage.

Moreover, a vector with a GUS reporter gene driven by the

GFD1 promoter was constructed and transformed into ZH11.

Histochemical analysis revealed that strong GUS signals were

detected in the stem, spikelet hull and rachilla (Figure 4b).

Consistent with the qRT-PCR results, there were weak GUS

signals in the leaf, suggesting a feeble function of GFD1 in the

leaf. During the grain filling and mature process, GUS signals

were dynamically changed in the caryopsis: gradually increased

Figure 1 Phenotypes characterization of wild-type (WT) and gfd1mutant. (a) Plant architecture of WT and gfd1 plants at the grain-filling stage. Scale bar,

10 cm. (b) Panicle architecture of WT and gfd1 mutant. Scale bar, 3 cm. (c) Decreased grain number per panicle in gfd1. Scale bar, 5 mm. (d) Caryopsis

characterization of WT and gfd1. (i, v) Appearance comparison of caryopsis. (ii, vi) Transverse sections of caryopsis. (iii, iv, vii, viii) Scanning electron

microscopy analysis of transverse sections of WT (iii, iv) and gfd1 (vii, vii) endosperms. Scale bars, 3 mm (i–ii, v–vi); 20 lm (iii–iv, vii–vii). (e, f) Comparison of

grain length (e) and grain width (f) in WT and gfd1. Scale bars, 3 mm. (g) Fresh caryopsis of WT and gfd1 at various development stages. DAF, days after

fertilization. Scale bar, 3 mm. (h) Weight statistics of fresh caryopsis. The maximum weight values of WT and gfd1 were indicated with red triangles,

respectively. (i–l) Sucrose, glucose, fructose and starch content of WT and gfd1 grains. Data in (h, �l) are shown as means � SD from three biological

replicates. Asterisks indicate statistically significant differences by a Student’s t-test (*P < 0.05; **P < 0.01).
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from 6 DAF to 12 DAF, maintained at a high level from 12 DAF to

21 DAF, then decreased from 21 DAF to 27 DAF and finally

shrunk in the pericarp dorsal vascular bundle of the caryopsis

which was also reconfirmed under a microscope (Figure 4b, vi

and vii). In situ hybridization also showed that GFD1 preferred to

express in the pericarp and dorsal vascular bundle of caryopsis

(Figure 4c, iv–vi). Besides, both GUS histochemical (Figure 4b, iii)

and in situ hybridization (Figure 4c, i–iii) analyses showed that

GFD1 could express in sclerenchyma cell, parenchymal cell and

vascular bundles in the stem. Consequently, GFD1 was mainly

expressed in the vital organization for substance transport in stem

and grain.

Plant MATE transporters are located in different compart-

ments, such as plasma membrane, vacuolar membrane and Golgi

complex (Upadhyay et al., 2019; Wang et al., 2016). The GFD1

protein was predicted as a MATE transporter containing two

domains (MATE1 and MATE2) with no apparent signal peptide

(www.ncbi.nlm.nih.gov, www.cbs.dtu.dk). For subcellular local-

ization detection, GFD1-GFP and GFP-GFD1 constructors driven

by the CaMV35S promoter were transiently transformed into rice

protoplasts. As shown in Figure 4d, GFP signals of both GFD1-GFP

and GFP-GFD1 fusion proteins might partly distribute on the

plasma membrane. Therefore, OsRAC3, a plasma membrane-

localized protein, was used as a plasma membrane marker (Chen

et al., 2010). GFD1-GFP was co-transformed with OsRAC3-mRFP

into rice protoplasts and Nicotiana benthamiana leaves. The

results showed that the fluorescences of OsRAC3-mRFP and

GFD1-GFP could be merged as white light in the plasma

Figure 3 Function verification of GFD1 by complementation and CRISPR/Cas9 knockout. (a) Plant architecture of the NILZH11 (NIL of gfd1 in ZH11

background) and gfd1-C (complementary lines) at the grain-filling stage. gfd1-C1, gfd1-C2 and gfd1-C3 are three independent transgenic lines. Scale bar,

10 cm. (b) Panicle architecture of NILZH11 and gfd1-C1. Scale bar, 3 cm. (c) Comparing grain number per panicle between NILZH11 and gfd1-C1. Scale bar,

5 mm. (d, e) Comparison of grain length (e) and grain width (f) in NILZH11 and gfd1-C1. Scale bars, 3 mm. (f) Caryopsis comparison at 9, 15, 21, 27, 33 and

39 day after fertilization (DAF) in (i) the NILZH11 (left) and gfd1-C1 (right), (ii) ZH11 (left) and KO1 (right), and (iii) Nipponbare (left) and KO3 (right). Scale

bars, 3 mm. (g–i) Caryopsis weight at various stages of grain filling in NIL and gfd1-C (h), ZH11 and KO1 (j), and Nipponbare and KO3 (i). The maximum

weight is indicated with a red triangle in (h, i). Data in (h, i) are given as means � SD from three biological replicates. Asterisks indicate statistically

significant differences by a Student’s t-test (*P < 0.05; **P < 0.01).

Figure 2 Map-based cloning of gfd1. (a–d) Distribution statistics of plant numbers in maturity period (a), grain length (b), grain width (c) and the number

of grains per panicle (d) in F2 populations (G46B 9 gfd1). Maturity period was determined by heading date and grain-filling duration. In gfd1, there was no

significant change in the heading date, and the maturity period was mainly dependent on grain-filling duration. (e) GFD1 was primarily mapped to the short

arm of chromosome 3 between InDel marker C1 and simple sequence repeat (SSR) marker RM251. (f) The interval was narrowed to 121 kb between

RM3716 and C7. (g) Delimitate GFD1 to a 7.3-kb region between single-nucleotide polymorphism (SNP) marker S1 and InDel marker C6 using 1860

homozygous B4F2 plants. (h) Gene structure and mutation site of GFD1. The candidate gene LOC_Os03g12790 comprises two exons and one intron, and its

encoding protein contains two domains (MATE1 and MATE2). A single-nucleotide G-to-A substitution at 674 bp at the coding region in gfd1 was indicated

with the red triangles.
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membrane (Figure 4d). Besides, uneven spot-like distribution of

fluorescent signals of GFD1 was also observed in the cytoplasm in

rice protoplasts and N. benthamiana leaves.

By analysing the spot-like signals’ characteristics, GFD1 is not

likely to localize in the nucleus, chloroplast and endoplasmic

reticulum (Nelson et al., 2007). As a result, the punctate signals of

GFD1 are similar to the Golgi apparatus. Therefore, we co-

transformed GFD1-GFP with Golgi marker Man49-mRFP or ERD2-

mRFP, respectively (Li et al., 2009a; Montesinos et al., 2014). The

results showed that the punctate signals of GFD1 could partially

merge with Man49 or ERD2 as white light (Figure S9). However,

some punctate signals are still out of the Golgi apparatus,

suggesting the complex subcellular localization of GFD1. In

summary, the GFD1 protein could partially localize on the plasma

membrane and in the Golgi apparatus.

gfd1 disordered carbohydrate distribution in stem and
grain but not leaf

In rice, the primary form of the assimilated carbon is sucrose,

which is transported starting from the leaf (source), through long-

distance transport in the stem (flow), and finally reaches the

vascular trace of seed (sink) (Krishnan and Dayanandan, 2003;

Sturm and Tang, 1999). And then, the sucrose is hydrolysed in

the extracellular space into monosaccharides and transported into

the endosperm by sugar transporters such as OsSWEET4 for

starch synthesis (Wang et al., 2008). Each of the steps above

changes could affect the grain-filling results. Therefore, to probe

the physiological basis of the gfd1 mutant phenotype, we

detected the carbohydrate distribution of gfd1 in leaf, stem or

grain under four development stages, including the heading stage

before pollination, 9 DAF, 15 DAF and after the grain-filling stage

(Figure 5).

In the immature grain of gfd1, the starch content was

significantly decreased in the 9 and 15 DAF (Figure 5a). However,

sucrose, glucose and fructose were increased (Figure 5b–d). It

was consistent with the results in the mature grain of gfd1

(Figure 1i–l). More sugar but less starch in the immature and

mature grain of gfd1 suggested that GFD1 could participate in

some steps of sugar transport and thus affect the starch synthesis

rate in the grain.

Figure 4 Expression pattern and subcellular localization. (a) GFD1 transcript levels in various tissues detected by qRT-PCR. Rice Actin1 was used as an

internal control. SL, seedling leaf; BL, booting leaf; BS, booting stem; HS, heading stem; HLS, heading leaf sheath; HP, heading panicle. Data are given as

means � SD from three biological replicates. (b) GUS staining in leaf (i), stem (ii, iii), spikelet (iv, v) and developing caryopsis (vi) driven by GFD1 promoter.

(vii) Transverse section of caryopsis at 30 day after fertilization (DAF). Ra, rachilla; Es, endosperm; AL, aleurone layer; DV, dorsal vascular bundle. Scale bars,

5 mm (i); 3 mm (iv–vi); 1 mm (ii, iii); 100 lm (vii). (c) GFD1 mRNA accumulation pattern detected by in situ hybridization in transverse sections of the stem

at the booting stage (i–iii) and the caryopsis at 9 DAF (iv–vi) in G46B. VBS, vascular bundles; DV, dorsal vascular bundle. Scale bars, 100 lm. (d) Subcellular

localization of GFD1. GFP was fused into C- or N- terminal of GFD1, respectively. OsRAC3-mRFP was used as a plasma membrane marker. The scale bars

represent 10 lm in rice protoplast cells and 20 lm in tobacco leaves.
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In the gfd1 stem, the sucrose flow was sharply decreased after

pollination (Figure 5b), along with a significant starch accumu-

lation, especially in 9 and 15 DAF (Figure 5a). As described

previously, starch accumulation tended to be higher in the basal

but lower in the apical internodes in rice (Bihmidine et al., 2015;

Julius et al., 2017). Scanning electron microscope data

demonstrated that this conclusion still worked in our study. At

the grain-filling stage (about 5 days after heading), internode-2

and internode-3 but not internode-1 displayed a higher SGs

density in gfd1, which was further confirmed by iodine-stained

(Figure 5f). As a result, sucrose in gfd1 stem is more likely to

convert into starch instead of being transported to grain at the

Figure 5 Carbohydrate partitioning was disordered in gfd1. (a, b) Starch and sucrose content in leaf, stem and grain at the heading stage, 9 day after

fertilization (DAF) and 15 DAF. (c, d) Glucose and fructose content in grain at the heading stage, 9 DAF and 15 DAF. (e) Starch content in leaf and stem

after the grain-filling stage. At the grain-filling stage is about 5 days after heading. After, the grain-filling stage is about 47 days after heading and with

mature grain. Data in (a–e) are given as means � SD at least three independent assays. DW means dry weight. Asterisks indicate statistically significant

differences by Student’s t-test (*P < 0.05; **P < 0.01). (f) Starch granules (SGs) were detected in the stem of WT and gfd1 at the grain-filling stage.

Scanning electron microscopy images showed the cross-sections of internode-1 (i, ii, iii, iv), internode-2 (v, vi, viii, ix), internode-3 (xi, xii, xiv, xv). Starch

iodine staining images showed the cross-sections of internode-2 (vii, x) and internode-3 (xiii, xvi). Scale bars, 20 lm. (g) SGs were detected in the stem of

WT and gfd1 after the grain-filling stage. Scanning electron microscopy images showed the cross-sections of internode-1 (i, ii, iii, iv), internode-2 (v, vi, vii,

viii) and internode-3 (ix, x, xi, xii). Scale bars, 5 lm. (h) Ultrastructure of chloroplasts in mesophyll cells at and after the grain-filling stages. There was no

significant difference in SG accumulation in the chloroplasts between WT and gfd1. Both WT and gfd1 exhibited more SG accumulation at the grain-filling

stage and less SG accumulation after the grain-filling stage. Red arrows indicate SGs. Scale bars, 2 lm.
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grain-filling stage. However, such SG accumulation was signifi-

cantly reduced in WT and gfd1 after the grain-filling stage (about

47 days after heading, Figure 5g), which was reconfirmed by the

starch content measurement (Figure 5e), implying that most of

the SGs in the stem had been transported into seeds after

complete filling.

Interestingly, the carbohydrate distribution in the leaf was not

the same as that in the stem, since the starch or sucrose contents

were unchanged under the four development stages in gfd1

(Figure 5a,b,e). In the leaf, starch accumulation usually occurs in

the chloroplast. Thus, we detected the accumulation of SGs in the

chloroplast of the leaf in WT and gfd1 by transmission electron

microscopy. Consistent with the measurement results of starch

content in the leaves (Figure 5a,e), there was no significant

difference in SG accumulation between WT and gfd1 at or after

the grain-filling stage (Figure 5h). Accordingly, GFD1 mediates

sugar transport in both stem and grain but not in the leaf in rice.

GFD1 affects the expression of starch synthesis and sugar
transporter genes

For transcriptional basis exploration of gfd1, starch synthesis

genes (OsAGPL2, OsBE1, OsBEIIb, OsSSI, OsSSIIa, OsSSIIIa and

OsGBSSI) and sugar transporters (OsSUTs and OsSWEETs) were

selected and detected in the booting stem, and 3 DAF stem and

grain (Durand et al., 2018; Li et al., 2017). The qRT-PCR results

showed that lesions in GFD1 altered the expression balance of

starch synthesis and sugar transport genes. In gfd1, most sugar

transporters’ expression levels were down-regulated in the stem

(Figure 6b), but increased in the grain 3 DAF (Figure 6d).

Meanwhile, consisting of the higher starch content in the stem

and lower starch synthesis rate in the grain in gfd1, all the starch

synthesis genes were up-regulated in the stem (Figure 6a), while

most of them were down-regulated in the grain (Figure 6c).

GFD1 interacts with OsSUT2 and OsSWEET4 in vitro and
in vivo

GFD1 affects carbohydrate distribution, and its expression pattern

and subcellular localization are similar to some sugar transporters

(Chen et al., 2012; Hirose et al., 2010; Matsukura et al., 2000;

Scofield et al., 2007a,2007b). Thus, we wanted to determine

whether GFD1 could interact with sugar transporters for sugar

transportation. Then, we designed several experiments. Firstly, we

screened the candidate sugar transporters in OsSUTs and

OsSWEETs by yeast two-hybrid assays. The results revealed that

the MATE1 but not MATE2 domain of GFD1 could interact with

OsSUT2 and OsSWEET4 in yeast (Figures 7a, S10, S11). Moreover,

we also amplified the mutant MATE1gfd1 fragment from gfd1,

inserted it into the AD vector and co-transformed it with OsSUT2

Figure 6 Expression analysis of starch synthesis and sugar transporter genes. OsAGPL2 is an AGP large subunits gene; OsBE1 and OsBEIIb are starch

branching enzyme genes; OsSSI, OsSSIIa and OsSSIIIa are amylopectin synthesis genes; OsGBSSI is an amylose starch synthase gene; OsSUT1-5, OsSWEET4,

OsSWEET5, OsSWEET11, OsSWEET13, OsSWEET14 and OsSWEET15 are sugar transporter genes. (a) Expression analyses of starch synthesis genes in the

stem at the booting stage. (b) Expression analyses of sugar transporter genes in the stem at 3 days after fertilization (DAF). (c, d) Expression analyses of

starch synthesis (c) and sugar transporter (d) genes in the panicle at 3 DAF. Data are given as the means � SD from at least three replications. Asterisks

indicate statistically significant differences between WT and gfd1 by Student’s t-test analysis (*P < 0.05; **P < 0.01).
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and OsSWEET4, fusing BD vectors. The results showed that the

mutant MATE1gfd1 domain could not interact with OsSUT2 and

OsSWEET4 in yeast, suggesting that a single mutant from Glu to

Lys could block the interaction between GFD1 and OsSUT2/

OsSWEET4 (Figure 7a).

Next, we tested whether GFD1 interacted with OsSUT2 or

OsSWEET4 in plant cells. LCI assays were applied in N.

benthamiana leaves (Hu et al., 2019). Apparent LUC activity

was observed when cLUC-GFD1 was co-transformed with

OsSUT2-nLUC or OsSWEET4-nLUC (Figure 7b). Moreover, bimo-

lecular fluorescence complementation assay (BiFC) assays showed

that OsSWEET4 and GFD1 could be associated with the plasma

membrane in N. benthamiana leaf cells (Figure 7c). Consequently,

our data suggested that GFD1 could interact with OsSUT2 and

OsSWEET4 in vitro and in vivo.

Genetic relationship analysis of GFD1 and OsSWEET4/
OsSUT2

GFD1 could interact with OsSWEET4 and OsSUT2, mediate

carbohydrate partitioning and affect grain-filling duration, grain

size and number per panicle in rice. These results lead us to find

out the genetic relationship between GFD1 and OsSWEET4/

OsSUT2. Therefore, we generated single knockout mutants

ossweet4 and ossut2, and double-mutant gfd1ZH11 ossweet4

and gfd1ZH11 ossut2 in ZH11 and gfd1ZH11 (KO2-1) by CRISPR/

Cas9 technology (Figure S12). Then, we planted ZH11, gfd1ZH11,

ossweet4, ossut2, gfd1ZH11 ossweet4 and gfd1ZH11 ossut2 in the

experimental fields in Wenjiang, Chengdu (Figure 8).

It was reported that OsSWEET4 acted as a switch controlling

sugar transport from the maternal phloem into the endosperm at

the basal endosperm transfer layer (Sosso et al., 2015). Our

ossweet4 mutant was also defective in seed filling. Moreover, the

double-mutant gfd1ZH11 ossweet4 showed a similar inferior

grain-filling variation with ossweet4, indicating that the regulat-

ing function of GFD1 might be OsSWEET4-dependent in sugar

transport and grain-filling process (Figure 8a). Additionally,

ossweet4 and ossut2 could reduce grain number per panicle in

ZH11 and gfd1ZH11 background (Figure 8b,e–g), suggesting that

the three transporters coordinate controlled grain number per

panicle in rice.

Consistent with the previous report, ossut2 mutant exhibited a

growth retardation phenotype (Eom et al., 2011). The single-

mutant ossut2 did not change the grain-filling duration

(Figure 8k), while the double-mutant gfd1ZH11 ossut2 showed a

longer grain-filling duration as gfd1, and the seed at 33 DAF was

greener than ossut2 (Figure 8j). Furthermore, a substantial

reduction in grain weight of double-mutant gfd1ZH11 ossut2

was found during the whole grain-filling process (Figure 8k). As

the double-mutant gfd1ZH11 ossut2 showed a medial grain size

between gfd1ZH11 and ossut2, GFD1 and OsSUT2 were antag-

onists in grain size regulation (Figure 8c,d,h,i). Therefore, the less

grain weight was completely dependent on the grain-filling ability

loss in the double-mutant gfd1ZH11 ossut2. These results

suggested that, in the gfd1 background, ossut2 severely affected

grain-filling ability, implying an enhanced relationship between

GFD1 and OsSUT2 in the grain-filling process.

Discussion

MATE transporter GFD1 controls the grain-filling
duration in rice

In rice, grain filling is essential to determine the accumulation rate

and duration of storage compounds in the grain and also has a

crucial influence on rice’s final yield and quality (Nagata

et al., 2015; Takai et al., 2005; Upadhyay et al., 2019; Wang

et al., 2008). So far, only a few grain-filling genes have been

identified, but most of these genes do not remarkably affect the

grain-filling duration (Hirose et al., 2002; Liu et al., 2019; Wang

et al., 2008; Wei et al., 2017; Xiong et al., 2019). Besides, grain-

filling duration is also an important agronomic trait that defines

maturity duration for seasonal and regional adaptation after the

heading date in rice (Chen et al., 2022; Fang et al., 2019; Sun

Figure 7 GFD1 could interact with OsSUT2 and OsSWEET4. (a) Yeast two-hybrid assays (Y2H) showed that MATE1 could interact with OsSUT2 and

OsSWEET4. Serial dilutions (1, 1/10, 1/100) of yeast transformant were plated onto the medium of QDO/X-a-gal for further screening. Co-transformation

of pGADT7-T (T) and pGBKT7-53 (53) was used as the positive control. The transformant of pGADT7-T (T) and pGBKT7-lam (lam), pGADT7 (AD) and

pGBKT7 (BD) were used as the two negative controls. DDO, SD/-Leu/-Trp; QDO, SD/-Leu/-Trp/-Ade/-His. (b) LCI assay of GFD1 with OsSUT2 (up) or

OsSWEET4 (down) in tobacco leaves. Coloured scale bars indicate the luminescence intensity in counts per second (cps). (c) Bimolecular fluorescence

complementation assay analysis. nYFP-GFD1 with cYFP-OsSWEET4, cYFP-GFD1 with nYFP-OsSWEET4 were co-transformed into tobacco leaves. nYFP, N-

terminal YFP; cYFP, C-terminal YFP. nYFP-GFD1 with cYFP, cYFP-GFD1 with nYFP served as negative controls. Scale bars, 20 lm.
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et al., 2014, 2021; Zhao et al., 2018; Zhou et al., 2021). On the

contrary, MATE transporters belong to one of the largest

transporter families and are involved in various physiological

and developmental functions (Takanashi et al., 2014; Upadhyay

et al., 2019; Wang et al., 2016). In our study, though the grain

weight of gfd1 was nearly the same as that of the WT, the grain-

filling duration was largely prolonged. Hence, we build a

relationship between the grain-filling duration and a MATE

transporter GFD1.

GFD1 might tune the transport rate of OsSWEET4

When arrived at the grain, the apoplastic sucrose is split by cell

wall-bound invertases (such as OsGIF1) into glucose and fructose,

which are subsequently uptake into the endosperm by hexose

transporters. OsSWEET4, which was proven as a hexose

transporter at the basal endosperm transfer layer and localized

on the plasma membrane, is required for this uptake (Sosso

et al., 2015). Our study verified that GFD1 could also express in

the basal endosperm transfer layer and localized on the plasma

membrane. Besides, ossweet4 exhibited defective grain-filling

phenotypic variation, while gfd1 showed longer grain-filling

duration and lower grain-filling rate. Therefore, GFD1 and

OsSWEET4 might interact for hexose transportation together.

We designed four experiments and proved our assumption. First,

yeast two-hybrid assays showed that GFD1 could interact with

OsSWEET4. Second, the interaction was further confirmed by the

LCI assay. Third, BiFC results showed that GFD1 interacted with

OsSWEET4 in the plasma membrane. Finally, the double-mutant

gfd1ZH11 ossweet4 showed a similar grain-filling defect just as

ossweet4. Therefore, it seems that OsSWEET4 is epistatic to

GFD1. OsSWEET4 acts as an on/off switch of grain filling, while

GFD1 is the regulator of this switch through physical interaction

with OsSWEET4, controlling the valve of the switch and tuning

the flow rate of hexose in the basal endosperm transfer layer.

GFD1 involves in stem starch reserves

The plant stem can act as an intermediate storage sink organ of

starch. In rice, 24–27%of grain carbohydrate originates from stem

starch reserves (CocK and Yoshida, 1972), making stem starch a

significant carbohydrate source in the grain-filling process (Scofield

et al., 2007b). Interestingly, cultivated rice Nipponbare utilizes

stem starch more than Oryza australiensis at the grain-filling stage

and produces a higher grain yield (Mathan et al., 2021a; Wang

et al., 2020). However, the mechanisms for sucrose and starch

assimilating into and out of the stem are rarely understood

(Scofield et al., 2007b). Our research on GFD1 provided some

clues. Compared with WT, starch content and SG density of gfd1

was higher in the stem but not in the leaf, especially at the grain-

filling stage, suggesting that GFD1 could participate in starch

accumulation in the stem. However, though the starch content

was still a little higher in gfd1 stem after the grain-filling stage,

most SGs in WT and gfd1 stems disappeared after the completion

of grain filling, suggesting that the SGs accumulated in gfd1 stems

might be due to its slow grain-filling rate.

GFD1 may be an enhancer of OsSUT2

A previous study showed that ossut2 significantly reduced sugar

exportability and likely interfered with sucrose translocation to

sink organs (Sun et al., 2008). Furthermore, OsSUT2 could be

involved in unloading an enormous amount of sucrose being

received in the stem (Wang et al., 2020). In our study, the single-

mutant ossut2 did not exhibit grain-filling defect phenotypes.

Figure 8 Genetic analysis of GFD1, OsSUT2 and OsSWEET4. (a) Comparison of seed setting rate of ossweet4 and gfd1 ossweet4. Scale bars, 2 cm. (b, e, f

and g) Comparison of grain numbers per panicle of ZH11, gfd1ZH11, ossut2, gfd1ZH11 ossut2, ossweet4 and gfd1ZH11 ossweet4. Scale bars, 2 cm. (c, d, h

and i) Comparison of grain length and grain width of ZH11, gfd1ZH11, ossut2 and gfd1ZH11 ossut2. Scale bars, 3 mm. (j) Caryopsis comparison at 9, 15, 21,

27, 33 and 39 day after fertilization (DAF) in ZH11 (up, left), gfd1ZH11 (up, right), ossut2 (down, left) and gfd1ZH11 ossut2 (down, right). Scale bars, 3 mm.

(k) Caryopsis weight at various stages of grain filling in ZH11, gfd1ZH11, ossut2 and gfd1ZH11 ossut2. Details of KO4-3 (ossut2), KO5-7 (gfd1ZH11 ossut2),

KO6-1 (ossweet4), KO7-3 (gfd1ZH11 ossweet4) are showed in Figure S12. The letters a, b, c, d and e in (b–d) indicate significant differences at P < 0.05

according to one-way ANOVA test with Tukey correction. Asterisks in (k) indicate statistically significant differences Student’s t-test analysis (**P < 0.01).
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However, the double-mutant gfd1ZH11 ossut2 exhibited severer

grain-filling variants, a prolonged grain-filling duration and a

substantial reduction in grain weight during the whole grain-

filling process. Compared with ossut2, the grain size in double-

mutant gfd1ZH11 ossut2 is larger. Still, the grain weight is

significantly lower, which is different from both ossut2 and gfd1

single mutants, suggesting that functional GFD1 could partly

compensate for the loss of function OsSUT2. Therefore, GFD1

and OsSUT2 may act on the same pathway, and GFD1 may be an

enhancer of OsSUT2 in grain-filling process.

Some clues on sugar transporter interactome

Membranes contain thousands of proteins whose biochemical or

physiological functions have not been identified experimentally.

The transport activity of many transporters depends on the

interactions ofmembrane proteins (Lalonde et al., 2010). However,

most of the putative protein–protein interactions were previously

unknown. Identifying genetic and molecular interactions is a

hopeful way to identify membrane protein functions (Boone

et al., 2007; Jones et al., 2014; Jonikas et al., 2009; Lalonde

et al., 2008).MATEs are initially classified asmembers of theNa+- or

H+-coupled transporters in the major facilitator superfamily (MFS),

which is one of the two largest membrane transporter families on

the earth (Pao et al., 1998; Upadhyay et al., 2019). Plant sugar

SWEETs and SUTs proteins are initially attributed to MFS (Marger

and Saier, 1993; Wipf et al., 2021). Interestingly, we provided

evidence that MATE transporter GFD1 could interact with OsSUT2

and OsSWEET4 and assist them in sugar transport. Though GFD1

and OsSWEET4 are associated with the plasma membrane, the

subcellar locations of OsSUT2 and GFD1 are different. GFD1

protein was localized on the plasma membrane and in the Golgi

apparatus, while OsSUT2 was tonoplast-localized.

In eukaryotic cells, proteins transport across organelles such as

the plasma membrane, the Golgi apparatus and vacuoles by

membrane trafficking, which is essential for normal cellular

functions (Shimizu et al., 2021). In our subcellular localization

experiments, we found a large variation in the number and size of

the punctate signals of GFD1. As some punctate signals are

localized in Golgi, others are still out of the Golgi, suggesting other

possible subcellular localizations of GFD1. These punctate appa-

ratuses might translocate GFD1 to the tonoplast where OsSUT2 is

localized. Exploring this cross-organelle interaction mechanismwill

give a new vision to sugar transporter interactome research.

GFD1 takes part in multiple regulatory pathways

Interacting with OsSWEET4 and OsSUT2 could not fully explain all

the varied phenotypes of gfd1. More regulation pathways need

to be explored in future studies. Sucrose metabolism plays a

pivotal role in synthesizing essential compounds for plant growth.

On the contrary, sugars could also act as signals to regulate

meristem activity, flowering, inflorescence branching, tillering

and so on (Ruan, 2014). The disordered sugar distribution in gfd1

might also affect sugar signals distributing for plant development

regulation. Additionally, we cannot rule out that GFD1 might

involve other substances’ transportation.

Materials and methods

Plant materials and growth conditions

The gfd1 mutant was obtained by screening the EMS mutagenesis

library of indica rice cv. Gang46B (G46B). F2 population

(gfd1 9 G46B) was used for genetic analysis. F2 population of

gfd1 9 ZH11 (Zhonghua11, a japonica variety), and B2F2 and B4F2
populations by backcrossingwith ZH11wereused forgenemapping.

Rice seedlings for generating protoplast cells were grown in the

dark at 28°C, and N. benthamiana plants were grown in a culture

room at 23°C with a 16-h light and 8-h dark photoperiod. Other

plant materials were grown under normal conditions in Sichuan

Agriculture University’s experimental fields in Wenjiang,

Chengdu, China (Wang et al., 2010).

Grain-filling duration investigation

To obtain fertilized spikelets on the same day, we cut off the

pollinated spikelets in the early morning and unpollinated

spikelets at dusk in 1 day. The spikelets still in the panicle were

used for grain-filling duration determination. For WT and gfd1,

fresh grains were randomly collected every 3 days since 3 DAF.

For complementation, knockout of GFD1 analysis and the double-

mutant gfd1ZH11 ossut2 analysis, the fresh grains were randomly

collected every 6 days since 9 DAF. Then, the fresh caryopses

were weighed. Three biological replicates were performed with

no less than 30 grains per replicate.

Microscopy

Scanning electron microscopy was performed according to a

modified method using an Apreo S scanning electron microscope

(Thermo Fisher, Waltham, Massachusetts, United States) (Kang

et al., 2006). For SG detection in the internode, paraffin sections

were made as described by Li et al. (2009a,2009b). The paraffin

sections were stained with I2-KI and observed under a light

microscope (Nikon DS-U3; Nikon, Minato City, Tokyo, Japan)

(Peng et al., 2014). For transmission electron microscopy analysis,

leaves were treated in 3% glutaraldehyde and then fixed in 1%

osmium tetroxide. After dehydrating in a gradient acetone series,

the leaf sections were embedded in Epon812 medium for thin

sectioning. Uranyl acetate and Reynolds’ lead citrate were used to

stain the thin sectioning, and an H-600 IV transmission electron

microscope was used to assess the picture (Hitachi, Chiyoda City,

Tokyo, Japan) (Li et al., 2015).

Measurement of sugar and starch

Mature grains of WT and gfd1 were shelled and ground into

powder, respectively. Leaves (the top-three leaves), stems or

developing grains of WT and gfd1 were harvested at the heading

stage, 9 DAF, 15 DAF, and after the grain-filling stage, and then

dried at 65°C for heat-inactivation. The above samples’ total

starch content was measured according to the manufacturer’s

protocol with a starch assay kit (BC0705; Solarbio, Fengtai

District, Beijing, China). Sucrose, glucose and fructose contents

were determined using soluble sugar assay kits BC2465, BC2505

and BC2455 (Solarbio, Fengtai District, Beijing, China). All

analyses were repeated with three biological replicates.

Map-based cloning

For map-based cloning, F2 population crossing by gfd1 and ZH11,

and subsequent B2F2, B4F2 generation populations were con-

structed. A total of 2157 slower grain-filling homozygous

individuals were collected in 3 years (2011–2014) in Wenjiang,

Chengdu, China. We screened and got more than 100

polymorphic SSR markers distributed over the 12 chromosomes

between gfd1 and ZH11. Insertion/deletion (InDel) and SNP

markers were developed based on nucleotide polymorphisms

between Nipponbare and indica rice cv 9311 reference genomes

in the corresponding regions. All the primers are listed in Table S1.
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Vector construction and rice transformation

For complement of gfd1, the whole genomic fragment of WT

(G46B) GFD1 containing 3-kb native promoter was inserted into

pCAMBIA1300 vector (Table S1) and then transformed into the

near-isogenic line of gfd1 in the ZH11 background (NILZH11).

According to the previous method, CRISPR/Cas9 vector con-

struction was performed (Cong et al., 2013). The targeting

sequences of GFD1 (two targets, SG1: GGACGCGGCGCA-

GACGTTCG; SG2: CCGGCTACTCGGTGCTCTCC), OsSUT2 (SG3:

CAAGTCTGCCTTTCTACTTC) and OsSWEET4 (SG4: ACGTTCA-

TACGGATCTGGA) were synthesized and annealed to form the

oligo adaptors. Agrobacterium-mediated transformation was per-

formed as described previously (Hiei et al., 1994). Finally,GFD1was

knockout in ZH11 (two targets, SG1 and SG2) andNipponbare (one

target, SG2). OsSUT2 and OsSWEET4 were knockout in ZH11 and

KO2-1 (gfd1ZH11, Figures S3, S12) to generate single and double

mutants. All the primers are listed in Table S1.

RNA isolation and quantitative RT-PCR

According to the product manual, total RNA was extracted using

an RNA isolater (Total RNA Extraction Reagent, R401-01; Vazyme,

Red Maple Technology Industrial Park, Nanjing, China). Reverse

transcription of total RNA (~2 lg) was performed using HiScript III

RT SuperMix for qPCR (+gDNA wiper) (R323-01; Vazyme, Red

Maple Technology Industrial Park, Nanjing, China). The qRT-PCR

analysis was performed on a CFX96 real-time PCR system (Bio-

Rad, Hercules, California, United States) with ChamQ Universal

SYBR qPCR Master Mix (Q711-03; Vazyme, Red Maple Technol-

ogy Industrial Park, Nanjing, China). The Actin1 gene was used as

the internal control (Li et al., 2015). The primers used here are

listed in Table S1.

Histochemical GUS analysis

The 1.6-kb promoter of GFD1 was amplified from G46B and

cloned into the pCAMBIA1391Z (Table S1). The resulting vector

ProGFD1:GUS was transformed into ZH11 by the Agrobacterium-

mediated transformation method (Hiei et al., 1994). Histochem-

ical GUS assay was performed as described previously (Jefferson

et al., 1987). The tissues for detection were soaked in GUS

staining solution, incubated at 37°C for 12–15 h and faded by

Alcohol: acetic mixture (3:1) for observation. For microscopic

examination, the developing caryopsis in 30 DAF was fixed in FAA

after GUS staining for paraffin section making (Li et al., 2009b)

and then observed using a Nikon DS-U3 light microscope (Nikon).

In situ hybridization

The stem at the booting stage and the caryopsis at 9 DAF were

used for in situ hybridization detection following the method

depicted by Kouchi and Hata (Kouchi and Hata, 1993). In brief,

the GFD1-specific probe (Table S1) was labelled using Digox-

igenin. After fixation, dehydration, sectioning, pre-hybridization,

hybridization, anti-DIG-AP and BCIP/NBT chromogenic solution

addition, rinsing and sealing, the samples were observed and

photographed by a Nikon DS-U3 light microscope (Nikon).

Subcellular localization of GFD1

Green fluorescent protein (GFP) was fused to N- and C-terminus

of full-length GFD1 CDS (coding sequence) driven by cauliflower

mosaic virus (CaMV) 35 S promoter (Table S1). Then, the two

fusion constructs, GFP-GFD1 and GFD1-GFP, were transformed

into rice protoplasts separately following the method described

by Chen et al. (2006). Meanwhile, OsRAC3-mRFP (monomeric red

fluorescent protein) was used as a plasma membrane marker

(Chen et al., 2010). Man49-mRFP (Nelson et al., 2007) and ERD2-

mRFP (Montesinos et al., 2014) were used as Golgi markers.

These makers were co-transformed into rice protoplasts or N.

benthamiana leaves with GFD1-GFP (Li et al., 2009a). Fluores-

cence signals were observed under a confocal laser scanning

microscope (Nikon A1; Nikon).

Yeast two-hybrid assay

Yeast two-hybrid (Y2H) assay was performed using the Y2H Gold-

Gal4 system (Clontech, http://www.clontech.com). Full-length

CDS, the containing domains (MATE1, MATE2 and the mutant

MATE1gfd1) of GFD1, and the sugar transporters CDS (OsSUT1-5,

OsSWEET4, OsSWEET11 and OsSWEET15), were cloned into

pGADT7 (AD) and pGBKT7 (BD), respectively. Yeast transforma-

tions were completed following the manufacturer’s instructions

(Clontech) and cultured on SD/-Trp-Leu or SD/-Trp-Leu-His-Ade

medium containing X-ɑ-gal at 30°C in the dark for about 3 days.

Primers used are given in Table S1.

LCI assay

Split-luciferase complementation (LCI) assay was performed as

described previously (Hu et al., 2019). The full-length CDS of

GFD1, OsSUT2 and OsSWEET4 was amplified and fused with

luciferase (Table S1). The final constructs were introduced into

Agrobacterium tumefaciens strain EHA105 and pairwise infil-

trated the N. benthamiana leaves. Then, the leaves were stained

using Beetle Luciferin, Potassium Salt kit (E1601; Promega,

Madison, Wisconsin, United States) and placed into NightOWLIILB

983 in vivo imaging system (Berthold, Bad Wildbad, Germany).

The interaction was determined based on the bioluminescence

signal intensity acquired by IndiGO software.

BiFC assay

For BiFC, fusion vectors of GFD1 or OsSWEET4 were constructed

using the binary BiFC vectors pSPYNE (nYFP) and pSPYCE (cYFP),

respectively (Table S1). Bimolecular fluorescence complementa-

tion assay analysis was performed in the leaf epidermal cells of N.

benthamiana, as previously described (Waadt and Kudla, 2008).

The YFP fluorescence was observed using a Nikon A1 laser

scanning confocal microscope (Nikon, Minato City, Tokyo, Japan).
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