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Abstract

Cytokinins are one of the most important phytohormones and play essential roles in multiple life processes in planta.
Root-derived cytokinins are transported to the shoots via long-distance transport. The mechanisms of long-distance
transport of root-derived cytokinins remain to be demonstrated. In this study, we report that OsABCG18, a half-size
ATP-binding cassette transporter from rice (Oryza sativa L.), is essential for the long-distance transport of root-
derived cytokinins. OsABCG18 encodes a plasma membrane protein and is primarily expressed in the vascular tis-
sues of the root, stem, and leaf midribs. Cytokinin profiling, as well as ['*C]trans-zeatin tracer, and xylem sap assays,
demonstrated that the shootward transport of root-derived cytokinins was significantly suppressed in the osabcg18
mutants. Transport assays in tobacco (Nicotiana benthamiana) indicated that OsABCG18 exhibited efflux transport
activities for various substrates of cytokinins. While the mutation reduced root-derived cytokinins in the shoot and
grain yield, overexpression of OsABCG18 significantly increased cytokinins in the shoot and improved grain yield. The
findings for OsABCG18 as a transporter for long-distance transport of cytokinin provide new insights into the cyto-
kinin transport mechanism and a novel strategy to increase cytokinins in the shoot and promote grain yield.
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Introduction

Cytokinins are a class of N°-substituted adenine derivatives
that were originally discovered by C. Miller, E Skoog, and
co-workers during the 1950s as factors that promote plant
cell division (Miller et al., 1955; Amasino, 2005). According
to their side chain structure, natural cytokinins are divided
into isoprenoid and aromatic cytokinins (Sakakibara, 2006).
The structure and conformation of the N°-attached side
chain can markedly influence the biological activity of cyto-
kinins (Schmiilling, 2004; Kiba et al., 2013). The common
cytokinins in higher plants that have been intensively studied

include N°-(A*-isopentenyl) adenine (iP), trans-zeatin (tZ),
dihydrozeatin (DHZ), and cis-zeatin (cZ), with diverse vari-
ations depending on the plant species (Sakakibara, 2006). For
>60 years, cytokinins have been proven to be tightly in-
volved in a broad range of plant life processes, including the
regulation of root and shoot apical dominance (Matsumoto-
Kitano et al., 2008), leaf senescence (Gan and Amasino,
1995), chloroplast development (Chory et al., 1994), the for-
mation of nitrogen-fixing nodules (Sasaki et al., 2014), im-
munity (Choi et al., 2010), the sink—source relationship, and
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stress responses (Sakakibara, 2006; Rivero et al., 2007; Werner
et al.,2010).

The metabolism and signal transduction of cytokinins have
been well studied (Sakakibara, 2006; Frebort et al., 2011; Hwang
et al., 2012; Jameson and Song, 2016). The biosynthesis and ca-
tabolism of cytokinins are processed by a series of enzymes
including cytokinin biosynthesis by IPT (Kakimoto, 2001; Takei
etal.,2001), activation by LOG (Kurakawa et al.,2007), irrevers-
ible degradation by CKX (Galuszka ef al., 2001; Werner et al.,
2003), reversible inactivation by ZOG, and trans-hydroxylation
by CYP735A1 and CYP735A2 (Kiba et al., 2013). The spatial
expression patterns of the biosynthetic and catabolic genes indi-
cate that cytokinins can be locally synthesized in both the shoot
and root and act as autocrine, paracrine, or long-distance trans-
port signals (Hirose et al., 2008; Matsumoto-Kitano et al., 2008).
Transcriptional metabolite analysis and grafting studies have
suggested that tZ-type cytokinins are primarily synthesized in
the roots while iP-type cytokinins are largely synthesized in
the shoots of Arabidopsis (Matsumoto-Kitano et al., 2008; Kiba
et al., 2013). Cytokinin signaling comprises a two-component
pathway which triggers the signaling responses (Hwang et al.,
2012). It has been demonstrated that each receptor has a dif-
ferent binding affinity for cytokinins with different side chains
(Romanov ef al., 2006; Choi et al., 2012; Kiba et al., 2013); thus,
the functions of different cytokinin derivatives may be diverse
and require investigation.

De novo cytokinin biosynthesis occurs only in some specific
cell types; cytokinins have to be delivered to the target cells for
signaling by autocrine, paracrine, and/or long-distance trans-
location (Kang et al., 2017; Romanov et al., 2018). In contrast
to the well-established transport mechanisms of auxin (Robert
and Friml, 2009), the molecular basis of cytokinin transport has
not yet been thoroughly investigated. It has been suggested that
root-derived cytokinins were loaded in the xylem as tZ and tZ
riboside (tZR), and exported to the shoot by the respiration
stream to regulate shoot development in Arabidopsis (Aloni
et al., 2005). Alternatively, shoot-derived cytokinins were trans-
ported to the root as iP or iP riboside (iPR) through the phloem
to regulate root development or root nodulation (Bishopp et al.,
2011; Sasaki et al., 2014). Currently, ENT (equilibrative nucleo-
tide), PUP (purine permease), and ABCG (ATP-binding cas-
sette G) are three transporter families known to be involved in
cytokinin transport in Arabidopsis and rice (Sun et al., 2005; Ko
et al.,2014; Zhang et al.,2014; Zurcher et al., 2016). AtABCG14
has been identified as a long-distance transporter (Ko et dl.,
2014; Zhang et al., 2014) that is responsible for the transport
of tZ-type cytokinins from root to shoot, but which cytoki-
nins among many are transported by AtABCG14 and whether
AtABCG14 overexpression can accelerate shootward transport
of cytokinins remain to be investigated.

Rice is a major staple crop for >3.5 billion people world-
wide and is also a monocot model plant. Cytokinin is one of
the most important hormones in the molecular breeding of
rice (Li et al., 2013; Jameson and Song, 2016). Mutation of
OsCKX2/ Gn1a significantly improved the rice grain yield by
~20% (Ashikari et al., 2005), and knockdown lines were sub-
sequently shown to produce more tillers and grains per plant
and to exhibit a heavier 1000-grain weight (Yeh et al., 2015).

The DST transcription factor is the regulator of OsCKX2,
and the corresponding mutant shows a significantly improved
crop yield (Li et al., 2013). The cytokinin signal transduction
components and the cytokinin-inducible transcriptome in rice
have been analyzed (Hill et al., 2013; Raines ef al., 2016; Daudu
etal.,2017). The OsENT2, OsPUP7, and OsPUP4 transporters
in rice have been shown to have functions that are directly re-
lated to cytokinins in vitro or in vivo (Hirose et al., 2005; Qi
and Xiong, 2013; Xiao et al., 2019), but the understanding of
cytokinin transport mechanisms and their potential application
in rice remains poor.

To eclucidate the long-distance transport of root-derived
cytokinins and to investigate its function in crop productivity,
characterization and functional analysis of the cytokinin trans-
porter in rice are essential. Here we characterized OsABCG18
as a long-distance transporter for shootward transport of cyto-
kinins in rice. The osabcg18 mutant displayed multiple defects
in essential agronomic traits, resulting in a reduction of grain
yield, while overexpression of OsABCG18 improved grain
yield. Hormone profiling, ['*C]tZ uptake, and xylem sap assay
demonstrated that OsABCG18 was involved in root to shoot
transport of tZ-type cytokinins in rice. Our results provide new
insights into the shootward transport of root-derived cytoki-
nins and elucidate their essential roles in molecular breeding.

Materials and methods

Plant materials and growth condition

Oryza sativa L. ssp._ Japonica or Keng (cv. Nipponbare; NIP) and ssp. Japonica
or Keng (cv. Zhonghua 11; ZH11) were used as the wild type. For hydro-
ponic growth, the seeds were soaked in water for 2 d at 28 °C in the
dark, transferred to net gauze for 1 d at 35 °C in the dark, and moved
into the light. Ten-day-old seedlings were transferred to a 7 liter plastic
pot containing the International Rice Research Institute (IRRI) nutrient
solution (Yoshida et al., 1976). In the field experiments, the wild-type,
mutant, or overexpression lines were grown in a muddy field from May
to October in 2016—2018 in Jinhua, China.

Arabidopsis (Arabidopsis thaliana) was grown following a method de-
scribed previously (Zhang et al., 2014). Tobacco (Nicotiana benthamiana)
was sown in the soil and grown in a growth chamber with 120 pmol
m~ 57! light intensity, 50% relative humidity, and a 12 h/12 h day/night
regime at 28 °C.

Phylogenic analyses

Phylogenetic analyses were performed using MEGAG as described pre-
viously (Tamura ef al., 2013). The full-length ABCG protein sequences
were retrieved from TAIR (The Arabidopsis Information Resource;
http://www.arabidopsis.org/) and RGAP (Rice Genome Annotation
Project; http://rice.plantbiology.msu.edu/) and used for the phylogen-
etic analyses. Multiple sequence alignments were conducted using Clustal
Omega in EBI (https://www.ebi.ac.uk/Tools/msa/clustalo/) with the
PAM matrix. A Neighbor—Joining (NJ) tree was built using MEGAG6
adopting Poisson correction distance and was presented using circle
tree view. Support for the tree obtained was assessed using the bootstrap
method with 1000 replicates. The Arabidopsis and rice ABCG family was
named as described by Matsuda et al. (2012).

Hormone treatments

For gene-inducible expression assay, the hormone treatments were ap-
plied as previously described (Matsuda et al., 2012).The roots of seedlings
at 10 days after germination (DAG) were incubated in IRRI solution
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containing 1 pM cytokinins [tZ, iP, ¢Z, and 6-benzyladenine (6-BA)] or
20 uM indole-3-acetic acid (IAA) at 30 °C for 2 h. The roots were col-
lected for RNA extraction and quantitative real-time PCR (QRT-PCR).

For the phenotype rescuing experiment of osabcg18, the 15 DAG seed-
lings grown in IRRI solution were sprayed daily with 20 pM tZ, 20 pM
iP, or 0.5% methanol (control) at it means 10 o’clock in the morning, so
please correct it to 10 a.m.The plant height and fresh weight were meas-
ured 25 d after cytokinin treatment.

Plasmid construction, gene cloning, and gene transformation

To generate construct OsABCG18p,,:: GUS, a 3266 bp promoter region
of OsABCG18 was amplified by the primers OsABCG18-P3/P4 and
cloned into pCAMBIA1301 by replacing the 35S,,,. The coding region
of OsABCG18 was amplified using the primers OsABCG18-P1/P2 and
cloned into pSAT6-35S::EGFP and pSAT6-ABCG18,,,::EGFP, and then
into the pRCS2 vector to form constructs 35S::EGFP-ABCG18 and
OsABCG18,,,:EGFP-ABCG1S8.

The clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-assocated protein 9 (Cas9) vectors used to create
o0sabcg18 were constructed as previously described (Xie and Yang, 2013).
Two target guide RNA (gRNA) sequences of OsABCG18 were de-
signed at the Crispr-plant website (http://www.genome.arizona.edu/
crispr/), and the primers were G18CAS1TE R and G18CAS2E R. The
gRINAs were respectively inserted into the pPRGEB31 vector (Xie and
Yang, 2013) digested with Bsal to generate binary construct gRNA-
pRGEB31. The binary vectors were transformed into Agrobacterium
GV3101 and transformed into rice using an agrobacterial method or to
into Arabidopsis using the floral dip method. All the primers used in this
work are shown in Supplementary Table S1 at JXB online.

GUS expression and histochemical analysis

B-Glucuronidase (GUS) staining was performed as previously described
(Jefterson et al., 1987) with minor modifications. For sectioning, the plant
tissues were fixed using formalin—acetic acid—alcohol (1.8% formalin, 5%
acetic acid, and 90% methanol) and embedded in paraffin. Sections 7 pm
(leaf and root) and 15 pm (stem) thick were cut to observe the vascular
expression.

RNA extraction and gRT-PCR

Various tissues including roots, stems, and young and mature leaves were
harvested at the booting stage (~70 DAG) for RNA extraction. Young
panicles and filling stage panicles of 12 cm and 18 cm in length, re-
spectively, were harvested for RNA extraction. Total RNA was prepared
using the TRIzol reagent (Invitrogen). cDNA was synthesized using
HiScript QRTsupermix for qPCR (+gDNA wiper) (R123-01,Vazyme,
China). qRT-PCR was performed using SYBR Green (TaKaRa) on an
ABI PRISM 7700 system (Applied Biosystems, USA) according to the
manufacturer’s instructions. For qRT-PCR, the OsABCG18 primers
ABCG18-P5/-P6 were used, and the ubiquitin (UBQ) gene amplified
with UBQ-F/-R was used for quantitative normalization.

Subcellular localization and immunoblot analysis

Tobacco transient expression was performed as previously described (Sparkes
et al., 2006). Briefly, the tobacco leaves were transformed with EGFP—
OsABCG18 and the plasma membrane marker CBL-mCherry mediated
by GV3101. Rice seedlings at 10 DAG expressing ABCG18,,,,::EGFP-
ABCG18 were used for protein subcellular localization. Images were cap-
tured using a Leica TCS SP5 microscope following a method described
previously (Zhang et al., 2014). The immunoblot analysis was performed

tollowing the method described previously (Zhang ef al.,2014).

[*Cltrans-zeatin tracer experiment

The ["C]tZ tracer experiment was performed as previously described
(Zhang et al., 2014). The root tips of osabcg18 and wild-type seedlings

at 10 DAG were immersed in 5 mM MES-KOH (pH 5.6) buffer con-
taining [*CJtZ (American Radiolabeled Chemicals, 3700 Bq ml™, final
concentration 5 nM). After 20 h incubation, the roots and shoots of the
seedlings were carefully separated using a razor blade at the junction be-
tween the roots and the shoots. The shoots and the roots from three
seedlings of each genotype were separately pooled as replicates. The roots
were washed again three times with 10 ml of 5 mM MES-KOH (pH 5.6)
bufter. The samples were mixed with 1.5 ml of bleach and incubated at
70 °C for 3 h to solubilize the tissues. The radioactivity of the supernatant
was quantified by a scintillation counter (Beckman Coulter LS6500).

Hormone profiling

The cytokinin or ABA extraction followed a method previously de-
scribed (Cao et al.,2015). A 100 mg aliquot of ground tissues was mixed
with 1 ml of 80% methanol with internal standards (45 pg of Hs-tZ,
*H5~tZR, *H-iP, "H-iPR and 100 pg of [?Hg]ABA), and subsequently
extracted twice using a laboratory rotator for 2 h at 4 °C. After centri-
fugation (10 min, 15 000 g, and 4 °C), the supernatant was collected and
dried by nitrogen gas. Then the pellet was resolved in 300 pl of 30%
methanol and filtrated though a filter membrane (0.22 um).

The cytokinins or ABA were separated by Exion LC (AB SCIEX)
equipped with an Acquity UPLC BEH C18 column (2.1x100 mm, particle
size of 1.7 pm).The column was maintained at 40 °C and the mobile phases
for cytokinins were composed of water (A) and MeOH (B) using a multistep
linear gradient elution: 5% B at 0-2.5 min, 5-20% B at 2.5-3 min, 20-50% B
at 3—12.5 min, 50-100% B at 12.5-13 min, 100% B at 13—15 min, 100-5% B
at 15-15.2 min, and 5% B at 15.2—18 min. The mobile phases for ABA were
composed of water (A) with 0.1% formic acid and MeOH (B) with 0.1%
formic acid using a multi-step linear gradient elution: 20% B at 0 to 1 min,
20 to 100% B at 1 to 7 min, 100% B at 7 to 9 min, 100 to 20% B at 9 to 9.3
min and 20% B at 9.3 to 12 min. The flow rate was 0.3 mL min .

The cytokinins or ABA were analyzed by the triple quadruple mass
spectrometer QTR AP 5500 system (AB SCIEX) following a method pre-
viously described (Simura et al., 2018). The optimized conditions were as
follows: curtain gas, 40 psi; ion spray voltage, 5000V for positive ion mode
or —4500V for negative ion mode; turbo heater temperature (Hellens et al.,
2005), 600 °C; nebulizing gas (Gas 1), 60 psi; heated gas (Gas 2), 60 psi.
Analyst software (version1.6.3,AB SCIEX) was used. The data analysis was
processed by MultiQuant software (version3.0.2, AB SCIEX). Cytokinins
or ABA were accurately quantified through the internal standards.

Xylem sap analysis

Xylem sap was collected as described previously (Ma et al., 2004) with
minor modifications. The shoots (1 ¢cm above the roots) of 30-day-old
seedlings grown in IRRI solution were excised using a blade. The xylem
sap was collected, except for the first drop, using a micropipette for 3 h
after decapitation of the shoot. The total cytokinin contents in the sap
was extracted and measured following the methods described above.

Assays of transport activity using a tobacco transient
expression system

The young tobacco leaves were injected with Agrobacterium tumefaciens
strain GV3101 harboring 35S::EGFP-ABCG18 and empty vector.
Protein expression was examined 72 h following the injection before the
transport activity assay. The leaves were cut into 3 mmX3 mm squares and
0.1 g was taken for each sample. Samples were washed twice with efflux
buffer [5 mM MES-KOH buffer (pH 5.7)], with or without 1 mM so-
dium vanadate. Four samples were set for extracting cytokinins/abscisic
acid (ABA), and the other four samples were incubated in eflux buffer
(with or without 1 mM sodium vanadate) at 22 °C for 0, 10, 20, 40, 60,
and 90 min. Extracts of 30 pl were used for cytokinin and ABA quanti-
fication by LC-MS.

For transport activity assay in protoplasts, the protoplasts were prepared
from tobacco discs as previously described (Yoo et al., 2007). The proto-
plasts were washed once and then were resuspended in W5 solution and
kept on ice for 30 min. After being washed twice again with W5 solution,
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2-4x10* protoplasts were incubated in W5 solution (0.8 ml) with or
without 1 mM sodium vanadate at 22 °C . Aliquots of 200 pl were col-
lected from the efflux buffer at time points of 0, 5,20, and 40 min for hor-
mone quantification by LC-MS following the method described above.

Analysis of agronomic traits

The agronomic traits including plant height, seed number per panicle,
seed-setting rate, tiller number per plant, and grain yield per plant were
measured on a single-plant basis. To measure the grain size,~150 rice grains
from each plant were photographed using a high-speed photographic ap-
paratus (Eloam, Shenzhen, China). More than 10 plants of each line were
used for photography. The images were processed using SC-G software
(Hangzhou Wanshen Detection Technology Co., Ltd., Hangzhou, China,
www.wseen.com). To image the grains, 20 grains were spread on the glass
plate of a flatbed scanner (Microtek 1600, Shanghai, China). The scanner
was set in the reflection imaging mode, RGB color, and 600 dpi.The im-
ages were processed using SC-G software. For the comparisons between
two groups of data, the two-tailed Student’s t-test was used.

Accession codes

The genes and their associated accession codes are listed in Supplementary
Table S2.

Results

Phylogenic analysis and gene expression patterns of
OsABCG18

To study the transport and physiological functions of tZ-type
cytokinin inrice,we prepared the phylogenic tree of the half-size
ABC transporter G subfamily from rice and Arabidopsis with
MEGAG6 software using the NJ method (see Supplementary
Fig. S1). OsABCG18 was found to be the closest ortholog
to AtABCG14 in the phylogenetic tree (Supplementary Fig.
S1). The expression of OsABCG18 in different tissues of rice,
namely roots, stems, young leaves, old leaves, and panicles at
different stages, was quantified using qRT-PCR. OsABCG18
showed high expression in roots and stems and low expression
in leaves and panicles (Fig. 1A). As previously reported, the ex-
pression of some transporter genes was induced by their sub-
strates (Jasinski ef al., 2001; Ko et al.,2014; Pierman et al.,2017).
We examined the expression of OsABCG18 under cytokinin
treatments (tZ, iP, ¢Z, and 6-BA), and found that OsABCG18
was specifically induced by cytokinins (Fig. 1B), suggesting its
involvement in cytokinin transport. In addition, the expression
of OsABCG18 was dramatically suppressed by IAA (Fig. 1B),
suggesting that it may play an essential role in the interplay be-
tween cytokinins and auxin in rice.

To address the tissue-specific expression of OsABCG18
in rice, we fused OsABCG18p,,, 2 3.3 kb promoter region of
OsABCG18, to the GUS reporter gene and transformed it
into rice. GUS staining of young seedlings of the representative
OsABCG18p,,:: GUS transgenic plants shows that OsABCG18
was primarily expressed in roots (Fig. 1C).The enlarged image
of the primary root showed that OsABCG18 was preferen-
tially expressed in the stele of the root (Fig. 1D) and mid-rib
of leaves (Fig. 11). Semi-thin and paraffin sections of the roots
revealed its expression in cells of the pericycle and stele of the
roots (Fig. 1E, F), and cells in the phloem and xylem of the

stems and leaf midribs (Fig. 1G, H, ]). GUS staining of panicles
and stamens at different stages demonstrated that OsABCG18
was highly expressed in the 18 cm stage (Fig. 1K) and mature
stamens (Fig. 1L, M).

OsABCG18 is a plasma membrane protein

The subcellular location of a transporter determines its trans-
port properties. To further elucidate the physiological function
of OsABCG18, we fused enhanced green fluorescent protein
(EGFP) to the N-terminus of OsABCGI18 and determined
the subcellular location of the EGFP-OsABCG18 fusion pro-
tein using transient expression in tobacco with free GFP as a
control. The localization of GFP—OsABCG18 was visible in
the plasma membrane in the tobacco leat epidermis cell, and it
was co-localized with a plasma membrane marker (Fig. 2A-D),
CBL1n-mCherry (Batistic et al., 2008), but the free GFP did
not co-localize with CBLIn-mCherry (Fig. 2E-H), clearly
demonstrating its localization in the plasma membrane. We fur-
ther checked the location of GFP—OsABCG18 in the stable
transgenic plants of rice. When the OsABCG18pro::EGFP-
OsABCG18 cassette was stably expressed in wild-type rice, the
fluorescence distribution of the fusion protein in root cells agreed
well with that revealed by staining with FM4-64 (Fig. 2I-L), a
typical plasma membrane indicator (McFarlane et al., 2010).

osabcg18 displays defects in growth and tiller
emergence in the vegetative stage

To identify the biological function of OsABCG18 in rice,
loss-of~function mutants of OsABCG18 were created using
the CRISPR/Cas9 system (Xie and Yang, 2013). One gRNA
targeting base pairs 305-324 of the coding sequence (CDS)
close to the start codon and an additional gRINA target in the
transmembrane domain (base pairs 1598-1617 of the CDS)
were selected for gene editing (Supplementary Fig. S2A).
Seven independent homozygous frameshift mutant lines were
confirmed by gene sequencing, in which four different mu-
tant lines were identified in the first gRINA target and three
different lines were identified in the second gRINA target
(Supplementary Fig. S2B). The homozygous lines of osabcg18
all displayed a dwart phenotype (Supplementary Fig. S2C).

Three representative lines (osabcg18-14, osabeg18-32, and
osabcg18-24) were chosen for further study. The shoot and root
growth of the young seedlings were measured from 4 to 7
DAG, and the shoots and roots were reduced up to 28.2% and
44.5% at 7 DAG, respectively (Fig. 3A, B). As shown in the
plants at 20 DAG, tiller buds were initiated in the wild type
but not in osabcg18 at this time (Fig. 3C, D), indicating that
the tiller emergence was delayed in osabcg18 compared with
the wild type. At 55 DAG, the average tiller number was sig-
nificantly reduced in osabcg18 compared with the wild type
(6.7£0.9 versus 13.912.9, respectively) (Fig. 3E, F).The average
plant height of osabcg18 was 52.2+3.3 cm, which was signifi-
cantly decreased compared with the height of the wild type
at 69.417.4 cm (Fig. 3E, F). The growth defects in osabcg18
showed that OsABCG18 was critical for the growth and de-
velopment of rice in the vegetative stage.
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Fig. 1. The expression patterns of OSABCG18 in various tissues and in response to different hormone treatments. (A) gRT-PCR analysis of OsABCG18
expression in different tissues of rice. R, root; S, stem; YL, young leaves; OL, old leaves; YP-12, 12 cm length young panicle; YP-18, 18 cm long young
panicle; and OP, panicle at the filling stage. Data are means +SD (n=3). (B) Relative expression of OsABCG18 in rice seedlings treated with different
types of cytokinins (tZ, iP, cZ, and 6-BA) and the auxin IAA. Mock indicates the mock treatment as detailed in the Materials and methods. (C) GUS
staining of seedlings at 10 DAG of OsABCG18pro::GUS transgenic plants, indicating that the GUS gene was primarily expressed in the root and shoot
tip. Scale bar=1 cm. (D) Enlarged image of the primary root of the seedlings in (C). Scale bar=100 pm. (E and F) Semi-thin section of the primary root of
the seedlings at 10 DAG. Scale bar=20 pm. (G and H) Paraffin section of the stem of adult OsABCG18pro::GUS transgenic plants. Scale bar=100 pm.
(I) GUS staining of leaves from adult OsABCG18pro.:GUS transgenic plants, indicating that the GUS gene was primarily expressed in the midribs. Scale
bars=1 mm. (J) Semi-thin section of the leaves in (). Scale bar=20 um. (K) Primary branch of the 12 cm panicle (left), primary branch of the 18 cm panicle
(middle), and primary branch of the panicle at the filling stage (right). Scale bar=1 cm. (L) Immature stamen. Scale bar=1 mm. (M) Mature stamen. Scale
bar=1 mm. The red and blue arrows indicate the xylem and phloem, respectively. Data are means +SD (n=3). *P<0.05 and **P<0.01 (Student’s t-test).

To determine whether the growth defects in the shoot were
caused by the shortage of tZ- or iP-type cytokinins, we subjected
the mutants to mock, tZ, or iP treatment and found that only
tZ rescued the dwarf and small phenotype of osabeg18 to wild
type (Supplementary Fig. S3A—C). The shoot height and fresh
weight of osabcg 18 treated with tZ were rescued to wild type, but
the mutant treated with iP was not rescued (Supplementary Fig.
S3D, E), indicating that the shortage of tZ-type cytokinin in the
shoot was mainly responsible for the growth defects.

To determine whether OsABCG18 had the same biological
or biochemical functions as AtABCG14, we constructed binary
vectors expressing OsABCG18 using the 35Sy, or native pro-
moter OsABCG18p,, and transformed them into atabcg14
to examine the functions of OsABCG18 (Supplementary
Fig. S4). As expected, both OsABCG18,,::ABCG18 and
358::ABCG18 successtully complemented the phenotypes of

atabcg14 (Supplementary Fig. S4), suggesting that OsABCG18
plays parallel roles to AtABCG14 in Arabidopsis.

Root-derived cytokinins are reduced in the shoot but
overaccumulated in the root of osabcg18

As previously shown, the retarded growth of osabeg18 was
caused by the shortage of tZ-type cytokinins in the shoot. To
examine the gene expression of the cytokinin-responsive genes
in osabcg18, we examined the expression of OsRR genes in the
roots and shoots of rice. The typical cytokinin-responsive genes
OsRR2, 6,and 10 (Tsai et al., 2012) were selected as represen-
tative genes to indicate the concentration of cytokinins in the
tissues. The qRT-PCR results showed that the expression levels
of OsRR2, 6,and 10 were all reduced in shoots (Supplementary
Fig. S5A) and OsRR2 and 6 were enhanced in the roots of
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Fig. 2. Subcellular localization of the GFP-OsABCG18 fusion protein. Green fluorescence distribution when 35S::EGFP-OsABCG18 (A) or 35S::EGFP
(E) was transiently expressed in tobacco leaf epidermal cells; red fluorescence distribution of the plasma membrane marker CBL-mCherry (B) and (F)
and their merged images with (A) and (E) as (C) and (G). (D) An enlarged image of (C), which indicates that EGFP-OsABCG18 was completely merged
with the plasma membrane marker CBL-mCherry, but the negative control EGFP was only partially merged with CBL-mCherry (G and H). Scale

bar=20 pm. (I-L) The fluorescence distribution in the root tip region of OSABCG18,,,.:EGFP-OsABCG18 transgenic rice; the DIC image of the root (),
green florescence of EGFP-OsABCG18 (J), and red florescence of FM4-64 (K) are merged in (L). Scale bars=20 pm. The roots were stained with 10 mM

FM4-64 (Molecular Probes) for 10-30 min.

osabcg18 (Supplementary Fig. S5B), indicating that cytokinins
might be reduced in the shoots but were overaccumulated in
the roots of 0sabcg18 compared with the wild type.

To further understand the distribution of cytokinins in the
roots and shoots of osabeg18, we performed hormone profiling
in osabcg18 and the wild type. The roots and shoots of the wild
type and osabeg18 lines 14 and 32 grown in soil were har-
vested for cytokinin quantification using LC-MS (Table 1). tZ,
tZR, and DHZ were increased up to 3.5-, 4.8-, and 3.9-fold,
respectively, in roots and reduced to <57, <53, and <35%, re-
spectively, in shoots of mutants compared with the wild type.
The iP- and cZ-type cytokinins were significantly increased
in roots but only slightly decreased in shoots of osabeg18 com-
pared with the wild type (Table 1), suggesting that the bio-
synthesis and transport of those cytokinins might be indirectly
affected by the absence of OsABCG18.

Root to shoot transport of tZ-type cytokinins is directly

suppressed in osabcg18

The expression patterns of the cytokinin-responsive genes, to-
gether with the overaccumulation of cytokinins in the root and

reduction in the shoot, suggested that OsABCG18 could func-
tion as a transporter responsible for the root to shoot transport
of cytokinins. To further investigate the role of OsABCG18 in
the transport of tZ-type cytokinins from root to shoot, isotopic
tracing experiments were performed to follow the transport of
tZ (Fig. 4A, B). The roots of the wild type and osabcg18 line
g18-14 were immersed in an MES-KOH (pH 5.8) solution
containing [*C]tZ for 20 h, and the [“*CJtZ exported from
roots to shoots of osabcg18 and the wild type were measured.
The results showed that ['*C]tZ accumulation in the root did
not differ between the wild type and mutant (Fig. 4B); how-
ever, the radioactivity of ["CJtZ was significantly decreased
in the shoot of osabeg18 to 46% of that in the wild type (Fig.
4A). Theretore, OsABCG18 was hypothesized to be directly
involved in root to shoot transport of tZ-type cytokinins.

To further understand the potential substrates of OsABCG18,
we collected the xylem sap from seedlings grown in hydro-
ponic conditions (Fig. 4C). We detected tZ-, cZ-, and 1P-type
cytokinins in the xylem sap and found that all three types
of cytokinins could be exported from the root to the shoot
through the xylem vessels. tZ and tZR were significantly re-
duced up to 59% and 47%, respectively, in the xylem sap from
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Fig. 3. Morphological phenotype of osabcg8 mutant lines in the vegetative stage. (A) Phenotype of seedlings at 7 DAG of the wild type and osabcg18
mutant lines g718-74, g18-32, and g18-24. Scale bar=1 cm. (B) Growth of the shoot (unfilled column) and root (filled column) was significantly delayed, as
calculated from 4 to 7 DAG. Data are means +SD (n=15). (C) The peeled shoot bases of wild type and osabcg18 mutant lines at 20 DAG. The wild type
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Table 1. Cytokinin contents (omol g~ FW) in the roots and shoots of the wild type (WT) and osabcg18 mutants®

CKs WT shoot osabcg18-14 shoot osabcg18-32 shoot WT root osabcg18-14 root osabcg18-32 root
tz 2.12+0.32 1.22+0.05™ 1.27+0.26™ 0.57+0.35 2.02+0.47* 1.23+0.12*

tZR 0.29+0.14 0.16+0.01* 0.20+0.04* 0.38+0.17 1.20+£0.37* 1.43+0.31™

DHzZ 0.10+0.01 0.04+0.01* 0.05+0.01* 0.07+0.02 0.28+0.03* 0.15+0.01*

iP 0.24+0.14 0.55+0.11* 0.41+0.05* 0.21+0.09 0.11+0.02 0.16+0.01

iPR 0.32+0.18 0.22+0.03 0.20+0.03 0.28+0.18 0.66+0.04** 0.55+0.06**

cZ 1.08+0.37 0.82+0.23 0.95+0.24 0.78+0.08 1.68+0.20™ 1.27+£0.14*

cZR 0.66+0.14 0.63+0.10 0.61+0.03 0.69+0.11 0.85+0.07 0.77+0.07

@ The roots and shoots of plants grown in the field for 50 d were collected for cytokinin quantification.

Data are means +SD (n=4), * and ** indicate significant differences at P<0.05 and P<0.01, respectively, from Student’s t-test.
CK, cytokinin; tZ, trans-zeatin; tZR, trans-zeatin riboside; DHZ, dihydrozeatin; iP, isopentenyladenine; iPR, isopentenyladenosine; cZ, cis-zeatin; cZR,

cls-zeatin riboside.

any significant difference in the xylem sap. Interestingly, the
iP-type cytokinins increased 1-fold in the sap, consistent with
the overaccumulated iP-type in the root of osabcg18 (Table 1),

o0sabcg18 compared with the wild type (Fig. 4C). This reduc-
tion rate was consistent with the cytokinin quantification in
the shoot (Table 1). The cZ-type cytokinins did not show
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of exogenously applied [*CJtZ from roots to shoots was significantly
suppressed in osabcg18 mutant. Data are means +SD (n=5). (C) Cytokinin
profiling in xylem sap from the wild type and osabcg 18 mutants. tZ, tZR,
cZ, cZR, iP, and iPR were measured. Data are means +SD (n=3). *P<0.05
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suggesting that the iP-type cytokinins were increased in re-
sponse to the accumulation of tZ-type cytokinins in the root
of osabcg18.

OsABCG18 mediated the efflux transport of various
cytokinins

Since the accumulation of *C-labeled tZ was significantly
reduced in the detached leaves expressing AtABCG14,
AtABCG14 was suggested to be an exporter for tZ (Zhang
et al., 2014; Liu et al., 2019). However, the clear sub-
strates of AtABCG14 remain to be investigated. As pre-
vious data have indicated that OsABCG18 is a functional
ortholog of AtABCG14, we aimed to explore the substrate
of OsABCG18 to elucidate the substrates of these types
of transporters. We transiently expressed the empty vector
(free GFP) and 35S::EGFP-OsABCG18 in tobacco leaves,
and the expression of free GFP and EGFP-ABCGI18 was
observed by confocal microscopy and detected by western

blotting (Fig. 5A; Supplementary Fig. S6A, B). The leaf discs
with EGFP-ABCG18 or empty vector were harvested, cut
into equal pieces, and washed with efflux solution. The leat
pieces were incubated in the uptake buffer, and the cyto-
kinin/ABA exported to the efflux solution was collected
from 0 min to 90 min and measured by LC-MS. Compared
with the empty vector control, tZ, tZR, DHZ, iP, iPR, and
cZR levels were significantly higher in the efflux solution
with EGFP-ABCG18 at different time points (Fig. 5B-H),
indicating that OsABCG18 exhibited transport activities
for cytokinins. Moreover, the ABA content exported to the
efflux solution was similar with OsABCG18 to the empty
vector, validating the specificity of the eflux transport activ-
ities of OsABCG18 on tZ, tZR, DHZ, iP,iPR,, and cZR.To
further validate the transporter activities and directionality,
we prepared protoplasts from tobacco leaf discs transformed
with EGFP-ABCGI18 or empty vector, and the exported
cytokinins were quantified by LC-MS at 0 min to 40 min.
Although DHZ was not detected due to its low concentra-
tion, tZ, tZR, iP,iPR, and ¢ZR all displayed results consistent
with the assays with leaf discs (Fig. 5]; Supplementary Fig. S7).

Sodium vanadate, an inhibitor of the ABC transporter, was
added to the efflux buffer, and the exported tZ, tZR, DHZ,
iP, iPR, and ¢ZR were significantly suppressed both in leaf
discs and in prepared protoplasts (Fig. 51, K), suggesting that
efllux transport of cytokinins was dependent on OsABCG18.
Moreover, the exported negative control ABA was not affected
by the addition of sodium vanadate (Fig. 51, K). The inhibitor
experiment further supported the specific efflux transport ac-
tivities of OsABCG18 for various cytokinin substrates such as
tZ, tZR,DHZ,iP,iPR, and cZR.

osabcgi8 displays defects in multiple agronomic traits

in rice

To investigate the effects of the long-distance transport of
tZ-type cytokinins mediated by OsABCG18 on the agro-
nomic traits of rice, osabg18 and the wild type (Nipponbare)
were grown in parallel in the field, and multiple agronomic
traits were measured at the mature stage (Fig. 6; Supplementary
Table S3). Typically, plant height was reduced from 86.5 cm in
the wild type to 76.5 cm in the mutant (Fig. 6A; Supplementary
Table S3).The wild type had 12.9 effective tillers, but the mu-
tant had 7.6 effective tillers on average (Fig. 6D). Mutation
of osabcg18 also repressed the transition time from the vege-
tative to reproductive stage, as indicated by the delay of ~4 d
in heading time of the mutant compared with the wild type
(Supplementary Table S3). The setting rate was reduced from
~85.6% in the wild type to 69.5% in osabcg18 (Supplementary
Table S3). The panicle length was reduced from 20 c¢m in the
wild type to 18 cm in osabeg18 (Fig. 6B; Supplementary Table
S3). The number of primary branches per panicle was reduced
from 9.5 to 7.6 on average (Fig. 6B; Supplementary Table S3).
Thus, the grain number per panicle was reduced from 101 to 73
on average (Fig. 6E). Interestingly, the grain length and width
were increased, and thus the 1000-grain weight was increased
9.3% on average (Fig. 6C, F-H). Since the grain number per
plant was reduced 33%, the grain yield per plant was reduced
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Fig. 5. OsABCG18 mediated efflux transport of various cytokinins in tobacco. (A) Immunoblot analysis of EGFP-OsABCG18 fusion protein expression in
tobacco leaves. M, marker; G18, total protein from tobacco leaves with transient expression of 35S::EGFP-OsABCG18; Ctrl, control, total protein from non-
transgenic tobacco leaves; RbcL, Rubisco large subunit, serving as the protein loading control. The red arrow indicates EGFP-OsABCG18 protein. (B-H) Time
course quantification of exported cytokinins tZ, tZR, DHZ, iP, iPR, cZR, and ABA (negative control) from tobacco leaves transformed with OsABCG18 or empty
vector. The results are given as pmol g~ WT. (I) The ratios of exported cytokinins from tobacco leaves (with EGFP-OsABCG18 and free GFP expression) in

the presence or absence of 1 mM sodium vanadate at the time point of 60 min. CKs, cytokinins. (J) Quantification of exported cytokinins tZ, tZR, DHZ, iP, iPR,
cZR, and ABA (negative control) from protoplasts isolated from tobacco leaves transformed with OsABCG 18 or empty vector at the time point of 40 min. (K)
The ratios of exported cytokinins from the tobacco protoplast (with EGFP-OsABCG18 and free GFP expression) in the presence or absence of 1 mM sodium
vanadate at the time point of 40 min. Data are means +SE (n=4). *P<0.05, ** P<0.01, and *** P<0.001 from Student’s t-test. ND, not detected.
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Fig. 6. Mutation of osabcg18 affected multiple agronomic traits. (A) The phenotypes of osabcg18 mutant lines g718-14, g18-32, and g18-24 at the
mature stage. Scale bar=10 cm. (B) Images of the panicles in the wild type and mutant lines in (A). Scale bar=2 cm. (C) Observation of the grain length
(left) and width (right) in the wild type and mutant lines in (B). Scale bar=1 cm. (D) Effective tiller number in the wild type and mutant lines in (A). (E) The
grain number per panicle in the wild type and mutant lines in (A). (F) The grain length and (G) width in the wild type and mutant lines. (H) The 1000-
grain weight in the wild type and mutant lines. (I) The grain weight per plant in the wild type and mutant lines. Data are means +SD (n=15); for the
measurement of grain length and width, >150 seeds were measured for each plant. *P<0.01 and ***P<0.001 (Student’s t-test).
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~26.8% on average in osabcg18 compared with the wild type
(Fig. 61). These data showed that the mutation of OsABCG18
comprehensively affected multiple important agronomic traits
and significantly reduced grain yield.

Overexpression of OsABCG18 increases rice
grain yield

To determine the possible applications of OsABCG18 in
increasing grain vyield, we overexpressed OsABCG18 in
wild-type rice (ZH11) using its native promoter. Expression
of OsABCG18 in 13 overexpression lines at the T, gen-
eration, as determined by qRT-PCR, demonstrated that
OsABCG18 was constantly increased from 0.9 to 30 times
(Supplementary Fig. S8). Two representative high expres-
sion lines (OsABCG180OE-10 and -14) and one representa-
tive low expression line (OsABCG180OE-25) were selected
and transplanted to the field for assays of agronomic traits
(Fig. 7A, C). Moreover, cytokinin profiling was measured
in the aerial tissues of the rice seedlings of the selected
overexpression lines and the wild type (Table 2). The tZ-type
cytokinins (tZ+tZR) were increased by 45, 131, and 20%;
DHZ values were increased by 64, 94, and 118%; iP-type
cytokinins (iP+iPR) were increased by 63, 115, and 10%;
and cZ-type cytokinins (cZ+cZR) were increased by 16,
18, and 5%, demonstrating that the contents of cytokinins in
the shoot were significantly enhanced by the overexpression
of OsABCG18 and that the amount of most cytokinins ac-
cumulated in the shoot was positively correlated with the
expression levels of OsABCG18. In the root, the iP-type
cytokinins (iP+iPR) were significantly increased by 62% and
85% in the two high OsABCG18 expression lines, along with
the enhanced iP-type cytokinins in the shoot (Table 2), sug-
gesting that the biosynthesis of iP-type cytokinins was in-
creased in the OsABCG18 expression lines.

The agronomic traits of the three representative
overexpression lines were investigated in the T, generation
in the field (Fig. 7; Supplementary Table S4). The effective
tiller number was significantly increased by 26, 25, and 9% in
the three overexpression lines G18OE-10, G180OE-14, and
G18OE-25 compared with that of the wild type (Fig. 7D).
The panicle length and primary number were significantly in-
creased by 3.3% and 8.0%, respectively, in the high expression
lines G180OE-10 and G180OE-14 (Fig. 7E). The grain number
per panicle was increased by 6.6, 11.7,and 4.4% in G18OE-10,
G18OE-14, and G18OE-25, respectively (Fig. 7F). The grain
width was slightly reduced, but the grain length was signifi-
cantly increased; thus, the 1000-grain weight was increased
from 2.2% to 4.8% in the overexpression lines compared with
the wild type (Supplementary Table S3; Supplementary Fig.
S9). The grain number per plant was significantly increased
by 16.1% and 16.4% in the G18OE-10 and G18OE-14 lines,
respectively (Fig. 7G). Finally, the grain weight per plant was
significantly increased by 17.3% and 18.3%, respectively, in the
two high expression lines G180OE-10 and G18OE-14 com-
pared with that of the wild type (Fig. 7H), indicating that the
overexpression of OsABCG18 was able to improve grain yield
in rice.

Discussion

Cytokinins are one of the most important plant hormones and
play critical roles in plant growth and productivity (Ghanem
et al., 2011; Jameson and Song, 2016). In comparison with
the well-established pathways of cytokinin biosynthesis and
signaling (Sakakibara, 2006; Hwang et al., 2012), understanding
of cytokinin transport is limited. The characterization of
OsABCG18 as a transporter essential for cytokinin transport
provides new insights into the mechanism of long-distance
transport of root-derived cytokinins and elucidates the essen-
tial role of cytokinin transporters in crop yield.

The characterization of OsABCG18 as a transporter respon-
sible for cytokinin translocation suggests that OsABCG18 and
AtABCG14 play a conserved role in cytokinin long-distance
transport from the root to the shoot in rice and Arabidopsis.
Similar to AtABCG14 (Ko et al., 2014; Zhang et al., 2014),
OsABCG18 was found to be primarily expressed in the root
stele and is located in the plasma membrane (Figs 1, 2). The
expression of OsABCG18 by 35Sp,, or its native promoter
OsABCG18,,, completely rescued the visible phenotype of
the atabcg14 mutant to wild type (Supplementary Fig. S4),
indicating that the biochemical functions of those two trans-
porters were conserved between Arabidopsis and rice, model
plants for dicots and monocots, respectively.

The transport activity of AtABCG14 as an exporter was in-
vestigated, but its exact substrates remain to be clearly deter-
mined (Ko ef al., 2014; Zhang et al., 2014). Using a newly
established tobacco transient expression system, we further
provided new insights into the substrates of rice OsABCG18.
We measured the transport activities of OsABCG18 on sub-
strates of different internal cytokinins in tobacco to understand
its transport activities (Fig. 5). The biochemical activities on tZ,
tZR, and DHZ were consistent with the cytokinin profiling of
the osabeg18 mutant, in which tZ, tZR, and DHZ were signifi-
cantly reduced in the shoot but enhanced in the root (Table 1).
However, heterologous expression of OsABCG18 in tobacco
also showed that OsABCG18 exhibited transport activities for
iP- and cZ-type cytokinins (Fig. 5). Consistent with this re-
sult, iP and ¢Z were not significantly reduced in the shoots
of the osabeg18 mutant (Table 1). We speculate that there are
other transporters besides OsABCG18 which can transport cZ
and iP in vivo. Consistently, cZ, iP, and iPR overaccumulated
in the shoot of OsABCG18 overexpression lines, further sug-
gesting that OsABCG18 potentially exhibited transport activ-
ities for 1iP- and cZ-type cytokinins when it was overexpressed
in vivo. Although the tobacco efflux experiments suggested
that OsABCG18 had efflux transport activities for tZ, tZR,
DHZ, iP, iPR, and c¢ZR, the kinetics and transport efficiency
of OsABCG18 for the different substrates remain to be clearly
determined in the future. In addition, both OsABCG18 and
AtABCG14 are half-size ABC transporters, which might work
as homo- or heterodimers; hence, their partners in rice and
Arabidopsis remain to be characterized. Moreover, determin-
ation of the transporter activity of the homo- or heterodimer
in a non-plant heterologous system will more clearly address
the substrates of those transporters towards different types of
cytokinins.
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Fig. 7. Overexpression of OsABCG18 increased the rice grain yield. (A) The phenotype of OsABCG18Pro.:EGFP-OsABCG18 transgenic plant lines
G180E-10, 14, and 25 at the mature stage. Scale bar=10 cm. (B) Panicles of ZH11 and G180E-14 lines in (A). Scale bar=2 cm. (C) Quantification of the
expression of OsSABCG18 in seedlings of the ZH11 and G180E-10, -14, and -25 lines. The effective tiller number (D), panicle length (E), grain number per
panicle (F), grain number per plant (G), and grain weight per plant (H) of the G180E-10, -14, and -25 lines and the wild type in (A). Data are means +SD
(n=12). *P<0.05, **P<0.01, and ***P<0.001 (Student’s t-test).

For decades, the transport mode of cytokinins has remained  essential for cytokinin translocation, together with the physiolo-
obscure due to the lack of clear molecular evidence (Hwang  gically well-characterized transporters AtABCG14, AtPUP14,
et al., 2012). The finding that OsABCG18 is a transporter OsPUP4, OsPUP7, and AtENTS8 (Sun et al., 2005; Qi and
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Table 2. Cytokinin content (omol g~' FW) in roots and shoots of ZH11 and OsABCG18-OE lines?

G180E-10 root G180E-14 root G180E-25 root

CKs ZH11 shoot G180E-10 shoot G180E-14 shoot G180E-25 shoot ZH11 root
tZ 0.19+0.01 0.25+0.01** 0.29+0.06** 0.20+0.03

tZR 0.13+0.01 0.21£0.01*** 0.45+0.11* 0.18+0.02*

DHZ 0.02+ 0.01 0.03+0.00* 0.03+0.01* 0.04+0.01*

iP 0.64+0.10 0.76+0.07* 0.86+0.21* 0.70+0.23

iPR 0.80+0.13 1.57+0.36"* 2.20+£0.14* 0.90+0.09

cZ 1.33+0.12 1.60+0.20 1.68+0.23 1.32+0.29

cZR 0.73+0.16 0.79+0.17 0.85+0.13 0.83+0.27

0.04+0.01 0.04+0.01 0.04+0.01 0.05+0.01
0.14+0.02 0.14+0.02 0.16+0.03 0.15+0.03
0.05+0.02 0.06+0.03 0.06+0.04 0.03+0.01*
0.05+0.02 0.05+0.02 0.06+0.02 0.04+0.02
0.40+0.02 0.68+0.14" 0.78+0.22* 0.39+0.02
0.70+0.13 0.59+0.17 0.48+0.05" 0.68+0.06
0.86+0.11 0.84+0.22 0.79+0.09 1.04+0.10

@ Roots and shoots of plants grown in water for 15 d were collected for cytokinin quantification.

* ok

Values are means +SD (n=4); *,

, and *** indicate significant differences at P<0.05, P<0.01, and P<0.001, respectively, from Student’s t-test.

CK, cytokinin; tZ, trans-zeatin; tZR, trans-zeatin riboside; DHZ, dihydrozeatin; iP, isopentenyladenine; iPR, isopentenyladenosine; cZ, cis-zeatin; cZR,

cis-zeatin riboside.

Xiong, 2013; Ko et al.,2014; Zhang et al., 2014; Zurcher et al.,
2016; Xiao et al., 2019), which show defects in cytokinin distri-
bution, indicates that research on cytokinin transport mechan-
isms is emerging. It has been known for some time that some
members of PUPs and ENTs were found to have strong influx
transporter activities towards adenine, cytokinin, or cytokinin
glucosides in yeast, but the physiological function remains to
be understood (Duran-Medina et al., 2017; Kang et al., 2017).
Recently, Arabidopsis AtPUP14 was shown to be a cytokinin
importer for tZ, iP, adenine, and BA, and it was involved in
maintaining extracellular cytokinin homeostasis (Zurcher ef al.,
2016). Detailed investigations of the known or candidate cyto-
kinin transporters in vivo and in vitro may fully disclose the
transport mechanism of cytokinin in planta.

The misdistribution of cytokinins in osabcg18 significantly
affected cytokinin signaling and thus affected rice growth and
agronomic traits. The overaccumulated cytokinins in the root
of osabcg18 caused the short-root phenotype; this outcome is
consistent with the short-root phenotype of atabeg14 and the
rice CKX4 RNAI line (Gao et al., 2014), further supporting
the idea that overaccumulated cytokinins in the root prohibit
root growth (Riefler et al., 2006).The shoot growth of osabeg18
was delayed and plant height was decreased, and the defects
were rescued by exogenous tZ but not iP, strongly suggesting
that the functions of tZ-type cytokinins are critical for the
shoot growth of the plants and not replaceable by iP-type
cytokinins. The tiller emergence in osabcg18 was delayed and
reduced, thus supporting the positive role of the root-derived
cytokinin in rice tillering.

Mutation and overexpression of OsABCG18 affected mul-
tiple agronomic traits in the mature stage. The effective tillers,
grain number per panicle, and crop yield were significantly
reduced in osabcg18 but increased in the overexpression lines,
indicating that root-derived cytokinins are essential for shoot
growth and crop yield in rice. Interestingly, seed size (1000-
grain weight) was increased by 9% in osabcg18 mutants and up
to 4% in OsABCG18 overexpression lines compared with that
of the wild type (Supplementary Tables S3, S4). These results are
consistent with previous reports showing an increased seed size
of the Arabidopsis CKX3 overexpression line (Werner et al.,
2003), as well as in the OsCKX2 down-regulation line (Li ef al.,
2013;Yeh et al., 2015), suggesting that the imbalance of cyto-
kinin homeostasis in the seed may affect grain size and weight.

Previously, the mutation of rice cytokinin oxidase 2
(OsCKX2) was shown to increase the concentration of
cytokinins in the shoot and significantly increase the crop
yield (Ashikari et al., 2005; Li et al., 2013;Yeh et al., 2015),
providing a strategy for high-yield crop breeding. In our
work, overexpression of OsABCG18 in the wild type pro-
vided a new option to increase the cytokinin concentra-
tions in the shoots of rice. Overexpression of OsABCG18
in wild-type rice using its native promoter significantly
increased tZ-, DHZ-, ¢Z-, and iP-type cytokinins in the
shoot but did not cause visible growth defects. The in-
creased cytokinins in the shoot enhanced the tiller number,
grain number per panicle, and finally the grain yield up to
18.3% on a single-plant basis. Field trials will be performed
to estimate its value in molecular breeding. The application
of OsABCG18 to improve crop yield may provide a novel
strategy to manipulate the distribution of cytokinins in the
shoot to improve the cytokinin contents in the shoot and
enhance grain yield. In addition, the osab¢g?8 mutant and
overexpression lines of OsABCG18 may be further evalu-
ated to determine the physiological functions of the root-
synthesized cytokinins in rice.

Supplementary data

Supplementary data are available at JXB online.

Table S1. Primers used in this study.

Table S2. Accession codes used in this study.

Table S3. Agronomic traits of the wild type and osabcg18 at
the mature stage.

Table S4. Agronomic traits of wild-type and OsABCG18
overexpression plants.

Fig. S1. Phylogenetic relationship of the half-size ABC trans-
porter subfamily G from rice and Arabidopsis.

Fig. S2. Loss-of-function mutants of OsABCG18 generated
by CRISPR/Cas9.

Fig. S3. Complementation of the growth defect of osabeg18
by tZ treatment.

Fig. S4. Expression of OsABCG18 rescued the phenotype
of atabeg14.

Fig. S5. Transcriptional analysis of cytokinin-responsive
genes in roots and shoots of the wild type and osabcg18.
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Fig. S6. Transient expression of GFP—OsABCG18 in to-
bacco leaves.

Fig. S7. OsABCG18 mediated efflux transport of various
cytokinins in tobacco protoplasts.

Fig.S8. Expression of OsABCG18in OsABCG1S,,,::EGFP-
OsABCG18 transgenic lines.

Fig. S9. Grain size of OsABCG1S,,,::EGFP-OsABCG18

pro*
transgenic lines.
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