Rice zinc ﬁnger protein DST enhances grain production
through controlling Gn1a/OsCKX2 expression
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s one of the most important staple food crops, rice (Oryza
sativa L.) is cultivated worldwide and feeds more than onehalf of the world’s population. Accordingly, enhanced grain yield
is a major focus of rice breeding programs worldwide (1, 2). Rice
grain yield is mainly determined by three components, including
number of panicles per plant, grain number per panicle, and grain
weight. Among them, grain number per panicle is highly variable
and contributes to the most part of grain yield formation (1, 3).
During the panicle development stage, the inﬂorescence meristem, which produces ﬂowers that form seeds after fertilization, is
a central determinant of grain number formation. Recently, many
studies in rice reveal that a reduction in meristem activity leads to
reduced panicle branching and grain production (4–6). By contrast, several high yield genes known as quantitative trait loci
(QTLs) in rice show an enhancing effect on meristem activity,
panicle branching, and grain production (7–14). Therefore, the
size and activity of the reproductive meristem is a crucial parameter determining grain production of rice.
Among the known factors controlling shoot apical meristem
(SAM) activity are transcriptional regulators and the plant hormone cytokinin (CK) (15, 16). Experimental reduction of the CK
status, either by lowering the CK levels or by reducing CK signaling, abbreviates the SAM activity (17–22). On the contrary,
an elevated CK level is associated with increased SAM activity
(23, 24). It was shown that the rice Gn1a (Grain number 1a) locus,
a major QTL for increasing grain number, harbors a mutation
in the OsCKX2 gene, which encodes a CK oxidase/dehydrogenase
www.pnas.org/cgi/doi/10.1073/pnas.1300359110

(CKX) that catalyzes the degradation of active CKs (7). Reduced
expression of OsCKX2 causes CK accumulation in inﬂorescence
meristems and increases the number of reproductive organs, which
results in enhanced grain production (7). Prominently, mutation
alleles of OsCKX2 have been successfully used in rice breeding
practice to improve seed production (7). The relationship between
CKX genes and seed production also exists in the dicotyledonous
model plant Arabidopsis thaliana. It was shown recently that simultaneous mutation of CKX3 and CKX5 of Arabidopsis elevates
CK levels and, thereby, leads to increased SAM activity and seed
yield (25).
Although the importance of CKX genes in SAM maintenance and
seed production are well recognized in both monocots and dicots,
the regulatory mechanisms governing the expression of these CK
metabolic genes remain elusive (26). To identify molecular components controlling OsCKX2 expression, we set up a genetic screen
and identiﬁed a unique rice mutant, regulator of Gn1a 1 (reg1), which
shows reduced OsCKX2 expression, elevated meristem activity, and
increased grain number. Here, we report that the reg1 phenotype
was caused by a semidominant mutation of the DST (DROUGHT
AND SALT TOLERANCE) gene, which encodes a zinc ﬁnger
protein that regulates drought and salt tolerance in rice (27). Molecular evidence shows that the DST transcription factor regulates
the reproductive SAM activity through controlling the expression of
OsCKX2. We found that the DSTreg1 allele perturbs DST-directed
regulation of OsCKX2 expression and elevates CK levels in the inﬂorescence meristem, leading to increased SAM activity and a
consequent increase of grain production. Importantly, the DSTreg1
allele provides a breeding tool to pyramid the Gn1a-dependent
and Gn1a-independent effects on grain production of rice.
Results
reg1 Mutant Shows Elevated SAM Activity and Enhanced Grain
Production. To gain more insight into the genetic networks con-

trolling SAM activity and grain production, we identiﬁed and
characterized a rice mutant, reg1. Compared with its wild-type
Zhefu 802 (ZF802), a cultivated indica rice variety in China, the
reg1 mutant showed increased plant stature (Fig. 1A) and enlarged panicle size (Fig. 1B). Close examination revealed that the
SAM of reg1 was larger than that of ZF802 (Fig. 1 C and E),
suggesting an enhancing effect of reg1 on SAM activity. In comparison with ZF802, the reg1 panicle produced more primary (Fig.
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The phytohormone cytokinin (CK) positively regulates the activity
and function of the shoot apical meristem (SAM), which is a major
parameter determining seed production. The rice (Oryza sativa L.)
Gn1a/OsCKX2 (Grain number 1a/Cytokinin oxidase 2) gene, which
encodes a cytokinin oxidase, has been identiﬁed as a major quantitative trait locus contributing to grain number improvement in
rice breeding practice. However, the molecular mechanism of how
the expression of OsCKX2 is regulated in planta remains elusive.
Here, we report that the zinc ﬁnger transcription factor DROUGHT
AND SALT TOLERANCE (DST) directly regulates OsCKX2 expression
in the reproductive meristem. DST-directed expression of OsCKX2
regulates CK accumulation in the SAM and, therefore, controls the
number of the reproductive organs. We identify that DSTreg1,
a semidominant allele of the DST gene, perturbs DST-directed regulation of OsCKX2 expression and elevates CK levels in the reproductive SAM, leading to increased meristem activity, enhanced
panicle branching, and a consequent increase of grain number.
Importantly, the DSTreg1 allele provides an approach to pyramid
the Gn1a-dependent and Gn1a-independent effects on grain production. Our study reveals that, as a unique regulator of reproductive meristem activity, DST may be explored to facilitate the
genetic enhancement of grain production in rice and other small
grain cereals.

Fig. 1. Morphological comparison between wildtype and the reg1 mutant. (A) Gross morphologies of
ZF802 and reg1. (B) The panicle morphologies of
ZF802 and reg1. (C) Longitudinal sections of the inﬂorescence meristem of ZF802 and reg1. (Scale bars:
A, 20 cm; B, 5 cm; C, 50 μm.) (D) Comparison of grain
number per main panicle between ZF802 and reg1.
(E) Comparison of inﬂorescence meristem width between ZF802 and reg1. (F) Comparison of primary
branch number per main panicle between ZF802 and
reg1. (G) Comparison of secondary branch number
per main panicle between ZF802 and reg1. Samples
in C and E are inﬂorescence meristem just after the
phase change from vegetative to reproductive stage.
Values in D–G are means with SD (n = 30 plants). The
double asterisks represent signiﬁcant difference determined by the Student t test at P < 0.01.

1F) and secondary branches (Fig. 1G) and, eventually, led to an
increase of grain number per main panicle by 63.8% (Fig. 1D). To
evaluate the effect of reg1 on grain production in ﬁeld conditions,
we performed yield test assay. The reg1 mutation increased grain
yield by 31.2% over ZF802 in the test plot (Table 1). Statistical
analysis of the three major components of grain yield indicated
that, compared with ZF802, the reg1 mutation actually reduced
panicle number by 23.7%, but increased 1,000-grain weight by
9.9% and grain number per panicle by 56.5% (Table 1). These data
support that the reg1 mutation deﬁnes a grain number enhancing
gene whose function is tightly associated with SAM activity.

panicle branches and decreased grain number (Fig. S2 A–D). In
contrast, the DST RNA interference (RNAi) transgenic plants
showed increased panicle branches and enhanced grain number
(Fig. S2 E–H). Similarly, transgenic plants overexpressing the
reg1 mutant allele of DST (DSTreg1) had increased panicle
branches and produced more grains (Fig. S2 I–L). Therefore, the
identiﬁed A insertion in the DST gene is responsible for the
phenotype of the reg1 mutation and that DSTreg1 acts as a dominant negative regulator of reproductive meristem activity and
grain production.

Cloning and Characterization of REG1. Genetic analysis indicated

reg1 Mutation Elevates CK Levels in the Meristem Through Reducing
OsCKX2 Expression. Consistent with its effect on panicle branching

that reg1 was a semidominant mutant, given that the phenotypes
of heterozygous plants were intermediate between those of the
homozygous reg1 plants and their wild-type counterparts (Fig.
S1). Fine mapping using 2,020 mutant F2 plants delimited the
REG1 locus to a 19-kb region on chromosome 3, in which only
one gene, named LOC_Os03g57240/DST, is predicted (Fig. 2 A
and B). DNA sequencing revealed that reg1 contains an A insertion between the 214th and 215th nucleotides of the DST
cDNA (cDNA) (Fig. 2C). It was recently shown that DST encodes a zinc ﬁnger protein that negatively regulates drought and
salt tolerance of rice plants (27).
To conﬁrm that mutation of DST underlies the reg1 phenotype, we generated transgenic plants expressing different levels
of DST in Nipponbare (NP), a japonica variety suitable for
transformation. All transgenic plants overexpressing a wild-type
DST allele (DSTREG1) showed reduced plant stature with less

and grain number formation, DST mRNA was richly expressed in
the SAM, the primordia of primary branches, secondary branches,
and young spikelets of developing panicles (Fig. 3 A–E). Considering that CKs play a positive role in regulating SAM activity and
grain production, we examined the CK status in the SAM of reg1.
RNA in situ hybridization showed that the transcript levels of
RESPONSE REGULATOR1 (OsRR1), a marker gene for CK
response in the SAM (28, 29), were greatly increased in reg1 than
those in ZF802 (Fig. 3 F–I). Comparison of CK levels in the inﬂorescence meristem revealed that the contents of iP, iPR, and
iP9G were substantially more abundant in reg1 than those in
ZF802 (Fig. 3T). To explore how reg1 affects CK levels in the
SAM, we examined the expression of OsCKX2, which has been
shown to be important for SAM activity and seed production (7).
RNA in situ hybridization revealed that, during different stages of
inﬂorescence development, the expression levels of OsCKX2 are

Table 1. Yield test in a paddy
Traits
Panicles per plot
Grains per panicle
1,000-grain weight, g
Theoretical yield per plot, kg
Actual yield per plot, kg

ZF802
2,220.7
121.7
24.3
6.6
5.4

±
±
±
±
±

NIL 93–11-DSTREG1

reg1
46.2
1.3
0.5
0.4
0.3

1,695.3
190.5
26.7
8.6
7.1

±
±
±
±
±

20.3
1.6
0.5
0.3
0.2

2,347.8
152.8
30.8
11.0
8.8

±
±
±
±
±

36.2
2.3
0.9
0.6
0.7

NIL 93–11-DSTreg1
2,049.2
208.5
31.5
13.5
10.7

±
±
±
±
±

40.5
5.8
0.8
0.3
0.7

NIL NP-DSTREG1
3,228.8
82.5
20.1
5.4
4.4

±
±
±
±
±

58.4
2.3
0.8
0.5
0.4

NIL NP-DSTreg1
2,539.2
122.6
21.1
6.6
5.3

±
±
±
±
±

44.7
5.8
0.8
0.7
0.7

Data are from plants in randomized complete block design with three replications under natural condition in Beijing, China, in 2011. The planting density
was 25 cm × 25 cm, with one plant per hill. The area per plot was 13.34 m2. Values are means with SD of three replications.
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DSTreg1 does not (Fig. 4A), indicating that the reg1 mutation
abolishes the transcriptional activation capacity of the DSTREG1
protein. Next, a series of protein truncations were generated to
determine the domains required for the transcriptional activity
of DSTREG1. Deletion of the N-terminal EAR did not affect

generally lower in reg1 than those in ZF802 (Fig. 3 J–Q). Consistently, quantitative real-time PCR (qRT-PCR) assays indicated
that the expression levels of OsCKX2 (Fig. 3R) and several other
members of the OsCKX family, including OsCKX1, 3, 4, 5, and 9,
were considerably reduced in reg1 than those in ZF802 (Fig. 3S).
In addition, the expression levels of three cytokinin-O-glucosyltransferase genes including LOC_Os02g51910, LOC_Os02g51930,
and LOC_Os04g25440 are also reduced in reg1, which may contribute to the increased iP9G levels in the mutant (Fig. S3). These
data support that DSTreg1 reduces OsCKX2 expression, elevates
CK levels in the inﬂorescence meristem, and therefore increases
seed production.
DST Directly Activates OsCKX2 Expression. DSTREG1 contains a highly

conserved C2H2-type zinc ﬁnger domain and shows transcriptional
activation activity (27). Notably, our sequence analysis identiﬁed
that DSTREG1 contains two ethylene-responsive element binding
factor-associated amphiphilic repression (EAR) motifs (30–33),
which located at the N-terminal and C-terminal of the DSTREG1
protein (Fig. 2D). The EAR motif, which contains two distinct
sequence conservation patterns—LxLxL and DLNxxP—is generally believed to be involved in negative or positive regulation of
gene transcription (8, 9, 27, 32, 34–37). In the reg1 mutant, the A
insertion leads to a frameshift after the ﬁrst 72 amino acids (Fig.
2D), which destroys the C-terminal EAR motif.
A yeast assay was performed to determine the transcriptional
activation activity of DSTREG1 and DSTreg1. As expected, DSTREG1
exhibits transcription activation activity in the yeast assays, whereas
Li et al.

Fig. 3. The function of reg1 mutation in the inﬂorescence meristem. (A–E)
DST expression during panicle development revealed by RNA in situ hybridization. A is a negative control preparation made with a sense DST
probe. B is just after the phase change from vegetative to reproductive
stage. C is at the stage of primary branch meristem differentiation. D is at
the stage of formation of primary branch primordia. E is at the stage of
initiation of spikelet primordia. Arrows in C–E indicate primary branch primordia, secondary branch primodia, and ﬂoret primodia, respectively. (F–I)
Expression of OsRR1 in inﬂorescence meristems of ZF802 (F and G) and reg1
(H and I) revealed by RNA in situ hybridization. Samples are inﬂorescence
meristems just after the phase change from vegetative to reproductive
stage. F and H are hybridization of OsRR1. G and I are hybridization of sense
probes. (J–Q) Expression of OsCKX2 in developing panicles of ZF802 (J–M)
and reg1 (N–Q) revealed by RNA in situ hybridization. J and N are just after
the phase change from vegetative to reproductive stage. K and O are at the
stage of primary branch meristem differentiation. L and P are at the stage of
formation of primary branch primordia. M and Q are hybridization of sense
probes. (Scale bars: 50 μm). (R) Transcript levels of OsCKX2 in the inﬂorescence meristems of ZF802 and reg1 revealed by qRT-PCR. Transcript
levels of OsCKX2 in ZF802 were arbitrarily set to 1. (S) Transcript levels of
OsCKXs in the inﬂorescence meristems of ZF802 and reg1 revealed by qRTPCR. Transcript levels of OsCKX8 in ZF802 were arbitrarily set to 1. (T)
Comparison of CK levels in the inﬂorescence meristems of ZF802 and reg1.
iP, isopentenyladenine; iPR, iP riboside; iP9G, iP 9-glucoside; Z, zeatin; ZR,
zeatin riboside; Z9G, zeatin 9-glucoside. Values are means with SD (n = 3
measurements) in R–T. The asterisks in R–T represent signiﬁcance difference
determined by the Student t test at P < 0.01.
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Fig. 2. Map-based cloning of REG1. (A) The REG1 locus was mapped to an
interval between the molecular markers RM6970 and M1 on chromosome 3.
(B) Positional cloning narrowed the REG1 locus to a 19-kb region between M3
and M4 at BAC AC133340. Only one gene is predicted in this region by the Rice
Annotation Project Database. Numbers on the map indicate the number of
recombinants. (C) The REG1 structure and the mutation site in reg1. Predicted
ORF and sequence differences between ZF802 and reg1 at the REG1 candidate
region are shown. (D) Sequence alignment of the REG1 protein from ZF802 and
the reg1 mutant. Identical residues are indicated by dark gray boxes. The EAR
motifs in the N-terminal and C-terminal are indicated by purple and pink
frames, and the zinc ﬁnger domain is indicated by a green frame.

Fig. 4. DSTREG1 promotes the expression of OsCKX2. (A) Transactivation
activity assay in the yeast. BD, GAL4-DNA binding domain; DSTREG1, DST from
ZF802; DSTreg1, DST from reg1. Purple box indicates N-terminal EAR motif;
green box indicates zinc ﬁnger domain; and pink box indicates C-terminal
EAR motif. (B) Schematic diagram of the promoter region of OsCKX2. Black
box represents DST binding site. Numbers above indicate the distance away
from the ATG. Region between the two coupled arrow indicates the DNA
fragment used for ChIP-PCR. (C) ChIP assay shows the association of DSTREG1
with the promoter of OsCKX2. Immunoprecipitation was performed with or
without myc antibody (no Ab). (D) EMSA assay shows the binding of DSTREG1
to the promoter of OsCKX2. (E) EMSA assay shows the binding of pOsCKX2
with DSTreg1 or DSTREG1ΔZF. In D and E, the arrows indicate the up-shifted
bands; FP indicates free probe. (F) DSTREG1 promotes OsCKX2 expression in
vivo. Tobacco leaves were transformed with pOsCKX2:LUC plus vector control (1), pUBI:DSTREG1 (2), pUBI:DSTreg1 (3), or pUBI:DSTREG1 and pUBI:DSTreg1
(4). (G) Statistics of luciferase activity in F. These experiments were repeated
three times with similar results. (H) qRT-PCR analysis of the expression level
of DST in F. Values in G and H are means with SD of three replicates.

transcription activation, whereas deletion of the C-terminal EAR
abolished transcription activation activity (Fig. 4A), indicating that
the C-terminal EAR, but not the N-terminal EAR, is required for
the transcriptional activation of DSTREG1 in the yeast system.
It has been shown that DST binds to the TGNTANN(A/T)T
sequence, a cis element named DST-binding sequence (DBS) (27).
Sequence analysis revealed the presence of DBS in the promoter
regions of OsCKX2 (Fig. 4B) and other OsCKX genes (Fig. S4).
Chromatin immunoprecipitation assays using 35Spro:DSTREG14myc transgenic plants and anti-myc antibodies indicated that
DST was enriched in the OsCKX2 promoter region containing the
DBS (Fig. 4C). We then conducted DNA electrophoretic mobility
shift assays (EMSA) to test that DST directly binds the DBS in
vitro. For these experiments, full-length DSTREG1 was expressed
as a His-tag fusion protein in Escherichia coli and afﬁnity puriﬁed.
3170 | www.pnas.org/cgi/doi/10.1073/pnas.1300359110

As shown in Fig. 4D, the DSTREG1-His fusion protein was able to
bind DNA probes containing the DBS motif but failed to bind
DNA probes containing a mutant form of the DBS. The addition
of unlabeled DNA probes competed for the binding of DSTREG1
to the DBS probes. Signiﬁcantly, EMSA showed that DSTreg1, the
mutant version of the DST protein, still can bind the DBS DNA
probes; in contrast, DSTREG1ΔZF, in which the zinc ﬁnger domain of DSTREG1 was deleted, lost this binding ability (Fig. 4E).
Together, these data support that the reg1 mutation does not
affect the binding ability of the DSTREG1 protein to the DBS
motif in the promoter of OsCKX2.
Using the well-established transient expression assay of Nicotiana benthamiana leaves (38–40), we seek to determine the effect
of DSTREG1 and DSTreg1 on the expression of a reporter containing the OsCKX2 promoter fused with the ﬁreﬂy luciferase
gene (LUC). When the pOsCKX2:LUC reporter was inﬁltrated
into N. benthamiana, a substantial amount of LUC activity could
be detected, indicating that endogenous factors of N. benthamiana may activate the expression of the pOsCKX2:LUC reporter. Coexpression of the pOsCKX2:LUC reporter with
DSTREG1 led to an obvious increase of the luminescence intensity
(Fig. 4 F–H), indicating that DSTREG1 activated the expression of
pOsCKX2:LUC. In contrast, DSTreg1 failed to increase the expression of pOsCKX2:LUC (Fig. 4 F–H), indicating that DSTreg1
lost the ability to activate pOsCKX2:LUC expression, albeit this
allele still can bind the OsCKX2 promoter as revealed by EMSA
assays (Fig. 4E). Importantly, coexpression of DSTreg1 with
DSTREG1 substantially reduced the effect of DSTREG1 on the
activation of pOsCKX2:LUC expression (Fig. 4 F–H), providing
another line of evidence that DSTreg1 may compete DSTREG1 for
binding the promoter of the pOsCKX2:LUC reporter.
The above-described results support a scenario that, in reg1
plants, the DSTreg1 protein still can bind the OsCKX2 promoter
as DSTREG1 does, but this mutant protein loses the transcriptional activation activity to promote OsCKX2 expression. Competition between DSTreg1 and DSTREG1 could underlie that the
reg1 mutant shows a semidominant phenotype.
DSTreg1 Enhances Grain Production in both indica and jopanic Rice.

Because mutation alleles of OsCKX2 have been successfully
applied in rice breeding practice (7), our elucidation of the DST
function to regulate OsCKX2 expression highlights the feasibility
to apply the DSTreg1 allele in rice breeding to improve grain
production. Like the reported variety 5150 (7), the high-yielding
indica variety R498 contains an 11-bp deletion in the third exon
of OsCKX2 (Fig. S5A) and, therefore, impairs the expression of
this CK catabolic gene (Fig. S5C). We developed a near isogenic
line (NIL) in the genetic background of R498 that contains the
DSTreg1 allele. Consistent with a scenario that DST-mediated
regulation of OsCKX2 expression is involved in seed production,
the resulting NIL R498-DSTreg1 plants showed similar panicle
size and grain number per panicle as NIL R498-DSTREG1 did
(Fig. 5 A and B and Fig. S6A).
In contrast to 5150 and R498, 93-11, another high-yielding
indica variety from China (41), does not contain any mutation in
OsCKX2 (Fig. S5 B and C), suggesting that the high-yielding trait
of 93-11 is contributed by QTLs other than Gn1a. To evaluate
whether the reg1 mutation can further enhance the seed production of this high-yielding indica rice, we generated NIL in the
genetic background of 93-11 that contains the DSTreg1 allele. The
resulting NIL 93-11-DSTreg1 showed increased primary and secondary panicle branching and produced more grains than its recurrent parent, NIL 93-11-DSTREG1 (Fig. 5 C and D and Fig. S6B).
In the yield test assay of ﬁeld conditions, the NIL 93-11-DSTreg1
increased grain yield by 21.6% over NIL 93-11-DSTREG1 (Table 1).
To evaluate the effect of the reg1 mutation on yield enhancement in japonica rice, we generated DSTreg1 NIL in the genetic
background of NP, which does not contain any mutation in the
Li et al.

OsCKX2 locus (Fig. S5 B and C). As expected, NIL NP-DSTreg1
showed increased panicle branching and produced more grains
per panicle in comparison with NIL NP-DSTREG1 (Fig. 5 E and F
and Fig. S6C). In the yield test assay of ﬁeld conditions, the NIL
NP-DSTreg1 increased grain yield by 20.5% over NIL NP-DSTREG1
in the test plot (Table 1). Taken together, our results indicate that
the reg1 allele of the DST gene is applicable to pyramid the Gn1adependent and Gn1a-independent yield enhancing effects in both
indica and jopanic rice.
DSTreg1 Enhances Grain Number in Wheat. Sequence analysis identiﬁed DST homologs in small grain cereals including barley and
wheat (Fig. S7A), suggesting functional conservation of this protein. To investigate the possible effect of DST on grain production
in wheat, we generated a number of transgenic wheat plants
carrying DSTREG1 and DSTreg1. Transgenic wheat lines with increased expression of DSTREG1 show a decrease in the length of
the ear and a reduced number of spikelets, whereas transgenic
wheat lines with increased expression of DSTreg1 showed increased
ear size and spikelet number (Fig. S7 B and C). These data suggest
an application potential of DSTreg1 in wheat breeding to increase
grain yield.

Discussion
The bioactive CK status of the SAM is determined by many
factors, including the biosynthesis, activation, and degradation of
the hormone. Accumulating evidence indicated that the action of
CK in maintaining SAM activity is tightly linked to transcription
factors involved in the activation or repression of the expression
of CK-related genes (16, 42). For example, the Class I KNOTTED1like homeobox (KNOXI) proteins, which are essential for SAM
maintenance and function, act in part through regulating the
expression of ISOPENTENYL TRANSFERASE7 (IPT7), which
encodes a rate-limiting enzyme for CK biosynthesis (43–45). Although the role of the CKX genes in maintaining SAM function
and seed production is well recognized in both monocots and
dicots, less is known about how the expression of these genes is
regulated in planta (7, 25, 26). We report here that the rice Gn1a/
OsCKX2 gene, which has been used as a breeding tool, is under
the direct regulation of the zinc ﬁnger transcription factor
DSTREG1. Several lines of evidence support this ﬁnding. First,
Li et al.

DSTREG1 is a transcription activator and its C-termial EAR motif
is required for its transcriptional activity. Second, as revealed by
EMSA and ChIP assays, DSTREG1 speciﬁcally binds to the DBS
motif in the promoter of OsCKX2. Third, transactivation assays in
N. benthamiana leaves support that DSTREG1 stimulates the activity of LUC as a reporter driven by OsCKX2 promoter. Given
that both DSTREG1 (this work) and OsCKX2 (7) are important
for the SAM function and seed production, our results reveal a
unique pathway in which a transcription factor directly links to a
speciﬁc CK metabolic gene in the regulation of the SAM function. Indeed, we show that DST-executed expression of OsCKX2
contributes to the accumulation of CKs in the SAM and, therefore, plays a crucial role in SAM maintenance. In the reg1 mutant,
the DSTreg1 still binds the DBS motif of the OsCKX2 promoter,
but losses the ability to activate the expression of OsCKX2; reduced expression of OsCKX2 leads to increased CK accumulation
in the SAM, which renders enhanced seed production of reg1.
Signiﬁcantly, our ﬁnding provides a strategy to apply the
DSTreg1 allele in rice breeding practice. Because total grain number
per plant is the most important factor for increasing grain yield
under ﬁeld production conditions, rice breeders have been devoted
to identifying QTLs showing enhanced effect on grain number
(7–14). Among them, Gnla/OsCKX2 has been molecularly characterized and successfully applied in rice breeding (7). Pyramiding
the grain number enhancing effects of Gn1a (i.e., Gn1a-dependent)
and other QTLs (i.e., Gn1a-independent) is a major target of
rice breeding program (7). We provide evidence showing that,
when the DSTreg1 allele is introduced into rice varieties that do
not contain a Gn1a mutation, the resulting NILs show substantial
grain number enhancing effect. Therefore, DSTreg1 is applicable
in conventional rice breeding program to pyramid the Gn1adependent and Gn1a-independent QTLs for grain production.
Importantly, the semidominant nature of DSTreg1 renders that
this mutation allele is especially suitable for hybrid rice breeding.
In addition, ectopic expression of DSTreg1 in wheat leads to increased grain production, suggesting an application potential of
DST or its homologs in other small grain cereals.
Intriguingly, the zinc ﬁnger transcription factor DST was also
shown to regulate drought and salt tolerance via stomatal control
(27). In this case, the zinc ﬁnger motif of DST is required for its
transactivation activity to regulate genes involved in the homeostasis
PNAS | February 19, 2013 | vol. 110 | no. 8 | 3171
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Fig. 5. Effect of the DSTreg1 mutation on grain
number formation in different alleles of Gn1a/
OsCKX2. (A) Gross morphologies of NIL R498DSTREG1 and NIL R498-DSTreg1 at the mature stage.
(B) Comparison of the panicle morphologies of NIL
R498-DSTREG1 and NIL R498-DSTreg1. (C) Gross morphologies of NIL 93-11-DSTREG1 and NIL 93-11DSTreg1 at the mature stage. (D) Comparison of the
panicle morphologies of NIL 93-11-DSTREG1 and NIL
93-11-DSTreg1. (E) Gross morphologies of NIL NPDSTREG1 and NIL NP-DSTreg1 at the mature stage. (F)
Comparison of the panicle morphologies of NIL NPDSTREG1 and NIL NP-DSTreg1. (Scale bars: A, C, and E,
20 cm; B, D, and F, 5 cm.)

of reactive oxygen species. Loss of DST function increases stomatal
closure and reduces stomatal density, consequently resulting in enhanced drought and salt tolerance in rice (27). This observation,
together with our ﬁnding that DST contributes to seed production
via controlling CK degradation, indicate that DST plays a dual role
in regulating development and stress response.
Materials and Methods
Cytokinin Analysis. Extraction and determination of CKs from rice young
panicles (<0.5 cm) were performed by using a polymer monolith microextraction/hydrophilic interaction chromatography/electrospray ionizationtandem mass spectrometry method as described (46).
RNA in Situ Hybridization. RNA in situ hybridization was performed as described (47). Primers used for probe ampliﬁcation are listed in Table S1.

EMSA. EMSA was performed by using a LightShift Chemiluminescent EMSA
kit (Thermo Scientiﬁc). The probe sequences of OsCKX2 are listed in Table S2.
ChIP-PCR Assay. ChIP-PCR was carried out as described (40). Primers used for
ChIP-PCR are listed in Table S1.
Accession Codes. Genes, and their associated accession codes from GenBank are as follows: DST (GQ178286.1); OsRR1 (AB249661.1); OsCKX2
(NM_001048837.1); OsCKX1 (NM_001048787.1); OsCKX3 (NM_001071421.1);
OsCKX4 (NM_001051888.1); OsCKX9 (NM_001061906.2); OsCKX11
(NM_001068512.1); OsACT1 (NM_001057621.1); and NbACT1 (EU938079.1).
Genes, and their associated accession codes from Rice Annotation
Project Database are as follows: OsCKX7 (LOC_Os02g12780.1); OsCKX8
(LOC_Os04g44230.1); and OsCKX10 (LOC_Os06g37500.1).

Transient Expression Regulation Assays in N. benthamiana Leaves. The transient
expression assays were performed in N. benthamiana leaves as described (40).
The relevant PCR primer sequences are given in Table S1.
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