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Grain weight is an important crop yield component; however, its
underlying regulatory mechanisms are largely unknown. Here, we
identify a grain-weight quantitative trait locus (QTL) encoding
a new-type GNAT-like protein that harbors intrinsic histone acetyl-
transferase activity (OsglHAT1). Our genetic and molecular evi-
dences pinpointed the QTL-OsglHAT1’s allelic variations to a 1.2-kb
region upstream of the gene body, which is consistent with its
function as a positive regulator of the traits. Elevated OsglHAT1
expression enhances grain weight and yield by enlarging spikelet
hulls via increasing cell number and accelerating grain filling, and
increases global acetylation levels of histone H4. OsglHAT1 localizes
to the nucleus, where it likely functions through the regulation
of transcription. Despite its positive agronomical effects on grain
weight, yield, and plant biomass, the rare allele elevating OsglHAT1
expression has so far escaped human selection. Our findings reveal
the first example, to our knowledge, of a QTL for a yield component
trait being due to a chromatin modifier that has the potential to
improve crop high-yield breeding.
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Rice (Oryza sativa L.) is the staple food for one-half of the
world population (1). To meet the ever-growing demand for

this crop, it is essential to develop rice varieties with higher yield
potential. Grain weight is an important yield-related trait in rice;
however, because it is regulated by multiple naturally occurring
quantitative trait loci (QTLs), attempts to maximize it have
proved difficult. Additionally, the potential size of the rice grain
is physically restricted by the size of the hull, which is determined
1 wk before flowering (2, 3). Therefore, even with ideal grain
filling, the size of the spikelet hull (i.e., grain length, width, and
thickness) determines the final grain weight.
Recent cloning studies have identified some of the underlying

QTLs for grainweight, such as the transmembraneproteinGS3 (4, 5)
and its homolog DEP1 (6), the Kelch-like domain Ser/Thr phos-
phatase GL3.1 (also called OsPPKL1) (7, 8), the RING-type E3
ubiquitin ligaseGW2 (grainwidth andweight 2) (9), the arginine-rich
domain nuclear protein qSW5/GW5 (10, 11), the putative serine
carboxypetidaseGS5 (12), the SBPdomain transcription factorGW8
(OsSPL16) (13), and the newly reported IAA-glucose hydrolase
protein TGW6 (14). However, the current understanding of the
mechanisms of grain weight regulation remains fragmentary, and the
precise mechanism by which any of the proteins is unknown.
Here, we present the identification and functional analysis of

a QTL regulating grain weight, hull size, yield, and plant bio-
mass. We reveal a previously unidentified member of histone

acetyltransferases (HATs) that function as positive regulators of
these traits. These findings provide the first mechanistic dem-
onstration, to our knowledge, of HAT modulation of important
agronomic traits.

Results and Discussion
QTL Cloning for Grain Weight at GW6a. To clone QTLs for grain
weight, we applied a QTL detection approach on a set of
backcrossed inbred lines derived from a cross of Kasalath (Kasa,
a rice indica variety) with the heavier Nipponbare (Nipp, a ja-
ponica variety) (15) (Fig. 1 A–D and SI Appendix, Fig. S1). Our
QTL analysis identified a QTL, Grain weight on chromosome 6
(GW6) (Fig. 1E), enhanced by the Kasa allele. We then selected
CSSL29, a chromosome segment substitution line that harbors
an introgression of this Kasa region in the Nipp genetic back-
ground (Fig. 1F). As expected, CSSL29 had a significant increase
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in grain weight and brown grain weight (20.6% and 11.2%, re-
spectively) compared with Nipp (P < 0.001) (Fig. 1 A–D).
Next, we obtained an F2 population of CSSL29 crossed with

Nipp and initially mapped GW6 to a region between markers xj112
and xj113 (Fig. 1G). Unexpectedly, however, this region consisted
of two loci (GW6a and GW6b) that impacted grain weight equally
(Fig. 1H). Analysis of both loci demonstrated more frequent re-
combination events at GW6a; we therefore focused on this locus
and mapped it to a region between markers xj-6 and xj-11 (Fig.
1H). Upon analyses of an additional 3,012 F2 plants, we identified
four recombinants that we used for a subsequent high-resolution
linkage analysis (Fig. 1I). We identified an interval of ∼40 kb
containing five predicted genes (Fig. 1J). To verify this result, we
screened a bacterial artificial chromosome (BAC) genomic library
of Kasa, and obtained a positive clone (K0242A07), from which
two sub-BACs (GW6a-k5 and GW6a-k28) were derived. These
BACs were cloned into a binary vector (Fig. 1J) and used for

Agrobacterium tumefaciens-mediated transgenic assays. We identi-
fied two key recombinants, xj-20 and xj-17, resolved GW6a to a
4-kb region through progeny testing of fixed recombinant plants
(Fig. 1K), and then constructed additional sub-BACs (GW6a-4.6
and GW6a-15; Fig. 1J) for transgenic assays. We observed signifi-
cantly heavier grains in the transgenic lines containing these clones
(Fig. 1 L and M and SI Appendix, Fig. S2). Thus, we conclude that
the mapped 4-kb interval contains GW6a.

GW6a Encodes a Functional GNAT-like Protein: OsglHAT1. We
found that the candidate GW6a region contained one ORF
(Loc_Os06g44100) (Fig. 1 I–J). On comparing its cDNA se-
quence of the Nipp allele with the corresponding genomic DNA
(gDNA), we found three exons and two introns (Fig. 2A). The
Rice Genome Automated Annotation System (http://riceGAAS.
dna.affrc.go.jp) annotated this gene as GCN5-related N-acetyl-
transferase-like (GNAT-like) (OsglHAT1), containing a conserved
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Fig. 1. QTL cloning at GW6a. (A–D) Grain and brown grain phenotypes. (E) QTL GW6 detection. A threshold of 2.0 as LOD (log likelihood) was used to declare
the presence of significant QTL in a genomic region. (F) Graphical genotypes. (G) The candidate region of GW6 defined by markers xj112 and xj113. (H) GW6
consisted of two loci: GW6a, mapped between markers xj-6 and xj-11, and GW6b. (I) Fine-mapping of GW6a to a portion of Nipp PAC clone AP005453, where
four recombinants were identified by using 3,012 plants. (J) Five annotated genes exist within the mapped region of ∼40 kb, and the Kasa genomic BAC clone
K0242A07 and four sub-BACs for the transgenic assays are shown. (K) Progeny testing shows that the QTL GW6a effect is placed within a 4-kb interval. (L)
Grain and brown grain phenotypes of indicated plants. (M) Comparisons of grain weight between plants shown in L. ***P < 0.001; Student’s t test was used
to generate the P values in C, D, and M and a pairwise test was used to determine significance in K. (Scale bars: 3 mm.)
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GNAT motif (Fig. 2A). Comparisons of gDNAs of the parental
ORFs identified nine single-nucleotide polymorphisms (SNPs), of
which five caused changes in four amino acids; however, none of
the changed amino acids were localized within the conserved
GNAT domain (Fig. 2A).
To evaluate the functional consequences of the OsglHAT1

alleles in plants, we overexpressed the Nipp allele OsglHAT1N

(OsglHAT1N-OE) and Kasa allele OsglHAT1K cDNA ORFs
(OsglHAT1K-OE), and a series of alleles with SNP combinations
from the parental alleles driven by the 35S promoter. These
transgenic plants all displayed enhanced grain weights and ele-
vated OsglHAT1 transcript expressions (Fig. 2 B and C and SI
Appendix, Figs. S3 and S4 A and B). In contrast, transgenic plants
overexpressing OsglHAT1 (the entire cDNA ORF) in the anti-
sense direction (OsglHAT1-AS) showed markedly decreased
grain weights and reduced endogenous OsglHAT1 transcripts
(Fig. 2 B and C and SI Appendix, Fig. S4 A, C, and D). In ad-
dition, transgenic plants overexpressing the OsglHAT1 alleles in
Arabidopsis produced larger, significantly heavier seeds than the
wild type (Fig. 2 D and E and SI Appendix, Fig. S4E). Together,
these observations support the notions that both parentalOsglHAT1
alleles can functionally influence grain weight and that OsglHAT1
has a crucially conserved role in modulating seed size and
weight in both monocots and dicots. The results also suggested
that none of the amino acid differences between the Kasa and
Nipp alleles are the cause of the phenotypic difference and that
altered expression of the alleles alone may be responsible.

Altered OsglHAT1 Promoter Activity Underlies the QTL Effect on Grain
Weight Regulation. To examine the expression profile of OsglHAT1,
we carried out reverse transcription-PCR (RT-PCR) and quanti-
tative real-time PCR (qPCR) analyses to compare Nipp with its
nearly isogenic line, NIL(OsglHAT1). Whereas OsglHAT1 tran-
scripts were present in all organs and tissues examined, with pref-
erential expression in young panicles (consistent with its function in
grain weight regulation), higher OsglHAT1 transcripts were consis-
tently observed in the NIL(OsglHAT1) genotypes (SI Appendix, Fig.
S6). These results were confirmed by qPCR analysis (Fig. 3A).
To identify the causes of the observed differences in OsglHAT1

allelic expressions we focused on the gene promoter region,
which we had previously linked to the QTL effect (Fig. 1K and SI
Appendix, Fig. S7). We used a transient assay with maize leaf
protoplasts to test the effects of individual segments of

the promoter region on gene expression. The promoter segments
of the Nipp (pOsglHAT1N) and Kasa (pOsglHAT1K) alleles were
cloned into reporter constructs, and relative luciferase (LUC)
expression was measured. Both OsglHAT1 promoter constructs
led to significant increases of LUC expression relative to vector
control alone, with an approximately twofold greater increase for
pOsglHAT1K than pOsglHAT1N (Fig. 3B). Furthermore, we an-
alyzed transgenic rice plants expressing the OsglHAT1 promoter
segments fused with β-glucuronidase (GUS) reporter clones.
Signals were much stronger in transgenic plants carrying the
pOsglHAT1K::GUS clone than in those with the pOsglHAT1N::GUS
clone (Fig. 3 C and D versus E and F). Quantification of these
signals revealed that the Kasa construct signal was two to threefold
higher than that of the Nipp construct (Fig. 3G). Thus, the pro-
moter activity of the OsglHAT1 Kasa allele was relatively stronger
than its counterpart in Nipp.
We further analyzed the specific expression patterns of

OsglHAT1 through in situ hybridization. The OsglHAT1 mRNAs
were expressed at the basal part of the abaxial side of leaves (Fig.
3 H and L) in the vegetative phase. A similar expression pattern
was observed throughout the reproductive phase, whereas during
the primary and secondary branch differentiation stages,OsglHAT1
mRNA accumulated in the bracts of initiating branches (Fig. 3 I, J,
M, and N and SI Appendix, Fig. S7). In accordance with the GUS
staining results, Kasa OsglHAT1 mRNA expression was markedly
stronger than that of Nipp OsglHAT1 (Fig. 3 H–J versus L–N). In
addition, we checked our data from progeny testing of NILs of the
QTL; OsglHAT1 gene had a d/a (dominance deviation/additivity)
of 0.14, which indicated that the large-grain allele for OsglHAT1 is
semidominant to the small-grain allele. Together, these data
suggest that changes at the transcription level cause the OsglHAT1
allelic phenotypic variation in grain weight, and confirm OsglHAT1
as a positive regulator of this trait.

OsglHAT1 Regulates Grain Weight, Yield, and Plant Biomass. Quan-
titative analysis of grain shape components demonstrated that,
relative to Nipp, NIL(OsglHAT1) has increased grain length
(7.4%) and width (by 4.3%), with no change in grain thickness
(SI Appendix, Fig. S8). Thus, OsglHAT1 regulates grain weight
principally via regulation of grain length. Similarly, the spikelet
hulls of NIL(OsglHAT1) were significantly longer at prefertili-
zation than those of Nipp (4.2%, P = 1.39 × 10−5; Fig. 4 A and
B). We next analyzed the longitudinal inner epidermal cell of

A

B C

D

E

Fig. 2. GW6a encodes a functional GNAT-like protein: OsglHAT1. (A) OsglHAT1 structure and mutation sites, including SNPs (blue) and changed amino acid
residues (red). (B) Grain phenotypes of plants overexpressing the OsglHAT1 Nipp allele (OsglHAT1N-OE) and the Kasa allele (OsglHAT1K-OE), and OsglHAT1
antisense transgene (OsglHAT1-AS). (C) Comparison of grain weight. (D) Seed phenotypes of Arabidopsis plants overexpressing the OsglHAT1N-OE and
OsglHAT1K-OE. (E) Comparison of seed weight of Arabidopsis transgenes. ***P < 0.001. Student’s t test was used to generate the P values in C and E.
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lemmas by scanning electron microscopy (SEM) (Fig. 4C). The
average cell length of NIL(OsglHAT1) (125.6 μm) did not differ
significantly from that of Nipp (126.3 μm) (Fig. 4D). These data
indicate that OsglHAT1 regulates grain weight through alteration
of cell numbers.
We postulated that the larger spikelet hulls possibly facilitated

grain milk filling, as seen with the GW2 gene (9). To test this
postulation, we measured the fresh weight of brown grain at sev-
eral time points after fertilization. No differences were observed at
day 3 after fertilization (dpf); however, starting at 6 dpf, the fresh
weight of brown grain of NIL(OsglHAT1) was significantly higher,
and at 17 dpf was 16.7% greater, than that of Nipp (SI Appendix,
Fig. S9). Thus, OsglHAT1 might play a role in dry matter accu-
mulation during grain milk filling, thereby regulating grain weight.
We next assessed the effects of OsglHAT1 on grain pro-

duction. In comparison with Nipp, NIL(OsglHAT1) had a signif-
icantly increased grain weight (+8.3%, P = 1.55 × 10−4; Fig. 4E
and SI Appendix, Fig. S10A) and brown grain weight (+6.2%, P =
2.12 × 10−3; Fig. 4F and SI Appendix, Fig. S10B); other compo-
nents of grain yield, such as grain number per main panicle (SI
Appendix, Fig. S10C), and panicle number per plant (SI Appendix,
Fig. S10D) showed no difference. As anticipated, the grain yields
per NIL(OsglHAT1) plant increased by 15.8% (P < 0.05; SI Ap-
pendix, Fig. S4G). Moreover, the plants with pyramiding GW6a
and GW6b loci (i.e., CSSL29) had a much greater grain yield
potential (SI Appendix, Fig. S11A). Although the grain yield per
plant determined in plants grown in paddy field under standard

agronomic procedures (30 plants with three replicates) showed
that NIL(OsglHAT1) could boost grain yield, we still need to
carefully test this result in plots with randomized blocks in paddy
field. Nevertheless, OsglHAT1 could be of value for grain
yield improvement.
The finding that the plants of both NIL(OsglHAT1) and

CSSL29 lines are taller than Nipp plants (Fig. 4H and SI Ap-
pendix, Figs. S10E and S11 B and C) prompted us to investigate
whether OsglHAT1 also regulates plant height. Phenotypic anal-
yses of the key recombinants suggested that this situation indeed
is the case (SI Appendix, Fig. S12A). During early seeding stages,
rice plants harboring the OsglHAT1-OE construct outgrew Nipp
plants, whereas OsglHAT1-AS plants showed a markedly stunted
growth (SI Appendix, Fig. S12 B and C). Thus, OsglHAT1
appears to control plant vegetative growth; importantly, when
growing in paddies under standard cultivation conditions, NIL
(OsglHAT1) and CSSL29 lines exhibited superior plant biomass
compared with Nipp plants (Fig. 4I and SI Appendix, Fig. S11D).
Collectively, these results suggest that OsglHAT1, in line with its
ubiquitous expression pattern, has multiple effects on at least
two beneficial agronomic traits—grain yield and plant biomass.

OsglHAT1 Is a Nuclear-Localized Histone H4 Acetyltransferase and
Functions Presumably via Regulation of Gene Expression. The
OsglHAT1 protein contains a conserved segment Arg146-X-
X-Gly149-X-Gly151 (i.e., R146-X-X-G149-X-G151, where X denotes
variation) in its GNAT motif, which corresponds to the highly
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conserved acetyl-CoA (CoA) binding site of acetyltransferases (16).
To test whether OsglHAT1 is an active histone acetyltransferase,
we expressed a six-histidine (HIS) OsglHAT1 fusion protein in
Escherichia coli (SI Appendix, Fig. S13), and subjected the purified
OsglHAT1 protein to an in vitro HAT assay. We failed to detect
any change of acetylation levels when free core histones were used
as a substrate. However, when we used Xenopus chromatin as an
alternative, the fusion OsglHAT1 protein showed the ability to
enhance acetylation levels of Xenopus chromatin on histone H4, as
did a typical HAT protein p300 (17) (SI Appendix, Fig. S14A). In
addition, a smaller fragment (residues 1–165, HIS-OsglHAT1-N; SI
Appendix, Fig. S13) that contains the conserved R146-X-X-G149-X-
G151 segment could also acetylate chromatin histone H4, whereas
a mutated version of OsglHAT1 protein (OsglHAT1-m (R146W);
SI Appendix, Fig. S13) abolished its activity (SI Appendix, Fig. S14B).
We also determined the substrate specificity of OsglHAT1 activity
by Western blot using antibodies against specific acetylation sites in
the histone H4 N-terminal tail (SI Appendix, Fig. S14A). In vitro
acetylation by OsglHAT1 occurred preferentially at lysines 5, 12,
and 16 of histone H4 (K5, K12, and K16; SI Appendix, Fig. S14A).
By contrast, using nuclear protein extracts from plants at
the reproductive stage, OsglHAT1 overexpression caused increased
acetylation activity toward all four histone H4 lysine residues tested
(SI Appendix, Fig. S14C). This discrepancy between the in vivo and
in vitro assays suggests that OsglHAT1 may have associated partner
proteins in vivo that increase its lysine acetylation spectrum, as has

been demonstrated for Gcn5 (18). Collectively, these results sug-
gest that OsglHAT1 is a histone H4 acetyltransferase.
Subcellular localization analysis using a green fluorescent

protein (GFP)-OsglHAT1 fusion construct transiently ex-
pressed in onion epidermal cells revealed that GFP-OsglHAT1
localized to the nucleus (SI Appendix, Fig. S15), suggesting that
it most likely catalyzes transcription-related acetylation events
as proposed (19, 20). Thus, we compared the transcriptome of
wild-type, GW6a-4.6, and OsglHAT1-OE samples by messenger
RNA sequencing (RNA-seq). Hierarchical clustering, global
correlation, and principal component analysis indicated that
the samples were clearly separated by their genotypes, with
Spearman correlation coefficients of 0.99 within biological rep-
licates (SI Appendix, Fig. S16). Enhanced OsglHAT1 expression
resulted in differential expression of 3,970 genes (false discovery
rate < 0.05), of which 53.3% (2,117 genes) were up-regulated and
46.7% (1,853 genes) down-regulated (SI Appendix, Fig. S17 A and
B and Dataset S1). Gene Ontology (GO) analysis showed signif-
icant enrichment in pathways related to transcription, stress,
transport, protein metabolism, hormone response, and de-
velopment (SI Appendix, Fig. S17 C and D), and enriched mo-
lecular functions including hydrolase, DNA binding, ATP binding,
and transcription regulation (SI Appendix, Fig. S17 E and F
and Dataset S2). As expected, there was up-regulation of genes
involved in the cell cycle (P < 1.2 × 10−19), including G2- and
S-phase genes (SI Appendix, Table database S1 and Dataset S1);
this finding is consistent with OsglHAT1’s function in cell division
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Fig. 4. OsglHAT1 affects the number of cells in spikelet hulls and modulates grain yield and plant biomass. (A) Spikelet hull phenotypes used for SEM in-
spection. (B) Comparison of spikelet hull length between Nipp and NIL(OsglHAT1) at the same stage as A. (C) Histological examination in the central portion
of inner epidermal cells of lemma by SEM. (Scale bars: 100 μm.) Double-headed arrows indicate cell lengths. (D) Comparison of inner epidermal cell length of
Nipp (counted cells, n = 499) and NIL(OsglHAT1) (n = 496) lemmas. (E) Grain phenotypes. (F) Brown grain phenotypes. (G) Quantification and comparison of
grain yield per plant. (H) Plant phenotypes of indicated plants at harvest. (I) Quantification and comparison of plant biomass per plant. ***P < 0.001; N.S., not
significant. Data are given as the means ± SD, n > 20 plants in B, G, and I. Student’s t test was used to generate the P values.
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(Fig. 4). Interestingly, we found that the expression of PGL2,
a basic helix–loop–helix (bHLH) protein that positively regulates
grain length (21), was activated by the OsglHAT1 transgenes.
TH1/BSG1, a DUF640 domain-containing gene, was also clearly
up-regulated, consistent with prior studies correlating deficiency
of this gene with reduced grain size/weight (22–24) (SI Appendix,
Table database S1 and Fig. S18A, and Dataset S1). Furthermore, we
compared the relative expressions of another 12 previously identi-
fied grain-size genes among the samples (wild-type, GW6a-4.6, and
OsglHAT1-OE) in our RNA-seq analyses, and the results revealed
that 3 of these genes (i.e., GS5, SG1, and XIAO) were significantly
up-regulated in the GW6a-4.6 genotype, whereas 5 genes (i.e., GS5,
SG1, XIAO, GW8, and qSW5/GW5) were significantly up-regulated
in the OsglHAT1-OE genotype in contrast to the wild type (10–13,
25, 26) (SI Appendix, Fig. S18B). Collectively, these results support
the notion that OsglHAT1 functions as a transcription regulator.

The Rare Allele Elevating OsglHAT1 Expression Has So Far Escaped
Human Selection. Previous studies have shown that transcrip-
tional regulators are central players in domestication (27). We
therefore examined whether OsglHAT1 had been the target of
human selection during rice domestication and modern breed-
ing, by analyzing genetic variations at three sites: the OsglHAT1
promoter in a representative set of O. sativa and O. rufipogon
(28) (SI Appendix, Table S3), as well as the regions ∼50 kb up-
stream and ∼60 kb downstream of this gene. Analyses of nu-
cleotide diversity and coalescent simulation revealed no signature
of selection (SI Appendix, Table S2), indicating that the advantages
conferred by theOsglHAT1 alleles have not been actively exploited.
The Kasa allele was not found in any of the japonica cultivars
tested, whereas it was present in 26 of 50 indica cultivars; ad-
ditionally, geographical distributions showed no biases for the
locations in which the indica alleles of OsglHAT1 were found.
Thus, we propose that theOsglHAT1 allele could be used to improve
agronomic traits in crops, especially in japonica cultivars.
Sequence blast analysis against public databases identified

59 putative OsglHAT1 homologs, including one known gene,
HOOKLESS1 (AtHLS1, At4G37580), that functions in differ-
ential cell elongation in the Arabidopsis hypocotyls (29), although
biochemical features and functional analyses of AtHLS1 have not

yet been reported. We found that OsglHAT1 homologs were re-
stricted to the plant kingdom and are found within several im-
portant crop species including maize (Zea mays), soybean (Glycine
max), sorghum (Sorghum bicolor), and rapeseed (Brassica napus).
Phylogenetic analysis of these homologs suggests that, unlike
AtHLS1, OsglHAT1 appears to function as a representative mem-
ber of an undefined subclass of GNAT-like proteins (SI Appendix,
Fig. S19). Given that our studies showed effects in both rice and
Arabidopsis, it is plausible that OsglHAT1 homologs could be tai-
lored to improve agronomic traits in other crop species.

Materials and Methods
We roughly mapped the GW QTL by using a BIL set derived from Nipponbare
and Kasalath, and then chose CSSL29 that possessed the introgressed seg-
ment of chromosome 6 from Kasalath and crossed with Nipponbare to
produce a F2 population and derived F3 or F4 population for QTL genetic
mapping. Gene expression analyses were conducted by semiquantitative RT-
PCR and qPCR by using gene specific primers, and in situ RNA hybridization
experiments. The intrinsic HAT activities of OsglHAT1 were confirmed by
using in vitro and in vivo HAT assays. Microscopic inspections of inner epi-
dermal cell of lemmas of spikelet hulls were observed by SEM. A transient
assay with maize leaf protoplasts was performed to assess the effects of
individual control segment. An RNA-Seq experiment that compared the
transcriptomes of the OsglHAT1 transgenes with that of Nipponbare was
performed to support that OsglHAT1 functions as a transcription regulator
and to investigate its possible downstream genes. Genetic diverity and co-
alescent simulation analyses were conducted by using a diverse set of rice
accessions to examine whether OsglHAT1was the target of human selection.
Details of all of the experiments performed in this paper and any associated
references are described in SI Appendix.

ACKNOWLEDGMENTS.We thank N. Ueda formaking the transgenicArabidopsis
plants, K. Yano for providing the protocol for the qPCR analysis, J. Kyozuka for
suggestions on in situ hybridization, H. Tagami for providing proten materials,
and S. Mizuno for maintaining the paddy field. This work was supported
mainly by the Program for the Promotion of Basic and Applied Researches
for Innovations in Bio-oriented Industry, in part by Grants in Aid for Scientific
Research 22119007 (to M. Ashikari) from the Ministry of Education, Culture,
Sports, Science, by the Japan Science and Technology (JST) Agency-Japan
International Cooperation Agency within the framework of the Science
and Technology Research Partnership for Sustainable Development (SATREPS)
(M. Ashikari) and by the Core Research for Evolutional Science and Technol-
ogy, JST. This work was supported in part by the Funding Program for Next
Generation World-Leading Researchers NEXT Program GS-024 (to K.M.). S.E.J.
is an Investigator of the Howard Hughes Medical Institute.

1. Khush GS (2001) Green revolution: The way forward. Nat Rev Genet 2(10):815–822.
2. Li J, et al. (2012) The rice HGW gene encodes a ubiquitin-associated (UBA) domain

protein that regulates heading date and grain weight. PLoS One 7(3):e34231.
3. Yoshida S (1972) Physiological aspect of grain yield. Annu Rev Plant Physiol 23:437–464.
4. Fan C, et al. (2006) GS3, a major QTL for grain length and weight and minor QTL for

grain width and thickness in rice, encodes a putative transmembrane protein. Theor
Appl Genet 112(6):1164–1171.

5. Mao H, et al. (2010) Linking differential domain functions of the GS3 protein to
natural variation of grain size in rice. Proc Natl Acad Sci USA 107(45):19579–19584.

6. Huang X, et al. (2009) Natural variation at the DEP1 locus enhances grain yield in rice.
Nat Genet 41(4):494–497.

7. Qi P, et al. (2012) The novel quantitative trait locus GL3.1 controls rice grain size and
yield by regulating Cyclin-T1;3. Cell Res 22(12):1666–1680.

8. Zhang X, et al. (2012) Rare allele of OsPPKL1 associated with grain length causes
extra-large grain and a significant yield increase in rice. Proc Natl Acad Sci USA
109(52):21534–21539.

9. Song XJ, HuangW, Shi M, ZhuMZ, Lin HX (2007) A QTL for rice grain width and weight
encodes a previously unknown RING-type E3 ubiquitin ligase. Nat Genet 39(5):623–630.

10. Shomura A, et al. (2008) Deletion in a gene associated with grain size increased yields
during rice domestication. Nat Genet 40(8):1023–1028.

11. Weng J, et al. (2008) Isolation and initial characterization of GW5, a major QTL as-
sociated with rice grain width and weight. Cell Res 18(12):1199–1209.

12. Li Y, et al. (2011) Natural variation in GS5 plays an important role in regulating grain
size and yield in rice. Nat Genet 43(12):1266–1269.

13. Wang S, et al. (2012) Control of grain size, shape and quality by OsSPL16 in rice. Nat
Genet 44(8):950–954.

14. Ishimaru K, et al. (2013) Loss of function of the IAA-glucose hydrolase gene TGW6
enhances rice grain weight and increases yield. Nat Genet 45(6):707–711.

15. Lin S, Sasaki T, Yano M (1998) Mapping quantitative trait loci controlling seed dor-
mancy and heading date in rice, Oryza sativa L., using backcross inbred lines. Theor
Appl Genet 96:997–1003.

16. Wolf E, et al. (1998) Crystal structure of a GCN5-related N-acetyltransferase: Serratia
marcescens aminoglycoside 3-N-acetyltransferase. Cell 94(4):439–449.

17. Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani Y (1996) The transcrip-
tional coactivators p300 and CBP are histone acetyltransferases. Cell 87(5):953–959.

18. Grant PA, et al. (1999) Expanded lysine acetylation specificity of Gcn5 in native
complexes. J Biol Chem 274(9):5895–5900.

19. Brownell JE, Allis CD (1995) An activity gel assay detects a single, catalytically active
histone acetyltransferase subunit in Tetrahymena macronuclei. Proc Natl Acad Sci
USA 92(14):6364–6368.

20. Roth SY, Denu JM, Allis CD (2001) Histone acetyltransferases. Annu Rev Biochem 70:
81–120.

21. Heang D, Sassa H (2012) An atypical bHLH protein encoded by POSITIVE REGULATOR
OF GRAIN LENGTH 2 is involved in controlling grain length and weight of rice through
interaction with a typical bHLH protein APG. Breed Sci 62(2):133–141.

22. Finn RD, et al. (2008) The Pfam protein families database. Nucleic Acids Res 36(Database
issue):D281–D288.

23. Li X, et al. (2012) TH1, a DUF640 domain-like gene controls lemma and palea de-
velopment in rice. Plant Mol Biol 78(4-5):351–359.

24. Yan D, et al. (2013) Beak-shaped grain 1/TRIANGULAR HULL 1, a DUF640 gene, is
associated with grain shape, size and weight in rice. Sci China Life Sci 56(3):275–283.

25. Nakagawa H, et al. (2012) Short grain1 decreases organ elongation and brassinos-
teroid response in rice. Plant Physiol 158(3):1208–1219.

26. Jiang Y, et al. (2012) XIAO is involved in the control of organ size by contributing to
the regulation of signaling and homeostasis of brassinosteroids and cell cycling in
rice. Plant J 70(3):398–408.

27. Doebley JF, Gaut BS, Smith BD (2006) The molecular genetics of crop domestication.
Cell 127(7):1309–1321.

28. Asano K, et al. (2011) Artificial selection for a green revolution gene during japonica
rice domestication. Proc Natl Acad Sci USA 108(27):11034–11039.

29. Lehman A, Black R, Ecker JR (1996) HOOKLESS1, an ethylene response gene, is required
for differential cell elongation in the Arabidopsis hypocotyl. Cell 85(2):183–194.

Song et al. PNAS | January 6, 2015 | vol. 112 | no. 1 | 81

A
G
RI
CU

LT
U
RA

L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.st01.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421127112/-/DCSupplemental/pnas.1421127112.sapp.pdf


   

 

Supporting Online Material for 

Rare allele of a previously unidentified histone H4 acetyltransferase enhances 

grain weight, yield and plant biomass in rice 

Xian-Jun Song
1
, Takeshi Kuroha, Madoka Ayano,

 
Tomoyuki Furuta, Keisuke Nagai, 

 
Norio 

Komeda, Shuhei Segami, Kotaro Miura, Daisuke Ogawa, Takamasa Suzuki, Tetsuya 

Higashiyama, Takumi Kamura, Masanori Yamasaki, Hitosh Mori, Yoshiaki Inukai, 

Jianzhong Wu, Hidemi Kitano, Hitoshi Sakakibara, Steven E. Jacobsen
1
, 

and Motoyuki Ashikari
1
 

 

1
To whom correspondence should be addressed. Email: songxj@ibcas.ac.cn (X.J.S.) 

jacobsen@ucla.edu (S.E.J.), ashi@agr.nagoya-u.ac.jp (M.A.) 

 

This PDF file includes 

Materials and Methods 

Figure and Table database Legends 

References 

 

 

mailto:songxj@ibcas.ac.cn
mailto:jacobsen@ucla.edu
mailto:ashi@agr.nagoya-u.ac.jp
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SUPPORTING ONLINE MATERIAL 

Materials and Methods 

Plant populations and quantitative trait locus (QTL) analysis. A set of backcrossed 

inbred lines (BILs) containing 98 individual lines was grown in the paddy field of Nagoya 

University, Aichi Prefecture, Japan, in 2007, under standard cultivation conditions. An 

average of 1,000-grain weight of five individual plants from each of the BILs was obtained 

after harvesting and air-drying for around one month. The grain weight of the BILs was 

used as the phenotype for QTL detection. 

A chromosomal segment substituted line, CSSL29, was chosen and crossed with the 

Nipponbare (Nipp) line to produce an F2 population for QTL mapping. Markers xj112 and 

xj113 on the long arm of rice chromosome 6 were chosen as a result of the segregation of 

the desired genotype and grain weight phenotype on the F2 population. The F2 and 

correspondingly derived F3 populations were used for marker-assisted QTL mapping, and 

GW6 was mapped to the candidate region spanned by xj112 and xj113. To further map 

GW6a locus, progeny testing of homozygous recombinant plants was performed with the 

aid of newly developed molecular markers; and we selected the NIL(OsglHAT1) that has a 

fixed Nipp genotype at GW6b locus from a F5 generation by DNA marker assistance. 

Relevant marker sequences can be found in Table S1.  

 

Transgenic assays in rice plants. We screened a Kasalath (Kasa) genomic DNA library 

using markers that define the GW6a locus (xj-6 and xj-11), and identified a positive BAC 

clone, BAC_K0242A07. Partially digested fragments of BAC_K0242A07 by the 

endogenous restriction enzyme HindIII were segregated, recovered and inserted into vector 

pYLTAC7 (1). We verified the vectors by sequence analysis and used them for transgenic 

assays in rice as described previously (2). The full-length OsglHAT1 cDNA ORF was 

amplified from the CS tissue (see Text) of both Nipp and CSSL29 plants and cloned into 

the plant binary vector pHB (3) for over-expression of OsglHAT1, whereas down-

regulation of the gene was obtained via the insertion of OsglHAT1
N
 cDNA ORF in the 
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antisense orientation. Furthermore, we generated a series of amino acid swaps in OsglHAT1 

alleles (Figure S4A) by PCR amplification of mixed allele templates derived from 

restriction enzyme digestions, and then cloned them into the binary vector described above. 

We have a total of 16 OsglHAT1N-OE (7 of these showed significantly enlarged grains in 

T0 generation) and 11 OsglHAT1K-OE (4 of these produced enlarged grains in T0 

generation) independent transgenic lines in rice plants, and we used typical transgenes (that 

were confirmed by RT-PCT experiments) in Figure C in the text. 

 

Generation of transgenic Arabidopsis expressing OsglHAT1. The OsglHAT1 coding 

region from Nipp and Kasa were amplified by RT-PCR using the primers 5’-

caccatggtggagacgacgacg-3’ and 5’-ttagaactcgcgggggtcgacg-3’, ligated into the pENTR/D-

TOPO vector (Invitrogen), and then integrated into the Gateway binary vector pBA002Gw-

HA (a derivative of pBA002-HA) (4) using LR clonase (Invirtogen). These constructs were 

introduced into Arabidopsis plants by the floral dip method (5). T3 homozygous progeny 

were used for these experiments.  We totally assayed 4 and 3 independent transgenic 

Arabidopsis lines of OsglHAT1N-OE and OsglHAT1K-OE, respectively, whose phenotypes 

are segregating in T2 generation. 

 

RNA extraction, cDNA synthesis and RT-PCR. Total RNA was isolated by using the 

RNeasy Plant Mini Kit (Qiagene) and then digested by recombinant DNase I (RNase-free, 

Takara) to remove possible genomic DNA contamination, following the manufacturer’s 

instructions; the resulting total RNA was quantified using a NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific). For first-strand cDNA synthesis, 2 μg of 

total RNA for each sample was used for reverse transcription using Omniscript Reverse 

Transcriptase (Qiagene) according to the standard protocol of the manufacturer. The 

synthesized cDNA was then diluted 1:5 with milli-Q water and used directly for RT-PCR 

and qPCR reactions.  

qPCR was performed on the thermal cycler CFX96 Real-time PCR System (Bio-Rad) 

using the SYBR Green PCR Master Mix (Bio-Rad) and the primers listed in Table S1. The 
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relative expression level was normalized to ubiquitin. Each analysis was performed in 

triplicate. 

 

Protein preparation and assays for HAT activity. For the in vitro HAT assay, we cloned 

cDNA ORF encoding the OsglHAT1 Nipp or Kasa alleles into pET32a (+). Escherichia 

coli BL21 (DE3) pLysS Rosetta-gami 2 (Novagen) was used as a host strain for the 

production of recombinant fusion HIS-OsglHAT1 proteins. The induction and purification 

of these proteins were performed as described in the manufacturer’s protocol. We 

purchased a fluorescent HAT Assay Kit (Active Motif) and followed the manufacturer’s 

instructions with the following modifications: the reaction mixture of 30 μl containing 5 × 

HAT assay buffer, 2 μl acetyl-CoA (0.5 mM), 1 μl Xenopus chromatin (treatment of 

nucleus exaction of 2 × 10
8
 blood cell per milliliter) and the indicated volume of protein 

(purified fusion or HIS-tag only) was incubated at 30°C for 1.5 h. One third of each 

reaction mixture, 10 μl, was resolved in 15% SDS-PAGE for a Western blot probed for 

acetylation of Histone H4 (anti-H4Ac, Millipore). 

For the in vivo HAT assay, we harvested 1.5 g of young panicle samples from both 

transgenic OsglHAT1-OE and vector control plants, ground them to powder in liquid 

nitrogen and suspended the samples in extraction buffer I (400 mM Sucrose, 10 mM Tris-

Cl, pH 8.0, 10 mM MgCl2, 5 mM β-mercaptoethanol, and complete protease inhibitor 

cocktail [Roche]). Nuclei preparations were prepared by using extraction buffer II (250 mM 

Sucrose, 10 mM Tris-Cl, pH 8.0, 10 mM MgCl2, 1% Triton X-100, 5 mM β-

mercaptoethanol, and complete protease inhibitor cocktail) and extraction buffer III (1.7 M 

Sucrose, 10 mM Tris-Cl, pH 8.0, 0.15% Triton X-100, 2 mM MgCl2, 5 mM β-

mercaptoethanol, and complete protease inhibitor cocktail). The pellets were suspended in 

nuclear lysis buffer (10 mM Tris-Cl, pH 8.0, 1% SDS, 10 mM EDTA, and complete 

protease inhibitor cocktail) for 30 minutes on ice. The reactions were stopped with 2× SDS-

PAGE loading buffer (95°C, 5 min), and samples were analyzed by 15% SDS-PAGE. 
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In situ RNA hybridization. A cDNA fragment was amplified by RT-PCR using the 

primer-set specific to OsglHAT1 listed in Table S1 and cloned into both pBluescript II SK+ 

and pBluescript II KS+ vectors, linearized and used for making digoxygenin-labelled sense 

and anti-sense probes, respectively. Sample fixation, section and in situ hybridization were 

performed as described previously (6). 

 

Subcellular localization and OsglHAT1 promoter-GUS analysis. We made a GFP-

OsglHAT1 (from Kasalath) in-frame fusion construct under the control of the CaMV 35S 

promoter and bombarded the construct into onion epidermal cells using the PDS-1000/He 

device (Bio-Rad). 4',6-diamidino-2- phenylindole (DAPI, pH 7.0) was used to stain nuclei 

of onion epidermal cells prior to examination of the transient expression of the bombarded 

samples using a Zeiss LSM700 confocal laser microscope. Using the primer set listed in 

Table S1, we amplified the OsglHAT1 promoter segments from both parental genomic 

DNAs (pOsglHAT1
N
: 1,681 base pairs and pOsglHAT1

 K
: 1,652 base pairs). We then 

inserted these segments into the binary vector pCAMBIA1300, generating transgenic rice 

plants carrying these constructs. GUS staining of tissues and organs of transgenic plants 

was carried out as described previously (7). The 20 day-old whole pOsglHAT1
 N

-GUS and 

pOsglHAT1
 K

-GUS transgenic plants were homogenized in an extraction buffer for crude 

protein extraction as described by Yamamoto et al. (8). For quantification of GUS activity, 

a MUG assay was conducted following the method described by Ge et al. (7). 

 

Transient expression assays in maize leaf protoplasts. We inserted pOsglHAT1
 N

 and 

pOsglHAT1
 K

 fragments by a combination-digestion of XhoI and BamHI into the NBS-LUC 

control reporter construct (9) in which the 35S minimal promoter was replaced by the 

insertions. Transient expression assays using maize leaf protoplasts were carried out 

according to the protocol described by Studer et al. (10). Reporter assays were performed 

more than three times with similar results, and each assay contained three technical 

replicates per construct. 
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Histological examination by scanning electron microscopy (SEM). Spikelet hulls from 

NIL(OsglHAT1) and Nipp plants were collected before fertilization and fixed in FAA 

solution (50% ethanol, 5% glacial acetic acid and 5% formaldehyde). The inner epidermal 

cells of lemma of the spikelet hulls were observed by SEM (S-3000N, Hitachi, Tokyo, 

Japan). A central 4 mm
2
 region of the lemma was photographed and > 50 cells per lemma 

were measured using ImageJ software (11). 

 

RNA-seq and GO analysis. Total RNA was extracted from CS tissues containing shoot 

apical meristems of Nipp, GW6a-4.6 and OsglHAT1-OE plants as described above. Single-

end libraries were constructed using the Tru-seq RNA library construction kit (Illumina), 

and sequencing was performed on an Illumina Genome Analyzer IIx Sequencer. A total of 

33 base pair single-end reads were aligned to the transcript sequence of the Nipp genome 

from IRGSP (http://rapdb.dna.affrc.go.jp/download/archive/irgsp1/) using Bowtie (12). 

Differentially expressed genes were identified through a pair-wise comparison using EdgeR 

(normalized with TbT) (13). Two or three biological replicates were used in each genotype 

to identify transcripts showing significant differences (cut-off false discovery rate (FDR) < 

0.05; fold change > 2) between wild type and GW6a-4.6 or OsglHAT1-OE lines. Functional 

annotation of significantly different transcripts and enrichment analysis were performed 

with agriGO (14). Fisher’s exact test was conducted to reveal significantly enriched GO 

terms and a representative set of GO terms was used in Fig. S18. The differentially 

expressed genes are listed in Table Database S1 and gene ontology analysis data is 

available in Table Database S2. 

 

Sequence analysis of putative OsglHAT1 homologs. Using the OsglHAT1
 N

 (Nipp allele) 

amino acid sequence as a query string, we performed a sequence blast against the GenBank 

(NCBI) and RGP databases, identifying a total of 59 putative homologs of OsglHAT1. The 

phylogenetic tree shown in Fig. S19 was constructed using GENETYX (Ver.10). 

 

http://rapdb.dna.affrc.go.jp/download/archive/irgsp1/
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Genetic diversity and coalescent simulation analyses. We used a diverse set of rice 

accessions for the genetic diversity analysis in the GW6a region: 50 landraces of indica, 14 

landraces of japonica (see information at http://www.gene.affrc.go.jp/databases-

core_collections_wr.php#note02_f), and 34 accessions of O.rufipogon (Table S2). 

Accessions were sequenced at three OsglHAT1 sites—the promoter region, 50 kb upstream 

and 60 kb downstream of the gene body; nucleotide diversity per site was estimated for 

landrace groups and for O. rufipogon using DnaSP 5.1 (15). We conducted coalescent 

simulations with a two-population model of domestication as described in Gao & Innan 

(16), in which we assumed Nrufipogon = Nsativa =125,000. To estimate the timing of the 

domestication event, we tested several values (Tdomestication = {7500, 9000, 10000, 12000}). 

Selfing rates of landraces and O. rufipogon were estimated, respectively, to be 95% and 

60% in our simulation, with a recombination rate of 4 cM/Mb across the genome. Selection 

and bottleneck caused a reduction of genetic diversity in landraces. The severity of the 

bottleneck for the indica and japonica domestication process was estimated to be kindica = 

1.5 and kjaponica = 0.9 (16). To distinguish these two factors, based on a two-population 

model with bottleneck (as a neutral model), we collected 10,000 simulation replications. 

We tested whether the low nucleotide diversity observed in rice landraces could be 

explained by a population bottleneck alone because this would have caused a reduction in 

nucleotide diversity throughout the genome. Respective neutrality in these three sites was 

not rejected (Table S2). 

 

 

 

 

 

 

 

 

 

http://www.gene.affrc.go.jp/databases-core_collections_wr.php#note02_f
http://www.gene.affrc.go.jp/databases-core_collections_wr.php#note02_f
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Fig. S1  

                          

Fig. S1. Frequency distribution of grain weight in the BIL series derived from Nipp and 

Kasa. Arrows indicate the mean grain weight phenotype for two parents: Nipp and Kasa.  

 

Fig. S2 

                

Fig. S2. Transgenic plants containing GW6a-k-5 and GW6a-k-28 sub-BAC clones bore 

larger (A) and significantly heavier grains (B) than the vector control (Control). ***, P < 

0.001. Student’s t-test was used to generate the P values. Data are the means ± SD (n = 3).  
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Fig. S3   

                                

Fig. S3. Transgenic plants carrying amino acid-swapped OsglHAT1 parental alleles (A) 

bore apparently larger (B) and significantly heavier grains (D) with increased OsglHAT1 

transcript expression as measured by RT-PCR (C). **, P < 0.05; ***, P < 0.001. Student’s 

t-test was used to generate the P values. Data are the means ± SD (n = 3).  
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Fig. S4  

            

Fig. S4. Levels of OsglHAT1 transcripts in the transgenic plants were probed. (A) Gene 

structure of OsglHAT1 and relative PCR product locations (the numbered blue bars) for 

transcription analysis. (B) RT-PCR results showing that relative to the vector control, the 

expression of OsglHAT1 transcripts was clearly elevated in rice plants containing the 

OsglHAT1
N
- and OsglHAT1

K
-OE transgenic constructs. (C) The enhanced exogenous 

expression of OsglHAT1
 (2) 

in the plant containing the OsglHAT1
N
-AS transgenic construct 

indicated a successful transgenic assay, while the endogenous level of OsglHAT1 

transcripts in the same plant was actually reduced, as revealed by the amplification of 

primer set OsglHAT1
(1)

. (D) The endogenous OsglHAT1 transcription by qPCR analysis in 

the same OsglHAT1-AS transgenic plant as in (C) using primer set OsglHAT1
(1) 

(see legend 

for A). RNA was isolated and quantitated by qPCR, normalized to ubiquitin.  ***, P < 

0.001. Student’s t-test was used to generate the P values. Data are the means ± SD (n = 3). 

(E) The OsglHAT1 transcript in Arabidopsis transgenic plants was clearly elevated.  
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Fig. S5  
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Fig. S5. The expression pattern of OsglHAT1 was assayed using RT-PCR in the various 

organs and tissues indicated. N, Nipp; NIL, NIL(OsglHAT1); CS tissue, ~1cm-long culm 

tissue containing the shoot apical meristem.  
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Fig. S6. A genotype map shows the altered SNPs of homozygous recombinants assayed by 

sequencing the genomic region between markers xj-17 and xj-20 with Nipp and CSSL29 as 

controls. Relative nucleotide distances from the translation start site (ATG) of the Nipp 

sequence are shown.  
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Fig. S7  
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Fig. S7. The OsglHAT1 mRNA is expressed in the basal part of the abaxial side of the bract 

shown by in situ hybridization of longitudinal (A) and transverse (B) sections compared to 

a negative control using a sense probe made from the OsglHAT1 gene (C). ls, leaf sheath; 

vb, vascular bundle.  

 

Fig. S8  
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Fig. S8. Comparisons of grain shape components, including grain length (A), width (B), 

and thickness (C), in Nipp and NIL(OsglHAT1) plants. **, P < 0.05; ***, P < 0.001; N.S., 

not significant. Student’s t-test was used to generate the P values. Data are the means ± SD 

(n = 3).  
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Fig. S9  
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Fig. S9. Characterization of grain milk filling in Nipp and NIL(OsglHAT1) revealed the 

time course of the fresh weight increase of brown grains. Data are the means ± SD (n = ~3 

to 5 plants). **, P < 0.05; N.S., not significant. Student’s t-test was used to generate the P 

values.  
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Fig. S10  
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Fig. S10. Comparisons of agronomic traits between Nipp and NIL(OsglHAT1), including 

mean weight of 1,000 grains (A), mean weight of 1,000 brown grain (B), mean grain 

number per panicle (C), mean panicle number per plant (D), and mean plant height (E). **, 

P < 0.05; ***, P < 0.001; N.S., not significant. Student’s t-test was used to generate the P 

values. Data are the means ± SD (n > 20 plants).  
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Fig. S11  
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Fig. S11. GW6 contributes to both grain yield and plant biomass. Comparison of grain 

yields per panicle (A). The plant phenotype of Nipp and CSSL29 (B), and accordingly, the 

quantification of plant height (C) and biomass per plant (D). ***, P < 0.001; N.S., not 

significant. Student’s t-test was used to generate the P values. Data are the means ± SD (n > 

20 plants).  

Fig. S12  
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Fig. S12. OsglHAT1 modulates plant height and vegetative growth. (A) Genetic evidence 

showing that the 4-kb region of GW6a is also responsible for plant height. (B) The early 

seedling stage phenotypes. (C) Quantification of the height of the plants shown in B. *, P < 

0.1; ***, P < 0.001. Student’s t-test was used to generate the P values. Data are the means 

± SD (n > 15 plants).  



16 

Fig. S13  
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Fig. S13. Purification of the GNAT motif fragment of OsglHAT1. (A) Schematic of HIS-

tag,  the OsglHAT1 protein and derivatives for expression and purification from E.coli cells 

and for histone acetyltransferase activity assays. (B) SDS-PAGE analysis of the purified 

OsglHAT1 proteins from E.coli cells. Arrowheads indicate HIS-OsglHAT1 fusition proteins 

or HIS-tag alone.  
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Fig. S14  

                 

C
Os
glH
AT
1-O

E #1

Os
glH
AT
1-O

E #2

Contro
l

Os
glH
AT
1-O

E #1

Os
glH
AT
1-O

E #2

Contro
l

α-H4K8Acα-H4K8Ac

α-H4K16Acα-H4K16Ac

α-H4K5Acα-H4K5Ac

α-H4Acα-H4Ac

α-H4K12Acα-H4K12Ac

α-H4α-H4

△
△

△
△

△
△

A

Xenopus Chromatin + +
_

+ + + +

HIS-tag _
+

_ _ _ _ _

p300 +
_ _ _ _ _ _

Acetyl-CoA + +
_

+ + + +

HIS-OsglHAT1 _ _
+

_ _

HIS-OsglHAT1-N _ _ _ _ _

△
△

△
△

△
△

△
△

kDa
15

10

75

50

37

100

α-H4Ac

α-H4K5Ac

α-H4K8Ac

α-H4K12Ac

α-H4K16Ac

α-H4

(S
il
v

e
r 

S
ta

in
in

g
)

*
*

B

kDa

10

15

α-H4Ac

△

100
75

(Silver Staining)

△

α-H4 △

Acetyl-CoA

p300

HIS-OsglHAT1

HIS-OsglHAT1-m(R146W)

HIS-tag

Xenopus Chromatin

+

+

+

_

_

_

+

+

+
_

_

_

_

_

_

_

_
+

+ + + +
_ _ _ _

+ + + +

_ _ _ _

_ _

__

*
*

 

Fig. S14. OsglHAT1 is a histone H4 acetyltransferase. (A) in vitro HAT assay of OsglHAT1 

proteins towards chromatin histone H4. Acetylation was detected by Western blot analysis 

using an antibody against acetylated histone H4 (H4Ac) or specific acetylation sites in the 

histone H4 N-terminal tail indicated on the left. (B) The R146W mutation of OsglHAT1 

protein abolished its ability to acetylating chromatin histone H4 in vitro HAT assays. (C) 

The in vivo substrate specificity of OsglHAT1. Specific antibodies in Western blot analysis 

are indicated on the left. Asterisks in A and B denote nonspecific bands.  

Fig. S15  

                           

DAPI GFP-OsglHAT1 DICMerge

← ← ←

DAPI GFP-OsglHAT1 DICMergeDAPI GFP-OsglHAT1 DICMerge

← ← ←

 

Fig. S15. GFP-OsglHAT1 was localized to the nucleus. DAPI staining indicates the nucleus 

of the onion epidermal cell. Scale bars: 100 µm.  
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Fig. S16  
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Fig. S16. Biological replicates of RNA-seq results are highly reproducible. (A) Correlation 

of RNA-seq from replicates in the wild type Nipp, GW6a-4.6 and OsglHAT1-OE samples. 

(B) Hierarchical clustering of all samples from the wild type Nipp, GW6a-4.6 and 

OsglHAT1-OE. (C) Principal component analysis of all samples from the wild type Nipp, 

GW6a-4.6 and OsglHAT1-OE.                                                          
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Fig. S17  
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Fig. S17. RNA-seq analysis shows that changed OsglHAT1 expression in transgenic plants 

alters transcription of a wide variety of biological processes and molecular functions. Venn 

diagram shows the numbers of up-regulated (A) and down-regulated genes (B). 

Significantly enriched GO terms show representative biological processes of up-regulated 

(C) and down-regulated genes (D). Significantly enriched GO -terms of representative 

molecular function categories of up-regulated (E) and down-regulated genes (F) identified 

in A and B, respectively.  
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Fig. S18  

             

Fig. S18. qPCR analysis of indicated gene expressions (A). RNA was isolated from the 

indicated young panicle tissues, and these RNAs quantitated by qPCR, normalized to 

ACTIN. *, P < 0.01; **, P < 0.001. Student’s t-test was used to generate the P values. 

Graph shows comparisons of read counting among the control, GW6a-4.6, and OsglHAT1-

OE genotypes in the RNA-seq experiments (B). *, P < 0.01; **, P < 0.001. We used EdgeR 

with TbT normalization to find differentially expressed genes and calculate FDR values as 

described in the Materials and Methods.                                                   
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Fig. S19          

                               

Fig. S19. A phylogenetic view of putative OsglHAT1 homologs.  Fifty-nine OsglHAT1 

homologs were obtained from database searches. At, Arabidopsis thaliana; Bd, 

Brachypodium distachyon; Bn, Brassica napus; Gm, Glycine max; Hv, Hordeum vulgare; 

Mt, Medicago truncatula; Pp, Physcomitrella patens; Pt, Populus trichocarpa; Rc, Ricinus 

communis; Sb, Sorghum bicolor; Sm, Selaginella moellendorffii; Ts, Turnera subulata; Vv, 

Vitis vinifera; Zm, Zea mays.     
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Table S1              

Primer sets used in this study

Primer/
gene name Forward (5’-3’) Reverse (5’-3’ )

Primer type
/usage

xj112

xj113

xj-14

CAC TAA TCA AGC CAC TTC GG CGA AAC TTG TTT TCC TTC CC

AGG AAA ACC GTA GCG TAG AC GGC TTT CAG CAA TTC ACT GG 

GTG AGG GTG TTG ACG ATT TTC TCC GTT TCC TTA TAG GTT TTG

xj-6 AGC CAA GAA GCA AGA ACT CA ACC TCA ACC TGT CGC TCA A

xj-11 AGA TAG CTT TAC GGC CTG TT CAT CGG ATA TGC GGA CAC

xj-20-5 ATA GAG TAT CAT TCC GTT GG GAG TGG CTC CAT TTC TTG

xj-19-7 TCT GTT GGC AGC ACG ATT TG CTG TGA ATG CGG CTG TTT GC

xj-5769 ACT GGC AGG ATG AGT GGT A GGG CCG TTG ATA GTA AAG AT

xj-7 AGG TGG GGC ATG TCG GTG CGG AAG GCG CAG CAG AGT

xj-16a TGG ACA CGA ATG AAA AGG ATA CAG AGA GAG GGG GGA

xj-20 ATC ATT GCC ACC GAT GCT TTG ACC GGC CAA ATC ACT

xj-17 ATG TTC GTT CTG GTC TTG CTG TCC TCT TTT TTC TTC

CAPS/TaqI

OsglHAT1(1)

OsglHAT1(2)

pOsglHAT1

UBQ

OsglHAT1

CGT GTA TAA ATG CGC CAC AC GGC CGA TCT CAC CAG CTA C

GAA GGC GAG CAT GTC TCT CTG CG GGC GAC CTT CAC GAA TGG CTT C

GCtctagaG GCC GAT CTC ACC AGC TAC ACGCgtcgacCGCTGCCAATTCACATTAC 

ATG GTG GAG ACG ACG ACG ATG TTA GAA CTC GCG GGG GTC G

GACGGACGCACCCTGGCTGACTAC TGCTGCCAATTACCATATACCACGAC

ACTIN GTT GGG ATG AAC CAG AAG GA GAA CCA CCG ATC CAG ACA CT

SSR

SSR

STS

STS

STS

STS

STS

STS

STS

STS

STS
ORF
cloning

RT-(q)PCR

qPCR

RT-(q)PCR

promoter 
cloning

RT-PCR

GCT GTT CAC GGG GAG GTT TGA GGT TCT TGA TGC ACC AG
in situ
hybridization

Domestication 
analysis

Domestication 
analysis

ATTATGGCACCGGAGTGGTT GAGCAGGCTAGGACATGGGT

GGAAAATGATCCGGCAAG GCCCGCAAGGAAAGAAAT

Up-50K

Down-60K

R146W GGT GTC GCC ATC TCA CTG GCG GCT GGG GAT CGG G

CCC GAT CCC CAG CCG CCA GTG AGA TGG CGA CAC C

Making of construct of

OsglHAT1-m (R146W)
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Table S2  

 

Sequence diversity in Oryza sativa and rufipogon around OsglHAT1 region and results of 

the tests of selection.  

Oryza rufipogon Oryza sativa spp. indica Oryza sativa spp. japonica

Gene/region

up-stream

down-stream

promoter

N

34

34

34

L

620

619

520

S

40

8

8

h

22

8

7

π

0.01012

0.00230

0.00424

θ

0.01578

0.00316

0.00376

Tajima’s D

-1.29410

-0.80339

0.37493

N

50

50

50

L

622

623

520

S

14

6

6

h

5

5

5

π

0.00570

0.00262

0.00224

θ

0.00538

0.00215

0.00258

Tajima’s D

0.17771

0.55712

-0.33344

Coalescent
Simulation

rufipogon VS

indica

P > 0.51

P > 0.90

P > 0.47

N

14

14

14

L

659

623

520

S

7

1

1

h

2

2

2

π

0.00152

0.00023

0.00085

θ

0.00334

0.00050

0.00060

Tajima’s D

-2.01359*

-1.15524

0.84228

Coalescent

Simulation

rufipogon VS

japonica

P > 0.34

P > 0.21

P > 0.40

Oryza rufipogon Oryza sativa spp. indica Oryza sativa spp. japonica

Gene/region

up-stream

down-stream

promoter

N

34

34

34

L

620

619

520

S

40

8

8

h

22

8

7

π

0.01012

0.00230

0.00424

θ

0.01578

0.00316

0.00376

Tajima’s D

-1.29410

-0.80339

0.37493

N

50

50

50

L

622

623

520

S

14

6

6

h

5

5

5

π

0.00570

0.00262

0.00224

θ

0.00538

0.00215

0.00258

Tajima’s D

0.17771

0.55712

-0.33344

Coalescent
Simulation

rufipogon VS

indica

P > 0.51

P > 0.90

P > 0.47

N

14

14

14

L

659

623

520

S

7

1

1

h

2

2

2

π

0.00152

0.00023

0.00085

θ

0.00334

0.00050

0.00060

Tajima’s D

-2.01359*

-1.15524

0.84228

Coalescent

Simulation

rufipogon VS

japonica

P > 0.34

P > 0.21

P > 0.40  

N, number of sampled sequences; L, length of the core alignments in which all sequences 

contain bases, excluding gaps; S, total number of segregating sites; h, number of unique 

sequences (haplotypes); π, average proportion of pairwise differences per base pair at all 

sites (17); θ, a function of both the number of polymorphic sites and the number of sampled 

sequences at all sites (18); Tajima’s D, statistics of neutrality at all sites (19). *, P < 0.05.  

 

 

 

 

 

 

 

 

 

 



24 

Table S3  
T
ab

le
 S

3
. 
pO

sg
lH

A
T
1

 a
lle

le
s 

an
d 

th
e
 n

u
c
le

o
ti
de

 p
o
ly

m
o
rp

h
is

m
s 

in
 a

 s
e
t 

o
f 

5
0
 O

ry
za

 s
at

iv
a

 s
sp

. 
in

di
ca

 c
u
lt
iv

ar
s,

 1
4
 O

ry
za

 s
at

iv
a

 s
sp

. j
ap

on
ic

a
 c

u
lt
iv

ar
s,

 a
n
d 

3
4
 O

ry
za

 r
uf

ip
og

on
 a

c
c
e
ss

io
n
s.

6
1
1

2
2

2
7

4
9

5
4

1
3
4

1
4
3

2
9
3
-
2
9
6

4
0
3

4
0
7

4
5
0

5
1
0

A
c
c
e
ss

io
n
 n

am
e

A
c
c
e
ss

io
n
 n

o
.

O
ri
gi

n
G

ro
u
p

S
N

P
S

N
P

S
N

P
S

N
P

S
N

P
S

N
P

S
N

P
S

N
P

In
D

e
l

S
N

P
S

N
P

S
N

P
S

N
P

pG
N

A
T

 t
yp

e
K

as
al

at
h

W
R

C
 0

2
In

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

A
R

C
 5

9
5
5

W
R

C
 3

5
In

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

T
C

C
T

In
se

rt
io

n
C

C
C

G
B

ad
ar

i D
h
an

W
R

C
 3

9
N

e
pa

l
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

N
e
pa

l 5
5
5

W
R

C
 4

0
In

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

T
C

C
T

In
se

rt
io

n
C

C
C

G
J
e
n
a 

0
3
5

W
R

C
 0

4
N

e
pa

l
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

A
R

C
 7

2
9
1

W
R

C
 3

4
In

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

S
h
o
n
i

W
R

C
 3

1
B

an
gl

ad
e
sh

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

T
C

C
T

In
se

rt
io

n
C

C
C

G
T
u
pa

 1
2
1
-
3

W
R

C
 3

2
B

an
gl

ad
e
sh

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

R
at

u
l

W
R

C
 3

6
In

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

T
C

C
T

In
se

rt
io

n
C

C
C

G
A

R
C

 7
0
4
7

W
R

C
 3

7
In

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

A
R

C
 1

1
0
9
4

W
R

C
 3

8
In

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

T
C

C
T

In
se

rt
io

n
C

C
C

G
M

u
h
a

W
R

C
 2

5
In

do
n
e
si

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

J
h
o
n
a 

2
W

R
C

 2
6

In
di

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

N
e
pa

l 8
W

R
C

 2
7

N
e
pa

l
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

S
u
rj

am
u
kh

i
W

R
C

 3
3

In
di

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

J
ar

ja
n

W
R

C
 2

8
B

h
u
ta

n
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

K
al

o
 D

h
an

W
R

C
 2

9
N

e
pa

l
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

A
n
ja

n
a 

D
h
an

W
R

C
 3

0
N

e
pa

l
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

L
o
c
al

 B
as

m
at

i
W

R
C

 4
2

In
di

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

K
al

u
h
e
e
n
at

i
W

R
C

 4
1

S
ri
 L

an
ka

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

N
e
an

g 
M

e
n
h

W
R

C
 5

8
C

am
bo

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

N
ab

a
W

R
C

 0
5

In
di

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

H
ak

ph
ay

n
h
ay

W
R

C
 6

0
L
ao

s
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

T
C

A
C

G
In

se
rt

io
n

C
C

C
A

R
ad

in
 G

o
i S

e
sa

t
W

R
C

 6
1

M
al

ay
si

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

K
e
m

as
in

W
R

C
 6

2
M

al
ay

si
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

P
u
lu

ik
 A

ra
n
g

W
R

C
 0

6
In

do
n
e
si

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

B
le

iy
o

W
R

C
 6

3
T
h
ai

la
n
d

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

P
ad

i K
u
n
in

g
W

R
C

 6
4

In
do

n
e
si

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

D
av

ao
 1

W
R

C
 0

7
P

h
ili
pp

in
e
s

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

R
yo

u
 S

u
is

an
 K

o
u
m

ai
W

R
C

 0
9

C
h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

S
h
u
u
so

u
sh

u
W

R
C

 1
0

C
h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

T
C

A
C

G
In

se
rt

io
n

C
C

C
A

K
e
ib

o
ba

W
R

C
 1

7
C

h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

T
C

A
C

G
In

se
rt

io
n

C
C

C
A

B
in

ga
la

W
R

C
 6

6
M

ya
n
m

ar
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

R
am

bh
o
g

W
R

C
 6

5
In

di
a

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
T

C
A

C
G

In
se

rt
io

n
C

C
C

A
A

su
W

R
C

 1
3

B
h
u
ta

n
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
A

J
in

gu
o
yi

n
W

R
C

 1
1

C
h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

C
o
 1

3
W

R
C

 1
5

In
di

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

V
ar

y 
F
u
ts

i
W

R
C

 1
6

M
ad

ag
as

c
ar

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

IR
 5

8
W

R
C

 1
4

P
h
ili
pp

in
e
s

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

M
ily

an
g 

2
3

W
R

C
 5

7
S

o
u
th

 K
o
re

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

Q
in

gy
u
 (

S
e
iy

u
)

W
R

C
 1

8
T
ai

w
an

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
T

C
A

C
G

In
se

rt
io

n
C

C
C

A
D

e
n
g 

P
ao

 Z
h
ai

 (
T
o
u
fu

ts
u
sa

i)
W

R
C

 1
9

C
h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

T
C

A
C

G
In

se
rt

io
n

C
C

C
A

T
ad

u
ka

n
W

R
C

 2
0

P
h
ili
pp

in
e
s

O
ry

za
 s

at
iv

a 
ss

p.
 in

di
ca

T
T

G
G

C
C

C
G

In
se

rt
io

n
C

C
C

G
K

as
al

at
h
-
ty

pe
 a

lle
le

S
h
w

e
 N

an
g 

G
yi

W
R

C
 2

1
M

ya
n
m

ar
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

C
h
in

 G
al

ay
W

R
C

 9
7

M
ya

n
m

ar
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

D
e
e
jia

o
h
u
al

u
o

W
R

C
 9

8
C

h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
C

C
C

G
In

se
rt

io
n

C
C

C
G

K
as

al
at

h
-
ty

pe
 a

lle
le

H
o
n
g 

C
h
e
u
h
 Z

ai
W

R
C

 9
9

C
h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

V
an

da
ra

n
W

R
C

 1
0
0

C
h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
T

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

B
as

ila
n
o
n

W
R

C
 4

4
C

h
in

a
O

ry
za

 s
at

iv
a 

ss
p.

 in
di

ca
C

T
G

G
T

C
C

T
In

se
rt

io
n

C
C

C
G

P
o
si

ti
o
n
 in

 p
O

sg
lH

A
T
1

 s
e
qu

e
n
c
e

 

 



25 

Table S3, continued.  
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Table S4  

Table S4. O. rufipogon accession list
Sequence ID Accession No. Origin Group Annual Perennial Allele

W1 W2265 Laos O. rufipogon Annual - Different allele from Kasalath

W2 W2014 India O. rufipogon - - Different allele from Kasalath

W3 AS067 Thailand O. rufipogon - - Different allele from Kasalath

W4 W0106 India O. rufipogon - - Kasalath allele

W5 AS049 Sri Lanka O. rufipogon Annual - Different allele from Kasalath

W8 AS052 Nepal O. rufipogon Annual - Different allele from Kasalath

W9 AS081 Vietnam O. rufipogon - - Different allele from Kasalath

W10 W0108 India O. rufipogon - Perennial Different allele from Kasalath

W11 IRGC105402 China O. rufipogon - - Different allele from Kasalath

W12 W1294 Philippines O. rufipogon - Perennial Different allele from Kasalath

W13 W1943 China O. rufipogon Annual - Different allele from Kasalath

W14 AS085 China O. rufipogon - - Different allele from Kasalath

W15 W1681 India O. rufipogon - - Kasalath allele

W16 W0593 Malaysia O. rufipogon - - Different allele from Kasalath

W17 W1715 China O. rufipogon - Perennial Different allele from Kasalath

W18 W1865 Thailand O. rufipogon - - Kasalath allele

W19 W0137 India O. rufipogon - - Different allele from Kasalath

W20 W1944 China O. rufipogon - - Kasalath allele

W21 W1685 India O. rufipogon Annual - Kasalath allele

W22 IRGC101508 India O. rufipogon - - Different allele from Kasalath

W23 AS062 Laos O. rufipogon - - Kasalath allele

W25 W2264 Vietnam O. rufipogon - Perennial Different allele from Kasalath

W26 W1551 Thailand O. rufipogon - - Kasalath allele

W28 W2003 India O. rufipogon - - Different allele from Kasalath

W29 AS059 Bangladesh O. rufipogon - - Kasalath allele

W30 W1852 Thailand O. rufipogon Annual - Kasalath allele

W31 W1669 India O. rufipogon - - Kasalath allele

W32 AS051 Nepal O. rufipogon - - Different allele from Kasalath

W34 W0574 (IRGC105491) Malaysia O. rufipogon - - Different allele from Kasalath

W35 IRGC105908 Thailand O. rufipogon - - Kasalath allele

W36 W1981 Indonesia O. rufipogon - - Different allele from Kasalath

W37 W0107 India O. rufipogon - - Kasalath allele

W38 W2266 Laos O. rufipogon - Perennial Different allele from Kasalath

W39 W0610 Myanmar O. rufipogon - - Kasalath allele
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Table database S1. Differentially expressed gene list. The database contains a list of 

significantly (FDR < 0.05) up- or down-regulated genes with 2-fold or 1/2-fold change in 

both GW6a-4.6 and OsglHAT1-OE compared to Nipp. Fold change is indicated as a log10 

value. 

Table database S2. Enriched GO term. Genes listed in Database 1 were subjected to GO 

enrichment analysis. Database 2 includes significantly enriched GO terms (FDR < 0.05) for 

biological process (P), molecular function (F) and cellular component (C). Genes annotated 

with each enriched GO term are listed in the “entries” column. “bgitem”, the background 

number of genes annotated with the GO term; “querytotal”, the number of genes annotated 

with GO terms in the genes subjected to analysis; “queryitem”, the number of genes 

annotated with the GO term in the genes subjected to analysis. 
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