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ABSTRACT
Lodging reduces grain yield and quality in cereal
crops. Lodging resistance is affected by the
strength of the culm, which is influenced by the
culm diameter, culm wall thickness, and cell wall
composition. To explore the genetic architecture
of culm diameter in rice (Oryza sativa), we con-
ducted a genome‐wide association study (GWAS).
We identified STRONG CULM 2 (STRONG2),
which encodes the mannan synthase CSLA5, and

showed that plants that overexpressed this gene
had increased culm diameter and improved
lodging resistance. STRONG2 appears to increase
the levels of cell wall components, such as man-
nose and cellulose, thereby enhancing scler-
enchyma development in stems. SNP14931253 in
the STRONG2 promoter contributes to variation in
STRONG2 expression in natural germplasms and
the transcription factor MYB61 directly activates
STRONG2 expression. Furthermore, STRONG2
overexpressing plants produced significantly
more grains per panicle and heavier grains than
the wild‐type plants. These results demonstrate
that the MYB61–STRONG2 module positively
regulates culm diameter and lodging resistance,
information that could guide breeding efforts for
improved yield in rice.
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INTRODUCTION

Lodging, an important trait limiting rice (Oryza sativa) pro-
duction, is associated with plant height, tiller angle,

panicle type, and culm strength. Culm strength is determined
by culm diameter, culm wall thickness, and cell wall com-
position (Kashiwagi et al., 2006; Li et al., 2015).

Plants have primary and secondary cell walls, with primary
cell walls providing structure for all cells and secondary cell
walls (SCWs) providing mechanical strength for specialized
cell types that function in plant growth and water transport.
Plant cell walls contain three major polymers: cellulose,
hemicellulose, and lignin (Kumar et al., 2016). Cellulose, the
most abundant biopolymer on Earth, is biosynthesized by
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cellulose synthase (CESA) complexes. Hemicellulose, which
is less abundant than cellulose in plant cell walls, is a poly-
saccharide that includes xyloglucan, xylan, mannan, gluco-
mannan, and mixed‐linkage glucan subunits (Scheller and
Ulvskov, 2010). Lignin, which is mainly found in SCWs, fills in
the cellulose framework, thereby improving the mechanical
strength of plants. Cellulose forms crosslinks with hemi-
cellulose and lignin to build a rigid yet flexible structure
(Taylor‐Teeples et al., 2015).

Hemicellulose biosynthesis in plant cell walls is mainly
catalyzed by cellulose‐synthase‐like (CSL) proteins, including
CSLA, CSLB, CSLC, CSLD, CSLE, CSLF, CSLG, CSLH, and
CSLJ subfamily members (Yin et al., 2014; Kaur et al.,
2017; Zhang et al., 2023). CSLC mediates the biosynthesis of
the xyloglucan backbone, and CSLF, CSLH, and CSLJ par-
ticipate in mixed‐linkage glucan biosynthesis (Burton et al.,
2006; Cocuron et al., 2007; Doblin et al., 2009; Little et al.,
2019). CSLD shares high amino acid similarity with CESA and
is involved in the biosynthesis of several glycans (Peng et al.,
2019; Yang et al., 2020). CSLA catalyzes the biosynthesis of
mannan, which is commonly present in the SCWs of most
cell types in Arabidopsis (Arabidopsis thaliana) (Handford
et al., 2003; Zou et al., 2017). However, the functions of the
other subfamily members are not well understood.

To date, only three genes encoding CSLs have been
identified in rice. OsCSLD1 shows root‐specific expression
and participates in the morphogenesis of root hairs (Kim et al.,
2007). OsCSLD4 (also known as NARROW AND ROLLED
LEAF 1 (NRL1), DWAF AND NARROWED LEAF1 (DNL1), and
SLENDER LEAF 1 (SLE1)) plays important roles in leaf mor-
phology, plant architecture, and plant responses to salt stress.
CSLD4mutants have defects in primary cell wall structure and
exhibit changes in the abundance of cell wall components,
such as cellulose and xylose (Li et al., 2009; Hu et al.,
2010; Yoshikawa et al., 2013; Ding et al., 2015; Zhao et al.,
2022). The functional deficiency of CSLF6 reduces hemi-
cellulose contents, resulting in a fragile cell wall and reduced
mechanical strength (Vega‐Sánchez et al., 2012). None of the
nine genes encoding CSLAs in rice has been characterized.
Given that, it is important to explore the roles of CSLA genes in
plant development, especially SCW formation.

Here, using a genome‐wide association study (GWAS), we
isolated the CSLA‐encoding gene STRONG2, which pos-
itively regulates culm diameter by increasing mannose and
cellulose contents in rice. Our results suggest that MYB61
regulates STRONG2 expression to promote lodging resist-
ance. These findings shed light on the molecular mechanism
of lodging resistance and provide insights for improving grain
yield via rice breeding.

RESULTS

Identification of STRONG2 by GWAS
Rice culm diameter is a major factor determining lodging re-
sistance (Okuno et al., 2014). To identify the genes regulating

culm diameter in rice germplasm, we selected 141 japonica and
199 indica rice cultivars for GWAS (Table S1). Phylogenetic
analysis demonstrated that the japonica and indica sub-
populations were distinguishable based on genotype, which
was supported by the results of principal component analysis
(PCA) (Figure S1A, B). The culm diameter of these 340 cultivars
at maturity ranged from 3.5 to 7.5mm, following a nearly
normal distribution. On average, the indica cultivars had larger
culm diameters than the japonica cultivars (Figure S1C, D).

We identified 3,097,189 single‐nucleotide polymorphisms
(SNPs) from the 340 rice cultivars, with a genome‐wide
linkage disequilibrium (LD) decay of approximately 206 kb
(Figure S2). To further analyze the genetics of rice culm di-
ameter, we used the compressed linear mixed (CMLM) model
to conduct a GWAS (Figures 1A, S3). Based on a permutation
test, the reference threshold of significance‐related signaling
loci was determined to be P‐value< 0.00001 (Figure S4). The
GWAS identified 10 significant signal sites related to culm
diameter (Table S2).

Among all significant signal sites, qOD3.2, a newly identified
locus with the strongest signal located in the 14.86–15.14Mb
interval of chromosome 3, attracted our interest. We con-
ducted local LD analysis at this locus and identified a local LD
interval in close LD within the 14.86–14.94Mb interval
(Figure 1B, C). In this region, 13 protein‐coding genes were
annotated in the Rice Genome Annotation Project (http://rice.
plantbiology.msu.edu/), but only 10 of these contained sig-
nificant SNPs, including seven genes for which expression
data exist in the RiceXPro database (Table S3). Among these
seven genes, the lead SNP (SNP14931253) was located in the
promoter of LOC_Os03g26044. This gene showed the highest
expression in stems among the seven genes, as revealed by
RT‐qPCR (Figure S5), suggesting it might be important in stem
development. Therefore, we reasoned that LOC_Os03g26044
might be the causal gene for qOD3.2, and we named it
STRONG CULM 2 (STRONG2).

According to the annotation from the Rice Genome Anno-
tation Project, STRONG2 encodes a CSLA mannan synthase.
Homologous proteins are widely distributed in monocot and
dicot plants. The homologs from monocots, such as Oryza
brachyantha, Digitaria exilis, and Panicum hallii, share high
sequence similarity (Figure S6A). Multiple sequence alignment
revealed that the conserved BcsA family domain of STRONG2
in O. sativa has high sequence similarity to those of its ho-
mologs in D. exilis and maize (Zea mays), as well as in the
dicots Arabidopsis and soybean (Glycine max; Figure S6B).

STRONG2 positively regulates lodging resistance
To verify the function of STRONG2, we disrupted STRONG2
in the Nipponbare (Nip) japonica background using CRISPR‐
Cas9 genome editing and obtained two independent
homozygous knockout transgenic lines (STRONG2‐CR1 and
STRONG2‐CR2). STRONG2‐CR1 harbors a 21‐bp deletion
resulting in the loss of amino acids 156–162 located in the
BcsA family domain, and STRONG2‐CR2 harbors two single‐
base insertions that result in a frameshift and premature
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termination (Figure S7A, B). Compared with the wild‐type
(WT), the STRONG2 knockout lines showed significantly
reduced culm diameter, breaking strength (BS), pushing re-
sistance (PR), and section modulus (SM) but no significant
difference in culm wall thickness (Figures 1D–G, S7C, D).

To further test the function of STRONG2, we generated
three homozygous STRONG2 overexpression lines
(STRONG2‐OE1, STRONG2‐OE2, and STRONG2‐OE3) under
the control of the CaMV35S promoter (Figure S8A). Com-
pared with the WT, the overexpression lines exhibited in-
creased culm diameter, BS, PR, and SM but similar culm wall
thickness (Figures 1H–K, S8B, C). These results demonstrate
that STRONG2 positively regulates culm diameter and thus
lodging resistance in rice.

Subcellular localization of STRONG2 and STRONG2
expression
Subcellular localization of STRONG2 in Nicotiana tabacum
epidermis cell and rice protoplasts showed that the
STRONG2‐GFP fusion protein localized to the cytoplasm and
plasma membrane (Figure 2A, B). Moreover, we measured
the transcript levels of STRONG2 in different tissues by
RT‐qPCR. STRONG2 was expressed in all tissues examined,
including leaf blades, leaf sheaths, roots, stems at different

stages of development, and panicles (Figure 2C). Finally, we
generated a transgenic β‐glucuronidase (GUS) reporter line
by introducing the ProSTRONG2:GUS vector into Nip. GUS
expression was detected in both the buds and roots of the
transgenic plants (Figure 2D [D1]). In mature plants, GUS
expression was observed in leaf blades, leaf sheaths, roots,
stems, and glumes (Figure 2D [D2–D8]). GUS was expressed
at higher levels in young stems than in mature stems and was
highly expressed in vascular bundles and sclerenchyma cells
in stems (Figure 2D [D5], E); this pattern is consistent with
STRONG2 functioning as a regulator of lodging resistance.

STRONG2 affects SCW formation
CSLA genes contribute to the biosynthesis of SCW components
that support culm strength (Handford et al., 2003; Zou et al.,
2017). We therefore reasoned that STRONG2 might affect cell
wall structure to regulate lodging resistance. To test this hy-
pothesis, we examined the sclerenchyma in the fourth intern-
odes of WT and STRONG2 transgenic plants. The sclerenchyma
tissue was significantly thicker in the STRONG2 overexpression
lines but thinner in the STRONG2 knockout lines compared with
theWT (Figure 3A, B). Moreover, the large vascular bundles were
significantly larger in the STRONG2 overexpression lines but
smaller in the STRONG2 knockout lines compared with the WT

Figure 1. Identification of STRONG2 by genome‐wide association study (GWAS)
(A) Manhattan plot of GWAS for culm diameter. (B) Local Manhattan plot for chromosome 3. The red dots indicate lead single‐nucleotide polymorphisms
(SNP). (C) Linkage disequilibrium (LD) plot for SNPs surrounding the peak on chromosome 3. The black triangular block shows the region representing
strong local LD (r2≥ 0.6). (D) Culm morphologies of the wild‐type (WT) and STRONG2 knockout lines. Scale bar, 1 cm. (E–G) Statistical analysis of the culm
diameter (E), breaking strength (F), and pushing resistance (G) of the WT and STRONG2 knockout lines. Values are means± SD (n> 15). (H) Culm
morphologies of the WT and STRONG2 overexpressing lines. Scale bar, 1 cm. (I–K) Statistical analysis of the culm diameter (I), breaking strength (J), and
pushing resistance (K) in the WT and STRONG2 overexpressing lines. Values are means±SD (n> 9). *P< 0.05; **P< 0.01 as determined by two‐tailed
Student's t‐test.
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(Figure 3C). However, the number of sclerenchyma cell layers
and the number of large vascular bundles in the STRONG2
overexpression and STRONG2 knockout lines were similar to
those in the WT (Figure 3D, E). We also measured sclerenchyma
cell wall thickness by scanning electron microscopy. The scler-
enchyma cell wall thickness was significantly lower in the
STRONG2 knockout lines but higher in the overexpression lines
compared with the WT (Figure 3F, G).

STRONG2 is predicted to encode a mannan synthase,
prompting us to measure mannose content in the different
lines. The mannose content was lower in the STRONG2
knockout lines compared with WT, but significantly higher in
the overexpression lines (Figure 3H). In addition, we measured
the expression levels of several CESA genes, including
OsCESA4, OsCESA7, and OsCESA9, by RT‐qPCR. These
genes were expressed at significantly higher levels in the
overexpression lines than in the WT, resulting in higher cellu-
lose contents (Figures 3I, S9A). We examined the relationship
between STRONG2 and CESAs in yeast‐two‐hybrid assays,
but did not detect any interactions (Figure S9B). In addition,
the lignin content did not differ significantly between the WT
and transgenic plants (Figure 3J). Taken together, these find-
ings indicate that STRONG2 encodes a functioning mannan
synthase that plays an important role in SCW formation,
thereby regulating culm diameter and culm strength in rice.

Natural variation of STRONG2 in germplasms
To gain more insight into the natural variation in STRONG2
among germplasms, we divided the nucleotide sequence of

STRONG2 into five haplotypes (Hap1–Hap5) based on 32
SNPs in the promoter region, coding sequence (CDS), and the
3ʹ UTR (Figure 4A). There were four haplotypes in the indica
subpopulation and three haplotypes in the japonica sub-
population (Figure 4A). Hap1 existed only in the japonica
subpopulation, and the culm diameter of these plants was
smaller than that of plants harboring Hap2 and Hap4, sug-
gesting that Hap1 is the inferior haplotype (Figure 4B). There
were no significant differences in culm diameter among Hap2,
Hap3, Hap4, and Hap5 in the indica subpopulation or Hap2
and Hap4 in the japonica subpopulation (Figure 4C), indicating
that the variations in the CDS and the 3ʹ UTR might not be
responsible for the variation in culm diameter. We measured
the expression levels of STRONG2 in different germplasms by
RT‐qPCR. STRONG2 was expressed at lower levels in culti-
vars with Hap1 than in those with the other haplotypes
(Hap others; Figure 4D). These results indicate that the varia-
tion in culm diameter in different germplasms might be at-
tributed to the variation in the promoter region of STRONG2.

To explore whether the SNPs in the promoter regions drove
the differences in STRONG2 expression and culm diameter in
these haplotypes, we generated two complementation
constructs (ProSTRONG2Hap1:STRONG2Hap1 and ProSTRO
NG2Hap4:STRONG2Hap1) and introduced them individually into
STRONG2‐CR1 lines (Figure 4E). STRONG2 expression was
significantly higher in the ProSTRONG2Hap1:STRONG2Hap1

and ProSTRONG2Hap4:STRONG2Hap1 lines compared with
STRONG2‐CR1 (Figure S10A). The culm diameter of ProSTRO
NG2Hap4:STRONG2Hap1 was significantly greater than that

Figure 2. STRONG2 expression pattern
(A) Subcellular localization of STRONG2 in tobacco. Empty vector pS1300‐GFP was the control. Scale bar, 20 µm. (B) Subcellular localization of STRONG2 in
rice protoplasts. Empty vector pS1300‐GFP was the control. Scale bars, 5 μm. (C) Expression levels of STRONG2 in different tissues. Values are means±SD
(n= 3). (D) GUS staining of tissues from ProSTRONG2:GUS transgenic plants. Seedling (D1), leaf (D2), leaf sheath (D3), root (D4), stem (D5), panicle (D6–D8),
Scale bars, 1 cm for (D1–D7); 1mm for (D8). (E) Cross‐section of rice stem with GUS staining. SC, sclerenchyma cells; VB, vascular bundle. Scale bar, 1 μm.
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of ProSTRONG2Hap1:STRONG2Hap1 and STRONG2‐CR1
(Figure 4F, G). The culm wall thickness did not significantly differ
among lines (Figure S10B). These results suggest that
STRONG2Hap4 might be the superior allele and that natural var-
iation in the promoter of STRONG2 plays an important role in
regulating culm diameter in rice.

To explore the origin and evolution of STRONG2, we ana-
lyzed STRONG2 sequence variations in 558 cultivated rice
accessions and 143 common wild rice (Oryza rufipogon) ac-
cessions (Table S1). Phylogenetic and haplotype network
analysis revealed that Hap1 mainly existed in temperate
japonica (tej) and the wild rice Or‐III, and other haplotypes

mainly existed in indica and the wild rice Or‐I and Or‐II, in-
dicating that Hap1 might be derived directly from wild rice
(Figures 4H, S11). To investigate whether STRONG2 has un-
dergone selection during rice domestication, we analyzed the
nucleotide diversity (π) and Tajima's D values of STRONG2
and its upstream or downstream regions in different sub-
groups. The π values of STRONG2 and its flanking regions
were significantly lower in tej than in the indica and tropical
japonica (trj) subpopulations, and the Tajima's D values of
STRONG2 and its downstream 20‐kb region were negative
and deviated significantly from zero (Figure 4I; Table S4),
indicating that this gene may have been under positive

Figure 3. STRONG2 affects secondary wall formation
(A) The cross‐sections stained with toluidine blue of the fourth internodes in wild‐type (WT) and STRONG2 transgenic lines. Scale bars, 100 μm.
(B–E) Comparison of sclerenchyma tissue thickness (B), large vascular size (C), number of sclerenchyma cell layers (D), and number of large vascular
bundles (E) of WT and STRONG2 transgenic lines. Values are means± SD. (n> 5). (F) Scanning electron microscopy micrographs of sclerenchyma cells
from the fourth internodes of the indicated plants. Scale bars, 5 μm. (G) Comparison of sclerenchyma cell wall thickness of WT and STRONG2 transgenic
lines. Values are means±SD (n= 20). (H–J)Mannose (H), cellulose (I), and lignin (J) contents in the fourth internodes of WT and STRONG2 transgenic lines
at the mature stage. Values are means±SD (n= 3). *P < 0.05; **P< 0.01; NS, no significant difference as determined by two‐tailed Student's t‐test.
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Figure 4. Haplotype analysis and phylogenetic origins of STRONG2
(A) Haplotype analysis of STRONG2 in different subpopulations. The gene structure of STRONG2 is shown above. ind, indica; trj, tropical japonica; tej,
temperate japonica. (B, C) Statistical results for culm diameter in the jap (B) and ind (C) subgroup. Values are mean± SD (n> 5). (D) The relative expression
level of STRONG2 between Hap others and Hap1 in the stem of representative rice varieties. Values are means±SD (n= 3). (E) Schematic diagrams of
complementation vectors. (F, G) Culm morphologies and statistical analysis of the second culm diameter of the STRONG2‐CR1 and two complementation
lines. Scale bar for (F), 1 mm. Values are means± SD (n= 13). (H) Phylogenetic tree of STRONG2. The color of the outer circle indicates different groups;
the color of the inner branch indicates different haps. (I) Nucleotide diversity of STRONG2 in wild rice and cultivated rice. The x‐axis and y‐axis indicate the
position of STRONG2 and the average π value, respectively. (J) Frequencies of haplotypes in landrace (LAN) and improved (IMP) accessions within the ind
and jap subpopulations. In (B), (C) and (G), different lowercase letters indicate a significant difference (P< 0.05) based on one‐way analysis of variance
(ANOVA) with the Duncan test.
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selection in tej. Moreover, we analyzed the frequency of the
Hap1 and Hap others alleles in landraces and improved vari-
eties and determined that the elite alleles (Hap others) have
been widely used in indica, indicating that these alleles have a
strong potential for application in the genetic improvement of
lodging resistance in japonica rice (Figure 4J).

The MYB61–STRONG2 module regulates culm
diameter
To identify the regulator of STRONG2, we analyzed the pro-
moter sequence of this gene. We detected binding motifs for
several types of transcription factor, including AP2, MYB, NAC,
and TCP (Table S5). SNP14931253 (the lead SNP) is located in
a MYB binding site.MYB61 positively regulates SCW thickness
and culm diameter (Gao et al., 2020). To test whether MYB61
affects culm diameter, we generated three MYB61 knockout
lines by CRISPR‐Cas9 genome editing, and named them
MYB61‐KO1, MYB61‐KO2, and MYB61‐KO3. These lines
showed decreased culm diameter (Figure S12A–C). We also
generated three MYB61 overexpression lines, MYB61‐OE1,
MYB61‐OE2, and MYB61‐OE3, which had increased culm di-
ameter (Figure S12D–F). Therefore, we reasoned that MYB61
might directly regulate STRONG2 expression. Indeed, RT‐
qPCR analysis showed that MYB61 positively regulates
STRONG2 expression in the stem (Figure 5A, B).

We examined the interaction of MYB61 with variants of the
STRONG2 promoter carrying different alleles (C or T) of
SNP14931253 using a yeast‐one‐hybrid assay. MYB61 is di-
rectly bound to the promoters of STRONG214931253C and
STRONG214931253T (Figure 5C). We then co‐transfected rice
protoplasts with the effector Pro35S:MYB61 and reporters
containing the STRONG2 promoter driving luciferase ex-
pression, including ProSTRONG214931253C:LUC and ProS-
TRONG214931253T:LUC. Luciferase activity was higher in ProS-
TRONG214931253T:LUC than in ProSTRONG214931253C:LUC
(Figure 5D). In addition, luciferase activity was higher in ProS-
TRONG214931253T:LUC than in ProSTRONG214931253C:LUC
when these constructs were co‐expressed with Pro35S:MYB61
(Figure 5D).

We also conducted chromatin immunoprecipitation (ChIP)
assays to explore whether MYB61 binds to the two STRONG2
promoters in vivo. ChIP‒qPCR showed high fold enrichment for
ProSTRONG214931253T compared with ProSTRONG214931253C

in the P3 segment containing SNP14931253 (Figure 5E). We
performed electrophoretic mobility shift assays (EMSAs) using
the P3 segment and confirmed that MYB61‐MBP directly binds
to the P3 region. This specific binding was inhibited by non‐
biotin‐labeled competitive probes but not by the non‐biotin‐
labeled mutated probes (Figure 5F). In addition, MYB61 showed
a stronger binding affinity to the ProSTRONG214931253T probe
than to the ProSTRONG214931253C probe (Figure 5F). These
results demonstrate that MYB61 binds to the promoter region
of STRONG2 both in vivo and in vitro.

Subsequently, we generated STRONG2‐CR/MYB61‐OE
plants by crossing to explore the genetic relationship be-
tween STRONG2 and MYB61. The culm diameter of the

STRONG2‐CR/MYB61‐OE plants was similar to that of the
STRONG2 knockout lines, indicating that STRONG2 acts
genetically downstream of MYB61 (Figure 5G–I). Taken to-
gether, these findings indicate that the MYB61–STRONG2
module positively regulates culm diameter.

Overexpressing STRONG2 enhances grain yield
To evaluate the breeding value of STRONG2, we analyzed its
effects on other important agronomic traits. Compared with the
WT, STRONG2 overexpression lines had a similar plant height
and panicle length but significantly increased panicle number,
primary branch number per panicle (except for STRONG2‐
OE2), secondary branch number per panicle, and grain number
per panicle (Figures 6A–E, S13). The grain width of the over-
expression lines was similar to that of the WT, but the grain
length and 1000‐grain weight were significantly increased in the
overexpression lines (Figure 6F, G). The grain yield per plant of
the STRONG2‐OE1 and STRONG2‐OE2 lines was approx-
imately 12.93% and 15.35% higher, respectively, than that of
the WT (Figure 6H). By contrast, the STRONG2 knockout lines
showed significantly reduced plant height, panicle length, sec-
ondary branch number per panicle, and grain length and thus
reductions in grain number per panicle and 1,000‐grain weight
in the field. However, these lines showed no significant differ-
ences in primary branch number per panicle or grain width
compared with the WT (Figure S14A–L). The grain yield of the
STRONG2 knockout lines was decreased by approximately
35.94% and 25.30%, respectively (Figure S14M). Furthermore,
there were no significant differences in the seed quality of the
STRONG2 knockout or overexpression lines compared with the
WT (Figure S15). Taken together, these results demonstrate that
overexpressing STRONG2 can enhance grain yield without af-
fecting seed quality, providing a genetic resource for breeding
for increased yield.

DISCUSSION

Lodging reduces the yield and quality of rice and affects the
mechanized harvesting of this crop. A strong culm, which is
determined by culm diameter, culm wall thickness, and cell wall
components, confers resistance to lodging (Ookawa et al.,
2010; Wang et al., 2023). To date, research on lodging resist-
ance has mainly focused on mutants with brittle culms, which
can lead to many adverse phenotypes, making it difficult to use
these mutants for rice production. Only a few genes associated
with lodging resistance have been identified in natural germ-
plasms. For example, SCM2 (APO1), SCM3 (OsTB1), and
OsCKX2 (GN1a) improve lodging resistance by increasing culm
diameter and culm wall thickness (Ookawa et al., 2010; Yano
et al., 2015; Cui et al., 2020; Tu et al., 2022). Therefore, it
is important to dissect the genetic components of natural
accessions and to explore related genes conferring lodging
resistance.

We previously evaluated 795 rice accessions for lodging
resistance traits, including culm diameter, culm wall thickness,
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Figure 5. MYB61 activates STRONG2 expression to regulate culm diameter
(A, B) Expression levels of STRONG2 in the wild‐type (WT) and MYB61 overexpression transgenic lines (A) and knockout lines (B) were revealed by RT‐
qPCR. Values are means±SD (n= 3). (C) Y1H assays show that MYB61 binds to both ProSTRONG214931253C and the ProSTRONG214931253T promoter.
(D) Assays of the transcriptional activation of ProSTRONG214931253C and ProSTRONG214931253T activated by MYB61 in rice protoplasts. Values are
mean± SD (n= 6). (E) ChIP‒qPCR assays for the differential binding affinity of MYB61 with ProSTRONG214931253C and the ProSTRONG214931253T promoter
in Pro35S:Flag‐MYB61 protoplasts. Values are mean±SD (n= 3). (F) Electrophoretic mobility shift assay shows that MYB61 binds to the STRONG2
promoter in vitro. The mutant competitor probe contained a mutated binding motif. (G, H) Plant morphologies (G) and culm diameter (H) of the WT,MYB61‐
OE, STRONG2‐CR and STRONG2‐OE/MYB61‐OE lines. Scale bar, 20 cm for (E); scale bar, 1 cm for (F). (I) Statistical results for culm diameter of the WT,
MYB61‐OE, STRONG2‐CR and STRONG2‐OE/MYB61‐OE lines. *P< 0.05; **P< 0.01 as determined by two‐tailed Student's t‐test. In (I), different lowercase
letters indicate a significant difference (P< 0.05) based on one‐way ANOVA with the Duncan test.
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SM, BS, PR, and coefficient of lodging resistance (Rashid
et al., 2022). We detected significant positive correlations
among traits. In the current study, we conducted a GWAS
using natural rice populations with different culm diameters
and identified 10 QTLs on different chromosomes associated
with this trait (Table S2). Among these, we discovered
STRONG2, encoding a CSLA mannan synthase that positively
regulates lodging resistance (Figure 1). Perhaps alleles of
STRONG2, the first naturally occurring variants identified in
CSLA genes, could be used to improve lodging resistance.

Numerous studies have revealed a negative trade‐off be-
tween high yield and lodging resistance (Islam et al., 2007).
Several breeding experiments have attempted to use alleles

that confer strong stems, but these efforts have been un-
successful due to the negative trade‐off between culm
strength and grain yield (Hirano et al., 2017). Therefore, it is
important to comprehensively elucidate the genetic basis of
culm strength and yield‐related traits and to identify alleles
that could be used to improve culm strength without neg-
atively affecting grain yield. For example, myb110 mutants
show increased grain yield and lodging resistance (Wang
et al., 2023). In this study, we demonstrated that STRONG2
positively regulates lodging resistance and grain yield si-
multaneously in rice without affecting quality (Figures 1, 6,
and S15), suggesting that this gene could be used in rice
breeding efforts to increase lodging resistance.

Figure 6. Overexpressing STRONG2 enhances grain yield
(A, B) Phenotypes of the wild‐type (WT) and STRONG2 overexpressing lines grown in a field in Beijing, China, in 2023. Scale bars for (A, B), 20 cm.
(C) Panicles of the WT and STRONG2 overexpressing lines. Scale bar, 5 cm. (D, E) Statistical analysis of panicle number per plant (D) and grain number per
panicle (E) of WT and STRONG2 overexpressing lines. Values are mean± SD (n> 15). (F) Mature paddy grain of the WT and STRONG2 overexpressing
lines. Scale bars, 1 cm. (G, H) Statistical analysis of 1000‐grain weight (G) and grain yield per plant (H) of the WT and STRONG2 overexpressing lines.
Values are mean± SD (n> 9). *P< 0.05; **P< 0.01; NS, no significant difference as determined by two‐tailed Student's t‐test.
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Haplotype and genetic diversity analysis revealed that Hap1
is an inferior haplotype and is under positive selection (Figure
5; Table S4). Notably, Hap1 was primarily detected in the tej
subpopulation, and the expression levels of STRONG2 were
lower in cultivars harboring Hap1 than in those with other
haplotypes (Figure 4D). Why is Hap1 (tej) subject to positive
selection? japonica rice has developed excellent low‐
temperature adaptability through long‐term domestication and
improvement, enabling survival in high‐altitude or high‐latitude
regions (Zhang et al., 2017; Li et al., 2021; Lou et al., 2022). We
noticed that the cultivars containing Hap1 are mainly present in
high‐altitude or high‐latitude regions, indicating that this hap-
lotype might also play an important role in the low‐temperature
response. These results suggest that Hap1 may confer im-
proved cold resistance, favoring its selection. The possible
pleiotropic effects of STRONG2 should be further investigated.

The cell wall provides mechanical support for plant cells
during growth, development, and adaptation to a constantly
changing environment (Vaahtera et al., 2019). Cellulose and
hemicellulose are important components of the cell wall that
play crucial roles in plant growth and development, and pro-
tect cells from damage when subjected to various stresses.
Mannans, which bind cellulose bundles to affect the me-
chanical properties of plant fibers, are a functionally diverse
group of hemicellulosic polysaccharides (Voiniciuc, 2022). In
some algae, mannan microfibers are even the main structural
components of the cell wall. Mannan synthase, first identified
from guar beans (Cyamopsis tetragonoloba), is a member of
the CSLA family (Dhugga et al., 2004; Liepman et al., 2005).
CSLAs synthesize mannan or glucomannan backbones in vitro
(Liepman et al., 2005, 2007). CSLA2, CSLA7, and CSLA9 are
responsible for glucomannan synthesis in Arabidopsis stems
and embryos, which lack SCWs, indicating that mannan is
involved in plant development (Goubet et al., 2009).

In the current study, we identified STRONG2, encoding the
mannan synthase CSLA5, which regulates mannose and cellu-
lose contents and affects SCW development in stems (Figure
3F–J). We suggest that, although the mannose content of the
SCW is low, changes in its abundance affect the cellulose con-
tent of the SCW via a synergistic interaction. In addition, changes
in cell wall components affect the integrity of the cell wall, per-
haps influencing the response to relevant intercellular or intra-
cellular signals and environmental signals that modulate plant
growth and development (Du et al., 2022; Lin et al., 2022). We
measured the expression levels of several genes associated with
grain number and grain size in STRONG2 knockout and over-
expression lines, such as NOG1,MADS17, RGN1, Gnp4, GNP6,
CYCB2.1, CYCD7.1, EXPB3, EXPB7, and H1. The expression
levels of these genes underwent opposite changes in STRONG2
knockout and overexpression lines (Figure S16), suggesting that
the expression of these genes may have been altered due to
changes in signaling. Taken together, our findings suggest that
STRONG2 may regulate grain number or grain size by affecting
cell wall components, thus influencing grain development.

Previous studies have shown that MYB61 promotes SCW
formation by influencing cellulose content, thereby enhancing

lodging resistance (Gao et al., 2020). Our findings demon-
strate that STRONG2, a target of MYB61, plays an important
role in rice lodging by mediating the biosynthesis of cell wall
compounds (Figure 7). Our identification of the MYB61‐
STRONG2 cascade provides further insight into the molec-
ular mechanism of lodging resistance, suggesting strategies
for breeding japonica rice varieties with improved yield.

MATERIALS AND METHODS

Plant materials and growth conditions
The 340 rice accessions used for GWAS and haplotype
analysis were planted in Sanya (Hainan Province, China)
under natural conditions. T2 or later generations of transgenic
plants were used for phenotypic evaluation, and they were
planted in Beijing (China) during the summer season under
natural paddy conditions. All the rice accessions used in this
study are listed in Table S1.

GWAS
In total, 3,097,189 SNPs from 340 rice germplasms (including
141 japonica and 199 indica) with a quality control step
(MAF≥ 0.05 and missing rate <0.25) were retained for the
GWAS using the CMLM model in the GAPIT package oper-
ated in the R environment (Tang et al., 2016). The population
structure of PCA and kinship were taken into account as
cofactors when performing GWASs using the CMLM model.
The genome‐wide LD decay of 340 rice germplasms was
determined using PopLDdecay version 3.4 (Zhang et al.,
2019) with parameters as follows: –maxdist 5000 –maf 0.05
–miss 0.25. The LD decay distance was determined as the LD
decay to half of the maximum value. The genome‐wide sig-
nificance threshold was determined by permutation tests
with 500 replications (Zhao et al., 2018). A region containing
more than three consecutive significant SNPs and a distance
between two SNPs less than the LD decay distance was
considered a single significant associated signal (Guo et al.,
2020). The SNP with the minimum P‐value within the sig-
nificant associated signal was considered to be the lead
SNP. The interval of a single significant associated signal
identified in this study was calculated as below: r2 values
were calculated between the lead SNP and all SNPs in its
upstream and downstream 500 kb regions, and the interval
was defined as a continue region where r2 was more than 0.6
(Dong et al., 2016). For the analysis of candidate genes of the
significantly associated signal, the continuous region con-
taining SNPs closely linked with each other (r2≥ 0.6) was
considered the local LD interval (Yano et al., 2016).

Vector constructions and plant transformation
To construct the CRISPR/Cas9 vector, a 20‐bp PAM sequence
from the STRONG2 CDS was selected for specific recognition
and cloned into the vector pHUE411 (Xing et al., 2014). To
construct the Pro35S:Flag‐STRONG2 and Pro35S:Flag‐MYB61
vector, the full‐length cDNA (without stop codons) of STRONG2
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and MYB61 were amplified and cloned into the binary plant
expression vector pCM1307. For the construction of the GUS
vector, 2,539 bp genomic fragments upstream of the ATG start
codons from the STRONG2 promoter were amplified and cloned
into the binary plant expression vector pMDC162. For subcellular
localization, the full‐length cDNA of STRONG2 without stop
codon was amplified and cloned into the binary plant expression
vector pSuper1300‐GFP. For the complementary test, the native
promoter sequence upstream of the start codon and the CDS
were cloned into the binary vector pMDC163. To produce
transgenic plants, these constructs were subsequently in-
troduced into the corresponding rice cultivars via Agro-
bacterium‐mediated transformation (Toki et al., 2006).

Phenotypic analysis
For the culm diameter and culm wall thickness measurement,
the fourth internodes of the main stems were selected to

measure the culm diameter and wall thickness using vernier
caliper (MNT‐150T, MNT) at the maturity stage of rice.

For the lodging resistance‐related trait measurements,
including PR, SM and BS, four main culms from different
plants were measured at the mature stage. The bending load
at breaking was measured at a distance of 4 cm between two
supporting points using a testing machine (YYD‐1, TOP In-
strument, China), which was used to calculate the BS value.
The SM was evaluated as previously reported (Ookawa et al.,
2010). The measurement of the PR was performed at the
20 cm height and bending angle of 45° as previously reported
(Kashiwagi and Ishimaru, 2004).

Scanning electron microscopy (SEM)
The fourth internode from development‐matched WT and
STRONG2 transgenic lines were subjected to freehand‐cut
sectioning. The sections were then fixed in a 2.5%

Figure 7. A working model of MYB61‐STRONG2 module in regulating lodging resistance
MYB61 positively regulates the expression of STRONG2, ultimately affecting cell wall composition. The cell wall compositions affect secondary cell wall
(SCW) formation. In STRONG214931253T, the SCW thickness was significantly increased because of the high expression of STRONG2, leading to enhanced
lodging resistance. In STRONG214931253C, the expression of STRONG2 is lower than STRONG214931253T and the SCW thickness was significantly
decreased, leading to lodging sensitivity.
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glutaraldehyde solution (P1126, Solarbio, China). For SEM,
the samples from internodes were sprayed with gold particles
after dehydration through a gradient of ethanol and then
observed with an S‐3000N scanning electron microscope
(Hitachi, Japan).

Histological analysis
The fourth internodes were sampled before heading and fixed in
50% FAA solution. The samples were embedded in Paraplast,
stained with toluidine blue, and photographed under an IX71
microscope (Olympus, Japan). Cell size and sclerenchyma
tissue thickness were measured using ImageJ software.

Cell wall composition analysis
The mature fourth internodes collected from the WT and
STRONG2 transgenic lines were dried and ball milled into fine
powders. Residues were prepared and hydrolyzed in 2M tri-
fluoroacetic acid and then treated in Updegraff reagent. The
cellulose content was measured by the anthrone method
(Updegraff, 1969). The lignin content was measured using the
acetyl bromide method (Huang et al., 2015). The mannose
contents were detected using the GC‐MS method by MetWare
(http://www.metware.cn/) based on the Agilent 8890‐5977B
platform.

Expression pattern analysis
RT‐qPCR was used to check the expression levels of STRONG2
and the other genes involved in this study. Total RNA was ex-
tracted from fresh tissues using a plant RNA isolation kit fol-
lowing the manufacturer's instructions (RN0302, Aidlab, China).
cDNA was synthesized using the TRUEscript First Strand cDNA
Synthesis Kit (PC5802, Aidlab, China). RT‐qPCR was conducted
using SYBR® Premix Ex Taq II (RR820A, TaKaRa, Japan) on an
ABI 7500 real‐time PCR system (Applied Biosystems, Foster
City, CA, USA). Rice ubiqutin1 (LOC_Os03g13170) was used as
an internal control.

GUS staining was conducted to analyze the expression
pattern of STRONG2. Tissues from transgenic plants har-
boring the ProSTRONG2:GUS reporter were obtained and
infiltrated in GUS staining solution as previously reported
(Zhang et al., 2018). The stems were observed under a BX60
microscope (Olympus, Japan).

Subcellular localization
ProSuper1300:STRONG2‐GFP constructs were expressed
transiently in rice protoplasts and tobacco to determine the
subcellular location. Fluorescence signals were observed by
confocal laser scanning FV1000 microscopy (Olympus,
Japan) after culture for 18 h at 28°C (Excitation spectrum:
488 nm; Emission spectrum: 510 nm).

Protein sequence and phylogenetic analysis
Arabidopsis thaliana of STRONG2 protein sequence was ob-
tained from the TAIR (http://www.arabidopsis.org/index.jsp).
The sequences of other STRONG2 protein homologs were
acquired by searching the database from NCBI (https://www.
ncbi.nlm.nih.gov/). Multiple sequence alignments were

conducted by ClustalX. The phylogenetic tree was con-
structed using the maximum likelihood method by MEGA 5.0
with 1,000 bootstrap replicates (Tamura et al., 2011).

Dual‐luciferase assays
The promoter sequence of STRONG2 was amplified and then
cloned into the pGreenII‐0800‐Luc vector, which was used as a
reporter. The full‐length cDNA of MYB61 was cloned into the
pGreenII 62‐SK vector, which was used as an effector. Re-
porters and effectors were subsequently transformed into rice
protoplasts. The luciferase (LUC) and Renilla luciferase (REN)
activities were measured using the Dual‐Luciferase® Reporter
Assay System (E1910, Promega, Madison City, Wisconsin,
USA) using a GloMax® Discover Microplate Reader (Promega).

Yeast one‐hybrid assays
The full‐length cDNA of MYB61 was cloned into the pB42AD
vector. Genomic fragments of the STRONG2 promoter region
starting at 2,539 kb upstream of the ATG start codon were
amplified and cloned into the pLacZi2µ vector as reporters.
MYB61‐pB42AD and co‐transformed with the reporter or
control (empty pLacZi2µ vector) into the yeast strain EGY48
through the PEG/LiAc‐mediated method. Positive clones
were cultured on SD/−Ura−Trp plates containing β‐D‐
galactopyranoside to check for possible interactions be-
tween MYB61 and the reporter.

ChIP–qPCR analysis
Rice protoplasts from the Pro35S:Flag‐MYB61 transgenic plants
were used for ChIP–qPCR. ChIP assays were performed fol-
lowing the manufacturer's instructions, with minor modifications
(Weng et al., 2018; Gao et al., 2020). The products from the ChIP
assays were used for RT‐qPCR, which was performed three
times for each sample, and the expression levels were normal-
ized to the input sample for enrichment detection.

Electrophoretic mobility shift assays
The cDNA of MYB61 was amplified and cloned into the vector
pMAL‐c5X to construct the MBP‐MYB61 vector. The recombi-
nant MBP‐MYB61 constructs and MBP were introduced into
Escherichia coli Rosetta (DE3) cells and purified following a
PurKineTM MBP‐Tag Protein Purification Kit (KTP2020, Abbkine,
China). The probe was selected from the STRONG2 promoter
region (919–948bp upstream of the ATG codon), which contains
a GAMYB motif (CAACCGGC). The mutant probe was synthe-
sized by replacing CAACCGGC with TTTTTTTT. The biotin‐
labeled and unlabeled probes were synthesized and purified as
forward/reverse primers by the Beijing Genomics Institute (BGI).
EMSA reaction was performed using a Light Shift Chem-
iluminescent EMSA kit (20148, Thermos, Germany) as de-
scribed. Signals were detected using a ChemiScope6100
Chemiluminescent Imaging System (Clinx, China).

Haplotype, phylogenetic and nucleotide diversity
analyses
DNA sequences of SNPs in STRONG2 from 340 cultivated
accessions were obtained from the 3000 Rice Genome
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Project. Twenty‐three SNPs were used to perform haplotype
analysis. The re‐sequenced data of 701 rice accessions, in-
cluding 558 cultivated rice accessions and 143 common wild
rice accessions that were obtained from the 3000 Rice Ge-
nome Project and a previous publication (Huang et al.,
2012; Wang et al., 2018), were used for phylogenetic tree
analysis and nucleotide diversity analysis. The neighbor‐
joining phylogenetic tree was constructed using MEGA 5.0
with 1,000 replications of bootstrap tests. Then the result was
visualized and annotated using EvolView (Zhang et al., 2012).
Dnasp5.0 was used to define the haplotypes, and Arlequin
version 3.5 was used to calculate the distance between dif-
ferent haplotypes (Librado and Rozas, 2009; Excoffier and
Lischer, 2010). The minimum spanning tree was constructed
using Hapstar‐0.6 and then visualized by artificial mod-
ification (Teacher and Griffiths, 2011).

For nucleotide diversity (π), the coding region and 20 kb
upstream and downstream flanking sequences of STRONG2
in wild rice, tej, trj and ind were calculated using VCFtools.
Tajima's D was calculated and performed using DnaSP 5.10
(Librado and Rozas, 2009).

Primers
The relevant primers used are listed in Table S6.
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