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AUXIN RESPONSE FACTORS 6 and 17 control the flag
leaf angle in rice by regulating secondary cell wall
biosynthesis of lamina joints
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Abstract

Flag leaf angle impacts the photosynthetic capacity of densely grown plants and is thus an important agronomic breeding
trait for crop architecture and yield. The hormone auxin plays a key role in regulating this trait, yet the underlying molecu-
lar and cellular mechanisms remain unclear. Here, we report that two rice (Oryza sativa) auxin response factors (ARFs),
OsARF6 and OsARF17, which are highly expressed in lamina joint tissues, control flag leaf angle in response to auxin. Loss-
of-function double osarf6 osarf17 mutants displayed reduced secondary cell wall levels of lamina joint sclerenchymatous
cells (Scs), resulting in an exaggerated flag leaf angle and decreased grain yield under dense planting conditions.
Mechanical measurements indicated that the mutant lamina joint tissues were too weak to support the weight of the flag
leaf blade, resembling the phenotype of the rice increased leaf angle1 (ila1) mutant. We demonstrate that OsARF6 and
OsARF17 directly bind to the ILAT promoter independently and synergistically to activate its expression. In addition, auxin-
induced ILAT expression was dependent on OsARF6 and OsARF17. Collectively, our study reveals a mechanism that inte-
grates auxin signaling with the secondary cell wall composition to determine flag leaf angle, providing breeding targets in
rice, and potentially other cereals, for this key trait.
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Background: The flag leaf is the top leaf on a rice stem, closest to the grain-producing panicle. Flag leaves have a
major role in providing energy to the developing grain, and any impact on photosynthesis in the flag leaf can have a
dramatic effect on grain productivity. In a rice field, overall yield per area depends on maximizing plant density, so
crop lines with erect flag leaves are preferred; these plants can be planted more closely together without
compromising grain yield per plant. The angle of the flag leaf to the main stem is primarily determined by the shape
and structure of the lamina joint, which connects the flag leaf to the stem. The cellular organization in the lamina joint
maintains flag leaf erectness, so appropriate cell elongation on both sides of the joint, the development of mechanical
tissues, and cell wall composition, all impact flag leaf angle.

Question: We wanted to know whether and how auxin, a plant hormone known to be involved in a range of
developmental pathways, may modulate flag leaf angle in rice. We investigated this mainly by looking at the
expression of auxin-responsive factors, OsARF6 and OsARF17.

Findings: We found that both OsARF6 and OsARF17 genes were highly expressed in flag leaf lamina joints.
Knockout mutants that lacked functional OsARF6 and OsARF17 exhibited larger flag leaf angles, and were found to
have abnormal secondary cell walls. Yield was decreased in the knockout mutants in densely planted conditions. We
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identified a third gene, ILA1, which directs secondary cell wall biosynthesis in rice, was directly activated by
OcARF6 and OsARF17 independently and synergistically, revealing a pathway that controls flag leaf angle.

Next steps: Fine-tuning this auxin signaling pathway can provide better control of flag leaf angles in elite rice
cultivars, allowing for greater planting densities and therefore higher yield. Understanding this new pathway provides
promising new targets for rice breeders and further research in the future.
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Introduction

Flag leaf angle refers to the inclination between the flag leaf
blade and vertical culm in grass species (Moldenhauer et al,,
2003; Zhou et al, 2017). The flag leaf is the uppermost leaf
closest to the panicle, featuring the highest photosynthetic
capacity, and plays a major role in determining grain pro-
ductivity (Chen et al, 2007; Dong et al, 2018). As overall
yield depends on maximizing plant density, crop lines with
erect flag leaves that can tolerate a denser planting rate are
preferred (Jiao et al, 2010; Zhou et al, 2017; Tian et al,
2019). The flag leaf angle is primarily determined by the
shape and structure of the lamina joint, which connects the
flag leaf blade and culm (Zhou et al, 2017). The cellular or-
ganization in the lamina joint maintains flag leaf erectness,
so appropriate cell elongation of abaxial and adaxial sides,
the development of mechanical tissues, and cell wall compo-
sition all impact the flag leaf angle (Ning et al,, 2011; Zhao
et al, 2013).

Genetic studies have identified several genes and signals
which impact flag leaf angle in rice, including Increased Leaf
Angle1 (ILAT), a Raf-like mitogen-activated protein kinase
kinase kinase (MAPKKK) of group C with serine/threonine
kinase activity. In comparison with wild-type (WT) plants,
ila1 loss-of-function mutant lines exhibit a larger flag leaf an-
gle due to the reduced mechanical strength of lamina joints
(Ning et al, 2011). Further research identified ILA1-
interacting protein 4 (lIP4) that, after phosphorylation by
ILA1, translocated from the nucleus to the cytoplasm to
promote the secondary cell wall biosynthesis (Zhang et al,
2018).
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Phytohormones are associated with the control of flag leaf
angle in rice. Brassinosteroids (BRs) promote cell elongation
and propagation at the adaxial side of the lamina joint (Cao
and Chen, 1995; Bai et al,, 2007; Sun et al, 2015; Tian et al,
2019), and flag leaf angle is positively correlated with BR lev-
els at the lamina joint (Yamamuro et al, 2000; Hong et al,,
2002, 2003; Sakamoto et al, 2006; Li et al, 2009, 2013).
Gibberellin modulates leaf angles by promoting cell expan-
sion and cell proliferation of parenchymal cells especially on
the abaxial side of lamina joints (Ueguchi-Tanaka et al,
2000; Shimada et al, 2006; Tong et al, 2014; Chen et al,
2020). Auxin promotes the elongation of parenchyma cells
to regulate the leaf angle (Zhao et al, 2013; Zhang et al,
2015). Reduction in free auxin content in lamina joint tis-
sues results in increased flag leaf angle (Zhang et al, 2009,
2015; Du et al, 2012; Zhao et al, 2013). Despite the impor-
tance of auxin in flag leaf angle regulation, the molecular
and cellular mechanisms underpinning its role remain largely
unclear.

Here, we uncover an auxin-mediated regulatory network
determining flag leaf angle by modulating the secondary cell
wall biosynthesis in lamina joint tissues. We show that two
paralogous auxin response factors (ARFs), OsARF6 and
OsARF17 (Shen et al, 2010), regulate flag leaf angle in rice in
response to auxin. Loss-of-function mutants of OsARF6 and
OsARF17 displayed larger flag leaf angles due to the reduced
mechanical strength of the lamina joints caused by de-
creased the secondary cell wall deposition; this, in turn, led
to reduced grain yield in dense planting conditions.
Furthermore, we demonstrate that OsARF6 and OsARF17 are
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epistatic to ILA1 and directly regulate the expression of ILA1
to control flag leaf angle.

Results

Mutants lacking OsARF6 exhibit large flag leaf
angles

Auxin regulates flag leaf angle in rice and reduced levels of
free auxin (indole-3-acetic acid) in lamina joints result in
larger leaf angles (Zhang et al., 2009; Du et al, 2012; Zhao et
al, 2013). We further explored this phenomenon by treating
WT rice flag leaf joints with 1-naphthaleneacetic acid (NAA,
a synthetic auxin) and found a reduction in flag leaf angle
(Figure 1, A to C). To unravel the mechanistic basis by
which auxin influences flag leaf angle, we examined T-DNA
insertion mutants that disrupt ARF genes, which encode
central components of the auxin signaling machinery (Wu
et al, 2003; Zhang et al, 2006, 2014). Intriguingly, we ob-
served an increased flag leaf angle (Figure 1, D to F) in a mu-
tant line with T-DNA inserted in the 5'-untranslated region
of OsARF6, hence named osarf6 (RMD_04Z11MS49;
Supplemental Figure S1A). Unlike in WT plants, OsARF6
transcripts were not detected in osarf6 flag leaf lamina joints
(Supplemental Figure S1B), indicating that it is a transcrip-
tional null mutant. To confirm transcription of OsARF6 in
flag leaf lamina joints, we constructed ProOsARF6:GUS trans-
genic reporter lines for histochemical analysis. Strong re-
porter signals were detected in lamina joints of reporter
lines, revealing that OsARF6 was highly expressed in the flag
leaf lamina joints from an early stage, with expression declin-
ing at later stages (Figure 1, G to 1). We detected no differ-
ences in GUS signals at the abaxial versus adaxial regions of
the flag leaf lamina joints in these transgenic plants
(Supplemental Figure S2, A and C). To conclude, OsARF6 is
expressed in the lamina joints of flag leaf and is important
for flag leaf angle maintenance.

Both OsARF6 and OsARF17 regulate flag leaf angles
A yeast-two-hybrid (Y2H) screen revealed that OsARF6 can
interact with OsARF17 (Figure 2A), which is the closest ho-
molog of OsARF6 (Shen et al, 2010). The in vivo interaction
of these two proteins was confirmed using co-
immunoprecipitation (Co-IP) and bimolecular fluorescence
complementation (BiFC) assays in Nicotiana benthamiana
leaves (Figure 2, B-K). Transgenic ProOsARF17:GUS reporter
lines confirmed that OsARF17 was also highly expressed in
both the abaxial and adaxial regions of lamina joints of flag
leaves (Figure 2, L-N; Supplemental Figure S2, A and C), simi-
lar to that of OsARF6. These data indicate that OsARF17
might work together with OsARF6 to regulate flag leaf angle.
Analysis of a loss-of-function OsARF17 mutant
(Supplemental Figure S1; Li et al., 2020) revealed that osarf17
plants exhibited WT-like flag leaf angles (Figure 2, O and P),
implying that OsARF17 may be less important than OsARF6
in maintaining the flag leaf angle. To examine how OsARF6
and OsARF17 contribute to this function, we crossed the
two single mutant lines to generate the double osarf6
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Figure 1 Auxin plays negative roles in regulating flag leaf angle. A, B,
WT flag leaf without (A) and with (B) 0.1-uM NAA treatment. Bars, 1
cm. (C) Flag leaf angle analysis of the WT in response to NAA treat-
ment. Boxplots show the distribution of flag leaf angles in the WT with-
out and with NAA treatment. The horizontal bar within box represents
median. The top and bottom of the box represent the 0.75 and 0.25
percentiles, respectively. The upper and lower whiskers extend to 1.5
times the interquartile range, with outliers shown as black dots. Two
asterisks indicate significant differences (Student’s t test, P < 0.01). D, E,
WT (D) and osarf6 (E) flag leaves. Bars, 5 cm. F, Flag leaf angle analysis
of WT and osarf6 plants. Boxplots show the distribution of flag leaf
angles in the WT and osarf6. The horizontal bar within box represents
median. The top and bottom of the box represent the 0.75 and 0.25
percentiles, respectively. The upper and lower whiskers extend to 1.5
times the interquartile range, with outliers shown as black dots. Two
asterisks indicate significant differences (Student’s t test, P < 0.01). G,
GUS staining of the flag leaf lamina joints of ProARF6:GUS transgenic
plants at 65 days after planting. Bar, 5 mm. H, I, GUS staining for abaxial
(H) and adaxial (1) regions of the flag leaf lamina joints of proARF6:GUS
transgenic plants at 80 days after planting. Bars, 200 pm.

osarfl7 mutant (hereafter named dm for simplicity).
Phenotypic characterization revealed an enhanced pheno-
type (i.e. an increase in flag leaf angle) in the dm over the
osarf6 single mutant (Figure 2, O and P), implying that mu-
tation in OsARF17 enhances the flag leaf angle defects of
osarf6.

As we only had one T-DNA line for each of the two ARF
genes, we created further osarf6, osarf17, and dm mutant
lines using CRISPR/Cas9 technology. An A or T insertion in
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Figure 2 Both OsARF6 and OsARF17 regulate flag leaf angle. A, Y2H assays to detect the interaction between OsARF6 and OsARF17. B, Co-IP assays to
detect the interaction between OsARF6-FLAG and OsARF17-HA proteins transiently expressed in N. benthamiana leaves. C—E, BiFC assays to detect the
interaction between OsARF6-CeYFP and NeYFP-OsARF17 in epidermal cells of leaves of 18-day-old N. benthamiana plants. Fluorescence field (C); bright
field (D); merged image (E). Bars, 20 um. F-H, BiFC assays to detect the interaction between OsARF6-CeYFP and NeYFP in epidermal cells of leaves of 18-
day-old N. benthamiana plants. Fluorescence field (F); bright field (G); merged image (H). Bars, 20 pim. I-K, BiFC assays to detect the interaction between
CeYFP and NeYFP-OsARF17 in epidermal cells of leaves of 18-day-old N. benthamiana plants. Fluorescence field (I); bright field (J); merged image (K).
Bars, 20 pm. (L) GUS staining of the flag leaf lamina joints of ProARF17:GUS transgenic plants at 65 days after planting. Bar, 5 mm. M, N, GUS staining for
abaxial (E) and adaxial (F) regions of the flag leaf lamina joints of ProARF17:GUS transgenic plants at 80 days after planting. Bars, 200 pm. O, WT, osarf6,
osarf17, and dm flag leaves at 90 days after planting. Bar, 5 cm. P, Flag leaf angle analysis of WT, osarf6, osarf17, and dm plants. Boxplots show the
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the second exon of both genes created frameshifts that suc-
cessfully disrupted the genes (Supplemental Figure S3A).
Consistent with the observed phenotypes of the T-DNA in-
sertion mutants, we observed increased flag leaf angles in
osarf6 (Supplemental Figure S3, B and C), and a stronger
flag leaf angle phenotype in the four independent dm
CRISPR/Cas9 lines (Supplemental Figure S3, D and E), con-
firming that OsARF6 and OsARF17 regulate lamina joint de-
velopment of the flag leaf.

The flag leaf angle is mainly determined by properties of
the lamina joint tissues, which connect the base of the leaf
blade to the culm (Zhou et al, 2017). To analyze the mor-
phology of flag leaf lamina joints, we used X-ray microcom-
puted tomography (microCT) to nondestructively 3D image
WT and dm tissues (Mairhofer et al, 2013). MicroCT imag-
ing revealed that dm plants developed an almost rectangular
lamina joint compared to the erect lamina joint of WT
plants (Figure 2, Q-S; Supplemental Movies S1 and S2).
Apart from the flag leaf angle, no obvious phenotypic differ-
ences were observed in plant height, other leaf angles, and
tiller angles of WT, osarf6, osarf17, and dm plants at the til-
lering stage (Supplemental Figure S4, A to E), indicating that
flag leaf angle modulation is likely to be the main regulatory
function of OsARF6 and OsARF17 proteins.

Whereas OsARF6 and OsARF17 exhibited the highest ex-
pression in the lamina joints of flag leaves, other ARFs, such
as OsARF6, OsARF12, OsARF17, and OsARF25, showed less
expression in this tissue and were instead expressed in other
tissues, such as lamina joints of leaves and roots
(Supplemental Figure S5, A and B). To better understand
any compensatory relationships between OsARF6 and
OsARF17, we undertook reverse transcription quantitative
polymerase chain reaction (RT-qPCR) analyses of the expres-
sion levels of the two genes in the different genotypes. Here,
we did not detect any increase in OsARF6 transcript in
osarf17 as compared to the WT (Supplemental Figure S5C),
indicating a less prominent role of OsARF17 in flag leaf lam-
ina joint development.

OsARF6 and OsARF17 are presumably two central compo-
nents of the auxin signaling pathway (Shen et al, 2010). To test
whether these ARFs responded to auxin to modulate flag leaf
angle, we applied NAA to WT and dm flag leaf lamina joints.
The dm plants responded less strongly than the WT to
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exogenous NAA (Figure 2, T and U), indicating that auxin regu-
lates the flag leaf angle through OsARF6 and OsARF17. It is
worth noting that the overexpression of OsARF6 or OsARF17
did not lead to significant differences in comparison to the flag
leaf angle of the WT (Supplemental Figure S5, D-G). We specu-
late that the already narrow angle in the WT used in our study,
i.e. ZH11, may not be further decreased by the action of ARFs.

OsARF6 and OsARF17 regulate the secondary cell
wall biosynthesis and the mechanical strength of
the flag leaf lamina joints

The flag leaf angle is determined by the mechanical properties
of tissues that make up the lamina joints (Zhou et al, 2017
Wang et al, 2020). To pinpoint the differences between tissues
in WT and dm lamina joints, we initially examined their ana-
tomical structures. High-resolution microCT imaging revealed a
reduction in the secondary cell wall thickness of sclerenchyma-
tous cell (Sc) in dm compared with WT lines (Figure 3, A-G;
Supplemental Movies S3 and S4), indicating that the mechani-
cal properties were altered in dm lamina joints. The Sc tissue is
largely responsible for providing sufficient mechanical strength
to maintain flag leaf erectness (Ning et al, 2011), so we hy-
pothesized that the increased flag leaf angle of dm plants
resulted from the reduced mechanical strength due to defec-
tive Sc formation. Our analysis of the minimum force required
to break the lamina joints revealed that dm flag leaves could
be broken off with only ~25% of the minimum force required
to break WT lamina joints (Figure 3H).

Sc in the lamina joint feature thickened secondary cell walls
mainly comprising cellulose, hemicellulose, and lignin (Kang
et al, 2019). Lignin staining by phloroglucinol-HCl revealed
reduced lignin deposition in the lamina joints of dm flag
leaves, but not stems, compared to the WT (Figure 4, A-H;
Supplemental Figure S6, A-F). Large differences in the lignin
content were observed in abaxial Sc in WT and dm lamina
joints (Figure 4, A-D), while Sc in adaxial tissues was not
lignin-rich in either WT or dm lamina joints (Figure 4, E-H).
Cellulose labeling showed brighter fluorescence in the WT
compared with dm lamina joints, on both abaxial and adaxial
sides (Figure 4, |-P; Supplemental Figure S6G), indicating that
cellulose biosynthesis was disrupted when OsARF6 and
OsARF17 were mutated. In contrast, cellulose content in

distribution of flag leaf angles in WT, osarf6, osarf17, and dm. The horizontal bar within box represents median. The top and bottom of the box represent
the 0.75 and 0.25 percentiles, respectively. The upper and lower whiskers extend to 1.5 times the interquartile range, with outliers shown as black dots.
Different letters indicate significant differences (Student’s t test, P < 0.01). Q, R, MicroCT imaging of flag leaf lamina joints of WT and dm at 90 days after
planting. Bar, 2 mm. S, Analysis of flag-leaf lamina-joint angles of WT and dm plants. Boxplots show the distribution of the lamina joint angles of flag
leaves in the WT and dm. The horizontal bar within box represents median. The top and bottom of the box represent the 0.75 and 0.25 percentiles, re-
spectively. The upper and lower whiskers extend to 1.5 times the interquartile range, with outliers shown as black dots. Two asterisks indicate significant
differences (Student’s t test, P < 0.01). T, WT and dm flag leaves with/without NAA treatment. Bar, 1 cm. U, Flag leaf angle analysis of WT and dm plants
with/without NAA treatment for 14 days. Boxplots show the distribution of flag leaf angles in the WT and dm with/without NAA treatment. The hori-
zontal bar within box represents the median. The top and bottom of the box represent the 0.75 and 0.25 percentiles, respectively. The upper and lower
whiskers extend to 1.5 times the interquartile range, with outliers shown as black dots. Different letters indicate significant differences (Student’s t test, P

< 001).
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Figure 3 OsARF6 and OsARF17 determine flag leaf angle by affecting the secondary cell wall synthesis. A—F, CT sections of the WT ([A] to [C]) and
dm ([D] to [F]) flag leaf lamina joints. A, D, CT sections of whole joint. AB, abaxial; AD, adaxial; bar, 500 pm. ([B], [C], [E], and [F]) Closer examination
of abaxial sections in WT ([B], boxed region expanded in [C]) and dm ([E], boxed region expanded in [F]). Bars ([B] and [E]), 100 pm, Bars ([C] and
[F]), 20 um. V, vascular bundle. G, The thickness of secondary cell wall (SCW) of Sc in WT and dm flag leaf lamina joints. Boxplots show the distribu-
tion of SCW thickness in the WT and dm. The horizontal bar within box represents the median. The top and bottom of the box represent the 0.75
and 0.25 percentiles, respectively. The upper and lower whiskers extend to 1.5 times the interquartile range, with outliers shown as black dots. Two
asterisks indicate significant differences (Student’s t test, P < 0.01). H, The minimum force required to break WT and dm lamina joints of the WT
and dm. Boxplots show the distribution of minimum breaking force to breaking the lamina joints in the WT and dm. The horizontal bar within box
represents median. The top and bottom of the box represent the 0.75 and 0.25 percentiles, respectively. The upper and lower whiskers extend to 1.5
times the interquartile range, with outliers shown as black dots. Two asterisks indicate significant differences (Student’s t test, P < 0.01).

stems was unaffected by the dm mutation (Supplemental
Figure S6H). These results demonstrate that OsARF6 and
OsARF17 regulate the secondary cell wall biosynthesis in Sc of
flag leaf lamina joints, affecting the physical strength of the
lamina joints to support the weight of the flag leaf blade.

One intriguing question is whether a differential weight gain
of flag leaf blades in the WT and dm would be the reason for
the larger flag leaf angle in dm plants. To address this point di-
rectly, we measured the weight of the flag leaf blade in WT
and dm plants from 60 to 90 days after planting. There was a
steep increase in the weight of the flag leaf blade from 70 to 75
days in both WT and dm plants (Supplemental Figure S7, A-
C). Moreover, there was also no significant difference in flag leaf
weight in the two lines from 70 to 90 days (Supplemental
Figure S7C). Correspondingly, dm plants exhibited a dramatic

increase in flag leaf angle at 75 days after planting, at the time
when flag leaf weight increased significantly (Supplemental
Figure S7D). These results indicate that the increased flag leaf
angle in dm plants was due to the reduced mechanical strength
of the lamina joint that was unable to support the weight of
the mature flag leaf blade, which was unaffected by mutations.

OsARF6 and OsARF17 directly co-regulate ILA1
expression

As ARF activators, OsARF6 and OsARF17 function by acti-
vating the expression of downstream genes by binding to
specific promoter elements (i.e. Aux RE: TGTCTC; Aux RE-L:
TGTCNN; Shen et al., 2010; Freire-Rios et al., 2020). We set
out to determine what downstream components OsARF6
and OsARF17 may regulate. One possible target would be
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Figure 4 Lignin and cellulose contents are reduced in dm lamina joints. A—H, Lignin staining by phloroglucinol-HCI. Red/pink lignin staining in
cells surrounding the vascular bundle and Sc on abaxial (A-D) and adaxial (E-H) sides of WT (A, B, E, and F) and dm (C, D, G, and H) lamina
joints. B, D, F, and H, show higher magnification images of sclerenchymatous regions boxed in (A), (C), (E), and (G), respectively. Bars (A, C, E, and
G) 20 um, (B, D, F, and H) 5 um. 1P, Cellulose labeling in cells surrounding the vascular bundle and Sc on abaxial (I-L) and adaxial (M-P) sides of
WT (I, J, M, and N) and dm (K, L, O, and P) lamina joints. J, L, N, and P, show higher magnification images of sclerenchymatous regions boxed in
(1), (K), (M), and (O), respectively. Bars (I, K, M, and O) 20 um, (J, L, N, and P) 5 um.

ILA1, as mutations in this gene lead to a large flag leaf angle
and altered cell wall composition in the lamina joints (Ning
et al, 2011; Zhang et al, 2018). Consistent with reported
results, lignin and cellulose levels were reduced in the flag
leaf lamina joint, but not in the stem, of ilal plants
(Supplemental Figure S8; Zhang et al,, 2018), resembling the
dm phenotype (Supplemental Figure S6). Furthermore, high-
resolution microCT imaging revealed that the secondary cell
wall thickness of Sc was thinner in dm lamina joints as com-
pared to the WT (Supplemental Figure S9), indicating that
ILA1 regulates flag leaf angles in the same pathway as
OsARF6 and OsARF17. In addition, both types of cis-acting
elements (17 Aux RE-L and 1 Aux RE motifs) were found in
the 2,445-bp region upstream of the ILA7 start codon
(Figure 5A), implying that it is likely to be activated by
AREFs.

To verify the interactions between ILAT and OsARF6/17,
we first conducted a yeast one-hybrid (Y1H) assay. Yeast
expressing OsARF6 or OsARF17 cDNAs that were trans-
formed with the ILAT promoter constructs grew on the se-
lective medium (Figure 5B), demonstrating that OsARF6 and
OsARF17 can both directly bind to the promoter of ILAT.
To confirm the interaction between OsARF6, OsARF17, and
the ILA7 promoter, we undertook dual-luciferase (LUC)
assays by transiently co-expressing ProlLAT:LUC with
Pro35S:0sARF6 and/or Pro35S:0sARF17 in N. benthamiana
leaves. A significant increase of LUC activity was detected in
the presence of OsARF6 or OsARF17 compared with the
empty vector, which was further increased when OsARF6
and OsARF17 were co-expressed (Supplemental Figure
S10A), indicating that OsARF6 and OsARF17 can act syner-
gistically to activate ILAT transcription.
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Figure 5 OsARF6 and OsARF17 directly co-regulate ILAT expression. A,
Diagram of the ILA1 promoter region. Red asterisks: Auxin Response
Element (Aux RE; TGTCTC); black asterisks: Auxin Response Element-
like (Aux RE-L; TGTCNN). Upstream nucleotide numbering is relative to
the start codon (A is +1). B, Y1H assays to detect interaction between
OsARF6/17 and promotor of ILA1. C, D, ChIP-gPCR assays to detect in-
teraction in flag leaf lamina joints between OsARF6/17 and CF1/2
indicted in (A). CF1 fragment contains three Aux RE-Ls; CF2 comprises
one Aux RE and two Aux RE-Ls. Results are given as mean = st calcu-
lated with three biological replicates. Different characters indicate signif-
icant differences (Student’s t test, P < 0.01). E, F, EMSAs to detect
interaction between OsARF6/17 and M1/2 (M1, Aux RE-L motif of CF1;
M2, Aux RE motif of CF2) probes. G, Relative expression level (REL.) of
ILAT in WT and dm lamina joints with/without NAA treatment for 2 h.
Results are given as mean * st calculated with three biological repli-
cates. Different characters indicate significant differences (Student’s t
test, P < 0.01). H, Phenotypes of osarf6 and overexpressing ILAT in
osarf6 lines (ILA1 OX/osarf6). Bar, 1 cm. |, Flag leaf angle analysis of
osarf6, and ILA1 overexpression in osarf6 lines. Boxplots show the distri-
bution of minimum breaking force to breaking the lamina joints in
osarf6, and ILAT overexpression in osarf6 lines. The horizontal bar within
box represents the median. The top and bottom of the box represent
the 0.75 and 0.25 percentiles, respectively. The upper and lower whiskers
extend to 1.5 times the interquartile range, with outliers shown as black
dots. Different letters indicate significant differences (Student’s t test, P
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To functionally dissect ILAT promoter activity, we con-
structed a series of truncated ILA1 promoter fragments
fused to the LUC reporter gene (P1-P5, Supplemental Figure
S10B). Activities of the P1, P2, and P3 promoter fragments
were similar (Supplemental Figure S10C), implying that P3
contains all the ARF motifs required for ILA1 activation.
Promoter activity decreased significantly for the P4 construct
(Supplemental Figure S10C), indicating that the 191-bp re-
gion upstream of the ILA1 start codon, which contained the
only Aux RE site, could drive gene transcription, but not as
well as the full-length promoter. The P5 construct was not
functional in activating LUC gene expression (Supplemental
Figure S10C).

To confirm these conclusions, we performed chromatin
IP-quantitative polymerase chain reaction (ChIP-qPCR) using
GFP antibody against GFP-tagged OsARF6 and OsARF17
proteins (Supplemental Figure S5D). Fragments for amplifi-
cation included CF (present only in P1, with 4 Aux RE-L
motifs); CF1 (present in P3, 2 Aux RE-L motifs); and CF2
(present in P4, containing the only Aux RE motif and 2 Aux
RE-Ls; Figure 5A). Enrichment was detected in CF1 and CF2
fragments for OsARF6 and OsARF17 independently (Figure
5, C and D), indicating that the two ARF proteins can physi-
cally bind to these regions of the ILA1 promoter in vivo. We
performed an electrophoretic mobility shift assay (EMSA) to
verify the interaction between OsARF6 and OsARF17 with
these regions of the ILAT promoter. Two probes (M1 and
M?2) were designed to bind to an Aux RE-L motif in CF1,
and the Aux RE motif in CF2 fragments, respectively (Figure
5A). Our results indicate that OsARF6 and OsARF17 directly
interact with the M1 and M2 probes in vitro (Figure 5, E
and F). These results demonstrated that regions of the ILA1
promoter can be bound directly by OsARF6 and OsARF17
in vivo and in vitro to activate downstream gene
transcription.

If the expression of ILA1 is activated by OsARF6 and
OsARF17, we would expect reduced ILA1 transcription in
dm compared to WT plants when auxin is added. We there-
fore assessed the expression level of ILAT in the WT versus
dm lamina joints after NAA treatment. RT-qPCR analysis
revealed reduced expression level of ILAT1 in dm as com-
pared to WT flag leaf lamina joints; furthermore, ILAT ex-
pression was induced by NAA only in the WT, but not in
dm, flag leaf lamina joints (Figure 5G). These results demon-
strate that auxin regulates ILA7-mediated flag leaf angle
through OsARF6 and OsARF17.

Our results therefore pointed towards a mechanism where
OsARF6 and OsARF17 act upstream of ILAT in a common
pathway to modulate flag leaf angles. To further verify
these findings, we generated transgenic plants overexpressing
ILA in the osarf6 background. As expected, the flag leaf angles

< 0.01). ), Relative expression levels (RE.L) of ILAT in osarf6 and ILA1
overexpression OX/osarf6 lines. Results are given as mean * st calcu-
lated from three biological replicates. Different letters indicate signifi-
cant differences (Student’s t test, P < 0.01).
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of osarf6 were reduced by the overexpression of ILAT in a
dose-dependent manner (Figure 5, H-J). These results
demonstrated that ILAT is an important downstream compo-
nent of auxin-mediated secondary cell wall biosynthesis
signaling.

OsARF6 and OsARF17 maintain grain yield in
densely planted rice

Flag leaf angle is a key breeding trait determining grain yield,
as it affects how densely crops can be planted (Tian et al,
2019). It may thus be expected that dm plants produce less
grain compared to the WT when densely planted. To test
this hypothesis, we planted WT and dm lines at three differ-
ent planting densities. At low planting densities, we did not
detect any obvious differences in grain yield per panicle in
WT and dm plants (Figure 6, A and B). Furthermore, pri-
mary tillers per plant and spikelet number per panicle were
not changed in dm compared to the WT at different plant-
ing densities (Figure 6, C and D). In contrast, both medium
and high planting densities resulted in reduced grain yield
(Figure 6, A and B), likely resulting from increased percent-
age of empty grain per panicle in dm as compared to WT
plants (Figure 6, A and E). These results indicate that
OsARF6 and OsARF17 are important to sustain grain yield
under dense planting conditions.

Discussion

The flag leaf angle represents a major component of plant
architecture of interest to plant breeders as it affects yield
by influencing agronomic traits such as planting density
(Tian et al, 2019). Crops with more erect flag leaves have
been a breeding target for several decades (Peng et al., 1994,
1999). However, the mechanistic basis of flag leaf angle regu-
lation is not yet well understood.

Here, we report that mutants disrupting two components
of the auxin-response pathway, OsARF6 and OsARF17, ex-
hibit large flag leaf angles (Figure 1, D-F andFigure 2, O and
P), consistent with the observation that reduction in free
auxin by the overexpression of auxin-conjugating enzymes
caused a larger flag leaf angle in transgenic plants (Zhang et
al, 2009; Du et al, 2012; Zhao et al, 2013). Both OsARF6
and OsARF17 are expressed in flag leaf lamina joints, and
the encoded proteins work together to regulate the second-
ary cell wall biosynthesis of Sc in the lamina joints (Figures 3
and 4; Supplemental Movies S3 and S4). OsARF12, OsARF17,
and OsARF25 regulate tiller angle (Li et al, 2020). The leaf
and tiller angles were not affected in our dm
(Supplementary Figure S4, A—E), likely due to genetic redun-
dancy in these tissues with other OsARFs, such as OsARF12
and OsARF25. This hypothesis is further supported by the
expression patterns of the genes (Supplementary Figure
S5A).

OsARF6 and OsARF17 regulate flag leaf angle by directly
activating the expression of ILA1 (Figure 5, A-F
Supplemental Figure S10). ILAT controls the secondary cell
wall biosynthesis of internodes and its loss-of-function
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mutants exhibit decreased lignin and cellulose content
(Zhang et al, 2018), similar to what we found in the dm
lamina joints (Supplemental Figure S6). As a MAPKKK (Ning
et al, 2011), ILA1 likely phosphorylates several downstream
components, such as [IP4, which, when activated, moves to
the cytoplasm to lift the repression of NACs-MYB61 that
regulate the secondary cell wall biosynthesis (Zhang et al,
2018). We show that auxin induces the expression of ILA1
via OsARF6 and OsARF17 in the lamina joint of flag leaf
(Figure 5G), providing a mechanistic link between auxin sig-
naling and secondary cell wall biosynthesis pathways.

Our study outlines how auxin-induced secondary cell wall
biosynthesis of sclerenchymatous tissues affects the mechan-
ical strength of the lamina joints that allows WT joints to
support the weight of the flag leaf throughout its develop-
ment, while the weaker dm joints cannot sustain an erect
flag leaf blade (Figure 3; Supplemental Figure S7). This defect
is different from that of the altered flag leaf angle in BR sig-
naling mutants, which is due to the modified cell expansion
and propagation of collar adaxial cells and the cell prolifera-
tion of abaxial cells (Bai et al,, 2007; Sun et al,, 2015). As ila1
mutants exhibited a similar BR response to WT lines (Ning
et al, 2011), auxin and BR signals appear to play distinct
roles in leaf angle regulation. As auxin-BR interactions are
known to coordinate other elements of plant growth, such
as lateral root growth, shade avoidance, and hypocotyl elon-
gation (Kozuka et al,, 2010; Cho et al,, 2014; Liu et al, 2018),
it will be interesting to untangle their respective contribu-
tions during leaf angle maintenance.

In summary, we demonstrate that two auxin-regulated
transcription factors, OsARF6 and OsARF17, modulate flag
leaf angle by reinforcing mechanical tissues to ensure flag
leaf erectness and high grain yield of densely planted rice.
Moreover, our work identifies a regulatory mechanism by
which OsARF6 and OsARF17 directly activate ILAT expres-
sion to modulate flag leaf angle (Figure 6F). Our study pro-
vides new avenues of flag leaf angle adjustment by fine-
tuning secondary cell wall biosynthesis in lamina joints to
breed new crop lines with erect flag leaves.

Materials and methods

Plant materials and growth conditions

The background of all rice plants in this study was Oryza
sativa L. ssp. japonica cv. ZH11. Rice materials were grown
in a paddy field at Shanghai (30°N, 121°E) in the summer
and Sanya (18°N, 109°E) in the winter. The T-DNA insertion
lines osarf6 (RMD_04Z11MS49) and osarf17
(RMD_03Z11BY76) were obtained from Rice Mutant
Database (http://rmd.ncpgr.cn/). The single or double
mutants of OsARF6 and OsARF17 were analyzed by genotyp-
ing PCR (Supplemental Table 1). Planting densities for yield
trials were 49 plants/m” (high), 36 plants/m” (medium), and
25 plants/m” (low). The CRISPR/Cas9 mutants for OsARF6
and OsARF17 were generated by EDGENE BIOT company
(http://www.edgene.com.cn/).
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Figure 6 The grain yield of dm was decreased under dense planting conditions. A, Uncoated seeds from one WT or dm panicle grown in high (49
plants/mz), medium (36 plants/mz), and low planting (25 plants/mz) densities. Bar, 1 cm. B, Grain yield per WT or dm panicle at high, medium,
and low planting densities. Boxplots show the distribution of grain yield per panicle in WT and dm lines. The horizontal bar within box represents
the median. The top and bottom of the box represent the 0.75 and 0.25 percentiles, respectively. The upper and lower whiskers extend to 1.5
times the interquartile range, with outliers shown as black dots. Different characters indicate significant differences (Student’s t test, P < 0.01). C,
Primary tiller number per WT or dm plant at high, medium, and low planting densities. Boxplots show the distribution of primary tiller number
per plant in WT and dm lines. The horizontal bar within box represents the median. The top and bottom of the box represent the 0.75 and 0.25
percentiles, respectively. The upper and lower whiskers extend to 1.5 times the interquartile range, with outliers shown as black dots. Different
characters indicate significant differences (Student’s t test, P < 0.01). D, Spikelet number per WT or dm panicle at high, medium, and low planting
densities. Boxplots show the distribution of spikelet number per plant in WT and dm lines. The horizontal bar within box represents the median.
The top and bottom of the box represent the 0.75 and 0.25 percentiles, respectively. The upper and lower whiskers extend to 1.5 times the inter-
quartile range, with outliers shown as black dots. Different characters indicate significant differences (Student’s t test, P < 0.01). E, Percentage of
empty grain per WT or dm panicle at high, medium, and low planting densities. Boxplots show the distribution of percentage of empty grain per
panicle in WT and dm lines. The horizontal bar within box represents the median. The top and bottom of the box represent the 0.75 and 0.25 per-
centiles, respectively. The upper and lower whiskers extend to 1.5 times the interquartile range, with outliers shown as black dots. Different char-
acters indicate significant differences (Student’s t test, P < 0.01). F, A proposed model for how OsARF6 and OsARF17 maintain mechanical
strength of the lamina joints. During development of flag leaf lamina joint, OsARF6 and OsARF17 may form heterodimers and directly activate
the expression of ILA1, which is required for the normal Sc development that provides the mechanical strength to support erect flag leaves.
Deficiency of OsARF6 and OsARF17 causes reduced expression of ILA1 and leads to larger flag leaf angle ascribed to impaired mechanical strength
of the tissue. MicroCT imaging the abaxial region of flag leaf lamina joint at maturity stage in rice. Secondary cell wall was thickened around the
vascular bundle. This tissue provides strength for maintaining flag leaf erectness. Bar, 20 um.
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NAA treatment

A total of 100 mL of 0.5% (w/v) agar was prepared and
cooled to 40°C before adding 10-uL 1-mM NAA or water.
Once set, agar was sliced into strips and kept at 4°C. Strips
(with or without NAA) were carefully placed on the lamina
joints of flag leaves at 17:00 to avoid damage, and replaced
every day for 10 days. To generate tissues for RT-qPCR
analysis, the sliced agar with or without NAA was carefully
placed on the lamina joints of flag leaves at 17:00 and the
flag leaf lamina joints were collected after a 2-h treatment.

RT-PCR, RT-qPCR, and plasmid construction

Total RNA was extracted from the flag leaf lamina joints af-
ter 60 days of growth using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Reverse tran-
scription was performed using a Reverse Tra Ace-a-First
strand cDNA synthesis kit (TOYOBO). RT-PCR was per-
formed using Taq Master Mix (Vazyme) with primers for
OsARF6, OsARF17, and Actin (Supplemental Table 1). QRT-
PCR was performed using a SYBR Green PCR kit (Qiagen)
with primers for OsARF6, OsARF12, OsARF17, OsARF25, ILAT,
UBQ, and TUB (Supplemental Table 1), where TUB and UBQ
genes were used as internal controls. All cloned PCR amplifi-
cations were done with KOD One PCR Master Mix
(TOYOBO) with the suggested annealing temperature
(37°C) and extension time (15 min) according to fragment
length (Supplemental Table S1). Sequences were analyzed
and aligned by SnapGene (https://www.snapgene.com/).
PCR products and vectors were purified with a QIAquick
Spin miniprep kit (Qiagen). The expression vectors were
constructed by In-fusion technology (https://www.takarabio.
com/). For each construct, more than 15 independent trans-
genic plants were obtained. pPCAMBIA1301-GFP was used as
the binary vector for tagging OsARF6 or OsARF17 clones
with GFP; pCAMBIA13071-GUS was used as the binary vector
for expressing GUS under the control of OsARF promoters.

GUS staining procedure and cell wall labeling

The methods for GUS staining of ProOsARF6/17:GUS were
modified from a previously published protocol (Kong et al,
2019). Briefly, lamina joints of flag leaf at different stages
were incubated in GUS staining solution (50-mM NaPOj,
buffer, pH 7.0, 10-mgmL~" X-Gluc, and 0.02% (v/v) Triton
X-100), at 37°C in the dark for 12 h, and then washed with
70% (v/v) ethanol for 72 h twice until transparent. The GUS
staining images were captured via a Leica light microscope
(M205A) with a CCD camera. The sections of GUS-stained
samples were sliced by microtome (Leica VT 1000s), and
photographed using a light microscope (H600L, Nikon).

For lignin staining with phloroglucinol-HCl, hand-cut sec-
tions of lamina joints were incubated in HCl acid for 3 min,
and then stained with 5% (w/v) phloroglucinol-HCI 5% (w/
v) solution composed of phloroglucinol (Sigma) dissolved in
95% (v/v) ethanol. All sections were imaged using a light mi-
croscope coupled to a CCD camera (H600L, Nikon) with
representative images shown.
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For cellulose staining, 5-um sections of paraffin-embedded
samples were cut using a wax microtome and collected on
a glass slide. After dewaxing and drying sections were
immunolabeled using the HIS-tagged carbohydrate binding
module 3a (CBM3a) probe (Plant Probes) at 1:50 dilution in
a blocking buffer of 1% (w/v) bovine serum albumin in
phosphate buffered saline (PBS) overnight at 4°C. Sections
were washed in PBS three times for 5 min each, and incu-
bated with 1:100 dilution anti-HIS tag antibody (H1029,
Sigma) in blocking buffer for 2 h at room temperature. The
sections were again washed three times in PBS and then in-
cubated in a 1:200 dilution of the secondary antibody Alexa
Fluor 568 (A11031, Life Technologies) in blocking buffer for
a further 2 h. Sections were rinsed again with PBS and im-
aged using a Nikon C2 confocal microscope using the 561
nm laser line and collecting the emission spectrum from
580-649 nm. The settings for all samples were identical.

Lignin and cellulose content measurements

For lignin content measurement, samples were ground in
liquid nitrogen. Samples were washed twice with 95% (v/v)
ethanol, centrifuged at 700g, 25°C for 2 min, and dried in an
oven at 30°C until a constant weight was achieved. Dry
samples (20 mg) were placed into screwcap centrifuge tubes
containing 2-mL 25% (v/v) acetyl bromide in glacial acetic
acid and incubated at 70°C for 30 min. After complete di-
gestion, 0.2 mL of sample was mixed with 045-mL 2 M
NaOH, 0.05 mL of 7.5 M hydroxylamine—HCl, and 3.3 mL of
glacial acetic acid. The mixed solution was diluted to 10 mL
with glacial acetic acid. The absorbance of the supernatant
was measured at 280 nm, and absorbance results converted
to lignin amounts as previously described (Zhang et al,
2018). Cellulose measurements were performed as described
by Zhang et al. (2018).

Y2H/Y1H assays and EMSA

For Y1H assays, full-length CDS of OsARF6/17 and the pro-
moter of ILAT were amplified (primers in Supplemental
Table S1) and independently cloned into the yeast one-
hybrid vector, pHIS2 (Clontech). Y1H experiments were per-
formed using the Matchmaker Gold Yeast One-Hybrid
System kit (Clontech). Confirmation of OsARF6 or OsARF17
interaction with the ILAT promoter was conducted in SD/-
Trp/-Leu/-His medium containing 0 and 80-mM 3-amino-1,
2, 4-triazole (3-AT).

For Y2H assays, full-length c<cDNAs of OsARF6 and
OsARF17 were amplified (primers in Supplemental Table S1)
and cloned into Y2H vectors, pGBKT7 and pGADT7
(Clontech), respectively. Y2H experiments were performed
according to instructions for the Matchmaker Gold Yeast
Two-Hybrid System (Clontech). Detection of OsARF6-
OsARF17 interactions were verified in SD/-Trp/-Leu/-His me-
dium containing 40-mM 3-AT.

For EMSAs, OsARF6 and OsARF17 were synthesized using
the Single-Tube Coupled Transcription/Translation System
(Promega) using 2 pg BD-HA-OsARF6 and AD-HA-OsARF17
vectors. The synthesized proteins were verified by HA tag.
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Double-stranded M1 and M2 oligonucleotide probes were
synthesized with forward/reverse primers with and without
5'-end modification with 6-carboxyfluorescein (6-FAM) dye
(Supplemental Table S1). The competitors were the double-
stranded oligonucleotide without any modification. The
probe-annealing EMSA reactions were performed in a total
volume of 10 pL of binding buffer (20-mM HEPES-KOH, pH
7.9, 100-mM KCl, 2-mM DTT, and 20% glycerol) containing
2-uL OsARF6/17 synthesized solution, and either 80-ng M1
or M2 labeled probe (x1), or 64-ng M1 or M2 nonlabeled
probe and 16-ng M1 or M2 labeled probe (x5). EMSA reac-
tion products were resolved on a 6% polyacrylamide gel.
The results were captured through Cy2 filters: excitation
(460 nm) laser and 510-550 nm emission installed in a GE
Amersham Imager 680.

BiFC, Co-IP, and ChIP-PCR assays

The BIiFC and Co-IP experiments were performed in the
leaves of N. benthamiana plants. Plants were grown under a
16-h-light/8-h-dark cycle at 22°C for 21 days. Suspensions of
Agrobacterium tumefaciens GV3101 transformed with appro-
priate vectors were adjusted to optical density at 600 nm
(ODgpo) = 0.8 in MES medium (50-mM MgCl,, 50-mM
MES, and 200-UM acetosyringone, pH 5.7), prior to infiltrat-
ing the fifth and sixth leaves of plants. After infiltration,
plants were kept in the glasshouse for 48 h before analysis.

BiFC procedures were performed as described previously
(Huang et al, 2013). After OsARF6 and OsARF17 cDNAs
were individually cloned (primers in Supplemental Table S1)
into pXY104 and pXY106, containing either the C- or N-ter-
minal domain of enhanced yellow fluorescent protein (Mao
et al, 2020), respectively. The vector was transformed into
Agrobacterium and transiently expressed in N. benthamiana
leaves for 48 h. The results were captured through YFP fil-
ters: excitation (514 nm) laser and 525-550 nm emission
installed in Leica SP5.

Co-IP assays were performed with leaves of 18-day N. ben-
thamiana plants. OsARF6 OsARF17 cDNAs were individually
cloned into pGreen-FLAG and pGreen-HA vectors and tran-
siently expressed in N. benthamiana leaves for 48 h after
Agrobacterium-mediated transformation. Infiltrated leaves of
0.5 g were harvested and ground in liquid nitrogen. Leaf
powder was mixed with 1-mL extraction buffer (20-mM
HEPES-KOH at pH 7.5, 40-mM KCl, 1-mM EDTA, 0.5% (V/V)
Triton X-100, and 1-mM PMSF). After centrifugation for 10
min at 16,200g, the supernatant was incubated with 50-pL
prepared protein G-agarose (7033823, Roche) for 1 h with
gentle rotation at 4°C to clear the background. After centri-
fugation for 3 min at 500g, the supernatant was incubated
with anti-FLAG (1:300, mouse, 314570, Abmart) or anti-HA
(1:300, mouse, 304585, Abmart) antibodies for 12 h with
gentle rotation at 4 °C. Fifty microliters of prepared protein
G-agarose was added into the incubated mix and main-
tained for 1 h at 4°C with gentle rotation. Then, the mix
was centrifuged at 4°C, 500g for 3 min to collect the pellet.
The collected pellet was washed with 200-pL extraction
buffer five times, each with gentle rotation for 5 min at 4°C
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and pelleted at 500g for 3 min. Finally, the pellets were
resuspended in 100-pL extraction buffer and 100-puL SDS
buffer (250-mM Tris—HCI [pH 6.8], 10% SDS [w/v], 0.5% bro-
mophenol blue [w/v], 50% glycerol [v/v]), and heated at
95°C for 5 min. The samples were centrifuged at 500g at
25°C for 3 min and the supernatants were analyzed by im-
munoblot analysis, for which primary antibodies (anti-HA,
314570, Abmart and anti-FLAG, 304585, Abmart) were di-
luted 1:5,000, and the secondary goat anti-mouse polyclonal
antibody (ab6789, Abmart) conjugated with horseradish per-
oxidase (HRP) was diluted 1:20,000. HRP staining was
according to manufacturer’s instructions (SuperSignal West
Atto, ThermoFisher). The images were captured by GE
ImageQuant LAS4000mini.

ChIP-PCR procedures were conducted according to a
reported protocol (Haring et al., 2007). Flag leaf lamina joints
(65 days after planting) were harvested and cross-linked in
1% (w/v) formaldehyde under vacuum for 50 min, quenched
by 0.25 M glycine for 5 min, washed in ddH,O five times,
and ground in liquid nitrogen. Nuclei were precipitated by
centrifugation at 3,000g and sheared into ~100- to 300-bp
fragments by sonication; nonsonicated chromatin DNA was
reverse cross-linked and used as the total input DNA con-
trol. IP was performed using an anti-GFP antibodies (rabbit
monoclonal, ab32146, Abcam) bound to Protein G agarose/
salmon sperm DNA (16-201, Sigma). The IP proteins and
DNA were eluted with 1% (w/v) SDS and 0.1 M NaHCO;,
and the cross-linking was reversed by incubation in 250-mM
NaCl at 65°C for 12 h. gqPCR was performed on IP genomic
DNA, and the relative enrichment was normalized to input
for each sample (primers in Supplemental Table S1).

Luciferase assays

The dual-LUC method was performed in the N. benthami-
ana leaves. Pro35S:FLAG-ARF6 and Pro35S:HA-ARF17 were
used as effector constructs. The reporter constructs
ProP1:LUC, ProP2:LUC, ProP3:LUC, ProP4:LUC, and ProP5:LUC
were constructed based on pGreenll-0800-LUC. Effector and
reporter plasmids were transiently expressed in N. benthami-
ana leaves for 48 h after Agrobacterium-mediated transfor-
mation as described above. 1 cm” infiltrated leaves were
harvested and ground in liquid nitrogen. LUC and REN ac-
tivities were measured using the dual-LUC assay reagent kit
(Promega) with the GLOMAX 20/20 luminometer
(Promega), according to the manufacturer’s instructions.
Promoter activities were evaluated by normalizing LUC ac-
tivities to REN activities.

CT scanning

For CT scanning procedures, the lamina joints of flag leaves
were fixed in FAA (60% (v/v) ethanol, 6% (v/v) acetic acid,
and 5% (v/v) formaldehyde) for 12 h, dehydrated in an etha-
nol series (70%, 80%, 90%, and 100% v/v), each for 15 min,
and then rapidly subjected to final critical point drying.
Samples were scanned using an X-ray microscope (CT,
Xradia 520 Versa, Zeiss).
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Yield evaluation under different planting densities
Paddy trials were performed in Shanghai 2020. For WT and
dm lines, each rice plant was grown in a paddy field at a dis-
tance of 21.4 x 21.4 cm (25 plants/m?), 17.6 X 17.7 cm (36
plants/m?), or 15X 15 cm (47 plants/m®). Each treatment
was performed in three individual pots with randomized
blocks and the size of each pot was 3 x 3 m. Forty plants
were harvested and used for analysis from each pot exclud-
ing marginal plants. After harvest, the samples were dried
for 15 days at 37°C prior to measurements.

Statistical analysis

Two-tailed Student’s t tests were performed via Microsoft
Excel 2020 to detect the statistical significance of data.
Statistical data are provided in Supplemental File S1.

Accession numbers

Sequence from this study can be downloaded from the rice
genome annotation project (http://rice.plantbiology.msu.
edu/) with the following accession numbers: OsARF6
0s02g06910; OsARF12 Os04g57610; OsARF17 Os06g46410;
OsARF25 Os12g41950; ILAT Os06g50920.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Characterization of osarf6 and
osarf17 T-DNA insertion mutants.

Supplemental Figure S2. OsARF6 and OsARF17 are
expressed in both abaxial and adaxial regions.

Supplemental Figure S3. Knockout mutants of OsARF6
and OsARF17 exhibit a large flag leaf angle.

Supplemental Figure S4. The height, leaf angle, and tiller
angle are normal in dm.

Supplemental Figure S5. The expression pattern of
OsAREFs in rice tissues.

Supplemental Figure S6. Lignin and cellulose contents
were reduced in dm lamina joints but not stems.

Supplemental Figure S7. Fresh weight analysis of WT and
dm flag leaves from 60 to 90 days after planting.

Supplemental Figure S8. Lignin and cellulose contents
were reduced in ilal lamina joints but not stems.

Supplemental Figure S9. Secondary cell wall structure
was defective in lamina joints of ila flag leaves.

Supplemental Figure S10. Characterization of a series of
ProlLAT:LUC constructs in N. benthamiana leaves.

Supplemental Table S1. Primers used in this work.

Supplemental Movie S1. Phenotypic analysis of the WT
lamina joint of flag leaf using CT scanning.

Supplemental Movie S2. Phenotypic analysis of dm lam-
ina joint of flag leaf using CT scanning,

Supplemental Movie S3. Sections of the WT lamina joint
from top to down via CT scanning images.

Supplemental Movie S4. Sections of dm lamina joint
from top to down via CT scanning images.

Supplemental Movie Legends.

Supplemental File S1. Summary of statistical tests.
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