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Abstract

Cellulose and lignin are critical cell wall components for plant morphogenesis and adaptation to environmental conditions.
The cytoskeleton supports cell wall deposition, but much of the underpinning regulatory components remain unknown.
Here, we show that an APETALA2/ETHYLENE RESPONSE FACTOR (ERF) family transcription factor, OsERF34, directly pro-
motes the expression of the actin- and microtubule-binding protein Rice Morphology Determinant (RMD) in rice (Oryza
sativa) peduncles. OsERF34 and RMD are highly expressed in sclerenchymatous peduncle cells that are fortified by thick
secondary cell walls (SCWs) that provide mechanical peduncle strength. erf34 and rmd-1 mutants contained lower cellulose
and lignin contents and thinner SCWs, while ERF34 over-expressing (OE) lines maintained high cellulose and lignin content
with thicker SCWs. These characteristics impacted peduncle mechanical strength, that is, reduced strength in erf34 and
rmd-1 and increased strength of ERF34 OE plants. Taken together, our results demonstrate that the OsERF34-RMD cascade
positively regulates SCW synthesis and mechanical strength in rice peduncles, which is important for yield, and provide a
potential guide for improved peduncle breeding efforts in rice.

Introduction

Lodging is defined as the deviation in stem, or parts of the  yield (Weber and Fehr, 1966). Lodging is associated with
stem, angle from a vertical position. Tolerance to lodging of  plant height, basal internode length, diameter, and strength
rice (Oryza sativa) is crucial to withstand environmental (Valentine et al, 1997; Kelbert et al, 2004a, 2004b; Berry
stress and to maintain suitable development, growth, and et al, 2006). Increased lodging tolerance can be achieved by
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OsERF34 promotes rice peduncle lodging strength

reducing crop height, for example changing gibberellin con-
tent, to improve lodging potential (Chandler, 1969). Crop
stem lodging strength (the highest bending resistance of
stem) is typically determined by basal internode morphology
and mechanical strength (Pinthus, 1974). In contrast to the
basal internode, peduncles (the uppermost and longest in-
ternode directly underneath the inflorescence) support spi-
kelets and are therefore of particular importance for crops
(Berry et al, 2004). The peduncle mechanical strength (the
highest bending resistance of peduncle) is regarded as a po-
tential selection criterion in crops, for example in oat
(Avena sativa L.) (Nakhforoosh et al., 2020).

Lodging tolerance is positively correlated with culm thick-
ness and stiffness, which is mainly determined by the depo-
sition of cell wall components (Kashiwagi et al, 2006; Li
et al, 2015). Rice brittle culm mutants have defects in me-
chanical strength due to reduced cellulose and lignin deposi-
tion and altered cell wall structures (Tanaka et al., 2003; Li
et al, 2009; Zhang et al, 2010; Zhang and Zhou, 2011).
Similarly, in maize (Zea mays L.), brittle stalk 2 caused brittle
culms due to reduced cellulose and altered cell wall compo-
sition (Li et al, 2003; Sindhu et al., 2007).

Plant cell walls critically support and maintain cell and
plant shape (Wang et al, 2016a; Herger et al, 2019). Plant cell
walls are divided into two types: primary cell walls (PCWs)
and secondary cell walls (SCWs). For SCWs, lignin, xylan, and
cellulose are the main components (Kumar et al, 2016),
where cellulose is synthesized by cellulose synthase (CESA)
enzymes. In rice, OsCESA4, OsCESA7, and OsCESA9 comprise
a heterotrimeric complex that produces SCW cellulose
(Tanaka et al, 2003), and mutations in any of the CESAs re-
sult in a brittle culm phenotype (Kotake et al, 2011; Wang
et al, 2016b; Li et al, 2018a). Lignin is a complex polymer of
aromatic alcohols, and may be deposited in the gaps between
cellulose microfibrils in SCWs, providing mechanical strength
and supporting plant stature (Kumar et al., 2016).

Ethylene response factors (ERFs) are important regulators
of cell wall biosynthesis. For example, overexpression of
AtERF35 led to ectopic accumulation of cell walls and could
also induce thick primary wall-like cell walls in SCW-
deficient fiber cells in Arabidopsis (Arabidopsis thaliana)
(Sakamoto et al, 2018). In addition, ERF139 promoted G-lig-
nin accumulation in xylem tissue in Populus (Populus L.),
and altered fiber and vessel cell morphology (Wessels et al,
2019). Finally, GbERF1-like promoted lignin synthesis in cot-
ton (Gossypium hirsutum), which aided in resistance against
Verticillium dahliae (Guo et al, 2016).

The cytoskeleton, in particular the microtubules, supports
cell wall synthesis (Paredez et al,, 2006; Schneider et al,, 2017).
Microtubule array orientation determines cellulose microfibril
patterns and microtubule-associated proteins impact cellulose
synthesis (Paredez et al, 2006; Schneider et al, 2017). For ex-
ample, SCW cellulose synthesis is affected by mutations in
KATANIN, which regulates microtubule severing (Burk et al,
20071; Schneider et al., 2021). However, also the actin cytoskel-
eton influences cell wall deposition, in particular the
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distribution of secreted cell wall material (Sampathkumar
et al, 2013; Zhang et al, 2019), and defects in actin-associated
proteins control actin cytoskeleton dynamics. For example,
LIN-11, Isl1, and MEC-3-domain proteins, related to F-actin
binding proteins, promote SCW deposition in plant tissues
(Thomas et al, 2006; Han et al, 2013).

Here, we show that OsERF34 directly binds to and acti-
vates Rice Morphology Determinant (RMD), a Type Il formin
that regulates the patterning of actin and microtubule cyto-
skeleton. Defects in OsERF34 or RMD lead to impaired pe-
duncle diameter and reduced SCW synthesis, which in turn
result in reduced mechanical peduncle strength.

Results

OsERF34 directly binds to and activates the RMD
promoter

We have previously shown that RMD encodes a Type Il for-
min that affects a plethora of growth-related aspects in rice
(Zhang et al, 2017; Li et al, 2014; Li et al, 2018b; Huang
et al, 2018; Song et al, 2019). To study how RMD is tran-
scriptionally regulated, we used the RMD promoter (1,922-
bp upstream of the RMD start codon) as bait against an
in vitro rice transcription factor (TF) library in yeast-one-
hybrid assays (Figure 1A). From these assays, we obtained
several TF candidates, including OsERF34 (Figure 1B). To re-
duce the candidate list, we employed co-expression analyses,
as one would expect either a strong positive (activators) or
negative (repressors) association in the expression of the TF
and bait. Here, we found that OsERF34 and RMD displayed
similar expression patterns (Supplemental Figure S1). To
verify the relationship between OsERF34 and RMD, we
undertook dual-luciferase (LUC) experiment by transiently
co-expressing ProRMD:LUC2 with ProZmUBQ:OsERF34 in
isolated protoplasts from rice leaves. We found that
OsERF34 increased LUC activity two-fold as compared with
the eGFP control, indicating that OsERF34 can act as an ac-
tivator of RMD expression (Figure 1, C and D). ERFs typically
regulate transcription by directly binding to multiple cis-
elements (i.e. DRE: CCGAG GCC-box: AGCCGCC) (Hao
et al, 2002). We found two DRE motifs in the RMD pro-
moter (Figure 1E). We next assessed whether OsERF34 can
directly bind to these sites using electrophoretic mobility
shift assay (EMSA). Indeed, we observed clear gel shifts of
the hot probes (promoter region containing the sites) when
they were incubated with the recombinant OsERF34 protein
(Figure 1F). These gel shifts were abolished when either us-
ing a cold competitor probe or by mutations of key nucleo-
tides in the motifs (Figure 1F). Our results thus show that
OsERF34 can activate RMD expression by binding two DRE
sites in its promoter.

OsERF34 and RMD are highly expressed in
sclerenchymatous cells

To better appreciate the function of OsERF34 in rice devel-
opment, we constructed ProOsERF34:GUS reporter lines, us-
ing 2,919-bp upstream of the OsERF34 start codon. These
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Figure 1 OsERF34 directly binds to and activates the RMD promoter. A, Yeast one-hybrid constructs. The bait construct consists of an RMD pro-
moter that drives the HIS3 reporter gene, and the library plasmids were T7 promoter drives rice TFs. B, Yeast one-hybrid screening result shows
that OsERF34 binds to RMD promoter, ¢, empty vector; SD, Synthetic Dextrose Minimal Medium; W, tryptophan; H, histidine; L, leucine; —, minus;
3AT, 3-amino-1,2,4-triazole. C, LUC constructs. The effector constructs consisted of OsERF34 or eGFP coding region driven by the maize UBQ pro-
moter, and the reporter construct consisted of the firefly LUC gene driven by the RMD promoter. D, Transient effector-reporter assay using rice
mesophyll protoplasts. The relative reporter value was calculated by dividing the reporter value with the reference value of Renilla LUC. (n = 6 for
biologically independent samples). Each dot represents individual data point. The error bar is sp type, and the asterisk refers to statistical signifi-
cance (One-way ANOVA: ‘P < 0.05). E, The RMD promoter contains two putative ERF binding cis-elements, black boxes, CCGAC cis-elements.
M1, cis-element 1, M2, cis-element 2. F, EMSA showing the direct binding of OsERF34 to M1 and M2 probes of RMD promoter. A 200-fold excess
of nonlabeled probes was used for competition. Cis-element sequence “CCGAC” was changed to “AAAAA” for mutation. Hot probes and muta-
tions were labeled by FAM at the 5-end and the interaction was checked by the CY2 channel.

lines revealed that OsERF34 is highly expressed in flowers, erf34 mutant and ERF34-VP16 lines show dwarf

root vascular tissues, leaves, anther, and peduncles (Figure 2,
A and D). To further deduce where in the peduncle
OsERF34 is expressed, we made cross-sections of the
peduncles and observed that OsERF34 is highly expressed in
sclerenchymatous cells (SCs) as compared to parenchyma-
tous cells (PCs; Figure 2A). Zhang et al. (2011) investigated
RMD expression patterns among rice tissues, but did not de-
tail the RMD expression in peduncles. Using the published
lines, we found that RMD exhibits a similar expression pat-
tern as that of OsERF34, with high expression in SCs
(Figure 2B). Reverse transcription—quantitative polymerase
chain reaction (RT-gPCR) further demonstrated that
OsERF34 and RMD are mainly expressed in SCs (Figure 2C),
corroborating the transcriptional relationship between the
genes and indicating that the two genes may participate in
SCW biosynthesis.

phenotype

To unravel the function of OsERF34 in rice biology, we first
attempted to mutate the gene by CRISPR-associated protein 9
(CRISPR/cas9) technology (Xie et al, 2015). We obtained three
independent mutant lines, called erf34-1 (Line 1, TA insertion),
erf34-2 (Line 2, G deletion), and erf34-3 (Line 3, a two-target
mutation line) (Figure 3A). All three lines created frameshifts
that altered protein translation and disrupted gene function.
The resulting plants displayed dwarf phenotypes, with reduced
plant height, as compared to wild-type (WT) plants
(Figure 3B). The dwarf phenotype of erf34-1 was more severe
than erf34-2, which may be because of an earlier frameshift in
erf34-1 (Figure 3, A and B). As an alternative approach, we
fused the OsERF34 coding sequence with the strong transcrip-
tional activation domain VP16 under the control of the rice
Ubiquitin promoter, and transformed the construct into rice
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Figure 2 OsERF34 and RMD are highly expressed in SCs. A, GUS staining of flower (left) and fresh-hand peduncle cross-sections of 70-day-old
ProERF34:GUS transgenic plants. Seedling roots (right) grown for one week and stained for GUS activity, and observed by light microscope. Scale
bar, 1mm (flower), 0.1 mm (cross-section), T mm (root). B, GUS staining of flower and peduncle cross-sections of 70-day-old ProRMD:GUS trans-
genic plants. Scale bar, 1Tmm (flower), 0.1 mm (peduncles cross-section). C, RT—qPCR analysis for expression level of RMD and OsERF34 in SC and
PC. The ubiquitin gene was used as reference gene. The samples were obtained from 70-day-old WT peduncles of the main stem and then sam-
pled SC and PC under a microscope. Four single peduncles of WT contribute to each biological repetition. Results are given as mean = st (standard
error) calculated from three biological replicates. D, OsERF34 expression pattern in different rice tissues. RT-qPCR for the expression level of
OsERF34 in seedling roots (7-day-old), leaves, peduncles (70-day-old), flowers, and anthers (at the heading stage). Four individual plants were sam-
pled for each repetition. Results are given as mean = se calculated from three biological replicates. The error bar is SD type.

WT plants. We selected six independent transgenic lines and
confirmed that they overexpressed OsERF34 (Figure 3D).
Notably, mature plants from these six lines were all slightly
dwarfed as compared to WT (Figure 3, B and E). We chose to
do further analysis in the ERF34-VP16-6 line, because of the
high OsERF34 expression level. Here, the internodes were
slightly shorter than the WT internodes. In addition, all four
internodes of erf34-1 and erf34-2 were shorter than WT, espe-
cially the peduncles (Figure 3, C and F).

If OsERF34 activates RMD expression, we would expect to
see reduced RMD levels in erf34 mutants, but increased ex-
pression in the ERF34-VP16 lines. We therefore conducted
RT-gPCR analyses of the rice peduncles. Indeed, we found
that RMD expression was significantly upregulated and down-
regulated in the ERF34-VP16 and erf34 mutant lines, respec-
tively (Figure 3G). Taken together, these results suggest that
OsERF34 null and gain of function lines affect rice plant
height, especially peduncle length, and RMD expression.

OsERF34 promotes SCW thickening and mechanical
strength

Cell walls determine the shape and the expansion of plant
cells and tissues. As ERFs affect PCW and SCW deposition

(Sakamoto et al, 2018; Bernard et al, 2019; Saelim et al,
2019; Seyfferth et al, 2021), we hypothesized that OsERF34
regulates rice plant height by moderating cell wall biosyn-
thesis. This could also explain the apparent contradictory
results from the mutant and over-expressing (OE) OsERF34
lines, as too little and too much cell wall production some-
times result in similar growth phenotypes.

Interestingly, we found that the peduncles were thinner in
both erf34-1 and erf34-2, but thicker in ERF34-VP16-6, lines
compared to WT by stereomicroscope (Figure 4, A and C).
Peduncle diameter is an important character to define pe-
duncle stiffness, and thus the ability to sustain the weight of
spikes. We, therefore, measured the peduncle breaking force
(the minimal force of peduncle breakage) of WT, erf34-1,
erf34-2, and ERF34-VP16-6 by a SUNS electromechanical uni-
versal testing machine, and found that the breaking force in
WT was significantly higher than both erf34-1 and erf34-2,
but significantly lower than in ERF34-VP16-6 (Figure 4, B
and D). This indicates that OsERF34 promotes peduncle me-
chanical strength in rice.

SCW biosynthesis determines culm thickness and develop-
ment. To assess if the SCW levels were altered in the ERF34
lines, we used scanning electron microscope (SEM) imaging of
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Figure 3 erf34 mutant and ERF34-VP16 lines show dwarf phenotype. A, Genotypes of three erf34 CRISPR/Cas9 mutation lines. The line exhibits
the genomic sequence length (1,052 bp) of OsERF34. Black box, exon. B, All three erf34 mutants and two ERF34-VP16 lines show defects in 120-
day-old mature rice plant height. All genetic lines compared with WT. Scale bar, 10cm. C, Main stem length of WT, erf34-1, erf34-2, and ERF34-
VP16-6 (from left to right) 120-day-old mature plants. White arrows mean the different internode position. Scale bar, 5 cm. D, OsERF34 level in six
ERF34-VP16 lines. The ubiquitin gene was used as reference gene. The samples were obtained from each 30-day-old ERF34-VP16 line leaf of the
main stem. E, The plant height of WT, erf34-1, erf34-2, ERF34-VP16-2, and ERF34-VP16-6 mature plants. Ten plants were measured for each kind of
transgenic line. The horizontal bar within box represents median. The top and bottom of the box represent the 0.75 and 0.25 percentiles, respec-
tively. The upper and lower whiskers extend to 1.5 times the interquartile range, with outliers shown as black dots. Different letters indicate signif-
icant differences (one-way ANOVA: P < 0.01). F, Four internode lengths of 120-day-old mature plants. The internode length was measured of 10
individual main stems for each kind of transgenic line (one-way ANOVA: P < 0.05). G, RMD transcript level in erf34-1 and ERF34-VP16-6. The
ubiquitin gene was used as the reference gene. Results are given as mean st calculated from three biological replicates (one-way ANOVA:
“P < 0.01).

fresh peduncle transverse sections and measured the SCW
thickness by Image) (Figure 4, E and G). We found that erf34-
1 and erf34-2 produced thinner SCWs, whereas ERF34-VP16-6
had thicker SCWs, than WT peduncles, demonstrating that
OsERF34 positively associated with SCW biosynthesis in rice.
SCWs mainly consist of cellulose, some hemicelluloses, and
lignin (Chundawat et al, 2011; McCann and Carpita, 2008).
We therefore measured the cellulose and lignin content in
the transgenic peduncles. While erf34-1 and erf34-2 had

reduced levels of lignin and cellulose, ERF34-VP16-6 had in-
creased levels compared to WT (Figure 4 H and I).
Phloroglucinol staining, which stain lignin, corroborated these
results (Figure 4F). Our results, therefore, demonstrate that
OsERF34 activates cellulose and lignin biosynthesis, SCW
thickening and that it promotes mechanical strength of rice
peduncles, which is beneficial to rice production.

We finally tested if the OsERF34 transgenic lines also
were affected in primary wall formation. Cellulose is the
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Figure 4 OsERF34 promotes SCW thickening and mechanical strength. A, Peduncles of heading stage plants in WT, erf34-1, erf34-2, and ERF34-
VP16-6 (10 peduncles for each) imaged by a stereoscope. Scale bar, 1 mm. B, Peduncle brittleness of WT, erf34-1, erf34-2, and ERF34-VP16-6. Scale
bar, 1cm. C, The peduncle diameter of WT, erf34-1, erf34-2, and ERF34-VP16-6 (10 peduncles for each). 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 (one-way ANOVA: P < 0.01). D, The
minimum breaking force of WT, erf34-1, erf34-2, ERF34-VP16-6, and ERF34/WT (10 peduncles for each) measured by a SUNS electromechanical
universal testing machine. The horizontal bar within box represents median. The top and bottom of the box represent the 0.75 and 0.25 percen-
tiles, respectively. The upper and lower whiskers extend to 1.5 times the interquartile range, with outliers shown as black dots. Different letters in-
dicate significant differences (one-way ANOVA: P < 0.01). E, The SCW of WT, erf34-1, erf34-2, ERF34-VP16-6, and ERF34/WT imaged by an SEM.
Red line, SCW thickness. Scale bar, 2 um. F, Phloroglucinol staining of WT, erf34-1, erf34-2, ERF34-VP16-6, and ERF34/WT 100-day-old peduncle
cross-sections. Scale bar, 100 um. G, SCW thickness of WT, erf34-1, erf34-2, ERF34-VP16-6, and ERF34/WT (30 cells from four individual plant for
each line). 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 (one-way ANOVA: P < 0.01). H and |, Lignin and cellulose content measurement in peduncles of WT, erf34-1, erf34-2, and ERF34-
VP16-6. The samples in D were dried and used for measuring cellulose and lignin content. Different letters indicate significant differences (one-
way ANOVA: P < 0.01). The error bar belongs to SD type.

main polymer in most primary walls (McCann and
Carpita, 2008), and defects in PCW cellulose synthesis
typically leads to increased sensitivity to isoxaben; a
PCW cellulose biosynthesis inhibitor (Heim et al, 1990).

We therefore grew WT, erf34-1, and ERF34-VP16-6 seed-
lings on media supplemented with 50-nM isoxaben. Our
results show that plants of all three lines exhibited
similar growth inhibition of primary root length

920 U2JBIN O} UO Josn AJis1aAlun [ESIPBN PuU02as feyBueys Aq 861.0899/9081/€/06 | /o1oiue/sAydid/woo"dno-ojwepeoe/:sdny woly papeojumoq



1812 I PLANT PHYSIOLOGY 2022: 190; 1806-1820

(Supplemental Figure S2), indicating that PCW cellulose
levels were not obviously affected in the OsERF34 lines.

To assure that the obtained results by the VP16-tagged
version of OsERF34 were not due to VP16, we also
over-expressed the untagged OsERF34 cDNA driven by an
Ubiquitin promoter in a WT background, referred to as
ERF34/WT. These lines showed similar results as those of
ERF34-VP16-6, corroborating that OsERF34 activates
peduncle and SCW thickness (Figure 4, D-G).

rmd-1 has defects in SCW synthesis and mechanical

strength

Consistent with RMD acting as a direct downstream target
of OsERF34, both erf34 mutants and rmd-1 show similar
dwarf plant phenotypes (Figure 3B). In addition, the pedun-
cle diameter was, similarly to the erf34 mutants, thinner in
rmd-1 than WT (Figure 5, A and B). The peduncle stiffness
was also significantly lower in rmd-1 than in WT (Figure 5,
C and D), and the SCW thickness was reduced in the rmd-1
mutant plants (Figure 5, E and F). Again, similar to erf34
mutants, rmd-1 has lower cellulose and lignin content in its
peduncles (Figure 5, H and 1), and phloroglucinol staining
showed similar reductions in lignin in rmd-1 as that of erf34
(Figure 5G). These results indicate that RMD acts down-
stream of OsERF34, promotes cellulose and lignin biosynthe-
sis and SCW thickening in rice, contributing to rice
peduncle mechanical strength.

In addition to its role in SCW synthesis, RMD also
appeared to contribute to PCW synthesis. For example,
rmd-1 seedlings grew less well on media supplemented with
isoxaben as compared to WT (Supplemental Figure S3).
These data indicate that RMD promotes cellulose biosynthe-
sis in rice and that its function during SCW synthesis may
be regulated by OsERF34.

OsERF34 indirectly alters the expression level of
SCW CESA and key lignin synthesis genes

The erf34 mutants still contain a substantial level of RMD
transcript, though significantly less than WT (Figure 3G).
Consequently, we were surprised that the erf34 mutants
phenocopied the rmd-1 mutant. As such, we thought it
likely that OsERF34 also might target other cellulose and lig-
nin aspects of SCW synthesis. OsCESA4, CESA7, and CESA9
form the SCW-associated CESA complex isoform in rice
(Tanaka et al, 2003). In addition, phenylalanine ammonia-
lyase (PAL), 4-coumarate-coenzyme A ligase (4CL), and cin-
namyl alcohol dehydrogenase (CAD) family genes encode
critical lignin biosynthesis enzymes, which are closely associ-
ated with lodging tolerance (Hu et al, 2017). We, therefore,
checked whether OsERF34 impacts the expression of these
genes via RT-qPCR in WT, erf34-1, and ERF34-VP16-6
peduncles. We found that the CESA4, 7, and 9, and OsCAD2,
OsPAL1, OsPALS, and Os4CL4 were downregulated in erf34-1,
but upregulated in ERF34-VP16-6 as compared to WT
(Figure 6, A and B). AtERF35, an orthologous OsERF34 gene,
directly binds to PCW CESA, but not SCW CESA, promoters

Zhang et al.

(Sakamoto et al, 2018; Nakano et al, 2006). To see if this
also was the case for OsERF34, we performed yeast one-
hybrid assays to test whether OsERF34 can directly bind the
SCW OsCESA4 and OsCESA7 promoters. Our data indicate
that this is not the case, suggesting that OsERF34 indirectly
regulates SCW synthetic genes (Supplemental Figure S4),
possibly by changing RMD levels that in turn may provide a
feedback to change the transcription of SCW biosynthetic
genes. To investigate that, we also performed RT-qPCR to
test the expression levels in rmd-1. Our results show that,
similar to erf34, the genes (i.e. OsCESA 4, 7 and 9, and
OsCAD2, OsPAL1, OsPALS, and Os4CL4) were downregulated
also in rmd-1 (Figure 6, C and D).

We next asked whether an increased expression of
OsERF34 can overcome the defects in rmd-1. To address
this, we overexpressed OsERF34 coding sequence in rmd-1
called ERF34/rmd-1 (Figure 7C), of which we chose the
ERF34/rmd-1-2 line to do further analysis. We found that
the peduncle diameter was partially rescued in ERF34/rmd-
1-2 (Figure 7, A and B), while the breaking force and SCW
thickness did not exhibit any differences compared with
rmd-1 mutant plants (Figure 7, D-F). We further found that
the cellulose content in ERF34/rmd-1-2 was higher than that
of rmd-1 (Figure 71). In contrast, phloroglucinol staining and
lignin measurement revealed similar reduction in lignin de-
position in ERF34/rmd-1-2 and rmd-1 (Figure 7, G and H).
Finally, we checked cellulose and lignin-related gene expres-
sion in ERF34/rmd-1-2. We found that OsCESA4, 7, and 9
were upregulated in ERF34/rmd-1-2 compared to rmd-1
(Figure 7J), and to a similar extent as that of ERF34-VP16-6
(cf. Figures 6, A and 7, J). This upregulation further associ-
ated well with the increased cellulose content in the ERF34/
rmd-1-2 line. However, expression of the lignin synthesis
genes was only moderately increased in the ERF34/rmd-1-2
line as compared to rmd-1. These increases were substan-
tially less than what we observed in the ERF34-VP16-6 line
(cf. Figures 6, B and 7, K). These results indicate that
OsERF34 activates RMD and, either directly or indirectly, cel-
lulose synthesis, and that the function of RMD is required
for OsERF34 to also activate lignin synthesis.

OsERF34 controls seed length and width

Lodging force usually corresponds with grain yield. To assess
rice grain characteristics, we measured the seed length and
width of erf34 mutants and ERF34-VP16-6. We found that
the erf34 mutants have longer seeds than WT
(Supplemental Figure S5, A and B). The erf34-1 showed
more narrow seeds than WT, although not significant for
erf34-2 (Supplemental Figure S5, C and D), perhaps due to
the later frameshifts in the ERF34 gene in erf34-2. Neither
the seed length nor the width of the seeds was significantly
different between WT and ERF34-VP16-6 (Supplemental
Figure S5). These results demonstrate that OsERF34
negatively regulates seed length in rice.
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Figure 5 rmd-1 has defects in SCW synthesis and mechanical strength. A, Peduncle phenotype at heading stage of WT and rmd-1 plants imaged
by a stereoscope. Scale bar, 1mm. B, The peduncles diameter of WT and rmd-1 from images such as those in (A), measured by ImageJ. Ten
peduncles were sampled for each group (one-way ANOVA, P < 0.001). The error bar belongs to SD type. C, Peduncle brittleness of WT and
rmd-1. Scale bar, 1cm. D, The minimum breaking force of WT and rmd-1 measured by a SUNS electromechanical universal testing machine, 10
peduncles were sampled from 10 individual 100-day-old plant. 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 (one-way ANOVA, P < 0.001). E, The SCW of WT and rmd-1 imaged by SEM. Scale bar, 2 um. F, SCW thickness of WT and rmd-1,
30 cells from four individual plants. 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 (one-way
ANOVA, P < 0.001). G, Phloroglucinol staining of WT and rmd-1 100-day-old peduncle cross-sections. Scale bar, 100 um. H and |, Lignin and cel-
lulose content in peduncles of WT and rmd-1. The samples in (D) were dried and used for measuring cellulose and lignin content (one-way
ANOVA: “P < 0.01). The error bar belongs to SD type.

Discussion

In this study, we demonstrate that an AP2/ERF family TF,
OsERF34, directly binds to the promoter of RMD to regulate
rice cellulose and lignin synthesis and peduncle strength
(Figure 8). In the absence of OsERF34, rice plants exhibited a
dwarf phenotype, lower cellulose and lignin content, thinner
SCW thickness, and lower peduncle breaking force (Figure 8).
In contrast, overexpressing OsERF34 produced thicker SCWs
and peduncles with higher breaking force (Figure 8).

The actin and microtubule cytoskeleton, and their binding
proteins, regulate cell wall biosynthesis. Defects in RMD
caused semi-dwarf rice phenotypes and retarded cell elonga-
tion, which indicate cell wall defects (Zhang et al, 2017;
Yang et al, 2011). Indeed, we found that SCW cellulose and

lignin contents were lower in rmd-1 than WT (Figure 5, H
and 1), which directly contribute to peduncle thickness and
stiffness (Tanaka et al, 2003). These results demonstrate
that RMD is an activator for SCW synthesis in rice.
However, how the RMD activity and SCW synthesis are cou-
pled remains to be investigated. Nevertheless, it is tempting
to speculate that the RMD promotes actin and microtubule
cytoskeleton dynamics and perhaps then drives either the
transition between the primary to the SCW synthesis or
enables distribution of SCW precursor material, for example
via trafficking, across the cell membrane, similar to what
was observed for the actin cytoskeleton and myosin-based
activity in Arabidopsis during primary wall synthesis
(Sampathkumar et al, 2013; Zhang et al,, 2019). Such activity
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Figure 6 OsERF34 alters the expression of cellulose and lignin biosynthetic genes. A, RT-qPCR analysis of SCW associated CESA genes in rice 90-
day-old peduncles of WT, erf34-1 and ERF34-VP16-6. The ubiquitin gene was used as the reference gene. Each repetition sampled three individual
plant peduncles. Results are given as mean e calculated from three biological replicates (one-way ANOVA: P < 0.001). B, RT-qPCR analysis of
lignin associated genes in rice 90-day-old peduncles of WT, erf34-1 and ERF34-VP16-6. The ubiquitin gene was used as the reference gene. Each
repetition sampled three individual plant peduncles. Results are given as mean + st calculated from three biological replicates (one-way ANOVA:
“P <001, "P < 0.001). C, RT-qPCR analysis of SCW associated CESA genes in rice 90-day-old peduncles of WT and rmd-1. The ubiquitin gene
was used as the reference gene. Each repetition sampled three individual plant peduncles. Results are given as mean =+ st calculated from three bio-
logical replicates (one-way ANOVA: P < 0.001). D, RT—-gPCR analysis of lignin associated genes in rice 90-day-old peduncles of WT and rmd-1.
The ubiquitin gene was used as the reference gene. Each repetition sampled three individual plant peduncles. Results are given as mean + st calcu-
lated from three biological replicates (one-way ANOVA: P < 0.01, P < 0.001).

may in turn feedback on the induction of SCW gene expres-
sion as both the erf34 and the rmd-1 mutants displayed
reductions in SCW gene expression. One approach to re-
solve this may be to make use of the inducible VASCULAR-
RELATED NAC-DOMAIN (VND) systems combined with cy-
toskeleton and cellulose synthesis marker lines (Kubo et al,,
2005; Yamaguchi et al,, 2008). This system would then need
to be transferred also to rice as it currently is mainly utilized
in Arabidopsis.

OsERF34 directly binds to and activates the RMD pro-
moter, thus upregulating RMD in peduncles where the
OsERF34 is highly expressed and associated with SCs
(Figures 1 and 2). Reduced cellulose and lignin caused brittle
peduncles in erf34 mutants, while increased cellulose and
lignin contribute to thicker SCW and stiff peduncles in
ERF34-VP16 lines (Figure 4). However, both the increase and
decrease in SCW synthesis resulted in reduced plant height,
as both the erf34 mutants and ERF34-VP16 lines showed
shorter internodes and dwarf rice phenotypes (Figure 3). In

other plant species, mutation or overexpression of wall-
associated genes often cause similar dwarf phenotypes (Xu,
2014; Chai et al, 2015; Mazarei et al, 2018). These observa-
tions indicate that there is a balance in cell wall synthesis to
control the ability of the stems to grow.

Apart from the peduncle length, the seed length was neg-
atively regulated by OsERF34 (Supplemental Figure S5, A
and C), which may be useful for changing the seed shape to
meet yield requirements for the future. Several OsERFs regu-
late grain size, for example SALT-RESPONSIVE ERF1 (SERF1),
which is expressed in panicles, negatively regulates seed size
and starch filling (Schmidt et al, 2014) and OsERF62 posi-
tively regulates seed length by altering the cell number of
palea and lemma (Nakano et al, 2006; Yu et al, 2017). In
addition, FRIZZY PANICLE promotes seed length by increas-
ing cell number and size in hulls (Ren et al, 2018), whereas
OsERF115 positively regulates grain size (Liu et al, 2022).
Nevertheless, the mechanism of how OsERF34 influences
seed size remains unclear. Based on the RiceXPro database,
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Figure 7 Overexpressing OsERF34 in rmd-1 background fails to increase the SCW thickness. A, Peduncle phenotype at heading stage of rmd-1 and
ERF34/rmd-1-2 plants imaged by a stereoscope. Scale bar, 1 mm. B, The peduncles diameter of rmd-1 and ERF34/rmd-1-2 from images such as
those in (A), measured by Image). Ten peduncles were sampled for each group (one-way ANOVA: “P < 0.01). The error bar belongs to SD type.
C, The expression level of OsERF34 in ERF34/rmd-1 lines. The samples were obtained from each 30-day-old ERF34/rmd-1 line leaf of the main
stem. The error bar belongs to SD type. D, The minimum breaking force of rmd-1 and ERF34/rmd-1-2 measured by a SUNS electromechanical uni-
versal testing machine, 10 peduncles were sampled from 10 individual 100-day-old plant. 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 interquar-
tile range, with outliers shown as black dots (one-way ANOVA: *'P < 0.001). E, The SCW of rmd-1 and ERF34/rmd-1-2 imaged by SEM. Scale bar,
2 um. F, SCW thickness of rmd-1 and ERF34/rmd-1-2, 30 cells from four individual plants. 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 interquar-
tile range, with outliers shown as black dots (one-way ANOVA: P < 0.001). G, Phloroglucinol staining of rmd-1 and ERF34/rmd-1-2 100-day-old
peduncle cross sections. Scale bar, 100 um. H and |, Lignin and cellulose content in peduncles of rmd-1 and ERF34/rmd-1-2. The samples in (D)
were dried and used for measuring cellulose and lignin content (one-way ANOVA: ~ P < 0.01). The error bar belongs to SD type. ]-K, RT-qPCR
analysis of SCW associated CESA genes and lignin genes in rice 100-day-old peduncles of rmd-1 and ERF34/rmd-1-2. The ubiquitin gene was used
as the reference gene. Each repetition sampled three individual plant peduncles. Results are given as mean + st calculated from three biological
replicates (one-way ANOVA, P < 0.05, P < 0.01,” P < 0.001).

OsERF34 is highly expressed in inflorescence, anther, pistil,
lemma, and palea, which all affect seed development and
determine the seed size. The cytoskeleton supports impor-
tant functions to underpin seed shape and size, and so the
regulation of RMD by OsERF34 may impact seed shape.
Indeed, seeds of rmd-1, as well of osfh15 osfh13 mutants

cause narrower and shorter seeds phenotype as compared
to WT, and these phenotypes were attributed to the disrup-
tion of the actin and microtubule patterning (Zhang et al,
2017; Sun et al 2017; Ren et al, 2022). Other examples of cy-
toskeletal defects and changes in seed size and shape in-
clude overexpression of MT-localized protein OslQ67-
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Figure 8 A hypothetical model for OsERF34-RMD regulatory cascade in determining SCW thickening and mechanical strength. In erf34 mutants, the
expression level of RMD and SCW-associated CesAs are downregulated, which contributes to lower lignin and cellulose deposition in rice peduncles,
which in turn cause thinner SCWs, defects in rice peduncles thickness, and mechanical strength. In ERF34-VP16/OE lines, RMD and CesAs are upregu-
lated, which is beneficial to lignin and cellulose deposition, contributes to SCW thickening, and enhances rice peduncles mechanical strength.

DOMAIN14 (OslQD14), which caused long and narrow
seeds, due to changes in microtubule organization through
interactions between OsIQD14 and SPIRAL2 (Yang et al,
2018). In addition, OsKinesin-13A inhibits spikelet hull elon-
gation by reducing transverse orientation and turnover of
microtubules (Deng et al, 2015). It may be useful to try to
drive high OsERF34 expression in rice grains to explore if fur-
ther seed morphology changes may be obtained to target
yield potentials.

To summarize, we show that OsERF34 controls RMD ex-
pression and that this promotes SCW synthesis, peduncle
strength and seed shape in rice. We speculate that changing
the expression of the OsERF34 may be beneficial for rice
growth, grain yield, and provide a theoretical foundation for
understanding how the cytoskeleton regulates cell wall
synthesis.

Materials and methods

Plant materials and growth conditions

The background/WT of all rice plants in this study was Rice
(O. sativa ssp. japonica) variety 9522. The rmd-1 mutant has
been previously reported by our group (Zhang et al, 2011).
The erf34-1, erf34-2, and erf34-3 knockout alleles were

obtained by CRISPR/Cas9 technology. Mutant genotyping
was performed by PCR amplification of the target regions
and then sequencing the products. We amplified VP16 se-
quence from the pDEST35SVP16HSP plasmid (Fujiwara
et al, 2014), then recombined it into the pCAMBIA1301 to
get pPCAMBIA1301_VP16. The OsERF34 coding sequence was
amplified from rice Y1H cDNA library plasmid, then inserted
into pCAMBIA1301_VP16 and pTCK303 to obtain
pCAMBIA1301_OsERF34_VP16 and pTCK303_OsERF34. A
2919bp fragment, just upstream of the OsERF34 start codon,
was combined into pCAMBIA1301 to get proOsERF34:GUS
plasmid. The proRMD::GUS was reported in previous publi-
cation (Zhang et al, 2011). All plasmids were constructed
using the In-Fusion HD Cloning Kit (Takara, Shiga, Japan)
and sequenced (BGI, Beijing, China). Plasmids were intro-
duced into 9522 or rmd-1 calli using Agrobacterium
(AH105)-mediated transformation and selection by hygrom-
ycin B, following Hiei et al. (1994). All used primers are listed
in Supplemental Table S1.

All rice materials were cultivated and harvested in the
paddy field of Shanghai Jiao Tong University under natural
conditions from May to October. Rice seedlings were grown
in the plant incubator (28°C, 16-h light/8-h dark, 50%-70%
humidity).

920 U2JBIN O} UO Josn AJis1aAlun [ESIPBN PuU02as feyBueys Aq 861.0899/9081/€/06 | /o1oiue/sAydid/woo"dno-ojwepeoe/:sdny woly papeojumoq


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac385#supplementary-data

OsERF34 promotes rice peduncle lodging strength

RT-qPCR and gene expression test

Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and chloroform/isopentyl alcohol, re-
spectively, from peduncles, leaves, anthers, and flowers of
main stems (planted in the paddy field) and seedling roots
with three biological replicates. The cDNA was reverse tran-
scripted by the FastQuant RT Kit with gDNase (Tiangen
Biotech, Beijing, China). RT—-qPCR was performed as Zhu
et al. (2022). The Ubiquitin gene was used as reference to
judge gene expression levels. All RT—qPCR primers are listed
in Supplemental Table S1.

Isoxaben treatment and phenotype observation

Rice seeds were sterilized with 70% (v/v) ethanol for 1min,
3% (v/v) sodium hypochlorite solution for 15min, then
washed with sterile double distilled water 6 times, each time
for 1 min. Seeds were placed on the filter paper in germina-
tion boxes for 3—-4 days (condition: 16-h light/8-h dark). The
germinated seeds were transferred into black boxes filled
with growth medium supplemented with either 50-nM
DMSO or 50-nM isoxaben in the plant incubator (28°C,
16-h light/8-h dark, 50%-70% humidity) for 7-9 days. The
primary root lengths of mock and treatment groups were
then compared. Image) was used for root length measure-
ments. The experiment was repeated 3 times. Each group
used 30 seedling roots for once time.

Yeast one-hybrid screening, LUC, and EMSA

For yeast one-hybrid screening, the bait construct included a
1,922-bp RMD promoter sequence, just upstream of the
RMD start codon, inserted into the R4L1pDEST_HIS2 plas-
mid (Mitsuda et al, 2010). The cDNA library contains 1,143
rice TFs and includes members of all TF families. After the
autoactivation test, plasmids were co-transformed into
YM4271 (Clontech/TAKARA) by TE/LIAC and PEG solution.
The final yeast plates were incubated at 30°C for 3-7 days,
performed as described in Mitsuda et al. (2010).

Protoplasts were isolated from mesophyll cells of 7-day-
old rice seedlings grown in the plant incubator (28°C, 16-h
light/8-h dark, 50%-70% humidity), extracted by W5 solu-
tion (150-mM NaCl, 125-mM CaCl,, 5-mM KCl, 2-mM MES,
pH 5.7) and MMg solution (400-mM mannitol, 15-mM
MgCl,6H,0, 4-mM MES, pH 5.7), then checked by a micro-
scope. For effectors, the OsERF34 and eGFP coding sequen-
ces were inserted into a pZmUBQ1p_SX_HSPG plasmid. For
the reporter, the RMD promoter sequence was inserted into
the pGL4.THSP. The effector and reporter plasmids were co-
transformed into protoplasts via PEG/Ca’". The protoplasts
were incubated for 16-18h in a 28°C incubator with
80rpm as described in Sakamoto et al. (2018). The relative
reporter value was calculated by dividing the reporter value
with the reference value of Renilla LUC. Enhanced green
fluorescent protein (eGFP) was used as a negative control.
The incubated protoplasts were dissociated by the Dual-
LUC reporter kit (TOYO INK) and tested by multiscan spec-
trum (TECAN, Mannedorf, Switzerland).
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The full-length coding sequence of OsERF34 was amplified
and cloned into pGADT7 (Clontech, TaKaRa, Shiga, Japan)
for protein expression by an in vitro translation kit (TNT
T7/SP6 Coupled Wheat Germ Extract System; Promega,
Madison, WI, USA). Double-stranded M1 and M2 hot
probes were labeled by Fluorescein amidite dye at the 5-
end. The binding reaction mixture (binding buffer: 250-mM
Tris-Acetate, 10-mM DTT, 1mg/mL BSA, and 20-mM
MgAG,) is as described by Zhu et al. (2022), incubated at
25°C for 20 min. The products were run in a 6% native poly-
acrylamide gel. Competition assays were tested using 200-
fold nonlabeled probes. Mutated probes were done by
changing the cis-element target sites as outlined in
Supplemental Table S1. The result was observed by the Cy2
channel of a ChemiDoc MP imaging system (BioRad,
Hercules, CA, USA).

GUS staining

Rice flowers (at the heading stage), peduncles of main stems
(70-day-old) grown in the paddy field were sampled and cut
by fresh hand, and seedling primary roots (7-day-old grown
in the incubator) were incubated in GUS staining solution
(50-mM NaPO, buffer, pH 7.0, 10-mg mL™" X-Gluc, and
0.02% (v/v) Triton X-100), at 37°C in the dark for 3-12h,
then washed by 70% (v/v) ethanol until transparent. The
images were captured via a Leica light microscope (M205A)
with a CCD camera, and photographed using a light micro-
scope (H600L, Nikon, Tokyo, Japan).

Plant phenotype and breaking force

The plant height was measured by a tape measure of 120-
day-old mature plants grown in the paddy field. The plant
height is the distance from basal stem to the top panicle,
measured from 10 randomly selected plants from each
transgenic line. The internode length was the distance be-
tween two adjacent nodes of main stems from ten 120-day-
old mature plants. One centimeter below the panicle node
was sampled and observed by a stereoscope (M205A, Leica,
Wetzlar, Germany), then measured the peduncle diameter
by Image). Ten individual peduncles for WT, erf34-1, erf34-2,
ERF34-VP16-6, ERF34/WT, and ERF34/rmd-1-2.

We chose the 100-day-old plants which at the early grain-
filling stage to check the peduncle breaking force. We sam-
pled 10cm below the panicle node of main stem, and put
them in a horizontal direction between the two fulcra of
the tester, measured by electromechanical universal testing
machine (UTMG104, Shenzhen SANS Testing Machine Co.
LTD. SUNS). The used parameters o =1/20 g/m~>,
angle = 60mm, v=10mm/min~". The minimal breaking
force was the probe pressure when breaking the peduncle
midpoint. Ten peduncles were measured for each genetic
line.

Cellulose and lignin measurements

Lignin and cellulose contents were measured by cellulose
measurement kit (BC4280, Beijing Solarbio Science &
Technology Co. Ltd, China) and lignin measurement kit
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(BC4205, Beijing Solarbio Science & Technology Co. Ltd,
China) according to the manufacturer’s protocols. The
120-day-old mature rice main stem peduncles (grown in the
paddy field) of WT, erf34-1, erf34-2, ERF34-VP16-6, ERF34/
WT, and ERF34/rmd-1-2 were sampled and dried at 180°C
until constant weight, then the dried peduncles were
ground into powders. An amount of 5mg (for cellulose
measurement) and 3 mg (for lignin measurement) dry pow-
der per tube were tested. Four repeats for every kind of
plant samples were undertaken. Data were obtained by mul-
tiscan spectrum (TECAN) at 620 nm (cellulose) and 280 nm
(lignin).

For phloroglucinol-HCl staining, hand-cut sections of 100-
day-old main stem peduncles (grown in the paddy field)
were incubated in 1% phloroglucinol (Sigma) in 95% ethanol
and concentrated HCl 2:1 (v/v) for 5 min and imaged using
a light microscope coupled to a CCD camera (H600L,
Nikon).

SEM

We sampled the 5cm below the panicle node of main stem
peduncles of WT, erf34-1, erf34-2, ERF34-VP16-6, ERF34/WT,
and ERF34/rmd-1-2, grown in the paddy field for 100 days.
Then cut by hand and fixed in FAA (30% formaldehyde, ace-
tic acid, and 70% ethanol, glycerol) for 24 h to stable tissues.
Then water was removed to different degrees via ethanol
(70%, 80%, 90%, 95%, and 100%) solutions, each step for
15 min. Ethanol was removed with CO, with a critical point
dryer, then metal spraying was applied. Images were
obtained using an SEM (53400l1).

Statistical analysis

ANOVA analysis (P < 0.05, P < 0.01, and P < 0.001) was
run via Microsoft Excel 2017 to detect the significance of
data.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
OsERF34 (LOC_Os04g46440); RMD (LOC_Os07g40510).

Supplemental data

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

Supplemental Figure S1. OsERF34 and RMD show similar
expression patterns.

Supplemental Figure S2. erf34-1 and ERF34-VP16-6 show
similar responses to the treatments of cellulose synthesis
inhibitor.

Supplemental Figure S3. rmd-1 mutant is more sensitive
to cellulose synthesis inhibition than WT.

Supplemental Figure S4. Yeast one-hybrid experiment
between OsERF34 and OsCESA4 and OsCESA7.

Supplemental Figure S5. OsERF34 negatively regulates
seed length.

Supplemental Table S1. Primers used in this study.
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