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Abstract
The growth of plant roots is regulated by various factors. Brassinosteroids (BRs) can induce asymmetric root growth (ARG) 
to form waves and coils, and this phenomenon can be eliminated by ethylene (ETH) inhibitors aminoacetic acid (AOA) or 
silver thiosulfate (STS), indicating this process depends on ETH pathway. Nevertheless, the research on related genes has 
not been reported. In this study, four treatments (Water, Brassinolide (BL), BL + AOA, and BL + STS) were set up using the 
seedlings of Oryza sativa as materials. The differentially expressed genes (DEGs) in BR-induced ARG via ETH pathway 
were identified by transcriptome sequencing, weighted gene co-expression network analysis (WGCNA), and real-time quan-
titative PCR (qRT-PCR). Finally, we screened 70 DEGs, including ALPHA-EXPANSINs (OsEXPAs), WALL-ASSOCIATED 
RECEPTOR KINASE-LIKE 16 (OsWAKL16), and TRANSMEMBRANE KINASE (OsTMK) that regulated cell elongation 
and expansion, as well as plant hormone synthase genes, 1-AMINO-CYCLOPROPANE-1-CARBOXYLIC ACID OXIDASEs 
(OsACOs), OsYUCCAs, and CYTOKININ OXIDASE(OsCKX). Most of them were up-regulated by BRs via ETH pathway. 
In addition, the receptor-like kinase (RLK) gene ROOT MEADNDER CURLING (OsRMC), a negative regulator in jasmonic 
acid-induced ARG, could be inhibited by BRs, and this process also depended on ETH pathway. The identification of the 
above genes provides evidence for revealing the molecular mechanism in the process.
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Introduction

Plant roots can perceive various factors to adjust their 
growth patterns (types of movement) (Roy and Bassham 
2014). Under gravity, roots grow downwards (Blancaflor and 
Masson 2003; Mori et al. 2016); while under certain condi-
tions, they will grow asymmetrically to form waves and coils 
(Cai et al. 2018). As early as more than 100 years ago, Dar-
win (1880) had noticed that the roots had the wavy or helix 
phenotype when seedlings (e.g., legumes) were cultured on 
inclined plates (Darwin 1880). However, limited to the fact 
that plant hormones had not been found at that time, the phe-
nomenon could not be explained. Okada and Shimura (1990) 
screened six Arabidopsis mutants with root-wave growth 
phenotype by ethyl methanesulfonate (EMS) mutagenesis. 
Among them, wav5 and wav6 were caused by the mutations 
of auxin influx and efflux carrier genes (AtWAV5/AtAUX1 
and AtWAV6/AtPIN2), respectively, showing that the 
changes of auxin flux and distribution in roots could lead 
to asymmetric root growth (ARG) (Okada and Shimura 
1990; Robert et al. 2009; Roy and Bassham 2014). ETH 
could also induce ARG, and Buer et al. (2003) found that the 
spatial frequency of root waving was positively correlated 
with ethylene (ETH) concentration (≤ 1 μLL−1) (Buer et al. 
2003). After that, the ARG regulated by jasmonic acid (JA) 
and brassinosteroids (BRs) were reported (Jiang et al. 2007; 
Mónica Lanza et al. 2012; Cai et al. 2018). Although many 
plant hormones played roles in the regulation of ARG, the 
specific mechanism and the relationship between them were 
still poorly understood (Roy and Bassham 2014).

BRs represent a class of polyhydroxysteroid plant hor-
mones. So far, more than 70 natural derivatives have been 
found, among which brassinolide (BL) has the highest 
biological activity (Mandava 1988; Gudesblat and Russ-
inov, 2011; Bajguz, 2007). BRs play important roles in 
plant growth and development, as well as in mediating 
biotic and abiotic stresses responses (Kurepin et al. 2016; 
Mohsin Tanveer et al. 2018; Hu et al. 2016). In BRs syn-
thetic mutants (e.g., det2, cpd) or signaling transduction 
mutants (e.g., bri1), the elongation of root cells was inhib-
ited, showing a short-root phenotype (Clouse et al. 1996; 
Jianming and Kyoung (2002); Fujioka et al. 1997; Frid-
man et al. 2014). In addition, BRs could also induce ARG 
(Cai et al. 2018; Roy and Bassham 2014). In both mono-
cotyledonous Oryza sativa (O. sativa) and dicotyledonous 
Brassica chinensis, the ratios of ARG increased with the 
increase of exogenous BL concentration (≤ 2 ×  10–7 M) 
(Cao et al. 2019; Cai et al. 2018). Besides, the lengths of 
the outer cells were significantly greater than those of the 
inner cells in coiled O. sativa roots (Cai et al. 2018).

ETH is a gaseous plant hormone. Exogenous applica-
tion of ETH can induce the root coiling in Lycopersicon 

esculentum seedlings (Woods et al. 1984). As an analog 
of pyridoxal-5′- phosphate (PLP), the prosthetic group of 
1-aminocyclopropane-1-carboxylic acid synthases (ACS), 
aminooxyacetic acid (AOA) can competitively bind to the 
zymoprotein and inactivate it. It is a specific inhibitor of 
ETH biosynthesis (Peiser et al. 1984; Spollen et al. 2000; 
Wang et al. 2009). Additionally, the ETH receptor has 
cuprous ion  (Cu+)-binding sites. Silver ion  (Ag+) can also 
bind to ETH after replacing  Cu+ to bind with the receptor, 
but it cannot mediate the signaling transduction. Moreo-
ver,  Ag+ can cause ETH inactivation through a chemi-
cal complexation reaction with ETH, demonstrating that 
 Ag+ is an ETH perception antagonist (Beyer 1976, 1979; 
Nymeijer et al. 2004). The BR-induced ARG could be 
eliminated by the two ETH antagonists, AOA or STS, sug-
gesting that this process depended on ETH pathway. How-
ever, the research on related genes has not been reported 
yet (Cai et al. 2018).

In view of this, we used transcriptome sequencing, 
weighted gene co-expression network analysis (WGCNA), 
and real-time quantitative PCR (qRT-PCR) technologies to 
analyze the expression levels of all genes in the root tips of 
O. sativa under four treatments (Water, BL, BL + AOA, and 
BL + STS). Finally, the genes related to BR-induced ARG 
via ETH pathway were screened, which provided a reference 
for exploring its molecular mechanism.

Materials and Methods

Experimental Materials and Drugs

The O. sativa variety was Xiuzhan 15, an indica conven-
tional O. sativa variety, which was obtained through hybrid 
breeding of E’feng 28 × Fengmeizhan. BL (CAS: 78821–43-
9) was purchased from Solarbio company and prepared into 
a 1 mM mother solution with 75% ethanol and preserved 
at 4 ℃. It was diluted to 2 ×  10–8 M with  ddH2O as the O. 
sativa culture solution. The 0.92 mM STS solution was pre-
pared by mixing isovolumetric 1.28 mM  Na2S2O3·5  (H2O) 
and 1.84 mM  AgNO3, which should be freshly prepared 
as required. AOA (CAS: 645-88-5) was purchased from 
Sigma company and prepared into a 1 mM mother solution 
with  ddH2O and preserved at 4 ℃. It was further diluted to 
0.1 mM when used.

Experimental Methods

Culture of O. sativa Seedlings and Collection of Root Tips

O. sativa seeds were sterilized and germinated accord-
ing to the method of Cai et al. (2018). Four treatments 
(Water, 2 ×  10–8 M BL, 2 ×  10–8 M BL + 0.1 mM AOA, and 
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2 ×  10–8 M BL + 0.92 mM STS) were set up. Under the con-
ditions of 24 ℃ ± 1 ℃ and 5000 lx light intensity, 60 O. 
sativa seedlings were cultured in each petri dish (Ø 150 mm) 
for 24 h. Because the coiling occurred at the root tip, and it 
took about 5 mm to curl a circle, the root apical length col-
lected in this study was 5 mm. About 500 root tips (about 
0.5 g in weight) were collected from each treatment and 
stored in liquid nitrogen. Compared with the wave, the coil-
ing phenotype was more intense. Therefore, in BL treatment, 
only the coiled root tips were collected. There were three 
biological replicates in each treatment.

Library Construction, Sequencing, and Data Analysis

The enriched mRNAs were fragmented, and the cDNA 
libraries were prepared by reverse transcription. The 
BGISEQ-500 platform was used for sequencing. The raw 
data with low quality, joint contamination, and high content 
of unknown bases were removed to obtain clean reads. After 
that, the clean reads were aligned to the reference genome 
sequence (O. sativa Japonica Group, GCF_001433935.1_
IRGSP-1.0) by HISAT, and the standard expression level 
(fragments per kilobase million, FPKM) of each gene in 
each sample was calculated. The above steps were completed 
by Beijing Genomics Institute (BGI). The transcriptome 
sequencing data have been uploaded to the SRA database 
of NCBI with the accession number of SRP278550. The 
Pearson correlation coefficients among samples and the prin-
cipal component analysis of each sample were calculated by 
the cor and prcomp functions in R software, respectively.

Screening of Differentially Expressed Genes

Differentially expressed genes (DEGs) analysis was con-
ducted by BGI using the DEGseq software (Wang et al. 
2010). Low-abundance genes, whose average FPKM in each 
sample ≤ 0.5, were removed. And the genes were defined as 
DEGs when both the criteria (|log2fold change |≥ 1 and Q 
value ≤ 0.001) were satisfied.

Weighted Gene Co‑expression Network Analysis

According to the method of Langfelder et al. (Langfelder and 
Horvath 2008), the WGCNA package in the R software was 
used to analyze the selected DEGs (sft$powerEstimate = 15, 
mergeCutHeight = 0.25). The gene module with the highest 
phenotypic correlation was selected for follow-up analysis.

Gene Ontology Functional Classification and Enrichment

DEGs were classified according to the Gene Ontology (GO) 
annotations. The Phyper package in R software was used for 
enrichment analysis. The P values were calculated, and the 

Q values were obtained after FDR correction of the P values. 
Generally, the Go term with a Q value ≤ 0.05 was regarded 
as significant enrichment.

Visualization of Gene Co‑expression Network

According to the method of Michael Kohl et al. (2011), the 
co-expression network visualization of module genes was 
performed by using Cytoscape software. In the visualization 
graph, nodes represent genes. The higher the degree of gene 
connectivity, the larger the node; edges represent the weights 
of co-expression among genes. The larger the weight, the 
thicker the line and the darker the color.

qRT‑PCR Verification

12 genes (Os01g0580500, Novel_G000655, Os06g0181700, 
Os04g0399800, Os03g0182800, Os09g0471200, 
Os11g0691240, Os01g0634600, Os04g0659300, 
Os03g0162000, Os07g0437000, Novel_G000294) were 
selected for performing qRT-PCR verification. The primers 
were synthesized by BGI (Table S1). The reactions were 
carried out on ABI ViiA 7 PCR machine. The PCR reaction 
system was 16 µl. Three parallel tests were performed on 
each sample. OsACTIN (Os03g0836000) was used as the 
reference gene. The  2−ΔΔCt method was used for relative 
quantification (Pfaffl 2001).

Results

BR‑Induced ARG of O. sativa Depended on ETH 
Pathway

In this study, four treatments (Water, BL, BL + AOA, and 
BL + STS) were set up at 24℃. The ARG was induced to 
form coiling only in the BL treatment (Fig. S1 B), and the 
ratios of root coiling increased with the increase of culture 
time (Fig. S1 E). In the other three treatments, the coiling 
ratios were very low or 0 (Fig. S1 A, C, D, E). Meanwhile, 
the AOA treatment had the strongest inhibitory effect on root 
length (Fig. S1 F). The above phenotypes were consistent 
with our previous results (Cai et al. 2018).

Evaluation of Transcriptome Sequencing Data

There were 3 biological replicates in each of the 4 treat-
ments and 12 samples in total. Transcriptome sequencing 
was performed on the BGISEQ-500 platform. Each sample 
produced at least 6.76 Gb data, with an average output of 
7.15 Gb (Table S2). Sequencing saturation analysis showed 
that the slopes of all curves tended to 0 when the reads num-
ber (× 100 K) > 200, indicating that the sequencing data 
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reached saturation (Fig. S2A). After filtering the raw reads, 
the amounts of clean reads were all greater than 82.3%, 
wherein the Q20 > 95.8% and the Q30 > 86.8%. The aver-
age rates of alignment to the reference genome and gene set 
were 87.15% and 76.78%, respectively. And 67.60–69.83% 
of the clean reads were mapped to the unique gene locus. 
The results indicated that the mapping rates were high 
(Table S2).

Cluster analysis and correlation analysis were per-
formed on all samples according to the gene expression 
data (Table S3). The results showed that the three biologi-
cal replicates of each treatment were clustered into one 
branch (Fig. S2 B), and the Pearson correlation coefficients 
between samples in each treatment were all greater than 0.91 
(Fig. 1a). Principal component analysis (PCA) showed that 
BL + AOA was discrete from the other three treatments on 
PCA 1. While Water, BL, and BL + STS were discrete in 
pairs on PCA 3 (Fig. 1b). In conclusion, the 12 samples were 
of high quality with reliable sequencing data, which could 
be further analyzed.

Screening of Genes that Regulated by BL via ETH 
Pathway

There were 285 DEGs overlapped in the 3 pairwise com-
parisons (Water vs. BL, BL vs. BL + AOA, and BL vs. 
BL + STS) (Fig.  2a). Among them, 65 DEGs were in 
accordance with  Log2FC (Water vs. BL) > 1,  Log2FC (BL 
vs. AOA + BL) < −1, and  Log2FC (BL vs. BL + STS) < −1; 
140 DEGs were in accordance with  Log2FC (Water vs. 
BL) < −1,  Log2FC (BL vs. BL + AOA) > 1, and  Log2FC (BL 

vs. BL + STS) > 1. The sum was 205, accounting for 71.93% 
of the total number (Fig. 2b and Table S4). WGCNA was 
conducted on these 205 DEGs, and 4 modules (blue, brown, 
turquoise, and grey) were obtained by clustering (grey 
includes DEGs not categorized into any module), in which 
the blue module had the highest phenotypic correlation and 
smallest P value (Figs. 2c,  3d; Fig. S3 and Table S6). 

This module had 70 DEGs, in which the relative expres-
sions of 60 DEGs (85.71%) were in accordance with  Log2FC 
(Water vs. BL) > 1,  Log2FC (BL vs. BL + AOA) < −1, 
and  Log2FC (BL vs. BL + STS) < −1, and only 10 DEGs 
(14.29%) were in accordance with  Log2FC (Water vs. BL) <  
−1,  Log2FC (BL vs. BL + AOA) > 1, and  Log2FC (BL vs. 
BL + STS) > 1. Therefore, the DEGs in the blue module 
were what we need. Most of them were up-regulated by BL, 
which depended on ETH pathway.

Gene Ontology Analysis of Module Genes

The 70 DEGs in the blue module were aligned to the GO 
database, among which 43 were annotated, accounting for 
61.43% (Table S7). A total of 24 GO terms were annotated, 
included in the biological process (BP), cellular component 
(CC), and molecular function (MF). In the BP, most DEGs 
were annotated to the “cellular process” and “metabolic pro-
cess”. In the CC, lots of DEGs were classified to the “cell”, 
“membrane”, and “extracellular region”. In the MF, most 
DEGs were grouped into the “catalytic activity” and “bind-
ing” (Fig. 3 and Table S7).

GO enrichment analysis was performed on 70 DEGs. 
8 GO terms with the highly significant Q-value were: 

Fig. 1  Correlation among all samples of four treatments. a, b Pearson 
correlation coefficient analysis (a) and Principal component analy-
sis (PCA) (b) were performed among 12 samples of four treatments 

using the expression data; PCA plot shows the separation of each 
treatment on the PCA1 and the PCA3
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“plant-type cell wall organization”, “plant-type cell wall 
organization or biogenesis”, “extracellular region”, “cell 
wall”, “external encapsulating structure”, “cell wall 
organization”, “external encapsulating structure organi-
zation”, and “cell wall organization or biogenesis”. Each 
of them included eight DEGs belonging to the ALPHA-
EXPANSIN gene family (Table S8).

Co‑expression Network Analysis of Module Genes

The co-expression network analysis of 70 DEGs in the blue 
module showed that the image obtained was composed of 70 
nodes and 2048 edges (Table S9 and Table S10).

Based on the GO annotation, we focused on gene clus-
ters with high GO enrichment degrees and large nodes, 

Fig. 2  Screening of DEGs and weighted gene co-expression network 
analysis (WGCNA). aVenn diagrams show the number of genes dif-
ferentially expressed in Water versus BL, BL vs. BL + AOA, and BL 
versus BL + STS. The numbers in the overlapping areas indicate the 
number of shared genes; b Three-dimensional scatter plot shows the 
 Log2FC values of shared 285 DEGs in Water versus BL, BL versus 

BL + AOA, and BL versus BL + STS; c Hierarchical clustering tree 
(dendrogram) of 205 genes. The branches correspond to modules of 
highly interconnected genes. The color rows below the dendrograms 
indicate four gene modules; d Phenotypic correlations of four gene 
modules (blue, brown, turquoise, grey). The numbers in the heat map 
indicate phenotypic correlations and P values (in brackets)

Fig. 3  Gene Ontology (GO) analysis. a GO classification. The num-
ber after each row refers to the amount of DEGs in different function 
groups. b GO enrichment. The Y-axis labels the enriched GO terms, 

and the X-axis labels the rich ratios of DEGs in different GO terms. 
The size of circles indicates the number of enriched genes, and the 
color depth indicates the Q value
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meanwhile combined with The Arabidopsis Information 
Resource (https:// www. arabi dopsis. org), China Rice Data 
Center (http:// www. riced ata. cn/ gene/) and National Center 
for Biotechnology Information (https:// www. ncbi. nlm. nih. 
gov/). Finally, we classified the 70 DEGs into six categories, 
containing “cell wall” (red nodes, 13), “oxidoreductases” 
(green nodes, 12), “binding” (blue nodes, 8), “metabolic 
process” (yellow nodes, 9), “cell membrane” (brown nodes, 
6), and others (grey nodes, 22) (Fig. 4 and Table S10).

The DEGs in the “cell wall” were closely related to cell 
elongation and expansion. They mainly included 8 genes of 
EXPA family, namely ALPHA-EXPANSIN 13 (OsEXPA13) 
(Os02g0267200), ALPHA-EXPANSIN 14 (OsEXPA14) 
(Os02g0267700), ALPHA-EXPANSIN 19 (OsEXPA19) 
(Os03g0156000), ALPHA-EXPANSIN 20 (OsEXPA20) 
(Os03g0156300), ALPHA-EXPANSIN 22 (OsEXPA22) 
(Os02g0268600), Novel_G000182, Novel_G000183, 
and Novel_G000184. Besides, there were WALL-ASSO-
CIATED RECEPTOR KINASE-LIKE 16 (OsWAKL16) 
(Os09g0471200), PECTIN ACETYLESTERASE 7 (OsPAE7) 
(Os04g060250), PECTIN METHYLESTERASE 4 (OsPME4) 
(Os01g0634600), and BASIC PATHOGENESIS-RELATED 
PROTEIN 1–2 (OsPRB1-2) (Os07g0128800).

The “oxidoreductases” were highly correlated with 
the synthesis of the endogenous hormone of plants. They 
mainly included 2 ETH synthase genes, namely ACC oxi-
dase 7 (OsACO7) (Os01g0580500) and its homologous 
gene Novel_G000655; 2 auxin synthase genes, namely OsY-
UCCA6 (Os07g0437000) and OsYUCCA8 (Os03g0162000); 
and a cytokinin-related gene, namely CYTOKININ OXI-
DASE (OsCKX) (Os01g0197600).

The “binding” had four transcription factor genes, 
which were ETHYLENE-RESPONSIVE TRANSCRIPTION 
FACTOR 82(OsERF82) (Os04g0399800), ETHYLENE-
RESPONSIVE TRANSCRIPTION FACTOR 60(OsERF60) 
(Os03g0182800), ETHYLENE-RESPONSIVE TRAN-
SCRIPTION FACTOR 2(OsERF2) (Os06g0181700), and 
WUSCHEL RELATED HOMEOBOX 10 (OsWOX10) 
(Os08g0242400). Wherein OsERF82, OsERF60, and 
OsERF2 belong to the ERFs family.

The “metabolic process” mainly included CHITINASE 
3 (OsCHT3) (Os06g0726100), CHITINASE 1 (OsCHT1) 
(Os06g0726200), LONELY GUY LIKE PHOSPHO-
RIBOHYDROLASE 4 (OsLOGL4) (Os03g0697200), 
TAU GLUTATHIONE S-TRANSFERASE 6 (OsGSTU6) 
(Os01g0558100), and GLUCOSYL TRANSFERASE (UDP) 

Fig. 4  Co-expression network of blue module genes. The nodes rep-
resent DEG. Node shapes are used to visualize the respective char-
acteristics of DEG. Triangle represents transcription factor genes, the 
diamond represents receptor-like kinase genes, and the circle repre-
sents other genes. The red outer circle means that the DEG satisfies 
 Log2FC (Water vs. BL) > 1,  log2FC (BL vs. BL + AOA) < −1, and 
 log2FC (BL vs. BL + STS) < −1, simultaneously. The green outer 

circle means that the DEG satisfies  Log2FC (Water vs. BL) < −1, 
 log2FC (BL vs. BL + AOA) > 1, and  log2FC (BL vs. BL + STS) > 1, 
simultaneously. Different filling colors correspond to different types 
of genes. The thickness of lines represents the co-expression weight 
values between DEGs, in which the edges connected with OsERF82 
are outlined in red. For showing clearly, only the part with weight 
values ≥ 0.4 has been shown (Table S9)

https://www.arabidopsis.org
http://www.ricedata.cn/gene/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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(Os04g0319700), etc. Besides, the “cell membrane” mainly 
included 6 genes, such as Os02g0658066.

In the co-expression relationships, OsERF82 connected 
to more nodes of DEGs in the above six categories. Besides, 
OsERF82 was closely related to DEGs in the “oxidoreduc-
tases”, especially OsACOs and OsYUCCAs, indicating that 
there was a prominent co-expression relationship between 
OsERF82 and them. However, the relationship between 
OsERF82 and DEGs in “cell wall” was comparatively weak, 
indicating no obviously direct regulation between them. 
What’s more, the expressions of DEGs closely associated 
with OsERF82 (weight ≥ 0.4) were all up-regulated in BL, 
which was dependent on ETH pathway.

Validation of RNA‑Seq Data by qRT‑PCR

We selected 12 genes and verified them by qRT-PCR. It 
has been reported that the receptor-like kinase (RLK) gene 
ROOT MEADNDER CURLING (OsRMC) inhibited root 
coiling. Meanwhile, in this study, the expression level of 
OsRMC was inhibited by BL. Finally, we picked out 12 
genes, 5 of them involved in ETH pathway, 4 in cell elonga-
tion and expansion, 2 in auxin synthesis, and the OsRMC. 

The expressions trends in the above 12 genes were consistent 
with that of RNA-Seq data basically (Fig. 5; Table S11), 
reflecting the reliability of RNA-Seq data.

Discussion

The BR-induced ARG of O. sativa could be eliminated by 
ETH biosynthesis inhibitor (AOA) or perception antago-
nist (STS), indicating that the process depended on both 
ETH synthesis and signaling transduction (Cai et  al. 
2018). In Arabidopsis, when the concentration of exog-
enous BL was  10–8 M, the expression of AtACO1 could 
be up-regulated (Park et al. 2019). Moreover, BL can pro-
mote ETH biosynthesis by improving the stability of ACS 
(Lee and Yoon 2018). In this study, the OsACS2 and eight 
OsACOs were got by sequencing, in which the expres-
sion levels of OsACS2 (Os04g0578000) and four OsA-
COs (Os01g0580500, Novel_G000655, Os11g0186900 
and Os05g0149400, among which the first two were the 
DEGs in the blue module) were up-regulated by BL (Fig. 
S4 and Table S12). Besides, the expressions of 2 OsERFs 
(Os04g0399800 and Os06g0181700) in the blue module 

Fig. 5  Gene expression in RNA-seq and qRT-PCR. The results of RNA-seq and qRT-PCR of 12 genes are compared. The results of RNA-seq 
and qRT-PCR are shown by line charts and bar charts, respectively
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were up-regulated by BL and down-regulated by ETH 
inhibitors. Therefore, on one hand, BRs might promote 
ETH synthesis and induce ARG by up-regulating the 
expression of OsACOs and OsACS2. However, whether 
the stability of ACSs could be enhanced in this process 
needs further verification. On the other hand, OsERF82 
may be an essential node for BL to induce ARG through 
ETH pathway and played a key role downstream of the 
ETH signaling pathway.

In the blue module, there were many DEGs regulating 
cell elongation, such as OsEXPAs, OsWAK, and OsTMK. 
As the α-subfamily of EXPANSIN, EXPAs can promote cell 
loose and elongation (Dongsu Choi et al. 2006).In the roots 
of Vigna radiata seedlings, the expressions of OsEXPAs 
increased with the increase of ETH concentrations (Huang 
et al. 2013). As Ser/Thr receptor kinases, WAKs could cova-
lently bind to the pectin of cell wall components and regulate 
cell elongation (Lally et al. 2001; Decreux and Messiaen 
2005). Besides, the transmembrane kinase TMKs subfam-
ily of leucine-rich repeat (LRR) RLKs, specifically control 
cell elongation. In Arabidopsis, TMKs mutations lead to the 
short-root phenotype, while the number of cells unchanged 
(Beemster et al. 2013). Our previous research showed that 
in the concentration of 2 ×  10−8 M BL, the inner and outer 
circle cells were elongated, but the outer circle cells were 
longer than the inner circle cells, resulting in the root coiling 
(Cai et al. 2018). In this study, expression levels of the above 
genes were all up-regulated by BL and down-regulated by 
ETH inhibitors, which indicated that BL could effectively 
regulate root elongation through ETH pathway. However, in 
the inner and outer circle cells of O. sativa primary roots, 
whether there are differences in the expression level of these 
genes needs further exploration.

The interactions of plant hormones in regulating ARG 
were complex, in which auxin played an important role 
(Roy and Bassham 2014). Exogenous application of ACC, 
the precursor of ETH, could significantly promote auxin 
synthesis in Arabidopsis roots (Swarup et al. 2007). In 
auxin synthesis, YUCCAs were key rate-limiting enzymes, 
and the expressions of YUCCAs could be up-regulated by 
BRs and ETH signalings in Arabidopsis roots (Vragović 
et al. 2015; Liu et al. 2016). In our study, the expressions 
of OsYUCCAs were also up-regulated in BRs, and this 
process was dependent on ETH pathway. Also, there were 
significant co-expression relationships between OsERF82 
and OsYUCCA6, as well as OsYUCCA8. Therefore, it 
could be speculated that there was a positive correlation 
between the up-regulated expressions of YUCCAs and the 
ARG phenotypes. In addition, it has been reported that 
the increase of auxin content can promote the acidifica-
tion of the cell wall, and then activate EXPAs to enhance 
cell loose and elongation (McQueen-Mason et al. 1992). 
However, not only the auxin synthesis but also polar auxin 

transport was also important for ARG, so it is necessary to 
further study polar auxin transport in the future.

The RLK gene OsRMC is a negative regulator for the 
coiling process of root induced by JA. ERFs can bind to 
the OsRMC promoter region and regulate its expression 
(Jiang et al. 2007; Lourenço et al. 2015). In our study, 
the expression of OsRMC was down-regulated by BL and 
this process depended on ETH pathway. BRs could effec-
tively inhibit the expression of OsRMC via ETH pathway 
to eliminate the restriction of OsRMC on ARG.

In conclusion, we have identified some genes related to 
the BR-induced ARG via ETH pathway at the transcrip-
tional level and obtained 70 DEGs with high correlations 
and OsRMC that inhibited root coiling. On one hand, BL 
up-regulated the expression of at least two kinds of genes 
through ETH pathway, one was OsEXPAs, OsWAK, OsTMK 
that promote cell elongation; the other was plant hormone 
synthase genes, such as OsACOs, OsYUCCAs, OsCKX. With 
the function of the above genes, ARG was promoted. On the 
other hand, BL down-regulated the expression of OsRMC 
via ETH pathway, thus eliminating its restriction on ARG 
(Fig. S5). Of course, the functions of genes are not only 
at the transcriptional level but also the post-transcriptional 
level. Therefore, the functions of related genes should be 
further explored at the post-transcriptional level.
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