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Ambient temperature regulates
root circumnutation in rice
through the ethylene pathway:
transcriptome analysis reveals
key genes involved

Zeping Cai", Yinuo Dai", Xia Jin', Hui Xu', Zhen Huang",
Zhenyu Xie®, Xudong Yu' and Jiajia Luo™**
tSchool of Tropical Agriculture and Forestry, Hainan University, Hainan, China, 2Tropical Crops

Genetic Resources Institute, Chinese Academy of Tropical Agricultural Sciences, Haikou,
Hainan, China

Plant roots are constantly prepared to adjust their growth trajectories to avoid
unfavorable environments, and their ability to reorient is particularly crucial for
survival. Under laboratory conditions, this continuous reorientation of the root tip
is manifested as coiling or waving, which we refer to as root circumnutation.
However, the effect of ambient temperature (AT) on root circumnutation remains
unexplored. In this study, rice seedlings were employed to assess the impact of
varying ATs on root circumnutation. The role of ethylene in mediating root
circumnutation under elevated AT was examined using the ethylene biosynthesis
inhibitor aminooxyacetic acid (AOA) and the ethylene perception antagonist
silver thiosulfate (STS). Furthermore, transcriptome sequencing, weighted gene
co-expression network analysis, and real-time quantitative PCR were utilized to
analyze gene expressions in rice root tips under four distinct treatments: 25°C,
35°C, 35°C+STS, and 35°C+AOA. As a result, genes associated with ethylene
synthesis and signaling (OsACOs and OsERFs), auxin synthesis and transport
(OsYUCCA6, OsABCB15, and OsNPFs), cell elongation (OsEXPAs, OsXTHs,
OsEGL1, and OsEXORDIUMs), as well as the inhibition of root curling (OsRMC)
were identified. Notably, the expression levels of these genes increased with
rising temperatures above 25°C. This study is the first to demonstrate that
elevated AT can induce root circumnutation in rice via the ethylene pathway
and proposes a potential molecular model through the identification of key
genes. These findings offer valuable insights into the growth regulation
mechanism of plant roots under elevated AT conditions.
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1 Introduction

Plant roots encounter a variety of challenges in the soil. The root
tips can perceive various stimuli, such as gravity, temperature, light,
obstacles, and chemicals, to adjust their growth trajectories and
avoid unfavorable environments (Roy and Bassham, 2014).
Therefore, the ability of root reorientation is particularly
important in nature. Under laboratory conditions, the sustained
reorientation of root tips is manifested as coiling or waving, which
we refer to as root circumnutation. Root circumnutation is
regulated by endogenous hormones such as auxin, ethylene,
brassinosteroids (BRs), and jasmonic acid (JA) (Woods et al,
1984; Okada and Shimura, 1990; Muller et al., 1998; Jiang et al.,
2007; Cai et al,, 2018). Additionally, environmental factors such as
light, obstacles, gravity, and nutrient substances affect root
circumnutation through endogenous hormone network (Okada
and Shimura, 1990; Chen et al., 2015; Chai et al.,, 2020; Taylor
et al., 2021).

The growth of plant roots is significantly influenced by ambient
temperature (AT). For example, higher AT can promote primary
root elongation and lateral root formation in Arabidopsis thaliana
(Gray et al.,, 1998; Martins et al., 2017). The primary roots of maize
(Zea mays) exhibit thermotropism, which is most evident at 15°C
among lower temperatures (Fortin and Poff, 1990, 1991). Compared
to 23°C, Arabidopsis roots exhibit enhanced positive gravitropism at
29°C (Hanzawa et al,, 2013), while the gravitropic response of rice
(Oryza sativa) root tips is significantly inhibited at 4°C (Du et al,,
2013). Rice root tips exhibit weakened negative phototropism at
40°C, but the growth rate is significantly inhibited due to adverse
effects on root metabolism (Wang et al., 2002). Moreover, at an
inclined gel surface with temperature of 28°C, Arabidopsis roots
form wave-like curvatures at a higher rate and with greater angles
than at a temperature of 23°C (Thompson and Holbrook, 2004).
These findings suggest that AT can affect the directional growth of
roots, which prompts us to further explore its relationship with
root circumnutation.

Ethylene, an important gaseous plant hormone, plays a critical
role in regulating root circumnutation. Ethylene has been shown to
induce root circumnutation in a concentration-dependent manner in
plants, including species like tomato (Lycopersicon esculentum), A.
thaliana, and rice (Woods et al., 1984; Buer et al., 2003; Cai et al,,
2021b). Factors such as AT, light, obstacles, and BRs have all been
demonstrated to promote ethylene biosynthesis and signaling
(Eliasson and Bollmark, 1988; Okamoto et al., 2008; Fei et al., 2017;
Lee and Yoon, 2018). Interestingly, apart from AT, all of these factors
have also been shown to induce root circumnutation. Root
circumnutation induced by light, obstacles, and BRs can be
completely abolished by inhibitors of ethylene synthesis and/or
action, indicating that their regulation of root circumnutation is
dependent on the ethylene pathway (Chen et al., 2015; Caiet al,, 2018;
Taylor et al.,, 2021). However, it remains unclear whether AT can also
regulate root circumnutation through the ethylene pathway.

On the gene level, studies have revealed that auxin-related genes
play a significant role in root circumnutation, such as YUCCA,
ARABIDOPSIS THALIANA ATP-BINDING CASSETTE B (ABCB),
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and NITRITE TRANSPORTER 1/PEPTIDE TRANSPORTER
FAMILY (NPF). YUCCA encodes the rate-limiting enzyme in the
process of auxin synthesis, while AtABCBI9, AtABCB4, and
AtNPF7.3 encode auxin carriers. When vertically cultured,
Arabidopsis mutants yucca8, abcbl9, abcb4 abcbl9, and npf7.3
exhibit root circumnutation phenotypes (Lewis et al, 2007; Wu
et al, 2015; Watanabe et al., 2020). In addition, it has been
demonstrated that root circumnutation is a process driven by
differential cell elongation on the upper and lower sides of the
turning root (Su et al,, 2017; Cai et al., 2018; Taylor et al., 2021).
This indicates that genes involved in regulating cell elongation and
cell wall loosening are implicated in this process. Moreover, Oryza
sativa Root Meander Curling (OsRMC), which encodes a Cysteine-
rich repeat receptor-like protein, was initially discovered in JA-
induced root circumnutation and acts as a negative regulator of this
process (Chen, 2001; Jiang et al., 2007). Specifically, the primary
roots in RNAiOsRMC rice plants coiled as they touched the bottom
of culture bottles in light (Jiang et al., 2007). Thus, the expression
changes of the aforementioned genes in root circumnutation
warrant further investigation.

In previous studies, we utilized rice as a material and established
an effective system for studying root circumnutation (Cai et al,
2018; Cai et al, 2021a, b). Building upon this work, the present
study continues to utilize rice seedlings as the material to investigate
the impact of different ATs on root circumnutation. The role of
ethylene in regulating root circumnutation under AT was examined
by applying the ethylene biosynthesis inhibitor aminooxyacetic acid
(AOA) and the ethylene perception antagonist silver thiosulfate
(STS). Additionally, transcriptome sequencing, weighted gene co-
expression network analysis (WGCNA), and real-time quantitative
PCR (qRT-PCR) were employed to analyze gene expression in rice
root tips under four treatments: 25°C, 35°C, 35°C+STS, and 35°C
+AOA. Using these analytical methods, we identified responsive
genes that are induced by AT via the ethylene pathway.
Furthermore, the expression changes of these genes with
increasing temperature were also investigated. The
aforementioned findings provide valuable insights into the growth
regulation mechanism of plant roots under elevated ATs.

2 Materials and methods
2.1 Plant materials and chemicals

The rice variety employed in this study was Xiuzhan 15" (Cai
et al,, 2021a). L-aminocyclopropane-1-carboxylic acid (ACC, CAS:
22059-21-8), Ethephon (ETP, CAS: 16672-87-0), and AOA (CAS:
645-88-5) were sourced from Aladdin, Ron, and Sigma companies,
respectively. According to the solubility of the reagents in water at
4°C and the convenience of dilution, ACC was prepared as a 0.1 M
mother solution, ETP as a 0.25 M mother solution, and AOA asa 1
mM mother solution, all using distilled water, and stored at 4°C
(Caietal, 2021b). A 0.92 mM STS solution was freshly prepared by
mixing equal volumes of 1.28 mM Na,S,0;-5(H,0) and 1.84
mM AgNO;.
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2.2 Experimental methods

2.2.1 Sterilization and germination of seeds
Following the method of Cai et al. (2018), rice seeds were

sterilized and germinated. Rice seedlings with uniformly elongated

roots (1-2 mm in length) were selected for further experiments.

2.2.2 Effect of ambient temperature on
root growth

Four ATs were set: 20°C, 25°C, 30°C, and 35°C. In each culture
dish (@ 150mm), 30 ml of distilled water was added as the culture
solution. Subsequently, at least 35 rice seedlings were planted and
cultured for 1 day under a photosynthetic photon flux density of
73.6 wmol/ s/m>. Root growth is known to be slow at 20°C; therefore,
to exclude the possibility that short root length was the cause of any
observed lack of root circumnutation, we extended the culture time
to 5 days. Root circumnutation ratios and root lengths were
measured using the method described by Cai et al. (2018). Each
treatment was repeated at least five times. The least significant
difference (LSD) test was employed for statistical analysis.
Throughout the experiment, consistent lighting conditions and
statistical methods were maintained.

2.2.3 Effect of ethylene on root growth

The experiments were conducted at 25°C. According to Cai
et al. (2021b), 100 uM ACC or 50 pM ETP was used as the rice
culture solution (represented as 25°C+ACC and 25°C+ETP,
respectively). After 2 days of cultivation, the rice root
circumnutation ratios and root lengths were measured.

2.2.4 Effect of ethylene inhibitor on the root
circumnutation induced by higher AT

The experiments were conducted at 35°C. According to Cai
et al. (2018), 100 pM AOA or 0.92 mM STS was used as the rice
culture solution (represented as 35°C+AOA, and 35°C+STS,
respectively). After 1 or 2 days of cultivation, the root
circumnutation ratios and root lengths of rice were measured.

2.2.5 Collection of root tip tissue samples

According to Cai et al. (2021a), rice root tips were collected after
being cultured for 1 day under the following conditions: 25°C, 35°C,
35°C+STS, and 35°C+AOA (later referred to as the first group
treatment); and 20°C, 25°C, 30°C, and 35°C (later referred to as the
second group treatment). As the root tips curled around once with a
length of approximately 0.5 cm, all collected root tips in this study
measured 0.5 cm in length. Approximately 500 root tips (about 0.5
g) were collected for each sample and stored in liquid nitrogen. Each
treatment had three biological replicates.

2.2.6 RNA extraction, library construction, and
transcriptome sequencing

Total RNA was extracted from each sample using the CTAB
method (Sun et al., 2003). mRNAs were enriched using magnetic
beads with oligo (dT) and fragmented for cDNA synthesis and
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library construction. Transcriptome sequencing was performed
using BGISEQ for the first group treatment and the DEBSEQ
platform for the second group treatment. The clean reads were
saved in FASTQ format after removing low-quality reads (Cock
et al, 2010). HISAT (Kim et al., 2015) was used to align the clean
reads to the rice genome sequence (O. sativa Japonica Group,
GCF_001433935.1_IRGSP-1.0), and RSEM (Li and Dewey, 2011)
was used to calculate the expression levels of each gene in each
sample in terms of fragments per kilobase million (FPKM). All the
above procedures were conducted by the Beijing Genomics Institute
(BGI). The sequencing data have been deposited in the SRA
database under the accession numbers PRJNA788706 for the first
group treatment and PRJNA1020455 for the second
group treatment.

2.2.7 Quality assessment of
transcriptome sequencing

The clean reads of each sample were analyzed for sequencing
saturation by using the Perl software. Utilizing the expression data
of all genes, we performed cluster analysis, Pearson correlation
analysis, and principal component analysis (PCA) on the samples.
Specifically, the ‘pheatmap’ package in R was employed for cluster
analysis, while the ‘cor’ and ‘prcomp’ functions within R software
facilitated Pearson correlation analysis and PCA, respectively, as
outlined in Cai et al. (2021b).

2.2.8 Screening of differentially expressed genes

In this study, a total of 3 comparison groups were set up: 25°C
vs 35°C, 35°C vs 35°C+STS, and 35°C vs 35°C+AOA. Differentially
expressed genes (DEGs) were detected and analyzed by BGI,
following the methodology outlined by Wang et al. (2010). Genes
exhibiting an absolute log, FoldChange of >1 and a Q-value of
<0.001 were considered as differentially expressed and thus defined
as DEGs.

2.2.9 Weighted gene co-expression
network analysis

The selected DEGs were analyzed using the WGCNA’ package
in R, following the methodology outlined by Zhang and Horvath
(2005) and Langfelder and Horvath (2008). For this analysis, the
parameters were set as follows: ‘sft$powerEstimate’ was set to 30,
and ‘mergeCutHeight’ was set to 0.25. Subsequently, the module
that showed the highest correlation with root circumnutation was
chosen for further investigation.

2.2.10 Gene ontology annotation
and classification

The selected DEGs were annotated and classified utilizing the
Blast2GO (v5.1) software (https://www.blast2go.com). This
software aligned the sequences of DEGs using blastx (E-value <
0.001) against the NCBI non-redundant protein database (Nr
database), as described by Conesa et al. (2005) and Gotz et al.
(2011). Within the Gene Ontology (GO) system, hierarchical
relationships among nodes were represented as a directed acyclic
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graph, wherein lower-level nodes denoted more specific functions.
Notably, the color intensity of the nodes corresponded to the
nodescore value; deeper hues signified higher nodescore values,
indicating a stronger association with the respective GO term.

2.2.11 Gene co-expression network visualization

Following the methodology outlined in Franz et al. (2016), we
visualized the co-expression relationships among the selected DEGs
using Cytoscape software (version 3.7.1). In our visualization, the
size of each node corresponds to the degree value of the respective
gene, indicating its connectivity within the network. Similarly, the
thickness of the edges connecting the nodes represents the weight
value between genes, reflecting the strength of their co-
expression relationships.

2.2.12 Real-time quantitative polymerase
chain reaction

Real-time quantitative polymerase chain reaction (RT-qPCR)
was performed to validate the expression of selected DEGs under
different treatments. The primers were synthesized by BGI
(Supplementary Table 1). The housekeeping genes OsActins
(LOC4334702 for the first group treatment, LOC4331146 for the
second group treatment) that expressed relatively stable in samples
of the transcriptomes were chosen as reference genes. The 2A-AACt
method (Pfaffl, 2001) was used for relative quantification. Three
biological replicates were performed for each treatment, and each
biological replicate was tested in triplicate.

3 Results

3.1 Higher ambient temperature induces
root circumnutation in rice

To investigate the regulatory role of AT on rice root
circumnutation growth, four temperature gradients (20°C, 25°C,
30°C, and 35°C) were set up. When AT was below 25°C, the ratios
of root circumnutation were extremely low (Figures 1A, B). When
AT was above 30°C, root circumnutation occurred, forming wave
and coiling (Figures 1C, D). At 30°C, the ratios of wave, coiling, and
coiling+wave (hereafter referred to as ‘C+W’) were 7.7%, 15.0%,
and 22.7%, respectively (Figure 1E), and the median root length was
1.25 cm (Figure 1F). At 35°C, the degree of root circumnutation
reached its maximum, with ratios of wave, coiling, and C+W at
1.7%, 70.0%, and 71.7%, respectively (Figure 1E), and the median
root length was 1.37 cm (Figure 1F).

Root growth was slow at 20°C. To rule out the possibility that
circumnutation did not occur due to shorter root length, we
extended the culture time. The results showed that the root
length of 2.85 cm cultivated at 20°C for 5 days greatly exceeded
that of 1.37 cm cultivated at 35°C for 1 day, but the ratios of root
circumnutation were still 0 (Supplementary Figure 1). Root
circumnutation can only be induced at higher AT.
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3.2 The induction of root circumnutation
by higher AT is dependent on
ethylene pathway

Firstly, to investigate the role of ethylene in the induction of
root circumnutation, 100 uM ACC or 50 uM ETP was applied alone
at 25°C (hereafter referred to as 25°C+ACC and 25°C+ETP,
respectively). Results showed that both 25°C+ACC and 25°C
+ETP treatments induced rice root circumnutation, with wave
ratios of 8.6% and 11.5%, coiling ratios of 24.1% and 20.1%, and
C+W ratios of 32.7% and 31.6%, respectively (Supplementary
Figure 2). These phenotypes were consistent with previous results
from our research group (Cai et al., 2021b).

Secondly, 0.92 mM STS or 100 uM AOA was applied at 35°C
(hereafter referred to as 35°C+STS and 35°C+AOA, respectively) to
investigate whether ethylene inhibitors could eliminate root
circumnutation induced by higher AT (Figures 2A-D). The
results showed that more than 80% of rice roots exhibited
circumnutation, and the median root length was 1.08 cm after 1
day of culture at 35°C. However, the root circumnutation ratios
were both 0, and the median root lengths were 1.38 cm and 0.75 c¢m,
respectively, after 1 day of culture in 35°C+STS and 35°C+AOA
treatments (Figures 2L, F). To exclude the possibility that roots did
not exhibit circumnutation in the 35°C+AOA treatment after 1 day
due to their shorter length, the culture time was extended to 2 days.
At this time point, the median root length in the 35°C+AOA
treatment reached 1.10 cm, but the root circumnutation ratios
remained 0 (Figures 2E, F). These results indicate that the
induction of root circumnutation by higher AT can be completely
eliminated by ethylene synthesis or action inhibitors.

In conclusion, higher AT can induce rice root circumnutation,
and this process is dependent on ethylene synthesis and signaling.

3.3 Quality assessment of
transcriptome sequencing

Transcriptome sequencing was conducted on 12 samples,
encompassing three biological replicates for each of the four
treatments (25°C, 35°C, 35°C+STS, and 35°C+AOA). Per sample,
an average of 6.78 Gb of data was generated. Post-filtering of raw
reads yielded clean read ratios exceeding 91%, with Q20 values
above 96.48% and Q30 values above 87.26% (Supplementary
Table 2). The mapping rates of clean reads to the reference
genome and gene set were at least 90.11% and 77.77%,
respectively. Specifically, alignment rates to the unique loci of the
reference genome and gene set were at least 64.16% and 71.23%,
respectively (Supplementary Table 2).

Sequencing saturation analysis revealed that gene identification
ratios plateaued when the read number exceeds 50 x 100 K,
indicating saturation in the sequencing data for all 12 samples
(Supplementary Figure 3A). Clustering and correlation analysis,
based on gene expression levels, showed tight clustering of
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Effects of different ambient temperatures on rice root growth. (A-D) Rice seedlings grown at 20°C (A), 25°C (B), 30°C (C), and 35°C (D), respectively
Cultivation time was 1 day, scale bar = 1 cm. (E, F) Root circumnutation percentages (E) and root lengths (F) at the four different ambient
temperatures tested. The total percentage of coiling and wave is represented by ‘C+W'. Different lowercase letters indicate significant differences
(p<0.05), while different uppercase letters indicate highly significant differences (p<0.01) between corresponding treatments. This notation applies to

all subsequent figures

biological replicates within each treatment and Pearson correlation
coefficients of at least 0.97 between samples within the same
treatment ( ; ;

). PCA demonstrated clear separation of the four treatments
along the first two principal components (PC1 and PC2) ( ).

Additionally, transcriptome sequencing encompassed four
temperature treatments: 20°C, 25°C, 30°C, and 35°C. Clean read
mapping rates to the reference genome and gene set were at least
89.26% and 78.40%, respectively. Notably, alignment rates to
unique loci in the reference genome and gene set were at least

35°C+STS 35°C+AOA (1 d)

30

Percentage of coiling and wave (%)

Aa
Aa
W ssc 4
35°C+HSTS
35°C+AOA (1 d)
W3s5°c+a0A 2 0)
0 Bb Bb Bb. . Bb Bb Bb . Bb Bb Bb 0.4

9
h

Root length (cm)

)
»
1

FIGURE 2

Wave Coiling C+W 35°C  359C+  359C+  35°C+
Root circumnutation phenomenon <

AOA (1d) AOA(24d)

Ethylene inhibitors abolish the root circumnutation induced by higher ambient temperature. (A-D): Root growth of rice under 35°C (A), 35°C+STS
(B), and 35°C+AOQA (C, D) treatments (1 d for A-C and 2 d for D); (E, F) Root circumnutation percentages (E) and root lengths (F) under these

treatments. Scale bar =1 cm
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FIGURE 3
Pearson correlation coefficient and principal component analyses. (A) Pearson correlation coefficient analysis for pairwise comparisons of 12
samples across 25°C, 35°C, 35°C+STS, and 35°C+AOA treatments. The Pearson correlation coefficients among biological replicates within each
treatment are > 0.97; (B) Principal component analysis reveals distinct separation of the four treatments in the plane spanned by PC1 and PC2.

87.00% and 71.73%, respectively (Supplementary Table 2).
Sequencing saturation, clustering, correlation analyses, and PCA
were performed for all samples, with all resulting metrics meeting
established criteria (Supplementary Figure 4).

Overall, the high quality of these samples justifies their use in
subsequent analytical procedures.

3.4 Screening of differentially
expressed genes

A total of 743 DEGs were shared by 25°C vs 35°C, 35°C vs 35°C
+STS, and 35°C vs 35°C+AOA (Figure 4A). Among them, 340 genes
had Log,FC(25°C vs 35°C)=1, Log,FC(35°C vs 35°C+STS)<-1, and
Log,FC(35°C vs 35°C+AOA)<-1; while 32 genes had Log,FC(25°C vs
35°C)<-1, Log,FC(35°C vs 35°C+STS)=1, and Log,FC(35°C vs 35°C

B
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FIGURE 4

Screening of differentially expressed genes. (A) Venn diagram showing the numbers of differentially expressed genes (DEGs) shared among the three
comparisons: 25°C vs 35°C, 35°C vs 35°C+STS, and 35°C vs 35°C+AOA. The numbers in the overlapping regions indicate the numbers of DEGs
shared by the comparisons; (B) Two-dimensional scatter plot of Log,FC values for the 743 DEGs in 35°C vs 35°C+STS and 35°C vs 35°C+AOA, with
red and blue dots representing DEGs with Log,FC(25°C vs 35°C) > 1 and Log,FC(25°C vs 35°C) < -1, respectively; (C) WGCNA dendrogram showing
clustering of the 372 DEGs and the corresponding gene modules. The color bar below the dendrogram indicates the gene modules; (D) Heatmap
showing the correlation between gene modules and phenotypes. The numbers outside the brackets indicate correlation values, and those inside the

brackets indicate p-values.
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+AOA)>1. These 372 genes accounted for approximately 50.07% of the
743 DEGs (Figure 4B; Supplementary Table 4). Weighted gene co-
expression analysis was performed on these 372 DEGs (Supplementary
Table 5), resulting in three co-expression modules (turquoise, blue, and
brown) and a grey module containing unassigned genes. The turquoise
module, highly correlated with the root circumnutation phenotype and
showing the smallest p-value, contained 268 DEGs. Therefore, we
focused on the DEGs in this module for further analysis (Figures 4C, D;
Supplementary Figure 5; Supplementary Table 6).

3.5 GO annotation and classification
of DEGs

We performed GO functional annotation and classification of
268 DEGs in the turquoise module using the Blast2GO software
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(Supplementary Table 7). The results revealed that the DEGs were
predominantly distributed across the three main functional groups:
‘biological process’ (160 DEGs, 59.70%), ‘cellular component’ (150
DEGs, 55.97%), and ‘molecular function’ (176 DEGs, 65.67%).
Within the ‘biological process’ category, a notable number of
DEGs were associated with ‘metabolic process’ (117 DEGs) and
‘cellular process’ (94 DEGs). Additionally, the ‘transport’ term
comprised 40 DEGs, including OsABCBI5 and three OsNPFs
related to auxin transport (Figure 5A; Supplementary Table 7,
Supplementary Table 8). In the ‘cellular component’ category, the
DEGs were primarily distributed in the ‘cell part’ (99 DEGs) and
‘membrane’ (89 DEGs) terms, with an additional noteworthy group
in the ‘extracellular region’ (22 DEGs) containing genes such as
OsXTH16, OsXTH19, OsEXPA6, and OsEXPA29 involved in cell
elongation regulation (Figure 5B; Supplementary Table 7;
Supplementary Table 8). Within the ‘molecular function’
category, a significant number of DEGs were identified in the
‘binding’ (103 DEGs) and ‘catalytic activity’ (101 DEGs) terms.
Additionally, the ‘hydrolase activity’ and ‘nucleic acid binding’
terms had higher nodescore values, with 45 and 34 DEGs,
respectively. Notably, within the ‘catalytic activity’ term, key genes
such as OsYUCCAG6 (regulating auxin synthase), OsEGLI,
OsXTHI6, and OsXTH]I9 (regulating cell elongation), and OsRMC
(negatively regulating root circumgyration) were identified. Of
particular interest was the ‘nucleic acid binding’ term, which

10.3389/fpls.2024.1348295

included ethylene responsive factor genes such as OsERF63,
OsERF81, OsERF82, OsERF83, and OsERF88 (Figure 5C;
Supplementary Table 7, Supplementary Table 8).

3.6 Expression analysis of genes related to
ethylene synthesis and signaling

Root circumnutation induced by higher AT was completely
eliminated by the application of the ethylene biosynthesis inhibitor
AOA or the ethylene perception inhibitor STS, indicating its
dependence on the ethylene pathway. Therefore, we focused on
the expression changes of genes related to ethylene synthesis and
signaling. Ethylene biosynthesis involves two types of rate-limiting
enzymes: ACC synthase (ACS) and ACC oxidase (ACO). We
identified three OsACS genes and seven OsACO genes among the
DEGs between 25°C and 35°C. Although the expression levels of
these three OsACS genes were not consistently regulated, the
expression levels of the OsACO genes, except for OsACO3,
consistently increased at 35°C and with increasing temperature
after 25°C (Figures 6A-D; Supplementary Figure 6A;
Supplementary Table 9). Regarding ethylene signaling, we
identified five OsERF genes in the turquoise gene module, all of
which were upregulated at 35°C compared to lower temperatures.
However, their expression levels were downregulated at 35°C in the
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Expression analysis of genes involved in ethylene synthesis and signaling. (A) Heatmap shows the expression levels of seven OsACO genes at 25°C
and 35°C; (B, C) gRT-PCR validation of the expression trends of two OsACO genes (LOC4337818 and LOC4330873), which are upregulated at 35°C;
(D) Heatmap shows the expression levels of three OsACS genes at 25°C and 35°C; (E) Heatmap shows the expression levels of five OSERF genes at

25°C, 35°C, 35°C+STS, and 35°C+AOQA.

presence of STS or AOA compared to their expression at 35°C
without inhibitors. Additionally, their expression increased with
increasing temperature after 25°C (Figure 6E; Supplementary
Figure 6B; Supplementary Table 9).

3.7 Expression analysis of auxin and cell
elongation related genes

Auxin-related and cell elongation-related genes were identified
in GO annotations. Auxin regulates plant tropistic growth, and root
circumnutation is caused by asymmetric elongation of cells.
Therefore, we further investigated the expression changes of
specific genes in the turquoise gene module. These included
OsYUCCAG, responsible for auxin synthesis; OsABCBIS5,
OsNPF3.1, and two OsNPF8.1s, involved in auxin transport;
OsSUAR3 and OsSUARI0, mediating auxin response; and
OsEGLI1, two OsEXPAs, two OsXTHs, and three OsEXORDIUM s,
associated with cell elongation. Compared to 25°C, the expression
of these genes was found to be upregulated at 35°C. However, their
expression was reduced at 35°C in the presence of STS or AOA
compared to the high expression levels observed at 35°C without
inhibitors. Additionally, these genes exhibited an upregulation
pattern with increasing temperatures above 20°C (Supplementary
Figures 7A, B; Supplementary Table 10). Therefore, the expression
of these genes is upregulated by increasing AT, and this
upregulation is mediated through the ethylene pathway
(Figures 7A, B; Supplementary Table 10).
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3.8 Weighted gene co-expression network

Based on previous analyses, we focused on the co-expression
relationships among five ethylene response factor genes (OsERF63,
OsERF81, OsERF82, OsERF83, and OsERF88), the auxin synthesis
enzyme gene OsYUCCAS6, auxin transport genes OsABCBI5 and
OsNPFs, auxin-responsive genes OsSAURs, cell elongation-related
genes (OsEGL1, OsXTHs, OsEXPAs, and OsEXORDIUM ), alongside
OsRMC, a negative regulator of root circumnutation (Figure 8).

Within the turquoise co-expression module, a remarkable
connectivity was observed among OsERF63, OsERF8I, and
OsERF82, with these genes being linked to 95.88%, 96.63%, and
93.26% of the nodes, respectively. Notably, OsERF63 exhibited an
extensive co-expression profile, encompassing all the focal genes.
Considering co-expression relationships with weight values
exceeding 0.3, we noted the co-expression of OsERF8I and
OsERF82 with OsYUCCAG6, as well as that of OsERF82 with
OsNPF8.1 (LOC4325015). This underscores a substantial
interplay between ethylene-responsive factor genes and both the
auxin synthesis enzyme gene and auxin transport genes. With
weight values surpassing 0.3, OsERF63 demonstrated co-
expression with OsEGLI and OsXTHI16, while OsERF81 and
OsERF82 exhibited co-expression with OsEXPA6. These findings
suggest a robust correlation between ethylene response factor genes
and cell elongation-related genes. Furthermore, the weight value
exceeding 0.25 for the co-expression relationship between
OsYUCCA6 and both OsEXPA6 and OsEXORDIUM
(LOC4340513) highlights a significant interplay between the
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Expression analysis of auxin and cell elongation related genes. (A) Heatmap shows the expression levels of OsYUCCA6, OsABCB15, 3 OsNPFs, and 2
OsSAURs at 25°C, 35°C, 35°C+STS, and 35°C+AOA; (B) Heatmap shows the expression levels of 2 OsEXPAs, 2 OsXTHSs, 3 OsEXORDIUMs, and

OsEGLI at 25°C, 35°C, 35°C+STS, and 35°C+AOA.

auxin synthesis enzyme gene and genes governing cell elongation.
Among the pronounced co-expression relationships observed
between auxin transport genes and cell elongation-related genes,
three OsNPFs and OsABCBI5 were found to be co-expressed with
OsEXPA6. Additionally, co-expression relationships were observed
between OsNPF3.1 and both OsXTH16 and OsEGLI, with all weight
values surpassing 0.25. Notably, the co-expression relationships
between OsSAUR3 and OsEXORDIUM (LOC4330777), as well as
between OsSAURI0 and OsEGLI, exhibited weight values exceeding
0.3, emphasizing a marked correlation between auxin-responsive
genes and cell elongation-related genes (Figure 8; Supplementary
Figure 8; Supplementary Table 11).

Moreover, OsRMC, a gene negatively regulating root
circumnutation, exhibited distinct co-expression relationships
with OsERF63, OsERF81, OsERF82, and OsERF83. Among these
relationships, the co-expression between OsRMC and OsERF63
stood out with the highest weight value of 0.16 (Figure 8;
Supplementary Figure 8; Supplementary Table 11). This
underscores a notable interplay between the gene negatively
modulating root circumnutation and the ethylene response
factor genes.

3.9 Validation of transcriptome sequencing
data by qRT-PCR

We selected 10 genes from the turquoise module for validation
by qRT-PCR (in the 25°C, 35°C, 35°C+STS, and 35°C+AOA
treatments). These genes comprised 4 ethylene response factor
genes (OsERF63, OsERF81, OsERF82, and OsERF83), 2 auxin-
related genes (OsYUCCA6 and OsSAUR3), 2 cell elongation-
related genes (OsEXORDIUM (LOC4330777) and OsXTHI6), a
cell division-related gene (OsCYCD3;1 (LOC4346394)), and
OsRMC, which inhibits root curling. The qQRT-PCR results for all
10 genes correlated with the transcriptome sequencing data,
indicating the reliability of the latter (Figure 9; Supplementary
Table 12). Additionally, nine genes were selected from the 12
samples under varying temperature treatments (20°C, 25°C, 30°C,
and 35°C), including ACC oxidase genes (OsACOS5 and OsACO?).
qRT-PCR validation was performed for all nine genes, and the
results were consistent with the transcriptome sequencing data,
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confirming the reliability of the transcriptome sequencing data
(Supplementary Figure 9; Supplementary Table 12).

4 Discussion

Different ranges of AT had distinct effects on root circumnutation
and elongation growth. In this study, when the temperature was
raised from 20°C to 25°C, the roots did not exhibit circumnutation,
but their elongation increased significantly. In contrast, when the
temperature was increased from 30°C to 35°C, root circumnutation
increased significantly, but there was no significant change in root
elongation. Previous studies have reported that Arabidopsis plants
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FIGURE 8

Co-expression network of 21 key genes. The co-expression
relationship among OsERFs, genes related to auxin and cell
elongation, and OsRMC is presented. The sizes of the nodes
represent the degree values of the genes, with larger nodes
indicating higher degrees. The thickness and darkness of the edges
correspond to the weight values between genes, where thicker and
darker edges denote stronger weights. Cyan, green, yellow, and red
nodes represent OsERFs, auxin-related genes, cell elongation-
related genes, and OsRMC, respectively. Additionally, edges
connected specifically to OsERFs are highlighted in red.
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Real-time quantitative polymerase chain reaction. Ten genes were selected for gRT-PCR to validate the transcriptome sequencing data. The qRT-
PCR results are represented by bar charts, while the transcriptome sequencing results are represented by line charts. Different lowercase letters
indicate significant differences in gRT-PCR results among the corresponding treatments (p < 0.05)

with the npf7.3 mutation or cultivated on a horizontal plate with
nitrate deficiency, as well as rice plants cultured with exogenous
application of BL, exhibited a root circumnutation phenotype, while
root length did not show significant changes (Buer et al., 2003; Jiang
et al, 2007; Chen et al, 2015; Cai et al, 2021b). Therefore, root
circumnutation and elongation growth appear to be two relatively
independent processes.

Sufficient evidence has been reported showing that higher AT
promotes ethylene biosynthesis in plants. For instance, Arabidopsis
seedlings grown at 27°C produce more ethylene than those grown at
22°C (Fei et al, 2017); high-temperature treatment increases
ethylene production rates in leaves and pods of soybean (Glycine
max) (Maduraimuthu and Prasad, 2010); ethylene synthesis is
increased in wheat (Triticum aestivum) (40°C) and tomato
(Solanum lycopersicum) (42°C) seedlings under high-temperature
stress (Khan et al., 2013; Pan et al., 2019; Poor et al., 2022); and
ethylene levels in rice leaves are significantly increased at 40°C
(Gautam et al., 2022). The increase in ethylene biosynthesis can be
attributed to two factors: an increase in the expression of ethylene
biosynthesis enzyme genes and an increase in the activity of
ethylene biosynthesis enzymes. Regarding gene expression,
although the expression of OsACSs in this study was irregular, the
expression of OsACOs consistently showed upregulation at 35°C
(Supplementary Figure 6; Supplementary Table 9). As for enzyme
activity, a study reported that wheat increases ethylene biosynthesis
by increasing ACS activity under high-temperature stress (40°C)
(Khan et al,, 2013). This suggests that higher AT may also promote
ethylene biosynthesis by enhancing ACS activity, thereby
promoting root circumnutation.

In terms of ethylene signal transduction, OsERF63, OsERF81,
and OsERF82 have been identified as key genes in ethylene-induced
root circumnutation (Cai et al, 2021b). In this study, all three
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OsERFs were identified as core transcription factor genes involved
in AT-induced root circumnutation through the ethylene pathway.
Among them, OsERF82 has also been identified as a key player in
BR-induced rice root circumnutation through the ethylene pathway,
and its expression is upregulated by BR (Cai et al., 2021a). However,
current research on the functionality of these three OsERFs is limited
to their response to stress, with no reports exploring their specific
roles. OsERF63 is upregulated under heat stress and hypoxic
conditions, while OsERF82 is upregulated under salt stress (Kumar
et al,, 2020; Liu et al., 2020; Wang et al., 2021). The involvement of
these three OsERFs in root circumnutation may not be coincidental,
and their role in this process deserves further exploration.

Auxin biosynthesis and transport are important factors
regulating plant directional growth. Regarding auxin biosynthesis,
we identified OsYUCCAG6 as the rate-limiting enzyme gene in the
tryptophan-dependent auxin biosynthesis pathway (Cao et al,
2019). Concerning auxin transport, we identified OsABCBI5,
which is also a core gene involved in ethylene-induced root
circumnutation that we previously investigated (Cai et al., 2021b).
We also identified three OsNPFs, which encode proteins belonging
to the NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER
family. Although some members of this family were originally
characterized for their roles in nitrate or di/tripeptide transport,
recent studies have shown that specific members, such as
AtNPF5.12, AtNPF6.3, and AtNPF7.3, are also implicated in auxin
transport (Krouk et al., 2010; Michniewicz et al., 2019; Watanabe
et al., 2020). Additionally, it has been demonstrated that elevated
temperatures can induce the accumulation of AtPIN2 on the
plasma membrane, thereby enhancing auxin polar transport in
roots (Hanzawa et al, 2013). This suggests that higher AT may
regulate root circumnutation by altering the subcellular localization
of auxin transporters.
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In terms of genes related to cell elongation, we particularly
focused on OsEXPA6, OsEXPA29, OsXTH16, OsXTHI19, OsEGLI,
and OsEXORDIUMs. As members of the o-EXPANSIN family,
EXPAs can mediate pH-dependent cell wall extension by disrupting
the bonding of the glycans to the microfibril surface or to each
other, thereby promoting cell elongation (Cosgrove, 2000; Choi
et al., 2006). OsXTHs encode xyloglucan endotransglucosylase and/
or hydrolases, which can split and reconnect xyloglucan crosslinks
in the cell wall and play an important role in regulating cell
expansion (Yokoyama et al, 2004; Nishitani, 2005; Hara et al.,
2014). OsEGLI encodes endo-(1,3;1,4)-B-glucanase, which may
promote cell wall loosening by hydrolyzing (1,3;1,4)-B-glucan in
the cell wall matrix (Akiyama et al., 2009). EXORDIUM is located
in the cell wall and mediates cell expansion downstream of the BR
signal (Schroder et al,, 2009). In this study, the expression levels of
these genes were upregulated at 35°C and subsequently
downregulated by an ethylene inhibitor, indicating that higher AT
may regulate root cell elongation through the ethylene pathway.
Subsequent studies could further investigate the differential
expression levels of these genes in inner and outer cortical cells of
the root tip.

OsRMC was initially identified as a negative regulator in JA-
induced rice root circumnutation and was named accordingly based
on its function (Jiang et al., 2007; Lourenco et al., 2015). It consists
of a signal peptide and two Cysteine-rich repeat domains, lacking
transmembrane regions and kinase domains, and belongs to the
Cysteine-rich repeat secretory proteins (Chen, 2001). Studies have
shown that the expression of OsRMC is directly regulated by
OsEREBP1 and OsEREBP2 (AP2/ERF transcription factors)
(Serra et al., 2013; Lourenco et al, 2015). In ethylene-induced
root circumnutation, OsRMC is upregulated (Cai et al., 2021b). In
this study, OsRMC was also upregulated in AT-induced rice root
circumnutation, which depended on the ethylene pathway. This
negative regulator is involved in both ethylene and AT-induced root
circumnutation. Recent research has shown that OsRMC slightly
inhibits the activity of ascorbate peroxidases (APXs) and promotes
the accumulation of reactive oxygen species (ROS) (Wang et al.,
2022). Other studies have shown that ROS can enhance plant root
gravitropism, and exogenous application of H,0, can inhibit root
circumnutation to a certain extent (Krieger et al., 2016; Orman-
Ligeza et al., 2016). This raises the question of whether the negative
regulation of OsRMC on root circumnutation is mediated by
promoting the accumulation of ROS at the root tip, which
warrants further investigation.

In summary, this study demonstrates for the first time that
higher AT can induce rice root circumnutation by promoting
ethylene biosynthesis and signaling. In this process, AT promotes
the expression of a series of genes through the ethylene pathway,
including those involved in auxin synthesis and transport (such as
OsYUCCAG6, OsABCBI15, OsNPFs) and those regulating cell
elongation (such as OsEXPAs, OsXTHs, OsEGLI,
OsEXORDIUMs), ultimately leading to root circumnutation.
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Meanwhile, OsRMC plays a negative regulatory role in this
process (Supplementary Figure 10). The identification of these
core genes provides a basis for uncovering the molecular
mechanism by which AT induces root circumnutation through
the ethylene pathway.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

ZC: Writing - original draft, Writing - review & editing,
Conceptualization, Investigation, Data curation, Methodology,
Supervision, Formal analysis, Project administration, Validation,
Funding acquisition, Resources, Visualization. YD: Writing -
original draft, Writing - review & editing, Conceptualization,
Investigation, Data curation, Formal analysis, Validation,
Visualization. XJ: Writing - original draft, Conceptualization,
Investigation, Data curation, Methodology, Supervision, Formal
analysis. HX: Writing - original draft, Investigation, Data
curation. ZH: Writing - original draft, Conceptualization,
Investigation, Data curation, Methodology. ZX: Writing - original
draft, Conceptualization, Investigation, Data curation. XY: Writing
- review & editing, Funding acquisition. JL: Conceptualization,
Methodology, Project administration, Writing — review & editing,
Funding acquisition, Resources.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Major Science and Technology Plan of
Hainan Province (ZDKJ2021018), the Program of Hainan
Association for Science and Technology Plans to Youth R & D
Innovation (QCQTXM202201), the Hainan Provincial Natural
Science Foundation of China (No0.322RC772; No0.321QN316;
No0.320RC508), the National Natural Science Foundation of
China (No0.31660229), and the Hainan University Scientific
Research Startup Fund Project (No.kyqd1620).

Acknowledgments

We sincerely thank reviewers and editors of the Frontiers in
Plant Science, as well as Xiaochen Wang, for providing valuable
suggestions on this paper.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1348295
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Cai et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Akiyama, T., Jin, S., Yoshida, M., Hoshino, T., Opassiri, R., and James, R. K. C.
(2009). Expression of an endo-(1,3;1,4)-beta-glucanase in response to wounding,
methyl jasmonate, abscisic acid and ethephon in rice seedlings. J. Plant Physiol. 166,
1814-1825. doi: 10.1016/,jplph.2009.06.002

Buer, C. S., Wasteneys, G. O., and Masle, J. (2003). Ethylene modulates root-wave
responses in Arabidopsis. Plant Physiol. 132, 1085-1096. doi: 10.1104/pp.102.019182

Cai, Z., Huang, Z., Huang, C,, Jin, X,, Yang, W., and Jiang, G. (2021a). Transcriptome
analysis on asymmetric root growth of Oryza sativa induced by brassinosteroids via
ethylene pathway. J. Plant Biol. 64, 349-358. doi: 10.1007/s12374-021-09308-3

Cai, Z., Huang, Z., Wang, Z., Tao, Y., Wu, F,, Yu, X,, et al. (2021b). Identification of
the related genes on the asymmetric root growth of Oryza sativa induced by ethylene
through transcriptome sequencing, GO and KEGG analysis. Acta Physiol. Plant. 43, 99.
doi: 10.1007/s11738-021-03271-9

Cai, Z., Yang, W., Zhang, H., Luo, J., Wu, F, Jing, X,, et al. (2018). Ethylene
participates in the brassinolide-regulated asymmetric growth of O. sativa root. South
Afr. ]. Botany 119, 86-93. doi: 10.1016/j.sajb.2018.08.017

Cao, X, Yang, H., Shang, C., Ma, S., Liu, L., and Cheng, J. (2019). The roles of auxin
biosynthesis YUCCA gene family in Plants. Int. J. Mol. Sci. 20 (24), 6343. doi: 10.3390/
ijms20246343

Chai, S., Li, E., Zhang, Y., and Li, S. (2020). NRT1.1-mediated nitrate suppression of
root coiling relies on PIN2- and AUX1-mediated auxin transport. Front. Plant Sci. 11.
doi: 10.3389/fpls.2020.00671

Chen, H. W,, Shao, K. H., and Wang, S. J. (2015). Light-modulated seminal wavy
roots in rice mediated by nitric oxide-dependent signaling. Protoplasma 252, 1291-
1304. doi: 10.1007/s00709-015-0762-0

Chen, Z. (2001). A superfamily of proteins with novel cysteine-rich repeats. Plant
Physiol. 126, 473-476. doi: 10.1104/pp.126.2.473

Choi, D., Cho, H-,, and Lee, Y. (2006). Expansins: expanding importance in plant growth
and development. Physiol. Plant. 126, 511-518. doi: 10.1111/§.1399-3054.2006.00612.x

Cock, P. ], Fields, C. J., Goto, N., Heuer, M. L., and Rice, P. M. (2010). The Sanger
FASTQ file format for sequences with quality scores, and the Solexa/Illumina FASTQ
variants. Nucleic Acids Res. 38, 1767-1771. doi: 10.1093/nar/gkp1137

Conesa, A., Gotz, S., Garcia-Goémez, J. M., Terol, J., Talon, M., and Robles, M. (2005).
Blast2GO: a universal tool for annotation, visualization and analysis in functional
genomics research. Bioinformatics 21, 3674-3676. doi: 10.1093/bioinformatics/bti610

Cosgrove, D. J. (2000). Loosening of plant cell walls by expansins. Nature 407, 321-
326. doi: 10.1038/35030000

Du, H,, Liu, H., and Xiong, L. (2013). Endogenous auxin and jasmonic acid levels are
differentially modulated by abiotic stresses in rice. Front. Plant Sci. 4. doi: 10.3389/
fpls.2013.00397

Eliasson, L., and Bollmark, M. (1988). Ethylene as a possible mediator of light-
induced inhibition of root growth. Physiol. Plant. 72, 605-609. doi: 10.1111/j.1399-
3054.1988.tb09170.x

Fei, Q., Wei, S., Zhou, Z., Gao, H., and Li, X. (2017). Adaptation of root growth to
increased ambient temperature requires auxin and ethylene coordination in
Arabidopsis. Plant Cell Rep. 36, 1507-1518. doi: 10.1007/s00299-017-2171-7

Fortin, M. C,, and Poff, K. L. (1990). Temperature sensing by primary roots of maize.
Plant Physiol. 94, 367-369. doi: 10.1104/pp.94.1.367

Fortin, M. C,, and Poff, K. L. (1991). Characterization of thermotropism in primary
roots of maize: Dependence on temperature and temperature gradient, and interaction
with gravitropism. Planta 184, 410-414. doi: 10.1007/BF00195344

Franz, M., Lopes, C. T., Huck, G., Dong, Y., Sumer, O., and Bader, G. D. (2016).
Cytoscape.js: a graph theory library for visualisation and analysis. Bioinformatics 32,
309-311. doi: 10.1093/bioinformatics/btv557

Frontiers in Plant Science

12

10.3389/fpls.2024.1348295

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1348295/

full#supplementary-material

Gautam, H., Fatma, M., Sehar, Z., Mir, . R., and Khan, N. A. (2022). Hydrogen
sulfide, ethylene, and nitric oxide regulate redox homeostasis and protect
photosynthetic metabolism under high temperature stress in rice plants.
Antioxidants 11 (8), 1478. doi: 10.3390/antiox11081478

Gétz, S., Arnold, R, Sebastian-Leon, P., Martin-Rodriguez, S., Tischler, P., Jehl, M.
A., et al. (2011). B2G-FAR, a species-centered GO annotation repository.
Bioinformatics 27, 919-924. doi: 10.1093/bioinformatics/btr059

Gray, W. M,, Ostin, A., Sandberg, G., Romano, C. P, and Estelle, M. (1998). High
temperature promotes auxin-mediated hypocotyl elongation in Arabidopsis. Proc. Natl.
Acad. Sci. U.S.A. 95, 7197-7202. doi: 10.1073/pnas.95.12.7197

Hanzawa, T., Shibasaki, K., Numata, T., Kawamura, Y., Gaude, T., and Rahman, A.
(2013). Cellular auxin homeostasis under high temperature is regulated through a
SORTING NEXIN1-dependent endosomal trafficking pathway. Plant Cell. 25, 3424
3433. doi: 10.1105/tpc.113.115881

Hara, Y., Yokoyama, R., Osakabe, K., Toki, S., and Nishitani, K. (2014). Function of
xyloglucan endotransglucosylase/hydrolases in rice. Ann. Botany 114, 1309-1318.
doi: 10.1093/a0b/mct292

Jiang, J., Li, J., Xu, Y., Han, Y., Bai, Y., Zhou, G,, et al. (2007). RNAi knockdown of
Oryza sativa root meander curling gene led to altered root development and coiling
which were mediated by jasmonic acid signalling in rice. Plant Cell Environ. 30, 690—
699. doi: 10.1111/j.1365-3040.2007.01663.x

Khan, M. L, Igbal, N., Masood, A., Per, T. S, and Khan, N. A. (2013). Salicylic acid
alleviates adverse effects of heat stress on photosynthesis through changes in proline
production and ethylene formation. Plant Signal Behav. 8, €26374. doi: 10.4161/
psb.26374

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with
low memory requirements. Nat. Methods 12, 357-360. doi: 10.1038/nmeth.3317

Krieger, G., Shkolnik, D., Miller, G., and Fromm, H. (2016). Reactive oxygen species
tune root tropic responses. Plant Physiol. 172, 1209-1220. doi: 10.1104/pp.16.00660

Krouk, G., Lacombe, B., Bielach, A., Perrine-Walker, F., Malinska, K., Mounier, E.,
et al. (2010). Nitrate-regulated auxin transport by NRT1.1 defines a mechanism for
nutrient sensing in plants. Dev. Cell. 18, 927-937. doi: 10.1016/j.devcel.2010.05.008

Kumar, D., Das, P. K, and Sarmah, B. K. (2020). Identification of novel hypoxia-
responsive factors in deep-water rice conferring tolerance to flood during germination.
Biol. Plant. 64, 244-252. doi: 10.32615/bp.2019.128

Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted
correlation network analysis. BMC Bioinf. 9, 559. doi: 10.1186/1471-2105-9-559

Lee, H. Y., and Yoon, G. M. (2018). Regulation of ethylene biosynthesis by
phytohormones in etiolated rice (Oryza sativa L.) seedlings. Mol. Cells 41, 311-319.
doi: 10.14348/molcells.2018.2224

Lewis, D. R., Miller, N. D, Splitt, B. L., Wu, G., and Spalding, E. P. (2007). Separating
the roles of acropetal and basipetal auxin transport on gravitropism with mutations in
two Arabidopsis Multidrug Resistance-Like ABC transporter genes. Plant Cell. 19,
1838-1850. doi: 10.1105/tpc.107.051599

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinf. 12, 323. doi: 10.1186/1471-
2105-12-323

Liu, G, Zha, Z,, Cai, H,, Qin, D,, Jia, H,, Liu, C,, et al. (2020). Dynamic transcriptome
analysis of anther response to heat stress during anthesis in thermotolerant rice (Oryza
sativa L.). Int. J. Mol. Sci. 21 (3), 1155. doi: 10.3390/ijms21031155

Lourengo, T. F,, Serra, T. S., Cordeiro, A. M., Swanson, S. J., Gilroy, S., Saibo, N. J.,
et al. (2015). The rice E3-ubiquitin ligase HIGH EXPRESSION OF OSMOTICALLY
RESPONSIVE GENEI modulates the expression of ROOT MEANDER CURLING, a
gene involved in root mechanosensing, through the interaction with two ETHYLENE-

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1348295/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1348295/full#supplementary-material
https://doi.org/10.1016/j.jplph.2009.06.002
https://doi.org/10.1104/pp.102.019182
https://doi.org/10.1007/s12374-021-09308-3
https://doi.org/10.1007/s11738-021-03271-9
https://doi.org/10.1016/j.sajb.2018.08.017
https://doi.org/10.3390/ijms20246343
https://doi.org/10.3390/ijms20246343
https://doi.org/10.3389/fpls.2020.00671
https://doi.org/10.1007/s00709-015-0762-0
https://doi.org/10.1104/pp.126.2.473
https://doi.org/10.1111/j.1399-3054.2006.00612.x
https://doi.org/10.1093/nar/gkp1137
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1038/35030000
https://doi.org/10.3389/fpls.2013.00397
https://doi.org/10.3389/fpls.2013.00397
https://doi.org/10.1111/j.1399-3054.1988.tb09170.x
https://doi.org/10.1111/j.1399-3054.1988.tb09170.x
https://doi.org/10.1007/s00299-017-2171-7
https://doi.org/10.1104/pp.94.1.367
https://doi.org/10.1007/BF00195344
https://doi.org/10.1093/bioinformatics/btv557
https://doi.org/10.3390/antiox11081478
https://doi.org/10.1093/bioinformatics/btr059
https://doi.org/10.1073/pnas.95.12.7197
https://doi.org/10.1105/tpc.113.115881
https://doi.org/10.1093/aob/mct292
https://doi.org/10.1111/j.1365-3040.2007.01663.x
https://doi.org/10.4161/psb.26374
https://doi.org/10.4161/psb.26374
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1104/pp.16.00660
https://doi.org/10.1016/j.devcel.2010.05.008
https://doi.org/10.32615/bp.2019.128
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.14348/molcells.2018.2224
https://doi.org/10.1105/tpc.107.051599
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.3390/ijms21031155
https://doi.org/10.3389/fpls.2024.1348295
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Cai et al.

RESPONSE FACTOR transcription factors. Plant Physiol. 169, 2275-2287.
doi: 10.1104/pp.15.01131

Maduraimuthu, D., and Prasad, P. V. V. (2010). Ethylene production under high
temperature stress causes premature leaf senescence in soybean. Funct. Plant Biol. 37,
1071-1084. doi: 10.1071/FP10089

Martins, S., Montiel-Jorda, A., Cayrel, A., Huguet, S., Roux, C. P, Ljung, K,, et al.
(2017). Brassinosteroid signaling-dependent root responses to prolonged elevated
ambient temperature. Nat. Commun. 8, 309. doi: 10.1038/s41467-017-00355-4

Michniewicz, M., Ho, C. H., Enders, T. A., Floro, E., Damodaran, S., Gunther, L. K,
et al. (2019). TRANSPORTER OF IBAL links auxin and cytokinin to influence root
architecture. Dev. Cell. 50, 599-609 e594. doi: 10.1016/j.devcel.2019.06.010

Muller, A., Guan, C., Galweiler, L., Tanzler, P., Huijser, P., Marchant, A., et al. (1998).
AtPIN2 defines a locus of Arabidopsis for root gravitropism control. EMBO J. 17, 6903-
6911. doi: 10.1093/emboj/17.23.6903

Nishitani, K. (2005). Division of roles among members of the XTH gene family in
plants. Plant Biosystems 139, 98-101. doi: 10.1080/11263500500055924

Okada, K., and Shimura, Y. (1990). Reversible root tip rotation in Arabidopsis
seedlings induced by obstacle-touching stimulus. Science 250, 274-276. doi: 10.1126/
science.250.4978.274

Okamoto, T., Tsurumi, S., Shibasaki, K., Obana, Y., Takaji, H., Oono, Y., et al. (2008).
Genetic dissection of hormonal responses in the roots of Arabidopsis grown under
continuous mechanical impedance. Plant Physiol. 146, 1651-1662. doi: 10.1104/
pp-107.115519

Orman-Ligeza, B., Parizot, B., de Rycke, R, Fernandez, A., Himschoot, E., Van, B. F.,
et al. (2016). RBOH-mediated ROS production facilitates lateral root emergence in
Arabidopsis. Development 143, 3328-3339. doi: 10.1242/dev.136465

Pan, C., Zhang, H., Ma, Q., Fan, F,, Fu, R, Ahammed, G. J,, et al. (2019). Role of
ethylene biosynthesis and signaling in elevated CO,-induced heat stress response in
tomato. Planta 250, 563-572. doi: 10.1007/s00425-019-03192-5

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29, e45. doi: 10.1093/nar/29.9.e45

Poor, P, Nawaz, K., Gupta, R., Ashfaque, F., and Khan, M. I. R. (2022). Ethylene
involvement in the regulation of heat stress tolerance in plants. Plant Cell Rep. 41, 675-
698. doi: 10.1007/s00299-021-02675-8

Roy, R, and Bassham, D. C. (2014). Root growth movements: waving and skewing.
Plant Sci. 221-222, 42-47. doi: 10.1016/j.plantsci.2014.01.007

Schroder, F., Lisso, J., Lange, P., and Mussig, C. (2009). The extracellular EXO
protein mediates cell expansion in Arabidopsis leaves. BMC Plant Biol. 9, 20.
doi: 10.1186/1471-2229-9-20

Serra, T. S., Figueiredo, D. D., Cordeiro, A. M., Almeida, D. M., Lourenco, T., Abreu,
L A, et al. (2013). OsRMC, a negative regulator of salt stress response in rice, is

Frontiers in Plant Science

13

10.3389/fpls.2024.1348295

regulated by two AP2/ERF transcription factors. Plant Mol. Biol. 82, 439-455.
doi: 10.1007/s11103-013-0073-9

Su, S., Gibbs, N. M., Jancewicz, A. L., and Masson, P. H. (2017). Molecular
mechanisms of root gravitropism. Curr. Biol. 27, R964-R972. doi: 10.1016/
j.cub.2017.07.015

Sun, X. M., Chen, X,, Deng, Z. X,, and Li, Y. D. (2003). A CTAB-assisted
hydrothermal orientation growth of ZnO nanorods. Mater. Chem. Phys. 78, 99-104.
doi: 10.1016/S0254-0584(02)00310-3

Taylor, L, Lehner, K., McCaskey, E., Nirmal, N., Ozkan-Aydin, Y., Murray-Cooper,
M., et al. (2021). Mechanism and function of root circumnutation. Proc. Natl. Acad. Sci.
118, €2018940118. doi: 10.1073/pnas.2018940118

Thompson, M. V., and Holbrook, N. M. (2004). Root-gel interactions and the root
waving behavior of Arabidopsis. Plant Physiol. 135, 1822-1837. doi: 10.1104/
pp-104.040881

Wang, L., Feng, Z., Wang, X., Wang, X., and Zhang, X. (2010). DEGseq: an R package
for identifying differentially expressed genes from RNA-seq data. Bioinf. (Oxford
England) 26, 136-138. doi: 10.1093/bioinformatics/btp612

Wang, Y., Huang, L., Du, F,, Wang, J., Zhao, X, Li, Z,, et al. (2021). Comparative
transcriptome and metabolome profiling reveal molecular mechanisms underlying
OsDRAP1-mediated salt tolerance in rice. Sci. Rep. 11, 5166. doi: 10.1038/s41598-021-
84638-3

Wang, Z., Mo, Y., Qian, S., and Gu, Y. (2002). Negative phototropism of rice root and
its influencing factors. Sci. China C Life Sci. 45, 485-496. doi: 10.1360/02yc9053

Wang, Y., Teng, Z., Li, H., Wang, W., Xu, F., Sun, K,, et al. (2022). An activated form
of NB-ARC protein RLS1 functions with cysteine-rich receptor-like protein RMC to
trigger cell death in rice. Plant Commun. 4, 100459. doi: 10.1016/j.xplc.2022.100459

Watanabe, S., Takahashi, N., Kanno, Y., Suzuki, H., Aoi, Y., Takeda-Kamiya, N., et al.
(2020). The Arabidopsis NRT1/PTR FAMILY protein NPF7.3/NRT1.5 is an indole-3-
butyric acid transporter involved in root gravitropism. Proc. Natl. Acad. Sci. U.S.A. 117,
31500-31509. doi: 10.1073/pnas.2013305117

Woods, S. L., Roberts, J. A., and Taylor., I. B. (1984). Ethylene-induced root coiling in
tomato seedlings. Plant Growth Regul. 2, 217-225. doi: 10.1007/BF00124770

Wu, L, Luo, P, Di, D. W,, Wang, L., Wang, M., Lu, C. K, et al. (2015). Forward
genetic screen for auxin-deficient mutants by cytokinin. Sci. Rep. 5, 11923. doi: 10.1038/
srepl11923

Yokoyama, R., Rose, J. K, and Nishitani, K. (2004). A surprising diversity and
abundance of xyloglucan endotransglucosylase/hydrolases in rice. Classification and
expression analysis. Plant Physiol. 134, 1088-1099. doi: 10.1104/pp.103.035261

Zhang, B., and Horvath, S. (2005). A general framework for weighted gene co-
expression network analysis. Stat. Appl. Genet. Mol. Biol. 4, 12005. doi: 10.2202/1544-
6115.1128

frontiersin.org


https://doi.org/10.1104/pp.15.01131
https://doi.org/10.1071/FP10089
https://doi.org/10.1038/s41467-017-00355-4
https://doi.org/10.1016/j.devcel.2019.06.010
https://doi.org/10.1093/emboj/17.23.6903
https://doi.org/10.1080/11263500500055924
https://doi.org/10.1126/science.250.4978.274
https://doi.org/10.1126/science.250.4978.274
https://doi.org/10.1104/pp.107.115519
https://doi.org/10.1104/pp.107.115519
https://doi.org/10.1242/dev.136465
https://doi.org/10.1007/s00425-019-03192-5
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1007/s00299-021-02675-8
https://doi.org/10.1016/j.plantsci.2014.01.007
https://doi.org/10.1186/1471-2229-9-20
https://doi.org/10.1007/s11103-013-0073-9
https://doi.org/10.1016/j.cub.2017.07.015
https://doi.org/10.1016/j.cub.2017.07.015
https://doi.org/10.1016/S0254-0584(02)00310-3
https://doi.org/10.1073/pnas.2018940118
https://doi.org/10.1104/pp.104.040881
https://doi.org/10.1104/pp.104.040881
https://doi.org/10.1093/bioinformatics/btp612
https://doi.org/10.1038/s41598-021-84638-3
https://doi.org/10.1038/s41598-021-84638-3
https://doi.org/10.1360/02yc9053
https://doi.org/10.1016/j.xplc.2022.100459
https://doi.org/10.1073/pnas.2013305117
https://doi.org/10.1007/BF00124770
https://doi.org/10.1038/srep11923
https://doi.org/10.1038/srep11923
https://doi.org/10.1104/pp.103.035261
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.3389/fpls.2024.1348295
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Ambient temperature regulates root circumnutation in rice through the ethylene pathway: transcriptome analysis reveals key genes involved
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and chemicals
	2.2 Experimental methods
	2.2.1 Sterilization and germination of seeds
	2.2.2 Effect of ambient temperature on root growth
	2.2.3 Effect of ethylene on root growth
	2.2.4 Effect of ethylene inhibitor on the root circumnutation induced by higher AT
	2.2.5 Collection of root tip tissue samples
	2.2.6 RNA extraction, library construction, and transcriptome sequencing
	2.2.7 Quality assessment of transcriptome sequencing
	2.2.8 Screening of differentially expressed genes
	2.2.9 Weighted gene co-expression network analysis
	2.2.10 Gene ontology annotation and classification
	2.2.11 Gene co-expression network visualization
	2.2.12 Real-time quantitative polymerase chain reaction


	3 Results
	3.1 Higher ambient temperature induces root circumnutation in rice
	3.2 The induction of root circumnutation by higher AT is dependent on ethylene pathway
	3.3 Quality assessment of transcriptome sequencing
	3.4 Screening of differentially expressed genes
	3.5 GO annotation and classification of DEGs
	3.6 Expression analysis of genes related to ethylene synthesis and signaling
	3.7 Expression analysis of auxin and cell elongation related genes
	3.8 Weighted gene co-expression network
	3.9 Validation of transcriptome sequencing data by qRT-PCR

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


