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ABSTRACT

The phenotype of a common bean plant is often closely related to its yield, and the yield of plants with reduced
height or poor stem development during growth is low. Mutants serve as an essential gene resource for common
bean breeding genetic research. Although model plants and crops are studied to comprehend the molecular
mechanisms and genetic basis of plant phenotypes, the molecular mechanism of phenotypic variation in common
beans remains underexplored. We here used the mutant ‘nts’ as material for transcriptome sequencing analysis.
This mutant was obtained through ®*Co-y irradiation from the common bean variety ‘A18’. Differentially
expressed genes were mainly enriched in GO functional entries such as cell wall organization, auxin response
and transcription factor activity. Metabolic pathways significantly enriched in KEGG analysis included plant hor-
mone signal transduction pathways, phenylpropanoid biosynthesis pathways, and fructose and mannose meta-
bolic pathways. AUXI (Phvul.001G241500), the gene responsible for auxin transport, may be the key gene for
auxin content inhibition. In the plant hormone signal transduction pathway, AUX1 expression was downregulated
and auxin transport across the membrane was blocked, resulting in stunted growth of the mutant ‘nts’. The results
provide important clues for revealing the molecular mechanism of ‘nts’ phenotype regulation in bean mutants
and offer basic materials for breeding beneficial phenotypes of bean varieties.
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1 Introduction

Mutants are ideal for studying plant genetics, breeding, gene localization and gene identification. Many
studies have made significant contributions to the development and construction of stable mutant populations
of economically significant legumes, such as common beans [1-4], soybeans [5], mung beans [6,7],
chickpeas [1], black gram [8,9] and faba bean [10]. Most basic theoretical studies on photosynthesis [11]
and some metabolic pathways [12] in plants have been conducted using mutant materials as test materials.

Many studies have reported that various factors influence plant stem development, and the most studied
factors are hormones [13—16], mainly including auxin, oleuropein lactone and gibberellin. These hormones
collectively regulate stem growth and development, and each plant exists in response to multiple signals, and
so0, a complex network of regulatory mechanisms exists among multiple hormones [17]. Mutation of yuclD,
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an important enzyme, inhibited indole-3-acetic acid (IAA) synthesis, resulting in apical dominance loss and a
reduction in plant height in Arabidopsis thaliana [18,19]. In the maize brachytic2 (br2) mutant, plant height
is reduced, nodal spacing is shortened, and it was found that the reduced IAA content was due to the absence
of P-glycoprotein, a polar auxin transport required to regulate stem growth and development [20].

Studies have shown that several plant-dwarfing mutants are associated with the biosynthesis and signal
transduction pathways of plant hormones such as gibberellins, brassinosteroid and auxin [21-23]. Plant
hormone signal transduction is a crucial response mechanism linking plant internal and external
environments and widely regulates the complete process of plant growth and development [24]. The key
to plant hormone signaling lies in the activity of its associated transcription factor family, while the
hormone-sensing pathway acts on the function of transcription factors. Their interactions act together to
regulate plant growth [25]. Auxin is among the most common endogenous plant hormones, the essence
of which is IAA. Being an indispensable plant hormone [26], auxin is essential in various biological
processes during plant growth and development [27], such as apical dominance, cell division, vascular
tissue formation and root hair development [28-30] through auxin-regulated gene expression [31,32]. The
auxin response factors auxin/indoleacetic acids (Aux/IAAs), small auxin-up RNAs (SAURs), and GH3s,
as well as the key protein component, Aux/IAA protein, play crucial regulatory roles in signal
transduction [33].

Gene Ontology (GO) is widely used in the research of bioinformatics data, which can study gene
expression, protein interaction and signal transduction of related genes [34]. Generally, GO carries out
significant enrichment analysis of gene function from three aspects: molecular function, cell composition
and biological process. Kyoto Encyclopedia of Genes and Genomes (KEGG) database is a database that
systematically analyzes gene function, linked genome information and functional information, including
metabolic pathway database, hierarchical classification database, gene database, genome database, etc
[35]. KEGG analysis can better analyze the role of differential genes in metabolic pathways and cell
development [36].

The common bean (Phaseolus vulgaris L.) is an annual suberect herb belonging to the genus Phaseolus,
native to the Americas, and a major source of plant proteins, minerals and vitamins in many countries.
However, reports on mutants of common beans are rare. In this study, we sequenced and analyzed the
material of ‘nts’, a mutant of navy bean, through transcriptome sequencing. The differentially expressed
genes (DEGs) of plant hormone signal transduction pathways in ‘nts’ and ‘A18’ were significantly
different. In particular, many DEGs were observed for the auxin signal transduction pathway. To explore
excellent germplasm resources to facilitate agricultural production, the DEGs were analyzed to
understand the mechanism of strain variation in the common bean mutant. Our results offer valuable
information for identifying candidate genes and understanding the molecular mechanism of strains of the
common bean mutant ‘nts’.

2 Material and Methods

2.1 Plant Materials

The test materials were the wild-type common bean variety ‘A18’ and common bean mutant ‘nts’. The
wild-type test material was provided by the Crop Research Institute of Heilongjiang University, China. The
growth habit of this variety is limited growth type, early maturing, and light green stem skin and leaf veins of
the plant. The flowers are pinkish-white. The pods are round and slightly curved, with an average pod length
of 15 cm. The green young pod epidermis gradually turns yellow during ripening, and the ripening period is
50-55 days [37]. In total, 2500 seeds of the wild-type variety were selected and subjected to °Co-y
irradiation at the Institute of Technical Physics, Heilongjiang Academy of Sciences. The radiation
intensity was 0.1 Gy'min ', and the radiation dose was 126 Gy [37]. The irradiated M, seeds were sown
in Hainan in November 2017, and the M, generation was harvested, which was named ‘nts’ (normal to
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slim). The main and apex stems of ‘A18’ and ‘nts’ were selected for sampling at the initial flowering stage
(when the growth reaches about 30 days), the main and apical stems of the same parts of ‘A18’ and ‘nts’ were
selected for sampling, and the stem histology was observed through paraffin-embedded cross-sections [38—
40]. After the materials were fixed, dehydrated, transparent, dipped in wax and embedded, the slices were
sectioned. After the treated slices were invaded by xylene, stained in 1% safranin aqueous solution, and
finally observed by microscope (Olympus BX60 Multifunctional Microscope, Olympus Corporation, Japan).

Wild type ‘A18’ and mutant ‘nts’ were crossed to artificial forward and reverse hybridization, and F,
seeds were harvested in September 2019. The F; generation was self-fertilized to harvest the F,
generation. F,, back-cross one (BC;), and back-cross two (BC,) generation seeds were harvested in June
2020. In July 2020, the seedlings were planted in the greenhouse of Hulan Campus of Heilongjiang
University. The ‘nts’ mutant and ‘A18’ (accession no. P19040) are available from the Crop Research
Institute of Heilongjiang University.

The experimental materials were row planted in an incubator (25°C) in the laboratory of Heilongjiang
University in October 2020 vermiculite and soil were mixed in pots at a ratio of 1:3, with one seedling per pot
and 10 plants of each variety. The photoperiod was 14 h/10 h (day and night). The apical stem parts of the two
varieties in the first flowering were taken separately and quickly stored in liquid nitrogen. Three samples
from three plants from each variety were taken at the same time. Tissue samples were sent to Lianchuan
Biologicals in Hangzhou, China (http://www.lc-bio.com/) for library construction, quality control and
transcriptome sequencing.

2.2 Hdentification of DEGs

The unwanted original reads, including joint readings, readings with unknown bases greater than 10%,
and low-quality reads, were eliminated from the raw data obtained through sequencing. Then, the reads were
compared with the reference genome (https:/phytozome-next.jgi.doe.gov/info/Pvulgaris v2 1), and the
sample RNA was isolated and purified. The quality of RNA was determined through 1% agarose gel
electrophoresis.

2.3 Screening of DEGs

Gene expression level analysis focuses on protein-coding genes (mRNA) for genome annotation.
Differences in gene expression were analyzed using Fragments Per Kilobase Million (FPKM) values.
Genes with an expression level of log2 > 2 or <-2 and p value < 0.05 were labeled as significantly
differentially expressed. Comparisons were made to the common bean database to obtain information
about the position on the reference genome or gene. The reference genome (common bean data base) was
compared using Hisat on the valid data after pre-processing.

2.4 Annotation and Classification of Gene Function

The apical stem samples of ‘A18’ and ‘nts’ were labeled as A18 and ‘nts’, respectively. The GO
enrichment analysis first compared all DEGs with the GO database, and then, the number of differentially
expressed genes in each GO item was calculated. The GO enrichment analysis of DEGs was performed
to clarify the main biological functions of the DEGs. KEGG is the main public database on Pathways,
and Pathway significant enrichment analysis was performed using KEGG Pathway as the unit and
applying hypergeometric tests to identify Pathways significantly enriched in significantly differentially
expressed genes compared to the entire genome (p value < 0.05).

2.5 qRT-PCR Validation of DEGs
RNA from the ‘nts’ and ‘A18’ apical stems at the first flowering stage was the Lianchuan Biologicals’
return sample, and the bands were relatively clear after detection through electrophoresis, which indicated
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that the RNA was well preserved. The RNA obtained was reverse-transcribed using a commercial kit
(Vazyme Biotech, Nanjing, China) to obtain first-strand cDNA. Nine DEGs were selected randomly from
the transcriptome data and compared with the database of common bean to find the corresponding
homologous genes. Then, the CDS sequences of the aforementioned genes were downloaded. These CDS
sequences were used as a template for designing fluorescent primers by using Oligo7 software (https://
www.oligo.net/downloads.html). The c¢cDNA obtained through reverse transcription was used as a
template to verify the expression of the aforementioned genes by using a real-time fluorescence
quantitative PCR kit (Vazyme Biotech, Nanjing, China). The internal reference gene was actin, and the
names of the genes and the primer sequences are listed in Table 1 (https://phytozome-next.jgi.doe.gov/
info/Pvulgaris v2 1). The real-time fluorescence quantitative PCR (Serial No. MY 17295272, Agilent
Technologies, USA) procedure was as follows: 95°C, 3 min (hot start reaction system); 95°C, 3 s; 60°C,
15 s; 95°C, 30 s (dissolution curve reaction system); 65°C, 30 s; 95°C, 30 s.

Table 1: qRT-PCR-related genes and primer sequences

Gene name and
accession no.

Primers(5'-3")

Forward (F) and reverse (R)

Description

Phvul 003G262800

F: GGGCATAAGAAAATCCAACCA

(Phvul.003G262800.1) R: CCTCTTCATTGTAGCCCTG

Phvul 011G125000

F: GCGTAAGTAATGAAGCAATC

(Phvul.011G125000.1) R: TTTGACCATTTAGGCATAGC

Phvul 011G108500

F: CCCCAATTTTATGTTCCAAACCT

(Phvul.011G108500.1) R: TCATCGTTCGTATGTATCCT

Phvul 006G015100

F: ATCGATCGCAGCAAACCAGA

(Phvul.006G015100.1) R: CAAGATAACCCTTTTGCACC

Phvul 007G176600

F: ACCAGATCCACGTAATATGCC

(Phvul.007G176600.1) R: TGCTGCAAACATGTTCTTCG

Phvul 008G106300

F: ACAGCGTATATAATAAGTGTCCT

(Phvul.008G106300.1) R: CTTTCCAATACGGACCCAG

Phvul 009G015900

F: AGAAAAGACGATCATGGCCTA

(Phvul.009G015900.1) R: TGTTTTCTCCGACGTACACA

Phvul 007G102800

F: TCCTCCAAATACAAAGGCGTGG

(Phvul.007G102800.1) R: TAAATCTGAGCGCCCCAACG

Phvul 005G136900

F: ACATGCCAACCTATGATCTCC

(Phvul.005G136900.2) R: CAAATACATCCCTGCCAACT

Actin

F: GAAGTTCTCTTCCAACCATCG
R: TTTCCTTGCTCATTCTGTCCG

SAUR-like auxin-responsive protein
family

/

Auxin-responsive GH3 family protein

SAUR-like auxin-responsive protein
family

Indole-3-acetic acid 7

Transmembrane amino acid
transporter family protein

SAUR-like auxin-responsive protein
family

AP2/B3 transcription factor family
protein

Auxin response factor 4

/

2.6 Data Analysis

The reference genome is P. vulgaris v2.1 (https://phytozome-next.jgi.doe.gov/info/Pvulgaris v2 1).
The figures were visualized using Omic Studio (https://www.omicstudio.cn/index) and Photoshop 2017.
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3 Results

3.1 Phenotypic Identification of Common Bean Mutants

At the first flowering stage of common beans (i.e., when they have grown to approximately 30 days),
compared with the wild-type °‘Al18’, the ‘nts’ exhibited overall semi-dwarfism, fewer branches,
significantly thinner terminal stems, smaller overall plant width, reduced number and area of leaves, and
weaker growth phenotypic characteristics (Figs. 1 and 2).

v-.‘.’o’*‘”"l &

Figure 1: Comparison of growth differences between the wild-type ‘A18’ and the mutant ‘nts’ (A, B);
Comparison of microstructural differences between the wild-type and mutant main stems (a, b)

Note: Samples were taken at the initial flowering stage (about 30-day-old plants). Compared with the wild-type ‘A18’, the plant
height of the mutant ‘nts” was lower by 22.2 cm. With plant growth and development, the difference in plant height became more
obvious, and the overall number of plant nodes was by 1 node less on average. The diameter of the main stem in the mutant was
approximately 0.61 mm less than that of ‘A18’, and ‘nts’ plants had two branches less on average (A, B); Compared with ‘A18’, the
diameter of the pith cells in main stem of ‘nts’ was reduced by approximately 11.23 um, and the number of pith cells was significantly
reduced. The pith cells of the wild type were arranged more neatly and tightly than those of the ‘nts’ (a, b). Pith cells are shown in red
circles.

The wild-type ‘A18” was crossed with the mutant ‘nts’, orthogonally reversed, and 63 seeds of the
F, generation were harvested. All F; generation plants exhibited a normal phenotype of thick stems. The
F, generation was self-inbred to obtain the F, generation. Of the F, generation plants, 557 plants had
thick stem phenotypes and 209 plants had thin stem phenotypes, (x> = 1.56, ;{20_05(1) = 3.84, y* < 3.84),
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which conformed to Mendel’s laws of mono hybrid inheritance. The F; generation was backcrossed with
‘nts” and ‘A18’, and the segregation ratio of BC; normal and thin stem phenotypes was 1:1 and BC, had
a normal phenotype (Table 2). Therefore, inheritance was judged to be a single-gene stealth inheritance
mode.

Figure 2: Cross-section of ‘A18’ top stem apex (a) and ‘nts’ top stem apex (b) at the first flowering stage

(i.e., when they have grown to approximately 30 days)
Note: The diameter of pith cells in top stem of ‘nts” was 2.68 pm less than that in the wild type ‘A18’.

Table 2: Genetic analysis results of ‘nts’

Genoration Total Dominant Recessive Separation ratio  X?
Py (‘A18’) 50 50 0

P, (‘nts’) 50 0 50

F, (P1 x P2) 63 63 0

BC, (F‘nts’) 33 18 15 1:1.2 0.8
BC, (F,°A18%) 28 28 0

F, 66 559 201 2.67:1 1.56

3.2 Quality Analysis and Quality Control of Transcriptome Sequencing

After the junction, contamination and low-quality sequences were removed, 131,734,362 and
144,816,896 clean reads were obtained from three biological replicates of ‘A18’ and ‘nts’, respectively.
The comparison results (Table 3) revealed that the proportion of ‘nts’ and ‘A18’ reads comparable to the
reference genomic reads was 95.13%-96.24%, and the percent of unique comparisons to the reference
sequence was 81.44%—81.66%. The quantity and quality of sequencing data were good and can be used
for subsequent sequence assembly and analysis.

3.3 Gene Correlation Analysis between Common Bean Mutant and Wild-Type

In genomic studies, correlation heatmaps can accurately present the relationship between samples. The
larger the correlation coefficient between samples, the better the clustering of samples. As shown in Fig. 3,
the correlation coefficient of gene expression levels between three biological replicates of the wild-type was
maximum 0.963 and minimum 0.742, and that of the mutant was maximum 0.961 and minimum 0.813. This
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indicated that the samples were well replicated. The correlation coefficient between the wild type and mutant
was maximum 0.839 and minimum 0.745, which indicated the samples were clustered well. The expression
density map of ‘A18’ and ‘nts’ was prepared using log10 (FPKM), as shown in Fig. 4. The gene expression
levels of the six samples were normally distributed, with most of the genes expressed in the range of —2.5
to 2.5.

Table 3: Reference genome comparison reads statistics for ‘A18’ and ‘nts’

Sample Total clean reads Mapped reads (%) Unique match reads (%)

Al8 1 47,762,224 95.65 81.63
AlB 2 39,316,244 95.13 81.51
Al8 3 44,655,894 95.77 81.66
nts_1 50,771,648 96.24 81.63
nts_2 50,612,132 95.88 81.44
nts 3 43,433,116 95.06 81.47
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Figure 3: Correlation heatmaps of gene expression levels in ‘A18’ and ‘nts’ samples

3.4 Screening and Statistics of DEGs

Compared with the wild-type ‘A18’, the number of downregulated DEGs was significantly higher than
that of upregulated DEGs in the mutant ‘nts’. Among 2906 DEGs, 1168 were upregulated and 1738 genes
were downregulated. These results indicated that the expression of some genes was suppressed in the mutant
plants. The DEGs provide clues about the dwarfism-related genes in common bean and can help us to better
explore the mechanism of dwarfism in common bean.

3.5 GO Enrichment Pathway Analysis of DEGs

As shown in Fig. 5, the DEGs in ‘A18’ vs. ‘nts’ were annotated into three categories: biological
processes, cellular components and molecular functions. The DEGs were mainly enriched in the category
of biological processes, with less enrichment in molecular functions. The analysis revealed that the
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biological processes associated with the DEGs were mainly focused on response to auxin (GO:0009733) and
cell wall organization (GO:0071555). The cellular components mainly associated with the DEGs were the
plasma membrane (GO:0005886) and the integral component of the membrane (GO:0016021), and the
molecular functions mainly associated with the DEGs were transcription factor activity, sequence-specific
DNA binding (GO:0003700) and carboxylic ester hydrolase activity (GO:0052689).

genes
0.5

35 0.0 25
log10(FPKM)

Figure 4: Expression abundance plot between ‘A18’ and ‘nts’ samples. The non-overlapping part indicates
differentially expressed genes

3.6 KEGG Enrichment Pathway Analysis

To investigate internal differences in the expression patterns of related genes, RNA-Seq data from the
wild-type ‘A18’ and the mutant ‘nts’ were mapped to KEGG pathways. Fig. 6 shows the first
20 pathways with the lowest Q value in the enrichment analysis of DEGs in the KEGG pathway. The
KEGG pathway analysis revealed 791 DEGs annotated to corresponding metabolic pathways. Among
them, 99 DEGs were enriched in the plant hormone signal transduction pathway (ko04075), accounting
for 12.51% of the total DEGs, followed by 48 DEGs enriched in the phenylpropanoid biosynthesis
pathway (ko00940). Twenty genes were enriched in the fructose and mannose metabolism pathway
(ko00051), and 17 genes were enriched in stilbenoid, diarylheptanoid and gingerol biosynthesis
(ko00945). The most enriched pathway for DEGs in the ‘A18’ vs. ‘nts’ group was plant hormone signal
transduction.

3.7 Differential Expression of Genes Related to the Hormone Transduction Pathway

In the enrichment of the KEGG pathway, the DEGs were significantly enriched in the plant hormone signal
transduction pathway, indicating that the phenotypic variation of mutants was closely related to plant hormone
levels and that the hormone signal transduction pathway played a critical role in this variation. The results
showed that gene expression in the plant hormone signal transduction pathway, especially the auxin signal
transduction pathway, changed significantly in the mutant ‘nts’ during the early flowering stage. The
expression of AUXI (Phvul.001G241500), a key gene in the plant hormone signal transduction pathway,
was downregulated. The expression of the genes encoding ARFs (Auxin response factor), a key family of
transcription factors, was significantly downregulated. At the mRNA level, the expression trends of SAUR,
GH3, and Aux/IAA transcriptional repressors, which are regulated by ARF downstream, changed. Most
genes in the SAUR family were upregulated, whereas a few were down-regulated. The genes of the
GH3 family, such as Phvul.005G106500, Phvul.011G108500, and Phvul.011G113000, were upregulated. In
the Aux/IAA family, the expression of some genes was upregulated, such as I4414 (Phvul.001G156600),
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IAA13  (Phvul.003G167700), IAA19 (Phvul.005G172900), IAA7 (Phvul.007G176600) and IAAS
(Phvul. 010G 147200), whereas that of phytochrome-associated protein 2 (Phvul.002G311500), I4A31
(Phvul.003G124600), 14427 (Phvul.004G166400), IAA8 (Phvul.009G146000) was downregulated. In the
cytokinin signal transduction pathway, the gene expression of CRE! (Phvul.003G015500) was significantly
downregulated at the early flowering stage, and the expression of AHP, B-ARR and A-ARR decreased
significantly. The expression of transcription factors in the downstream part of the gibberellin pathway also
changed; two of the genes were upregulated and one was downregulated. The expression of TCH4
(Phvul. 003G 147300), which is involved in the cell growth process during oleuropein lactone transduction,
was significantly downregulated. The DEGs enriched in the biosynthetic and metabolic pathways of auxin,
cytokinin, gibberellin, and brassinosteroid were analyzed those clustering, and the gene expression levels
were calculated using the FPKM method to determine the significant changes in gene expression in the
mutants. As shown in Fig. 7, the result indicated that the genes AUX1, IAA14, IAA7, and I4A19 involved in
the auxin signal transduction pathway exhibited significant changes.

GO Enrichment BarPlot

Biological Process Cellular Component Molecular Function

Percent Of Genes (%)

GO Term

Figure 5: GO functional enrichment analysis for DEGs. The results are summarized for the three main GO
categories: biological process, cellular component, and molecular function. A threshold of the p value
< 0.05 was used to judge the significantly enriched GO terms in the DEGs

Note: According to the number of DEGs annotated in the three functional categories, the GO_terms of Top25, Top15 and Top10 were
selected in descending order from more to less, and the legend was drawn by Lianchuan Omic studio.
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KEGG Enrichment ScatterPlot
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Figure 6: The top 20 enriched KEGG pathways of DEGs between ‘A18’ and ‘nts’
Note: The KEGG enrichment analysis scatter plot was based on the significance of enrichment (p value) of the Top20 pathway, and
visualization was done via Lianchuan Omic studio (https://www.omicstudio.cn/index).

KEGG Term

Notably, transcriptome sequencing revealed that the expression of AUXI (Phvul.001G241500), a key
gene responsible for auxin transport, was downregulated in the auxin signaling pathway (Fig. 8). We
hypothesized that downregulation of AUXI expression, auxin transport was hindered, resulting in a
reduced auxin concentration in the mutant plant cells. In the auxin signaling mode, when cell auxin
concentrations are at low, Aux/IAA binds to ARF to become dimeric Aux/IAA-ARF, and the active role
of ARFs is inhibited. Only when the auxin concentration is increased to a certain level, the inhibitory
effect of the Aux/IAA protein on ARFs is released and a series of auxin responses are reactivated by
ubiquitin-activating enzyme E1, ubiquitin-binding enzyme E2, and ubiquitin ligase E3 enzymes. The key
ARF-related genes, Phvul.001G008200 (B3 transcriptional factor) and ARFI9, are significantly
downregulated in ‘nts’, indicating that ARF regulation is inhibited, which also coincides with the
hindrance of auxin transport.

At the same time, because of the weakening control of ARF on the downstream growth response
process, the plant auxin concentration changed, and the expression level of the amino acid synthase
GH3 protein that maintains the dynamic balance of auxin concentration in plants also changed. In the
wild type, when the plant auxin concentration is too high, GH3 converts auxin into [AA amino acid
products stored or degraded in other ways. When the auxin concentration decreases, proteolytic enzymes
hydrolyze the stored IAA amino acid products into normal auxin to maintain the dynamic balance of
auxin in plants. Compared with the wild-type A18, genes of the GH3 family, namely Phvul. 005G106500,
Phvul 011G108500 and Phvul.011G113000, were still significantly upregulated under the condition of
blocked auxin transport and decreased auxin content in plants. The results of the endogenous hormone
assay showed that the auxin content in ‘nts’ decreased significantly. The GH3 activity was enhanced, and
a large number of auxins in ‘nts’ were transformed into IAA amino acid products [40]. The rapid
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decrease in growth hormone concentration disrupts the growth hormone balance in the plants, and the change
in aforementioned concentration results in a thin-stemmed, short-stalked plant phenotype. Throughout the
process, the expression of the auxin receptor TIR1 did not change, indicating that the binding of auxin
and its receptor is normal. Therefore, in the present study, we consider that AUX! downregulation was
the key cause of impaired auxin transport, imbalance of plant auxin content, growth inhibition of the
mutant ‘nts’, and phenotypic changes in thin straw and dwarf stalks.

Heatmap
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Figure 7: Heatmap of differential gene expression between the mutant ‘nts’ and wild-type ‘A18’. The
numbers represent the log;y (fold change) value. The red and gray colors represent low-to-high
expression levels

3.8 qRT-PCR Verification of Differential Genes
To verify the reliability of RNA-Seq data, 9 randomly selected differential genes (Phvul.011G108500,
Phvul.003G262800, Phvul.007G176600, Phvul.009G015900, Phvul.005G136900, Phvul.006G015100,
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Phvul.008G106300, Phvul.007G102800 and Phvul.011G025000) were subjected to qRT-PCR. The
expression patterns of the 9 genes were basically consistent with the RNA-Seq sequencing results. This
proved that the transcriptome sequencing results were accurate and reliable and could be used in the
follow-up research (Fig. 9).
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Figure 8: Schematic representation of significant changes in the transcript levels of genes involved in the
auxin signal transduction pathway. (a) Auxin signal transduction pathway; blue represents downregulation
and red represents upregulation. (b) Heatmap of DEGs in ‘A18’ and ‘nts’. The numbers represent the
log;o(fold change) value. The red and gray colors represent low-to-high expression levels
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Figure 9: (Continued)
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Figure 9: qRT-PCR results of DEGs in ‘A18’ and ‘nts’
Note: The expression levels of the nine genes selected from nts and A18 showed almost the same trend as those in the transcriptome
data.

4 Discussion

The mutant ‘nts’ was obtained through irradiation mutagenesis of the common bean variety ‘A18’, and
the mutant phenotype was obtained through irradiation-induced gene mutation in the plant. In this research,
transcripts of the ‘nts’ and ‘A18’ plants were analyzed using Illumina RNA-Seq. Based on the results of
comparative transcriptome and gene expression analysis according to GO and KEGG categories, we
observed a significant enrichment of DEGs in the plant hormone signal transduction pathway. We
screened the DEGs related to signal transduction and performed functional annotation as well as analysis.
The TAA content in the apical stem of the dwarfing thin stem mutant ‘nts’ at the initial flowering stage
was significantly higher than that of the wild type, and the phenotype of the dwarfing thin stem of ‘nts’
was more significant following exogenous spraying of IAA, which suggested that the dwarfing thin stem
phenotype is related to TAA [40]. Therefore, we speculated that mutations in the growth hormone
signaling pathway may be the key factor causing the inhibition of ‘nts’ growth, in which AUXI
(Phvul.001G241500) is the key gene that is probably mutated. This work provides valuable information
for further understanding of the molecular regulatory mechanisms of bean strains and lays a solid
foundation for future genetic and functional genomic studies in beans.

Auxin (IAA) has a key role in plant growth regulation. In general, IAA stimulates longitudinal
elongation of cells and inhibits lateral growth of root cells to some extent [41,42]. Auxin is involved in
almost all processes of plant growth and development, and gene expression controls its signal-
transduction process [43]. The early response factors of plant auxin mainly belong to three categories:
Aux/IAAs, SAURs, and GH3s [44—46]. According to some studies, ARF is a key response factor in
auxin signal transduction and acts in concert with Aux/[AA in an auxin-regulated manner [19,47]. In
cells with a low auxin concentration, the Aux/IAA protein inhibits ARF-mediated regulation of
downstream auxin response genes by binding to ARF to form an Aux/IAA-ARF dimer [48]. At a high
auxin concentration, auxin promotes Domain II of the Aux/IAA protein to be directly bound to the top of
auxin, which leads to Aux/IAA protein degradation by proteolytic enzymes in the presence of the
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ubiquitin-activating enzyme E1, ubiquitin-binding enzyme E2, and ubiquitin ligase E3 enzymes [49,50]. The
inhibitory effect of the Aux/IAA protein on ARF is then released, thereby allowing it to restart regulating
downstream genes, including early auxin response genes [51-53].

Shani et al. speculated that transcriptional regulation of the Aux/I4A4 gene is a key player in establishing
auxin signal transduction pathways that regulate organ and growth development as well as environmental
responses [54]. Rapid degradation of the Aux/IAA protein is necessary for auxin signal transduction [55—
57]. Notably, auxin regulates the Aux/IAA gene in addition to light signal transduction, which also affects
the expression of this Aux/IA4 gene. AtIAA3 mutant seedlings had shorter hypocotyls under light
conditions, whereas the mutant seedlings had more pronounced characteristics under dark conditions,
including shorter hypocotyls and swollen cotyledons, which indicated that the gene is a light-inducible
gene [58—62]. Thirty-one Aux/IAA genes of maize were induced by light signal transduction and abiotic
stresses [44,63,64]. Analysis of the promoter region of sorghum Aux/IAA revealed many light signaling-
and abiotic stress-related cis-regulatory elements in addition to the auxin response element AuxRE [65].
In the mutant ‘nts’, the expression of photosensitive pigment proteins Phvul.002G311500,
Phvul 004G166400, and Phvul.009G146000 was significantly downregulated, which we speculate may
affect the light signaling process in plants and may be a crucial reason for the inhibition of phenotypic
growth of common beans.

In addition to Aux/IAA and GH3, the auxin early response gene SAUR is the most rapidly and strongly
sensed auxin gene [66—68]. It plays a key role in plants [69,70]. SAURG63 in Arabidopsis allows auxin-
associated genes to stimulate the elongation of different organs, while SAUR4I enables cellular
translocation by regulating auxin [71,72]. The SAUR39 gene plays a role in auxin synthesis and
transportation in rice [73]. In this study, numerous genes of the SAUR family exhibited altered expression
in the mutant ‘nts’. The majority of the SAUR genes were upregulated, with only a few being
downregulated. The overexpression of SAUR, which acts as a negative regulator of auxin levels and
transport, may reduce auxin content and polar transport of auxin and suppress plant stem and root growth.

5 Conclusions

In the present study, we performed a comparative analysis of the transcriptome of ‘nts’ and ‘A18’ stems.
Transcriptome sequencing results revealed 1168 upregulated genes and 1738 downregulated genes in the
‘nts’ and wild-type ‘A18’ apical stems. GO enrichment results showed that DEGs were mainly enriched
in plant secondary cell wall genesis and other pathways. Among KEGG pathways, DEGs were mainly
enriched in auxin-related signal transduction pathways. We observed a significant downregulation of gene
expression levels in the [AA signaling pathway, we hypothesized that AUXI (Phvul.001G241500)
mutation might be responsible for the phenotypic variation in ‘nts’ mutants. These results laid a
molecular foundation for the formation of dwarf slender stem phenotype of Phaseolus vulgaris, and
provided a basis and reference for further exploration of fine positioning and cloning of dwarf slender
stem genes.
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