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Abstract: The use of slow-growing Seashore paspalum dwarf varieties is an effective way to reduce
mowing frequency. Here, the differences in metabolism and hormone levels between Seashore
paspalum dwarf mutant T51 and WT were investigated. Finally, the genes associated with the
dwarf phenotype were screened in combination with our previous studies. At the metabolic
level, 236 differential metabolites were identified. Further screening of hormone-related differential
metabolites found that ABA and SA of T51 were increased significantly, while IAA and its intermedi-
ate metabolite indolepyruvate of T51 were decreased significantly. Endogenous hormone content
assay showed that there was no difference in GA and BR content between T51 and WT; However, the
TAA content of T51 was significantly reduced compared with WT. The results of exogenous hormone
treatment showed that the sensitivity of T51 to exogenous hormones was IAA > GA > BR. TAA1,
YUCCA, and NIT were down-regulated at both the transcriptional and protein levels; CYP79B2 and
CYP79B3 were down-regulated at the protein level but had no difference at the transcriptional level.
In conclusion, we propose that the down-regulated expression of TAA1, YUCCA, NIT, CYP79B2, and
CYP79B3 leads to the decrease of IAA content, which is one of the important reasons for the dwarf
phenotype of T51; TAA1, YUCCA, and NIT are important candidate genes related to T51 dwarf.
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1. Introduction

Seashore paspalum (Paspalum vaginatum Swartz) is one of the most widely used warm-
season turfgrasses in tropical and subtropical climates [1,2]. Because of its fast growth
rate [3], Seashore paspalum requires frequent fertilization and mowing, resulting in high
establishment and maintenance costs [4]. One strategy to reduce upkeep costs would be
to use a dwarf variety of Seashore paspalum. Dwarf mutants can have lower upkeep costs
due to their reduced vegetative growth, which necessitates less frequent mowing and
fewer nutrients [5]. Therefore, the cultivation of Seashore paspalum dwarf varieties can not
only bring a lot of convenience to production but also reduce the pollution of fertilizer to
the environment.

Plant hormones play an important role in regulating plant morphogenesis, growth,
development, and differentiation [6]. There are many reasons for plant dwarfing, and
one of the important mechanisms of plant dwarfing is the obstruction of plant hormone
metabolism and signal transduction pathway [7]. Plant hormone-related dwarfing is
usually related to gibberellin (GAs), auxin (IAA), and brassinosteroid (BR) [8]. In rice
and wheat, GA is one of the key factors affecting plant height [9-11]. Multiple studies
have identified a number of dwarf mutants associated with BR biosynthesis and signaling
pathways [12-14]. In addition, IAA is also a major determinant of plant growth, regulating
plant growth by activating cell elongation [15].

The biosynthesis of IAA is mainly divided into two pathways: the Trp-dependent
pathway and the Trp-independent pathway [16]. At present, the research on the tryptophan-
independent pathway is not in-depth, but the tryptophan-dependent pathway is fully
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understood. The tryptophan-dependent pathway can be further divided into four branches
due to the difference in intermediate products: tryptamine (TAM) pathway, indole-3-
acetoaldoxime (IAOx) pathway, indole-3-acetamide (IAM) pathway and indole-3-pyruvic
acid (IPyA). CYP79B2 and CYP79B3 proteins are important catalytic enzymes of the IAOx
pathway, so the IAOx pathway is also known as the CYP79B pathway [17]. In the IAM
pathway, the synthetic precursor of IAA, tryptophan, is finally converted into IAA through
the continuous catalysis of tryptophan monooxygenase (IAA M) and amidohydrolase
(AMI1) [18]. In the IPyA pathway, tryptophan is finally converted to IAA through the
sequential catalysis of tryptophan aminotransferase (TAA1) and flavin monooxygenase
(YUC) [19]. In the TAM pathway, tryptophan is converted into hydroxytryptamine (HTAM)
catalyzed by tryptophan decarboxylase (TDC) and flavin monooxygenase (YUC), and
HTAM is finally converted into IAA after a series of changes [20].

The research on the mechanism of plant dwarfing mainly focuses on crops such as
rice [21,22], wheat [23,24], maize [25,26], soybean [27,28] and cotton [29,30]. At present, the
dwarfing mechanism of lawn grass, such as Zoysia matrella [31] and Kentucky Bluegrass [32],
has been studied. However, there is no relevant report on the dwarfing mechanism
of seashore paspalum. In previous studies, we have sequenced the transcriptome and
proteome of T51 and WT and proved that the dwarf phenotype of T51 is closely related to
the phenylpropane pathway, especially the lignin synthesis pathway [33]. However, the
changes in metabolic level and hormone level of mutant T51 are still unknown, and they also
play an important role in plant dwarf phenotype. In this study, we performed non-targeted
metabolomic studies and hormone level studies on T51 and WT and further analyzed
the dwarfing mechanism of T51 based on the previous transcriptome and proteome data,
which laid a foundation for further research on the dwarfing mechanism of T51.

2. Materials and Methods
2.1. Plant Material

The test materials were seashore paspalum dwarf mutant T51 and its wild-type (Sea
Spray), both of which were self-bred in our laboratory. T51 was obtained by chemical
mutagenesis using Sea Spray [33]. After several years of field experiments, it was found
that the dwarfing characteristics of T51 remained stable, so T51 was used as a test material
for this study:.

This study was conducted in June 2020 in the Nanjing Agricultural University turf
grass germplasm resource garden located in Nanjing, Jiangsu Province, China. Each
experimental material was set up with 6 replicates. The stolons of T51 and WT were
planted in 11 cm diameter and 21 cm deep containers. The soil mixture was a 1:1:1 ratio of
sand, soil, and perlite. Seashore paspalum plants were watered and fertilized as needed [33].
After stable growth of plant material (50 days), fresh leaves were collected for metabolomic
analysis and endogenous hormone determination. Six replicates were set for each sample in
the metabolome analysis, and three replicates were set for each sample in the endogenous
hormone assay.

2.2. Metabolome Analysis
2.2.1. Metabolites Extraction

The metabolite extraction of WT and T51 refers to the method of Vasilev, N. [34] and
has been improved as follows: Accurately weigh 200 mg (+£1%) of T51 and WT fresh leaves
in 2 mL Eppendorf tube, and add 0.6 mL 2-chlorophenylalanine (4 ppm) methanol (—20 °C),
vortex for 30 s. Add 100 mg glass beads, put them into the tissue grinder, and grind for
60 s at 55 Hz. Ultrasonic for 15 min at room temperature with a BQS-30D ultrasonic cleaner
(BAOBO, Hangzhou, Zhejiang, China). M1324R refrigerated centrifuge (RWD, Shenzhen,
Guangzhou, China) was centrifuged at 12,000x g rpm at 4 °C for 10 min, took 300 uL
supernatant and filter through 0.22 pm membrane, and added the filtrate into the detection
bottle. Take 20 pL from each T51 and WT sample to the quality control (QC) samples. Use
the rest of the T51 and WT samples for LC-MS detection.
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2.2.2. Chromatographic Conditions

Experiments were performed using a Vanquish liquid chromatograph (Thermo Sci-
entific, Waltham, MA, USA). Chromatographic separation was used with an ACQUITY
UPLC® HSS T3 (150 x 2.1 mm, 1.8 um, Waters, Milford, MA, USA) column maintained
at 40 °C. The temperature of the autosampler was 8 °C. Gradient elution of analytes was
carried out with 0.1% formic acid in water (C) and 0.1% formic acid in acetonitrile (D) or
5 mM ammonium formate in water (A) and acetonitrile (B) at a flow rate of 0.25 mL/min.
Injection of 2 pL of each sample was done after equilibration. An increasing linear gradient
of solvent B (v/v) was used as follows: 0~1 min, 2% B/D; 1~9 min, 2~50% B/D; 9~12 min,
50~98% B/D; 12~13.5 min, 98% B/D; 13.5~14 min, 98~2% B/D; 14~20 min, 2% Dpositive
model (14~17 min, 2% B-negative model).

2.2.3. Mass Spectrum Conditions

Experiments were performed using a QE-HF-X mass spectrometer (Thermo Scientific,
Waltham, MA, USA). The ESI-MSn experiments were used with the spray voltage of 3.5 kV
and —2.5 kV in positive and negative modes, respectively. Sheath gas and auxiliary gas
were set at 30 and 10 arbitrary units, respectively. The capillary temperature was 325 °C.
The analyzer scanned over a mass range of m/z 81-1000 for a full scan at a mass resolu-
tion of 60,000. Data-dependent acquisition (DDA) MS/MS experiments were performed
with an HCD scan. The normalized collision energy was 30 eV. Dynamic exclusion was
implemented to remove some unnecessary information in MS/MS spectra.

2.2.4. Pretreatment of Metabolome Data

The obtained raw data were converted to mzXML format by proteowizard [35]
(v3.0.8789). The XML Cryptographic Message Syntax (XCMS) [36] was used for peak iden-
tification, peak filtration, and peak alignment, with the following main parameters: bw = 2,
PPM = 15, peakwidth = C (5,30), mzwid = 0.015, mzdiff = 0.01, and method = centrwave.
Normalizemets was used to standardize the data to obtain more reliable and intuitive
results. In total, 30,149 precursor molecules were acquired in the positive ion mode, and
20,012 in the negative ion mode and the data were exported to excel for subsequent analysis.

2.2.5. Data Analysis

Simca-p + was used for multivariate statistical analysis of standardized data [37],
including principal component analysis (PCA), partial least squares discriminant analysis
(PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-DA). The
p-value of Student’s t-test and the value of variable importance in the projection (VIP)
of the first principal component of the OPLS-DA model was used to screen differential
metabolites. The screening criteria of relevant differential metabolites were p-value < 0.05
and VIP > 1. Pathway enrichment analysis was performed using KEGG (Kyoto encyclope-
dia of genes and genomes) of the differential metabolites to obtain the metabolic pathway
enrichment results.

2.3. Determination of Endogenous Hormone content
2.3.1. Extraction of Plant Hormones

Accurately weigh about 0.2 g of fresh leaves at the top of mutant T51 and WT plants,
add 10 times the volume of acetonitrile solution; After the samples were extracted overnight
at 4 °C, centrifuge at 12,000 x g for 5 min with an M1324R refrigerated centrifuge (RWD,
Shenzhen, Guangzhou, China), and take the supernatant; adding 5 times the volume of
acetonitrile solution to the precipitation, then extracting twice, and combining the obtained
supernatant; The supernatant was passed through a C18 solid-phase extraction column
(Thermo Scientific, Waltham, MA, USA), vigorously shaken for 30 s, and centrifuged at
10,000 g for 5 min with an M1324R refrigerated centrifuge (RWD, Shenzhen, Guangzhou,
China), and the supernatant was taken; The supernatant was concentrated to dryness by
vacuum centrifugation with a CV600 refrigerated vacuum concentrator (jiaimu, Beijing,
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China), reconstituted with 200 uL of methanol, passed through a 0.22 um filter membrane,
and placed in a —20 °C refrigerator for testing.

2.3.2. Liquid Phase Condition

Experiments were performed using a Vanquish liquid chromatograph (Thermo Scien-
tific, Waltham, MA, USA). The liquid phase conditions for this experiment are as follows:
Chromatographic column, Poroshell 120 SB-C18 reversed-phase column (2.1 x 150, 2.7 um,
Agilent, Santa Clara, CA, USA); column temperature: 30 °C; mobile phase: A (organic
phase): B (inorganic phase) = (methanol: formic acid = 999:1): (water: formic acid = 999:1);
Injection volume: 2 pL; Elution gradient (Table 1):

Table 1. Gradient Parameters of HPLC.

Time (min) Flow Rate (mL/min) A%
0-1 0.3 20

1-3 0.3 Increment from 20 to 50

3-9 0.3 Increment from 50 to 80
9-10.5 0.3 80

10.5-10.6 0.3 Decrement from 80 to 20
10.6-13.5 0.3 20

Note: A is the organic phase (methanol: formic acid = 999:1 volume ratio).

2.3.3. Mass Spectrometry Parameters

Experiments were performed using a Triple TOF 5600 mass spectrometer (AB Sciex,
Concord, ON, Canada). The mass spectrometry parameters of this experiment are as
follows: Ionization mode, ESI positive and negative ion modes are monitored separately;
Scan type, MRM; Gas curtain gas, 15 psi; Spray voltage, +4500 v, —4000 v; Atomizing gas
pressure, 65 psi; Auxiliary gas pressure, 70 psi; Atomization temperature, 400 °C.

The calculation method of hormone content in the sample is as follows: hormone
content (ng/g) = detection concentration (ng/mL) x dilution volume (mL)/weighing
mass (g).

2.4. Sensitivity Study of Exogenous Hormones

Exogenous hormones were sprayed on May 20th, 2022. Before the experiment, the
height of mutant T51 and WT plants was trimmed to 3.0 cm, and then the mutant T51
plants were sprayed with GA3, BR, and IAA, respectively. Plants were treated once every
5 days (i.e., May 25, May 30, June 4, and June 9) for a total of 5 treatments. According to the
previous preliminary test results, the concentration of GA3 was 100 mg/L, the concentration
of BR was 0.5 mg/L, and the concentration of IAA was 30 mg/L, and distilled water was
sprayed as a control, which was represented by T51 (CKO0). WT plants were sprayed with
distilled water as a control, denoted by WT (CK). The exogenous hormone solution was
fully and uniformly sprayed on the entire surface of T51 and WT plants. Three replicates
were set up for each treatment, and all potted plants were randomly placed. Plant heights
of mutant T51 and WT were determined on June 15.

2.5. Screening of Differential Genes of the Hormone Biosynthetic Pathway

The differentially expressed genes between T51 and WT were obtained by RNA-
seq transcriptome, and then these differentially expressed genes were annotated into the
KEGG database [33]. On the KEGG pathway map, the up-regulated differential genes
and down-regulated differential genes were marked with red and blue, respectively. Fi-
nally, the differentially expressed genes involved in the hormone biosynthesis pathway
were screened.
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2.6. Screening of Differential Proteins of the Hormone Biosynthetic Pathway

The differentially expressed proteins between T51 and WT were obtained by iTRAQ
proteomics, and then these differentially expressed proteins were annotated into the KEGG
database [33]. On the KEGG pathway map, the up-regulated differential proteins and
down-regulated differential proteins were marked with red and blue, respectively. Fi-
nally, the differentially expressed proteins involved in the hormone biosynthesis pathway
were screened.

3. Results
3.1. Examination of Metabolomics Data
3.1.1. Results of LC-MS/MS

The base peak chromatograms of T51 and WT under positive and negative ion
modes are shown in Figure Sla,b. There are some differences in the overall profile of
the two varieties, indicating that there are differences in metabolic components between
the two varieties.

3.1.2. Quality Control (QC) and Quality Assurance (QA)

In order to obtain reliable and high-quality metabolomics data, QC is usually required.
In positive ion mode and negative ion mode, the two samples are densely distributed,
indicating that the data are reproducible and reliable (Figure S2a,c). On the basis of QC, QA
is usually carried out to delete characteristic peaks with poor repeatability in QC samples.
The relative standard deviation (RSD) of the potential characteristic peak in the QC sample
is not more than 30%. In positive ion mode, the proportion of the characteristic peaks with
RSD < 30% can reach 82.3% (Figure S2b), and in negative ion mode, the proportion of the
characteristic peaks with RSD < 30% can reach 84.4% (Figure 52d), which indicates that the
obtained data are good.

3.2. Multivariate Data Analysis
3.2.1. Principal Component Analysis (PCA)

PCA was performed on T51 and WT samples. In positive ion mode (Figure 1a), among
the three principal components, the contribution was 32.8% for principal component 1
(PC1), 15.3% for principal component 2 (PC2), and R2X = 0.582 for the model in the x-
axis direction. In negative ion mode (Figure 1b), of the two principal components, the
contribution was 46.1% for principal component 1 (PC1), 11.8% for principal component
2 (PC2), and R2X = 0.579 for the x-axis direction model. R2X is the interpretability of the
model. R2X higher than 0.5 indicated that this PCA model had good fitting performance
in positive mode and negative ion mode. In addition, it can be seen from the PCA score
plot that WT and T51 are clearly differentiated into two groups, indicating a significant
difference between mutant T51 and WT.
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Figure 1. PCA scores plot between WT and T51 in positive and negative ion modes. Note: (a) positive
ion mode; (b) negative ion mode.
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3.2.2. Partial Least Squares-Discriminant Analysis (PLS-DA)

The obtained mass spectrum data were analyzed by PLS-DA. In positive ion mode,
the model quality parameters are two principal components, and the cumulative prediction
rate of the model Q2 = 0.955, R2X = 0.47, R2Y = 0.994 (Figure 2a). In negative ion mode, the
model quality parameters are two principal components, and the cumulative prediction
rate of the model is Q2 = 0.987, R2X = 0.557, and R2Y =1 (Figure 2c). The model validities
were demonstrated by permutation tests on the corresponding PLS-DA models. All blue
Q2 points from left to right in the figure are lower than the rightmost original blue Q2 point
(Figure 2b,d), indicating that the evaluation model is reliable and effective.
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Figure 2. PLS-DA scores and permutation test plots scores between T51 and WT in positive and
negative ion modes. Note: (a) PLS-DA scores in positive ion mode; (c) PLS-DA scores of negative
ion mode; (b) permutation test plots scores of positive ion mode; (d) permutation test plots scores of
negative ion mode.

3.3. Screening and Identification of Differential Metabolites

Through the screening of metabolites, different metabolites were found. In positive
ion mode, a total of 8031 metabolites were screened, of which 1061 were upregulated and
6970 were downregulated (Figure S3). In negative ion mode, a total of 8137 metabolites
were screened, of which 3427 were upregulated and 4710 were downregulated (Figure S3).
Finally, 236 significantly differential metabolites were identified (Table S1), of which 55
were up-regulated (22.88%), and 181 were down-regulated (77.12%).

3.4. Differential Metabolite Pathway Analysis

The pathway enrichment analysis of differential metabolites was further carried out
through the KEGG database. The differential metabolites were distributed in 75 metabolic
pathways, and there were three metabolic pathways with FDR < 0.05, namely: ABC trans-
porters, 20 differential metabolites were enriched in this metabolic pathway; galactose
metabolism, ten differential metabolites were enriched in this metabolic pathway; plant
hormone signal transduction, three differential metabolites were enriched in this metabolic
pathway (Table 2). In addition, purine metabolism, starch and sucrose metabolism, pheny-
lalanine metabolism, and flavonoid biosynthesis are also enriched with more differential
metabolites (Table 2).
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Table 2. KEGG enrichment pathway of differential metabolites.

Metabolic Pathway Name Number of Metabolites FDR Pathway

ABC transporters 20 0.026 0sa02010

Galactose metabolism 10 0.026 05200052

Plant hormone signal transduction 3 0.037 0sa04075
Flavone and flavonol biosynthesis 9 0.154 05200944
Purine metabolism 10 1 0sa00230
Arachidonic acid metabolism 7 1 0sa00590

Starch and sucrose metabolism 4 1 05a00500
Sphingolipid metabolism 3 1 0sa00600

Tyrosine metabolism 7 1 05a00350
Pyrimidine metabolism 6 1 0sa00240

Fructose and mannose metabolism 5 1 0s5a00051
Linoleic acid metabolism 3 1 0sa00591
Phenylpropanoid biosynthesis 4 1 05200940
Oxidative phosphorylation 2 1 0sa00190
alpha-Linolenic acid metabolism 4 1 05200592
beta-Alanine metabolism 3 1 05a00410
Phenylalanine metabolism 5 1 0sa00360

Citrate cycle (TCA cycle) 2 1 0sa00020
Riboflavin metabolism 2 1 0sa00740

Flavonoid biosynthesis 5 1 05200941
Biosynthesis of unsaturated fatty acids 5 1 0s5a01040
Sulfur relay system 1 1 0sa(04122

Cutin, suberine and wax biosynthesis 2 1 05a00073
Pantothenate and CoA biosynthesis 2 1 0sa00770
Glycolysis/Gluconeogenesis 2 1 05200010

Lysine degradation 3 1 0sa00310

Nicotinate and nicotinamide metabolism 3 1 05200760
Glutathione metabolism 2 1 05200480

Zeatin biosynthesis 2 1 0sa00908

Fatty acid biosynthesis 3 1 0sa00061

Arginine and proline metabolism 4 1 0sa00330
Caffeine metabolism 1 1 0sa00232

Arginine biosynthesis 1 1 0sa00220

Carbon fixation in photosynthetic organisms 1 1 0s5a00710
Valine, leucine and isoleucine biosynthesis 1 1 0sa00290
Stilbenoid, diarylheptanoid and gingerol biosynthesis 1 1 0sa00945
Glycine, serine and threonine metabolism 2 1 0sa00260
Fatty acid degradation 2 1 0sa00071

Ascorbate and aldarate metabolism 2 1 0s5a00053
Alanine, aspartate and glutamate metabolism 1 1 0sa00250
Biotin metabolism 1 1 0sa00780
Phosphatidylinositol signaling system 1 1 0sa04070
Vitamin B6 metabolism 1 1 05a00750
Aminoacyl-tRNA biosynthesis 2 1 0sa00970
Pyruvate metabolism 1 1 05200620

Sulfur metabolism 1 1 05200920

Steroid biosynthesis 2 1 0sa00100
Phenylalanine, tyrosine and tryptophan biosynthesis 1 1 0sa00400
C5-Branched dibasic acid metabolism 1 1 0sa00660
Monoterpenoid biosynthesis 2 1 05200902
Pentose phosphate pathway 1 1 0sa00030

Lysine biosynthesis 1 1 05200300

Tryptophan metabolism 4 1 05200380

Cysteine and methionine metabolism 2 1 0sa00270
Sesquiterpenoid and triterpenoid biosynthesis 3 1 05200909
Fatty acid elongation 1 1 0sa00062
Anthocyanin biosynthesis 2 1 05200942

Tropane, piperidine and pyridine alkaloid biosynthesis 2 1 0sa00960
Butanoate metabolism 1 1 0sa00650

Valine, leucine and isoleucine degradation 1 1 0sa00280
Terpenoid backbone biosynthesis 1 1 0sa00900
Cyanoamino acid metabolism 1 1 05200460
Monobactam biosynthesis 1 1 0sa00261
Histidine metabolism 1 1 05200340

Inositol phosphate metabolism 1 1 0sa00562
Amino sugar and nucleotide sugar metabolism 3 1 05200520
Pentose and glucuronate interconversions 1 1 0sa00040
Folate biosynthesis 1 1 0sa00790
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Table 2. Cont.

Carotenoid biosynthesis
Glyoxylate and dicarboxylate metabolism
Ubiquinone and other terpenoid-quinone biosynthesis
Limonene and pinene degradation
Glucosinolate biosynthesis
Biosynthesis of various secondary metabolites-part 2

Metabolic Pathway Name Number of Metabolites FDR Pathway
3 1 0sa00906
1 1 0sa00630
2 1 0sa00130
1 1 0sa00903
1 1 0sa00966
1 1 0sa00998
1 1 0sa00950

Isoquinoline alkaloid biosynthesis

Note: FDR indicates the corrected value of pvalue; Pathway indicates the position of metabolites in the KEGG
metabolic pathway.

3.5. Analysis of Key Metabolites Associated with Dwarfing

KEGG enrichment analysis of the ABC transporters pathway and galactose metabolism
pathway showed that the relative contents of fructose, mannose, glucose, and sucrose in T51
were significantly down-regulated (Table 3). These results showed that the accumulation of
photosynthetic products in the mutant T51 was significantly reduced from the metabolic
level. Three differential metabolites were enriched in the plant hormone signal transduction
pathway, namely 3-Indoleacetic acid (IAA), salicylic acid (SA), and abscisic acid (ABA).
Compared with WT, the relative contents of ABA and SA were significantly increased
in mutant T51, while the relative contents of IAA were significantly decreased (Table 3).
This indicated that the decrease of IAA content might be one of the important reasons for
the dwarfing of T51. The tryptophan metabolic pathway was annotated to 4 differential
metabolites, among which indolepyruvate, a metabolic intermediate in the process of IAA
biosynthesis, was down-regulated in mutant T51 (Table 3). This suggests that the IAA-
dependent tryptophan biosynthesis pathway of T51 has changed, resulting in a decrease
in the content of IAA in T51. In addition, the enrichment analysis of the phenylpropane
biosynthesis pathway found that ferulic acid, sinapyl alcohol, and coniferyl alcohol were
associated with lignin biosynthesis (Table 3). These results indicated from the metabolic
level that the lignin-specific pathway of mutant T51 also changed at the metabolic level.

Table 3. Differential metabolites related to dwarf phenotype.

Metabolite Name VIP Log2 (FC) Expression Pattern
Fructose 1.282 —17.927 Down
Mannose 1.018 —18.221 Down
Glucose 1.029 —17.304 Down
Sucrose 1.119 —0.919 Down
Ferulic acid 1.713 —1.316 Down
Sinapyl alcohol 1.743 —1.586 Down
Coniferyl alcohol 1.457 8.375 Up
3-Indoleacetic acid 1.138 —1.342 Down
Salicylic acid 1.003 0.497 Up
Abscisic acid 1.592 3.738 Up
Indolepyruvic acid 1.209 —1.156 Down

Note: VIP indicates the value of variable importance in the projection (VIP) of the first principal component of
OPLS-DA model; Log?2 (FC) indicates the log2 value of ploidy change between two groups; Down indicates down
expression; Up indicates up-regulated expression.

3.6. Changes of Endogenous Hormone Content

Metabolome studies found that GA and BR were not detected in mutant T51. Therefore,
in order to specifically understand the roles of GA, BR, and IAA in mutant T51, the contents
of four major endogenous hormones GA3, BR, IAA, and ABA in the leaves of mutant T51
and WT were determined in this study. The results showed that the contents of GA3 and
BR in T51 and WT were not significantly different, indicating that GA and BR may not play
a major role in the formation of mutant T51. In contrast, the content of ABA in the mutant
T51 was significantly increased; the content of IAA was significantly decreased, which was
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60.3% of WT (Figure 3). Therefore, the reduced IAA content may be responsible for the
dwarfing of the mutant T51.

B WTH T51
6 -

*

GA TAA BR ABA

Endogenous hormone content (ng/g FW)
w

Figure 3. Endogenous hormone content of T51 and WT. Note: ‘*” indicates the significant difference
in Duncan’s multiple comparisons when p < 0.05.

3.7. Response of Mutant T51 to Exogenous Hormones

In order to further determine whether the dwarf phenotype of mutant T51 is related to
the decrease of IAA content and whether mutant T51 responds to GA and BR, exogenous
GA, BR, and IAA were sprayed on mutant T51 (Figure 4). Compared with the mutant T51
plants sprayed with distilled water, the plant height of the mutant T51 sprayed with BR
did not change significantly; the plant height of the mutant T51 sprayed with GA increased
significantly but did not return to the phenotype of WT; The mutant T51 was most sensitive
to exogenous IAA, but the plant height of T51 treated with exogenous IAA did not return
to the WT phenotype (Table 4). These results indicated that exogenous IAA had the greatest
effect on the plant height of mutant T51 plants.

B C D E
Figure 4. Effect of exogenous hormones on T51 plant height. Note: (A). T51 plants sprayed with

distilled water; (B). T51 plants sprayed with brassinosteroid; (C). T51 plants sprayed with Gibberellin;
(D). T51 plants sprayed with indole-3-acetic acid; (E). WT plants sprayed with distilled water.

Table 4. Effects of exogenous hormone application on mutant T51 plant height.

Treatment Plant Height before Treatment/cm  Plant Height after Treatment/cm  Increase of Plant Height/cm
IAA 3.00 10.36 £ 1.68b 736 £1.68b
GA 3.00 765 +123c 4.65+123c
BR 3.00 488 +£0.62d 1.88 £0.62d

T51 (CKO0) 3.00 416 £0.37d 1.16 £ 0.37d

WT (CK) 3.00 1642 £ 2.16 a 1342 £ 2.16 a

Note: Different letters in the same column indicate that Duncan’s multiple comparisons have reached a significant
level between treatments (p < 0.05), n = 6.
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3.8. Key Genes of IAA Biosynthesis Pathway

The tryptophan metabolic pathway is the pathway of IAA biosynthesis. KEGG Path-
way enrichment analysis showed that a total of 10 differentially expressed genes were
involved in the IAA biosynthesis pathway (Figure 54, Table S2). The IAA biosynthesis
pathway of mutant T51 was further studied at the protein level, and the results showed
that there were five differentially expressed proteins in this pathway, namely YUCCA,
TAA1, nitrilase, CYP79B2, and CYP79B3, all of which were down-regulated in mutant
T51 (Figure S5, Table 5). TAA1, YUCCA, and nitrilase were down-regulated at both the
transcriptional and protein levels, which may be candidate genes for dwarfing mutant T51
(Table 5).

Table 5. Relationship between differentially expressed proteins of tryptophan metabolic pathway
and their corresponding genes.

Gene Name Gene Number KEGG (Ko_id and Definition) Associated State
TAA1 TRINITY_DN50720_c1_g4 K16903/ /L-tryptophan-pyruvate aminotransferase [EC:2.6.1.99] Com down
YUCCA TRINITY_DN50837_c0_g1 K11816/ /indole-3-pyruvate monooxygenase [EC:1.14.13.168] Com down
nitrilase TRINITY_DN51107_c0_g1 K01501/ /nitrilase [EC:3.5.5.1] Com down

CYP79B2 TRINITY_DN47275_c0_g1 K1182/ /tryptophan N-monooxygenase [EC:1.14.14.156] P down; T normal

CYP79B3 TRINITY_DN54815_c0_g1 K1183/ /tryptophan N-monooxygenase [EC:1.14.14.156] P down; T normal

Note: P, represents proteomics; T, represents transcriptome; down, represents down-regulation; normal, represents
no change.

4. Discussion

According to the response of plant dwarf mutants to exogenous hormones, they can
be divided into hormone-deficient and hormone-insensitive types [38]. The content of
endogenous active hormones in the defective dwarf mutants was obviously reduced or
existed in trace amounts, and the dwarfing traits of the mutants could be recovered after
exogenous application of the corresponding hormones [39,40]. The endogenous active
hormone content of hormone-insensitive dwarf mutants was not significantly different
or significantly higher than that of wild type, and the plant height was not restored after
exogenous application of the corresponding active hormone [41]. The metabolome results
showed that the relative content of IAA in T51 was significantly decreased (Table 3). The
measurement results of endogenous hormones also showed that there was no significant
difference in the content of GA3 and BR between T51 and WT, while the content of IAA in
T51 showed a significant decrease (Figure 3). These results suggest that the dwarfing of T51
has little to do with GA and BR but may be closely related to the reduction of IAA content.
T51 was sprayed with exogenous IAA, GA, and BR, and the results showed that exogenous
IAA had the greatest effect on the plant height of T51 plants, but the T51 plants did not
fully recover to the growth state of WT plants (Figure 4, Table 4), which indicated that the
reduction of IAA content was one of the important reasons for the dwarfing of T51 plants.

IAA regulates plant growth mainly through biosynthesis and transportation [42-46].
The research results of Arabidopsis thaliana mutants showed that the mutation of a single
YUC gene (YUC1, YUC2, YUC4, and YUC6) did not lead to obvious developmental defects,
while double mutants yuclyuc4, yuc2yucs, triple and quadruple mutants of four YUC
genes all showed the phenotype of plant height reduction [47,48]. The SAV3 gene of
Arabidopsis thaliana encodes the TAA1 protein, and sav3 mutant plants in the shade cannot
elongate petioles and stems, and the IAA content is reduced by 40% [49]. Rice OsTAA1 gene
deletion mutant plants showed an extremely dwarfed phenotype, and their auxin content
was significantly reduced [50]. Arabidopsis thaliana double mutant cyp79b2 cyp79b3 plants
are dwarfed, and the content of IAA in vivo is significantly reduced [51]. Nitrilase (NIT)
can catalyze the conversion of indole-3-acetonitrile (IAN) to IAA [52]. There are four genes
encoding NIT enzymes in Arabidopsis thaliana, namely NIT1, NIT2, NIT3, and NIT4 [53].
Compared with wild type, Arabidopsis thaliana nit1-3 mutant plants had decreased total
IAA content but no change in episomal IAA concentration [52]. This study found that
TAA1, YUCCA, and NIT in the IAA biosynthesis pathway were down-regulated at both
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the transcriptional and protein levels, and CYP79B2 and CYP79B3 were down-regulated at
the protein level but had no difference at the transcriptional level (Table 5). These results
indicate that the post-transcriptional regulation of TAA1, YUCCA, and NIT genes is not
related to gene expression, while the expression of CYP79B2 and CYP79B3 is affected by
post-transcriptional regulation. The down-regulated expressions of the differential proteins
YUCCA, AA1, NIT, CYP79B2, and CYP79B3 are the reasons for the significant decrease of
IAA content in T51 plants, which indicates that the dwarfing phenotype of T51 is closely
related to IAA biosynthesis, and TAA1, YUCCA, and NIT may be the key candidate genes
for T51 dwarfing (Figure 5).
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Figure 5. The changes of genes and metabolites in IAA biosynthesis pathway. Note: The red box
indicates that the gene is down-regulated at both the transcription and protein levels; the yellow
box indicates that the gene has no difference in the transcription level, but the expression is down-
regulated at the protein level; the blue dashed box indicates that the differential metabolites are
down-regulated.
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The effect of salicylic acid (SA) on plant growth is mainly involved in plant disease
resistance and stress resistance [54]. The effects of abscisic acid (ABA) on plants are mainly
concentrated on stress resistance such as drought resistance, low-temperature resistance,
and salt tolerance [55]. However, the main physiological effect of ABA is to inhibit the
growth of plant cells, so the content of ABA has a potential link with the dwarf phenotype
of plants [56]. There are also relevant studies to prove that there is an interaction between
IAA and GA [57,58]. Metabonomics results showed that the contents of SA and ABA were
also significantly different between T51 and WT, which indicated that ABA might have a
potential effect on the dwarfing of T51.

The products of photosynthesis are the material basis for plant growth and develop-
ment. Therefore, the photosynthetic capacity of plants is closely related to their growth
rate [59]. Soluble sugar is one of the important components of plant saccharides, mainly
including monosaccharides (such as glucose and fructose) and disaccharides (such as su-
crose) [60]. Compared with WT plants, the relative contents of fructose, mannose, glucose,
and sucrose in T51 were significantly down-regulated (Table 3), indicating that T51 had
a low accumulation of photosynthetic products, which might be an important reason for
the slow growth rate of T51. In addition, previous transcriptome and proteome studies
showed that the dwarfing phenotype of T51 was closely related to the lignin-specific path-
way [33]. There were three differential metabolites related to lignin metabolism, namely
ferulic acid, sinapine, and coniferyl alcohol (Table 3), suggesting that the lignin-specific
pathways of mutant T51 also changed at the metabolic level, which was consistent with
previous findings.

5. Conclusions

In summary, our findings suggest that the reduced endogenous IAA content is one of
the important reasons for the dwarf mutation in T51. The down-regulation of key proteins
in the IAA biosynthesis pathway, including YUCCA, TAA1, NIT, CYP79B2, and CYP79B3
resulted in the decrease in IAA content. YUCCA, TAA1, and NIT are down-regulated
at both transcriptional and protein levels, which are key candidate genes for dwarfing
phenotype of T51. The present findings provide useful information on understanding T51
dwarfism, which may be helpful for the development of valuable new dwarf plant mutants
in the future.
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and negative ion modes of WT and T51, Figure S3: Metabolite statistics in T51 and WT, Figure S4:
Differentially expressed genes in IAA biosynthesis pathway, Figure S5: Differentially expressed
proteins of tryptophan pathway; Table S1: Statistical table of differential metabolites, Table S2: genes
related to tryptophan metabolism and their expression patterns.
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