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Abstract: As a staple food crop, maize is widely cultivated worldwide. Sex differentiation and kernel
development are regulated by auxin, but the mechanism regulating its synthesis remains unclear.
This study explored the influence of the growth stage of maize on the secondary metabolite accu-
mulation and gene expression associated with auxin synthesis. Transcriptomics and metabonomics
were used to investigate the changes in secondary metabolite accumulation and gene expression
in maize leaves at the jointing, tasseling, and pollen-release stages of plant growth. In total, 1221
differentially accumulated metabolites (DAMs) and 4843 differentially expressed genes (DEGs) were
screened. KEGG pathway enrichment analyses of the DEGs and DAMs revealed that plant hormone
signal transduction, tryptophan metabolism, and phenylpropanoid biosynthesis were highly en-
riched. We summarized the key genes and regulatory effects of the tryptophan-dependent auxin
biosynthesis pathways, giving new insights into this type of biosynthesis. Potential MSTRG.11063
and MSTRG.35270 and MSTRG.21978 genes in auxin synthesis pathways were obtained. A weighted
gene co-expression network analysis identified five candidate genes, namely TSB (Zm00001d046676
and Zm00001d049610), IGS (Zm00001d020008), AUX2 (Zm00001d006283), TAR (Zm00001d039691),
and YUC (Zm00001d025005 and Zm00001d008255), which were important in the biosynthesis of
both tryptophan and auxin. This study provides new insights for understanding the regulatory
mechanism of auxin synthesis in maize.

Keywords: metabolomics; transcriptomics; auxin synthesis; growth stages; maize

1. Introduction

Maize (Zea mays) is an annual herb in the Gramineae family that is native to Central and
South America. Maize is cultivated in tropical and temperate regions and throughout China.
It is a staple food crop, and a crucial source of feed and industrial raw materials. The growth
and development of maize plants has been categorized into a number of vegetative and
reproductive stages [1], during which diverse phytohormones exert important regulatory
effects [2].

As is typical for angiosperms, maize synthesizes numerous endogenous hormones,
such as auxin, gibberellin, abscisic acid, and zeatin. Auxin plays an important role in
regulating the growth and development of stems, buds, and roots [3]. The compounds
indole-3-acetic acid (IAA), 1H-indole-3-butanoic acid (IBA), 1-naphthalene-acetic acid
(NAA), 2-naphthoxy-acetic acid (BNOA), 2,4-dichlorophenoxyacetic acid (2,4-D), 4-chloro-
phenoxyacetic acid (4-CP), and 4-iodophenoxyacetic acid (4-iodo pyridine) are collectively
termed auxins [4]. Indoleacetic acid was the first plant hormone to be discovered and is
mainly distributed in actively growing tissues, such as stem meristems, leaf primordia,
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young leaves, developing fruit and seeds, and pollen grains [5]. Auxins promote the
formation of lateral roots and adventitious roots, adjust flowering and sex differentiation,
regulate fruit set and development, and control apical dominance [6,7]. Most of the essential
genes associated with auxin synthesis are involved in tryptophan-dependent biosynthesis,
whereas the tryptophan-independent pathway is poorly understood because the essential
genes involved have not yet been cloned [8]. Based on the main intermediate products of
IAA synthesis, tryptophan-dependent biosynthesis is usually divided into four pathways:
the indole-3-acetaldoxime (IAOx) pathway, tryptamine pathway, indole-3-acetamide (IAM)
pathway, and indole-3-pyruvic acid (IPA) pathway [9]. With the clarification of the key
catalytic enzyme functions in the auxin synthesis pathways, some authors have divided
tryptophan-dependent auxin synthesis into the CYP79B pathway, YUCCA (YUC) pathway,
indoleacetamide pathway, and indolylpyruvate pathway [10]. The CYP79B protein family
in the JAOx pathway converts tryptophan into indole-3-acetaldoxime, but the conversion
of indole-3-acetaldoxime to IAA remains unclear [11]. Tryptamines in the tryptamine
pathway have long been considered to be precursors of IAA synthesis. In the tobacco
(Nicotiana tabacum) apical meristem and callus, and shoots of Solanum tuberosum and
Hordeum vulgare, isotope-labeled 14C tryptamines are converted to IAA [12]. Phelps and
Sequeira (1967) [13] identified a tryptamine auxin synthesis pathway in tobacco. The
indoleacetamide pathway has been detected in various microorganisms. Endogenous
indole-3-acetamide has been detected in Citrus reticulata, Prunus jamasakura, and Cucurbita
maxima. However, for a long time, researchers generally believed that the indoleacetamide
pathway did not exist in plants. With the improvement of analytical procedures and
detection equipment, endogenous indole-3-acetamide has been accurately detected in
Arabidopsis thaliana, maize, rice (Oryza sativa), and tobacco [14,15].

The IPA pathway is an important pathway for auxin synthesis in microorganisms [16].
Gene functional analysis, in vitro experiments, and isotope tracing have shown that the
YUC gene family catalyzes the direct conversion of indolylpyruvate to IAA [17,18]. To date,
YUC homologous genes have been cloned in diverse plant species, such as Petunia hybrida,
tomato (Solanum lycopersicum), Ipomoea nil, and rice, indicating that YUC genes exert similar
effects on the growth and development of diverse plant species [19]. Therefore, the IPA
pathway is considered to be the most fundamental, primary auxin synthesis pathway so far
elucidated in plants [20]. Although several auxin synthesis pathways have been identified
in plants, further study is required to clarify the regulatory mechanism of each pathway.

The jointing, tasseling, and pollen-release stages of maize growth are associated with
the development of the sexual organs. Auxins play an essential role in this process. The
present study utilized two inbred maize lines with different growth cycles, and compared
the expression of auxin synthesis genes and the accumulation of metabolites in the same line
between the jointing and tasseling, and tasseling and pollen-release stages, and between
two lines at the same growth stage. The aim was to identify the auxin synthesis pathway
genes that exert pivotal effects on the growth and development of maize, and to characterize
the spatiotemporal expression patterns of these specific genes. The transcriptomes of two
inbred maize lines with short and long growth periods were analyzed to explore the
differential gene expression associated with the auxin biosynthesis pathway in leaf tissues.
In addition, the metabonomes were compared to detect differential metabolites in the leaves
at different growth stages. Integration of the metabonome and transcriptome data enabled
screening for the key candidate genes and metabolites of the auxin biosynthesis pathways.
The present results provide novel insights into auxin biosynthesis in maize.

2. Results
2.1. Determination of Trp and IAA Contents and Identification of DEGs

Certain differences between the changes in tryptophan and IAA contents in the leaves
at different growth stages were observed. The Trp content initially decreased and then
increased from CK1 to CK3, whereas it decreased consistently from M1 to M3 (Figure 1A).
The IAA content showed an upward trend from CK1 to CK3, which was the opposite
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of the change observed from M1 to M3 (Figure 1B). The trend for the Trp content in the
CK1-CK2 stages was opposite to that of IAA content, whereas the trend for the Trp content
in the CK2-CK3 stages was identical to that of IAA content. In contrast, the changes in Trp
content from M1 to M3 were identical to the changes in IAA content.
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Figure 1. Total indole—3—acetic acid (IAA) and tryptophan contents in the leaves of maize and
differentially expressed genes (DEGs) in different comparison groups. (A) Tryptophan content and
(B) IAA content in leaves of maize at different growth stages. (C) Number of DEGs in the different
comparison groups.

Eighteen cDNA libraries were constructed according to the sampling time: jointing
stage, CK1 (CK1217-1, CK1217-2, and CK1217-3) and M1 (M1217-1, M1217-2, and M1217-3);
tasseling stage, CK2 (CK1222-1, CK1222-2, and CK1222-3) and M2 (M1222-1, M1222-2, and
M1222-3); and pollen-release stage, CK3 (CK1231-1, CK1231-2, and CK1231-3) and M3
(M1231-1, M1231-2, and M1231-3). For example, CK1-1 means the first sample of CK at
jointing stage(CK1217-1). Transcriptome sequencing screening yielded 15,347,554,632 raw
reads, resulting in 152,913,838 high-quality clean reads after performing quality control.
The reads ranged from 103 to 20,570 bp in length.

We constructed four subgroups to analyze the transcriptome data for the CK and M
lines at different growth stages: CK1 vs. CK2, CK2 vs. CK3, M1 vs. M2, and M2 vs. M3.
In total, 4843 DEGs were screened with the criterion p < 0.05. The number of upregulated
and downregulated DEGs from each control group is shown in Figure 1C. The M1 vs.
M2 group had the largest number of DEGs, comprising 1652 upregulated DEGs and 1100
downregulated DEGs. The number of DEGs in the CK1 vs. CK2 group was 232, of which
37 were upregulated and 195 were downregulated. A significant difference in the DEGs
between the M1 vs. M2 and CK1 vs. CK2 groups was observed. The number of DEGs in
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the CK2 vs. CK3 group was 551, and that of the M2 vs. M3 group was 1038; a significant
difference in the number of DEGs between these two groups was also observed.

2.2. GO Enrichment Analysis of DEGs

The 4843 DEGs screened from all samples were enriched in 1824 GO terms, among
which the biological process category accounted for the highest proportion (61.23%), fol-
lowed by molecular function (28.44%) and cellular component (10.33%). The function and
degree of enrichment between each group (i.e., CK1 vs. CK2, M1 vs. M2, CK2 vs. CK3,
and M2 vs. M3) differed significantly (Figure 2). Among the 10 most highly enriched
GO terms in each group, five terms were enriched in most groups, including membrane
(GO:0016020), oxidation reduction process (GO:0055114), catalytic activity (GO:0003824),
cellular analytical entity (GO:0110165), and biological process (GO:0008150). A significant
difference in the number of enriched terms was observed between CK1 vs. CK2 and
M1 vs. M2 (Figure 2A,B). The number of enriched terms was highest in M1 vs. M2-up
(Figure 2B), with 1165 genes enriched in cellular anatomical entity (GO:0110165) and 1162
genes enriched in biological process (GO:0008150). Finally, we collected key genes in the
pathway for hormone synthesis and tryptophan synthesis enrichment, where the differ-
ential genes involved in auxin synthesis include Zm00001d025005, Zm00001d004467, and
Zm00001d042809 MSTRG.11063, and the differential genes related to tryptophan synthesis
include Zm000001d049610 and Zm00001d020008. Unrepresented genes were found in
these differential genes, and these unrepresented genes may be potential genes during
auxin synthesis. The expression level of the MSTRG.11063 gene in M is higher than that of
CK. Changes in the expression of these differential genes lead to a decrease in the content
of auxin synthesized by M.

In addition, significant differences in the genes and enrichment functions were ob-
served between the paired groups CK1 vs. CK2 + M1 vs. M2 and CK2 vs. CK3 + M2
vs. M3. The CK1 vs. CK2 and M1 vs. M2 (Figure 2A,B) groups were mainly enriched
in cellular anatomical entity (GO:0110165) and biological process (GO:0008150), with the
highest proportion of enriched terms in the biological process category and the lowest in the
cellular component category (Figure 2A,B). By contrast, CK2 vs. CK3 and M2 vs. M3 were
mainly enriched in membrane (GO:0016020) and oxidation reduction process (GO:0055114);
the highest proportion of enriched terms was in the biological process category and the
lowest proportion was in the cellular component category (Figure 2C,D). Thus, the terms
“biological process” and “metabolic process” were significantly enriched in the biological
process category in all four groups. “Catalytic activity” and “molecular function” were
significantly enriched in the molecular function category. With regard to cell formation, the
most highly enriched terms were “cellular anatomical entity,” “cellular component,” and
“intrinsic component of membrane”.

2.3. KEGG Pathway Enrichment Analysis of DEGs

The 4843 DEGs were mapped to 205 KEGG pathways. The highest number of DEGs
were enriched in metabolism, whereas the fewest DEGs were enriched in cellular processes.
The upregulated DEGs of the CK1 vs. CK2 group were mainly enriched in DNA replication
(map00940), whereas the downregulated DEGs were mainly enriched in phenylpropanoid
biosynthesis (map00940), plant hormone signal transduction (map04075), fructose and
mannose metabolism (map00051), and plant-pathogen interaction (map04626) (Figure 3A).
The upregulated DEGs of the M1 vs. M2 (Figure 3B) group were mainly enriched in
phenylpropanoid biosynthesis (map00940), photosynthesis (map00195), protein processing
in endoplasmic reticulum (map04141), and photosynthesis—antenna proteins (map00196),
whereas the downregulated DEGs were mainly enriched in ribosome biogenesis in eukary-
otes (map03008), plant hormone signal transduction (map04075), circadian rhythm—plant
(map04712), and homologous recombination (map03440). Plant hormone signal transduc-
tion (map04075) was mainly enriched in the upregulated DEGs of CK2 vs. CK3 and the
downregulated DEGs of M2 vs. M3 (Figure 3E,H). The phenylpropanoid biosynthesis
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(map00940) and photosynthesis (map00195) pathways were mainly enriched among M2 vs.
M3 downregulated DEGs (Figure 3H), whereas the benzoxazinoid biosynthesis (map00402)
and linoleic acid metabolism (map00591) pathways were mainly enriched among CK2
vs. CK3 downregulated DEGs (Figure 3G). Subsequently, we screened for genes related
to auxin and tryptophan synthesis in Plant hormone signal transduction (map04075),
Indole alkaloid biosynthesis (map00901), Tryptophan metabolism (map00380), and in-
cluded Zm000001d008255, Zm000001d034118, MSTRG.21978, MSTRG.31895, MSTRG.9004,
MSTRG.31080, MSTRG.35990, MSTRG.5662, and MSTRG.17742. Zm0000001d008255 was
expressed significantly more in M1 vs. M2. Zm000001d046676 and Zm00001d049610 were
associated with tryptophan synthesis. Uncharacterized genes in auxin and tryptophan
synthesis were also found.
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Figure 2. Circos plot of gene ontology (GO) enrichment of differentially expressed genes (DEGs). The
right half-circle indicates the number of up- and down-regulated DEGs in each comparison group;
red indicates up-regulation and blue indicates down-regulation. The outermost circle of the left
half-circle indicates the GO terms and different colors represent different GO terms; the inner circle
indicates the number of up- and down-regulated DEGs for each GO term. Arrows point from up-
and down-regulated genes to GO terms, and arrow thickness indicates the abundance of up- and
down-regulated genes for each GO term. (A) CK1 vs. CK2, (B) M1 vs. M2, (C) CK2 vs. CK3, and (D)
M2 vs. M3.
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Figure 3. Bubble diagram of KEGG pathway enrichment of differentially expressed genes. The
Y —axis shows the name of the pathway and the X—axis represents the Rich factor. The larger the
Rich factor, the greater the degree of enrichment. (A) M1 vs. M2—up, (B) CK1 vs. CK2—up, (C) M2
vs. M3—up, (D) CK2 vs. CK3—up, (E) M1 vs. M2—down, (F) CK1 vs. CK2—down, (G) M2 vs.
M3—down, and (H) CK2 vs. CK3—down.
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In general, the enriched KEGG pathways in each group were mainly concentrated in
amino acid metabolism and photosynthesis. However, although hormone signal transduc-
tion was not primarily enriched, its relevant genes were widely regulated in all groups
(Figure 3B,C,E,G,H). Hormone signal transduction included plant hormone signal trans-
duction (map04075), zeatin biosynthesis (map00908), and indole alkaloid biosynthesis
(map00901). Amino acid metabolism included tryptophan metabolism (map00380), glycine,
serine and threonine metabolism (map00260), and phenylalanine, tyrosine, and tryptophan
biosynthesis (map00400). Photosynthesis mainly included photosynthesis (map00195)
and photosynthesis—antigen proteins (map(00196). The plant hormone signal transduc-
tion (map04075), indole alkaloid biosynthesis (map00901), and tryptophan metabolism
(map00380) pathways are all involved in auxin synthesis and signal transduction.

2.4. Widely Targeted Metabolomics Analysis and Overall Metabolite Identification

A metabonomic analysis was conducted to explore the changes in metabolites in the
leaves at different growth stages. A total of 1221 metabolites were screened, comprising
mainly prenol lipids (132), organoxygen compounds (129), fatty acyls (113), carboxylic
acids and derivatives (80), flavonoids (60), steroids and their derivatives (58), glycosphos-
pholipids (42), benzone and substituted derivatives (34), coumarins and derivatives (26),
phenols (23), cinnamic acids and their derivatives (22), and indoles and their derivatives
(15). Cluster heatmaps (Figure 4B) of the three biological replicates of each sample re-
vealed that each comparison group showed a high degree of similarity, indicating the
strong reliability of the metabonomic data. To examine the trends in metabolic changes
at the different growth stages, 297 metabolites were clustered using the K-means clus-
tering method. Based on the accumulation patterns of the different metabolites, eight
clusters were obtained (Figure S1A-H). We separately performed enrichment analyses
on CK1 vs. CK2, CK2 vs. CK3, M1 vs. M2, and M2 vs. M3. As shown in Figure S2, the
CK1 vs. CK2 group was most highly enriched in tryptophan metabolism (map00380),
steroid biosynthesis (map00100), flavonoid biosynthesis (map00941), purine metabolism
(map00230), and ABC transporters (map02010). The CK2 vs. CK3 group was highly
enriched in flavonoid biosynthesis (map00941), phenylalanine metabolism (map00360),
tryptophan metabolism (map00380), tropane, piperidine and pyridine alkaloid biosyn-
thesis (map00960), and ABC transporters (map02010). The M1 vs. M2 group was pri-
marily enriched in glycerophospholipid metabolism (map00564), beta-alanine metabolism
(map00410), and tryptophan metabolism (map00380). The M2 vs. M3 group was mainly
enriched in ABC transporters (map02010), arginine biosynthesis (map00220), and trypto-
phan metabolism (map00380). As shown in Figure S3, we analyzed a total of 12 metabolites
in the tryptophan metabolic pathway, of which 7 were similar in structure to IPA, includ-
ing Kynurenine, 2-Formylaminobenzaldehyde, Quinoline-4, 8-diol, 3-Methyldioxyindole,
5-Hydroxyindoleacetaldehyde, Kynurenic acid, and 5- Hydroxy-L-tryptophan; 1 metabo-
lite was similar in structure to IAM, Indoleacetaldehyde; and 1 metabolite was similar in
structure to TAM, 3-Methylindole, which is a potential substance in the auxin synthesis
pathway. The highest number of potential metabolites being found in the IPA pathway
suggests that the IPA pathway plays an important role in maize synthetic auxin and has
higher synthetic diversity.
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Figure 4. Metabolomic analysis of maize of different growth stages. (A) Distribution of up- and
down-regulated DAMs. red is up, green is down. (B) Cluster heatmaps of the three biological
replicates, red indicates a strong correlation, blue indicates a weak correlation.
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In addition, the changes in DAMs at the different growth stages were analyzed
(Figure 4A). Accordingly, 627 DAMs were identified. Among the four groups, M1 vs. M2 in-
cluded the most detected DAMs (235), while the fewest DAMs were detected in the CK1 vs.
CK2 group (114). The number of upregulated and downregulated DAMs in each group is
shown in Figure 4A. The groups M1 vs. M2 and M2 vs. M3 included more upregulated and
downregulated DAMs than those of CK1 vs. CK2 and CK2 vs. CK3. With regard to unique
and shared metabolites (Figure S1I), 23 metabolites were common to the four groups and
mainly comprised phenylpropanoid biosynthesis (map00940), plant hormone signal trans-
duction (map04075), flavonoid biosynthesis (map00941), ABC transporters (map02010),
and glycerolipid metabolism (map00561). The CK1 vs. Ck2, CK2 vs. CK3, and M1 vs.
M2 groups shared 51 DAMs, including glycerolipid metabolism (map00561), flavonoid
biosynthesis (map00941), plant hormone signal transduction (map04075), cyanoamino
acid metabolism (map00460), and tryptophan metabolism (map00380). The CK1 vs. CK2,
CK2 vs. CK3, and M2 vs. M3 groups (Figure S1I) shared four DAMs, comprising phenyl-
propanoid biosynthesis (map00940), plant hormone signal transduction (map04075), glyc-
erophospholipid metabolism (map00564), and carbon fixation in photosynthetic organisms
(map00710). Among the plant hormone signal transductions are Trans-Zeatin (metab_8938),
3-Indoleacetic Acid (metab_8953), and jasmonic acid (metab_12197).

2.5. Integration of Transcriptomic and Metabonomic Analyses

By integrating transcriptomic and metabonomic analyses, an improved understanding
of the genetic regulation of metabolic processes can be gained. In this study, the DEGs and
DAMs in each control group were mapped to KEGG pathways and the 10 most highly
enriched pathways were obtained (Figure 5). For the CK1 vs. CK2 group, 376 DEGs and 13
DAMs were mapped to 19 KEGG pathways (Figure 5A). For the M1 vs. M2 group, 10 DEGs
and 11 DAMs were mapped to 19 KEGG pathways (Figure 5B), of which phenylpropanoid
biosynthesis (map00940) and plant hormone signal transduction (map04075) were the lead-
ing enriched pathways. For the CK2 vs. CK3 group, 182 DEGs and 14 DAMs were mapped
to 19 KEGG pathways (Figure 5C), of which the five most enriched pathways were phenyl-
propanoid biosynthesis (map00940), MAPK signaling pathway—plant (map04016), amino
sugar and nucleotide sugar metabolism (map00520), carotenoid biosynthesis (map00906),
and plant hormone signal transduction (map04075). Finally, for the M2 vs. M3 group, 52
DEGs and 17 DAMs were mapped to 19 KEGG pathways, including phenylpropanoid
biosynthesis (map00940), photosynthesis (map00195), and plant hormone signal trans-
duction (map04075) (Figure 5D). A global KEGG enrichment analysis was performed on
all metabolome and transcriptome data, as shown in Figure S4. This analysis revealed
that the enriched pathways mainly included phenylpropanoid biosynthesis (map00940),
plant hormone signal transduction (map04075), glycerolipid metabolism (map00561), glyc-
erophospholipid metabolism (map00564), flavone and flavonol biosynthesis (map00944),
MAPK signaling pathway—plant (map04016), phenylalanine, tyrosine and tryptophan
biosynthesis (map00400), and tryptophan metabolism (map00380). Subsequently, we will
perform an evolutionary analysis (Figure S5) of plant hormone signal transduction, indole
alkaloid biosynthesis, auxin synthesis known genes, and uncharacterized genes in the tryp-
tophan metabolism pathway. We can see that the MSTRG.11063 gene and the known gene
ZmYUCCA4 have a strong evolutionary relationship, and the MSTRG.35270 gene and the
known gene AUX2 have a strong evolutionary relationship. The MSTRG.21978 gene and
the known gene ZmCYP79A2 have a strong evolutionary relationship, and the remaining
CYP uncharacterized genes have a distant evolutionary relationship with ZmCYP79A2,
a potential gene in the growth synthesis pathway, which can provide a reference for the
detection of auxin and tryptophan synthesis pathways.
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Figure 5. Mapping of differentially expressed genes (DEGs) and differentially accumulated metabo-
lites (DAMSs) to KEGG pathways. The Y-axis represents the number of transcriptomics (DEGs)and
metabonomics(DAMSs), and the X-axis represents the pathway. Blue is Transcriptom, orange is
Medabolome. (A) CK1 vs. CK2, (B) M1 vs. M2, (C) CK2 vs. CK3, and (D) M2 vs. M3.

The pathways that were significantly enriched among the top 10 pathways for the CK1
vs. CK2, CK2 vs. CK3, and M2 vs. M3 (Figure 5A,C,D) groups included phenylpropanoid
biosynthesis (map00940) and plant hormone signal transduction (map04075). Among the
groups CK1 vs. CK2, CK2 vs. CK3, and M2 vs. M3, three groups of 610 DEGs were enriched
in plant hormone signal transduction (map04075). The DEGs of auxin signal transduc-
tion included Zm00001d039691, Zm00001d037674, Zm00001d018098, Zm00001d025005,
Zm00001d004467, Zm00001d019527, Zm00001d008255, Zm00001d005439, Zm00001d008700,
Zm00001d006283, Zm00001d051754, and Zm00001d044339. Thus, plant hormone signal
transduction (map04075) in the stages of CK1 vs. CK2, CK2 vs. CK3, and M2 vs. M3 was
indicated to play an important role, especially in auxin-related signal transduction.

2.6. Analysis of Auxin Biosynthesis-Related Metabolites and Gene Expression

According to the KEGG enrichment analysis of DEGs and DAMs, phenylpropanoid
biosynthesis, tryptophan metabolism, and plant hormone signal transduction were signifi-
cantly enriched in each group. Therefore, the changes in genes and metabolites involved
in auxin and Trp synthesis at the different growth stages were investigated (Figure 6 and
Figure S6). The expression patterns of key enzymes and genes were analyzed, includ-
ing anthranilate synthase (ASA), phosphoribosylanthranilate-transferase (PTA), phospho-
ribosylanthranilate isomerase (PAI), indole-3-glycerolphosphate synthase (IGS), trypto-
phan synthase (TSA and TSB), tryptophan decarboxylase (TDC), acetaldehyde dehydroge-
nase (ALDH), TRYPTOPHAN AMINOTRANSFERASE of ARABIDOPSIS (TAA), Toll and
interleukin-1 receptor-like (TIR and TAR), and YUCCA (YUC). In auxin biosynthesis, five
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DEGs were identified based on the transcriptome data, including two TAR (Zm00001d039691
and Zm00001d037674), one AMI (Zm00001d018098), five YUC (Zm00001d025005,
Zm00001d004467, Zm00001d019527, Zm00001d008255, and Zm00001d005439), one AUX2
(Zm00001d006283), two ALDH (Zm00001d051754 and Zm00001d044339), and one TAA
(Zm00001d008700). To verify the reliability of the transcriptome data, gRT-PCR was used
to quantify the expression of these genes. The gRT-PCR results were consistent with the
RNA-Seq data, which further verified the reliability of the transcriptome data (Figure S7).
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Figure 6. Pathways associated with indole—3—acetic acid (IAA) biosynthesis in maize. An expression
heatmap of the key metabolites and transcripts for IAA is shown; red indicates up —regulation, blue
indicates down—regulation. Enzyme and gene abbreviations: Tryptophan decarboxylase (TDC),
Acetaldehyde dehydrogenase (ALDH), TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS
(TAA), Toll and Interleukin—1 receptor—like (TIR, TAR), YUCCA (YUC).

In addition, the expression of key metabolites was analyzed. A total of 12 metabo-
lites were identified in the auxin biosynthesis pathway and the Trp synthesis pathway
(Figures 6 and S6), comprising chorismate, anthranilate, 5-phosphoribosylanthranilate, 1-
(O-carboxyphenylamino)-deoxyribulose-5-phosphate, indole-3-glycerol phosphate, indole,
Trp, IPA, IAM, TAM, 2-(1H-indol-3-yl)acetaldehyde, and IAA. Similarly, the expression
levels of the metabolites also changed. In general, the IPA pathway contained more
DEGs, including Zm00001d039691, Zm00001d037674, Zm00001d025005, Zm00001d004467,
Zm00001d019527, Zm00001d008255, and Zm00001d005439.

2.7. Weighted Gene Co-Expression Network Analysis

Using the 4843 DEGs as the source data, a WGCNA analysis was conducted to analyze
the relationship between genes. Under a soft threshold ( = 14), the scale-free network
fit index was R? > 0.85 and the average connectivity approached 0 (Figure S8). Therefore,
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the soft threshold = 14 was determined to construct a weighted co-expression network
and 13 modules were resolved (Figure 7A). The number of genes in each module varied
greatly, ranging from 419 genes in the turquoise module to 19 genes in the gray module.
To detect interactions between these gene modules, a correlation thermogram analysis
was performed on these modules (Figure 7B). The correlations among these modules were
strong. Next, the correlations between the Growth_period, IAA and Trp contents, and
the expression patterns of each module were analyzed (Figure 7C). Five modules (blue,
green-yellow, pink, turquoise, and magenta) were strongly correlated with Growth_period,
IAA, and Trp, whereas the other modules were weakly correlated with these traits.
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Figure 7. Weighted gene coexpression network for maize. (A) Cluster analysis dendrogram of
differentially expressed genes (DEGs), with dissimilarity based on the topological overlap, together
with assigned module colors. The clustered branches represent different modules, and each line
represents one DEG. (B) Heatmap of connectivity of eigengenes. (C) Module-trait associations. Each
row corresponds to a module characteristic gene (eigengene) and each column corresponds to a trait.
Each cell contains a corresponding correlation coefficient and p-value. (D) Visualization of network
relationships of hub genes in 12 modules.
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Next, the changes in gene expression in these highly correlated modules and the rela-
tionship between the modules and traits were analyzed. This study analyzed the key gene
modules and genes associated with auxin synthesis. To identify the crucial genes involved,
12 gene regulatory networks were constructed for the modules blue, red, purple, black,
green-yellow, pink, turquoise, magenta, brown, tan, yellow, and green (Figure 7D) to visu-
alize the association between genes. The hub genes were closely connected with each other
and showed strong connectivity. It is worth noting that we identified genes involved in the
auxin biosynthesis pathway among the 231 hub genes, especially YUC (Zm00001d025005,
Zm00001d004467, Zm00001d019527, Zm00001d008255, and Zm00001d005439) from the
turquoise module, AUX2 (Zm00001d006283) from the green-yellow module, and TAR
(Zm00001d039691) and AMI (Zm00001d018098) from the magenta module. These results
revealed that the magenta, turquoise, and green-yellow modules played an important
role in auxin biosynthesis and Growth_period, which further indicated that the AUX2,
YUC, TAR, and AMI genes exerted significant effects on the growth period by affecting
auxin synthesis.

3. Discussion

As an important food crop, research on the growth and development of maize is cru-
cial to improve the yield per unit area. An increasing number of studies have investigated
the auxin synthesis pathways of maize, but some of the mechanisms remain unclear [21].
The accumulation and regulatory mechanism of auxins in maize remain uncertain. In the
present study, transcriptomic and metabonomic data were analyzed to understand the accu-
mulation of auxins. By analyzing the accumulation of auxin metabolites at different growth
stages, specific differences in the accumulation of auxin biosynthesis-related metabolites
were detected.

Changes in the transcriptome and metabolome in maize leaves were analyzed at
different growth stages. As expected, significant changes in auxin-related genes and
metabolites at different growth stages were detected. The biosynthesis of Trp is a complex
and important process. In particular, ASA, PAT, PA], IGS, and TAS are catalyzed in the
initial stage of auxin synthesis as the basis for subsequent stages [22,23]. Tryptophan is
upstream of auxin synthesis, with chorismate first converted to Trp under the catalysis of
ASA, PAT, PAIL IGS, and TAS [24,25]. Thus, Trp is a vital metabolite for auxin synthesis.
Under the catalysis of different enzymes, Trp is the precursor for three branches: the
first generates indole-3-acetaldoxime, the second synthesizes tryptamine, and the third
produces indole-3-acetamide [26].

In addition, the present transcriptomic and metabonomic analyses revealed that
genes encoding IGS and TSB were significantly correlated with downstream auxin precur-
sors [27]. Both IGS and TSB play important roles in auxin synthesis as enzymes responsible
for producing important auxin compounds [28]. The catalytic product of IGS, indole-
3-glycerophosphate (InGP), is the first compound with an indole ring generated by the
pathway. Previous experiments show that IGS may play a key role in the secondary
metabolism of IJAA and certain other indole derivatives [29,30]. Next, TSA catalyzes the
conversion of InGP to indole [31,32], and TSB catalyzes the combination of indole and
serine to form Trp to complete the final two steps of the Trp synthesis pathway catalyzed
by tryptophan synthase [33]. The TSB1-deficient mutant Trp 2-1 accumulates IAA contents
50-fold higher than that of the wild type [34]. In the inbred maize line with a short growth
period (the M group of this study), the expression of genes encoding TSB (Zm00001d049610,
Zm00001d046676, and Zm00001d024702) tended to initially increase and then decrease,
while the TAA content first decreased and then increased, which was consistent with the
results of Wright et al. (1991) [34]. In addition, through a WGCNA analysis, it was found
that many photopigment genes—CRY1, CRY2, PHYA, and PHYB—and photosensitive
transcription factors—HY2, HY5, BBX, and PIF—had a high correlation with the auxin
concentration at different developmental stages of maize. Xu et al. found that CRY1 and
PHYB interacted with AUX/IAA, respectively, inhibiting the interaction of auxin receptor
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TIR1 with AUX/IAA, thereby inhibiting the degradation of auxin-induced AUX/IAA
protein [35]. HY5 promotes auxin signal transduction by inhibiting the expression of the
auxin negative regulatory gene IAA4 and IAA7, and the expression of IAA7 gene increases
the auxin concentration against the background of hy5 abruption [36]. The wide range of
light signals affects the biosynthesis process of auxin, which may be the reason for the large
difference in auxin content between CK and M at the same growth stage.

Pollmann et al. (2006) cloned AtAMII encoding indole-3-acetamide hydrolase in
Arabidopsis thaliana and showed that the protein is localized in the cytoplasm [37]. In vitro
experiments indicated that indole-3-acetamide significantly affected the conversion effi-
ciency of Trp to IAA catalyzed by an A. thaliana extract protein, but had no significant
effect on Trp, indole-3-acetonitrile, and indole acetaldehyde [38]. Pollmann et al. (2009) [39]
verified the existence of indole-3-acetamide hydrolase in plants, which plays a role in the
conversion of Trp to IAA. In the IPA pathway, Trp is converted to IPA through the activity
of tryptophan amino-transferase (TAA) and the related proteins TAR1/TAR2 [40-42]. This
process has been detected previously in maize and Arabidopsis [43,44]. In the present study,
we observed that the expression level of a TAR gene (Zm00001d039691) in the M-group
was unchanged during IAA synthesis, which was contrary to the trend in IAA content
and differed from the results of previous research. However, a previous study has shown
that the ethylene response inhibitor L-Kyu may suppress expression of the TAR gene and
reduce auxin accumulation [45]. This warrants further study in maize.

Transcriptome analysis is an important method to monitor gene expression in organ-
isms, and the metabolome is the basis and direct embodiment of the biological pheno-
type [46]. Transcriptome sequencing generates substantial information on DEGs and the
regulators of metabolic pathways, but has difficulty in determining the key signaling path-
ways because the genes and phenotypes are weakly correlated with each other. Therefore,
integration of metabonomic and transcriptomic data is an effective method to clarify the
crucial genes and metabolites in a biosynthesis pathway. In the present study, the crucial
genes and metabolites involved in the auxin biosynthesis of maize at different growth
stages were analyzed using metabonomic and transcriptomic data. The results revealed
that the gene expression and metabolite accumulation at different stages were significantly
different from each other.

4. Materials and Methods
4.1. Plant Materials

Maize was cultivated and harvested in a greenhouse of Jilin Agricultural University
(Longitude: 125.410385, Latitude: 43.810433). The plants were grown under a photoperiod
of 8 h/16 h (light/dark). We kept the indoor temperature at 28 °C and the soil temperature
at 24 °C, applied bottom fertilizer before sowing, and irrigated once every 10 days.

The inbred maize line with a long growth period was designated CK (selected and
bred in the early stage of the laboratory; the growth period is 120 days and the plant height
is 180 cm), and the inbred line with a short growth period was designated M (selected and
bred in the early stage of the laboratory; the growth period is 90 days and the plant height
is 150 m). It is planted in a small area with a row length of 5 m, row spacing of 30 cm, and
plant spacing of 20 cm. Leaves were sampled from plants at the stages of jointing (1217-1,
1217-2, and 1217-3), tasseling (1222-1, 1222-2, and 1222-3), and pollen release (1231-1, 1231-2,
and 1231-3). The codes in parentheses denote the date of collection and the individual
sample; for example, 1217-1 is the first sample collected on 17 December. Some of the
sampled materials were frozen in liquid nitrogen and stored at —80 °C for extraction of
RNA and metabolites, whereas the remaining material was used for extraction of auxin and
tryptophan (Trp). Three biological replicates were analyzed in all experiments of this study.

4.2. Determination of Auxin and Trp Contents

An Arc high-performance liquid chromatography system (Waters Corporation, Mil-
ford, MA, USA) was used for determinations. Leaf samples (0.1 g) at each sampling stage
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were ground to powder in liquid nitrogen with a pestle and mortar, and 6 mL of extract A
(N-propanol:water:HCl = 2:1:0.002) was added. After shaking at 100 r-min~! at 4 °C for
30 min, 3 mL of extract B (dichloromethane) was added and the solution was shaken at
100 r-min—?! at 4 °C for an additional 30 min, then centrifuged at 13,000 r-min~! for 5 min
at 4 °C. The organic layer solution was collected with a dropper, dried with nitrogen, and
1 mL of 50% methanol aqueous solution was added. After filtering through a 0.22-um
organic pinhole filter membrane, the filtrate was stored in a sample bottle at 4 °C for testing.

4.3. RNA-Sequencing and Differential Expression Gene Analysis in Maize

Total RNA was isolated from the leaf samples using a plant RNA Kit (CWBIO, Bei-
jing, China). The cDNA libraries were sequenced on Illumina sequencing platforms
(HiSeq™ 2500 and HiSeq X Ten). The filtered reads were mapped to the reference genome
(Zea_mays; reference genome version: B73_RefGen_v4; source: http://plants.ensembl.
org/Zea_mays/Info/Index, accessed on 2 March 2022) using HISAT2 software (http:
//ccb jhu.edu/software/hisat2 /index.shtml, accessed on 10 March 2022). The fragments
per kilobase of exon per million mapped fragments (FPKM) values were calculated and
used to evaluate gene expression. The DESeq2 R package (http://bioconductor.org/
packages/stats/bioc/DESeq2/, accessed on 25 March 2022) was used to mine differentially
expressed genes (DEGs) with the filtering criteria |log2(fold change)! > 1 and p < 0.05.
To explore the functions and critical pathways of the DEGs, the Gene Ontology (GO;
http:/ /www.geneontology.org/, accessed on 7 April 2022) and Kyoto Encyclopedia of
Genes and Genomes (KEGG; www.genome.jp/kegg, accessed on 27 April 2022) databases
were used to determine the GO terms and pathways enriched among the DEGs.

4.4. Widely Targeted Metabonomic Analysis

We conducted a nontargeted metabonomic analysis to analyze the changes in metabo-
lites of leaves at different growth stages. Metabolite analysis of the leaf samples was
conducted by Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China). Principal
component analysis (PCA) and orthogonal projections to latent structures—discriminant
analysis (OPLS-DA) were separately used to analyze the differences in metabolites be-
tween samples. The Variable Importance in Projection (VIP version 1.6.2) of the OPLS-DA
model was used to screen the differential metabolites. Metabolites with fold change > 2 or
fold change < 0.5, and VIP > 1 were considered to be differentially accumulated metabo-
lites (DAMs). A comparison of metabolite accumulation at different growth stages was
performed using the ropls R package (version 1.6.2) by performing PCA. The data were
normalized, and all the samples were analyzed by means of cluster heatmaps.

4.5. Transcriptome and Metabolome Analysis

Based on the metabolite content and gene expression value in leaves at different growth
stages, the DEGs and DAMs of auxin biosynthesis pathway in each control group were
analyzed. First, the DEGs and DAMs associated with auxin biosynthesis were analyzed by
pathway analysis. In addition, to explore the relationship between the transcriptome and
metabolome, we mapped the DEGs and DAMs against the KEGG pathway database (http:
//www.genome.jp/kegg/, accessed on 28 April 2022) to obtain the pathway information
common to both datasets.

4.6. Construction of Gene Co-Expression Network

To further study the genes significantly associated with Growth_period, and Auxin
and Trp in maize leaves, a weighted gene co-expression network was generated using
‘WGCNA'’ R package (https:/ /horvath.genetics.ucla.edu/html/CoexpressionNetwork /
Rpackages/WGCNA/, accessed on 7 May 2022). A topological overlap matrix was applied
to reflect the co-expression relationship and the similarity between genes by calculating the
adjacent matrix threshold on the matrix. A hierarchical clustering tree was constructed to
visualize the similarity in expression among the DEGs. The strongly correlated genes were
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classified into co-expression modules and visualized as a gene network using Cytoscape
(version 3.6.1). The 20 top-ranked genes with the strongest correlations were identified as
the central genes in the co-expression network.

4.7. Real-Time Fluorescent Quantitative PCR Verification

Twelve DEGs were selected for verification by quantitative real-time PCR (qRT-
PCR) analysis: Zm00001d039691, Zm00001d037674, Zm00001d025005, Zm00001d004467,
Zm00001d019527, Zm00001d008255, Zm00001d005439, Zm00001d006283, Zm00001d051754,
Zm00001d044339, Zm00001d008700, and Zm00001d018098. This method extracted 15 ng
cDNA from the leaves of each growth stage. The experiment was performed with an
Agilent Technologies Stratagene M x3000P, using SYBR pre-mixed Ex Taq following the
manufacturer’s instructions. Actin was used as the internal reference gene. The relative
expression level was calculated by the 2~24Ct method [47]. The primers used in this study
are listed in Table S1.

5. Conclusions

This study has clarified auxin biosynthesis and its regulation in maize. The transcrip-
tome of maize at three growth stages was analyzed and the crucial genes involved in auxin
biosynthesis, namely TSB (Zm00001d046676 and Zm00001d049610), IGS (Zm00001d020008),
AUX2 (Zm00001d006283), TAR (Zm00001d039691), and YUC (Zm00001d025005 and
Zm00001d008255), were identified. Potential MSTRG.11063 and MSTRG.35270 and
MSTRG.21978 genes in auxin synthesis pathways were also obtained. Integrated anal-
ysis of transcriptome and metabolome data revealed that auxins accumulated more highly
in leaves at the jointing stage but declined at the tasseling and pollen-release stages. As a
result, the sensitivity of maize to auxins changes at different growth stages. The present
results provide new insights for understanding the regulatory mechanism of auxin biosyn-
thesis in maize.
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