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Abstract
Backgrounds: Grain size is a key factor in crop yield that gradually develops after pollination. However,
few studies have reported gene expression patterns in maize grain development using mutants. To
investigate the developmental mechanisms of grain size, we analyzed a large-grain mutant, named TC19,
at the morphological and transcriptome level at �ve stages corresponding to days after pollination (DAP).

Results: After maturation, the grain length, width, and thickness in TC19 were greater than that in Chang
7-2 (control) and increased by 3.57%, 8.80%, and 3.88%, respectively. Further analysis showed that grain
width in TC19 was lower than in Chang 7-2 at 7, 14, and 21 DAP, but greater than that in Chang 7-2 at 28
and 35 DAP, indicating that 21 to 28 DAP was the critical stage for kernel width development. For all �ve
stages, the concentrations of indole-3-acetic acid and brassinosteroids were signi�cantly higher in TC19
than in Chang 7-2. Gibberellin was higher at 7, 14, and 21 DAP, and cytokinin was higher at 21 and 35
DAP, in TC19 than in Chang 7-2. Through transcriptome analysis at 14, 21, and 28 DAP, we identi�ed
2987, 2647, and 3209 differentially expressed genes (DEGs) between TC19 and Chang 7-2. Gene
Ontology analysis indicated that most of the grain size–related genes corresponded to three aspects,
including cell components, molecular functions, and biological processes. The Kyoto Encyclopedia of
Genes and Genomes pathway analysis showed that 77 DEGs were enriched in the plant hormone signal
transduction pathway. We further analyzed several highly expressed candidate genes, including AO2,
ARF3, and IAA15, which are involved in the synthesis of IAA; and DWF4 and XTH, which are involved in
the synthesis of BR.

Conclusions: Our results elucidated the mechanisms of grain size development at the grain-�lling stage
and have potential application in maize breeding.

Background
Maize is an important human food, livestock feed, and bioenergy crop of great economic signi�cance.
Global maize production reached 1.1 billion tons in 2019 according to the Food and Agriculture
Organization, providing a signi�cant amount of food, feed, and bioenergy raw materials. The number of
ears per unit area, number of grains per ear, and grain weight are the three main factors of maize yield [1].
Among these, grain weight is the primary factor affecting yield, because decreased grain weight cannot
be compensated for by other yield factors. Grain size and �lling degree are the main factors that affect
grain weight, and thus grain size is an important trait affecting grain weight.

Maize seeds are composed of an embryo, endosperm, and seed coat. The maize embryo includes the
germ, germ sheath, hypocotyl, radicle, sheath, and shield. The maize endosperm accounts for more than
80% of the volume and dry weight of the whole seed and is the most important component of maize
seeds. The weight and quality of maize seeds are determined by the development, proliferation, and
enrichment of endosperm cells. The maize endosperm is developed by the fusion of a male gamete with
two polar nuclei. Maize endosperm development includes several stages: primary endosperm nuclear
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division, syncyte stage, syncyte cytochemistry, mitotic boom stage, nutrient storage stage, and
dehydration and maturation stage [2].

Bene�cial allelic variation provides the genetic basis for maize yield improvement [3]. The frequency of
spontaneous mutations in plants is extremely low, with the mutation frequency of a single plant ranging
from 1/103 to 1/104 and that of a single gene ranging from 1/105 to 1/106. Therefore, spontaneous
mutations cannot ensure su�cient bene�cial variations. By using physical and chemical mutagenesis
technology, tens of thousands of mutant varieties of crops, vegetables, and �owers have been bred.
Some genes associated with maize grain development have been identi�ed using mutants, such as
Opaque2 [4], defective kernel [5], shrunken1 [6], and embryo defective [7].

Seed development is a complex process regulated by plant hormones [8]. At present, many plant
hormone–related genes are known to play critical roles in grain development. Genes associated with
cytokinin, brassinolide, auxin, abscisic acid, and gibberellin are crucial for grain size. OSKX2 (Gn1a)
encodes a cytokinin oxidase, and the knocking down of OSKX2 increases the activity of the rice
in�orescence meristem, regulating the number of grains per panicle [9]. Overexpression of SG1 weakens
BR signal transduction in the ear and signi�cantly reduces grain length. At the same time, the internode of
the mother plant becomes shorter [10]. Rice D11 participates in encoding cytochrome P450, which is
involved in the synthesis of brassinolide in rice. Dwarf11 mutants are severely dwarfed with shorter
grains [9].

RNA sequencing is an e�cient transcriptomic technology for gene expression analysis [11]. Many genes
have been identi�ed as being involved in grain development using natural variations [12, 13]. Few studies,
however, have reported gene expression patterns in maize grain development using mutants. TC19 is a
large mutant that was selected from Chang 7 − 2 following Co60 gamma-ray radiation and that
possesses signi�cant differences in both grain size and weight. By using RNA sequencing, we analyzed
the transcriptomic differences between TC19 and Chang 7 − 2 and identi�ed potential genes related to
grain size and grain weight.

Methods

Plant growth and phenotyping
The seeds of Chang 7 − 2 were obtained from the maize center of Qingdao Agricultural University. TC19
was originally generated after Co60-γ radiation on Chang 7 − 2 background in the Song lab in Qingdao
Agricultural University. The permission of seeds collection has been obtained. Chang 7 − 2 and TC19 were
sown in Sanya (SY, 18°30′N, 108°47′E) in 2014 and 2015, and Jiaozhou (JZ, 36°04′N, 120°18′E) in 2015
and 2016. Single seeds were sown with a 3-meter row length, 0.6-meter row spacing, and 0.2-meter plant
spacing, with 10 rows per material under normal �eld management practices. All plants were self-
pollinated. Cobs were taken at 7 days, 14 days, 21 days, 28 days, and 35 days after pollination. Grains
were isolated from the center of the cobs at the same growth stage. For each treatment, three cobs were
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selected, and when the maize was mature, they were single-ear harvested and dried naturally to a water
content of about 13%. Afterward, at least three ears were selected for measurement. Grains at the same
growth stage and of the same shape were selected for measurement of kernel length, width, thickness,
and 100-kernel weight. The data were analyzed using Excel 2016 and SPASS 2.0. We declare that all the
collections of plant and seed specimens related to this study were performed in accordance with the
relevant guidelines and regulations by Ministry of Agriculture (MOA) of the People’s Republic of China.

Determination of endogenous hormone content
The maize inbred lines Chang 7 − 2 and TC19 were sown in the Modern Agricultural Science and
Technology Demonstration Park of Qingdao Agricultural University in 2016. After tasseling, they were all
self-pollinated. Cobs were sampled at 7, 14, 21, 28, and 35 DAP. Grains were isolated from the center of
the cobs at the same growth stage, and more than three cobs were sampled for each treatment.

Samples of 0.2 g–0.5 g were rinsed in ice-cold PBS (0.05 mol/L Tris-HCl, pH = 7.4), wiped dry with �lter
paper, weighed accurately, and placed into a 5 mL homogenization tube. Four times the volume of
homogenization medium was added to the homogenization tube at the ratio of weight (mg): volume
(mL) = 1:4, and the tissue block was cut as soon as possible using small ophthalmic scissors in an ice
water bath. A tissue masher was used for grinding the tissue at 10000–15000 r/min. A small amount of
tissue homogenate was taken for smearing (direct smear or staining), and the broken cells were observed
under a microscope. The sample was then centrifuged at 4000 r/min for 10–15 min, and the supernatant
was used for determination.

Following dilution and addition of the standard product, we tested the blank wells and sample wells.
Forty microliters of sample diluent was added to the test sample well on the enzyme-labeled plate,
following which 10 µL of the test sample was added. The plate was sealed with para�lm and incubated
at 37°C for 30 min. Twenty-fold concentrated washing liquid was diluted with distilled water 20 times and
then set aside. The sealing plate membrane was carefully removed, the liquid was discarded, and the
sample was spun dry. Each well was �lled with the washing liquid and left to stand for 30 s, following
which it was discarded. This was repeated �ve times, following which the wells were patted dry. Then, 50
µL of enzyme-labeled reagent was added to each well, except for the blank wells. The plate was sealed
with sealing �lm and incubated at 37°C for 30 min. The sealing �lm was then carefully removed, the
liquid was discarded, the wells were spun dry, and each well was �lled with washing liquid and allowed to
stand for 30 s, following which the liquid was discarded. This was repeated �ve times, and the wells were
patted dry. Fifty microliters of color developer A was �rst added to each well, followed by 50 µL of color
developer B, and then the plates were gently mixed, and the color was developed at 37°C for 15 min in the
dark. Fifty microliters of stop solution was then added to each well to stop the reaction. The absorbance
(OD value) of each well was measured at 450 nm wavelength.

Taking the concentration of the standard substance as the ordinate (Y) and the OD value as the abscissa
(X), we calculated the polynomial quadratic regression equation of the standard curve. The OD value of
the sample was substituted into the equation, and the sample concentration was calculated and
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multiplied by the dilution factor, which represents the actual concentration of the sample. In this
experiment, the sample dilution factor was �ve times, and the quadratic regression equation of each
hormone was as follows:

Gibberellin (GA3): Y = 0.4303 + 34.5196X;

Auxin (IAA): Y = -1.6192 + 32.3868X;

Cytokinin (CTK): Y = 1.1722 + 21.0967X;

Brassinolide (BR): Y = 6.8315 + 83.9345X.

RNA isolation and sequencing
At 14 DAP, 21 DAP, and 28 DAP, we sampled the grains from the center of the Chang 7 − 2 and TC19 cobs
for total RNA isolation. The grains were ground into powder in liquid nitrogen and placed in a 2 mL
Eppendorf tube. We then added 1500 mL of the extraction reagent TRNzol-A+, vortexed the mixture
thoroughly, and then incubated the mixture at room temperature for 30 min. The sample was then
centrifuged at 12000 rpm for 10 min, following which the supernatant was transferred to a new RNase-
free centrifuge tube. Three-hundred microliters of chloroform/isoamyl alcohol (24:1) was added, and the
mixture was shaken at 15 rpm for 20 s and incubated at room temperature for 15 min. The sample was
then centrifuged at 12000 rpm at 4°C for 15 min, and then 500 µL of the supernatant was transferred to a
new RNase-free centrifuge tube. An equal volume of isopropanol (pre-cooled at -20°C) was added to the
tube, which was mixed well and then incubated at room temperature for 15 min. Following centrifugation
at 12000 rpm for 10 min at 4°C, the supernatant was discarded. One milliliter of 80% absolute ethanol
(-20°C pre-cooled) was added to the centrifuge tube, which was shaken gently by hand to wash the
precipitate and then centrifuged at 4°C and 12000 rpm for 3 min. Once the ethanol had completely
evaporated, 40 µL of RNase-free water was added and repeatedly mixed by pipetting to fully dissolve the
RNA. Agarose gel electrophoresis was used to detect whether the total RNA was contaminated as well as
the degree of RNA degradation. A Nanodrop was used to further detect the purity of the RNA
(OD260/OD280), and a Qubit was used to accurately quantify the concentration of the RNA. An Agilent
2100 was used to accurately detect the integrity of the RNA.

Construction of a cDNA library and computer sequencing
After the RNA quality of the sample had been quali�ed, the mRNA was enriched with Oligo (dT) magnetic
beads, and fragmentation buffer was added to the mRNA, six bases random hexamers, buffer, dNTPs,
RNase H, and DNA polymerase I were added to synthesize the second strand of cDNA, which was puri�ed
by a QiaQuick PCR kit and eluted with EB buffer. After end-repair, alkali addition Base A, and addition of
sequencing adapters, the target size fragments were recovered by agarose gel electrophoresis, and PCR
ampli�cation was performed to complete the library preparation work. The constructed library was
sequenced on an Illumina HiSeqTM 2500.

Analysis of sequencing information
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Processing of raw data

We used base calling to convert the raw image data measured by the Illumina HiSeqTM 2500 into
sequence data, namely raw reads. To ensure data quality and reduce data noise through data �ltering,
reads containing adapters and reads with a ratio of N greater than 10% and low-quality reads (the number
of bases with a quality value of Q ≤ 20 accounting for more than 50% of the entire read) were �ltered to
obtain high-quality clean reads for subsequent analysis. TopHat2 was used to align clean reads to the
reference genome. The reference genome database used Ensembl Plants
(http://plants.ensembl.org/Zea_mays/Info/Index). After the reads had been aligned to the genome, it was
assembled using Cu�inks.

Expression statistics

We calculated the expression using the FPKM (Fragments Per Kilobase of transcript per Million mapped
reads) method with the formula: FPKM = 106C/(NL/103), where FPKM(A) is the expression level of gene
A; C is the number of sequenced fragments compared to gene A; N is the total number of sequenced
fragments compared to the reference gene; and L is the number of bases of gene A.

Repeatability test

Biological replication is necessary for any biological experiment, and high-throughput sequencing
technology is no exception. Biological repetition has two main purposes: one is to prove that the involved
biological experiment operations can be repeated with little variation, and the other is needed for
subsequent differential gene analysis. The correlation of gene expression levels between samples is an
important indicator for testing the reliability of experiments and the rationality of sample selection. The
closer the correlation coe�cient is to 1, the higher the similarity of the expression patterns between
samples.

Difference analysis

We calculated the expression difference of a gene in different samples according to the FPKM value of
the gene. The criteria for DEGs was a log2foldchange ≥ 1 (the multiple of difference is greater than or
equal to 2) and a P-value of ≤ 0.05. Signi�cant differences between paired samples or between groups of
RNA-seq data were processed using edge R. For detailed instructions on edge R, please refer to:
http://www.bioconductor.org/packages/release/bioc/html/edgeR.html. The expression patterns of genes
in different samples were analyzed, and the DEGs and co-expressed differential genes between the
samples were screened, and on this basis, further genes related to the target traits were identi�ed.

GO function analysis

We mapped the DEGs to each term in the GO database (http://www.geneontology.org/) and calculated
the number of genes in each term to obtain a list of genes with GO functions and gene item statistics. We
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then applied a hypergeometric test to determine the GO entries that were signi�cantly enriched in the
DEGs compared with the whole genomic background.

Kyoto Encyclopedia of Genes and Genomes enrichment analysis

In organisms, different genes coordinate with each other to perform their biological functions. Pathway-
based analysis helps us to further understand the biological functions of genes. Kyoto Encyclopedia of
Genes and Genomes (KEGG) is the main public database on pathways [90]. Pathway-signi�cant
enrichment analysis uses KEGG pathways as the unit and applies hypergeometric tests to determine
pathways that are signi�cantly enriched in DEGs compared with the entire genome background. Pathway-
signi�cant enrichment can determine the most important biochemical metabolic pathways and signal
transduction pathways associated with DEGs.

Results

Grain size and grain weight
To elucidate the consequence of mutations on grain size development, we performed morphological
analysis using TC19 and Chang 7 − 2 in two locations for two years. We found that the length, width,
thickness, and 100-kernel weight of the mature seeds of TC19 were signi�cantly greater than in Chang 7 
− 2. Grain length in TC19 increased by 3.57%, grain width increased by 8.8%, and grain thickness
increased by 3.88% compared with Chang 7 − 2. The grain volume and 100-grain weight of TC19
increased by 18.75% and 16.94%, respectively (Fig. 1). However, ear length and grain weight in TC19 were
signi�cantly lower than in Chang 7 − 2 (Table 1). These results indicated that ear weight may decrease
when kernel size is increased. 
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Table 1
Statistics data for grain and ear in chang7-2 and TC19

traits chang7-2 TC19

Grian length (mm) 9.23 ± 0.59 9.56 ± 0.74**

Grain width (mm) 7.5 ± 0.53 8.16 ± 0.81**

Grain thickness (mm) 4.64 ± 0.61 4.82 ± 0.64**

Grain length/width 1.23 ± 0.12 1.17 ± 0.11*

Grain volume(cm3) 0.32 ± 0.002 0.38 ± 0.0032*

100 kernel weight (g) 21.45 ± 0.72 25.08 ± 0.55**

Kernel row number 14 ± 0.5 16 ± 0.8

Ear length (cm) 12.69 ± 1.07** 7.84 ± 1.16

Ear width (cm) 4.06 ± 0.09 4.53 ± 0.05**

Ear weight (g) 93.94 ± 4.85** 70.76 ± 3.38

Environmental factors have a great in�uence on plant growth and development. In this study, the grain
length, grain width, grain thickness, and 100-kernel weight of Chang 7 − 2 and TC19 were in�uenced
signi�cantly by the environment. However, the grain length, grain width, grain thickness, and 100-kernel
weight of TC19 were signi�cantly greater than those of Chang 7 − 2 in every environment (Fig. 1),
indicating that grain size is mainly controlled by genetic factors. 

Grain width changed most obviously between the mature seeds of TC19 and Chang 7 − 2. To determine
the stage at which this difference occurred, we measured the grain width from 7 to 35 days after
pollination (DAP) every 7 d. Before 21 DAP, the grain width of TC19 was signi�cantly smaller than that of
Chang 7 − 2. However, after 28 DAP, the grain width of TC19 was signi�cantly larger than that of Chang 7 
− 2. The grain width of TC19 increased rapidly from 14 to 28 DAP, which ultimately contributed to the
difference between TC19 and Chang 7 − 2 (Fig. 2).

Endogenous hormones
Plant endogenous hormones, such as indole-3-acetic acid (IAA), brassinosteroids (BR), gibberellins (GAs),
and cytokinin (CTK), play important roles in the regulation of seed size. To elucidate the effects of
hormones between TC19 and Chang 7 − 2, we detected the concentrations of IAA, BR, GA3, and CTK at
�ve stages after pollination (Table S1). The concentration of IAA in TC19 peaked at 21 DAP, following
which it decreased slightly at 28 and 35 DAP. The concentration of IAA in Chang 7 − 2 also peaked at 21
DAP, reaching its lowest level at 28 DAP and then increasing slightly at 35 DAP (Fig. 3A). The
concentration pattern of BR was similar to that of IAA (Fig. 3D). The concentrations of IAA and BR in TC9
were higher than those in Chang 7 − 2 at all �ve stages (Fig. 3A and 3D). The concentration of GA3
decreased in TC19 but increased in Chang 7 − 2 from 7 to 35 DAP. The concentration of GA3 in TC19 was



Page 9/27

signi�cantly higher than that in Chang 7 − 2 from 7 to 21 DAP and was no longer signi�cant after 28 DAP
(Fig. 3B). The concentration of CTK in TC19 was higher than that in Chang 7 − 2 at 21 DAP, but it was not
signi�cantly different at 7, 14, 28, and 35 DAP (Fig. 3C).

Sequencing data quality assessment
First, all of the parameters for RNA quality met the library construction standards. After Illumina
sequencing, the Q30 base quality value of all the samples was higher than 90%, and the GC content was
around 55% (Table S2). After alignment, more than 70% of the reads in each sample were aligned to the
reference B73 genome sequence. The correlation coe�cient between three replicates of the samples
exceeded 0.97 (Table 2). These results con�rmed that the data were reliable.

Differential gene statistics
We screened differentially expressed genes (DEGs) between Chang 7 − 2 and TC19 at different stages
after pollination. There were 2987, 2647, and 3209 DEGs at 14, 21, and 28 DAP, respectively. Compared
with Chang 7 − 2, 1201 genes increased and 1786 genes decreased in TC19 at 14 DAP. A total of 1647
genes increased and 1000 genes decreased in TC19 at 21 DAP, and 1995 genes increased and 1214
genes decreased in TC19 at 28 DAP (Fig. 8A).
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Table 2
Reads of samples

Sample Total
Reads

Unmapped
Reads

Unique Mapped
Reads

Multiple Mapped
reads

Mapping
Ratio

CK-1-1 29162394 27.44% 71.10% 1.46% 72.56%

CK-1-2 30751438 27.47% 71.11% 1.42% 72.53%

CK-1-3 31965840 27.63% 70.84% 1.53% 72.37%

CK-2-1 31285730 27.34% 71.24% 1.42% 72.66%

CK-2-2 20401138 27.23% 71.32% 1.45% 72.77%

CK-2-3 27313866 26.87% 71.66% 1.47% 73.13%

CK-3-1 33449740 28.13% 70.51% 1.36% 71.87%

CK-3-2 30453088 28.65% 70.14% 1.21% 71.35%

CK-3-3 25112472 28.19% 70.51% 1.30% 71.81%

TC19-
1-1

29571446 25.57% 73.22% 1.21% 74.43%

TC19-
1-2

27076892 24.64% 74.14% 1.21% 75.36%

TC19-
1-3

31937200 25.21% 73.64% 1.15% 74.79%

TC19-
2-1

35862450 26.90% 71.87% 1.23% 73.10%

TC19-
2-2

31611148 27.07% 71.78% 1.16% 72.93%

TC19-
2-3

28865264 26.73% 72.12% 1.16% 73.27%

TC19-
3-1

33666020 27.68% 71.20% 1.12% 72.32%

TC19-
3-2

34859588 28.51% 70.41% 1.08% 71.49%

TC19-
3-3

34154116 28.30% 70.63% 1.08% 71.70%

Gene Ontology function analysis
Through Gene Ontology (GO) analysis, the DEGs between Chang 7 − 2 and TC19 were distributed mainly
in three categories, including cell components, molecular functions, and biological processes (Fig. 4A). At
21 DAP, the DEGs were enriched in the cellular components GO: 0000785 (chromatin) and GO: 0005576,
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GO: 0044427, GO: 0071944, GO: 0005694 (chromatin, chromosomes, extracellular regions). In terms of
molecular functions, the DEGs were mainly enriched in GO: 0016627 and GO: 0469983 (oxidoreductase
activity and protein dimerization) (Fig. 4B).

At 28 DAP, the DEGs were enriched in cellular components (GO:0005576), and the genes enriched in terms
of molecular function included GO:0016491 (oxidoreductase activity), GO:0046906 (tetrapyrrole
combination), GO: 0003824 (catalytic activity), GO: 0061134 (peptidase regulation activity), GO: 0061135
(endopeptidase regulation activity), GO: 0016798 (hydrolase activity), GO: 0004866 (peptidase inhibitor
activity), GO: 0004857 (enzyme inhibitor activity), and GO: 0003700 (activation of transcription factors).
Genes in biological processes were enriched in GO: 0010466, GO: 0052547, GO: 0054861, GO: 0030162,
GO: 0051346, GO: 0043086, GO: 0016052, GO: 0032269, GO: 0051248, GO: 0044092, and GO: 0000272;
these GO terms mainly included the decomposition of starch or polysaccharides and some regulation
(Fig. 4C).

Kyoto Encyclopedia of Genes and Genomes enrichment
analysis
To determine the biochemical metabolic pathways and signal transduction pathways associated with the
DEGs, we performed pathway-signi�cant enrichment analysis. The results showed that the DEGs at 14
DAP were enriched mainly in the phenylpropane biosynthesis pathway, plant hormone signal
transduction, phenylalanine metabolism, and starch sucrose metabolism pathway (Fig. 5). The DEGs at
21 DAP were enriched mainly in endoplasmic reticulum protein processing, plant hormone signal
transduction, phenylpropanoid biosynthesis, and α-linolenic acid metabolic pathways (Fig. 6). The DEGs
at 28 DAP were enriched mainly in phenylpropanoid biosynthesis, plant hormone signal transduction,
brassinosteroid synthesis, and α-linolenic acid metabolism (Fig. 7). Above all, the DEGs in the hormone
signal transduction pathway were signi�cantly enriched. This indicated that the signal transduction
pathway may play an important role in seed development.

 

Genes enriched in hormone signal transduction
We found a total of 77 DEGs related to the hormone signal transduction pathway (Fig. 8B). Among them,
27 genes were involved in the IAA signal transduction pathway; �ve genes were involved in the BR signal
transduction pathway; seven genes were involved in the CTK signal transduction pathway; two genes
were involved in the GA signal transduction pathway; six genes were involved the abscisic acid (ABA)
signal transduction pathway; nine genes were involved in the ethylene (ET) signal transduction pathway;
11 genes were involved in the jasmonic acid (JA) signal transduction pathway; and 10 genes were
involved in the SA signal transduction pathway.

Genes related to IAA synthesis and signal transduction
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We detected 27 DEGs involved in the IAA signal transduction pathway. Cluster analysis con�rmed that
these genes exhibited different expression patterns between Chang 7 − 2 and TC19 (Fig. 8C). We further
detected two genes, namely Zm00001d012731 (ARF3) and Zm00001d039624 (IAA15), with high
expression levels. At all three stages, the expression level of ARF3 in TC19 was higher than that in Chang
7 − 2. From 14 to 28 DAP, the expression of ARF3 was signi�cantly increased in TC19, whereas it
increased only slightly in Chang 7 − 2 (Fig. 9A). In all three periods, the expression of IAA15 in Chang 7 − 2
was higher than that of TC19, and there was no change between the three periods. Zm00001d034388
(AO2) in TC19 was higher than that of Chang 7 − 2 in all three periods (Fig. 9B). The expression of AO2
increased in the three periods, increasing rapidly in TC19 but slowly in Chang 7 − 2 (Fig. 9C).

Genes related to brassinolide biosynthesis and signal
transduction
Endogenous hormone analysis showed that the BR concentrations of Chang 7 − 2 and TC19 differed
signi�cantly at all �ve stages of grain development. Analysis of the BR biosynthesis pathway indicated
that ZM00001d003349 (DWF4) and Zm00001d014617 (XTH) were more highly expressed in TC19 than
in Chang 7 − 2 (Fig. 9D and 9E).

Discussion
In this study, we used the TC19 maize mutant, which had been screened after Co60-γ-ray irradiation and
had been self-pollinated for multiple generations on the background of B73. Compared with Chang 7 − 2,
the grain length, grain width, grain thickness, and 100-kernel weight of TC19 were signi�cantly increased,
whereas the ear length and grain weight were reduced. Kernel number per grain, 100-kernel weight, and
ear number are components of maize yield. The phenomenon of improved grain weight with reduced
yield has been observed previously [14]. Some quantitative trait loci (QTLs) have been found to affect the
balance between the kernel and ear [15, 16]. Thus, the relationship between kernel, ear per plant, and �eld
conditions should be carefully considered in plant breeding.

The grain type and grain weight of maize seeds not only are controlled by genetic factors, but also are
affected by environmental factors, such as temperature, moisture, disease, and insect pests. To explore
the difference between the grains of Chang 7 − 2 and TC19, we analyzed the grain length, grain width,
grain thickness, and 100-kernel weight under multiple different environmental conditions. The results
showed that environment had a great effect on the grain size of maize. However, the grain size and
weight of TC19 under each environmental condition were always higher than in Chang 7 − 2, indicating
that grain development mainly is genetically controlled. This is consistent with previous studies [17].

In this study, grain width was the main contributor to the difference in grain size between Chang 7 − 2 and
TC19. The grain width increased fastest in TC19 at 14–28 DAP, at which stage it exceeded Chang 7 − 2,
indicating that 14–28 DAP is an important period for grain enlargement. This stage is the grain-�lling
stage [18], and thus the grain-�lling stage is critical for grain width.
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Plant hormones are one of the most important factors affecting the growth and development of seeds
[19]. Many genes related to plant hormones have been con�rmed to play key roles in regulating plant
kernel development [20]. In recent years, it has been discovered that cytokinin and brassinolide play a
vital role in regulating seed size, and in addition, auxin, ABA, and gibberellin have regulatory effects on
seed development to a certain extent [21]. In this study, we detected changes in IAA, GA3, CTK, and BR
during grain development in Chang 7 − 2 and TC19. In all periods, the concentrations of IAA and BR in
TC19 were signi�cantly higher than in Chang 7 − 2. The content of GA3 was signi�cantly higher in TC19
than in Chang 7 − 2 in the �rst three stages, but not signi�cantly so in the latter two periods. The content
of CTK differed signi�cantly only at 21 DAP, being signi�cantly higher in TC19 than in Chang 7 − 2, and
the difference between the two maize varieties was not signi�cant at the other periods. We propose that
auxin and brassinolide may have contributed signi�cantly to the increased size of the TC19 grains.

Through transcriptomics analysis of the grains of Chang 7 − 2 and TC19 at 14 days, 21 days, and 28
days after pollination, we found that the signal transduction pathway of plant hormones may have a
notable in�uence on the grain size. Further screening of the DEGs revealed that �ve genes exhibited high
expression levels, including ARF3, IAA15, AO2, DWF4, and XTH. Among them, ARF3, IAA15, and AO2 are
related to the IAA biosynthesis or signal transduction pathway, and DWF4 and XTH are related to the BR
biosynthesis or signal transduction pathway [22]. IAA15 is a member of the AUX/IAA gene family [23],
and ARF3 is a member of the ARF family [24]. The Aux/IAA protein, as a type of transcription inhibitor,
has been proven to play an extremely important role in the auxin signal transduction pathway. The auxin
response requires the degradation of the Aux/IAA inhibitor, which causes the release of the ARF
transcription factor that interacts with it and regulates the target gene. In this experiment, IAA15 was
highly expressed in Chang 7 − 2, whereas ARF3 was lowly expressed in Chang 7 − 2, indicating that IAA
signal transduction in Chang 7 − 2 was inhibited compared with TC19. AO2 encodes 3-indole
acetaldehyde oxidase, which is a key enzyme in the indolepyruvate pathway; the latter being the main
pathway through which higher plants synthesize IAA. In this study, the expression of the AO2 gene in
TC19 was higher than in Chang 7 − 2 in the three periods, indicating that TC19 grains have higher levels
of IAA, which was consistent with the endogenous hormone measurement results. DWF4 encodes sterol
C-22α hydroxylase. Sterol C-22α hydroxylase acts as the rate-limiting link in the process of BR
biosynthesis. A high expression of DWF4 increases the BR content in grains. In this study, the expression
level of DWF4 in TC19 was always higher than that in Chang 7 − 2, which was consistent with the higher
BR content in TC19. XTH encodes xyloglucan endotransglycosidase/hydrolase, which is a cell wall
relaxase and a key enzyme in plant cell wall remodeling. Studies have shown that XTHs play roles in cell
volume growth, and their expression is induced by brassinolide. The higher expression level of XTH is
consistent with the higher BR content in TC19. DWF4 may have an indirect regulatory effect on the XTH
gene—an aspect that could be further studied in the future (Fig. 10).

In addition to the genes related to auxin and brassinolide, some genes related to other hormones were
differentially expressed between the two maize lines, but these genes may be involved in the process of
grain development because of their low expression levels. The molecular regulatory mechanism of plant
seed size is complex, and many genes and metabolites are involved in this process. The regulation of
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seed size by hormones forms only a part of this process. To study the regulatory mechanisms of seed
size, the relationships and interactions between different substances or different genes need to be
explored.

Conclusion
After maturation, the grain length, width, and thickness in TC19 were greater than that in Chang 7 − 2
(control). Grain width in TC19 was greater than that in Chang 7 − 2 at 28 days after pollination. The
concentrations of indole-3-acetic acid, brassinosteroids, gibberellin and cytokinin were signi�cantly higher
in TC19 than in Chang 7 − 2. There were 2987, 2647, and 3209 differentially expressed genes (DEGs)
identi�ed between TC19 and Chang 7 − 2 at 14, 21, and 28 DAP, respectively. GO and KEGG analysis
showed that 77 DEGs were enriched in the plant hormone signal transduction pathway, such as AO2,
ARF3, IAA15, DWF4 and XTH.
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Figure 1

The differences in grain size between Chang 7-2 and TC19. A and B, photographs of Chang 7-2 and
TC19. C-F, statistics for grain size between Chang 7-2 and TC19.
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Figure 2

Grain size development of Chang 7-2 and TC19 at different days after pollination (DAP). A. Photograph
showing the difference between Chang 7-2 and TC19 at different DAP. B. Statistics for grain width
between Chang 7-2 and TC19 at different DAP.
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Figure 3

The concentration of hormones in different DAPs. A. the concentration of auxin at different DAP. B. The
concentration of GA3 at different DAP. C. The concentration of CTK at different DAP. D. The concentration
of BR at different DAP.
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Figure 4

Analysis of KEGG enrichment at different DAP: A. 14 DAP, B. 21 DAP, and C. 28 DAP.
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Figure 5

Analysis of pathway enrichment at 14 DAP.
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Figure 6

Analysis of pathway enrichment at 21 DAP.
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Figure 7

Analysis of pathway enrichment at 28 DAP.
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Figure 8

Statistics of the DEGs. A. DEG statistics. B. The distribution of hormone signaling pathway-related genes.
C. The gene expression related to the IAA hormone signal transduction pathway.
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Figure 9

The gene expression of hormone-related genes. A. The expression of ARF3, B. The expression of IAA5, C.
The expression of AO2, D. The expression of DWF4, and E. The expression of XTH.



Page 27/27

Figure 10

Proposed model for the grain size development mechanism.
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