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ABSTRACT

The concept of gene-function-genetic trait was introduced to explore the effects of early flowering on the growth
and development of maize at the jointing stage and to obtain early flowering mutants using ethyl methanesulfo-
nate mutagenesis. First, we studied gene expression, phytohormones, and lignin content to explore the physiolo-
gical peculiarities of the early flowering mutant. Then we analyzed the genetic features of the mutants during the
jointing stage by measuring physiological and biochemical indices of drought tolerance. The results showed that
the photosynthetic rate of the mutant was significantly higher than that of the control and the rate of accumula-
tion of dry matter was rapid. In addition, the lignin content increased while drought resistance diminished. There-
fore, we concluded that early flowering leads to faster overall growth and development.
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1 Introduction

Maize (Zea mays L.) is one of the most versatile emerging crops with crucial strategic resources [1]. It
was first grown in Central and South America and then widely distributed throughout the United States,
China, Brazil, and other countries.

Studies on the period of maize flowering have attracted attention in research. Sunshine duration during
the maize flowering period has been reported by several studies to affect its growth, development, and yield.
In recent years, with the development and integration of genomics and genetics, biologists have conducted
preliminary studies on the regulatory mechanisms involved in maize flowering and have cloned and studied
multiple maize flowering regulatory genes. Some of these genes, CONZ1 (CON-STANS 1), ZCN8, and
ZmCCT, are mainly related to the pathways of floral organ development, photoperiod response, hormone
synthesis and transmission, florigen regulation, and abiotic stress. Maize yields are severely affected by
sunshine duration in northeast China, and it is important and urgent to cultivate high-quality maize
varieties that are less affected by sunshine duration. For example, mutation breeding in maize shows great
advantages over conventional breeding because the breeding period is short, resulting in fast and stable
inheritance. Studies on mutants may further clarify the effects of changes in flowering time and other
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characteristics on the development and growth of maize. Sunshine duration has been reported to affect the
growth and development, dry matter accumulation, water content, and seed formation of maize [2].

In this study, early flowering mutants were produced using the ethyl methanesulfonate (EMS)
mutagenesis method. We analyzed the photosynthesis and respiration rates, drought resistance, and other
genetic traits to explore the effects of changes in maize flowering periods on growth and development. At
the same time, the mutants provide new plant material for the development of maize germplasm.

2 Material and Methods

2.1 Materials and Field Design
Materials

D12164 was based on S121 × 9h164 in 2007. The plant height was approximately 193 cm, and the
primary ear position was at 72 cm. The whole plant had 19 leaves; the ear was 18 cm long and 4.2 cm
thick. It required 128 days from emergence to maturity (Tab. 1).

The M12164 mutant was obtained from D12164 induced by EMS. The plant height was approximately
188 cm, and the ear position was 64 cm. The whole plant had 15 leaves; the ear was 14 cm long and 3.2 cm
thick. It required 108 days from emergence to maturity. This experimental M12164 mutant is the
M4 generation.

The maize seeds for the early flower mutant M12164 (M) and the wild type D12164 (CK) were provided
by the Center for Biotechnology Research of the Jilin Agricultural University.

Field design

The D12164 and M12164 seeds were sown 30 cm apart in a 5 m long drought resistant shed. The
drought resistance treatments were administered when the plants grew to the V2 stage (June 15). On June
15, 18, 21, and 24, samples of D12164 and M12164 leaves were simultaneously taken every 3 days as
materials for subsequent experiments.

2.2 Experimental Methods
2.2.1 Investigation of Gene Expression Using RT-PCR

During the jointing period, on June 22 and 27 and July 2, 7, 12, and 17, samples were taken from the
eighth leaf from the ground in the M12164 and D12164 plants for quantitative fluorescence analysis. First,
maize RNAwas extracted using the TRIzol method, and the integrity of the RNAwas detected by 1% agarose
gel electrophoresis. The concentration and purity of the RNA were detected using a spectrophotometer
through which high-quality RNA was selected and stored in a refrigerator at −40°C along with the cDNA
obtained by reverse transcription. Then, we used Primer 5.0 (Primer design software) to design primers
(Tab. 2). Finally, the amplification reactions were performed using a fluorescence quantitative PCR
instrument. The experiments were performed with three biological replicates.

Table 1: Phenotypic differences

Group Plant height (cm) Ear height (cm) Emerging time Tasseling stage Flowering stage Lifecycle

D12164 193 72 11May 28 Jul 2 Aug 128

M12164 188 64 11May 28 Jul 23 Jul 108
Equipment: Grains analyzer (NIRS DS2500), Photosynthesis meter
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2.2.2 Determination of Photosynthetic Rate
The photosynthesis rate of the M12164 and D12164 plants was measured in samples from the eighth leaf

from the ground on June 22, July 2, and July 12. The temperature of the maize leaves and the photosynthetic
system (LI-6400;-LI-COR Biosciences, USA) were set at 25°C, and measurements were taken at 8:00, 10:00,
12:00, 14:00, and 16:00 h. the measurements were performed in triplicates.

Table 2: Primer sequence

Name sequence (5′–3′) sequence (5′–3′)

Zmpck1
NADP-ME
ZmMPK7
PPDK
ZmSPS1
Zmrr3
Zmpp2c3
ZAP1

CGTCCACGAGCATAGACC
AAGCACGCAGTCAATACC
CCGTTCCTCCCTTCCTTTC
TTGACAGAGATGCAAGCC
AAATGGGAGGCCAGTACT
TCTCTCTCGGTCTCTCCAG
AGACAGACACTTGCTCTC
ACCGGAAGAGAAAGAGC

GGAGGATCACGTTCTTGGG
AGCCCAAAACGATGAGGA
GGTCATTGGAAAGGCCCT
AAGAAGGCCACAGACGAA
CTTTGACGTCACCATCCCC
CCAGGCACCTGTTGATCCT
GCGAGAAGCTCCTCTCCAT
GTTCTCCTCCTGCAGTGAC

ZmCCT2 GAGTTCCAGTTCTTCGGCCA CTCGTAGCGCCTCCTCTTC

ZmPHYA1 TGTTCTTCTGCGTTTCTGGT AGCAAATACGAGGGAGGAG

ZmPHYB1 TGGCTGACTTCTTGCTAAGC ACAGCGGCTAAGAGACACAT

Zmincw1 ACAAGTACGGCTGCTGGTC GTAGTAGTCGTAGCGGGTGA

Zmincw3 GTGCCGGTGGTGATGTACA CGTGGTCGTAGGTGCCCA

Zmincw4 CCATCCTCTACACGGGCATC GGCATCTATACTTGGCGACG

Zmincw5 TGTTGGCTTTCCTTGTAGTT GATGATGGGGTTGTGCGAC

ZmGLUT-1 ACAAGAACCACTATATGCAA TCATGTGAAAGCCTACCCGT

Sweet11a ATCTTCTACGCGCTGGTGAA AGCACGGCGTTGTTCTTG

ZmERD6 TCCCTCTCTGAGTTCTCCCT TCTGTCTGAAATCCTCGCAG

CDC1 CGACCTCAAGAAGCACATG CGTTGCAAGATCCACAGGTG

CDC2 GAGATGAACCACGGCAACA GATCTCAGAATCGCCAGGGA

CDC3 CGAGATCTCCCTCCTCAACC ACCATTTGTAACGCGCGG

ZmGID1a TGGGTGCTCATCTCCAACTT CATATGTTGATCCCGGCGTC

ZmCESA1 GTAGCCCTCGAGTTCATGGT CTCAAAGGTAGCCGTGCATC

ZmCOMT1 ACTATCTCAAGGACGCGGT GTGGCCTCCGTGTTGACC

ZmCCOAO2 CTTTCCCACCAACCCCTCTC GCTCGTGTCCAGGATGTACT

ZmCCR GGCAGTTCTGAGTGATGAA ACCAAATGTGACACTCTGCT

ZmCAD1 GTCAACACATGCCAGTCCT AGAGGCCGTGTTCATAATGC

ZmSAMS1 CGTGAACATTGAGCAGCAG CAATGATGATCTTGCGGCCA

ZmCYP10 CCTTGTTCCACCAGACCAT TCCAGGGATGTGAAGCTTGT

ZmCESA9 AGCTCCTTGTCGGTTCT TGTTAGTGACTGACGGGATG

ZmGPT2 CGTGAACATTCTCCCTG CAATGATGCCTCGCAGC
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2.2.3 Determination of Dry Matter Accumulation Rate
The dry matter accumulation rate was measured daily on June 22−25, July 1−4, and July 10−13. Samples

were taken from three plants at the same growth stage, and the plant tissue was subjected to heating in an oven
for 30min at 110°C and drying at a constant temperature of 70°C. Finally, the dry matter content was measured,
and the accumulation rates were calculated. There were three biological replicates.

2.2.4 Measurement of Hormone Content
On June 22, July 2, and July 12, M12164 and D12164 leaves were sampled to determine the content of

three hormones, IAA, GA3, and ABA.

The hormones were extracted using a solvent mixture of methanol, ethyl acetate, and formic acid
(50:50:1). The ELISA method was used for hormone determination, following the manufacturer’s
instructions for the IAA, GA3, and ABA kits. The samples were labeled and placed in the instrument for
hormone content determination.

2.2.5 Determination of Lignin Content
The Klason method described by Fan et al. [3] was used to assess the lignin content of the corn stems on

June 22, July 2, and July 12. The measurements were performed in triplicates.

2.2.6 Biochemical and Physiological Indices
The biochemical and physiological indices of the eighth leaf from the ground were measured on June 15,

18, 21, and 24. The soluble protein content (SP) was calculated using the Coomassie brilliant blue method as
described by Bradford [4], the malondialdehyde (MDA) content was determined using the thiobarbituric acid
method, and the proline (Pro) content was estimated with the sulfosalicylic acid extraction-pentanone method
as described by Bates et al. [5]. The relative conductivity was determined using the immersion method. The
measurements were performed in triplicates.

For measurements of relative conductivity, leaves of the same size were sampled and washed with tap water,
rinsed thrice with distilled water, and dried with filter paper. Three fresh samples of leaf tissue (aside from the
midrib) were cut into strips of appropriate length and immediately weighed. One-gram samples were placed in
10 mL graduated test tubes containing deionized water, covered with a glass stopper, and soaked for 12 h at
room temperature. The conductivity (R1) of the extracts was measured with a conductivity meter. The extracts
were heated in a boiling water bath for 30 min, cooled to room temperature, shaken well, and the conductivity
(R2) was measured again. Relative conductivity = R1=R2 � 100%:

2.2.7 Statistical Analysis
SPSS 13 was used for data processing, ANOVAwas used for statistical analysis, and the heat map was

constructed using Origin (2019b 32bit).

3 Results

3.1 Clustering Analysis of Related Genes in Jointing Period
Based on field observations, the growth status of the M12164 mutants and CKs were the same at the

seedling stage, whereas the growth rate of the mutants was higher than that of CKs after the jointing stage.
For gene fluorescence quantitative analysis, samples from 8−9 mutant leaves were taken at the jointing
stage every 5 days (Fig. 1). The genes analyzed included the photosynthesis-related genes Zmpck1, NADP-
ME, and PPDK; sugar transport-related genes ZmGPT2 and ZmSPS1; cell division-related genes Zmrr3,
Zmpp2c3, ZmMPK7, and ZAP1; and lignin synthesis promotion-related genes ZmCOMT1, ZmCCOAOMT2,
and ZmCCR. Fig. 1 shows that each gene was not continuously highly expressed.

The expression of Sweet11a, ZmSPS1, ZmCCOAOMT2, Zmpp2c3, ZmPHYA1, Zmincw4, ZmCCT2,
ZmPHYB1, ZmCESA9, and CDC1 genes were increased at 1−10 days and that of Zmpck1, NADP-ME,
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ZmMPK7, PPDK, ZmGPT2, Zmrr3, ZAP1, Zmincw1, Zmincw3, and Zmincw5 at 10−20 days. The expression
of ZmGLUT-1, ZmERD6, CDC2, CDC3, ZmGID1a, ZmCESA1, ZmCOMT1, ZmCCR, ZmCAD1, ZmSAMS1,
and ZmCYP10 increased at different periods. When the maize plants were in the vigorous growth stage, the
expression of genes analyzed at later periods decreased at the upper-middle level.

Fig. 2 shows the growth status of CK and M12164 on July 20. It can be seen that M12164 has grown
tassels, and both corn stalks have grown rapidly

3.2 Determination of Major Genetic Traits
Fig. 3 shows that through gene-function-genetic trait heterogeneity analysis, differentially expressed

gene functions are involved in CO2 enrichment, catalytic CO2 and lignin syntheses, plant development
and defense, catalytic PEP production, cell division, sugar signaling and flower development, sucrose
transport, glucose transport, and plant stress tolerance. The corresponding genetic traits are
photosynthesis, respiration, lignin content, plant resistance, plant hormone content, and dry matter
accumulation. The genetic features are analyzed in the following section.

Figure 1: Heatmap of gene cluster analysis
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3.3 Physiological and Biochemical Index Analyses
3.3.1 Determination of Photosynthetic Rate and Dry Matter Accumulation Rate of Maize

Fig. 4 shows that the photosynthetic rates of maize leaves vary with the growth period. The results
indicated that the M12164 respiration rate was close to that of CK, where both peaks appear. The
respiration rate of both reached its peak on July 2, whereas the photosynthetic rate of M12164 was higher
than that of CK throughout the jointing stage.

As shown in Fig. 5, the dry matter accumulation rate between M and CK showed significant differences
between June 22−25 and July 10−13. There was a considerable change in the dry matter accumulation rate

Figure 2: Developmental differences between M12164 and D12164

Figure 3: Gene-function-genetic trait network diagram
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during July 1–4. As per the correlation analyses, there was no substantial difference between photosynthetic
rate and dry matter accumulation rate, which was 0.828.

3.3.2 Plant Hormone Levels
Fig. 6 shows the content of the three hormones. GA3 was 7−10 times higher than IAA and ABA.

Changes in the three hormones were significant for the entire duration of the jointing stage. The highest
contents for IAA was 0.87 µg/g FW on June 22, for GA3 was 6.7 µg/g FW on July 12, and for ABA was
0.33 µg/g FW on July 2. Overall, the hormone was higher than that of CK.

3.3.3 Determination of Lignin Content
As shown in Fig. 7, the lignin content of M and CK were measured at different times during the jointing

stage. The lignin content of M increased at varying degrees relative to CK. The lignin content of CK
increased by 1.52% and 16.63% on June 22, July 2, and July 12, whereas that of M12164 was 6.1% and
20.67%, respectively. Therefore, M12164 accelerates the synthesis of lignin to ensure more vigorous
growth during the jointing stage.

3.3.4 Determination of Physiological and Biochemical Indicators of Droughts
The effect of drought on maize flowering has been confirmed. The drought-escape response accelerates

flowering in response to drought stress, allowing maize to adaptively shorten its life cycle to ensure seed
production. Because M12164 is an early flowering mutant, it is assumed that its drought resistance
decreases owing to the advancement of the flowering period. The drought resistance of M12164 was
tested to verify this hypothesis.
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Proline and SP Contents

As shown in Fig. 8, the proline and SP content trends were similar in M and CK. The highest values were
noted on day 21, which were 105.63 and 113.75 µg/g FW for M and CK, respectively, followed by which the
values began to decrease but were generally at the upper-middle level. The changes in contents for
M12164 were always lower than those of CK.

SPs are relevant osmotic regulators and nutrients that can improve the water-retaining capacity of cells
and play a protective role in cell life and biofilms. Fig. 8 shows that the changing trends of proline and SP

Figure 6: IAA, GA3 and ABA content at three dates
Note: *, ** Represents significant difference at 5% and 1% levels, respectively

Figure 7: Lignin content at three dates
Note: *, ** represents significant difference at 5% and 1% levels, respectively
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content in M and CK were similar. The variations were not significant between M and CK but were slightly
higher in CK than in M12164.

Determination of MDA and Relative Conductivity of MDA and Leaves

Fig. 9 shows that the relative conductivity of leaves in M12164 and CK maize seedlings increased with
drought time, with the highest values appearing on days 24 and 21, respectively. It also indicates that the
MDA content increases, resulting in minor changes in its level at later stages; however, the degree of
damage to the cells did not increase.

4 Conclusions

The growth stages of maize are primarily divided into vegetative and reproductive, and the flowering
stage plays a watershed role [6]. However, the accumulation of dry matter in maize is closely related to
and largely determined by photosynthesis, and therefore, scarcity of light severely restricts maize
production [7]. Quantitative gene analysis showed that at the jointing stage, the Zmpck1 genes are
controlled by light [8]. The PPDK genes in cytoplasm and chloroplasts catalyze the ATP production of
PEP [9]. Additionally, the NADP-ME genes are closely related to NADPH and CO2 [10]; both play an
important role in photosynthesis. The ZmSPS1 genes are essential for the synthesis of sucrose [11],
whereas the transposable Zmrr3 genes significantly affect the development of the leaf sequence [12].
ZmMPK7 participates in ABA transduction pathways to facilitate the distribution of dry matter and
stimulate plant growth [13]. According to gene clustering analyses, these genes were highly expressed at
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the jointing stage, during which the maize plants exhibited vigorous growth. Compared with the increased
photosynthesis rate in mutants at different periods, the above two results suggested that earlier flowering led
to faster growth and development at the jointing stage. Du et al. confirmed that ABA plays an important
role in regulating flowering in rice [14]. Under drought stress, ABA regulates flowering-related genes to
promote flowering, thus producing feedback effects on light perception and the biological clock [15].

The drought-escape response accelerates flowering in response to drought stress, allowing plants to
adaptively shorten their life cycle. Proline can be accumulated in many plants under stress conditions
such as droughts and salinity [16]. The accumulated proline serves as an osmotic regulator in plant
cytoplasm and plays a vital role in cellular regulation by stabilizing biological macromolecule structures,
reducing cell acidity, eliminating ammonia toxicity, and redox, thus acting as an energy reservoir [17].
Determination the level of soluble proteins in plants can be used to measure plant resistance; they can
increase under external environmental stress, thereby making plants adaptable [18]. Hwang et al. [19]
have confirmed that abf3 and abf4 promote flowering in Arabidopsis under drought stress. By comparing
relative physiological and biochemical indices to identify drought resistance, Guo et al. [20] and He et al.
[21] have reported that drought resistance in mutants is reduced, suggesting that mutants are sensitive to
drought, especially at the seedling stage.

Current experimental studies have demonstrated that the early flowering traits in mutants produced by
EMS can be stably passed on to their offspring. Genetic analyses showed that early flowering at the jointing
stage resulted in high expression of genes associated with photosynthesis, cell division, sugar transport, and
other functions in maize. Furthermore, increased photosynthesis enhanced the accumulation of dry matter.
However, the drought resistance in mutant seedlings is reduced, whereas the mutants derived from EMS
could enrich maize germplasm resources.
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