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Abstract

Drought stress is a major limiting factor for the development of maize, and the identification of the
expression of genes related to this stress in seeds and seedlings can be an important tool to accelerate the
selection process. The expression of genes related to tolerance to water deficit in seeds and in different
tissues of maize seedlings were evaluated. Four tolerant genotypes (91-T, 32-T, 91x75-T, 32x75-T) and four
non-tolerant genotypes (37-NT, 57-NT, 37x57-NT and 31x37-NT) were seeded in a substrate with 10%
(stress) and 70% (control) water retention capacity. The expression of 4 enzymes were evaluated: catalase
(CAT), peroxidase (PO), esterase (EST), and heat-resistant protein (HRP), as well as the relative expression of
6 genes: ZmLEA3, ZmPP2C, ZmCPK11, ZmDREB2A/2.1s, ZmDBP3 and ZmAN13 were evaluated in seed, shoots
and roots of seedlings submitted or not to stress. There was variation in the expression of CAT, PO, SOD, EST
and HRP enzymes among the evaluated genotypes and also in the different tissues evaluated. Higher
expression of the CAT and PO was observed in the shoots. There was a greater expression of the EST in the
genotypes non-tolerant to water deficit. HRP was expressed only in seeds. In the aerial part of maize
seedlings, classified as tolerant, higher expression of genes ZmLEA3 and ZmCPK11 was observed. There was
a higher expression of the ZmAN13 and ZmDREB2A/2.1S genes in roots developed under stress conditions
and a higher expression of the ZmPP2C gene in seeds of line 91-T, which is classified as tolerant to drought
stress.
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1. Introduction

Drought is a major environmental stressor that negatively affects plant growth and productivity
(Ribaut et al. 2009). Plant responses to drought vary according to species, intensity, and duration of stress,
genotype, and stage of development, and may manifest at morphological, physiological and molecular levels
(Kramer 1983; Wang et al. 2003).

The delay of leaf expansion under water deficit conditions is motivated by the reduction of the
cellular expansion and with this, an increase of the stomatal closure is observed, which causes lower
transpiration so that the plant can withstand this condition for a longer time (Taiz and Zeiger 2013). Water
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restriction in the soil at the time of sowing reduces the emergence and development of seedlings due to
interference in the water uptake and cell elongation processes. In this conditions, field emergence and initial
seedling development are highly depended on the level of seed vigor (Marcos-Filho 2015; Finch-Savage and
Bassel 2016).

Drought stress affects photosynthesis and increases photorespiration, causing an increase in the
production of reactive oxygen species (ROS) (Miller et al. 2010). Plants under drought stress can alter their
metabolism and invoke various defense mechanisms such as the increased activity of antioxidant enzymes
(Chai et al. 2016). Plants protect their cells from the toxic effects caused by ROS using manly antioxidant
enzymes, such as catalase (CAT), peroxidase (PO), esterase (EST) and also heat-resistant protein (HRP)
(Choudhury et al. 2016). In plants under water stress, there is an increase in the activity of these enzymes
related to the increase in drought tolerance (Xiong et al. 2002).

It is known that in response to water stress occurs the increase in the expression of some genes that
give the plants a better adaptation to this condition. Among those already studied in maize, we can highlight
the genes ZmLEA3, ZmPP2C, ZmCPK11, ZmDREB2A/2.1S, ZmDBP3 and ZmAN13 for this trait (Koussevitzky et
al. 2008; Wang et al. 2009; Hu et al. 2010; Xuan et al. 2011; Caverzan et al. 2012; Zhou et al. 2012; Liu et al.
2013; Marques et al. 2019).

Thus, the identification and understanding of maize drought tolerance mechanisms are fundamental
for the development of new commercial cultivars that are more tolerant to water deficit. Little is known
about expression in the early stages of development, such as in seeds and seedlings. Therefore, the aim was
to study gene expression related to stress caused by water deficit in seeds and tissues of maize seedlings by
proteomic and transcriptomic analyses.

2. Material and Methods
Plant material and growth condition

The study was conducted at the Central Seed Laboratory at the Lavras Federal University (UFLA). The
selection of genetic materials was done after analyzing the work developed by Abreu et al. (2018). Four
contrasting lines were selected: two tolerant lines (T), 91-T and 32-T, and two non-tolerant lines (NT), 57-NT
and 37-NT, to drought stress. Four hybrids were also selected, being two tolerant hybrids, 91x75-T and
32x75-T, and two non-tolerant, 37x57-NT and 31x37-NT. The experimental design used was completely
randomized with four replicates with a factorial scheme 8x2, being eight genotypes and two conditions of
water availability.

For the proteins and transcripts analysis, the seeds of the eight genotypes were seeded in a substrate
containing 70% and 10% of water retention capacity in the soil, constituting the conditions of control and
stress, respectively. After seven days of sowing, the seedlings were removed from the substrate, washed
and separated in aerial part and root. The treatments used in the experiment were dried seeds of the eight
selected genotypes, shoot and root under the two contrasting conditions of the eight genotypes.

Expression analysis of enzymatic activity

For the expression analysis of the enzymes catalase (CAT), peroxidase (PO), esterase (EST) and heat-
resistant proteins (HRP), seedlings, root, and shoots were grinded in the presence of liquid nitrogen and PVP
(Polyvinylpyrrolidone) on porcelain mortar on ice and subsequently the samples were stored at -80 °C.

For the extraction of the enzymes, 0.2 M Tris HCl pH 8.0 + (0.1% mercaptoethanol) buffer was used,
in the proportion of 250 pL per 100 mg of seeds. The material was vortexed and kept overnight in the
refrigerator, followed by centrifugation at 14,000 rpm for 30 minutes at 4 °C.

The electrophoretic run was performed in a polyacrylamide gel system with 7.5% (separation gel)
and 4.5% (concentration gel). The gel/electrode system used was Tris-glycine pH of 8.9. 60 ul of the
supernatant from the samples were applied to the gel and the electrophoretic run was performed at 120 V
for 5 hours. After the race, the gels were revealed according to Alfenas (2006), with modifications. The
enzyme quantification was performed by Imagel® software, in pixel? (2016).
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For the extraction of the heat-resistant protein, the buffer solution (50 mM Tris-HCI-7.5, 500 mM
NaCl, 5 mM MgCl2, 1 mM PMSF) was added to the already macerated samplesin a proportion of 1:10 (weight
of material: volume of extraction buffer) and transferred to 1500 uL microtubes. The homogenates were
centrifuged at 14000 rpm for 30 minutes at 4 °C, and the supernatant was incubated in a water bath at 85
°C for 15 minutes and centrifuged again. The supernatant was poured into micro tubes and the pellet
discarded. Prior to the gel application, the sample tubes containing 70 L extract + 40 pL sample buffer (2.5
ml glycerol, 0.46 g SDS, 20 mg Bromophenol blue and the volume completed to 20 ml of Tris extraction
buffer pH 7.5) were placed in a water bath with boiling water for 5 minutes. 50 uL of the extract with heat-
resistant proteins + sample buffer was applied on a 12.5% SDS-PAGE (sodium dodecyl sulfate—
polyacrylamide gel electrophoresis) (separation gel) and 6% (concentration gel). The electrophoretic run was
performed at 150 V and the gel stained in Coomassie Blue at 0.05% for 12 hours and bleached in 10% acetic
acid solution (Alfenas 2006). Protein quantification was also performed by Imagel® software, in pixel® (2016).

Expression analysis of transcripts

The transcript expression involved in the drought stress tolerance was done using the RT-qPCR
technique and was divided into four steps: RNA extraction and purification, reverse transcription for cDNA
synthesis, real-time PCR, and result analysis.

For the RNA extraction, the seeds and the parts of maize seedlings (aerial part and roots) were
grinded with liquid nitrogen and the addition of Pure Link RNA Plant® reagent (Invitrogen), following the
manufacturer's manual specifications. The RNA integrity and purity were evaluated at all stages using 1.5%
agarose gel electrophoresis (stained with GelRed® Nucleic Acid Stain, 10,000 X in Water) and in a
spectrophotometer (BioTek” Eon® Microplate Spectrophotometer). The samples were treated with
DNAseFree® (Ambiom) to avoid any DNA contamination. In order to prove the efficiency of the DNAse
treatment, a conventional PCR reaction was performed and as a positive control, a maize genomic DNA
sample was used. The primer used was the one corresponding to the constitutive gene Ubiquitin. A 1.5%
agarose gel stained with GelRed® Nucleic Acid Stain was prepared for visualization of possible amplification.

After the extraction and purification process, the mRNAs that were extracted were used as templates
for cDNA synthesis, using the cDNA Reverse Transcription cDNA® kit (Applied Biosystems) according to the
protocol recommended by the manufacturer. The efficiency of cDNA synthesis was later confirmed by
standard PCR.

The target genes were chosen because of their known importance in drought stress tolerance in
maize, after a literature review. Sequences of the target genes chosen were found by searching the genomic
database of maize sequence in GenBank. Based on these target sequences the primers were designed using
Primer Express 3.0 software (Applied Biosystems). The primer sequences used are shown in Table 1.
Ubiquitin and Alcoholic Dehydrogenase (ADH) were used as reference genes (Livak and Scmittgen 2001;
Scholdberg et al. 2009).

Table 1. Primers used in the RT-gPCR analysis.

Gene Function Sequence 5'------ 3
. . F CCACGAGACCACCTACAACT
ZmlLea 3 Osmoprotectant biosynthesis R CCTTTCTGGAGG AGCAAC
ZmPP2C Positive regulator in abiotic stress F GGAAGCTCCGATAACATCACAGT
resistance R TCTTTGTCGTCGCCTGATTTC
ZmCPK1l Expression and activity of antioxidant F CCTCCACGACCCCGACAATG
enzymes R ACCTCTCCGAG CACCCCAAC
Binding proteins responding to F GCAGCCCGGAAGGAAGAA
ZmDREB2A/2.15 dehydration R GATGACAGCTGCCACTGACGTA
ZmDBP3 Binding proteins responding to F CATGAGCTGGGATCTATACTAC
dehydration R CAAGGTATCAACGTCCTCA
ZmAN13 Regulatory function in response to F AGCTGTTGCCCAAGTCGAGTT
abiotic stress R GCTGGGTCCGGCAACAT
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UBI Reference gene F AAGGCCAAGATCCAGGACAA
R TTGCTTTCCAGCGAAGATGA

ADH Reference gene F AGGACGCTGAGTTAAGACC
R CACATTTGGCAGATCAGTGC

F — forward sequence; R — reverse sequence.

For the expression analysis of the selected genes, the ABI PRISM 7500 Real-Time PCR (Applied
Biosystems) was used, with SYBR Green stain as the detection method. cDNA samples obtained from seed,
shoot, and root of eight maize genotypes were used in biological duplicates. The efficiency of the drawn
primers was determined by the absolute quantification dilution curve.

In the expression assay, 1 uL of cDNA (diluted 1: 5), 0.4 pL of primer forward/reverse (10 uM) and 5
uL of Master MixSYBR green (Applied Biosystems) were used in each reaction, totaling a final volume of 10
uL. Samples were pipetted in technical triplicates, and a control without cDNA (NTC) was included for each
pair of primers. The results were normalized using Ct's (threshold cycle) obtained by the expression of the
reference genes Ubiquitin (UBI) and Alcoholic Dehydrogenase (ADH). The Ct was determined by the number
of cycles in which the fluorescence generated within a reaction crosses the baseline (Threshold cycle, Ct).
The relative expression was analyzed by the Pfaffl method (2001).

The thermal conditions of the RT-qPCR reaction were: 2 minutes at 50 °C and 10 minutes at 95 °C for
the initiation, followed by 40 cycles of 15 seconds at 95 °C and 1 minute at 60 °C, and ending with 15 minutes
at 95 °C. At the end of the cycling, a denaturation curve of 60-95 °C showed the specificity of the PCR
reaction. The data were collected, exported by the program 7500 Fast Software (Version 2.1) and analyzed
in an Excel spreadsheet (Microsoft).

3. Results and Discussion
Enzyme activity

Higher expression of catalase (CAT) was observed in the roots under stress conditions, in the four
lines evaluated (Figure 1). In general, the hybrid seeds presented lower expression of this enzyme when
compared to the lines independent of the evaluated tissue. Higher expression of CAT was also observed in
the aerial part of seedlings under drought stress in six of the eight genotypes evaluated. In the hybrids, higher
expression was found in the aerial part in both conditions. In the 32-T, 91-T and 57-NT lines, higher
expression of the CAT enzyme was observed in seeds.
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Figure 1. A — expression of the Catalase (CAT) enzyme under two conditions (Stress and Control) of two
tolerant lines (T), 91-T and 32-T, and two non-tolerant lines (NT), 57-NT and 37-NT, to drought stress; B —
expression of the Catalase (CAT) enzyme under two conditions (Stress and Control) of four hybrids, being

two tolerant hybrids, 91x75-T and 32x75-T, and two non-tolerant, 37x57-NT and 31x37-NT. Protein
quantification was also performed by Imagel® software, in pixel® (2016).

Catalase is an antioxidant enzyme that catalyzes the conversion of hydrogen peroxide (H,0,) to water
(H20), and its lower activity may be associated with a decrease in oxidative damage prevention mechanisms
(Dutra et al. 2015). On the other hand, it has been observed in other research, in different species, the
increase of the expression of this enzyme under stress conditions (Deuner et al. 2011).
Like CAT, peroxidase (PO) acts to convert H,0; to O,. In all genotypes, greater expression of
PO was observed in seedling roots under stress condition when compared to that observed in seedlings in
the control condition. For all genotypes, an isoform of the enzyme, identified by the arrows in figure 2, can
also be observed which was expressed more in roots under the stress condition.
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Figure 2. A — expression of the Peroxidase (PO) enzyme under two conditions (Stress and Control) of two
tolerant lines (T), 91-T and 32-T, and two non-tolerant lines (NT), 57-NT and 37-NT, to drought stress; B —
expression of the Peroxidase (PO) enzyme under two conditions (Stress and Control) of four hybrids, being
two tolerant hybrids, 91x75-T and 32x75-T, and two non-tolerant, 37x57-NT and 31x37-NT. Protein
quantification was also performed by Imagel® software, in pixel® (2016). The isoform of the enzyme
peroxidase (PO) is identified by the arrows.

Except for the PO expression observed in roots under stress condition, higher expression of this
enzyme was observed in the aerial part independently of the water retention capacity used. This fact can be
explained due to greater respiration, which implies a greater production of free radicals and consequently
greater activation of antioxidant systems, such as the peroxidase enzymes. (Silva-Neta et al. 2015).

The esterase enzyme (EST) is one of the most polymorphic isoenzyme systems in plants. EST is an
enzyme that is involved in hydrolysis reactions of sterols, which is directly linked to lipid metabolism, such
as membrane phospholipids (Santos et al. 2005). Higher expression was observed in seeds for the 91x75-T,
32x75-T, 31x37-NT, 32-T and 91-T genotypes (Figure 3).

There is a greater expression of EST in the seedlings for the 37-NT and 57-NT lines and in the hybrids
that have these lines as parental (31x37-NT and 37x57-NT). Lower expression of this enzyme was observed
in the 32-T and 91-T lines, regardless of the condition of water retention capacity in the substrate. In the
presence of drought stress, there was a greater expression of EST in the seedlings, both for the lines and for
the hybrids, except for the 31x37-NT hybrid, in which there was a greater expression in roots under these
conditions.
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Figure 3. A — expression of the Esterase (EST) enzyme under two conditions (Stress and Control) of two
tolerant lines (T), 91-T and 32-T, and two non-tolerant lines (NT), 57-NT and 37-NT, to drought stress; B —
expression of the Esterase (EST) enzyme under two conditions (Stress and Control) of four hybrids, being

two tolerant hybrids, 91x75-T and 32x75-T, and two non-tolerant, 37x57-NT and 31x37-NT. Protein
quantification was also performed by Imagel® software, in pixel? (2016).

Heat-resistant proteins (HRP) are accumulated at the end of the physiological maturity of the seeds
and are involved in desiccation tolerance. According to Boucher et al. (2010), an important feature of dry
state survival is the ability to protect transient membranes, preventing loss of integrity. Heat-resistant
proteins are responsible for the protection and stabilization of the cell membrane. A significant relation
between the heat-resistant proteins expression and the physiological quality of the seeds has been described
in Abreu et al. (2018) and Silva-Neta et al. (2015).

In Figure 4, the expression of these proteins was observed only in seeds. Andrade et al. (2013)
concluded that HRPs differentially express in different genotypes and at different stages of seed
development. It also observed that the highest expression is observed in embryos of maize seeds. Lower
expression of these proteins was observed in seeds of the 37-NT line and the 32x75-T hybrid.
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Figure 4. A — expression of the Heat-resistant protein (HRP) enzyme under two conditions (Stress and
Control) of two tolerant lines (T), 91-T and 32-T, and two non-tolerant lines (NT), 57-NT and 37-NT, to
drought stress; B — expression of the Heat-resistant protein (HRP) enzyme under two conditions (Stress and
Control) of four hybrids, being two tolerant hybrids, 91x75-T and 32x75-T, and two non-tolerant, 37x57-NT
and 31x37-NT. Protein quantification was also performed by Imagel® software, in pixel? (2016).

The expression of CAT, PO and HRP proteins varies between genotypes and also in the different
tissues evaluated. CAT was expressed more in lines than in hybrids. CAT higher expression was also observed
in the aerial part of seedlings, mainly in the stress condition. In roots, in general, the expression of this
enzyme was lower in the stress condition.

The PO was also expressed more in the aerial part of seedlings. When comparing the two
environments, with and without stress, there was a greater expression of this enzyme in roots when the
seedlings were developed under drought stress.

All plant tissues are affected by drought stress, however, the root is the first organ to detect variations
in the water content available in the soil. It is observed in drought conditions a stimulus in root growth
(Pinheiro et al. 2005). The investment in root growth, oppose to the aerial part, favors the exploration of a
larger area of soil in search of water, whose availability is greater in deeper regions of dry soils (Rodriguez-
Gamir et al. 2010).

In relation to EST, there was a significant variation of the expression between genotypes and tissues.
Under the stress condition, the expression was higher in the aerial part of seedlings. In the control
environment, the lines had higher expression in the roots, and the hybrids a higher expression in the aerial
part of seedlings.

Transcript analysis

In general, the ZmLEA3gene had a greater expression in the aerial part in the control condition,
except in the 91-T line in which the expression was higher in seeds (Figure 5A).
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Figure 5. A —relative quantification of the expression of ZmLEA3 gene; B — relative quantification of the
expression of ZmAN13 gene; C — relative quantification of the expression of ZmCPK11 gene; D —relative
guantification of the expression of ZmDBP3 gene; E — relative quantification of the expression of
ZmDREB2A/2.1S gene; F —relative quantification of the expression of ZmPP2C gene. The expression was
evaluated in seeds, aerial part and root under two conditions (Stress and Control) of eight maize
genotypes, two tolerant lines (T), 91-T and 32-T, and two non-tolerant lines (NT), 57-NT and 37-NT, to
drought stress and four hybrids, being two tolerant hybrids, 91x75-T and 32x75-T, and two non-tolerant,

37x57-NT and 31x37-NT.

LEA proteins have been widely studied and reported as participants in various developmental
processes and accumulated in response to stresses such as drought, salinity, low temperatures or treatment
with the ABA phytohormone (Shao et al. 2005). The ZmLEA3 gene that is expressed under stress conditions
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and an overexpression of this gene in tobacco resulted in an increase in tolerance to osmotic and oxidative
stress (Liu et al. 2013).

When evaluating the expression of the ZmLEA3 gene in the aerial part of seedlings in the control
condition, lower values were observed in seeds of genotypes 37-NT and 37x57-NT, which are classified as
non-tolerant. It is important to note that for all genotypes there was a reduction of ZmLEA3 expression in
roots and aerial part, under stress condition. Considering the evaluated genotypes, there was a higher
expression in the 91-T line. Lower gene expression was observed in seeds of the 32-T, 37-NT, 57-NT, 31x37-
NT and 37x57-NT.

The relative expression of the ZmAN13 gene is shown in Figure 5B. In the stress condition, it can be
observed an increase of expression in the roots of seedlings. It is noteworthy that in the tolerant and
responsive genotypes (91-T, 32-T, 91x75-T and 32x75-T) there is a greater expression in roots in the stress
condition than in the roots of the other genotypes. In seeds, the highest expression was observed in the 91-
T line.

In all genotypes, a lower expression was observed in the aerial part of seedlings submitted to stress,
when compared to the expression observed in the control. The functional characterization of the ZmAN13
gene, a member of the ZNF-AN1 family in maize plants was done by Xuan et al. (2011), whose expression is
induced by one or several abiotic stresses.

The ZmCPK11 is involved in the induction of antioxidant defense. High relative gene expression was
observed in seeds of the 91-T line and the 32x75-T hybrid followed by the 91x75-T hybrid that are classified
as tolerant and responsive genotypes (Figure 5C). In all genotypes, there was a reduction of ZmCPK11 gene
expression in the aerial part of seedlings submitted to stress. This reduction was also observed in roots of
the genotypes 37-NT, 57-NT, 31x37-NT, under stress conditions, these being classified as non-tolerant to
drought stress.

Szczegielniak et al. (2005) observed that ZmCPK11 transcripts were present in tested organs of the
maize plant. The expression was relatively higher in seeds and seedlings and lower in the stems, roots, and
leaves.

Among the genotypes classified as tolerant, there was a greater expression of ZmDBP3 in seeds of
the 32-T line and the 91x75-T hybrid and lower in line 91-T. In the other genotypes the expression of this
gene in seeds was small or null. In all genotypes, there was expression of this gene in the aerial part of
seedlings developed in the control condition, with emphasis on the expression in this condition in the 31x37-
NT and 37x57-NT genotypes (Figure 5D). Overexpression of the ZmDBP3 gene extracted from maize leaves
of seedlings increased the tolerance to cold and drought in transgenic plants of Arabidopsis (Wang et al.
2009).

In general, there was a lower expression of this in different tissues for the ZmDREB2A/2.1S gene. For
most genotypes, the expression was relatively higher in the aerial part of seedlings in the control condition.
Here, the expression in roots was higher when grown under the stress condition. Liu et al. (2013) found that
ZmDREB1-like genes were significantly expressed in roots (Figure 5E).

In all genotypes, there was a lower expression of the ZmDREB2A/2.1S gene in the aerial part of
seedlings, and higher in roots under stress conditions. The DREB gene encodes a transcription factor that is
involved in the activation of other genes related to tolerance to drought. DREB proteins act at the top of the
cascade of molecular events, inducing defense responses against cell dehydration (Maruyama et al. 2009).

The relative expression of the ZmPP2C gene is shown in Figure 5F. In tolerant and responsive
genotypes, there was a greater relative expression in seeds, with emphasis on the 91-T line, in relation to
the expression of this in seeds of genotypes classified as non-tolerant to water stress. Liu et al. (2009)
observed overexpression of the ZmPP2C gene also in Arabidopsis plants exposed to water and saline
stresses.

In all genotypes, there was a reduction of ZmPP2C expression in the aerial part of seedlings developed
under drought stress. In the genotypes classified as tolerant there was a higher expression of this gene under
stress conditions than that observed in roots developed in control condition. The ZmPP2C gene may act as a
positive regulator in abiotic stress resistance. (Hu et al. 2010).

In relation to the transcript expressions, the 91-T line had greater expression of the ZmLEA3, ZmAN13,
ZmCPK11 and ZmPP2C genes was observed in seeds. Abreu et al. (2017) also evaluated this line and
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considered it promising for drought tolerance by evaluations of grain yield, prolificacy, and intervals between
female and male flowering. When evaluating genotypes with different levels of tolerance at high
temperatures, Dutra et al. (2015) concluded that the 91-T line is more tolerant in high-temperature
conditions. Considering these results, it is inferred that the 91-T line is promising for drought and high
temperatures tolerance.

4. Conclusions

The expression of all enzymes varied between genotypes and also in the different tissues evaluated.
CAT higher expression was also observed in the aerial part of seedlings, mainly in the stress condition. There
was a greater expression of PO in roots when the seedlings were developed under drought stress. There was
a significant variation of the EST expression between genotypes and tissues and in the control environment,
the lines had higher expression in the roots. Through the proteomic analysis, it was not possible to associate
a marker with drought stress tolerance, considering the genotypes classification.

Most of the evaluated genes have a higher expression in the aerial part of seedlings when developed
in substrate with the capacity of water retention favorable for the development of seedlings (70% of the
capacity of water retention). However, it is worth mentioning the higher expression of the ZmPP2C gene in
seeds of the 91-T line which was classified as tolerant to drought stress.
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