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Abstract: The impacts of low temperature occasionally encountered at higher latitude regions on
maize seed germination present significant threats to yield and cultivation. Exploring the association
of antioxidant system with low temperature (LT) germination could support the breeding strategies
for better responding to LT disturbance. In this study, we have examined the germination rate
and growth potential of a set of elite maize inbred accessions under LT and normal temperature
(NT) conditions in the field. These accessions were found to have variable germination rate and
growth potential when grown at LT, whereas the difference is not significant under NT. Physiological
study revealed lower hydrogen peroxide content in LT tolerant accessions when compared with
sensitive ones. LT-tolerant and LT-sensitive lines maintained similar content of ascorbate (AsA)
and glutathione (GSH), whereas the reduced substrate content of which were significantly higher
in LT-tolerant accessions. Consistently, activities of ascorbate peroxidase and dehydroascorbate
reductase, the enzyme components that responsible for the AsA-GSH recycling, were much higher
in LT-tolerant lines. Transcription profile revealed the increased expression of ZmVTC2 gene in
LT-tolerant inbred line, which was rate limited step in AsA biosynthesis. These data indicates that
the coordinated improvement of AsA biosynthesis and AsA-GSH recycling increase the pool size of
the total antioxidants, which ameliorate LT-induced oxidative stress during maize seed germination.
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1. Introduction

Maize (Zea mays L.) is one of the most important agricultural crops with the largest
yield and acreage in the world. Since maize originated from tropical and subtropical
regions, the plant is sensitive to low temperature (LT), mainly during germination and
post-germinative growth period [1,2]. The agricultural praxis is to sow maize when the
soil temperature is approximately above 10 °C. Under condition of soil temperature below
10 °C, seed germination and post-germinative growth are significantly inhibited, that result
to the reduction of crop yield [3,4]. In addition, periods of LT occasionally encountered
at higher latitudes regions significantly threaten maize cultivation. Therefore, selection
of elite maize inbred accessions should take into account the seed germination and post-
germinative growth potential under LT stress.

Low temperature impaired plant stomatal function, photosystem activity, Calvin
cycle, or photosynthetic enzyme activities, as well as altered electron transport chain re-
actions, which finally leading to the excessive accumulation of reactive oxygen species
(ROS) and subsequently oxidative damage [5,6]. On the other hand, the generation of ROS
is a fundamental process in higher plants and function to transmit signal response to the

Agriculture 2021, 11, 1160. https:/ /doi.org/10.3390/agriculture11111160

https:/ /www.mdpi.com/journal/agriculture


https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://doi.org/10.3390/agriculture11111160
https://doi.org/10.3390/agriculture11111160
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agriculture11111160
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture11111160?type=check_update&version=1

Agriculture 2021, 11, 1160

20f13

changing environment. Thus, plant developed a suit of antioxidant defense systems to
maintain the equilibrium between generation and scavenging of ROS [6,7]. In general, the
antioxidant defense system consists of nonenzymatic antioxidants and some antioxidant
enzymes, both of them participate in the redox reaction by electron transfer to eliminate
the oxidative damage. The enzyme superoxide dismutase (SOD) functions in the first line
of ROS defense, converting superoxide (O,°*") into hydrogen peroxide (H,O;). The gener-
ated HyO; can be further converted into H,O by the enzymes catalase (CAT), ascorbate
peroxidase (APX), glutathione peroxidase (GPX), or by the ascorbate-glutathione pathway
(AsA-GSH pathway).

AsA-GSH pathway, also known as Asada—Halliwell pathway, is the major pathway
that detoxifies the HyO, in a plant cell [8]. This pathway comprises two nonenzymatic
antioxidants, AsA and GSH, and four antioxidant enzymes, including APX, GR, monode-
hydroascorbate reductase (MDHAR), and dehydroascorbate reductase (DHAR). AsA and
GSH both have high redox potentials; the maintenance of their redox state is important
in conferring stress tolerance in plants. Redox state of AsA and GSH mainly depends on
the activities of the four enzymes that catalyze the conversion between their redox and
oxidative form. First, the enzyme APX converts HyO, into the water with the help of AsA
as an electron donor. The produced monodehydroascorbate (MDHA) recycled back to AsA
by ferredoxin at photosystem I (PSI) and by MDHAR, or spontaneously converted into
dehydroascorbate (DHA). DHA is then recycled to AsA by the activity of GSH-dependent
DHAR. In this reaction, one electron is transferred from GSH to DHA, and GSH is oxidized
to oxidized glutathione (GSSG) that is further reduced back to GSH by NADPH-dependent
GR activity [6,8-10].

AsA and GSH function as the electron carrier and play pivotal role in ROS detoxifica-
tion, the ratio of AsA/DHA and GSH/GSSG are considered as oxidative stress sensor for
the surveillance of cellular redox homeostasis [11]. Plants activate the AsA-GSH pathway
to cope with LT stress. For example, LT stress increased GSH/GSSG and AsA/DHA
ratios in Citrullus lanatus [12]. Similarly, rice seedlings exposed to LT stress had enhanced
GSH/GSSG ratio and along with increased SOD and CAT activity [13]. Antioxidants
enzymes play key role in plant fitness to LT stress. For example, overexpression of APX
gene from Camellia azalea improves ROS scavenging and cold tolerances in tobacco [14].
Furthermore, transgenic tobacco plants expressing a human DHAR gene showed enhanced
tolerance to low temperature (15 °C) compared to non-transgenic plants [15].

Positive effect of AsA and GSH in stress tolerance has been validated in plenty of
previous studies (reviewed by [8]). Nevertheless, DHA and GSSG function as oxidative
substrate in AsA and GSH recycling, the effect of their content variation on LT stress
tolerance is largely unknown. This study investigates the germination, post-germinative
growth, as well as the antioxidant defense system in a set of elite maize inbred accessions
under LT stress in the field.

2. Materials and Methods
2.1. Plant Material and Germination Assay

Experimental materials included Jing724, Jing72464, Jing464, JingX201, JingB547, and
JingX005, which were all female parents of elite hybrid in China. Among them, Jing724
was the female parent of Jingke968, which was the second largest planted hybrid in China,
reaching about one million of hectares until 2021. All these accessions were developed by
the Maize Research Center of Beijing Academy of Agriculture and Forestry Sciences. Seeds
used for germination analysis were prepared in Hainan province at the winter of 2020.
Germination assays were conducted in Beijing farms (40.1° N, 116.4° E) at 25 March and
7 June. From the beginning of sowing on March 25 to the end of the survey on April 13,
the average temperature was 14 °C, which represented low temperature (LT). From the
beginning of sowing on 7 June to the end of the survey on 13 June, the average temperature
was 28 °C, which represented normal temperature (NT). Daily temperature is recorded
based on the public meteorological data of the experimental location, detail information
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about the daily temperature is shown in Table S1. Three plots were designed in breeding
fields for three independent replicates. In each plot, 20 rows of each accession were planted
with 50 cm interspace for each row in the horizontal direction. Each row contained 19 spots
in the vertical direction, 3 seeds were carefully planted in each spot with 30-cm interspace.
Thus, each replicate for one accession included 1140 seeds. The number of germinated
seeds was counted at 20 day (for LT) and 10 day (for NT) after planting. The emergence of
coleoptile from the soil was considered as a sign of successful germination of seed. The
germination rates were calculated as the percentage of germinated seeds versus the total
seed number. Seeds used in germination assays were manual selected and divided into
two parts for LT and NT germination assays, respectively. For post-germinative growth
analysis, seedling heights were measured with 20 random plants of each material in one
plot. The corresponding seedlings were collected to measure the fresh weight.

2.2. Measurement of Chlorophyll Content

The portable chlorophyll meter (SPAD-502, Minolta, Japan) was used to measure
chlorophyll content. In this case, 10 seedlings were selected randomly at both LT and NT
to measure chlorophyll content of the first true leaf. Three readings were obtained for each
leaf, avoiding main veins during measurements.

2.3. Quantification of H,O, Content

Total seedlings above the ground (0.5 g fresh weight) were homogenized in an ice bath
with 5 mL of 3% (w/v) trichloroacetic acid. The homogenate was centrifuged at 12,000x g
for 15 min, and 0.2 mL of supernatant was added to 1 mL of FOX reagent (110 mM
perchloric acid, 150 uM xylenol orange, 2 mM ferrous sulfate in 9:1 methanol:water). The
mixture was incubated at room temperature for 15 min. The absorbance was measured at
the wavelength of 560 nm using a disposable plastic cuvette and the concentration was
calculated using a standard curve. For the standard curve preparation, 0.2 mL of H,O; at
different concentrations was added into 1 mL of FOX reagent. The results were expressed
as umol g~ fresh weight.

2.4. Quantification of Superoxide Content

The O,°* producing rate was measured based on the following method. Total seedlings
(0.2 g) were homogenized in 2 mL potassium phosphate buffer (50 mM/L, pH 7.8) and
centrifuged at 12,000x g rpm for 10 min at 4 °C. The 0.2 mL supernatant was taken and
mixed with incubation solution (0.2 mL potassium phosphate buffer (50 mM/L, pH 7.8),
0.2 mL hydroxylamine hydrochloride (10 mM/L)). After incubated at 25 °C for 1 h, the
mixture was mixed with 0.2 mL sulfanilic acid (17 mM/L) and 0.2 mL x-naphthylamine
(7 mM/L) for 20 min. Then the absorbance of the reaction solution was measured at 530 nm.
The standard curve with NaNO, was used to calculate the production rate of O,*". The
results were expressed as nmol g~ ! fresh weight.

2.5. Measurement of Nonenzymatic Antioxidants Content

Ascorbic acid (AsA) and the dehydroascorbic acid (DHA) content were measured
using the commercially available kits (Solarbio, BC1230 and BC1240, Beiing, China). Glu-
tathione (GSH) and oxidized glutathione (GSSG) content were measured using the commer-
cially available kits (Solarbio BC1170 and BC1185, China). The AsA and GSH redox state
were calculated by the ratio of reduced and oxidized AsA and GSH, respectively. Proline
was determined spectrophotometrically using the commercially available kits (Solarbio,
BC0290, Beiing, China).

2.6. Measurement of Activities of Antioxidant Enzymes

For activity of antioxidant enzymes, total seedlings (0.5 g fresh weight) were homog-
enized in 5 mL phosphate buffer at 4 °C (1% polyvinylpyrrolidone, 1 mM EDTA, and
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5 mM AsA, pH7.0). The homogenate was centrifuged at 12,000 g rpm for 25 min, and the
supernatant was used as the source of enzymes for measurement.

Superoxide dismutase (SOD) activity was measured using a Total Superoxide Dis-
mutase Assay Kit (Beyotime, Shanghai, China) based on the ability of SOD to inhibit the
reduction of WST-8 formazan dye by the xanthine oxidase/xanthine reaction. One SOD
enzymatic activity unit was defined as the amount of sample needed to achieve 50% inhibi-
tion of the rate of WST-8 formazan dye reduction. The concentration of cellular total protein
was quantified via Enhanced BCA Protein Assay Kit (Beyotime, P0012S, Beiing, China).
The SOD activities were the ratio of total enzyme activity unit to the total protein, and the
results were expressed as U/mg~! protein.

The APX activity was measured according to the manufacturer’s instructions (Solarbio
BC0020, Beiing, China). Supernatant containing APX enzyme were added to the the
reaction mixture (50 mM potassium phosphate buffer (pH7.0), 0.1 mM EDTA, 0.2 mM
H202, 15 mM AsA). The reaction was carried out when AsA was added. The result was
calculated using the change of the absorbance at 290 nm after 5 min. The results were
expressed as nmol min ! mg~! protein.

The DHAR activity was determined using a commercially available kit from Cominbio
company (Cominbio, Jiangsu, China). DHAR activity was determined by monitoring the
increase in absorbance at 265 nm owing to AsA formation. The reaction was initiated by
adding DHA and results were expressed as nmol min~! mg~! protein.

MDHAR, GR, and CAT activities were measured using the commercially available
kits (Solarbio, MDHAR-BC0560; GR-BC1160; and CAT-BC0200, Beiing, China).

2.7. RNA Extraction and Expression Analysis

Total seedlings at LT or NT were sampled from inbred Jing72464 and JingX201. Whole
seedlings with the first expanded true leaf were scissored from the upper ground, wrapped
in the foil paper, then were directly frozen in the portable liquid nitrogen container in
the field. Total RNA was isolated using the Plant RNA Purification Kit (Thermo Fisher
Scientific, KO801, Waltham, MA, USA). Full-length cDNA was generated from 2 ng total
RNA per sample using oligo(dT) primer (cDNA synthesis kit, Thermo Fisher Scientific,
K1622). The resulting cDNA were made a 1:10 dilution for the following quantitative
RT-PCR (qRT-PCR). qRT-PCR was conducted using TB Green® Premix Ex Taq™ II Real-
Time PCR System (Takara, Japan, RR820A) in a typical 20 uL. PCR mixture that included
10 uL of premix, 3 pL of template cDNA, and 0.4 uM of each PCR primer. Cycling
conditions were 95 °C for 2 min, followed by 40 cycles at 95 °C for 20 s, 56 °C for 1 min,
and 72 °C for 30 s, and samples were run on the LightCycler 480 Real-Time PCR System
(Roche, Basel, Switzerland). The melt curve data were utilized in every experiment to
verify that the appropriate PCR product was being amplified. ZmUBI2 was used as the
internal control to monitor sample uniformity of initial RNA input and reverse transcription
efficiency. The expression of the genes of interest under each experimental condition was
calculated by using the standard curve method [16], while the 2~AACt method was used to
calculate the expression. The relevant primer sequences are in Table S2.

2.8. Statistical Methods

The statistical analysis was performed using IBM SPSS Statistics software version 20
(IBM, New York, NY, USA). For multiple comparisons, significance analysis was performed
with two-way ANOVA followed by Bonferroni test. Values are presented as means and
SEM and differences with values < 0.05 are considered significant. Detail analysis results
are given in Table S3.

3. Results
3.1. Germination Rate of Different Elite Maize Inbred Accessions under Low Temperature

A set of six elite maize inbred accessions [17], including Jing724, Jing72464, Jing464,
JingX201, JingB547, and JingX005, were selected to test the germination rate under low



Agriculture 2021, 11, 1160

50f13

temperature (LT) in early spring and normal temperature (NT) in summer in the field
condition. The emergence of coleoptile from the soil was evaluated as successful germi-
nation of seed. All accessions maintained a high germination rate at NT, almost all seeds
germinated at 7-day after plating (Figure 1a). No obvious differences were observed among
different germplasm (Figure 1b). Compared to the control, LT significantly suppressed
seed germination. The first batch of coleoptile emerged from the soil at about 14 day after
plating, which was obviously longer than that at NT (Figure 1a). Even by day 20 when the
average temperature gradually going up to 19 °C, seed germination rate remained below
60% in Jing72464, which performed best among the six accessions (Figure 1c). Germination
rate varied extensively among six germplasms under LT condition, highly significant
differences (p < 0.001) were observed among different inbred lines. Jing724, Jing72464 and
Jing464 had a relatively high germination rate of ~65% at LT, while accessions JingX201
and JingB547 had a germination rate of 25% and 31%, respectively. When evaluate using
the inhibition rate of LT, Jing72464 were the most tolerant accession, while JingX201 was
the most sensitive one (Figure 1c).

3.2. Variation in Seedling Establishment among Maize Accessions under Low Temperature

Low temperature also suppressed the seedling establishment of maize. Plant heights
of the seedlings were calculated to compare the post-germinative growth potential in
response to LT. Results indicated that there were significant differences between accessions
under LT condition (p < 0.001). In general, seedling heights of inbred Jing724, Jing72464,
and Jing464 were 4.5 cm, 5.7 cm, and 5.3 cm, respectively, whereas seedling height of
JingX201 and JingB547 were 2.7 cm and 3.9 cm, respectively (Figure 2a,b). We chose
accessions Jing72464 and JingX201 for further studies, which represent the LT-tolerant
and LT-sensitive germplasm among the six accessions (Figure 2c). The seedling height of
Jing72464 was obviously higher than that of JingX201 at LT, whereas there was no obvious
difference between two germplasm at NT.
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Figure 1. Cont.
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Figure 1. Germination rate of different elite maize inbred accessions under low temperature (a) Daily
average temperature (green line) from 20 March to 20 June in the field where experiment conducted.
The color-filled zone indicated the duration time after sowing when 5 percent coleoptile of Jing72464
emerged from the soil. Blue color zone indicated low temperature (LT) condition that seeds were
sowing in early spring, while brown color zone indicated normal temperature (NT) condition that
seeds were sowing in summer. (b) Germination rate of 6 maize inbred accessions in the filed condition
under LT or NT. Data represent mean values of three independent replicate (n > 1000). (c) Inhibition
rate of LT on seed germination. Inhibition rate was calculated as the germination rate in LT versus
that in NT. Significant differences in (b,c) were labeled with different Roman (a, b, c) or Greek
letters («, B, v)-

Furthermore, inbred Jing72464 already developed dark green coleoptile and expanded
true leaf, whereas JingX201 had pale green coleoptile and retarded true leaf (Figure 2a).
Data shown that Jing72464 had the highest chlorophyll content among six inbred, which
was ~13.5% higher than that of JingX201 (Figure 2d). Collectively, low temperature neg-
atively regulates seed germination and seedling establishment of the maize, whereas
different germplasm exhibited variable response to LT.

3.3. Ameliorated Oxidative Stress in LT-Tolerant Accession

Low temperature causes overproduction of ROS in maize through imbalanced ROS
detoxification and degradation of membrane fluidity [18]. Cellular ROS contents were
measured in inbred Jing72464 and JingX201. As an indicator of oxidative stress, H,O,
content in Jing72464 was ~28% lower than that of JingX201 (p < 0.001) (Figure 3a). Neverthe-
less, O, contents were slightly higher in Jing72464 than JingX201 (p = 0.029) (Figure 3b).
ROS can induce lipid peroxidation, which results in the production of malondialdehyde
(MDA) [19]. Under LT condition, the MDA content in Jing72464 was ~39% lower than
JingX201 (p < 0.001), indicating the ameliorated oxidative stress (Figure 3c). Plants tend to
increase the content of soluble osmolytes, e.g., proline, to counteract the abiotic stress [20].
However, proline content in Jing72464 had no difference as that of JingX201 (p = 0.325)
(Figure 3d). In summary, the reduced accumulation of H,O,, together with the decreased
MDA content in JingX201, represented the ameliorated cellular oxidative stress in LT-
tolerant inbred Jing72464.

3.4. Coordinated Antioxidant Defense Systems in LT-Tolerant Accession

Plant tends to ameliorate the cellular oxidative stress by promoting the activity of
antioxidant defense system. We profiled activities of antioxidant defense systems in
Jing72464 and JingX201 under NT and LT conditions. Activity of SOD shown no difference
between two inbred lines (p = 0.946), while activity of CAT was slightly higher (13.9%) in
Jing72464 than that of JingX201 (p = 0.013) (Figure S1). Among the four antioxidant enzymes
in AsA-GSH pathway, activities of GR and MDHAR showed no difference between the
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two inbred lines (Figure S1). APX, functions as a key enzyme in the fine control of H,O,,
showed 34% higher activity in Jing72464 than that of JingX201 (p < 0.001) (Figure 4a).
DHAR, function in the direction of DHA consuming with the help of GSH, showed 54%
reduced activity in Jing72464 when compared with JingX201(p < 0.001) (Figure 4b). Among
the nonenzymatic antioxidants in AsA-GSH pathway, no difference in the AsA content
was observed between Jing72464 and JingX201 (p = 0.298). However, DHA content was
significantly higher (53.6%) in Jing72464 than that of JingX201 (p < 0.001) (Figure 4c,d).
Consistently, the GSH content in Jing72464 was slightly higher (32%) than that of JingX201,
whereas GSSG (oxidized form of GSH) content was more than 1.2-fold higher (121.7%) in
Jing72464 than that of JingX201 (p < 0.001) (Figure 4f,g). This result implied that activities
of APX and DHAR is not only associated with the antioxidants level of AsA and GSH,
but also with the content of oxidative substrate of these two antioxidants. As the result,
pool size of total ascorbate (AsA + DHA) was 23% higher in LT-tolerant inbred Jing72464
than LT-sensitive inbred JingX201 (Figure 4e). Similarly, pool size of total glutathione
(GSH + GSSG) was 38% higher in Jing72464 than JingX201 (p < 0.001) (Figure 4h). The
AsA/DHA and GSH/GSSG ratios were 40.8% and 40.6% lower in Jing72464, respectively
(Figure 4i,j).

201
[ Jing724
- R 3 Jing72464
{5l . B Jing464
_I_ _i_ B JingX201
< B JingB547

W JingX005

Plant height (cm)
S

4]
T

0
Jing724 Jing72464 Jing464 JingX201 JingB547 JingX005 NT LT
a b
[ Jing72464
80~ 2 [ Jing464
~ bc r b £70fa 5 a a a , B JingX201
s . - ®  hig 2 W JingB547
% 601 {_ 8 B JingX005
= ; =%
= 40f |4 )
o . =
= S
L
E il S 50t
0 40
[ > > N A o
AV ° P I P
& 7
C d

Figure 2. Variation in seedling establishment among maize accessions under low temperature. (a) Plant morphology of
seedlings with the first true leaf expanded. Scale bar, 2 cm. (b) Plant height of 6 maize inbred accessions in the filed condition
under LT or NT. Data represent mean values of three independent replicate (1 > 12). (c) Inhibition rate of LT on plant height.
Data were calculated as the plant height in LT versus the means in NT. (1 > 12). (d) Chlorophyll content of 6 maize inbred
accessions in the filed condition under LT or NT. Data are mean =+ s.e.m. (1 = 10). (b—d) Significant differences were labeled
with different Roman (a, b, c) or Greek letters («, 3, ).
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Figure 3. Ameliorated oxidative stress in LT-tolerant inbred accession. (a) Superoxide content in LT-sensitive inbred
JingX201 and LT-tolerant inbred Jing72464 under NT and LT condition. (b) Hydrogen peroxide content. (c) MDA content.
(d) Proline content. (a to d) Data are mean + s.e.m. (n = 5). n.s. means no significance, * means p < 0.05.
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Figure 4. Enhanced GSH-AsA redox status in LT-tolerant accession Jing72464. (a,b) Cellular activity of ascorbate peroxidase
(a) and dehydroascorbate reductase (b) in LT-sensitive inbred JingX201 and LT-tolerant inbred Jing72464 under NT and LT
condition. (c,d) Cellular contents of AsA (c) and DHA (d). (e) Total AsA-DHA pool, caculated as the combination of AsA
and DHA content. (f,g) Cellular contents of GSH (f) and GSSG (g). (h) Total GSH-GSSG pool, caculated as the combination
of GSH and GSSG content. (i,j) The ratio of AsA/DHA (i) and GSH/GSSG (j). Data are mean =+ s.e.m. (1 = 5). n.s. means
no significance, * means p < 0.05.
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3.5. Transcriptional Profile Analysis of AsA-GSH Pathway

The nonenzymatic antioxidant pool of AsA-GSH pathway undergoes turnover along
with the redox function metabolism in plants, therefore the biosynthesis, degradation,
and recycling of these compound not only maintained the reduced/oxidized ratio, but
also the total buffer pool [8]. We next set to explore the transcriptional variation between
Jing72464 and JingX201. Gene expression in biosynthesis, degradation, and recycling of
AsA-GSH pathway was detected using semi-quantitative RT-PCR. AsA is produced via
the D-mannose/L-galactose pathway, in which GGP catalyzes the conversion of GDP-L-
galactose to L-galactose 1-P and is the first committed step in this pathway [21]. Tran-
scription level of ZmVTC2, GGP encoding gene in maize, was significantly increased in
response to LT stress. At NT condition, transcripts level of ZmVTC2 in Jing72464 was
about 4.3-fold higher in Jing72464 than JingX201 (p < 0.001), indicating the enhanced
production of AsA pool. Other genes encoding catalyzing enzymes of this pathway, in-
cluding ZmGME, ZmVTC4, ZmGalDH, and ZmGalLDH were not significantly changed
between two genotypes (Figure S2). Transcription level of GSH biosynthesis genes, includ-
ing ZmECS, ZmGSH1, and ZmGSH?2 were induced at different degree in response to LT,
while there was no significant difference between the two inbred lines (Figure 52). Tran-
script levels of genes encoding enzymes in recycling of AsA-GSH pathway were analyzed.
Among the four antioxidant enzymes in AsA-GSH recycle pathway, major difference came
from ZmAPX, which use AsA as an electron donor to detoxify HyO,. Transcription level
of ZmAPX1 and ZmAPX2 were significantly higher in Jing72464 than that of JingX201
(p < 0.001) (Figure 5a). Furthermore, ascorbate oxidase (AO) catalyzes the oxidation of AsA
to MDHA, with the concomitant reduction of molecular oxygen to water. Transcription
level of ZmAQ was 4.1-fold higher in Jing72464 than that of JingX201 (p < 0.001) (Figure 5a).
The other three antioxidant enzymes in AsA-GSH recycle pathway, including ZmMDHAR,
ZmDHAR, and ZmGR, also increased transcription in response to LT, but no significant
differences were observed between two genotypes (Figure S2).

Transcription of SOD, CAT, and GST were also analyzed. Majority of the analyzed
genes increased in response to LT. For example, transcripts levels of ZmSODA.3, ZmSODB,
and ZmGST2 were much higher in Jing72464 than JingX201 under LT condition, whereas
transcripts level of ZmSOD4 was lower in Jing72464 (Figure S2). Collectively, our results
suggested that enhancement of the GSH and AsA redox pools improved LT tolerance of
maize seedlings, which might be conferred by the coordination of VIC2-mediate AsA
biosynthesis and APX-mediate antioxidants recycling (Figure 5a).

The ratios of AsA to DHA and GSH to GSSG may signal the plant with appropriate
response to abiotic stress, which coordinate the actions of multiple signaling pathways in
regulation of plant development. As illustrated in Figure 2, LT-tolerant inbred Jing72464
maintain the considerable post-germinative growth and normal photosynthesis. Compared
with that, LT-sensitive inbred JingX201 had strong response to LT stress, leading to the
impairment of seedling establishment and photosynthesis in subsequent growth. Conse-
quently, Jing72464 maintained considerable plant height, biomass, and production of seeds
at mature stage, whereas JingX201 was significantly suppressed on these physiological
indexes (Figures 6 and S3).
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Figure 6. Yield of Jing72464 was less inhibited by low temperature. (a) Yield of 6 maize inbred accession in the filed
condition under LT or NT. Data represent mean values of three independent replicate (n > 10). Significant differences were

labeled with different Roman (a, b, c) or Greek letters (e, 3, ). (b) Yield reduction ratio was calculated as the yield in LT
versus that in NT.
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4. Discussion

To counteract the oxidative damage that continuously occurred due to abiotic stress,
plant developed multiple enzymatic and non-enzymatic antioxidative defense systems
to maintain the redox balance in the cell. The AsA-GSH pathway plays a vital role in
detoxifying ROS and interacts with other defense systems to counteract various abiotic
stresses. Both AsA and GSH are strong antioxidants which can donate one or two electrons
to form oxidized form, DHA and GSSG, respectively. AsA is of particular importance
among these, and is the most abundant water-soluble antioxidant in plants, e.g., AsA is
present at concentrations of 20 mM or more in chloroplasts. In addition, AsA serves as an
important co-factor in several pathways including the xanthophyll cycle, the synthesis of
ethylene, and cell wall components. AsA is also involved in the regulation of cell division
and cell expansion. Thus, the maintenance of proper AsA content is essential to the plant
development and abiotic stress tolerance [6,8,21-23].

Recycling of AsA from their oxidized forms is the necessity to keep the redox balance
as well as the higher AsA content. The oxidized ascorbate, MDHA or DHA, can be recycled
back to its reduced form by MDHAR or DHAR, respectively. Since MDHAR and DHAR are
not rate-limiting steps in the recycling of AsA, loss-of-function mutations of their coding
genes did not affect the pool size of total ascorbate [24,25]. In this study, LT-tolerant inbred
Jing72464 maintained similar AsA and GSH content as that of sensitive ones, whereas
the oxidized substrates were significantly higher. This led to the increase of pool size in
total ascorbate and glutathione, which contribute to the stress fitness of plant. Among
the four antioxidative enzymes in AsA-GSH pathway, ZmAPX1 and ZmAPX2 showed
significant transcriptional differences between the LT-tolerant and LT-sensitive inbred
lines. Our results are consistent with previous study, in which APX gene was more in-
ducted by LT in LT-tolerant maize genotype Gurez local but not in LT-susceptible genotype
G-M-6 [26]. This implied that APX might be the key enzyme to regulate low temperature
tolerance of maize.

Plant activates the AsA-GSH recycle pathway to ameliorate the oxidative damage,
meanwhile requires the fine coordination of de novo antioxidant biosynthesis and re-
cycling. There is compelling genetic evidence that the biosynthesis of AsA proceeds
via the D-mannose/L-galactose pathway and is the most significant source of ascorbate
in plants. This pathway consists of eight reaction processes catalyzed by constitutive
enzymes, including GME, GGP, GPP, L-GalDH, L-GalLDH, and so on. GGP/VTC2 is
the rate-limiting step in this pathway and is the only gene that causes a substantial in-
crease in ascorbate contents by its overexpression [21,27]. Among the biosynthesis genes
analyzed in these studies, ZmVTC2 is the only gene that significantly induction by LT,
which suggested its predominant role for abiotic stress fitness of maize. LT-tolerant in-
bred Jing72464 maintained significantly higher transcription level of ZmVTC2 at normal
condition than that of LT-sensitive inbred JingX201, which might provide the plant with
higher AsA pool to counteract the oxidative damage due to abiotic stress perturbation,
e.g., occasional encountered low temperature during germination. In this context, ZmVTC2
would be a major target of genetic engineering for the improvement of AsA content and
LT-stress fitness.

5. Conclusions

We have here shown the association of total AsA-GSH pool with the low temperature
stress tolerance in maize germination and post-germinative growth. The elite maize inbred
Jing72464 will be used as LT-resistant maize germplasm and resource reserves to overcome
the problem of low seed germination rate in Northeast China. The future research on
AsA-GSH pathway under other stress condition would reveal additional important targets
and improve our understanding of how the plant coordinate the de novo AsA biosynthesis
with recycling to maintain the redox homeostasis in plant.
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