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Abstract: The delay of leaf senescence, also known as the stay-green (SG) phenotype, is a trait closely
associated with yield gain and resistance to many biotic/abiotic stresses. In order to increase the stress
tolerance in maize, eight genetic background types were compared against the hallmarks of delayed
senescence. The plant redox status and hormonal levels were tested among widespread SG and
non-SG (NSG) maize lines in northern China. We found that SG maize lines showed greater activity of
the reactive oxygen species (ROS) scavenging apparatus including leaf superoxide dismutases (SOD),
peroxidases (POD), and catalases (CAT). Moreover, the concentration of malonaldehyde (MDA),
a membrane lipid peroxidation marker, was significantly lower in SG than in NSG plants. For the
hormone content, SG maize lines showed higher zeatin (ZR) and lower abscisic acid (ABA) after
silking, resulting in a higher ZR/ABA ratio. Understanding the correlation between the stay-green
trait and the corresponding hallmarks of delayed senescence is an important step in promoting SG to
increase yield and stress tolerance. Our findings provide valuable insight into how to promote the
SG trait in specific maize lines to increase yield and stress tolerance.
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1. Introduction

The stay-green (SG) trait refers to a lack of obvious loss of green in leaves due to the delay of
senescence during the physiological maturation of grain. Right after the successful pollination and
initiation of kernel development, the grain fill period begins and lasts for two months until the kernels
are physiologically mature. During the grain fill period, the developing kernels demand nutrition
from the rest of the plant, especially from the green leaves that are undergoing active photosynthetic
process. The anthesis maturity stage is the key period for determining not only maize yield, but also
leaf senescence with physiological functions [1].

The early onset of leaf senescence affects assimilation and grain filling in crop plants and thus
reduces crop yield [2]. In contrast, delayed leaf senescence, also called the stay-green (SG) trait,
extends the active photosynthesis state and leads to a greater accumulation of dry matter in seeds,
leading to a higher crop yield [3,4]. Moreover, the SG trait is also associated with an increased resistance
to abiotic stresses such as heat and drought [5], and biotic stresses [6]. Researchers have found a
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positive correlation of the SG trait with a higher grain yield in crop plants such as sorghum [7,8],
wheat [9], and maize [10,11].

Leaf senescence is genetically controlled and is also regulated by environmental factors and
developmental factors [12]. Previous research has found that abiotic stresses such as drought [13],
salinity [14], nutrient deficiency [15], or extreme temperatures cause the production of reactive
oxygen species (ROS) [6,16]. Consequently, ROS scavenging by enzymes could effectively eliminate
the reactive oxygen species, slow down senescence, and enhance resistance to oxidative stress.
Superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activity are therefore considered
indicators of ongoing senescence.

In addition to being a consequence of environmental stresses, senescence is also regulated
by endogenous factors such as hormones. Plant hormones function as internal signals,
triggering senescence and mediating processes such as the degradation of chloroplasts and
photosynthetic proteins [17]. For example, abscisic acid (ABA) promotes leaf yellowing and senescence,
while cytokinins (CTKs) have the opposite effect and increase the stay-green time [18,19].

Indeed, the extension of leaf senescence is a key developmental process that correlates directly to
the maize grain yield [1]. Therefore, selecting maize varieties with the SG trait, or using strategies to
postpone the onset of senescence and keep leaves green to allow an extended photosynthetic state,
are expected to significantly increase the yield, especially during grain fill stages, or when maize plants
are challenged by abiotic and biotic stresses [20].

The SG maize varieties are characterized by a higher SG ratio (proportion of green tissue on the
total plant area) and no chlorosis on the green leaves, while the SG ratio of the hybrid lines follows
the order SG × SG > SG × NSG (non-SG) > NSG × SG > NSG × NSG. Understanding the hallmarks
of the stay-green traits and corresponding events in SG maize at the post-silking and grain fill stages
is of agronomic importance [21]. Wang et al. (1999) [22] studied major maize varieties in China and
found a rapid decrease in the activity of SOD, CAT, and POD in leaves after plant anthesis, and a quick
accumulation of malonaldehyde (MDA), the product of membrane lipid peroxidation. Meanwhile,
in slow-decaying maize varieties, the activity of SOD, CAT, and POD in the leaves decreases more
slowly and MDA accumulates at a slower rate. The difference becomes more apparent in the late
silking stages.

Previous research on maize leaf senescence emphasized active oxygen metabolism under stress
conditions such as nutrient deficiency, drought, extreme temperature, and salinity stresses [13,15].
The SG lines Q319 and CZ01, and the non-SG (NSG) lines BM and B73 are widespread in Northern
China. Understanding the correlation of the corresponding physiological hallmarks with the SG trait
is an important step in increasing the yield and stress resistance in these specific maize varieties.
To achieve this, we measured the ROS scavenging activity and endogenous hormones in leaves of
different senescing SG varieties at different stages after silking in their parental lines and their F1
generations between SG lines and non-SG lines. Our findings provide valuable insight into how to
promote the SG trait in these specific maize lines in order to increase the yield and stress tolerance.
While crop yield is a complex trait in maize, introducing the SG trait into maize lines with combinational
favorable traits is a good strategy for maize breeding.

2. Materials and Methods

2.1. Experimental Conditions

The field experiment was carried out at the Liuyi Farm at the Maize Institute, Shandong Academy
of Agricultural Sciences (117◦1′ E, 37◦1′ N). The region has a temperate monsoon climate with an
annual average precipitation of 547.5 mm, mainly occurring from June to August and has a mean
annual temperature of 12.9 ◦C. The soil in the field is a fertile sand-loam type with 1.11% organic
matter, 0.11% total nitrogen, 53.16 mg kg−1 available nitrogen, and 29.38 mg kg−1 available phosphorus,
with 87.17 mg kg−1 available phosphorus in the surface soil.
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2.2. Experimental Designs

To fully demonstrate the correlations of the corresponding physiological hallmarks with the SG
trait, F1 plants of crosses [Q319 × CZ01 (SG × SG), Q319 × BM (SG × NSG), BM × Q319 (NSG × SG),
and B73 × BM (NSG × NSG)], and their parental lines were used for our experiment. Each cross
was performed between 12 pairs of maize plants and their F1 generations and was analyzed for the
hallmarks related to the SG trait (Table 1). Two SG inbred lines, Q319 [23] and CZ01 [24], and two NSG
inbred lines, BM [21] and B73 [24], were used in this experiment.

Table 1. The parental and F1 materials used in this study.

Generation Material Code Hybrid Lines

Self-Cross

SG1 CZ01
SG2 Q319

NSG1 BM
NSG2 B73

Hybrid Cross

SG1 × SG2 CZ01 × Q319
SG2 × SG1 Q319 × CZ01

SG1 × NSG1 CZ01 × BM
SG2 × NSG1 Q319 × BM
NSG1 × SG1 BM × ZC01
NSG1 × SG2 BM × Q319

NSG1 × NSG2 BM × B73
NSG2 × NSG1 B73 × BM

Note: SG1 and SG2 are two types of maize for a higher stay-green ratio; CZ01,
Q319, BM, B73 are the names of maize varieties.

The SG and NSG lines were planted with three replications in 19.8 m2 (3.96 m × 5.0 m) plots,
in six rows, with 66 cm row spaces, and a density of 60,000 plants ha−1. Maize was sown on 8 June
and harvested at the end of September in the same year, following conventional management practices
such as irrigation and fertilization.

2.3. Sampling and Measurements

Three maize plants of equal size from each F1 generation were selected from the silking, filling,
milky, and maturity stages (0, 15, 30, and 55 days after silking). Ear leaves were sampled, frozen in
liquid nitrogen, and stored at −40 ◦C for further experiments.

2.4. Activity of SOD, CAT and POD, and the MDA Content

One gram of frozen leaf fragments was ground into a homogenate in a pre-chilled mortar in an
ice bath with 5 mL of 0.1 mol/L PBS (phosphate buffered saline, pH 7.0) and a small amount of silica
sand; 5 mL PBS was added again during grinding. The supernatant was centrifuged at 10,000 rpm for
15 min at 4 ◦C, transferred to pre-chilled tubes, and saved as a crude enzyme extract at 4 ◦C for up to
48 h. A UV-2800 ultraviolet and visible spectrophotometer (Shimadzu, Kyoto, Japan) was used in all of
the following tests.

SOD activity was determined by the reduction of nitrogen blue tetrazolium (NBT) [25] under 4000
LX fluorescent light for 15 min; then the absorbance at 560 nm was measured and the enzyme activity
was calculated. An enzyme unit was defined as the amount of enzyme required to reduce NBT to half
the concentration of the control (50%). The specific activity was expressed in units of enzyme per mg
of protein enzyme (unit/mg).

POD activity was determined by the reduction of guaiacol [26]. The enzyme activity was defined
as ∆OD 470 g−1 FW min−1. CAT activity was determined by potassium permanganate titration—the
amount of H2O2 (µmol) decomposed by 1 g of fresh weight in 1 min at 20 ◦C. The MDA content was
determined by the thiobarbituric acid colorimetry method [27].
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2.5. Content of Endogenous Hormones

Zeatin (ZR) and ABA were measured using an enzyme-linked immunosorbent assay (ELISA) [28].
Fresh leaf samples of 2–4 g were cut into pieces, mixed with 10 mL of 80% ice-methanol and ground.
The sample was transferred into a 150 mL conical flask with a stopper. After adding ice-methanol,
the mixture was sonicated for 2 h, then kept on ice. The filtered residue was then added to 20 mL of
80% ice-methanol, mixed evenly, refrigerated for 12 h and then filtered. The filtrate was dried at 40 ◦C,
transferred into a tube containing phosphate buffer (pH 8.0) and chloroform, and then extracted by
chloroform three times. The pH was adjusted to 2.5–2.8 by formic acid, and the filtrate was extracted
by chloroform three times, dried by evaporation, washed with phosphate buffer (pH 8.0), and passed
through a Seppar C18 pre-column. The pre-column was washed with 2 mL methanol. The washing
solution was collected and filtered with a filter membrane (0.45 µm). The filtrate was analyzed
using high-pressure liquid chromatography (Waters510, Waters company, Eschborn, Germany),
with an ODSC18 column (250 mm × 4.6 mm). The mobile phase was mixed with acetonitrile:methyl
alcohol:acetic acid (1%) (5:50:45) at a flow rate of 0.8 mL min−1. The detection wavelength was 254 nm,
the sensitivity was 0.5 AuFs, and an external standard was employed for quantification.

2.6. Statistical Analysis

The results were initially collated with Excel 2010 (Microsoft, Albuquerque, NM, USA). One-way
ANOVA analysis was based on SAS 8.1 (SAS Institute, Cary, NC, USA). Charts were made using
Sigmaplot 12.0 (Systat Software Inc., San Jose, CA, USA).

3. Results

3.1. Superoxide Dismutase (SOD) Activity after Silking

The SOD activity in the SG and NSG lines showed a similar trend with the highest activity
occurring from the silking period to the filling period. The activity decline after the filling period
indicates a drop in ROS scavenging. However, the SOD activity was significantly higher in the SG
parental lines than the NSG parental lines, and the difference became larger as kernel development
advanced. The SOD activity dropped by 6.92% and 7.78% from silking to filling in the SG parental
lines, compared to 49.60% and 58.68% in the NSG parental lines.

The F1 plants from the SG crosses also showed greater SOD activity than the F1 plants from the
NSG crosses (Figure 1). From the silking to the filling period, SOD activity dropped by 20.2% in the
SG × SG lines and 44.06% in the NSG × NSG lines, while in the SG × NSG and NSG × SG lines,
it dropped intermediately between the SG × SG lines and SG × NSG lines. Leaf SOD activity in the
SG maize lines dropped more slowly, maintaining a relatively higher level; therefore, leaf senescence
in the SG maize lines was slower due to the greater SOD scavenging of ROS, and less accumulation of
toxic matter.

3.2. Peroxidase (POD) Activity after Silking

The POD activity in the SG and NSG lines showed a similar trend, with the greatest activity
occurring from the silking to the filling period (Figure 2). From the filling to the maturity period,
leaf POD activity dropped by 24.10% and 26.67% in the SG parental lines, compared to 54.85% and
57.55% in the NSG parental lines. The F1 plants from the SG crosses also showed higher POD activity
than the F1 plants from the NSG crosses. From the silking to the filling period, the POD activity
dropped by 17.13% in the SG × SG lines, 46.27% in the NSG × NSG lines, while it was intermediate in
the SG × NSG and NSG × SG lines. In every developing stage, the SG parental lines and F1 plants of
SG × SG showed greater POD activity than their NSG counterparts. Even at the later stages, the SG
lines still retained high POD activity, suggesting a stronger ability to remove ROS.
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after silking. Values are means ± standard deviation (n = 3). * indicates a significant difference between 

Figure 1. Superoxide dismutase (SOD) activity in ear leaves from different maize genetic backgrounds
after silking. Values are means ± standard deviation (n = 3). * indicates a significant difference between
treatments at p < 0.05. ** indicates a significant difference between treatments at p < 0.01. (a) represents
inbred lines, (b) represents hybrids. SG1 and SG2 are two types of maize for a higher stay-green ratio;
CZ01, Q319, BM, B73 are the names of maize varieties.
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Figure 2. Peroxidase (POD) activity in ear leaves from different maize genetic backgrounds after silking.
Values are means ± standard deviation (n = 3). * indicates a significant difference between treatments
at p < 0.05. ** indicates a significant difference between treatments at p < 0.01. The (a) represents inbred
lines, (b) represents hybrids. SG1 and SG2 are two types of maize for a higher stay-green ratio; CZ01,
Q319, BM, B73 are the names of maize varieties.

3.3. Catalase (CAT) Activity after Silking

The CAT activity in the leaves of all crosses was the highest from the silking to the filling
stage before decreasing slowly in the SG × SG plants and more steeply in other crosses (Figure 3).
CAT activity dropped by 28.42% and 30.20% from the silking to the maturity period in the SG parental
lines, compared to 63.00% and 63.11% in the NSG parental lines. Activity in the SG × SG plants was
higher at each growth stage when compared to other crosses, while NSG × NSG presented the lowest
value. From the silking to the maturity period, activity dropped by 26.95% in the SG× SG lines, 57.21%
in the NSG × NSG lines, 30.35% in the SG × NSG, and 34.58% in the NSG × SG lines.
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at p < 0.05. ** indicates a significant difference between treatments at p < 0.01. (a) represents inbred
lines, (b) represents hybrids. SG1 and SG2 are two types of maize for a higher stay-green ratio; CZ01,
Q319, BM, B73 are the names of maize varieties.

3.4. Malondialdehyde (MDA) Content after Silking

The MDA content in maize functional leaves increased with maturation (Figure 4); it was lower at
the silking stage, slightly higher at the filling stage, and then rose rapidly. This suggests that intense
cell membrane oxidation took place after the filling stage. The SG parental lines showed lower MDA
content than the NSG parental lines at all stages. In F1 crossed lines, the leaf MDA content was the
highest in Q319 × CZ01, followed by Q319 × BM, BM × Q319, and BM × B73 for all growth stages.
Thus, the SG × SG plants showed better ROS scavenging performance, with lower membrane lipid
peroxide levels when compared to NSG × NSG plants. The average MDA content from silking to
maturation in the SG lines was 32.35% lower than in the NSG lines, demonstrating that the SG lines had
less cell membrane oxidation and thus less cell membrane damage, better leaf protection, and slower
function decline.
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Figure 4. Malondialdehyde (MDA) content in ear leaves from different maize genetic backgrounds
after silking. Values are means ± standard deviation (n = 3). * indicates a significant difference between
treatments at p < 0.05. ** indicates a significant difference between treatments at p < 0.01. (a) represents
inbred lines, (b) represents hybrids. SG1 and SG2 are two types of maize for a higher stay-green ratio;
CZ01, Q319, BM, B73 are the names of maize varieties.

3.5. Hormone Content in Leaves after Silking

Since hormones, and, in particular, CTKs and ABA, can control senescence in maize, we measured
the leaf content of the CTK, zeatin riboside (ZR), and ABA in leaves at different developmental stages.
The ZR content increased first and then declined, reaching a maximum at the filling stage (Figure 5).
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The ZR content was always higher in the SG parental lines than in the NSG parental lines at every stage
tested by an average of 72.65%. In the F1 crossed lines, the ZR content was the highest in SG × SG,
followed by SG × NSG, NSG × SG, and NSG × NSG. Furthermore, the average ZR content from
silking to maturation in the SG × SG lines was 82.03% higher than in the NSG × NSG lines.Agronomy 2018, 8, x  7 of 11 
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Figure 5. Zeatin riboside (ZR) content in ear leaves from different maize genetic backgrounds after
silking. Values are means ± standard deviation (n = 3). * indicates a significant difference between
treatments at p < 0.05. ** indicates a significant difference between treatments at p < 0.01. (a) represents
inbred lines, (b) represents hybrids. SG1 and SG2 are two types of maize for a higher stay-green ratio;
CZ01, Q319, BM, B73 are the names of maize varieties.

The ABA content in maize with different genetic backgrounds increased slowly from the silking to
maturity stage, except for the NSG lines, where it quickly increased from the filling to the milky stage,
and then went back to a slow increase (Figure 6). From the silking to the maturity period, the ABA
content increased by 44.50% in the SG parental lines, compared to 51.49% in the NSG parental lines.
Among the filial generations, the ABA content was the highest in the SG parental lines and SG × SG,
followed by SG × NSG, NSG × SG, and NSG × NSG or NSG parental lines. Additionally, the average
ABA content from silking to maturity in the SG × SG lines was 57.97% lower than in the NSG ×
NSG lines.
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Figure 6. Abscisic acid (ABA) content in ear leaves from different maize genetic backgrounds after
silking. Values are means ± standard deviation (n = 3). * indicates a significant difference between
treatments at p < 0.05. ** indicates a significant difference between treatments at p < 0.01. (a) represents
inbred lines, (b) represents hybrids. SG1 and SG2 are two types of maize for a higher stay-green ratio;
CZ01, Q319, BM, B73 are the names of maize varieties.

The ZR/ABA ratio was 2.5 times higher in the SG lines than that in the NSG lines (Figure 7).
Moreover, the ZR to ABA ratio was the highest in SG × SG, followed by SG × NSG, NSG × SG,
and NSG × NSG. The mean ZR/AB in SG × SG was 2.88 times higher than that of NSG × NSG.
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The increased relative ZR leaf content might be related to slower senescence and an increase in the
SG period.Agronomy 2018, 8, x  8 of 11 
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Figure 7. The ratio of zeatin riboside (ZR)/abscisic acid (ABA) in ear leaves from different maize
genetic backgrounds from silking to maturity. Values are means of the four stages (silking, filling,
milky, and maturity). The different letters indicate significance at the p < 0.05 level. SG is for CZ01 and
Q319, NSG is for BM and B73, SG × NSG is for Q319 × BM, NSG × NSG is for BM × B73, SG × SG is
for Q319 × CZ01, and NSG × SG is for BM × Q319.

4. Discussion

The development of the free radical theory by Firdovich (1975) [29], drew a lot of attention to
mechanistic research into plant stress resistance and plant senescence. In this study, by measuring the
activity of the antioxidant enzymes SOD, POD, and CAT, as well as by measuring the MDA content
and the content of the related hormones ZR and ABA, we investigated the relationship between
the SG trait and the physiological delay of senescence. We also considered whether hybrid SG ×
NSG plants maintained this stay-green trait to some extent. We found that the activity of SOD, POD,
and CAT in leaves showed a similar pattern during the later stages of maize reproduction (from silking
to maturity)—a rise, followed by a decline, reaching the maximum at the filling stage. At every
stage, the SG × SG hybrids displayed correspondingly higher activity than all measured enzymes
compared to the NSG × NSG hybrids. Our findings were consistent with other reports in maize,
wheat, and rice [30–32]. Since ROS scavenging activity is a marker of senescence, SG × SG hybrids
can delay leaf senescence as a result of more active antioxidant activity through these protective
enzymes, protecting leaves from yellowing. The lower MDA levels in SG × SG plants also supports
our hypothesis that leaf senescence in SG × SG plants was slower due to the occurrence of less cell
membrane damage. We concluded that the SG lines showed better ROS scavenging properties at all
stages than the NSG lines, thus maintaining the leaves at the functional stages for extended periods.
They are therefore expected to promote dry matter accumulation in the kernels.

Regarding the mechanism of leaf senescence related to ROS, we do not have direct data on
the efficiency of ROS-mediated signaling in these maize plants. As ROS accompanies senescence,
stay-green lines may produce lower levels of ROS, and hence, ROS-scavenging enzymes. It is
possible that higher ROS scavenging activity leads to impaired ROS-mediated signaling, thus delayed
senescence. The decline in SOD, POD, and CAT activity indicates that the delayed senescence in
SG plants is likely to be due to the regulation of senescence at the level of ROS creation rather than
on the downstream targets, for example, gene expression or protein stability. In this study, we did
not address whether the SG trait is correlated with higher levels of these proteins or if this system
is instead more active in these plants. Higher levels of ROS scavenging might be a side effect of
higher ROS production due to the photosynthetic rate [33], rather than being the main causative effect
of the SG trait. Future studies are needed to address this question and investigate the molecular
mechanisms involved.
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In terms of the hormonal control of senescence, as reported earlier, ZR delays the degradation of
the photosynthetic machinery, which is compatible with a greener leaf color [17]. At the same time,
previous reports have also indicated that the overaccumulation of ZR due to the overexpression of
biosynthetic genes results in plants oversensitive to abiotic stress. While our data indicate that the
absolute ZR levels were always in the physiological range [34], future work will need to keep these
higher concentrations of ZR in mind, particularly when breeding high-yield hybrids. The levels of
ABA measured in our study were compatible with previous studies, indicating that this hormone acts
as a senescence-promoting factor [35]. As the SG × SG plants presented at lower levels of ABA when
compared to other hybrids, this likely indicates that these plants have a delayed, genetically-induced
senescence. Both of these hormones are involved in the control of leaf senescence and have a direct
influence on photosynthesis [16]. However, with our experimental setup, it was not possible to provide
evidence as to whether the change in hormonal levels was causative of or dependent on the SG trait.
We observed a decline in the ZR level in all plants, in agreement with the notion that a decrease in
cytokinin levels is a signal for the initiation of senescence [36]. At the same time, ABA levels are
modulated by abiotic stress [37], leaving open the possibility that the lower levels in SG plants might be
related to inefficient stress responses. In our experiment, we did not test our plants under abiotic stress
conditions. It might be interesting to measure whether the production of ABA is similar to NSG under
stress, to better understand the physiological meaning of our data. Therefore, while it is likely that the
exogenous application of these hormones before the silking stage might change the photosynthetic
efficiency of the plants, these experiments would also help to improve our understanding of the roles
of ZR and ABA in SG plants. Further investigation is therefore needed to clarify the significance of the
unbalanced levels of these hormones in SG plants.

The NSG × SG and SG × NSG plants partially retained the characteristics of the SG × SG plants,
with ROS scavenging activity and hormones at intermediate levels between SG × SG plants and
NSG × NSG plants. Our data provided a starting point to create hybrid SG plants that preserve their
photosynthetic characteristics while potentially introducing other beneficial traits through crossing.
Previous studies have indicated that both dominance and additive effects, with a predominance of the
latter [5], control the inheritance of the SG trait. Our data are in agreement with this notion. The ROS
scavenging profile and the hormonal level of our experiments indeed seem to suggest that the SG
trait is inherited in an additive fashion. This means that not only can the SG trait be crossed to obtain
varieties to combine this trait with others, but also that crossing different SG varieties could result in
better SG cultivars.

In summary, by comparing the activity of the SOD, POD, and CAT enzymes as well as the MDA
content, we found that the SG lines show better ROS scavenging properties at all stages of development
than NSG lines. We also found that the SG trait was accompanied by better ROS scavenging, higher ZR,
and a lower ABA content in leaves. Moreover, our study indicated that the SG trait was at least
partially retained in the SG × NSG hybrid, providing basic information for the use of the SG trait in
hybrid breeding to maintain the leaf at functional stages for an extended period and is thus expected
to promote dry matter accumulation in the kernels.

5. Conclusions

By comparing the activity of the SOD, POD, and CAT enzymes and the MDA content, we found
that the SG lines showed better ROS scavenging properties at all stages than the NSG lines. We also
found that the SG trait was accompanied by better ROS scavenging, a greater ZR content, and a
lower ABA content in leaves. Accordingly, stay-green maize appears to eliminate active oxygen
effectively, which is beneficial for slowing leaf senescence and improving dry matter accumulation,
which provides a physiological basis for higher maize yields. Our research is meaningful for maize
senescence regulation and good variety selection for stay-green maize.
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