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Abstract: The drought tolerance and capacity to recover after drought are important for plant growth
and yield. In this study, two maize lines with different drought resistance were used to investigate the
effects of different drought durations and subsequent re-watering on photosynthetic capacity, electron
transfer and energy distribution, and antioxidative defense mechanisms of maize. Under short
drought, maize plants decreased stomatal conductance and photosynthetic electron transport rate,
and increased NPQ (Non-photochemical quenching) to dissipate excess excitation energy in time
and protect the photosynthetic apparatus. With the increased drought duration, NPQ, antioxidase
activity, PItotal (total performance index), ∆I/Io, ψEo (quantum yield for electron transport), ϕEo

(efficiency/probability that an electron moves further than QA
−), δRo (efficiency/probability with

which an electron from the intersystem electron carriers is transferred to reduce end electron acceptors
at the PSI acceptor side) and ϕRo (the quantum yield for the reduction of the end electron acceptors
at the PSI acceptor side) were significantly reduced, while Y(NO) (quantum yield of nonregulated
energy dissipation) and MDA (malondialdehyde) began to quickly increase. The photosynthetic rate
and capacity of photosynthetic electron transport could not recover to the level of the plants subjected
to normal water status after re-watering. These findings indicated that long drought damaged the
PSI (photosystem I) and PSII (photosystem II) reaction center and decreased the electron transfer
efficiency, and this damage could not be recovered by re-watering. Different drought resistance and
recovery levels of photosynthetic performance were achieved by different maize lines. Compared
with D340, D1798Z had higher NPQ and antioxidase activity, which was able to maintain functionality
for longer in response to progressive drought, and it could also recover at more severe drought after
re-watering, which indicated its higher tolerance to drought. It was concluded that the capacity of
the energy dissipation and antioxidant enzyme system is crucial to mitigate the effects caused by
drought, and the capacity to recover after re-watering was dependent on the severity and persistence
of drought, adaptability, and recovery differences of the maize lines. The results provide a profound
insight to understand the maize functional traits’ responses to drought stresses and re-watering.

Keywords: photosynthetic capacity; photosystem II; chlorophyll a fluorescence; electron transfer and
energy distribution; ROS production and scavenging

1. Introduction

The IPCC (Intergovernmental Panel on Climate Change) expected climate change to result in
abnormal changes in precipitation patterns, including increased severity and accelerated frequency
of drought [1]. In recent years, an increase in the frequency and intensity of drought has been
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reported [2], which is one of the most important environmental factors limiting crop productivity
worldwide [3]. Especially in arid and semi-arid regions, water availability is insufficient to satisfy
plant needs. Therefore, it is important to breed crop cultivar with enhanced drought tolerance [4]
and to improve irrigation management for agricultural systems [5]. Both of these require a better
understanding of the physiological responses to drought [6].

Drought can severely inhibit the growth and productivity of plants through affecting some key
physiological processes, such as the photosynthesis rate [7]. Under drought, plants reduce the water
vapor loss through reducing the stomatal opening [8]. However, it also restricts CO2 entry in the leaf,
which may lead to the decrease of the photosynthesis rate [9] and a decrease in primary photochemical
processes [10], which will inhibit plant growth and even reduce dry matter accumulation and yield [11].
Therefore, the measurement of photosynthetic performance is considered a standard technique for
studies on drought stress, especially, the photosynthesis rate (A), stomata conductance (gs), and
transpiration (E) have been determined to be the most used techniques to discriminate the plant
responses to drought [12–14]. The measurement of chlorophyll fluorescence is another standard
technique for drought studies. Chlorophyll a fluorescence transient is an important method for
studying photosystem II (PSII) function and reaction under drought [15,16], and can be used to analyze
light absorption and its conversion to biochemical energy [17,18]. Drought might lead to excessive
generation of reactive oxygen species (ROS), which can cause oxidative damage to photosynthetic
components [19]. The antioxidant enzymes were crucial for controlling excessive levels of ROS, and
some plant growth regulators, such as melatonin, were used to improve the antioxidant enzyme
activity and scavenge ROS under drought [20,21].

Maize is an important food and feed crop around the world and is also widely used in industrial
products. The effects of drought on maize have been extensively investigated. In general, drought
was shown to induce the decrease of photosynthesis in maize leaves, and this decrease was caused by
stomatal closure and the decrease of the maximum quantum efficiency of photosystem II [11,14,22,23].
Drought might also lead to a reduction in total biomass and fraction of crop dry matter allocated to the
grain [24]. Different gene types of maize have different susceptibility to drought. Compared with the
drought-sensitive genotype, the drought-resistant genotype had higher endogenous brassinosteroids
content [25] and showed a reduced extent of drought-induced changes in the photosynthetic electron
transport chain, and its cyclic electron flow pathway operated for a longer time during drought
stress [11]. It is important to have higher drought resistance during drought periods, but drought
stress in plants is usually transient, and the capacity to recover from drought is also very important.
The research of drought influence on photosynthetic performance of maize had been well documented,
but information on the capacity to recover from different drought durations and its relationship with
drought-tolerance is still unavailable. Especially, the information on the recovery of PSII still need
to be researched. In this study, we investigated the effects of drought duration and re-watering on
maize leaf functionality and assessed the capacity of different drought-resistant maize to different
drought durations and its recovery capacity. The results can provide a better understanding of the
physiological responses to drought and re-watering.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The maize lines D1798Z (drought tolerance) and D340 (drought-sensitive) were used. The maize
seeds were sown in plastic pots (32 cm deep and 30 cm in diameter) filled with 20 kg soil on 10 May
2017 and 11 May 2018, and pots were put in the field. We grew 2 plants per pot, 10 pots for each
treatment. All pots were weighed and watered to the pot capacity every day until drought treatment.
When the third leaf of maize was expanded fully, the pots were divided into different drought duration
treatments. Treatment 1 control pots were watered daily to pot capacity. Treatment 2 pots were
subjected to drought by withholding water for 5 days, followed by re-watering, treatment 3 pots were
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subjected to drought by withholding water for 10 days, followed by re-watering, and treatment 4 pots
were subjected to drought by withholding water for 15 days, followed by re-watering. Every treatment
was performed with 3 replications.

2.2. Soil Water Content

After the shoot and root of maize plant was removed from the pot, the soil was weighed (Worignial).
Then, the soil was oven-dried at 80 ◦C for about 1 week and was weighed again for dry weight (Wdry).
Then, the soil water content (%, w/w) was calculated by ((Worignial −Wdry)/Wdry) × 100%.

2.3. Gas Exchange Parameters

Gas exchange parameters were measured on fully expanded leaves from 09:00 am to 11:30 am on
a clear day using a LI-6400XT (Li-Cor, Lincoln, NE, USA). The temperature, CO2 concentration, and
PPFD (Photosynthetic Photon Flux Density) of the leaf chamber were maintained at 25 ◦C, 380 µmol
mol−1, and 1500 µmol photons m−2 s−1, respectively.

2.4. Slow Chlorophyll Fluorescence Kinetics

The slow Chl fluorescence kinetic was performed as described in Yao et al. by using a
PAM-2500 chlorophyll fluorometer (Heinz Walz GmbH, Germany) [17]. After 30 min dark adaptation,
the minimal fluorescence value (Fo) was determined. Then, a 0.8 s saturation pulse at 3000 µmol
photons m−2 s−1 PPFD was applied for the recording of the maximal fluorescence (Fm). Then, white
actinic light (1500 µmol photons m−2 s−1 PAR Photosynthetic Active Radiation) was applied to
induce photochemistry and reach steady-state conditions. During the process, the light-adapted
maximal fluorescence yield (F’m) and the minimal fluorescence at the light-adapted state (F’o) were
recorded. Then, the parameters were calculated by the data acquisition system (PamWin 3, Heinz Walz
GmbH, German).

2.5. Chlorophyll a Fluorescence Transient

After 25 min dark adaptation, chlorophyll a fluorescence transient (OJIP) of maize leaves were
measured by the plant efficiency analyzer (M-PEA, Hansatech Instruments Ltd., Norfolk, UK) in a
solar day from 9:30 am to 11:00 pm. Then, the PSII parameters derived from the OJIP transient were
analyzed by M-PEA Plus V1.10 [26,27]: ϕEo, the quantum yield for electron transport; ϕPo, the maximal
quantum yield of primary photochemistry; ψEo, the efficiency/probability that an electron moves
further than QA

−; δRo, the efficiency/probability with which an electron from the intersystem electron
carriers is transferred to reduce end electron acceptors at the PSI acceptor side; ϕRo, the quantum yield
for reduction in end electron acceptors at the PSI acceptor side; PIABS, the performance index on the
absorption basis; PItotal, the total PI, measuring the performance up to the PSI end electron acceptors.

2.6. Measurement of H2O2 Content, MDA Content, and Antioxidant Enzyme Activity

The middle segments of the uppermost and fully expanded leaves were collected after
measurement, and immediately stored in liquid nitrogen, and then kept at −80 ◦C. H2O2 content was
measured as described in Reference [28]. Leaf samples (0.2 g) were homogenized in 3 mL of acetone.
The homogenate was then centrifuged at 12,000× g for 10 min at 4 ◦C. The supernatant was collected
and added to 0.3 mL of a concentrated hydrochloric acid solution. The mixture was incubated at 25 ◦C
for 10 min, and then centrifuged at 10,000× g for 10 min at 4 ◦C. The pellet was washed twice with cold
acetone, and then 3 mL of 1 mol L−1 H2SO4 was added. The absorbance of the solution was measured
at 410 nm (UV-1601, Shimadzu, Japan), and the amount of H2O2 was calculated from a standard curve
prepared using known concentrations of H2O2.

Leaf samples were homogenized with 50 mM phosphate buffer (pH 7.8) containing 10 mM
Polyvinylpyrrolidone (PVP) and 0.2 mM EDTA (Ethylenediaamine tetra-acetic acid) in an ice bath, and
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centrifuged at 12,000× g and 4 ◦C for 20 min. The supernatant was used for MDA (malondialdehyde)
and enzyme analysis. The MDA content was assayed by the thiobarbituric acid test [29]. The activity
of SOD (superoxide dismutase) was assayed by measuring its ability to inhibit the photochemical
reduction of NBT (nitro blue tetrazolium) at 560 nm and was expressed as units per g of fresh weight [30].
The activity of CAT (catalase) was determined by measuring the decrease of H2O2 at 240 nm [31].

2.7. Data Analysis

The experiments were arranged in a completely randomized block design with three replications.
Statistical analysis was conducted for each parameter by analysis of variance (ANOVA) in general
linear model with 4 treatments and 2 cultivars. The graphs were made using SigmaPlot (Version 12,
Systat Software).

3. Results

3.1. Soil Water Content

During the drought treatments, the maize plants were weighed along with the pot to calculate the
soil water content. As drought duration increased, the soil water content gradually decreased (Figure 1).
Soil water content in drought treatment was significantly lower than that in the well-watered.
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Figure 1. Soil water content under different drought duration. Each parameter is the average of
three replicates.

3.2. Plant Growth

DW (dry weight) of maize was measured to indicate plant growth responses to different drought
durations and re-watering (Figure 2). The results showed that DW decreased significantly after 10 days
of drought treatment, and the decline of DW became greater with the increase of drought duration.
After 10 and 15 days of drought treatment, DW had decreased by 21.52% and 43.12% respectively,
for D340, and 15.06% and 40.31% respectively, for D1798Z. After re-watering, plant growth recovered
gradually. In T2, DW of both maize lines could recover to control values. But, in T3 and T4, DW had
decreased by 25.02% and 67.92% respectively, for D340, and 11.14% and 43.28% respectively, for D1798Z
after re-watering.
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Figure 2. Effect of different drought durations and re-watering on dry weight (DW) of two maize lines.
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3.3. Gas Exchange

The gas exchange parameters were measured to indicate stomatal responses to different drought
durations and re-watering (Figure 3). The A (photosynthetic rate), gs (stomatal conductance), and
E (transpiration rate) in D340 and D1798Z decreased progressively with the increase of drought
duration, but, D1798Z was able to maintain functionality for longer in response to progressive drought.
After re-watering, photosynthetic capacity recovered gradually. In T2, the A, gs, and E of both
maize lines could recover to control values, sometimes, the values were even higher than control,
which showed compensation effects. The A, gs, and E of D1798Z in T3 could recover to control after
re-watering, but other treatments could not recover.
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Figure 3. Effect of different drought durations and re-watering on A, Photosynthetic rate (A,B), gs,
Stomatal conductance (C,D) and E, Transpiration rate (E,F) of two maize lines. Each parameter is the
average of three replicates.

3.4. Chlorophyll Fluorescence

The slow kinetics of chl fluorescence was used to understand the PSII responses to different
drought durations and re-watering (Figure 4). The Fv/Fm (maximum quantum efficiency of PSII) and
qP (photochemical quenching) showed a similar trend during drought and re-watering. The Fv/Fm and
qP decreased significantly after drought treatment, and the decline of Fv/Fm and qP became greater
with the increase of drought duration, but to a greater extent in D340. After re-watering, the Fv/Fm and
qP recovered gradually. In T2, the Fv/Fm and qP of both maize lines could recover to control values.
The Fv/Fm and qP of D1798Z in T3 could recover to control after re-watering, but other treatments
could not recover. The NPQ (non-photochemical quenching) continued to increase after drought
treatment and reached its maximum value on the tenth day of drought, but on further continuing the
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drought experiment, it decreased (Figure 4E,F). In T2 and T3, the NPQ of D1798Z was higher than that
of D340. After re-watering, the NPQ decreased gradually.
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Figure 4. Effect of different drought durations and re-watering on Fv/Fm, maximum quantum efficiency
of PSII (photosystem II) (A,B), qP, photochemical quenching (C,D), and NPQ, non-photochemical
quenching (E,F) of two maize lines. Each parameter is the average of three replicates.

The Y(II) (photochemical quantum efficiency of PSII) decreased significantly after drought
treatment, and the decline of Y(II) became greater with the increase of drought duration, but to a greater
extent in D340. After re-watering, the Y(II) gradually recovered. In T2, the Y(II) of both maize lines
could recover to control values. The Y(II) of D1798Z in T3 could recover to control after re-watering, but
other treatments could not recover. In T2 and T3, the decline of Y(II) was accompanied by an increase
in Y(NPQ) and Y(NO), but in T4, the decline of Y(II) was accompanied by an increase in Y(NPQ)
and a decrease in Y(NO) (Figure 5). The Y(NPQ) (quantum yield of regulated energy dissipation)
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continued to increase after drought treatment and reached its maximum value on the tenth day of
drought, but on further continuing the drought experiment, it decreased (Figure 5E,F). The Y(NPQ)
of both maize lines in T3 were lower than that in T1, and Y(NPQ) of D1798Z was higher than that of
D340. After re-watering, the NPQ decreased gradually. The Y(NO) (quantum yield of non-regulated
energy dissipation) increased significantly after drought treatment, and the increase of Y(NO) became
greater with the increase of drought duration, but to a greater extent in D340. After re-watering, the
Y(NO) gradually recovered. The changes in Y(NPQ) and Y(NO) were much more pronounced in D340
than that in D1798Z.
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3.5. Fluorescence Parameters from OJIP Transients

The fluorescence parameters from OJIP transients were measured to indicate photosynthetic
electron transport chain responses to different drought durations and re-watering (Figure 6). The ψEo

(efficiency/probability that an electron moves further than QA
−), ϕEo (quantum yield for electron

transport), δRo (efficiency/probability with which an electron from the intersystem electron carriers is
transferred to reduce end electron acceptors at the PSI acceptor side), and ϕRo (the quantum yield for
the reduction of the end electron acceptors at the PSI acceptor side) in D340 and D1798Z showed a
similar trend during drought and re-watering. The ψEo, ϕEo, δRo, and ϕRo decreased progressively
with the increase of drought duration, but to a greater extent in D340, and D1798Z was able to maintain
functionality for longer in response to progressive drought. After re-watering, the ψEo, ϕEo, δRo, and
ϕRo of both maize lines in T2 could recover to control values, sometimes, the values were even higher
than control, which showed compensation effects. The ψEo, ϕEo, δRo, and ϕRo of D1798Z in T3 could
recover to control after re-watering, but other treatments could not recover. The recovery capability of
D1798Z was higher than that of D340.
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− (A,B), ϕEo, quantum yield
for electron transport (C,D), δRo, efficiency/probability with which an electron from the intersystem
electron carriers is transferred to reduce end electron acceptors at the PSI acceptor side (E,F) and
ϕRo, the quantum yield for the reduction of the end electron acceptors at the PSI acceptor side (G,H).
Each parameter is the average of three replicates.

The ∆I/Io and PItotal (total performance index) in D340 and D1798Z showed a similar trend
during drought and re-watering (Figure 7). The ∆I/Io and PItotal decreased significantly after drought
treatment, and the decline of Y(II) became greater with the increase of drought duration, but to a
greater extent in D340. In T2 and T3, the ∆I/Io of both maize lines could gradually recover to control
values after re-watering, but it could not recover in T4. The PItotal of D340 in T2 and D1798Z in T2 and
T3 could recover to control after re-watering, but other treatments could not recover.
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3.6. ROS Production and Scavenging

The H2O2 and MDA content in D340 and D1798Z showed a similar trend during drought and
re-watering (Figure 8). The H2O2 and MDA content increased upon drought stress, compared with
that observed in the control plant. The H2O2 and MDA content of D340 after 10 days of drought
was higher than that in D1798Z, and the gap became higher with the increase of drought duration.
The H2O2 and MDA content decreased gradually after re-watering, and the H2O2 and MDA content of
D340 in T2 and D1798Z in T2 and T3 could recover to control after re-watering, but other treatments
could not recover.
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The activity of SOD and CAT were measured to understand the activity of antioxidant enzymes
responses to different drought durations and re-watering (Figure 9). The activity of SOD and CAT
in D340 significantly increased after 5 days of drought, and then began to decrease with the increase
of drought duration, while the activity of SOD and CAT in D1798Z continued to increase with the
increase of drought duration, and reached its maximum after 10 days of drought, and then decreased
rapidly. After re-watering, the activity of SOD and CAT recovered gradually, and the activity of SOD
and CAT of D340 in T2 and D1798Z in T2 and T3 could recover to control, but other treatments could
not recover.
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4. Discussion

Drought is one of the major factors limiting maize growth and productivity, especially in arid
and semi-arid regions. The effect of drought on maize has been studied extensively, but information
on the capacity to recover from different drought durations is still relatively scant. In this study,
we investigated the effects of drought duration and re-watering on maize leaf functionality and assessed
the capacity of different drought-resistant maize to different drought durations and its recovery capacity.

4.1. The Response of Leaf Functionality to Different Drought Duration

Plant dry weight can reflect the plant growth condition and can be considered as an indicator
of drought degree. In this study, the DW of D1798Z and D340 declined significantly in the drought
treatment, and the decline became greater with the increase of drought duration. However, in the same
extent of drought treatment, the decline of DW in D340 was greater than that in D1798Z (Figure 2).
This result suggested that D1798Z is more tolerant to drought than D340. Investigating the effect of
drought on the photosynthetic capacity and photosynthetic electron transport in these two maize lines
with different resistance to drought can help reveal the differences between genotypes in maize in the
photosynthetic response to drought.
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Insufficient photosynthesis is the main cause of crop productivity and yield decline under
drought, and the decrease of photosynthetic capacity can be caused by stomatal and non-stomatal
factors [32]. As an adaptation to drought, plants adjust the relationships among water, transpiration,
and photosynthesis through changing the stomatal opening in order to maximize CO2 assimilation and
prevent water content loss, and thereby reduce levels of tissue damage [33]. However, this restricts
CO2 entry in the leaf, progressively decreasing the photosynthetic capacity [34]. In the present study,
the A, gs, and E were influenced by variety and drought duration. The A, gs, and E in D340 and D1798Z
decreased progressively with the increase of drought duration, and the decrease of A, gs, and E of D340
were higher than that of D1798Z. This indicated that D340 was more sensitive to drought and showed
a greater reduction in photosynthetic rate under drought stress, and D1798Z was able to maintain
photosynthetic functionality for longer in response to progressive drought.

Under drought, the decrease of photosynthetic capacity could be caused by stomatal factors,
but also could be caused by non-stomatal factors, such as electron transport. Therefore, the effects of
drought on the regulation of electron transport were studied. Fluorescence measurements demonstrated
that Fv/Fm and qP decreased significantly, and NPQ increased significantly, after drought. These results
suggested that drought significantly reduced the absorbed energy of PSII flux to photochemical
processes, and this part of energy converted into non-photochemical quenching. This was beneficial for
dissipating excess excitation energy in time and avoiding photo-damage under drought. The response
of NPQ to different drought durations were different. NPQ continued to increase after drought
treatment and reached its maximum value on the tenth day of drought, but on further continuing
the drought experiment, it decreased (Figure 4E,F). Under long-term drought, NPQ decreased due to
slowing of downregulation of energy dissipation [35].

The fate of absorbed light energy was shown in Figure 5. The substantial decrease of Y(II) with
the increase of drought duration suggested that drought significantly decreased the photochemical
efficiency of PSII. The response of Y(NPQ) was the same as NPQ. Y(NPQ) is an important indicator
to reflect photo-protection [17], and higher Y(NPQ) under drought implied that there was still
photochemical energy conversion or protective regulatory mechanisms to dissipate the light energy
absorbed. Y(NO) is an important indicator of photo-damage. There was no significant difference
between control and five days of drought, and the SOD and CAT activity were significantly increased.
This suggested that plants could protect themselves by increasing dissipated light energy and decreasing
the efficiency of photochemical reactions of photosynthesis [13], while the antioxidative activity was
increased to scavenge ROS and avoid membrane injury under short-term drought. Y(NO) increased
significantly after 10 days of drought, and the increase of Y(NO) became greater with the increase of
drought duration. The decrease of Y(NPQ) in 15 days of drought and the increase of Y(NO) suggested
that long-term drought led to the damage of the xanthophyll cycle-related active energy dissipation,
and the passive energy dissipation was induced [11]. Under the same drought duration, compared with
D340, D1798Z had higher Y(II) and Y(NPQ), and lower Y(NO). These results suggested that D1798Z
showed a reduced extent of drought-induced changes in the photosynthetic electron transport chain.

The JIP-test based on the OJIP transient has been developed to reveal detailed information on
the photosynthetic process [26,27]. The ψEo, ϕEo, δRo, ϕRo, and PItotal of two maize lines decreased
progressively with the increase of drought duration (Figure 6), and these results suggested that
drought reduced the whole electron transfer chain efficiency of the two maize lines from the initial
photochemical absorption of the antenna complex to the reduction photochemical activity of the
PSI end receptor. The decrease of ∆I/Io indicated that the photochemical activity of PSI was also
decreased under drought. Under the same drought duration, D1798Z had higher ψEo, ϕEo, δRo, ϕRo,
PItotal, and ∆I/Io than D340, and these results suggested that D1798Z had higher PSII and PSI activity
under drought.

Oxygen generated in the chloroplasts during photosynthesis can accept electrons passing through
the photosystem, thus forming reactive oxygen species (ROS), and drought can lead to the production
and accumulation of ROS, which can damage the photosystem [36]. This study showed that drought
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significantly induced the accumulation of ROS, particularly under long-term drought, and ROS could
be involved in lipid peroxidation, which in turn results in membrane injury [13]. The levels of lipid
peroxidation were increased with the increasing of ROS accumulation under drought. The accumulation
of H2O2 also enhanced photo-inhibition of PSII and PSI (Figure 7) and inhibited or even damaged
the PSII reaction centers [28]. The ROS molecules can be scavenged by various antioxidative defense
mechanisms under common conditions [37]. This study showed that the activity of SOD and CAT
increased first and then decreased with the increase of drought duration. These results suggested
that the antioxidative defense mechanisms could scavenge ROS to avoid membrane injury under
short-term drought, but the antioxidative defense mechanisms became weaker with the increase of
drought duration. Under the same drought duration, compared with D340, D1798Z had higher SOD
and CAT, and lower H2O2 and MDA contents, and these results suggested that D1798Z had higher
antioxidative defense mechanisms under drought. The results of the present study suggest that D1798Z
was less sensitive to a reduction of leaf functionality to different drought durations.

4.2. The Recovery of Leaf Functionality to Different Drought Duration

It is important to have higher drought resistance during drought periods, but drought stress in
plants is usually transient, and the capacity to recover from drought is also very important. Here,
we assessed the capacity of two maize inbred lines to recover after different drought durations.
After the plants were re-watered, the photosynthetic-related parameters such as A, gs, E, Fv/Fm,
and qP gradually increased (Figures 3 and 4). As mentioned earlier, when the plants of D340 and
D1798Z in T2 were re-watered, the photosynthetic parameters of leaves rapidly increased and could
recover to the control level, and sometimes the values were even higher than control, which showed
compensation effects. These results indicated that the basic mechanism of photosynthetic biochemistry
and photochemistry is not impaired by short-term drought, and the reduction of net CO2 uptake was a
result of stomatal closure. The photosynthetic parameters, PSII and PSI activity, of D340 and D1798Z in
T4 recovered slowly after re-watering. These results suggested that the long-term drought constrained
photosynthetic capacity, and that long-term drought might make non-stomatal factors play a dominant
role in photosynthesis. The recovery of photosynthetic parameters of D340 and D1798Z in T3 were
different after re-watering, and D1798Z had a higher rate of recovery. This indicated the capacity of
D1798Z to efficiently withstand and survive the longer drought stress. Biomass production showed the
same trends as the photosynthetic parameters. Compared to D1798Z, D340 plants were more sensitive
to water deficit, and showed slower recovery of photosynthetic activity, which was the major cause of
reduction in biomass. All these results suggested that the degree and rate of recovery of re-watering
might rely on the duration and severity of pre-drought conditions [38–40], and different maize lines
had different recovery capacity after re-watering.

5. Conclusions

The adaptation strategies of different maize lines to different drought durations and re-watering
were discussed in this study. Under short drought, stomatal limitation was a major factor for
photosynthetic reduction, and the photosynthetic performance could recover rapidly after re-watering.
With the increase of drought duration, the activities of PSI and PSII and the capacity of electron
transfer gradually decreased, and non-stomatal limitation became the main factor for photosynthetic
reduction, which might lead to photo-damage. The photosynthetic rate and capacity of photosynthetic
electron transport could not recover to the level of the plants subjected to normal water status after
re-watering. These results suggested that the recovery capacity might rely on the duration and severity
of pre-drought after re-watering. Different drought resistance and recovery levels of photosynthetic
performance were achieved by different maize lines. D1798Z was able to maintain functionality for
longer in response to progressive drought and could recover at more severe drought after re-watering,
which indicated its higher tolerance to drought than the sensitive D340.
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