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Abstract: The walnut (Juglans regia L.) is an important economic tree worldwide, often cultivated in
arid and semiarid regions. Improving the drought tolerance is of significance for walnut growth,
production, and economic effectiveness. 5-Aminolevulinic acid (ALA) is a novel plant growth
regulator which raises plant tolerance to various stressful conditions. Here, foliage application of
ALA was carried out to uncover its effect on walnuts under polyethylene glycol (PEG) 6000-stimulated
osmotic stress. Our results displayed that exogenous ALA greatly promoted the chlorophyll content,
photochemical activities, and gas exchange in walnuts under osmotic stress. ALA led to a considerable
accumulation of compatible osmotic solutes, enabling walnuts to maintain osmotic equilibrium
against drought stress. Furthermore, ALA alleviated the reactive oxygen species (ROS) damages
on osmotically stressed walnuts through enhancing the antioxidant enzyme activities, as well as
decreasing the ROS and malondialdehyde (MDA) content. The relative water content (RWC) in
the ALA-treated leaves was higher than that of PEG-stressed, while the RWC in the substrate of
ALA treatment was significantly lower than that of the PEG-stressed, further suggesting that ALA
promotes plant water uptake from the substrate under osmotic stress. These demonstrate that
ALA improves the photosynthesis, osmotic adjustment, antioxidant systems and, consequently, the
walnuts’ drought tolerance.

Keywords: 5-aminolevulinic acid; antioxidant system; osmotic adjustment; PEG stress; photosynthesis;
walnuts

1. Introduction

The walnut (Juglans regia L.) is an important tree with both ecological and economic
benefits. It is well known that the walnut kernel with 74% oil content has high nutritional
and medicinal values, and the walnut trunk is solid enough to be excellent hardwood [1].
More than 400 thousand hectares of walnuts are cultivated in the arid area of Xinjiang, in
the northwest of China [2], due to their relatively higher drought tolerance compared with
many other species of economical forests [3]. However, some walnut cultivars and walnuts
at different growth stages are sensitive to drought stress, actually [4–6]. Drought stress
leads to the decline of tissue extension and cell proliferation, stomatal closure, leaf water
potential, water use efficiency and turgor pressure, and other cellular or organismal disor-
ders [7], which is the main factor leading to a reduction in growth and development, further
causing yield decrease and economic loss [8]. When plants are faced with the drought
conditions, they struggle hard to avoid and mitigate these harmful effects by means of vari-
ous mechanisms, including osmotic adjustments (OA), antioxidant metabolism, stomatal
adjustments and so on [9]. For example, the stomatal closure is the priority response for
water potential balance under drought stress, which leads to CO2 uptake decreasing and
lower photosynthetic efficiency [9]. Accumulation of osmotically active substances is for
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cell hydration and the enzymatic or non-enzymatic antioxidant components to function
against stress-induced reactive oxygen species (ROS) [8,9]. Moreover, hormonal regulation
also plays a major role in coping with drought stress, in which salicylic acid (SA), cytokinin
(CYT) and abscisic acid (ABA) can increase the drought tolerance of plants [7]. For instance,
the DEHYDRATION-RESPONSIVE ELEMENT-BINDING (DREB) genes regulate several
ABA-independent stress-responsive genes under abiotic stress [10]. Therefore, drought
tolerance enhancement of walnut trees is meaningful for their production.

Exogenous application of small molecule compounds or plant growth regulators
(PGRs) contributes to growth regulation and elevation of resistance to adverse circum-
stances [11]. 5-Aminolevulinic acid (ALA), with a linear five-carbon molecular structure
(C5H9NO3), is the common and essential precursor of all tetrapyrroles in the living or-
ganisms, such as chlorophyll, heme, vitamin B12 and phytochromobilin [12]. ALA has
been used as a novel PGR to increase agricultural production, characterized by promoting
chlorophyll biosynthesis, carbon assimilation and plant growth, as well as fruit quality [13].
Furthermore, ALA can play a crucial role in stress damage mitigation by inducing a se-
ries of physiological and molecular defense mechanisms in plants under stresses such as
drought, water logging, salinity, extreme temperature, heavy metal, and UV stresses [14,15].
Until now, ALA can enhance the drought tolerance in diverse plants, such as poplar [16],
cucumber [17], banana [18] and so on. Priming with ALA raises the leaf relative water
content (RWC) in oilseed rape [19] and Kentucky bluegrass [20], and enhances the content
of soluble sugars, proline and other osmolytes in wheat (Triticum aestivum) [21] and Chi-
nese rye grass (Leymus chinensis) [22], as well as the promotion of chlorophyll content and
photosynthetic efficiency to preserve photosynthetic capacity in rapeseed and wheat under
drought stress [19–22]. The previous study of ALA improving the strawberry drought
tolerance may reveal the mechanism of action [23]. The exogenous ALA enhances the
stomatal conductivity and transpiration rates of plant leaves, as well as accelerating the
expression levels of the aquaporin genes (plasmalemma intrinsic protein, PIP, and tonoplast
intrinsic protein, TIP); therefore, it improves the water absorption and transport of water
balance in plants exposed to drought stress. On the other hand, ALA induces the expres-
sions of the P5CS and P5CR genes but inhibits ProDH and P5CDH expression in tomato
seedlings, to accumulate proline content for OA [24]. It is well known that ALA improves
antioxidant enzyme activities to eliminate the ROS in strawberry (Fragaria ananassa) and
sunflower (Helianthus annuus) subjected to water deficit stress [23,25]. Therefore, the natural
and environmentally friendly PGR has an important application prospect in agricultural
production for drought tolerance. However, whether ALA can be used to improve the
drought tolerance of walnuts has not been reported.

In the present study, exogenous ALA was applied to walnut when they were exposed
to 20% polyethylene glycol (PEG) 6000 stress. The effect of ALA on walnuts under osmotic
stress was detected by determining RWC, chlorophyll content, chlorophyll fluorescence
characteristics, gas exchange parameters, ROS content, antioxidant enzyme activity and
the expression levels of related genes. The findings of this study reveal the potential mech-
anisms of ALA-triggered drought tolerance improvement, conducive to the popularization
and application of ALA in walnut production.

2. Materials and Methods
2.1. Plant Culture and Treatments

The experiments were conducted from February to June of 2021. Each walnut seedling
(Juglans regia L. cv. ‘Wen185′) was obtained from seed germination and then grown in
a plastic pot (25 cm diameter with 20 cm height) filled with peat soil and vermiculite
(weight ratio = 3:2). The 1/2 Hoagland nutrient solution [26] was applied to the plants
every five days, until the plants reached 30–35 cm (leaf-expansion period). A total of
135 healthy seedlings were chosen and equally divided into three groups: the control, PEG
and PEG + ALA treatments. In the control treatment, only 1/2 Hoagland nutrient solution
was watered on walnuts, while the plants received 300 mL 1/2 Hoagland nutrient solution
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containing 20% PEG6000 every five days in the PEG treatment. The PEG + ALA treated
plants were foliar-sprayed with 10 mg L−1 ALA solution [23,27] as pretreatment for five
days, and then their rhizosphere was poured with 300 mL 1/2 Hoagland nutrient solution
containing 20% PEG6000. All plants were grown in a greenhouse with a room temperature
of 30/20 ± 1 °C day/night, a humidity of 65%, photosynthetic photon flux densities of
300 µmol m−2 s−1 and a photoperiod 16 h/8 h (light/dark); they were randomly arranged
under the three managements in June. Five plants from each treatment group were taken
and washed cleanly for further analysis at intervals of five days, and the culture substrates
were taken for RWC measurement in the meantime.

2.2. Measurement of RWC

The leaf RWC was measured according to the previous study [23], and RWC = (FW
− DW)/(SW − DW) × 100%, where FW, DW and SW stand for fresh weight, dry weight
and saturated weight, respectively. When the RWC of the culture substrate was measured,
the formula of RWC = (WW − DW)/(SW − DW) × 100% was employed, where WW
represents the wet weight of substrates as measured after the plants were pulled out. The
SW was obtained by eliminating the excess water in the saturated substrates after being
immersed in tap water for three hours. Then, the substrate DW was measured after drying
in an oven of 70°C for 48 h. Each RWC measurement was repeated three times.

2.3. Determination of Photosynthetic Gas Exchange Parameters

Using a portable photosynthesis system (Li-6400, Li-Cor, Lincoln, NE, USA), the
leaf gas exchange parameters of net photosynthetic rate (Pn), stomatal conductance (Gs),
transpiration rate (Tr), intercellular CO2 concentration (Ci) and leaf surface temperature
were assayed during 9:00–11:00 a.m. on the tenth day after treatments [28]. The examination
conditions were designed as 25 ± 1 °C for leaf chamber temperature, 70%–80% relative
humidity, 800 µmol m−2 s−1 photon flux densities, a duration of 1000 ms in a standard
chamber for natural light and 400 µmol mol−1 CO2 concentration (Ca). The formulas
for carboxylation efficiency (Pn/Ci), water use efficiency (WUE = Pn/Tr) and stomatal
limitation (Ls = 1 − Ci/Ca) were calculated to determine the three parameters. Fifteen
replications were created for the measurement accuracy of each treatment.

2.4. Measurement of Chlorophyll Content

The content of chlorophyll was measured according to the absorbance, according
to the previously reported method [29]. About 0.1 g of walnut leaves was extracted in
10 mL 95% ethanol solution in darkness for 24 h. The OD values of the extraction solutions
were determined by the Multimode Microplate Reader at wavelengths of 663 nm (OD663)
and 645 nm (OD645), respectively. The formulas Ca = (12.7 × OD663 − 2.69 × OD645) ×
[V/(1000 × W)], Cb = (22.9 × OD645 − 4.63 × OD663) × [V/(1000 × W)], and CT = Ca
+ Cb were calculated for the content of chlorophyll a (Ca), chlorophyll b (Cb) and total
chlorophyll (CT). Three replications were performed in all examinations of the chlorophyll
content.

2.5. Measurement of Rapid Chlorophyll Fluorescence Characteristics

The fast chlorophyll fluorescence induction kinetic (OJIP) and modulated 820 nm
reflection (MR820) data were determined by a Multifunctional Plant Efficiency Analyzer
(M-PEA, Hansatech, Norfolk, UK) on the fifteenth day after treatments. The fast chlorophyll
fluorescence parameters were calculated referring to the JIP-test [30]. Twenty leaves were
sampled for each treatment and then placed in the dark for 20 min for measurement.

2.6. Measurement of Physiological and Biochemical Indices

The soluble sugar and the soluble protein content in walnut leaves and roots were
detected by the anthrone-sulfuric acid colorimetry method [31] and Coomassie brilliant
blue G-250 method [32], respectively. The nitrogen blue tetrazole method, guaiacol process
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and permanganimetric method were used to examine the antioxidant enzyme activity
of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) in walnut leaves
and roots, respectively [33]. The malondialdehyde (MDA) content was measured by the
thiobarbituric acid method [34]. The superoxide anion (O2

•−) production rate and the
H2O2 content were tested according to previously reported methods [35,36]. The acidic-
ninhydrin process was carried out to measure the proline content in walnut leaves and
roots [37]. All physiological measurements were repeated three times.

2.7. Real-Time Quantitative PCR Analysis for Gene Expression

The total RNA was obtained from walnut leaves and roots by an RNA extraction kit
(Biofit Biotech, Hangzhou, China), and then reverse transcribed into cDNA with the help
of the TransScript One-Step gDNA Removal and cDNA Synthesis Supermix Kit (TransGen
Biotech, Beijing, China). The real-time quantitative PCR (RT-qPCR) tests, in which the
cDNA was used as the template, and 18S as the reference gene, were driven by the SYBR®

Green Premix Pro TaqHS qPCR Kit (RoxPlus, Shenzhen, China). The gene expression was
calculated and quantified by the 2-∆∆CT method [38]. All RT-qPCR assays were carried out
with three biological repeats, and all primers utilized are listed in Table 1.

Table 1. The primers for RT-qPCR analysis.

Gene Forward Primer Reverse Primer

18S GGTCAATCTTCTCGTTCCCTT TCGCATTTCGCTACGTTCTT
HEMA1 GTGGGAAAGCGTGTTAGGA GCATGTGAGGATTCAGGGA
HEMG1 CTTCTTTCGCACCCAATGTC TTCAACCCACTATCCACCAC
CHLG TAATGATTGGTATGACCGAGAA GCTTTAGAGGTGGAGCAGAGTA
PORB AACATTTGCTTCCCTTTACC CACTTTCCGAGCCTTATCTG
PIP1;1 GATTGTTGGCACTTTCGTT ATGGCTCTTATGACTATCTGGT
PIP1;3 GCTGCTCAGACAGACAAAGAC AACAAGAAGGTAGCCACGAA
PIP1;4 ATACAAGAGCCAGACCGACAA CCTTCACAAGCCCACATCC
PIP1;5 GGGAACTAACTTTGTGAACC TAGACAGCAGCAAGAGCAG
TIP120 GCGAACGAACTTTGTGAACGC TAAAGAGGAGCAAGAGCAC
TIP1;1 CTTACTGATAATGGGTCAACGA TCACAATCTCCAGAACTACCG
TIP2;1 TTGCTGGTGTTGGTTCTGC CAAGGCTGTGGATGGGAAT
TIP1;2 CTCACAGACAAAGGCTCCACT AAGAAGCAGGCAAGCAACG
DREB1 AAGGGATGTATGAAAGGTAAGG CAGGAGTTGCCACTGAAGAC
DREB2 AAGGTGAGGAGGCAGACGAT TGGCTGGTAATGTATTTGAAGG
DREB3 GCATCCAGCGACTTCCAAC GCGGCGTAACATCGTCATC
DREB4 GACCTGGCAACTCCACAACG AGCACCATCACGAAATCCTT
DREB5 GAATGGCTAAACTACTCCTCC CAACCAAACCCTTGTCCTAT
DREB6 GAGCAACGAATGGCTAAACT CAACCAAACCCTTGTCCTAT
DREB7 GTAAGTGGGTTGCGGAAAT CCCGGAGTGGTTGAATGTAG
DREB8 AGGTCCAACAAGAGGCAAAG GATAAGCATCTGGTCCATACA
DREB9 CCGCAAGATTGATACTGACA GAACCTATTTCTCCCTTTACCT

2.8. Data Statistical Analysis

The difference significance analysis was conducted using the LSD test and Duncan’s
test, and all data were statistically processed using IBM SPSS 20.0.

3. Results
3.1. Effects of ALA on the RWC in Walnut Leaves and Culture Substrates under PEG Stress

Compared with the control, leaf RWC of PEG-stressed walnut was significantly de-
creased (p < 0.05) during the three time points (Figure 1A), suggesting that PEG stress
impairs the water balance of walnut leaves. Nevertheless, PEG + ALA pretreatment sig-
nificantly alleviated the decrease in leaf RWC. The tendency of RWC indicates that ALA
treatment improves the leaf water status of walnuts under PEG stress. On the other hand,
PEG treatment significantly increased the RWC of the culture substrate (Figure 1B), imply-
ing that PEG stress blocks walnuts absorbing water from the high osmotic substrate and,
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therefore, more water remained in the substrate. The substrate RWCs of the PEG + ALA
and control were almost the same; both were generally lower than that of the PEG treatment.
These results suggest that ALA pretreatment enables plants to absorb water from the high
osmotic substrate to maintain water homeostasis.
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Figure 1. The relative water content (RWC) of the walnut leaves (A) and the culture substrates (B) after
different treatments. The same lowercase letters in each item represent no significant difference at the
p = 0.05 level.

3.2. Effects of ALA on Leaf Photosynthetic Gas Exchanges of Walnut under PEG Stress

The leaf photosynthetic gas exchanges of walnuts were measured on the tenth day
after treatments. PEG stress significantly inhibited the photosynthesis of walnut leaves,
while ALA pretreatment alleviated the inhibition (Figure 2). The net photosynthetic rate
(Pn), stomatal conductance (Gs), transpiration rate (Tr), carboxylation efficiency (Pn/Ci)
and water use efficiency (WUE) in the PEG-treated leaves were 42.80%, 50.11%, 58.23%,
36.67% and 42.79% less than those of the control, respectively, and all the differences were
statistically significant (p < 0.05). When ALA was applied on walnuts, these indicators
were 49.88%, 37.17%, 18.02%, 66.47% and 53.28% higher than those of PEG treatment.
Among them, all differences, but in Tr, were significant at p = 0.05. Conversely, PEG stress
significantly increased the intercellular CO2 concentration (Ci), while ALA pretreatment
depressed the increase (Figure 2F). The stomatal limitation (Ls) in the PEG stress was
significantly decreased compared with that of the control, while ALA treatment increased it
(Figure 2G). The Ci increase and Ls decrease induced by PEG stress was due to a decrease in
CO2 fixation instead of more CO2 intake into stomata. Therefore, the decrease in Ci and the
increase in Ls induced by ALA compared with PEG alone may be the results of promotion
of CO2 fixation in the leaves. It was interesting to notice that PEG stress induced the foliar
temperature increased by 1.6 ◦C, which was significantly higher than that of the control
(Figure 2H), and this was inhibited by ALA application. This result is consistent with the
higher Gs of ALA treatment, which can decrease the foliar temperature by maintaining
transpiration and leaf heat dissipation to some extent.
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difference at the p = 0.05 level.

3.3. Effects of ALA on the Photochemical Activity of Photosystem Reaction Centers in Walnut
Leaves under PEG Stress

The chlorophyll fast fluorescence of walnut leaves was measured after treatments
for fifteen days (Figure 3A and Table 2). The initial fluorescence (Fo, t = 0 µs) and the
fluorescence of the K phase (Fk, t = 300 µs) in the PEG treatment group were significantly
higher than those of the control, while ALA treatment depressed the increases. On the other
hand, the fluorescence values of the I and P phases (t = 30 and about 300 ms, respectively)
in the PEG treatment were significantly lower than that of the control, but ALA lessened
the depression induced by PEG stress. Yet, the J phase fluorescence was not found to be
significantly different among the three treatments. It seems that osmotic stress leads to an
improvement in the early fluorescence but depression of the late fluorescence, which can
be alleviated by exogenous ALA.

The MR820 curves represent the oxidation–reduction status of the PSI reaction center of
plant leaves (Figure 3B). The MR820 curve of walnut leaves under PEG treatment displayed a
deformation in comparison to that of the control, with significantly higher MRmin and lower
MRmax than that of the control. This manifests that the oxidation–reduction capacity of PSI
is greatly inhibited by osmotic stress. However, the curve trends of PEG + ALA co-treated
leaves were very similar to those of the control, illustrating that ALA application contributes
to the recovery of oxidation–reduction reactions in PSI of walnut leaves inhibited by osmotic
stress.

Table 2 displays the fluorescence parameters based on the data of Figure 3. The PEG
treatment significantly decreased the variable fluorescence Fv as well as ϕPo (=Fv/Fm);
the latter represents that maximum photochemical efficiency of photosystem II (PSII)
reaction centers. Conversely, addition with ALA alleviated the decreases induced by
PEG, suggesting ALA can protect the PSII reaction center activity. Furthermore, PEG
decreased the quantum yield for electron transfer, represented by ϕEo or ETo/CSo, while
ALA promoted photochemical electron transfer of walnut leaves under PEG stress. These
suggest that ALA can prevent the harmful effects of osmotic stress on photosynthetic
electron transfer at the receptor side of PSII reaction centers. ϕRo is the quantum yield of
reducing the terminal electron acceptor of PSI, reflecting the photochemical efficiency of
photosystem I (PSI) reaction centers. It was shown that PEG stress significantly decreased
the ϕRo of walnut leaves, while ALA pretreatment prevented the depression (Table 2).
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Therefore, ALA was not only beneficial for PSII, but also for PSI, when walnut plants
encountered osmotic stress. ϕDo represents the quantum yield for heat dissipation, which
was significantly increased by PEG, but prevented by ALA in walnut leaves. The amplitude
of the K phase, Wk, is a parameter of the PSII donor-side, expressing the inactivity of the
oxygen evolving complex (OEC). The smaller the Wk, the stronger the OEC activity is.
PEG increased Wk but ALA prevented the increase. Moreover, Mo, an approximate slope
at the origin of the fluorescence rise, represents the maximum rate QA reduction in PSII.
The higher the Mo, the faster the PSII reaction centers close. PEG induced significantly
higher Mo while ALA eliminated the adverse effect of PEG. Therefore, the density of active
reaction centers of PSII (RC/CSo) in ALA-pretreated walnut leaves was significantly higher
than that of PEG-treated leaves. Additionally, PIabs and PItotal are very sensitive to PEG
stress and ALA treatment (Table 2). PIabs, the photosynthetic capacity index, was also
significantly higher in ALA-pretreated leaves than those of PEG stress. PItotal, expressing
the capacity including PSII and PSI, was only 41% of the control in the PEG stress, while the
indication in the ALA pretreatment was 88% higher than that of PEG. These demonstrate
that PEG stress drastically impairs leaf photosynthetic capacity, while ALA prevents the
negative effects.

VPSI and VPSII-PSI are calculated according to the 820 nm curves, and the former
represents the maximum oxidation rate of the PSI reaction center, while the latter represents
the maximum reduction rate of PSI by the electrons transferred from PSII, which shows
the intersystem activity of photosynthetic electron transfer (Table 2). VPSI in the ALA-
pretreated leaves was the highest, even higher than that of the control, while that in the
PEG stress was the lowest, suggesting that the protection of ALA on PSI may be more
important than PSII. On the other hand, VPSII-PSI in the control was the highest, higher than
that of ALA pretreatment, followed by PEG. These indicate that PEG impairs the electron
transfer between PSII and PSI, while ALA can partially alleviate the harmful effect of PEG.
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Figure 3. The fast chlorophyll fluorescence induction kinetic (OKJIP) curves (A) and the modulated
820 nm reflection (MR820) curves (B) of the walnut leaves after different treatments for 15 days. In the
OKJIP curves, O, K, J, I and P phases are the fluorescence at t = 0 µs, 300 µs, 2 ms, 30 ms and about
300 ms, respectively. In MR820 curves, the initial, lowest and highest points indicate MRo, MRmin and
MRmax, respectively. The fast phase from MRo to MRmin represents oxidation of PSI and the slow
phase from MRmin to MRmax represents reduction in PSI. The data are the means of 15 biologically
replicated measurements.
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Table 2. The chlorophyll fluorescence parameters in walnut leaves after treatments for 15 days.

Fluorescence
Parameters Control PEG PEG + ALA Fluorescence

Parameters Control PEG PEG + ALA

Fo (×103) 7.65 ± 0.11 c 9.09 ± 0.33 a 8.34 ± 0.12 b ϕDo 0.16 ± 0.00 b 0.21 ± 0.01 a 0.18 ± 0.01 b
FK (×103) 20.20 ± 0.37 c 22.47 ± 0.35 a 20.55 ± 0.52 b Wk 0.45 ± 0.01 ab 0.49 ± 0.03 a 0.41 ± 0.02 b
FJ (×103) 30.87 ± 0.43 a 30.32 ± 0.68 a 30.11 ± 0.53 a Mo 1.25 ± 0.03 b 1.60 ± 0.07 a 1.28 ± 0.04 b
FI (×103) 43.67 ± 0.69 a 40.67 ± 1.26 b 42.66 ± 0.70 ab ETo/CSo (×102) 27.20 ± 0.56 ab 26.63 ± 1.17 b 29.43 ± 0.56 a
Fm (×103) 47.96 ± 0.68 a 43.39 ± 1.38 b 46.48 ± 0.82 a RC/CSo (×102) 29.83 ± 0.49 ab 28.05 ± 0.83 b 30.85 ± 0.73 a
Fv (×103) 40.33 ± 0.62 a 34.43 ± 1.57 b 38.26 ± 0.77 a PIabs 1.85 ± 0.09 a 0.98 ± 0.12 b 1.58 ± 0.10 a

ϕPo 0.84 ± 0.00 a 0.79 ± 0.01 b 0.82 ± 0.00 a PItotal 0.63 ± 0.03 a 0.26 ± 0.03 c 0.49 ± 0.3 b
ϕEo 0.36 ± 0.01 a 0.30 ± 0.01 b 0.35 ± 0.01 a VPSI (×10−4) 13.5 ± 0.30 b 10.90 ± 0.83 c 15.60 ± 0.44 a
ϕRo 0.09 ± 0.00 a 0.06 ± 0.01 b 0.08 ± 0.01 a VPSII-PSI (×10−5) 2.85 ± 0.24 a 2.05 ± 0.16 c 1.75 ± 0.27 b

Fo, Fk, Fj, Fi, and Fm are the fluorescence values of O (t = 0 µs), K (t = 300 µs), J (t = 2 ms), I (t = 30ms), and P
phase (t ≈ 300 ms) of the OKJIP curves, respectively, while variable fluorescence Fv = Fm − Fo. ϕPo = Fv/Fm,
ϕEo = ϕPo × Ψo, where Ψo = 1 − Vj =1- (Fj − Fo)/Fv; ϕRo = ϕPo × (1 − Vi), where Vi = (Fi − Fo)/Fv; ϕDo = 1
− ϕPo = Fo/Fm. Wk = (Fk − Fo)/(Fj − Fo); Mo= 4 × (Fk − Fo)/Fv; ETo/CSo = ϕEo × (ABS/CSo); RC/CSo = ϕPo ×
[(1 − Ψo)/Mo] × Fk; PIabs = RC/ABS × [ϕPo/(1 − ϕPo)] × [ψo/(1 – ψo)]; PItotal = PIabs × ∆Ro/(1 − ∆Ro); VPSI
= (MRo/MR0.7ms −MRo/MR3ms)/(3 − 0.7); VPSII-PSI = (MRo/MR100ms −MRo/MR7ms)/(100 − 7). All data are
the means of 15 biologically replicated measurements. The same lowercase letters behind the data manifest no
significant difference at the p=0.05 level.

3.4. Effects of ALA on the Chlorophylls in Walnut Leaves under PEG Stress

Table 3 shows that the leaf chlorophyll content significantly decreased under PEG
treatment when the walnut plants were stressed for five days, which continued to 15 days.
However, ALA pretreatment significantly alleviated the decrease. The effects were not
only seen in chlorophyll a, but also in chlorophyll b and the total chlorophylls, as well as
chlorophyll a/b. These manifest that PEG stress causes a decrease in the photosynthetic
pigment while ALA prevents this adverse effect.

Table 3. The chlorophyll content in walnut leaves under different treatments.

Time (d) Treatment Chlorophyll a
(mg g−1 FW)

Chlorophyll b
(mg g−1 FW)

Total Chlorophyll
(mg g−1 FW) Chlorophyll a/b

5
Control 1.23 ± 0.05 a 0.65 ± 0.03 ab 1.88 ± 0.08 a 1.91 ± 0.01 a

PEG 0.48 ± 0.04 de 0.33 ± 0.03 e 0.71 ± 0.07 de 1.45 ± 0.06 d
PEG + ALA 0.94 ± 0.10 b 0.53 ± 0.05 c 1.47 ± 0.06 b 1.74 ± 0.03 b

10
Control 1.36 ± 0.08 a 0.72 ± 0.04 a 2.08 ± 0.12 a 1.88 ± 0.01 a

PEG 0.38 ± 0.02 ef 0.33 ± 0.01 e 0.71 ± 0.03 ef 1.15 ± 0.03 f
PEG + ALA 0.68 ± 0.01 c 0.42 ± 0.01 d 1.10 ± 0.01 c 1.60 ± 0.00 c

15
Control 0.99 ± 0.05 b 0.61 ± 0.04 bc 1.60 ± 0.09 b 1.64 ± 0.02 c

PEG 0.26 ± 0.02 f 0.25 ± 0.02 e 0.51 ± 0.04 f 1.02 ± 0.01 g
PEG + ALA 0.57 ± 0.04 cd 0.43 ± 0.02 d 1.00 ± 0.06 cd 1.31 ± 0.02 e

The same lowercase letters in an item manifest no significant difference at the p = 0.05 level.

To detect the impact of ALA more thoroughly on chlorophyll synthesis in walnuts un-
der osmotic stress, the relative expression of five genes involved in chlorophyll metabolism
was examined at the midpoint of treatments (Figure 4). PEG stress downregulated the
expression of HEMA1, CHLG and HEMG1, while ALA pretreatment prevented the effects
of PEG. It is well known that HEMA1 encodes glutamyl-tRNA reductase 1, which is the key
enzyme responsible for endogenous ALA biosynthesis. PEG inhibited HEMA1 expression,
suggesting that osmotic stress may block ALA biosynthesis. Furthermore, HEMG1, PORB
and CHLG encode protoporphyrinogen oxidase, protochlorophyllide oxidoreductase B
and chlorophyll synthase, respectively, which are the important enzymes for chlorophyll
biosynthesis. The PEG-downregulated gene expression coincided with the changes in
the chlorophyll content (Table 3). Thus, PEG stress depressing chlorophyll content may
be through downregulation of biosynthetic gene expression. On the other hand, CAO
encodes chlorophyll a oxygenase, whose expression was upregulated by osmotic stress and
downregulated by ALA pretreatment. It is worth noting that the upregulation of CAO by
PEG was 64%, while the increase in the PEG + ALA was 27%, compared with the control,
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suggesting that more chlorophyll a is decomposed by oxidation in leaves under PEG stress
than PEG + ALA and the control treatments. These were consistent with the changes in the
chlorophyll a/b ratios. In general, these findings indicate that ALA promotes chlorophyll
biosynthesis and inhibits its decomposition in walnuts subjected to osmotic stress.
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Figure 4. The expression of genes related to chlorophyll metabolism in walnut leaves after different
treatments for 10 days. HEMA1: encoding glutamyl-tRNA reductase 1, HEMG1: encoding proto-
porphyrinogen oxidase, PORB: encoding protochlorophyllide oxidoreductase B, CHLG: encoding
chlorophyll synthase, CAO: encoding chlorophyll a oxygenase. The same lowercase letters in each
gene represent no significant difference at the p = 0.05 level.

3.5. Effect of ALA on the Osmolyte Content in the Walnuts under PEG Stress

The soluble sugars, soluble proteins and proline were assessed in walnut leaves and
roots, which are known as osmolytes compatible to participate in osmotic adjustment
when the plants experienced drought stress. As shown in Figure 5, these compounds in
the control were generally stable in the leaves or roots of the walnut during experiments,
where the levels in the leaves were significantly higher than those in the roots. PEG stress
increased their levels both in the leaves and roots, and ALA treatment further improved
them.

In the aspect of soluble sugars, the content in the PEG-treated leaves was 31.87% and
19.78% higher than that of the control at the fifth and tenth days, respectively (p < 0.05).
However, they were not different at the fifteenth day. This may indicate that PEG stress
caused a transient increase in the leaf soluble sugar content, which declined when the
stress was prolonged. However, ALA caused the leaf soluble sugars to be significantly
higher than the control at all time points. The grand mean of the soluble sugars in the
leaves of ALA pretreatment in the three times was 35% higher than that of the control
and 14% higher than that of the PEG stress. More greatly, the grand mean in the roots of
ALA pretreatment was 104% higher than that of the control, and 33% higher than that of
the PEG. Thus, PEG induced soluble sugar accumulation in walnut plants, whereas ALA
pretreatment significantly boosted a much greater quantity of soluble sugars in walnut
plants under osmotic stress, which may be important for plants to adapt to the osmotic
stress.
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Figure 5. The content of soluble sugars (A,B), soluble proteins (C,D) and free proline (E,F) in the
walnut leaves and roots after different treatments. The same lowercase letters in each panel represent
no significant difference at the p = 0.05 level.

Similar situations can be found in the soluble proteins, which were higher in the
leaves than in the roots. PEG stress induced more soluble proteins in walnuts, which were
observed at the 5th day in the leaves and at the 10th day in the roots. It seems that the
increase in soluble proteins in the leaves was more sensitive than that in the roots. However,
when ALA pretreatment was used, significantly higher soluble proteins were induced in
both leaves and roots of walnut under PEG stress at the 5th day. The effect became greater
as time prolonged. Thus, exogenous ALA can stimulate an additional increase in soluble
proteins in leaves and roots under osmotic stress.

Moreover, the accumulation of free proline in walnut tissues was beneficial to reduce
drought damage, which was increased by 30%, 6% and 21% in leaves and 33%, 23% and
86% in roots, respectively, as compared the control with PEG stress. The application of ALA
facilitated proline accumulation, which brought out the additional rise of 16% and 54% in
leaves for the tenth and the fifteenth day and 46%, 94% and 89% for three time points in
roots, respectively (p < 0.05). The findings manifest that ALA may promote the soluble
sugars, soluble proteins and free proline in the walnuts’ leaves and roots, to withstand
osmotic stress.

3.6. Effect of ALA on the Antioxidant Enzyme Activity under Osmotic Stress

The activities of antioxidant enzymes, including SOD, POD and CAT were investigated
to establish the roles of ALA in response to osmotic stress in walnuts, wherein their activities
were consistently higher in the leaves than those in the roots (Figure 6). With respect to SOD,
PEG stress significantly stimulated its activity in the leaves during the three time points;
however, the enzyme activity in the roots of the PEG treatment group was significantly
higher than that of the control only at the fifteenth day. It seems that the walnut cannot
increase the SOD activity in the roots as greatly as that in the leaves when the plants are
stressed by PEG. Nevertheless, ALA pretreatment significantly improved SOD activity
both in the leaves and roots, especially at the middle and late stages. At the fifteenth day,
the SOD activity in the ALA-treated roots was 226% as high as that of the control, which
was also 184% as high as that of the PEG treatment.
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different treatments. The same lowercase letters in each panel represent no significant difference in
all treatments at the p = 0.05 level.

Compared with SOD, the POD activity of walnut was rather sensitive to PEG stress.
When the plants were stressed for five days, the POD activities in both leaves and roots
were significantly higher than that of the control, and ALA induced additional increases
in the enzyme activity. The grand means of POD activity in the leaves and roots at three
sampling points in PEG stress were about 18% higher than the control, while those of
ALA treatment were 57% and 66% higher than those of the control in leaves and roots,
respectively.

Similarly to POD, the CAT activities were also sensitive to PEG stress. After PEG
treatment for five days, the enzyme activities in the leaves and roots were both significantly
higher than those of the control (p < 0.05). When ALA pretreatment was used, the enzyme
activities were increased much more. However, when three time points were taken in
consideration, the promotion of PEG stress on CAT activity in roots was not significant,
although it was significantly increased in the leaves, being 39% higher than that of the
control. These may imply that the enzyme activity in the roots may be crucial for plants to
tolerate osmotic stress. When ALA pretreatment was used, the enzyme activities in both
leaves and roots were promoted, by 63% and 41%, respectively, which are much higher
than those of the control.

3.7. Effect of ALA on the ROS Content in Walnuts under Osmotic Stress

The PEG-induced osmotic stress brought walnuts drought injuries, and, as a result,
their leaves and roots produced more ROS than the control (Figure 7). The superoxide
anion (O2

•−) production rates were dramatically increased by 15%, 40% and 76% in the
leaves, and by 272%, 508% and 415% in the roots, for three time points, respectively
(p < 0.05), indicating that the walnut roots produce much more O2

•− than the leaves under
osmotic stress. Conversely, ALA pretreatment significantly depressed the rise in the O2

•−

production rate induced by PEG stress at all time points. The grand means of the three time
points of PEG + ALA were 79% and 52% of that of PEG in the leaves and roots, respectively
(Figure 7A,B). Thus, ALA treatment greatly suppressed O2

•− production under osmotic
stress, especially in the roots of walnut plants.
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H2O2, another ROS component, was increased when walnut was stressed by PEG,
especially in the leaves, while ALA pretreatment significantly inhibited the increase. The
grand means of H2O2 at three time points in the PEG stress group were 78% and 19%
higher than that of the control leaves and roots, respectively, while the grand means in
the ALA pretreatment group were 76% and 93% higher than that of the PEG stress group,
respectively (Figure 7C,D). Therefore, the response of H2O2 to PEG or PEG + ALA was
more sensitive in the leaves than that in the roots.

Meanwhile, under osmotic stress, the accumulation of ROS in walnut cells resulted in
membrane lipid peroxidation (LPO) and generation of MDA. Therefore, the MDA content
is an important indicator to evaluate stress injury. From Figure 7E,F, the MDA content in the
walnuts was increased under PEG stress, especially in the roots, while ALA significantly
inhibited the increases. The grand means of the MDA content of three time points in the
PEG stress were 22% and 82% higher than that of the control leaves and roots, respectively,
while the grand means of the ALA pretreatment were 88% and 76% of the PEG stress,
respectively. Thus, PEG stress may cause more membrane injuries in walnut roots than
leaves, while ALA can protect both leaves and roots under osmotic stress.

3.8. ALA Regulates DREB2A Expression of Walnut Plants under Osmotic Stress

The effects of ALA on the expressions of DEHYDRATION-RESPONSIVE ELEMENT-
BINDING PROTEIN 2A (DREB2A) under osmotic stress are shown in Figure 8. All of
the DREB2A gene expressions in the leaves and roots of walnut detected in the present
study were responsive to PEG stress; however, different genes showed different expression
patterns. In the leaves, four DREB2A genes (including DREB2A1/3/4/9) were upregulated
by PEG stress, in which the expressions of DREB2A1/3 were further upregulated by ALA.
On the other hand, the expressions of DREB2A2/5/6/7/8 were downregulated by PEG
stress, but ALA pretreatment alleviated the downregulation. In the roots, the expression
of DREB2A8 was greatly stimulated by PEG stress, being increased by about 27-fold,
while ALA depressed the gene expression induced by PEG. The similar expression pattern
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can be seen in DREB2A1/3/4/5/6/7/9. These may demonstrate that most of the DREB2A
gene expressions were upregulated in response to drought stress, although it does not
mean that they are responsible for drought tolerance. Instead, this may simply be an
emergent response to the adverse stress. Exceptionally, the expression of DREB2A2 was
downregulated by PEG but upregulated by ALA, indicating that DREB2A2 is sensitive to
osmotic stress, while ALA pretreatment prevented the downregulation of gene expression.
Thus, all DREB2A expressions were responsive to PEG as well as ALA treatment, but the
responses of different genes were different, and the same genes in different tissues exhibited
different responses, which might play distinct roles.

Forests 2023, 14, x FOR PEER REVIEW 14 of 21 
 

 

 

Figure 8. The relative expressions of the DROUGHT-RESPONSIVE ELEMENTS BINDING PRO-

TEIN 2A (DREB2A) subfamily genes in walnut leaves (A) and roots (B) after different treatments 

for 10 days. The same lowercase letters in each gene represent no significant difference at the p = 

0.05 level. 

3.9. ALA Regulates Expression of PIP and TIP in Walnut Plants under Osmotic Stress 

Figure 9A shows that the expression of PIP and TIP genes in walnut leaves were all 

downregulated, but only a few of them (PIP1;4 and TIP1;1) were upregulated by ALA 

pretreatment. The expressions of other genes were not responsive to ALA pretreatment 

or were even further downregulated. On other hand, the expressions of PIP1;4 and 

TIP1;1, as well as TIP1;2. in the roots were significantly upregulated by PEG stress; 

however, ALA pretreatment prevented the increases. The other genes, including PIP1;1, 

PIP1;3, PIP1;5 and TIP120 in the roots were downregulated by PEG, but prevented by 

ALA pretreatment. These suggest that different aquaporin genes had different expres-

sion models in different walnut tissues. 

 

Figure 9. The relative expressions of the aquaporin gene plasmalemma intrinsic protein (PIP) and to-

noplast intrinsic protein (TIP) in walnut leaves (A) and roots (B) after different treatments for 10 

days. The same lowercase letters in each gene represent no significant difference at the p = 0.05 

level. 

  

Figure 8. The relative expressions of the DROUGHT-RESPONSIVE ELEMENTS BINDING PROTEIN
2A (DREB2A) subfamily genes in walnut leaves (A) and roots (B) after different treatments for 10 days.
The same lowercase letters in each gene represent no significant difference at the p = 0.05 level.

3.9. ALA Regulates Expression of PIP and TIP in Walnut Plants under Osmotic Stress

Figure 9A shows that the expression of PIP and TIP genes in walnut leaves were all
downregulated, but only a few of them (PIP1;4 and TIP1;1) were upregulated by ALA
pretreatment. The expressions of other genes were not responsive to ALA pretreatment or
were even further downregulated. On other hand, the expressions of PIP1;4 and TIP1;1, as
well as TIP1;2, in the roots were significantly upregulated by PEG stress; however, ALA
pretreatment prevented the increases. The other genes, including PIP1;1, PIP1;3, PIP1;5
and TIP120 in the roots were downregulated by PEG, but prevented by ALA pretreatment.
These suggest that different aquaporin genes had different expression models in different
walnut tissues.
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Figure 9. The relative expressions of the aquaporin gene plasmalemma intrinsic protein (PIP) and
tonoplast intrinsic protein (TIP) in walnut leaves (A) and roots (B) after different treatments for 10 days.
The same lowercase letters in each gene represent no significant difference at the p = 0.05 level.

4. Discussion

As a potential growth regulator, ALA can promote plant growth and strengthen
plant tolerance to various environmental stresses, including abiotic stresses (such as
drought [20,23], salinity [39] and extreme temperatures [40,41]) and biotic stresses (such as
pathogen infection [42]). With regard to various crops which suffered from drought stress,
their drought tolerance was all improved by applying exogenous ALA on wheat [21,43],
Kentucky bluegrass [20], sunflower [25], rapeseed [44] and cucumber [17]. Although the
effect of exogenous ALA has been gradually clarified over the years, the mechanism of
ALA-mediated drought resistance has not been thoroughly revealed. Previous studies
indicated that ALA induced masses of molecular and physiological reactions to enhance
the drought tolerance, which were mainly involved in promotion of osmotic regulation,
photosynthesis, and anti-oxidation in plant cells [15,45].

In our study, the beneficial effect of ALA was verified on drought-stressed walnuts, for
which ALA promoted the drought resistance of walnuts exhibiting various physiological
and biochemical manifestations. Like the RWC of cultivated strawberries under drought
conditions [23], the lower RWC in walnut leaves and higher RWC in the substrate caused
by osmotic stress can be alleviated by ALA treatment (Figure 1). These demonstrate
that the ALA-treated roots can absorb more water from the culture substrate to maintain
higher levels of the leaf RWC than the PEG-stressed walnuts. Accordingly, ALA-mediated
osmotic adjustment (OA), a common mechanism for plants to overcome water-deficient
stress, effectively promoted the turgor for a better water balance of walnuts under osmotic
stress. In addition, some aquaporins of plasma membrane PIPs and tonoplast TIPs are
particularly involved in water absorption, which were significantly inhibited by the drought
stress. Nevertheless, the interrupted water absorption and transport caused by PEG
stress can be alleviated by ALA treatment, partly due to its active upregulation of some
aquaporin genes in leaves (PIP1;4 and TIP1;1) and roots (PIP1;1, PIP1;3, PIP1;5 and TIP120)
in walnuts (Figure 9). It can be inferred that ALA improves the absorption of more water
from the substrate, which might be the crucial mechanism in the drought tolerance of
walnuts, consistent with our previous study in strawberry tissues [23]. It is well known that
hormonal regulation of SA, CTK and ABA is also one of the mechanisms in the response
to drought, such as the stress-induced pathways mediated by ABA [7]. ALA also actively
regulated the expression levels of DREB2A genes to cope with osmotic stress in our study
(Figure 8), which can induce the expression levels of ABA-independent stress-responsive
genes by post-translational modification, as a way to adapt to osmotic stress [10].
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In addition, salicylic acid was shown to increase the abscisic acid content, leading to the
accumulation of proline, one of the osmotic regulation elements for OA [46]. The osmotic
stress leads to the accumulation of osmotically active solutes, soluble sugars, soluble
proteins, and free proline, and, interestingly enough, the exogenous ALA application
further assisted in facilitating accumulation of these solutes to heighten the OA in walnut
leaves and roots (Figure 5). Especially, the further accumulation of free proline in walnut
leaves and roots was consistent with the phenomena reported in wheat [21], Chinese
rye grass [22] and strawberry [23] under drought stress. These demonstrate that ALA
stimulates the osmotic solute production, which can attract the accumulation of compatible
solutes to reinforce hydration and maintain turgor in cells [9,47]. Therefore, ALA-mediated
accumulation of soluble sugars, soluble proteins and free proline for OA may play an
important role in improving the drought tolerance of walnuts.

Here again, the supplementation of exogenous ALA can ameliorate damages to the
photosynthesis of light reaction, dark reaction and chlorophyll biosynthesis, which are
destroyed by osmotic stress [23], such as by the degradation of photosynthetic pigments,
hampering photosystems, electron transport chains and CO2 fixation [48]. This study found
that ALA significantly improved leaf photosynthetic gas exchanges of walnut under PEG
stress (Figure 2). As agreed with the previous reports, PEG stress promoted stomatal closure,
which depressed water loss with lower transpiration [8,49], but the net photosynthetic rate
and carboxylation efficiency were accordingly decreased dramatically in walnuts. Therefore,
the WUE was not increased but decreased greatly. Conversely, the ALA pretreatment
improved stomatal conductance; however, it did not significantly increase transpiration,
but it decreased leaf temperature, and increased carboxylation efficiency and WUE. It
means that the Gs increase induced by ALA does not necessarily decrease WUE, while
stomatal closure induced by PEG does not necessarily increase WUE. The key factor must
be the photosynthesis under drought stress. Furthermore, stomata closure is a fast response
of plants to drought stress [8], which may block CO2 intake into mesophyll cells [49], and
stomatal limitation is generally considered as the major photosynthetic inhibition factor
under water deficit stress [50,51]. However, in the present study, the stomatal limitation
in the PEG stress was lowest, while ALA pretreatment slightly increased the Ls of walnut
leaves (Figure 2G). This means that Ls was not a suitable indictor of ALA to evaluate plant
drought tolerance in walnuts.

ALA exhibited a positive effect on the photochemical activities, which further reflected
its recovery role in walnut photosynthesis under osmotic stress in this study (Figure 3
and Table 2). It is worth noting that ALA can recover the drought, resulting in lower
values of late fluorescence (I and P phases), higher MRmin and lower MRmax (Figure 3),
which suggests that ALA can impair the oxidation–reduction efficiency of plastocyanin
(PC+) and P700

+ in PSI reaction centers under osmotic stress [52–54]. The diminished
photochemical efficiency of the photosystems under PEG-induced drought stress could
be mitigated by ALA application, which was also reported in strawberry [23], wheat [55]
and oilseed rape [44]. Moreover, ALA can recover the fluorescence parameters disarranged
by PEG stress, such as the ALA-increased ϕPo (Fv/Fm), PIabs and PItotal, and the ALA-
decreased ϕDo and Wk (Table 2). One of the most common and important parameters,
ϕPo (Fv/Fm), representing the maximum photochemical efficiency of PSII, was improved
by ALA pretreatment in walnuts and other plants. The increasing of ϕDo, on account of
drought, might indicate that plants possess the defense mechanism to response to photo-
damage through more heat dissipation [56]. Hence, the decreasing of ϕDo in ALA-treated
leaves demonstrated that exogenous ALA might mitigate the threat of photo-damage, and
less heat dissipation occurred in walnut leaves. Similarly, the exogenous ALA also reduced
the Wk values, demonstrating that it could protect the OEC at the donor side of the PSII
center from stress damage [57]. All of these illustrate that ALA can alleviate the damages to
photochemical electron transfer, and PSI and PSII reaction centers, as well as photosynthetic
efficiency due to osmotic stress; therefore, the photosynthetic capacity index PIabs and the
total photosynthetic capacity PItotal (PSI + PSII) are sensitive to ALA pretreatment [23,57].
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In addition, PEG stress significantly decreased the content of chlorophyll a and chloro-
phyll b in walnut leaves, which was significantly alleviated by ALA application (Table 3).
It is well known that ALA is an essential precursor of chlorophyll biosynthesis and an
important regulator of porphyrin biosynthesis [58], and the escalation of chlorophyll
content regulated by exogenous ALA has been previously reported in drought-induced
rapeseed [44], wheat [55], sunflower [25], and alfalfa [59]. The increased chlorophylls
induced by ALA under drought stress might be the result of synthesis acceleration or/and
breakdown deceleration [48,60]. In the present study, the expressions of HEMA1, HEMG1,
CHLG and PORB were significantly upregulated by application of ALA, while CAO expres-
sion was downregulated (Figure 4). HEMA1, HEMG1, PORB and CHLG are responsible
for encoding key enzymes of chlorophyll biosynthesis in higher plants [13,61], indicating
that ALA-mediated upregulation can contribute to the chlorophyll increase for protecting
photosynthesis pigments in walnut leaves under osmotic stress. On the other hand, the
CAO gene, encoding chlorophyllide a oxygenase, was significantly upregulated under
PEG stress but downregulated after ALA treatment, demonstrating that osmotic stress
accelerates chlorophyll decomposition, but ALA might prevent the effect of PEG. This
might also contribute to maintaining the chlorophyll levels of walnut leaves. Furthermore,
the higher levels of the chlorophyll a/b ratio in walnut leaves might suggest that ALA
induces the accumulation of chlorophyll, especially chlorophyll a, which could maintain the
strict organization of pigments in photosystems [62] for drought tolerance enhancement.

ALA can mitigate drought-induced oxidative damage through strengthening the de-
fense mechanism to scavenge ROS, as previously reported in many studies [17,20,22,23,63,64].
Similarly here, drought stress resulted in increases in the H2O2 content and O2

•− produc-
tion rates in the walnut leaves and roots, while ALA can reduce these toxic by-products
in the Mehler reaction of chloroplasts, electron transport chain of mitochondria and pho-
torespiration of peroxisomes (Figure 7A,B) [65,66]. ALA may activate two arms of the
antioxidant machinery to resist drought conditions in walnuts (Figure 6), including en-
zymatic components like SOD, POD and CAT, and the non-enzymatic antioxidants like
proline [8,66]. It is known that the antioxidant enzymes catalyze ROS degradation, and
maintain the relative equilibrium between the production and the elimination of the in-
tracellular H2O2 and O2

•− [67]. Under drought stress, the SOD activities were detected
to be upregulated in walnuts, as well as potato [68] and maize [69], dismutating O2

•−

into H2O2 and O2 to form the defense frontline against ROS. Afterwards, CAT activities
were enhanced in walnuts by PEG as well, which were responsible for reducing H2O2
into H2O and O2, along with a high affinity and catalysis rate for H2O2 [66]. Similarly,
drought stress also resulted in an increase in the activities of POD, which plays key roles
in ROS homeostasis, and detoxifies the relatively stable H2O2 in plant cells under abiotic
stress [70]. The activities of SOD, POD and CAT were further improved by ALA for further
activating anti-oxidation; therefore, the ALA-stimulated key antioxidant enzyme activities
may be crucial for alleviating osmotic stress in walnuts. On the other hand, the increasing
of proline content occurred in various drought-stressed plants after the supplementation
of ALA, for which the non-enzymatic antioxidants of osmolyte proline can participate in
both osmotic regulation and oxidation resistance, and is considered as an efficient scav-
enger of ROS, to counteract the deleterious effects of ROS substrates to protect the cell
components from stress-triggered damages [66]. These manifest that ALA mediates the
accumulation of proline to prevent LPO damages among different cell components under
water deficit conditions [71]. In addition to the beneficial effect on walnuts, the application
of ALA can further enhance the upregulations of these antioxidant enzymes and non-
enzymatic substrates to remove ROS and eliminate ROS-induced damage in rapeseeds [19]
and sunflowers [64]. Persistent drought leads to an imbalance between the production and
elimination of ROS; these reactive substrates can give rise to various oxidative damages
to plant cells, such as membrane damage, indicated by LPO, which generates MDA [72].
The accumulation of MDA under drought stress can also be decreased in walnuts by ALA
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treatment (Figure 7E,F). Therefore, ALA may enhance the drought tolerance partly by
heightening the antioxidant systems in plants.

Overall, plants have evolved a series of mechanisms to drought stress, as well as other
environmental stresses, including sensing and signaling mediated by hormones or others,
OA, antioxidant systems and so on [73]. According to these mechanisms of action, one of
the important management strategies to improve the stress tolerance and yield is widely
reported; that is, the application of exogenous PGRs (ALA, ABA, γ-aminobutyric acid,
brassinolide, etc.) [74–76] and the use of other substances (silicon nanoparticles) [77]. In
this study, the application of ALA increased the photosynthetic capacity, and stimulated the
OA and antioxidant systems. All of these were beneficial to improve the drought tolerance
of walnuts, but the ALA-triggered mechanisms should be explored further in plants.

5. Conclusions

To sum up, this study revealed the beneficial effect of exogenous ALA on walnuts
under PEG-induced osmotic stress. The exogenous ALA pretreatment resulted in the
increasing of leaf RWC, chlorophyll content, photochemical activities, gas exchange and
compatible osmotic solutes, as well as the decreasing of ROS and MDA content in osmoti-
cally stressed walnuts. All of these manifest that the ALA enhances the photosynthesis,
osmotic adjustment and antioxidant systems to strengthen the walnuts’ osmotic stress
tolerance, which provides a good basis for the application of ALA in walnut production.
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