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eggplant by altering chemical
properties and upregulating the
antioxidant system

Muhammad Imran Ghani***, Ahmad Ali*,
Muhammad Jawaad Atif**, Muhammad Ali®,
Mohammad Abass Ahanger®, Xiaoyulong Chen™*®
and Zhihui Cheng*

*College of Agriculture, Guizhou University, Guiyang, China, ?Key Laboratory of Karst Georesources
and Environment, Ministry of Education, College of Resources and Environmental Engineering,
Guizhou University, Guiyang, China, *College of Horticulture, Northwest A&F University,

Yangling, China, “Horticultural Research Institute, National Agricultural Research Centre,

Islamabad, Pakistan, *College of Life Sciences, Northwest A&F University, Yangling, China, ¢College of
Ecology and Environment, Tibet University, Lhasa, Tibet, China

Continuous cropping of eggplant threatened regional ecological sustainability by
facilitating replanting problems under mono-cropping conditions. Therefore,
alternative agronomic and management practices are required to improve crop
productivity at low environmental cost for the development of sustainable
agricultural systems in different regions. This study examined changes in soil
chemical properties, eggplant photosynthesis, and antioxidant functioning in five
different vegetable cropping systems over a 2-year period., 2017 and 2018. The
results showed that welsh onion-eggplant (WOE), celery-eggplant (CE), non-
heading Chinese cabbage-eggplant (NCCE), and leafy lettuce-eggplant (LLE)
rotation systems significantly impacted growth, biomass accumulation, and yield
than fallow-eggplant (FE). In addition, various leafy vegetable cropping systems,
WOE, CE, NCCE, and LLT induced significant increases in soil organic matter
(SOM), available nutrients (N, P, and K), and eggplant growth by affecting the
photosynthesis and related gas exchange parameters with much evident effect
due to CE and NCCE. Moreover, eggplant raised with different leafy vegetable
rotation systems showed higher activity of antioxidant enzymes, resulting in
lower accumulation of hydrogen peroxide and hence reduced oxidative damage
to membranes. In addition, fresh and dry plant biomass was significantly
increased due to crop rotation with leafy vegetables. Therefore, we concluded
that leafy vegetable crop rotation is a beneficial management practice to improve
the growth and yield of eggplant.
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1 Introduction

The consistent increase in the global population has increased
the demand for food and cash crops. Due to limited agricultural
land worldwide and the decreasing number of new crop areas,
monoculture is a common model for large-scale, intensive
agricultural production, especially in the horticultural industry
(Tan et al, 2021; Bhatti et al, 2022). Even with a good field
management regime, the crop may still experience growth and
yield reduction and promote disease incidence (Zeng et al., 2020).
Mono-cropping refers to the practice of growing the same type of
crop every year for a long period of time (Scarascia-Mugnozza et al.,
2011; Xiao et al,, 2012). The overuse of synthetic fertilizers and
agrochemicals is inevitable in the mono-cropping system, which
leads to mono-cropping obstacles (Ghani et al., 2019b; Ali et al,
2021; Ghani et al, 2022b). The mono-cropping obstacles are
attributed to soil salinization, acidification, nutrient imbalance,
and autotoxicity (Lyu et al., 2020; Zeng et al., 2020).

Eggplant (Solanum melongena L.) is a valuable vegetable cash
crop mostly grown under plastic shed (Wang et al., 2015; Ghani
et al., 2022a). Eggplant production in plastic shed heavily relies on
mono-cropping systems. Like other crops, consecutive eggplant
cultivation could occur mono-cropping obstacles, including an
upsurge in autotoxins in the soil, which hampers plant growth
and development, reduces resistance to harsh environmental
conditions, and ultimately reduces plant yield and quality (Wang
et al., 2015). One of the beneficial practices that ameliorate the
negative impact of mono-cropping is crop rotation. To enhance
productivity and optimize the profitability of a rotation system,
rotated crops should be appropriately selected (Li et al., 2017; Ali
et al., 2019). Diversified crop rotation during the fallow period
mitigates the adverse effects of mono-cropping obstacles by
sustaining the soil quality via nutrient deposit (St. Luce et al,
2020), greater SOM input (Ali et al., 2021), soil carbon
sequestration (Song et al., 2018), and minimizing pest and disease
attacks, particularly compared with mono-cropping systems (Ali
et al, 2021; Ghani et al,, 2022b). Different leafy vegetable plants
have legacy effects on soil through root exudation, suppress soil-
borne pathogens, and enhance soil fertility, improving plant growth
and yield of the subsequent crop (Ali et al, 2019; Ghani et al,
2022b). Numerous studies have demonstrated yield advantages of
crop rotation to subsequent crops, including tomato-onion,
tomato-chrysanthemum, hairy vetch-eggplant, and cow pea-
broccoli significantly improved tomato, eggplant, and broccoli
yield compared with mono-cropping planting (Tian et al., 2009;
Radicetti et al., 2016; Sanchez-Navarro et al., 2020). Furthermore,
crop rotation also enhanced plant tolerances to different types of
stresses (Gaudin et al., 2015).

Plants might be subjected to a wide range of external stresses
during their growth period, including salt and heat stress and water
deficit. However, crops grown in mono-cropping suffer from
additional stresses such as evolving diseases and pests, various
biotic and abiotic stresses, reduced soil physical-chemical
characteristics, and the gradual buildup of root exudates in the
soil. All of these stresses pose a constant threat to plant growth.
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(Chen et al,, 2011; Wang et al,, 2015). Moreover, physiological and
biochemical alterations following mono-cropping involve reduced
growth underlined by a significant decline in photosynthetic rate. In
addition, changes in soil pH adversely affect growth by declining
photosynthesis and gas exchange parameters (Long et al., 2017).
During stressful conditions, plants promote the production of
reactive oxygen species (ROS) and cause significant damage to
DNA, lipid peroxidation, the cell membrane, and proteins
However, plants develop efficient adaptive strategies such as
generating antioxidants, secondary metabolite, and osmolyte
metabolism to overcome these stresses (Ahanger and Agarwal,
2017b; Ahanger et al., 2017; Ghani et al., 2022c). These
biochemical pathways serve as an early signaling molecule of the
plant’s defense response to a variety of environmental stresses and
as a secondary messenger for subsequent defense reactions (Yin
et al,, 2015; Chen et al,, 2022). Increased activity of the antioxidant
system and the metabolism of secondary metabolites avoid
oxidative damage to membranes and other important
macromolecules in the cell, hence keeping important mechanisms
such as photosynthesis from being disrupted (Ahanger et al., 2017;
Ahanger et al.,, 2018)

Previous studies have figure out the importance of crop rotation
on pathogen suppression and soil stability (Thorup-Kristensen
et al,, 2012; Tian et al,, 2013; Ali et al., 2019). More recently, we
reported that leafy vegetables used as a crop rotation and their
residue retention (above and below-ground biomass) significantly
influenced soil nitrogen, microbial biomass, and soil enzymatic
activity (Ghani et al., 2022b). However, limitation may still exist
that dead roots and leaves were maintained in the field and well
incorporated into the soil, and then influence on plant growth and
development, as well as plant resistance-related enzymes. In this
study, we postulated that executing different leafy vegetable plants
would help to increase the eggplant’s production capacity.
Therefore, the aim of the study was to evaluate the capacities of
different leafy vegetables, welsh onion, celery, non-heading Chinese
cabbage, and leafy lettuce to alleviate mono-cropping obstacles of
eggplant cultivation that generally occur due to mono-cropping, as
well as to determine a sustainable vegetable cropping system to
enhance eggplant production. Hence, the influence of different leafy
vegetables on soil chemical properties, plant morphological and
physiological observations, lipid peroxidation (MDA), and H,0,
level and, correlations between plant growth, physiology, and soil
chemical properties were assessed.

2 Material and methods

2.1 Experimental site description and
experimental design

Two years of field experiment under a plastic shed was
conducted at the research station of Northwest A&F University
Yangling, China. From March 2013 to November 2016, the eggplant
was continuously cultivated under this plastic shed for four years.
The eggplant was cultivated once a year with a mono-cropping
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regime. The growing season of eggplant starts from 1% week of
March to mid-November. The plastic shed’s soil is sandy loam soil.
The specific details of basic soil properties were reported previously
by (Ghani et al., 2022b). After four years of consecutive eggplant
cultivation, a rotational experiment was performed with four
different winter leafy vegetables, including (I) welsh onion
(Allium fistulosum L.), (I) celery (Apium graveolens L.), (III)
non-heading Chinese cabbage (Brassica rapa L.), and (IV) leafy
lettuce (Lactuca sativa L.) during the fallow period of eggplant from
mid-November to 1°* week of March. These leafy vegetables were
harvested at the full leaf growth stage in 1% week of March, followed
by the immediate planting of eggplant. The leafy vegetables root left
over were mixed in the soil before eggplant seedlings were
transplanted. With a factorial randomized complete block design,
the eggplant seedlings were transplanted to the field in both years
on the second week of March and harvested on 2™ week of
November in both years. The experiment consisted of five
different planting systems with three replications: fallow-eggplant
(FE), welsh onion-eggplant (WOE), celery-eggplant (CE), no-
heading Chinese cabbage-eggplant (NCCE), and leafy lettuce-
eggplant (LLE) with three replications.

Each cropping system and fellow eggplant was assigned three
plots and each plot consist of three beds. The size of each plot was
12.60 m? (3.6 m long . 3.5 m wide) and each bed was 4.20 m?(3.5m
long . 1.2 m wide). A thin, impermeable plastic sheet was inserted at
a depth of 50 cm into the soil among experimental plots and
extended to 5 cm above the ground, intended to prevent the passage
of water and nutrients between plots and stop the interplay of
various treatments. Three-week-old uniform eggplant seedlings
(Solanummelongena L. Cv.Tai Kong Qie Wang) with 3 leaves
were transplanted to the above-prepared beds; each bed consists
of two rows. There were 7 seedlings in each row, and 14 in each bed,
with 0.8 m distance between rows and 0.5 m between plants. Each
year, before eggplant planting, each bed was fertilized with organic
fertilizer (PengDiXin) at the rate of (50.65 kg ha™"), “SaKeFu”
(119.04 kg ha™"). The detailed information is previously reported in
(Ghani et al,, 2022b). In addition, JinBa fertilizer was top-dressed
(0.5kg/bed) according to local recommendations for vegetable
production. No chemical fertilizers were used during the winter
leafy vegetable growth period, and the same amount of irrigation,
fertilization, and management practices were carried out
throughout the experiment.

2.2 Measurement of morphological indices

To evaluate morphological traits at different growth phases, we
randomly sampled three plants from each replication and 9 plants
from each treatment. The growth phases included the first
flowering, the first fruiting, the second flowering, and the second
fruiting. A measuring tape was utilized to get an accurate reading of
the plant height. The diameter of the stem was determined using an
electronic vernier caliper. The eggplant’s fresh weight (FW) was
measured using an electronic scale after the eggplant was harvested,
whereas the eggplant’s dry weight (DW) was determined after oven
drying at 70 °C for 72 hours.
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2.3 Quantification of photosynthetic
pigment and gas exchange parameters

Chlorophyll a, b, total chlorophyll, and carotenoids were measured
by placing 0.5 g of fresh leaf tissue into a 25 mL glass tube with 20 mL
80% acetone for 48 hours in the dark after that, and absorbance was
determined spectrophotometrically (UV-3802, UNICO, MDN, USA)
at 645 nm, 663 nm, and 652 nm, respectively (Arnon, 1949).

Net photosynthetic rate (pN), stomatal conductance (gs),
intercellular CO, concentration (Ci), and transpiration rate (E)
were measured in the uppermost leaf by using a LI-6400 portable
photosynthesis system (Li-Cor, Lincoln, NE, USA).

Measurement of the maximal photochemical efficiency (Fv/
Fm), photosystem II (®PSII), non-photochemical quenching
coefficient (NPQ) and, photochemical quenching (qP) were
determined using modulated chlorophyll fluorometer (PAM-2000
chlorophyll fluorometer) after 20 min of dark adaptation. The
recorded data were processed by PAM Win software.

2.4 Antioxidant enzymes assay

The eggplant leaves (0.5 g) were homogenized in a chilled 0.05 mM
(pH 7.8) phosphate buffer containing 0.1% polyvinylpyrrolidone and
0.5 M ethylenediaminetetraacetic acid (EDTA). The homogenate was
centrifuged at 12000 g for 15 min at 4°C, and the supernatant was used
for enzyme analysis. To estimate superoxide dismutase (SOD) activity,
we followed the method of (Dhindsa et al., 1981). The enzyme’s ability
to inhibit the photochemical reduction of nitroblue tetrazolium (NBT)
was monitored at 560 nm.

The reaction mixture was prepared by adding 0.5 mL enzyme extract
into 50 mL 0f 0.05 M phosphate buffer (pH 7.8), 28 mL guaiacol,and 19 mL
30% H,0, (v/v) were mixed. The prepared reaction mixture of 3.5 mL was
then transferred to a cuvette (1 cm) path length. An increase in absorbance
was recorded at 470 nm wavelength over 3 min at 30-s intervals.

For the Catalase (CAT) activity, an enzyme extract of (0.1 mL)
was added to 1.9 mL of reaction mixture containing phosphate
buffer 200 mM (pH 7.0) and 1 mL of 0.3% H,0O,. The enzyme
activity was assessed by observing the decrease in absorbance at 240
nm for 2 min (Chance and Maehly, 1955).

Ascorbate peroxidase (APX) extraction was quantified by
observing a reduction in absorbance due to the oxidation of
ascorbic acid at 290 nm according to the method of (Nakano and
Asada, 1981). The enzyme mixture consisted of 50 mM potassium
phosphate buffer (pH 7.0), 0.2 mM EDTA, 0.5 mM ascorbic acid, 2
mM H,0,, and 100 puL enzyme extract.

Polyphenol oxidase (PPO) activity was assayed by measuring
the initial increase in absorbance during the first 3 min of the
reaction at 410 nm (Zheng et al,, 2007). PAL activity was assessed
according to the method of (Gao, 2006).

2.5 Measurement of oxidative
stress biomarkers

The concentration of H,O, was estimated following the method
of (Velikova et al., 2000). For lipid peroxidation, the content of
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malonaldehyde (MDA) was measured by incubating tissue extract
with thiobarbituric acid (TBA) at boiling temperature (Dhindsa
et al., 1981).

2.6 Assessment of protein content

The protein content was quantified using the method proposed
by (Bradford, 1976) using BSA as a standard.

2.7 Measurement of soil
chemical properties

Soil organic matter (SOM) was determined through the
procedure described by (Walkley and Black, 1934). We utilized
the alkali-hydrolyzed diffusion method to determine the amount of
available nitrogen (AN) (Shi, 1996). The development of a complex
that was blue in colour following the extraction of 0.5 M NaHCO3
at a pH of 8.5 was used to measure the amount of accessible
phosphorus (AP) in the soil (Murphy and Riley, 1962). The
following procedure was used to analyze the available K
(Knudsen et al., 1983).

2.8 Statistical analysis

Data presented are the mean of three replicates and were
statistically analyzed by two-way analysis of variance (ANOVA)
asa 5 x 2 (treatment X year) factorial design for the experiment, and
Tukey HSD test was used to analyze the mean separations among
treatments at p < 0.05. Using origin software, a Pearson correlation
was conducted to evaluate the relationship between plant growth,
physiological traits, and soil chemical properties. All statistical
analyses were performed with SPSS v.19.0 (SPSS Inc.,
Chicago, USA).

3 Results

3.1 Effect of different leafy vegetable
cropping systems on morphological
traits and chlorophyll pigments in
eggplant leaves

Results illustrated in Table 1 showed that plant height and stem
diameter were significantly (P < 0.05) affected by WOE, CE, NCCE
and, LLE cropping systems as compared to FE. The highest plant
height was observed for NCCE and LLE cropping systems than FE,
and the observed increase was 18.34% and 16.15%, respectively.
Regarding the growing stages, the eggplant height showed a rapid
increase from 1% flowering to 2" flowering stage and then slowed
down at later stages. The maximum increase was recorded at 2™
fruiting stage (297.38%) than other growth stages, whereas the year
factor exhibited a non-significant effect. Maximum stem diameter
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was observed for CE as compared to FE, and the increase was
15.54%. Regarding growth stages, stem diameter increased
gradually from 1% flowering to 2" flowering. The maximum stem
diameter was observed at 2™ fruiting stage as compared to other
growth stages, and the increase was 45.32%. The year factor also had
a significant effect, and the highest increase in stem diameter was
observed in 2018 as compared to 2017 (Table 1).

Leafy vegetable cropping systems significantly stimulated the
chlorophyll pigments. Maximum chlorophyll a content was
observed for NCCE as compared to FE rotation, and the increase
was 13.48% (Table 1). With respect to growth stages, maximum
content of chlorophyll a was recorded at 1°* flowering stage as
compared to other growth stages, and the increase was 41.27%, and
the minimum chlorophyll a was observed at 2™ fruiting stage. Year
factor was also significant, and maximum chlorophyll a was
observed in 2018. The interaction effect of three factors (Y x T x
S) on chlorophyll a was also significant. Winter leafy vegetables
significantly affected chlorophyll b pigment. The highest increase
(35.27%) in chlorophyll b content was observed for NCCE as
compared to FE rotation. Regarding growing stages, maximum
chlorophyll b was observed at 1% flowering stage, and an increase
was 52.24%, and minimum chlorophyll b was observed at 2"
fruiting stage. Year factor was also significant, and maximum
chlorophyll b was observed in 2018. The interaction effect of
three factors (Y x T x S) on chlorophyll b was also
significant (Table 1).

It is shown in Table 1 that chlorophyll a and b were significantly
(P < 0.05) affected by leafy vegetable rotation systems. It was shown
that the highest chlorophyll ab were recorded for NCCE, followed
by CE as compared to FE, and an increase was 9.20% and 7.69%,
respectively. Chlorophyll ab were observed maximum at 1°*
flowering stage, and an increase was 33.27%, and the minimum
increase (24.96%) was observed at the 2 fruiting stage. Year factor
was also significant, and maximum chlorophyll ab was observed in
2018. The interaction effect of three factors (Y x T x S) on
chlorophyll ab was also significant.

The effect of different leafy vegetable species on carotenoid
content is illustrated in Table 1. Leafy vegetables significantly (P <
0.05) enhanced the carotenoid contents compared to FE, and a
significant effect of NCCE was observed on carotenoid content.
Maximum carotenoid content was observed for NCCE as compared
to FE, and the increase was 26.7%. The growth stage also had a
significant effect on carotenoid content. The highest increase in
carotenoid content was observed at the 1st flowering stage, and the
lowest increase was observed at the 2™ fruiting stage. The year
factor was significant, and the highest carotenoid content was
observed in 2018.

3.2 Effect of different leafy
vegetable cropping systems on
gas exchange parameters

Leafy vegetable cropping systems significantly (P < 0.05)
affected gas exchange parameters (Table 2). pN was higher for CE
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TABLE 1 Effect of different leafy vegetable rotation systems on morphological indexes and photosynthetic pigments of eggplant at different growth
stages during the years 2017 and 2018.

Treatment Plant height Stem diameter Chloroghyll a Chloroghyll o] Chloropbyll ab Carotg?oids
(cm) (mm) (mg g~ FW) (mg g~ FW) (mg g~ FW) (mg g~ FW)
Year
2017 111.1 + 48.57a 14.200 + 2.64b 17.18 + 2.44b 6.77 + 2.23b 24.42 + 2.90b 2.96+ 1.35b
2018 112.2 + 48.32a 14.771 + 2.79a 18.16 + 2.46a 7.63 + 2.02a 25.63 + 2.66a 3.69 + 2.66a
Leafy vegetables
FE 100.3 + 43.95¢ 13.941 + 2.33¢ 16.84 + 2.36d 6.18 + 1.95¢ 23.90 + 3.05d 2.87+ 1.23d
WOE 107.1 + 41.35b 15.196 + 2.41b 16.98 + 2.34d 6.68 + 1.96d 24.49 + 2.82¢ 3.19 + 1.46¢
CE 115.8 + 51.16a 16.107 + 2.30a 18.00 + 2.27b 7.73 + 2.01b 25.74 + 2.68a 3.57 + 1.51ab
NCCE 118.7 + 52.01a 14.906 + 2.62b 19.11 + 2.74a 8.36 + 1.99a 26.10 + 2.30a 3.62 + 1.49a
LLE 116.5 + 50.31a 12.275 + 2.32d 17.41 + 2.04c 7.05 + 2.22¢ 24.89 + 2.77b 3.40% 2.77bc
Stage
1** flowering 39.81 + 3.69d 12.145 + 1.30¢ 20.81 + 1.29a 9.80 + 1.03a 28.48 + 0.88a 5.50 + 0.62a
1% fruiting 97.95 + 6.37¢ 12.509 + 1.34c 18.57 + 0.88b 8.10 + 0.95b 26.14 + 0.85b 3.40 + 0.82b
2" flowering 150.8 + 11.34b 15.636 + 1.68b 16.56 + 1.02¢ 6.22 + 2.01c 24.10 + 1.19¢ 247 +0.28¢
2™ fruiting 158.2 + 12.34a 17.650 + 1.66a 14.73 + 0.98d 4.68 + 1.99d 21.37 + 1.50d 1.94 + 0.44d
F-test
Year (V) s whr _— _—
Leafy vegetable (LV) . - . . . .
Stage (S) - - —_— - —_—. -
Y xLV xS ns ns * b * *

Data are presented as means with standard deviation (n=9). Different letters show significant difference at p<0.05 level. FE, fellow eggplant; WOE, welsh onion-eggplant: CE, celery-eggplant;
NCCE, non-heading Chinese cabbage-egglant; LLE, leafy lettuce-eggplant. *p < 0.05; **p < 0.01; ***p < 0.001; ns, non-significant.

and NCCE than FE, with an increase of 15.28% and 11.18%,
respectively. Similarly, growth stages also had a significant effect
on net photosynthesis. pN increased at all stages, and the maximum
increase was observed at 1% flowering stage, which was 39.94%,
while the minimum increase was observed at 2™ fruiting stage,
which was 28.54%. Year factor was also significant, and maximum
pN was observed in 2018. The interaction effect of three factors (Y x
T x S) on pN was also significant (Table 2). In addition, leafy
vegetable species had a significant impact on Ci. Ci was increased in
all vegetable species as compared to FE. NCCE and CE exhibited
higher Ci than FE, and the increase was 11.15% and 10.17%,
respectively. The Ci increased at all growth stages, with the
highest values recorded at 1** flowering stage. The year factor had
a non-significant effect on Ci (Table 2).

Leafy vegetable rotations also had a significant (P < 0.05) effect
on gs and E. The highest increase in gs and E was observed in NCCE
as compared to FE, and the increase was 50% and 42.47%,
respectively (Table 3). Similarly, growth stages also significantly
affected gs and E. Maximum gs was observed at the 1st flowering
stage with an increase of 375%, and maximum E was observed at the
1% flowering stage 11.11%. The year factor had a non-significant
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effect on gs. Whereas, for E year factor was significant and
maximum E was observed in 2018 (Table 2).

3.3 Effect of different leafy vegetable
cropping systems on chlorophyll
fluorescence parameters

Crop rotation with leafy vegetable cropping systems significantly
(P < 0.05) affected Fv/Fm, ®PSII, NPQ, and gp (Table 3). Among
different leafy vegetable rotations, the maximum increase in Fv/Fm,
®PSII, and qP was observed for NCCE cropping system as compared
to FE, and the increase was 8.57,9.23, 25.92, and 14.47%, respectively.
At different growth stages, maximum Fv/Fm, ®PSIL, and qP were
observed at Ist flowering stage, and the increase was 8.69%, 9.23%,
and 9.09%, respectively. However, NPQ was higher in FE than other
leafy vegetables and increased by 6.89% compared to other leafy
vegetables (Table 4). The year factor was also significant for
chlorophyll fluorescence parameters, and maximum Fv/Fm, OPSII,
and NPQ were observed in 2017, and qP was observed maximum in
2018 (Table 3).
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TABLE 2 Effect of different leafy vegetable rotation systems on gas exchange parameters of eggplant at different growth stages during the year 2017

and 2018.
Treatment Ci E gs
(umol mol™) (mmol m™s™) (mol m2s™)
Year
2017 26.50 + 3.40a 281.0 + 30.04a 0.029 + 0.171a 1.38 + 0.21a
2018 25.37 + 3.55b 280.2 + 19.39a 0.008 + 0.006b 1.34 £ 0.22a
Leafy vegetables
FE 23.88 +2.90d 263.5 + 26.37d 0.006 + 0.006¢ 1.13 + 0.15d
WOE 25.52 + 3.09¢ 271.7 + 25.06¢ 0.007 + 0.006b 1.28 + 0.13¢
CE 27.53 + 3.59a 290.3 + 22.29ab 0.008 + 0.007a 1.43 + 0.18b
NCCE 26.55 + 3.76b 2929 +19.22a 0.009 + 0.007a 1.61 £ 0.13a
LLE 26.18 + 3.11b 284.5 + 19.42b 0.007 + 0.006b 1.36 + 0.13¢
Stage
1™ flowering 30.13 + 1.98a 308.0 + 8.98a 0.019 + 0.002a 1.40 £ 0.21a
™ fruiting 27.32 + 1.58b 287.5 + 15.60b 0.003 + 0.001c 1.40 £ 0.15a
ond flowering 24.75 + 1.24c 269.1 + 15.45¢ 0.004 + 0.001b 1.38 £ 0.22a
ond fruiting 21.53 + 1.23d 257.8 + 23.32d 0.004 + 0.001b 1.26 + 0.24b
F-test
Year (Y) ok ns o ns
Leafy vegetable (LV) ok ex e i
Stage (S) ok o - -
Y xLV xS ns ns i ns

Main effect due to treatment (crop rotation), sampling year and their interaction was analyzed by Two-way ANOVA. Data are presented as means with standard deviation (n=9). Different letters
show significant difference at p<0.05 level. pN, net photosynthesis; Ci, internal CO, rate; E, transpiration rate. gs, stomatal conductance; FE, fellow eggplant; WOE, welsh onion-eggplant: CE,
celery-eggplant; NCCE, non-heading Chinese cabbage-egglant. **p < 0.01; ***p < 0.001; ns, non-significant.

3.4 Effect of different leafy vegetable
cropping systems on antioxidant system
and soluble protein

Results for the antioxidant enzymes observed are depicted in
Table 4. The results revealed that WOE, CE, NCCE and, LLE
cropping systems used as a crop rotation enhanced the antioxidant
enzyme of eggplant. Among different winter leafy vegetable species,
NCCE rotation had shown maximum activity of SOD, POD, PAL,
PPO, APX, and CAT as compared to FE, and the increase was 38.36%,
53.68%, 27.78%, 21.44%, 18.90%, and 28.00%, respectively.
Furthermore, with respect to different growth stages, various
enzymatic activities were observed maximum at 2™ fruiting stage
than other growth stages, and a significant increase of SOD (47.01%),
POD (36.55%), PAL (56.43%), PPO (77.48%), APX (42.22%) and CAT
(27.70%) was observed (Table 4). Year factor was also significant, and
maximum SOD, POD, PAL, APX, and CAT were observed in 2017,
whereas maximum PPO was observed in 2018. The interaction effect of
three factors (Y x T x S) on SOD, PAL, PPO, APX, and CAT was also
significant, whereas POD activity was non-significant.

Leafy vegetable cropping systems significantly influenced the soluble
protein content of eggplant leaves (Table 4). A maximum increase in
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soluble protein content was observed for NCCE (26.37%) and CE
(25.41%) as compared to FE. A higher amount of soluble protein was
observed at different growing stages at 2™ fruiting stage than in other
growth stages. The year factor was also significant, and higher soluble
protein content was observed in 2018 than in 2017 (Table 4).

3.5 Effect of different leafy vegetable
cropping systems on MDA and H,0,

Using different Leafy vegetable cropping systems as a crop
rotation significantly (P < 0.05) reduced MDA and H,0,
concentration compared to FE (Table 5). A higher reduction in
MDA concentration was recorded for CE and NCCE as compared
to FE, and an increase was 33.09% and 32.84%, respectively. The
year factor was also significant, and a higher concentration was
observed in 2018 than in 2017. Similarly, H,O, was also lower in all
leafy vegetable treatments as compared to FE. Compared to FE, the
maximum reduction was observed under NCCE (28.52%) and CE
(26.59%). Regarding different growth stages, a higher reduction in
MDA and H,0, concentration was recorded at the 2™ fruiting
stage, and a higher reduction of 60.45% and 51.16% in MDA and
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TABLE 3 Effect of different leafy vegetable rotation systems on chlorophyll fluorescence parameters of eggplant at different growth stages during the

year 2017 and 2018.

Treatment Fv/Fm OPSII NPQ qP
Year
2017 0.73 + 0.03a 0.70 + 0.03a 0.34 + 0.02a 0.79 + 0.03b
2018 0.71 + 0.03b 0.66 + 0.03b 0.26 + 0.02b 0.83 + 0.06a
Leafy vegetables
FE 0.70 + 0.02d 0.65 + 0.03d 0.34 + 0.04a 0.76 + 0.02¢
WOE 0.71 + 0.02¢ 0.68 + 0.02b 0.29 + 0.03¢ 0.78 + 0.02¢
CE 0.74 + 0.02b 0.70 + 0.02a 0.32 + 0.04b 0.85 + 0.05b
NCCE 0.76 + 0.02a 0.71 + 0.02a 0.27 £ 0.04d 0.87 + 0.05a
LLE 0.70 + 0.02d 0.67 = 0.02c 0.29 + 0.03¢ 0.78 £ 0.02d
Stage
™ flowering 0.75 + 0.02a 0.71 + 0.03a 0.31 + 0.05a 0.84 + 0.05a
™ fruiting 0.73 + 0.02b 0.69 + 0.03b 0.31 + 0.04b 0.82 + 0.05b
ond flowering 0.71 + 0.02¢c 0.67 = 0.02¢c 0.30 + 0.04c 0.80 + 0.05¢
2nd fruiting 0.69 £ 0.02d 0.65 + 0.02d 0.29 + 0.04d 0.77 £ 0.05d
F-test
Year (Y) bk bk bk ok
Leafy vegetable (LV) o o o oex
Stage (S) otk otk ok ok
YxLV xS ns ns ns ns

Data are presented as means with standard deviation (n=9). Different letters show significant difference at p<0.05 level. Fv/Fm, photochemical efficiency; ®PSII, photosystem II; NPQ, non-
photochemical quenching coefficient; qP, photochemical quenching. FE, fellow eggplant; WOE, welsh onion-eggplant: CE, celery-eggplant; NCCE, non-heading Chinese cabbage-egglant. ***

p<0.001; ns, non-significant.

H,O, respectively was recorded at the 2nd fruiting stage compared
to the 1st flowering stage (Table 5).

3.6 Effect of different leafy
vegetable cropping systems
on soil chemical properties

Different leafy vegetable cropping systems used as a crop
rotation showed a significant (P < 0.05) impact on soil chemical
properties such as pH, EC, SOM, and soil available nutrients in both
years (Table 6). A maximum increment in soil pH was recorded in
NCCE by (8.01%) and CE (6.61%) compared with FE. The highest
increase in pH was observed at 2™ flowering stage as compared to
other stages (Table 6). The year factor was also significant, and a
higher concentration was observed in 2018 than in 2017. The
interaction effect of three factors (Y x T x S) on pH was also
significant (Table 6). Soil EC showed a downward trend after the
inclusion of leafy vegetable cropping systems (Table 6). WOE and
NCCE exhibited the maximum reduction in EC. The highest
increase in EC was observed at 1** flowering stage as compared to
other stages (Table 6). The year factor was also significant, and a
higher concentration was observed in 2018 than in 2017. Similarly,
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leafy vegetables significantly impacted AN, AP, and SOM. The
NCCE exhibited a maximum increment in AN (24.31%), AP
(14.81%), and SOM (26.37%) compared with the FE. The year
factor was significant, with the highest increment in AP and SOM in
2018 than in 2017 (Table 6). The highest increase was observed at
2™ fruiting stage as compared to other stages (Table 6). However,
AK was higher in CE, which increased AK by 9.78% compared to
FE. The year factor was significant, with the highest increment in
AP in 2017 than in 2018 (Table 6). The highest increase was

observed at 2™ fruiting stage as compared to other stages.

3.7 Effect of different leafy vegetable
cropping systems on eggplant fresh and
dry biomass

Leafy vegetable cropping systems significantly (P < 0.05)
increased eggplant’s fresh and dry weight over FE. Both years, the
highest increment in eggplant biomass was observed in NCCE and,
CE rotation (Table 7). However, the highest enhancement was
observed in 2018, and the observed increase was 73.05% in NCCE
and 62.06% in CE rotation. The year factor also had a significant
effect; the highest increase in fresh weight was observed in 2018
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TABLE 4 Effect of different leafy vegetable rotation systems on the antioxidant system and soluble protein of eggplant at different growth stages during the year 2017 and 2018.

Treatment SOD activity POD activity PAL PPO APX activity CAT activity Soluble protein
(V] g’1 FW h™") (U mg’1 protein min™") (A290 g’1 h™) (0.001AA min™) Mm/(g. min) (V) mg’1 protein ) (mg g’1)
Year
2017 615.8 + 175.9b 18.76 + 4.51b 2758 + 819.9b 368.5 + 222.5a 7.96 + 1.52b 25.89 + 5.24b 15.82 + 2.88b
2018 659.3 + 157.5a 19.29 + 4.71a 2820 + 799.6a 324.0 + 187.0b 8.66 + 2.02a 27.68 + 4.16a 16.30 + 2.81a
Leafy vegetables
FE 537.0 + 151.3e 15.20 + 2.70d 2462 + 723.6e 307.8 + 175.9d 7.51 + 1.80e 23.57 + 4.05d 14.14 + 2.14c
WOE 560.5 + 154.9d 16.39 + 2.91c 2642 + 761.4d 332.1 % 192.0¢ 7.87 + 1.90d 25.11 + 4.03cd 1526 + 1.77b
CE 692.3 + 142.6b 20.38 + 3.77b 2957 + 768.2b 369.3 + 220.9a 8.73 + 1.62b 28.17 + 4.06ab 17.68 + 3.33a
NCCE 743.0 + 153.0a 23.36 + 4.51a 3146 + 819.3a 373.8 + 227.6a 8.93 + 1.72a 30.17 + 4.72a 17.87 + 2.51a
LLE 654.7 + 143.7¢ 19.80 + 3.70b 2737 + 795.3¢ 348.0 + 205.7b 8.50 + 1.67c¢ 26.90 + 4.23bc 1536 + 2.19b
Stage
1° flowering 4380 + 57.51d 15.03 + 2.14d 1635 + 191.9d 1304 + 6.83d 6.28 + 0.80d 21.81 + 3.81c 13.00 + 1.56d
1% fruiting 594.0 + 125.5¢ 17.09 + 3.16¢ 2686 + 273.1c 161.3 + 18.44c 7.63 + 0.63¢ 25.65 + 3.36b 1552 + 1.92¢
2™ flowering 690.5 + 107.6b 20.30 + 3.37b 3082 + 318.4b 514.0 + 50.55b 8.46 + 0.48b 29.51 + 3.19a 17.43 + 2.03b
2 fruiting 827.6 + 45.81a 23.69 + 4.06a 3753 + 240.3a 579.2 + 69.96a 10.87 + 0.96a 30.17 + 3.44a 18.30 + 2.39a
F-test
Year (Y) - * ook - ook bk *
Leafy vegetable (LV) - - ook - ook ot .
Stage (S) - - ook - . - .
Y XLV xS b ns e el ek ns ns

Data are presented as means with standard deviation (n= 9). Different letters show significant difference at p<0.05 level. SOD, super oxidase; POD, peroxidase; PAL, phenylalanine ammonia-lyase; PPO, polyphenol oxidase; APX, ascorbate peroxidase: CAT, catalase. FE,
fellow eggplant; WOE, welsh onion-eggplant: CE, celery-eggplant; NCCE, non-heading Chinese cabbage-egglant. *p < 0.05; **p < 0.01; ***p < 0.001; ns, non-significant.
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TABLE 5 Effect of different leafy vegetable rotation systems on the
oxidative markers of eggplant at different growth stages during the year
2017 and 2018.

Treatment MDA co_r11tent HzQ%
(nmol g~ FW) (umol g FW)
Year
2017 28.00 + 12.09 b 21.68 + 6.47a
2018 29.59 + 11.89a 21.36 + 6.12a
Leafy vegetables
FE 36.35 + 12.53a 25.87 + 7.23a
WOE 29.30 + 10.91b 22.81 + 6.39b
CE 24.32 +10.29¢ 18.99 + 4.33d
NCCE 24.41 +10.59¢ 18.49 + 4.35d
LLE 29.61 + 11.45b 21.43 + 5.60c
Stage
1% flowering 17.86 + 4.01d 13.37 + 1.60d
1** fruiting 21.58 £ 5.39¢ 20.73 + 2.96¢
2" flowering 30.46 + 5.90b 24.60 + 4.19b
2™ fruiting 4530 + 7.17a 27.38 + 4.34a
F-test
Year (Y) * ns
Leafy vegetable (LV) ox ok
Stage (S) - -
Y xLV xS§S ns ns

Data are presented as means with standard deviation (n=9). Different letters show significant
difference at p<0.05 level. MDA: malondialdehyde; H,O,: hydrogen peroxide. FE, fellow
eggplant; WOE, welsh onion-eggplant: CE, celery-eggplant; NCCE, non-heading Chinese
cabbage-egglant. * p<0.05; *** p<0.001; ns, non-significant.

compared to 2017 (Table 7). Similarly, dry weight was highest in
NCCE and CE in both years, which increased by 51.01% in CE and
71.45% in NCCE over FE in 2018.

3.8 Correlation between plant
physiological, biochemical indexes, and soil
chemical properties

The correlation between various physiological, biochemical,
and soil chemical characteristics was examined using the Pearson
correlation (Figure 1). Based on Pearson correlation PFB, PDB
showed a highly significant positive correlation with SOM, AN, AP,
and AK. However, these traits showed a highly negative correlation
with NPQ, MDA, HD, and EC. Similarly, plant enzymes such as
SOD, POD, CAT, PAL, PPO, and APX showed a highly negative
correlation with NPQ, MDA, HD, and EC. SOD, POD, CAT, PAL,
PPO, and APX positively correlated with SOM. CAT exhibited a
positive correlation with AK, while PPO showed a positive
correlation with AK.
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4 Discussion

Our results demonstrated that two years of vegetable cover
crops used as a crop rotation significantly impacted soil pH
(Table 6). It is likely due to the incorporation of dead roots in the
soil after harvesting leafy vegetables. Aschi et al. (2017) reported
that the residues’ chemical properties could change the soil pH,
primarily due to their alkalinity and nitrogen content. Soil organic
carbon (SOC) is considered a good soil quality index Ghani et al.
(2022d) because it affects soil fertility. Many studies have reported
that in crop rotation, below-ground rhizodeposits and root addition
are the key factors of carbon accumulation in the soil, accounting
for up to 75% of soil organic matter (Jones et al., 2009; Ghani et al.,
2022d). Different types of crop stalks, twigs, dead roots as well as
fallen leaves are important sources of nutrients Aschi et al. (2017),
while leafy vegetables used as crop rotation can scavenge nutrients
from the soil, store it in their residues and return it to the soil for the
next crop through root decomposition and improved SOM
(Dorissant et al., 2022; Ghani et al., 2022b). Kong and Six (2012)
reported that living cover crops significantly improved soil organic
matter compared to bare fallow due to the rhizodeposition of low
molecular carbon into the soil. The rhizodeposition rate decreases
with plant age, but the addition of mature roots into the soil as
residue acts as a microbial substrate, thus increasing MBC as well as
soil organic matter (Chahal and Van Eerd, 2020). In line with this
concept, NCCE and CE modify the soil environment (Table 6) by
improving soil nutrients and SOM through root exudates and dead
roots, which were available for eggplant. Our results align with the
findings of Ali et al. (2021), where different winter leafy vegetables
cover crops used as a crop rotation can enhance soil nutrient
availability and SOM by incorporating plant and root residue.

It was observed that eggplant grown on soils after the leafy
vegetable crop rotation exhibited increased growth in terms of plant
height, stem diameter, and greater biomass (Tables 1, 7) and
reflected in significantly increased yield (Ghani et al., 2022b)
compared with mono-cropping for two years. Higher eggplant
growth and biomass production directly correlated to improved
soil chemical properties, evident from the positive correlation
between plant growth and soil chemical parameters (Figure 1).
Similar findings were reported by D’Acunto et al. (2018), where
pea-maize crop rotation improved maize biomass which was
interlinked with different soil properties.

Furthermore, increased growth and yield in eggplant-leafy
vegetable cropping systems were correlated with enhanced
photosynthesis and gas exchange, which was confirmed by the
positive correlation between eggplant growth and photosynthetic
parameters (Figure 1). Earlier, it has been reported that mono-
cropping or intercropping systems negatively influence the
photosynthesis and growth of plants (Yao et al, 2017). Mono-
cropping results in the depletion of soil microbial population and
mineral status. Mono-cropping of cucumber reduces growth and
yield by declining beneficial microbial populations in the soil,
and crop rotation significantly increases the yield (Wu and Wang,
2007). Reduced photosynthesis directly results from the restricted
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TABLE 6 Effect of different leafy vegetable rotation systems on soil chemical properties of eggplant at different growth stages during the year 2017
and 2018.

Treatment
Year
2017 7.49+0.17b 162.14+60.43a 125.97 + 3.3% 34.37 £ 0.57b 360.58 + 9.43a 21.08 + 0.53b
2018 7.51£0.22a 160.36+71.71b 123.19 + 3.70b 37.67 + 0.65a 351.32 + 9.97b 22.93 + 0.35a
Leafy vegetables
FE 7.11+0.09d 288.58+11.42a 113.79 + 2.99¢ 34.42 +1.20b 338.53 + 3.63d 19.30 + 0.36e
WOE 7.56+0.06bc 113.80+5.81e 116.13 + 3.09¢ 35.19 + 1.16b 355.06 + 2.32¢ 22.06 +0.0.49¢
CE 7.58+0.05b 126.33+7.47c 136.06 + 3.59b 35.70 + 1.25b 371.64 + 2.90a 23.08 + 0.28b
NCCE 7.68+0.04a 120.59+5.98d 141.46 + 3.76a 39.52 + 1.42a 363.89 +2.23b 24.39 + 0.33a
LLE 7.57+0.06bc 154.42+4.98b 11545 + 3.11¢ 35.29 + 1.50b 350.61 + 1.58¢ 21.20 + 0.17d
Stage
1st flowering 7.49+0.18b 162.32+20.32a 123.77 + 1.98b 33.75 + 2.92bc 343.94 + 2.57d 21.65 + 0.56¢
Lst fruiting 7.50+0.20ab 161.58+21.76a 129.79 + 1.58a 35.49 + 2.62¢ 354.35 + 2.70c 21.54 £ 0.20c
2nd flowering 7.51£0.23a 159.59+22.40b 119.69 + 1.24¢ 36.46 + 2.92b 359.71 + 2.80b 22.16 + 0.25b
2nd fruiting 7.50+0.24ab 159.48+22.57b 125.05 + 1.23b 38.40 + 2.69a 365.80+ 2.61b 22.67 + 0.44ba
F-test
Year (Y) ok ok * * * -
Leafy vegetable (LV) ok ok - - - -
Stage (S) * ok ok ook ook -
Y xLV xS e ns ns ns ns ns

Data are presented as means with standard deviation (n= 9). Different letters show significant difference at p<0.05 level. AN, available nitrogen; AP, available phosphorus; AK, available
potassium; SOM, soil organic matter; FE, fellow eggplant; WOE, welsh onion-eggplant: CE, celery-eggplant; NCCE, non-heading Chinese cabbage-egglant. * p<0.05; *** p<0.001; ns, non-
significant.

stomatal conductance and internal CO, concentrations in mono-  of the photosynthetic system, growth, and yield are not available.
cropped eggplant. It is believed that increased stomatal conductance ~ The present investigation shows the protection of available mineral
leads to the maintenance of CO, reflected in increased status and soil health due to crop rotation with leafy vegetables.
photosynthetic rate (Ahanger et al., 2018). Reports discussing the ~ Reduced photosynthesis in the mono-cropping or intercropping
role of leafy vegetables-eggplant cropping systems in the protection  system results in declined production of energy, carbohydrate

TABLE 7 Effect of different leafy vegetable rotation systems on fresh and dry weight of eggplant during the year 2017 and 2018.

Treatment Fresh Weight (g) Dry Weight (g)
2018 2018
FE 351.41+8.18e 342.13+11.48e 346.77+6.89¢ 140.70+2.95fg 127.66+4.47g 134.18+10.58e
WOE 448.74+9.00d 474.1248.05cd 461.43+£10.94c 163.53+12.03de 174.1245.69cd 168.83+4.14c
CE 521.35+12.39bc 454.47+15.86ab 537.91+5.49b 187.88+4.06¢ 192.79+4.27bc 190.34+7.12b
NCCE 553.35+10.49ab 592.08+11.22a 572.72+11.46a 208.40+5.14ab 218.88+5.34a 213.64+7.90a
LLE 370.74+9.03ef 389.28+9.49¢ 380.01+7.05d 148.23+4.00ef 153.28+3.89ef 150.76+5.30d
Year means 449.12+21.61b 470.42+25.65a 169.75+6.89a 173.35+8.58a
Tukey HSD test Treatment Year Interaction Treatment Year Interaction
ot ok NS ok NS *

Data are presented as means with standard deviation (n= 3). Different letters show significant difference at p<0.05 level. FE, fellow eggplant; WOE, welsh onion-eggplant: CE, celery-eggplant;
NCCE, non-heading Chinese cabbage-egglant. * p<0.05; *** p<0.001; ns, non-significant.
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FIGURE 1

Pearson correlation between eggplant growth, physiological and soil
chemical parameters. The brown color represents a positive
correlation while the blue color represents a negative correlation.
The lighter colors indicate the lower values of the correlation
coefficient, while darker colors indicate high positive correlation.
PH, Plant height; STD, stem diameter; PFB, plant fresh weight; PDB,
plant dry biomass; CA, chlorophyll a; CB, chlorophyll b; CAB,
chlorophyll ab; Car, carotenoids; pN, net photosynthesis; E,
transpiration rate; Ci, internal CO, rate; gs, stomatal conductance;
Fv/Fm, photochemical efficiency; ®PSII, photosystem II; NPQ, non-
photochemical quenching coefficient; qP, photochemical
quenching; SOD, super oxidase; POD, peroxidase; PAL,
phenylalanine ammonia-lyase; PPO, polyphenol oxidase; APX,
ascorbate peroxidase; CAT, catalase; MDA, malonaldehyde; HD,
hydrogen peroxide; EC, electrical conductivity; AP, available
phosphorus; AK, available potassium; SOM, soil organic matter The
stars indicate a significant correlation at (*) 0.05, (**) 0.01, (***), and
0.001 levels of significance.

metabolism and chlorophyll production (Table 2), (Su et al., 2014).
Crop rotation improves soil physical and chemical environment
(Table 6), including water holding capacity and aeration, and
ultimately increases plant growth attributes like root growth and
nutrient foraging. In the wheat-peanut crop rotation system,
increased nitrogen uptake and allocation resulted in greater
chlorophyll synthesis and photosynthesis rate (Liu et al., 2019).
Moreover, increased pigment synthesis and photosynthesis in the
crop rotation system were linked with improved PSII functioning.
Relative to FE, Fv/Fm, ®PSII, and qP increased in all cropping
systems while NPQ exhibited a reduction (Table 3). Photosystem
functioning was considerably enhanced during both experimental
seasons due to crop rotation with WOE, CE, NCCE, and LE.net
Increased fluorescence parameters reflect photosynthetic regulation
through non-stomatal modulations (Ahanger et al., 2020). The
present study envisaged that both stomatal and non-stomatal
enhancements in the different cropping systems influenced the
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growth and yield performance of eggplant. Increased access to
external CO, and reduced accumulation of toxic radicals in
intercropping systems significantly contributed to the functioning
of photosynthetic machinery (Yao et al,, 2017).

Increased growth and photosynthesis in plants raised in the
crop rotation system are due to reduced oxidative damage in them
(Table 5), resulting in a significant enhancement in the structural
and functional integrity of membranes and cells (Liu et al., 2019).
Reduced generation of reactive oxygen species prevents the
oxidative effects on the membranes reflecting in the maintenance
of plant functioning (Ahanger and Agarwal, 2017b). In the present
study, eggplant grown on soils following crop rotation with different
leafy vegetables also exhibited reduced lipid peroxidation due to a
significant decline in the accumulation of hydrogen peroxide during
both years. Our findings were further supported by a negative
correlation among growth, photosynthesis, and oxidative markers
(Figure 1). The declining oxidative effects of mono-cropping due to
the growth of leafy vegetables were observed due to up-regulation of
APX and CAT activities in them during both years and at both
developmental stages (Table 4). Relative to FE, activities of APX and
CAT increased in seedlings grown after leafy vegetable crops, with
the maximal increase in plants grown in NCCE system at both
developmental stages. APX and CAT act on the same substrate, i.e.,
hydrogen peroxide but at different sites, with APX eliminating
excess hydrogen peroxide from chloroplast while CAT from the
cytosol (Ahmad, 2010). Increased APX activity due to crop rotation
with leafy vegetables strengthened the key radical scavenging
pathways, including ascorbate-glutathione in chloroplasts leading
to increased protection of major cellular pathways, including
photosynthesis (Ahanger and Agarwal, 2017a; Ghani et al,
2022a). Up-regulation of the activities of APX due to crop
rotation prevents the formation of toxic hydroxyl radicals by
assisting in the maintenance of redox homeostasis and the
electron donors, including ascorbate and glutathione (Khan and
Khan, 2014). Greater ascorbate and glutathione content due to
improved ascorbate-glutathione functioning maintains the electron
transport in chloroplasts and mitochondria (Nahar et al., 2016).

In addition to this protein content of eggplant increased
significantly due to crop rotation with leafy vegetables. During
both years, maximal protein content was reported at the second
fruiting and second flowering stages. During both years of
experimentation, the influence of leafy vegetable crop rotation on
eggplant protein content slowly increased from 2017 to 2018 and
showed an increasing trend with the developmental stage (Table 6),
indicating the development of beneficial proteins under a crop
rotation system. Proteins form an important nutritional component
of plants, particularly in vegetables, and help plants maintain
growth and development under different growth conditions (Lee
and Yaffe, 2016). Proteins assist in signaling and maintaining
development from seed germination to flowering. Plants have
specific proteins maintaining key cellular functioning like
photosynthesis, signaling, and response elicitation. Intercropping
and crop rotation systems have been proposed to influence plant
development by modulating physiology and biochemistry and
reducing disease incidence; however, the effect has been reported
to be species-dependent (Crow et al., 2000; Ghani et al., 2019a).

frontiersin.org


https://doi.org/10.3389/fpls.2023.1132861
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ghani et al.

Such beneficial effects of crop rotation with leafy vegetables can be
due to the significant decline in the accumulation of allelopathic
compounds within the eggplant rhizosphere, thereby declining the
growth through auto-allelopathy (Cheng and Cheng, 2015).
However, eggplant crop rotation with leafy vegetables may have
reduced the accumulation of allelochemicals and improved the
synthesis of some specific proteins. Proteins mediate specific
defense pathways in plants (Chuang et al., 2016). In addition, the
activity of PAL is stimulated significantly due to crop rotation with
vegetable crops.

PAL regulates the synthesis of secondary metabolites in plants.
Increased PAL activity has been reported to contribute to greater
stress tolerance by enhancing antioxidant potential (Ahanger and
Agarwal, 2017b). Increased PAL activity due to crop rotation with
leafy vegetables may improve eggplant metabolite content with
significant health benefits (Gurbiiz et al,, 2018). Eggplant is rich in
some key metabolites contributing to its functional and
pharmaceutical properties (Rodriguez-Jimenez et al., 2018).
Increased PAL and PPO activity (Table 4) under crop rotation
with different vegetables justify the beneficial effect on secondary
metabolism. The accumulation of secondary metabolites is
regulated by PPO, which does this by oxidizing phenols. This, in
turn, mediates fruit harvesting and resistance to pathogens. On the
other hand, it has been reported that silencing PPO makes pathogen
infection more likely by modifying the accumulation of phenolic
compounds and their derivatives (Araji et al., 2014). However,
through metabolomics increase in individual metabolites can be
assessed to unravel the exact mechanisms involved.

5 Conclusion

Conclusively results of the study, which was carried out
underneath a plastic shed using sustainable practices, indicated
that different leafy vegetable species could be successfully used to
minimize external inputs without a reduction in yield. The study
was carried out within the context of the transition of agricultural
practices toward the cultivation of sustainable vegetables.
Conclusively, crop rotation of eggplant with leafy vegetable
cropping systems, including WOE, CE, NCCE, and LE, exhibited
greater yield and growth through improving soil chemical
properties, modulation in the photosynthetic efficiency and gas
exchange parameters. Increased activity of antioxidant enzymes
imparted reduced oxidative damage by lowering the generation of
reactive oxygen species. In addition, crop rotation with leafy
vegetables may have regulated the metabolism of secondary
metabolites through the upregulation of PAL and PPO. By
modulating ROS and altering the activity of antioxidant enzymes,
NCCE, and CE were more effective in improving growth and yield
than other leafy vegetable species assessed in this study, including
fallow eggplant. This was determined by comparing their results to
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those of other leafy vegetable plants. Further studies at
transcriptomic, metabolomic, and molecular levels would be
helpful in unraveling the exact mechanisms of the above findings.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

ZC: Scientific concept, foundation, conceptualization, research
idea, experimental guiding, revising, editing, and corresponding
author, XC: review, foundation, editing, proof reading of the entire
manuscript and co-corresponding author, MIG: Performing the field
experiment, investigation, experimental guiding, data collection,
methodology, and writing the draft manuscript, MAt, AL, MAIl and
MN: Investigation, accurateness of data analysis, and correction. MIG
and MAh analyzed the data, interpreted the results, and wrote the
paper with input from all authors. All authors contributed to the article
and approved the submitted version.

Funding

The development of this manuscript is supported by the
research projects of Shaanxi Provincial Sci-Tech Innovation Plan
(Grant No. 2016KTCL02-01), the National Natural Science
Foundation (Grant No. 31772293) of China, Guizhou University
Cultivation Project (2019-04), and Program for Introducing Talents
to Chinese Universities (111Program; D20023).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1132861
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ghani et al.

References

Ahanger, M. A., and Agarwal, R. (2017a). Potassium up-regulates antioxidant
metabolism and alleviates growth inhibition under water and osmotic stress in wheat
(Triticum aestivum 1). Protoplasma 254, 1471-1486. doi: 10.1007/s00709-016-1037-0

Ahanger, M. A,, and Agarwal, R. (2017b). Salinity stress induced alterations in
antioxidant metabolism and nitrogen assimilation in wheat (Triticum aestivum 1) as
influenced by potassium supplementation. Plant Physiol. Biochem. 115, 449-460. doi:
10.1016/j.plaphy.2017.04.017

Ahanger, M. A,, Alyemeni, M. N., Wijaya, L., Alamri, S. A., Alam, P., Ashraf, M.,
et al. (2018). Potential of exogenously sourced kinetin in protecting solanum
lycopersicum from NaCl-induced oxidative stress through up-regulation of the
antioxidant system, ascorbate-glutathione cycle and glyoxalase system. PloS One 13,
€0202175. doi: 10.1371/journal.pone.0202175

Ahanger, M. A, Mir, R. A, Alyemeni, M. N,, and Ahmad, P. (2020). Combined
effects of brassinosteroid and kinetin mitigates salinity stress in tomato through the
modulation of antioxidant and osmolyte metabolism. Plant Physiol. Biochem. 147, 31~
42. doi: 10.1016/j.plaphy.2019.12.007

Ahanger, M. A, Tomar, N. S, Tittal, M., Argal, S., and Agarwal, R. (2017). Plant
growth under water/salt stress: ROS production; antioxidants and significance of added
potassium under such conditions. Physiol. Mol. Biol. Plants 23, 731-744. doi: 10.1007/
512298-017-0462-7

Ahmad, P. (2010). Growth and antioxidant responses in mustard (Brassica juncea l.)
plants subjected to combined effect of gibberellic acid and salinity. Arch. Agron. Soil Sci.
56, 575-588. doi: 10.1080/03650340903164231

Ali, A, Ghani, M. L, Elrys, A. S, Ding, H,, Igbal, M., Cheng, Z., et al. (2021).
Different cropping systems regulate the metabolic capabilities and potential ecological
functions altered by soil microbiome structure in the plastic shed mono-cropped
cucumber rhizosphere. Agriculture Ecosyst. Environ. 318, 107486. doi: 10.1016/
j.agee.2021.107486

Ali, A, Imran Ghani, M,, Li, Y., Ding, H., Meng, H., and Cheng, Z. (2019). Hiseq
base molecular characterization of soil microbial community, diversity structure, and
predictive functional profiling in continuous cucumber planted soil affected by diverse
cropping systems in an intensive greenhouse region of northern China. Int. J. Mol. Sci.
20, 2619. doi: 10.3390/ijms20112619

Araji, S., Grammer, T.A., Gertzen, R, Anderson, S. D., Mikulic-Petkovsek, M.,
Veberic, R, et al (2014). Novel roles for the polyphenol oxidase enzyme in secondary
metabolism and the regulation of cell death in walnut. Plant Physiol. 164, 1191-1203.
doi: 10.1104/pp.113.228593

Arnon, D. 1. (1949). Copper enzymes in isolated chloroplasts. polyphenoloxidase in
beta vulgaris. Plant Physiol. 24, 1. doi: 10.1104/pp.24.1.1

Aschi, A., Aubert, M., Riah-Anglet, W., Nelieu, S., Dubois, C., Akpa-Vinceslas, M.,
et al. (2017). Introduction of faba bean in crop rotation: Impacts on soil chemical and
biological characteristics. Appl. Soil Ecol. 120, 219-228. doi: 10.1016/
j.apsoil.2017.08.003

Bhatti, U. A,, Yu, Z., Hasnain, A., Nawaz, S. A., Yuan, L., Wen, L., et al. (2022).
Evaluating the impact of roads on the diversity pattern and density of trees to improve
the conservation of species. Environ. Sci. Pollut. Res. 29, 14780-14790, 1-11. doi:
10.1007/s11356-021-16627-y

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Analytical Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Chahal, I, and Van Eerd, L. L. (2020). Cover crop and crop residue removal effects
on temporal dynamics of soil carbon and nitrogen in a temperate, humid climate. PloS
One 15, €0235665. doi: 10.1371/journal.pone.0235665

Chance, B., and Maehly, A. (1955). Assay of catalases and peroxidases. In SP
Colowick and NO Kaplaneds. Methods in Enzymology. New York, NY: Academic Press.
doi: 10.1016/S0076-6879(55)02300-8

Chen, D., Mubeen, B., Hasnain, A., Rizwan, M., Adrees, M., Naqvi, S. A. H,, et al.
(2022). Role of promising secondary metabolites to confer resistance against
environmental stresses in crop plants: Current scenario and future perspectives.
Front. Plant Sci. 13. doi: 10.3389/fpls.2022.881032

Chen, S., Zhou, B,, Lin, S., Li, X., and Ye, X. (2011). Accumulation of cinnamic acid
and vanillin in eggplant root exudates and the relationship with continuous cropping
obstacle. Afr. J. Biotechnol. 10, 2659-2665. doi: 10.5897/AJB10.1338

Cheng, F., and Cheng, Z. (2015). Research progress on the use of plant allelopathy in
agriculture and the physiological and ecological mechanisms of allelopathy. Front.
Plant Sci. 6, 1020. doi: 10.3389/fpls.2015.01020

Chuang, H.-W.,, Feng, J.-H., and Feng, Y.-L. (2016). The role of arabidopsis WDR
protein in plant growth and defense strategies. Plant Signaling Behav. 11, 23-31. doi:
10.1080/15592324.2016.1217376

Crow, W., Weingartner, D., and Dickson, D. (2000). Effects of potato-cotton
cropping systems and nematicides on plant-parasitic nematodes and crop yields. J.
Nematol. 32, 297.

D’Acunto, L., Andrade, J. F., Poggio, S. L., and Semmartin, M. (2018). Diversifying
crop rotation increased metabolic soil diversity and activity of the microbial

Frontiers in Plant Science

13

10.3389/fpls.2023.1132861

community. Agriculture Ecosyst. Environ. 257, 159-164. doi: 10.1016/
j.-agee.2018.02.011

Dhindsa, R. S., Plumb-Dhindsa, P., and Thorpe, T. A. (1981). Leaf senescence:
Correlated with increased levels of membrane permeability and lipid peroxidation, and
decreased levels of superoxide dismutase and catalase. J. Exp. Bot. 32, 93-101. doi:
10.1093/jxb/32.1.93

Dorissant, L., Brym, Z. T., and Swartz, S. (2022). Residue decomposition dynamics in
mixed ratios of two warm-season cover crops. Agrosyst. Geosciences Environ. 5, €20311.
doi: 10.1002/agg2.20311

Gao, J. (2006). Experimental guidance for plant physiology. Beijing: Higher Education
Press, 123-130.

Gaudin, A. C,, Tolhurst, T. N., Ker, A. P., Janovicek, K., Tortora, C., Martin, R. C.,
et al. (2015). Increasing crop diversity mitigates weather variations and improves yield
stability. PloS One 10, e0113261. doi: 10.1371/journal.pone.0113261

Ghani, M. I, Ali, A., Atif, M. J.,, Ali, M., Amin, B., Anees, M., et al. (2019a). Soil
amendment with raw garlic stalk: A novel strategy to stimulate growth and the
antioxidative defense system in monocropped eggplant in the north of China.
Agronomy 9, 89. doi: 10.3390/agronomy9020089

Ghani, M. L, Ali, A,, Atif, M. ], Ali, M., Amin, B., Anees, M., et al. (2019b). Changes
in the soil microbiome in eggplant monoculture revealed by high-throughput illumina
MiSeq sequencing as influenced by raw garlic stalk amendment. Int. J. Mol. Sci. 20,
2125. doi: 10.3390/ijms20092125

Ghani, M. I, Ali, A, Atif, M. ], Ali, M., Amin, B., and Cheng, Z. (2022a). Arbuscular
mycorrhizal fungi and dry raw garlic stalk amendment alleviate continuous
monocropping growth and photosynthetic declines in eggplant by bolstering its
antioxidant system and accumulation of osmolytes and secondary metabolites. Front.
Plant Sci. 13. doi: 10.3389/fpls.2022.849521

Ghani, M. L, Ali, A., Atif, M. J., Pathan, S. L, Pietramellara, G., Ali, M., et al. (2022b).
Diversified crop rotation improves continuous monocropping eggplant production by
altering the soil microbial community and biochemical properties. Plant Soil 480, 603—
624, 1-22. doi: 10.1007/s11104-022-05606-y

Ghani, M. I, Saleem, S., Rather, S. A., Rehmani, M. S., Alamri, S., Rajput, V. D., et al.
(2022c). Foliar application of zinc oxide nanoparticles: An effective strategy to mitigate
drought stress in cucumber seedling by modulating antioxidant defense system and
osmolytes accumulation. Chemosphere 289, 133202. doi: 10.1016/
j.chemosphere.2021.133202

Ghani, M. L, Wang, J., Li, P,, Pathan, S. L, Sial, T. A, Datta, R,, et al. (2022d).
Variations of soil organic carbon fractions in response to conservative vegetation
successions on the loess plateau of China. Int. Soil Water Conserv. Res. doi: 10.1016/
j.iswcr.2022.05.002

Giirbiiz, N., Uluisik, S., Frary, A., Frary, A., and Doganlar, S. (2018). Health benefits
and bioactive compounds of eggplant. Food Chem. 268, 602-610. doi: 10.1016/
j.foodchem.2018.06.093

Jones, D. L., Nguyen, C., and Finlay, R. D. (2009). Carbon flow in the rhizosphere:
carbon trading at the soil-root interface. Plant Soil 321, 5-33. doi: 10.1007/s11104-009-
9925-0

Khan, M. L. R, and Khan, N. A. (2014). Ethylene reverses photosynthetic inhibition
by nickel and zinc in mustard through changes in PS II activity, photosynthetic
nitrogen use efficiency, and antioxidant metabolism. Protoplasma 251, 1007-1019. doi:
10.1007/s00709-014-0610-7

Knudsen, D., Peterson, G., and Pratt, P. (1983). Lithium, sodium, and potassium.
Methods Soil Analysis: Part 2 Chem. Microbiol. Properties 9, 225-246.

Kong, A. Y., and Six, J. (2012). Microbial community assimilation of cover crop
rhizodeposition within soil microenvironments in alternative and conventional
cropping systems. Plant Soil 356, 315-330. doi: 10.1007/s11104-011-1120-4

Lee, M. J., and Yaffe, M. B. (2016). Protein regulation in signal transduction. Cold
Spring Harbor Perspect. Biol. 8, 2005918. doi: 10.1101/cshperspect.a005918

Li, T, Liu, T., Zheng, C.,, Kang, C,, Yang, Z., Yao, X,, et al. (2017). Changes in soil
bacterial community structure as a result of incorporation of brassica plants compared

with continuous planting eggplant and chemical disinfection in greenhouses. PloS One
12, €0173923. doi: 10.1371/journal.pone.0173923

Liu, Z., Gao, F,, Yang, J., Zhen, X,, Li, Y., Zhao, J, et al. (2019). Photosynthetic
characteristics and uptake and translocation of nitrogen in peanut in a wheat-peanut
rotation system under different fertilizer management regimes. Front. Plant Sci. 10, 86.
doi: 10.3389/fpls.2019.00086

Long, A., Zhang, J., Yang, L.-T., Ye, X,, Lai, N.-W,, Tan, L.-L,, et al. (2017). Effects of
low pH on photosynthesis, related physiological parameters, and nutrient profiles of
citrus. Front. Plant Sci. 8, 185. doi: 10.3389/fpls.2017.00185

Lyu, J., Jin, L, Jin, N,, Xie, J., Xiao, X., Hu, L., et al. (2020). Effects of different
vegetable rotations on fungal community structure in continuous tomato cropping
matrix in greenhouse. Front. Microbiol. 11, 829. doi: 10.3389/fmicb.2020.00829

Murphy, J., and Riley, J. P. (1962). A modified single solution method for the
determination of phosphate in natural waters. Analytica chimica Acta 27, 31-36. doi:
10.1016/S0003-2670(00)88444-5

frontiersin.org


https://doi.org/10.1007/s00709-016-1037-0
https://doi.org/10.1016/j.plaphy.2017.04.017
https://doi.org/10.1371/journal.pone.0202175
https://doi.org/10.1016/j.plaphy.2019.12.007
https://doi.org/10.1007/s12298-017-0462-7
https://doi.org/10.1007/s12298-017-0462-7
https://doi.org/10.1080/03650340903164231
https://doi.org/10.1016/j.agee.2021.107486
https://doi.org/10.1016/j.agee.2021.107486
https://doi.org/10.3390/ijms20112619
https://doi.org/10.1104/pp.113.228593
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1016/j.apsoil.2017.08.003
https://doi.org/10.1016/j.apsoil.2017.08.003
https://doi.org/10.1007/s11356-021-16627-y
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1371/journal.pone.0235665
https://doi.org/10.3389/fpls.2022.881032
https://doi.org/10.5897/AJB10.1338
https://doi.org/10.3389/fpls.2015.01020
https://doi.org/10.1080/15592324.2016.1217376
https://doi.org/10.1016/j.agee.2018.02.011
https://doi.org/10.1016/j.agee.2018.02.011
https://doi.org/10.1093/jxb/32.1.93
https://doi.org/10.1002/agg2.20311
https://doi.org/10.1371/journal.pone.0113261
https://doi.org/10.3390/agronomy9020089
https://doi.org/10.3390/ijms20092125
https://doi.org/10.3389/fpls.2022.849521
https://doi.org/10.1007/s11104-022-05606-y
https://doi.org/10.1016/j.chemosphere.2021.133202 
https://doi.org/10.1016/j.chemosphere.2021.133202 
https://doi.org/10.1016/j.iswcr.2022.05.002
https://doi.org/10.1016/j.iswcr.2022.05.002
https://doi.org/10.1016/j.foodchem.2018.06.093
https://doi.org/10.1016/j.foodchem.2018.06.093
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1007/s00709-014-0610-7
https://doi.org/10.1007/s11104-011-1120-4
https://doi.org/10.1101/cshperspect.a005918
https://doi.org/10.1371/journal.pone.0173923
https://doi.org/10.3389/fpls.2019.00086
https://doi.org/10.3389/fpls.2017.00185
https://doi.org/10.3389/fmicb.2020.00829
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.3389/fpls.2023.1132861
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ghani et al.

Nahar, K., Hasanuzzaman, M., Alam, M. M., Rahman, A., Suzuki, T., and Fujita, M.
(2016). Polyamine and nitric oxide crosstalk: Antagonistic effects on cadmium toxicity
in mung bean plants through upregulating the metal detoxification, antioxidant defense
and methylglyoxal detoxification systems. Ecotoxicol. Environ. Saf. 126, 245-255. doi:
10.1016/j.ecoenv.2015.12.026

Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-
specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867-880. doi:
10.1093/oxfordjournals.pcp.a076232

Radicetti, E., Massantini, R., Campiglia, E., Mancinelli, R., Ferri, S., and Moscetti, R.
(2016). Yield and quality of eggplant (Solanum melongena l.) as affected by cover crop
species and residue management. Scientia Hortic. 204, 161-171. doi: 10.1016/
j.scienta.2016.04.005

Rodriguez-Jimenez, J. R., Amaya-Guerra, C. A., Baez-Gonzalez, J. G., Aguilera-
Gonzalez, C., Urias-Orona, V., and Nino-Medina, G. (2018). Physicochemical,
functional, and nutraceutical properties of eggplant flours obtained by different
drying methods. Molecules 23, 3210. doi: 10.3390/molecules23123210

Sanchez-Navarro, V., Zornoza, R., Faz, A., and Fernandez, J. A. (2020). Comparison
of soil organic carbon pools, microbial activity and crop yield and quality in two
vegetable multiple cropping systems under mediterranean conditions. Scientia Hortic.
261, 109025. doi: 10.1016/j.scienta.2019.109025

Scarascia-Mugnozza, G., Sica, C., and Russo, G. (2011). Plastic materials in European
agriculture: Actual use and perspectives. J. Agric. Eng. 42, 15-28. doi: 10.4081/
jae.2011.28

Shi, R. (1996). Agricultural Chemistry Analyses of Soils, 2nd Edn. Beijing: China
Agricultural Press (in Chinese), 37-39.

Song, X., Tao, B., Guo, J., Li, J., and Chen, G. (2018). Changes in the microbial
community structure and soil chemical properties of vertisols under different cropping
systems in northern China. Front. Environ. Sci. 6, 132. doi: 10.3389/fenvs.2018.00132

St. Luce, M., Lemke, R., Gan, Y., Mcconkey, B., May, W., Campbell, C., et al. (2020).
Diversifying cropping systems enhances productivity, stability, and nitrogen use
efficiency. Agron. J. 112, 1517-1536. doi: 10.1002/agj2.20162

Su, B, Song, Y., Song, C., Cui, L., Yong, T., and Yang, W. (2014). Growth and
photosynthetic responses of soybean seedlings to maize shading in relay intercropping
system in southwest China. Photosynthetica 52, 332-340. doi: 10.1007/s11099-014-
0036-7

Tan, G, Liu, Y., Peng, S., Yin, H., Meng, D., Tao, J,, et al. (2021). Soil potentials to
resist continuous cropping obstacle: Three field cases. Environ. Res. 200, 111319. doi:
10.1016/j.envres.2021.111319

Thorup-Kristensen, K., Dresbell, D. B., and Kristensen, H. L. (2012). Crop yield, root
growth, and nutrient dynamics in a conventional and three organic cropping systems

Frontiers in Plant Science

14

10.3389/fpls.2023.1132861

with different levels of external inputs and n re-cycling through fertility building crops.
Eur. ]. Agron. 37, 66-82. doi: 10.1016/j.€ja.2011.11.004

Tian, Y., Zhang, X, Liu, J., Chen, Q., and Gao, L. (2009). Microbial properties of
rhizosphere soils as affected by rotation, grafting, and soil sterilization in intensive
vegetable production systems. Scientia Hortic. 123, 139-147. doi: 10.1016/
j.scienta.2009.08.010

Tian, Y., Zhang, X., Wang, J., and Gao, L. (2013). Soil microbial communities
associated with the rhizosphere of cucumber under different summer cover crops and
residue management: A 4-year field experiment. Scientia Hortic. 150, 100-109. doi:
10.1016/j.scienta.2012.10.025

Velikova, V., Yordanov, I, and Edreva, A. (2000). Oxidative stress and some
antioxidant systems in acid rain-treated bean plants: Protective role of exogenous
polyamines. Plant Sci. 151, 59-66. doi: 10.1016/S0168-9452(99)00197-1

Walkley, A., and Black, I. A. (1934). An examination of the degtjareff method for
determining soil organic matter, and a proposed modification of the chromic acid
titration method. Soil Sci. 37, 29-38. doi: 10.1097/00010694-193401000-00003

Wang, M., Wu, C, Cheng, Z., and Meng, H. (2015). Growth and physiological
changes in continuously cropped eggplant (Solanum melongena 1) upon relay
intercropping with garlic (Allium sativam 1.). Front. Plant Sci. 6, 262. doi: 10.3389/
fpls.2015.00262

Wu, F.-Z,, and Wang, X.-Z. (2007). “Effect of monocropping and rotation on soil
microbial community diversity and cucumber yield and quality under protected
cultivation,” (International Society for Horticultural Science (ISHS), Leuven,
Belgium), 555-561.

Xiao, X., Cheng, Z., Meng, H., Khan, M. A, and Li, H. (2012). Intercropping with
garlic alleviated continuous cropping obstacle of cucumber in plastic tunnel. Acta
Agriculturae Scandinavica Section B-Soil Plant Sci. 62, 696-705. doi: 10.1080/
09064710.2012.697571

Yao, X,, Zhou, H., Zhu, Q., Li, C., Zhang, H., Wu, J.-],, et al. (2017). Photosynthetic
response of soybean leaf to wide light-fluctuation in maize-soybean intercropping
system. Front. Plant Sci. 8, 1695. doi: 10.3389/fpls.2017.01695

Yin, X. M., Huang, L. F,, Zhang, X., Wang, M. L,, Xu, G. Y., and Xia, X. J. (2015).
OsCML4 improves drought tolerance through scavenging of reactive oxygen species in
rice. J. Plant Biol. 58, 68-73. doi: 10.1007/s12374-014-0349-x

Zeng, J., Liu, J., Lu, C,, Ou, X,, Luo, K,, Li, C,, et al. (2020). Intercropping with
turmeric or ginger reduce the continuous cropping obstacles that affect pogostemon
cablin (patchouli). Front. Microbiol. 11, 579719. doi: 10.3389/fmicb.2020.579719

Zheng, L., Zhong, G., and Zhang, S. (2007). PPO activity determination and anti-
browning measure for amorphophallus albus. Chin. J. Southwest Univ. (Natural Sci.
Edition) 29, 118-121.

frontiersin.org


https://doi.org/10.1016/j.ecoenv.2015.12.026
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1016/j.scienta.2016.04.005
https://doi.org/10.1016/j.scienta.2016.04.005
https://doi.org/10.3390/molecules23123210
https://doi.org/10.1016/j.scienta.2019.109025
https://doi.org/10.4081/jae.2011.28
https://doi.org/10.4081/jae.2011.28
https://doi.org/10.3389/fenvs.2018.00132
https://doi.org/10.1002/agj2.20162
https://doi.org/10.1007/s11099-014-0036-7
https://doi.org/10.1007/s11099-014-0036-7
https://doi.org/10.1016/j.envres.2021.111319
https://doi.org/10.1016/j.eja.2011.11.004
https://doi.org/10.1016/j.scienta.2009.08.010
https://doi.org/10.1016/j.scienta.2009.08.010
https://doi.org/10.1016/j.scienta.2012.10.025
https://doi.org/10.1016/S0168-9452(99)00197-1
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.3389/fpls.2015.00262
https://doi.org/10.3389/fpls.2015.00262
https://doi.org/10.1080/09064710.2012.697571
https://doi.org/10.1080/09064710.2012.697571
https://doi.org/10.3389/fpls.2017.01695
https://doi.org/10.1007/s12374-014-0349-x
https://doi.org/10.3389/fmicb.2020.579719
https://doi.org/10.3389/fpls.2023.1132861
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Different leafy vegetable cropping systems regulate growth, photosynthesis, and PSII functioning in mono-cropped eggplant by altering chemical properties and upregulating the antioxidant system
	1 Introduction
	2 Material and methods
	2.1 Experimental site description and experimental design
	2.2 Measurement of morphological indices
	2.3 Quantification of photosynthetic pigment and gas exchange parameters
	2.4 Antioxidant enzymes assay
	2.5 Measurement of oxidative stress biomarkers
	2.6 Assessment of protein content
	2.7 Measurement of soil chemical properties
	2.8 Statistical analysis

	3 Results
	3.1 Effect of different leafy vegetable cropping systems on morphological traits and chlorophyll pigments in eggplant leaves
	3.2 Effect of different leafy vegetable cropping systems on gas exchange parameters
	3.3 Effect of different leafy vegetable cropping systems on chlorophyll fluorescence parameters
	3.4 Effect of different leafy vegetable cropping systems on antioxidant system and soluble protein
	3.5 Effect of different leafy vegetable cropping systems on MDA and H2O2
	3.6 Effect of different leafy vegetable cropping systems on soil chemical properties
	3.7 Effect of different leafy vegetable cropping systems on eggplant fresh and dry biomass
	3.8 Correlation between plant physiological, biochemical indexes, and soil chemical properties

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	References


