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Abstract: Jatropha curcas L. is a promising bioenergy source, and its seedling stage is sensitive to
salinity. Nitrogen application presents an effective strategy for alleviating the adverse consequences of
salinity stress. However, the responses of plant growth and physiology of Jatropha curcas L. seedlings
to nitrogen application under salinity stress remain unclear. As a result, a one-year greenhouse plot
experiment was conducted to investigate the effects of nitrogen application on the plant growth,
antioxidant enzyme activity, and photosynthesis of Jatropha curcas L. seedlings under saline conditions.
Experiment treatments consisted of three salinity stresses (mild salinity stress, S1: 2 g/kg; moderate
salinity stress, S2: 4 g/kg; and severe salinity stress, S3: 6 g/kg), four nitrogen application rates
(N0: 0 gN/plant; N1: 20 gN/plant; N2: 60 gN/plant; and N3: 100 gN/plant), and a control treatment
(CK) which was without salinity stress and nitrogen application. The results showed that salinity
stress substantially reduced plant growth of Jatropha curcas L. seedlings. As the salinity stress
increased, the reduction in plant growth also increased. The S3 treatment had the lowest leaf area, leaf
biomass, and total biomass, which decreased by an average of 70.4%, 66.3%, and 69.9%, respectively,
compared to CK. Nitrogen application could compensate for these impairments of plant growth
from salinity stress by promoting antioxidant enzyme activity and photosynthesis. As for mild and
moderate salinity stresses, the maximum plant growth was found in the N3 treatment, with the
maximum antioxidant enzyme activity, photosynthetic pigment, photosynthetic characteristic, and
chlorophyll fluorescence. As for severe salinity stress, higher plant growth was found in N2 and
N3 treatments, and there were no significant differences between N2 and N3 treatments. It also
should be noted that the maximum photosynthetic characteristic and chlorophyll fluorescence were
found in N2 treatment under severe salinity stress. In conclusion, nitrogen application could be
an alternative strategy to improve the salinity tolerance of Jatropha curcas L. growth. The nitrogen
application rate of 100 gN/plant could be recommended for low and moderate salinity stresses, while
60 gN/plant could be recommended for severe salinity stress. However, higher nitrogen application
rate (>100 gN/plant) under mild and moderate salinity stress and the effects of reactive oxygen
species under salinity stress should be further evaluated.

Keywords: salinity stress; nitrogen application; Jatropha curcas L.; antioxidant enzyme activ-
ity; photosynthesis

1. Introduction

Jatropha curcas L., a promising renewable bioenergy source, has been extensively
cultivated in tropical and subtropical regions [1], due to its adaptability in stressful en-
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vironments [2,3]. This species can survive in infertile and degraded soils [4], such as
arid, saline-alkali, and erosion lands, consequently helping to restore vegetation, im-
prove soil salinization, and prevent soil erosion [1,5,6]. As the climate characteristic of
Jatropha curcas L. cultivation, it is essential to address soil salinity and plant salinity toler-
ance [7]. As Jatropha curcas L. seedlings are sensitive to salinity stress [8–10], soil salinity
causes a reduction in water content and water potential of tissues, resulting in a signifi-
cant reduction in stem and root elongation, leaf expansion, and biomass accumulation in
seedlings [11]. When soil salinity reaches 0.6 g/kg, Jatropha curcas L. seedling occurs dam-
age [9], while soil salinity of 5–10.9 g/kg significantly reduced growth and photosynthesis
by over 50%, resulting in a significant decrease in biomass [12]. In addition, soil salinity
(0.6–2.4 g/kg) had a negative impact on the total biomass production and photosynthetic
activity and pigments of Jatropha curcas L. [9,13,14], whereas it elevated the activity of
antioxidant enzymes [8]. Salinity can also impair the effectiveness of nutrients in plants,
as well as their absorption, photosynthetic performance, leaf chlorophyll fluorescence pa-
rameters, and distribution of nutrients, causing nutrient imbalance [15–17]. Patel et al. [11]
noted that salinity stress inhibited the uptake of nutrients such as nitrogen, calcium, and
potassium. Therefore, understanding the responses of plant growth and physiological
ecology in Jatropha curcas L. seedlings to salinity stress is crucial for mitigating the risk
caused by salinity stress and developing effective strategies to maintain productivity under
these conditions.

Salinity affects carbon and nitrogen metabolisms in plants, which are fundamental
physiological processes for plant growth and development [15]. The interaction between
salinity and nitrogen is crucial in determining the photosynthetic potential of plants and
their salinity tolerance [15,18]. Nitrogen application appears to be an effective strategy to
reduce the impairment of salinity stress on plant growth by regulating photosynthesis and
enzyme activity [15,19]. Notably, nitrogen is the nutrient element required in the greatest
quantity by plants. Most of the nitrogen in leaves is utilized for synthesizing photosynthetic
organs [20], and nitrogen application can simulate the synthesis of photosynthetic pig-
ments [21]. Generally, a higher photosynthetic rate is associated with a higher leaf nitrogen
content [22], and there is a significant positive correlation between the photosynthesis of
plant leaves and nitrogen content [23]. According to Iqbal et al. [15], nitrogen could protect
photosynthesis against salinity stress. Moreover, an elevated nitrogen level (20 mM N) has
beneficial effects on salinity-stressed plants by modulating nitrogen availability, which reg-
ulates ethylene levels and proline production to influence the response of photosynthesis
and plant growth. In addition, nitrogen is an essential component of leaf enzymes. Nitro-
gen fertilizer application can increase the activity of antioxidant enzymes in plants [24],
thereby helping in the resistance to oxidative damage caused by the accumulation of a
large number of reactive oxygen species (ROS) under salinity stress [25]. Singh et al. [19]
found that exogenous nitrogen supplementation could mitigate NaCl-induced toxicity in
Solanum lycopersicum seedlings by regulating ROS, enhancing the ratio of K+/Na+, with
a nitrogen application rate of 270 mg/kg, producing maximum growth. Conversely, ex-
cessive nitrogen application can reduce soil porosity, hinder plant growth, and even cause
agricultural non-point source pollution. Therefore, the appropriate nitrogen application
rate should be considered comprehensively based on soil conditions and plant growth
status. However, the response of plant growth, photosynthesis, and antioxidant enzymes
of Jatropha curcas L. seedlings to nitrogen application under salinity stress, as well as the
contribution of nitrogen application to alleviating salinity stress, remain uncertain.

Based on this, a glasshouse experiment was conducted with one-year-old Jatropha curcas L.
seedlings. Analytical pure NaCl mixed with air-dry soil was used to simulate a soil
salinity stress environment. The purposes of this study were to: (1) determine the ef-
fects of salinity stress and nitrogen application rate on the growth of Jatropha curcas L.
seedlings; (2) explore whether nitrogen application can alleviate the impairment caused by
salinity stress; and (3) recommend the nitrogen application rate under salinity stress for
Jatropha curcas L. seedlings.
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2. Materials and Methods
2.1. Experimental Site Descriptions

A one-year glasshouse experiment was conducted from 1 May to 30 August 2021 at the
Faculty of Modern Agricultural Engineering of Kunming University of Science and Tech-
nology (24◦9′ N, 102◦79′ E, 1979 m a.s.l.). During the experimental period, the maximum
and minimum ambient temperatures in the glasshouse were 28.0 ◦C and 17.5 ◦C, respec-
tively, with an average relative humidity of 68%. The red soil with an average bulk density
of 1.25 g/cm3 and a field capacity of 0.350 cm3/cm3 was used for the experimental soil.
The contents of organic matter (13.08 g/kg), total nitrogen (0.87 g/kg), total phosphorus
(0.66 g/kg), total potassium (13.9 g/kg), and soil pH (5.0–5.5) were measured. One-year-old
Jatropha curcas L. seedlings were used in the experiment.

2.2. Experimental Design

The experiment was conducted at the beginning of leaf extension in the Jatropha curcas L.
seedlings (approximately 30 days after transplanting) from 1 May to 30 August 2021, for
a total of 122 days. Four nitrogen application rates (N0: 0 gN/plant, N1: 20 gN/plant,
N2: 60 gN/plant, and N3: 100 gN/plant) and three salinity stress levels (mild salinity
stress, S1: 2 g/kg; moderate salinity stress, S2: 4 g/kg; and severe salinity stress, S3: 6 g/kg)
were arranged with the treatment without salinity stress and nitrogen application serving
as a control (CK). Consequently, there were 13 treatments in total, and each treatment had
six replicates, as detailed in Table 1. The soil was air-dried and passed through a 2 mm sieve
before filling the plots with a volume of 6 m × 0.55 m × 0.65 m. The air-dry soil was mixed
with different rates of purified NaCl to simulate salinity stress according to the mass ratio
specified in the experiment design (Table 1). The Jatropha curcas L. seedlings were planted
at a spacing of 1 m intervals in each plot with a total of six plants per plot. Urea containing
46.3% N was used as nitrogen fertilizer, derived from Sichuan Meifeng Chemical Industry
Co., Ltd., (Deyang, Sichuan, China). During the experimental period, the urea was applied
twice in equal quantities, i.e., at the beginning of the experiment (1 DAE) and 60 days after
the experiment (60 DAE) using a ring method with a 15 cm radius and a 20 cm depth. The
irrigation water was derived from tap water with a salinity of 260 mg/L. Irrigation was
triggered when the soil water content fell below 75% of field capacity (0.263 cm3/cm3) and
was terminated when the soil water content approached field capacity (0.350 cm3/cm3).
Other field management practices, such as weed control and pesticide application, were
the same for each treatment.

Table 1. The salinity stress and nitrogen application treatments arrangements during the experimen-
tal period.

Treatments
Soil Salinity

(g/kg)
Nitrogen Application Rate (gN/Plant)

1 DAE 60 DAE Total

CK 0 0 0 0

S1N0

2

0 0 0
S1N1 10 10 20
S1N2 30 30 60
S1N3 50 50 100

S2N0

4

0 0 0
S2N1 10 10 20
S2N2 30 30 60
S2N3 50 50 100

S3N0

6

0 0 0
S3N1 10 10 20
S3N2 30 30 60
S3N3 50 50 100

Note: DAE indicates the day after the experiment.
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2.3. Data Collection
2.3.1. Plant Biomass and Leaf Area Measurements

At the end of the experiment (122 DAE), three plants for each plot were randomly
collected, cut, and separated into root, stem, and leaf sections. The separate parts were
oven-dried at 105 ◦C for 30 min to halt the metabolic processes and then dried at 75 ◦C
until a constant weight was achieved. Next, leaf and total biomass were determined using
an electronic balance with a precision of 0.01 g. The leaf area was estimated by using the
gravimetric method. The total leaf area was calculated by adding the areas of all fully
expanded green leaves.

2.3.2. Antioxidant Enzyme Activity Measurements

At 15 days after the second nitrogen application (75 DAE), the antioxidant enzyme
activity in the leaves for each treatment was determined. Fresh leaves were added to a
chilled phosphate-buffered solution with a pH of 7.0, ground into a homogenate, and
centrifuged at 10,000 r/min for 10 min at a temperature of 4 ◦C. The supernatant was used
to measure antioxidant enzyme activity, including peroxidase (POD), superoxide dismutase
(SOD), and catalase (CAT). The POD activity was measured using the guaiacol method,
SOD activity was measured using the nitrogen blue tetrazole method, and CAT activity
was measured using the colorimetric method [26,27].

2.3.3. Photosynthetic Pigment Contents Measurements

Similar to antioxidant enzyme activity measurement, the leaf photosynthetic pigment
contents and photosynthetic characteristics of Jatropha curcas L. seedlings were determined
at 75 DAE. For each plot, five leaves were collected between 9:00 and 10:00 a.m. to
measure photosynthetic pigment contents. Chlorophyll a (Chl a), chlorophyll b (Chl b),
and carotenoid (Car) were determined by using the ultraviolet spectrophotometer method.

2.3.4. Photosynthetic Characteristics and Chlorophyll Fluorescence Measurement

The net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 con-
centration (Ci), and transpiration rate (Tr) were measured using a portable photosynthesis
measurement system (LI-6400, Li-Cor, Inc., Lincoln, NE, USA). For each plot, five fully
extended leaves were selected and measured between 9:00 to 11:00 a.m. on a clear sunny
day with three replicates under photosynthetically active radiation of 1200 µmol/m2/s.
The CO2 concentration in the leaf chamber was fixed at 380 µmol/mol.

The chlorophyll fluorescence of the same leaves was measured by using a MIN-
PAM portable chlorophyll fluorometer (Heinz WAZL GmbH, Effeltrich, Germany). The
maximum photochemical quantum yield of PSII (Fv/Fm), the effective photochemical
quantum yield of PSII (ΦPSII), coefficient of photochemical fluorescence quenching (qP),
Stern–Volmer-type non-photochemical fluorescence quenching (NPQ), and apparent elec-
tron transport rate (ETR) were obtained.

2.4. Statistical Analysis

Statistical analysis was carried out using the SPSS (Statistical Product and Service
Solutions) software (version 21.0, IBM Corporation, Endicott, NY, USA). A two-way analysis
of variance (ANOVA) at α = 0.05 and α = 0.01 was used to determine the significance of
the effects of salinity stress, nitrogen application rate, and their interaction. When ANOVA
results were significant (p < 0.05), Duncan’s test was conducted at α = 0.05 to compare the
differences in the plant biomass, leaf area, antioxidant enzyme activity, photosynthetic
pigment content, photosynthetic characteristics, and chlorophyll fluorescence parameters
among all treatments. All data were shown as the mean ± standard deviation.
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3. Results
3.1. Effect of Nitrogen Application Rate on Jatropha curcas L. Growth under Salinity Stress

Salinity stress, nitrogen application, and their interaction had a significant impact on
the growth of Jatropha curcas L. seedlings (p < 0.01, Figure 1). Increasing salinity stress caused
substantial reductions in plant growth. Compared to CK, S1–S3 treatments decreased
leaf area by an average of 23.5–70.4%, leaf biomass by 18.8–66.3%, and total biomass by
24.1–69.9%, respectively. Furthermore, leaf area, leaf biomass, and total biomass exhibited
a negative linear correlation with increases in salinity stress. The S3 treatment had the
minimum leaf area, leaf biomass, and plant biomass.
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tions. Different lowercase letters above the bars indicate significant differences among treatments
at p < 0.05. The number in the figure represents the F value. ** represents p < 0.01. S1, S2, and S3
represent mild, moderate, and severe salinity stress, respectively. N0, N1, N2, and N3 represent the
nitrogen application rate of 0, 20, 60, and 100 gN/plant, respectively.

At the same salinity stress, leaf area, leaf biomass, and total biomass increased with
the increasing nitrogen application rate. On average, in comparison to the N0 treatment,
N1, N2, and N3 treatments increased leaf area by 24.4%, 57.5%, and 78.3%, leaf biomass by
18.8%, 40.2%, and 55.8%, total biomass by 16.0%, 49.8%, and 68.3%, respectively. As for
mild and moderate salinity stress, N3 treatment showed significantly higher plant growth.
As for the severe salinity stress, there were no significant differences between N2, N1, and
N3 treatments (p > 0.05). These results indicate that nitrogen application could reduce the
adverse influence of salinity stress on the growth of Jatropha curcas L. seedlings, although it
may be difficult to achieve equivalent compensation, especially under severe salinity stress.

3.2. Effect of Nitrogen Application Rate on Antioxidant Enzyme Activity of Jatropha curcas L.
Seedlings under Salinity Stress

The POD, SOD, and CAT activities in S1–S3 treatments were significantly greater than
those in CK (p < 0.01, Table 2), with an average increase of 54.2–104.1%, 80.6–151.6%, and
31.3–66.7%, respectively. There were no significant differences in SOD and CAT between
S3N0 and CK (p > 0.05), and SOD in S3N0 was slightly lower than that in CK. In addition,
the POD, SOD, and CAT activities represented a single peak curve trend with salinity stress
and reached peak value at S2. This demonstrates that salinity stress could enhance the
antioxidant enzyme activity of Jatropha curcas L. seedlings, but severe salinity stress could
inhibit this promotion.

Additionally, nitrogen application also had a positive influence on POD, SOD, and
CAT activities under salinity stress (p < 0.01, Table 2). Compared to the N0 treatment, N1,
N2, and N3 treatments increased POD activity by 35.0%, 71.3%, and 105.6%, SOD activity
by 35.2%, 102.9%, and 160.6%, and CAT activity by 19.5%, 46%, and 67.4%, respectively.
It can be seen that the antioxidant enzyme activities increased gradually as the nitrogen
application rate increased.



Agronomy 2023, 13, 1749 7 of 15

Table 2. Effects of nitrogen application rate on POD, SOD, and CAT activities of Jatropha curcas L.
seedlings under various salinity stresses.

Treatments POD/(U·g−1·min−1) SOD/(U·g−1·min−1) CAT/(U·g−1·min−1)

CK 83.9 ± 1.0 k 20.4 ± 0.8 k 60.3 ± 1.2 l

S1N0 85.4 ± 1.0 k 23.2 ± 0.3 j 68.0 ± 0.6 k

S1N1 115.5 ± 0.5 h 29.8 ± 0.3 i 78.0 ± 0.8 h

S1N2 144.9 ± 0.6 f 48.2 ± 0.2 e 92.1 ± 0.6 e

S1N3 176.4 ± 0.6 c 67.3 ± 0.3 b 108.9 ± 0.4 c

S2N0 107.3 ± 0.6 i 31.2 ± 0.2 h 71.1 ± 0.7 j

S2N1 148.7 ± 0.5 e 40.1 ± 0.3 g 87.1 ± 0.9 f

S2N2 198.1 ± 0.8 b 59.4 ± 0.3 c 116.1 ± 0.7 b

S2N3 231.1 ± 0.7 a 74.2 ± 0.6 a 128.1 ± 0.6 a

S3N0 89.3 ± 0.4 j 20.1 ± 0.3 k 61.0 ± 1.1 l

S3N1 116.4 ± 0.6 h 30.8 ± 0.3 h 74.0 ± 0.6 i

S3N2 139.9 ± 0.6 g 43.5 ± 0.2 f 84.0 ± 0.5 g

S3N3 172.3 ± 0.7 d 52.6 ± 0.7 d 97.9 ± 0.6 d

Significant of factors
(F-value)

Salinity stress (S) 5452 ** 2252 ** 943 **
Nitrogen application (N) 13,188 ** 9947 ** 2349 **

S × N 270 ** 138 ** 76 **
Note: Means followed by different lowercase letters within the same column indicate significant differences
among treatments at p < 0.05 using Duncan’s test. ** represents p < 0.01. S1, S2, and S3 represent mild, moderate,
and severe salinity stress, respectively. N0, N1, N2, and N3 represent the nitrogen application rate of 0, 20, 60, and
100 gN/plant, respectively.

3.3. Effect of Nitrogen Application Rate on the Photosynthetic Pigment of Jatropha curcas L.
Seedlings under Salinity Stress

Significant differences in Chl a, Chl b, Chl a+b, Chl a/b ratio, and Car were observed
among all treatments (p < 0.01, Table 3). Generally, salinity stress significantly reduced
these five leaf photosynthetic pigments. On average, S1, S2, and S3 treatments decreased
Chl a by 8.5%, 25.2%, and 37.3%, Chl b by 7.7%, 29.1%, and 44.6%, Chl a+b by 7.9%,
26.7%, and 39.6%, Chl a/b ratio by 0.9%, 6.1%, and 14.2%, and Car by 0.2%, 20.8%, and
35.0%, respectively. Similarly to plant growth, a negative linear relationship was found
between salinity stress and Chl a, Chl b, Chl a+b, and Car, while there was a positive linear
relationship with the Chl a/b ratio.

In contrast, nitrogen application significantly increased the photosynthetic pigment
under salinity stress. The trend for Chl a, Chl b, Chl a+b, and Car was N3 > N2 > N1 > N0.
In comparison to the N0 treatment, N1, N2, and N3 treatments increased Chl a by 11.4%,
23.6%, and 34.3%, Chl b by 19.3%, 45.6%, and 63.2%, Chl a+b content by 14.3%, 30.6%, and
43.4%, and Car by 17.5%, 40.0%, and 57.5%, respectively. It should be noted that greater leaf
photosynthetic pigment was observed with higher nitrogen application rates under mild
salinity stress. S1N3 had maximum Chl a, Chl b, Chl a+b, and Car, even exceeding those
in CK by 5.5%, 16.1%, 9.1%, and 24.4%, respectively. As for moderate and severe salinity
stresses, N3 treatment also had maximum Chl a, Chl b, Chl a+b, and Car. Additionally, the
Chl a, Chl b, Chl a+b, and Car demonstrated a positive linear correlation with the nitrogen
application rate under various salinity stresses, whereas the Chl a/b ratio exhibited the
opposite relationship.

Table 3. Effect of nitrogen application on leaf photosynthetic pigments of Jatropha curcas L. seedlings
under various salinity stresses.

Treatments Chl a/(mg/g FW) Chl b/(mg/g FW) Chl a+b/(mg/g FW) Chl a/b ratio Car/(mg/g FW)

CK 2.15 ± 0.21 b 1.03 ± 0.02 b 3.18 ± 0.11 a 2.09 ± 0.13 j 0.63 ± 0.01 c

S1N0 1.74 ± 0.00 e 0.72 ± 0.01 f 2.46 ± 0.01 f 2.43 ± 0.01 c 0.51 ± 0.00 e
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Table 3. Cont.

Treatments Chl a/(mg/g FW) Chl b/(mg/g FW) Chl a+b/(mg/g FW) Chl a/b ratio Car/(mg/g FW)

S1N1 1.81 ± 0.02 c 0.83 ± 0.00 d 2.65 ± 0.02 e 2.18 ± 0.01 i 0.56 ± 0.01 e

S1N2 2.06 ± 0.01 c 1.07 ± 0.01 b 3.14 ± 0.02 c 1.93 ± 0.01 l 0.67 ± 0.01 b

S1N3 2.27 ± 0.00 a 1.20 ± 0.01 a 3.47 ± 0.01 b 1.90 ± 0.01 l 0.79 ± 0.01 a

S2N0 1.41 ± 0.01 j 0.59 ± 0.01 j 2.00 ± 0.01 k 2.38 ± 0.02 d 0.41 ± 0.00 j

S2N1 1.49 ± 0.01 h 0.66 ± 0.01 h 2.15 ± 0.01 i 2.26 ± 0.02 f 0.44 ± 0.01 i

S2N2 1.69 ± 0.01 f 0.77 ± 0.01 e 2.46 ± 0.01 g 2.20 ± 0.01 h 0.53 ± 0.00 f

S2N3 1.83 ± 0.01 d 0.89 ± 0.00 c 2.72 ± 0.02 d 2.05 ± 0.01 k 0.61 ± 0.01 d

S3N0 1.03 ± 0.01 l 0.40 ± 0.00 l 1.43 ± 0.02 m 2.61 ± 0.01 a 0.27 ± 0.00 k

S3N1 1.36 ± 0.01 k 0.55 ± 0.00 k 1.91 ± 0.01 l 2.48 ± 0.02 b 0.40 ± 0.00 j

S3N2 1.45 ± 0.01 i 0.64 ± 0.01 i 2.09 ± 0.01 j 2.26 ± 0.02 e 0.47 ± 0.01 h

S3N3 1.54 ± 0.01 g 0.69 ± 0.01 g 2.23 ± 0.01 h 2.23 ± 0.02 g 0.50 ± 0.01 g

Significant of factors
(F-value)

Salinity stress (S) 4219 ** 3306 ** 1734 ** 815 ** 1262 **
Nitrogen application (N) 1419 ** 1640 ** 359 ** 426 ** 773 **

N × S 54 ** 76 ** 22 ** 37 ** 24 **

Note: Means followed by different lowercase letters within the same column indicate significant differences
among treatments at p < 0.05 using Duncan’s test. ** represents p < 0.01. S1, S2, and S3 represent mild, moderate,
and severe salinity stress, respectively. N0, N1, N2, and N3 represent the nitrogen application rate of 0, 20, 60, and
100 gN/plant, respectively.

3.4. Effect of Nitrogen Application Rate on Leaf Photosynthetic Characteristic of Jatropha curcas L.
Seedlings under Salinity Stress

As expected, salinity stress, nitrogen application, and their interaction exhibited
significant effects on Pn, Gs, Ci, and Tr (p < 0.01, Figure 2). Salinity stress dramatically
reduced leaf photosynthesis, showing that Pn, Gs, Ci, and Tr in S1–S3 treatments were
decreased by an average of 12.7–39.7%, 22.8–39.3%, 6.7–20.6%, and 20.1–31.5%, respectively,
relative to CK. As salinity stress increased, Pn, Gs, and Tr gradually decreased, while Ci
declined initially and then rose. The minimum Pn, Gs, and Tr were observed in the S3
treatment, whereas the minimum Ci was found in the S2 treatment.
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Figure 2. Effects of nitrogen application rate on net photosynthetic rate (a), stomatal conductance (b),
intercellular CO2 concentration (c), and transpiration rate (d) under various salinity stresses. The
error bars represent standard deviations. Different lowercase letters above the bars indicate significant
differences among treatments at p < 0.05. The number in the figure represents the F value. ** represents
p < 0.01. S1, S2, and S3 represent mild, moderate, and severe salinity stress, respectively. N0, N1, N2,
and N3 represent the nitrogen application rate of 0, 20, 60, and 100 gN/plant, respectively.

Nitrogen application could substantially mitigate the adverse impacts of salinity stress.
Generally, N3 treatment had the greatest promotion of leaf photosynthesis under mild and
moderate salinity stresses. As for mild salinity stress, N3 treatment increased Pn, Gs, Ci,
and Tr by an average of 32.4%, 70.2%, 21.4%, and 25.2%, respectively. As for moderate
salinity stress, N3 treatment enhanced Pn, Gs, Ci, and Tr by an average of 41.8%, 89.8%,
29.7%, and 62.2%, respectively. As for severe salinity stress, the maximum Pn, Gs, and Tr
were observed in the N2 treatment, and the maximum Ci was found in the N3 treatment.
It should be noted that there were no significant differences in Pn, Gs, Ci, and Tr between
N2 and N3 under severe salinity stress. These results demonstrate that the promotion of
photosynthesis may not be significant with a higher nitrogen application under severe
salinity stress.

3.5. Effect of Nitrogen Application Rate on Chlorophyll Fluorescence of Jatropha curcas L. Seedlings
under Salinity Stress

Both salinity stress and nitrogen application significantly influenced leaf chlorophyll
fluorescence parameters, including Fv/Fm, ΦPSII, qP, NPQ, and ETR (Table 4, p < 0.05).
Their interaction did not significantly affect Fv/Fm and ΦPSII. Generally, the differences
in Fv/Fm among all treatments and CK were insignificant (p > 0.05), ranging from 0.749
to 0.818, with the exception of S3N2, which was significantly lower than CK (p < 0.05). In
addition, all treatments had lower ΦPSII, qP, and ETR than CK, by an average of 2.9–16.1%,
2.3–17.3%, and 1.4–41.2%, respectively. Furthermore, most of treatments displayed a
significant negative effect on NPQ (p < 0.05). Notably, NPQ for S1N0, S2N0, S3N0, and
S3N1 was higher than CK by 3.3%, 8.8%, 16.7%, and 1.3%, respectively, and there were no
significant differences between S1N0, S3N1, and CK (p > 0.05). Overall, Fv/Fm, ΦPSII, qP,
and ETR declined linearly with increasing salinity stress, while NPQ increased.
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Table 4. Effect of nitrogen application on chlorophyll fluorescence of Jatropha curcas L. seedlings
under various salinity stresses.

Treatments Fv/Fm ΦPSII qP NPQ ETR

CK 0.781 ± 0.011 ab 0.521 ± 0.014 a 0.751 ± 0.012 a 1.473 ± 0.016 c 199.3 ± 5.4 a

S1N0 0.777 ± 0.009 abc 0.449 ± 0.008 ef 0.651 ± 0.004 fg 1.522 ± 0.011 c 142.3 ± 4.4 g

S1N1 0.802 ± 0.005 a 0.485 ± 0.007 abc 0.714 ± 0.005 ab 1.034 ± 0.013 i 177.8 ± 3.3 bc

S1N2 0.809 ± 0.007 a 0.489 ± 0.007 abc 0.720 ± 0.005 ab 0.913 ± 0.006 j 185.0 ± 3.5 ab

S1N3 0.818 ± 0.008 a 0.506 ± 0.010 a 0.734 ± 0.009 a 0.807 ± 0.012 k 196.5 ± 1.8 a

S2N0 0.774 ± 0.008 abc 0.441 ± 0.010 f 0.638 ± 0.006 gh 1.603 ± 0.013 b 131.4 ± 3.78 h

S2N1 0.793 ± 0.005 abc 0.475 ± 0.006 bcd 0.691 ± 0.006 cd 1.314 ± 0.011 f 164.4 ± 2.9 de

S2N2 0.799 ± 0.004 ab 0.481 ± 0.007 abcd 0.703 ± 0.007 bc 1.281 ± 0.010 g 170.2 ± 5.0 cd

S2N3 0.813 ± 0.005 a 0.495 ± 0.011 ab 0.727 ± 0.009 a 1.197 ± 0.006 h 191.9 ± 5.4 a

S3N0 0.752 ± 0.005 bc 0.437 ± 0.004 f 0.621 ± 0.004 h 1.719 ± 0.011 a 117.2 ± 3.7 i

S3N1 0.782 ± 0.004 abc 0.455 ± 0.006 def 0.663 ± 0.007 ef 1.492 ± 0.009 c 149.6 ± 3.7 fg

S3N2 0.749 ± 0.046 c 0.467 ± 0.009 cde 0.683 ± 0.008 d 1.397 ± 0.009 d 159.2 ± 2.6 def

S3N3 0.784 ± 0.005 abc 0.463 ± 0.011 cdef 0.672 ± 0.006 de 1.352 ± 0.008 e 153.4 ± 3.4 efg

Significant of factors
(F-value)

Salinity stress (S) 6.5 ** 10.9 ** 52.0 ** 1722 ** 68.4 **
Nitrogen application (N) 3.6 * 17.8 ** 80.4 ** 1342 ** 103.24 **

S × N 0.48 NS 0.80 NS 2.31 ** 69.4 * 2.99 **

Note: Means followed by different lowercase letters within the same column indicate significant differences
among treatments at p < 0.05 using Duncan’s test. * represents p < 0.05, ** represents p < 0.01, and NS represents
p > 0.05. S1, S2, and S3 represent mild, moderate, and severe salinity stress, respectively. N0, N1, N2, and N3
represent the nitrogen application rate of 0, 20, 60, and 100 gN/plant, respectively.

By contrast, in comparison to the N0 treatment, N1–N3 treatments increased Fv/Fm,
ΦPSII, qP, and ETR by an average of 2.6–5.2%, 6.8–11.4%, 7.8–10.9%, and 25.8–38.6%, respec-
tively, while NPQ reduced by 20.5–30.4%. The maximum Fv/Fm, ΦPSII, qP, and ETR, and
minimum NPQ were found in S1N3. As the nitrogen application rate increased, Fv/Fm,
ΦPSII, qP, and ETR also increased linearly, whereas NPQ decreased. It is worth noting that
when Jatropha curcas L. seedlings were subjected to severe salinity stress, Fv/Fm, ΦPSII, qP,
and ETR in N1–N3 were considerably higher than those in the N0 (p < 0.05), but there
were no significant differences among N1–N3. This demonstrates that nitrogen application
could inhibit the negative effects of salinity stress on photosynthesis and contribute to
compensation under severe salinity stress, but higher nitrogen application did not have a
clearly positive influence.

4. Discussion

Soil salinity is an essential environmental factor affecting plant growth. Numerous
studies have demonstrated that salinity stress can inhibit plant development and photosyn-
thesis. Typically, a decline in biomass is the most visible symptom of salinity stress in plants.
In the present study, similar results were found. Salinity stress reduced the leaf area, leaf
biomass, and total biomass of Jatropha curcas L. seedlings (Table 2). This may be attributed
to plant transpiration and photosynthesis impairment from leaf growth inhibition and
stomata function deceleration. Moreover, nitrogen application appeared to promote leaf
growth and biomass accumulation of Jatropha curcas L. seedlings, which is in agreement
with the effect of nitrogen application on the growth of wheat and tomato seedlings under
salinity stress conditions [28,29]. Indeed, appropriate nitrogen application could induce
salinity tolerance as well as stimulate plant growth and biomass accumulation.

The reduction in photosynthesis is a primary cause of low plant biomass under
salinity stress [9,11,12]. Photosynthetic pigments offer a direct description of plant growth
and development status, as well as the intensity of photosynthesis [30]. In this study,
photosynthetic pigments of Jatropha curcas L. seedlings decreased with the increase in
salinity stress (Table 3). This observation could be caused by salinity-induced increased soil
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pH promoting chlorophyll degrading enzyme activity (such as chlorophyllase), ultimately
leading to a breakdown in chlorophyll [31]. A higher chlorophyll a/b ratio signifies
greater peroxidation activity within leaf membranes [32]. Consequently, under salinity
stress, this ratio increases, but nitrogen application alleviates this stress and enhances the
chlorophyll a/b ratio. The research findings of Liu et al. on the impact of salt stress on the
physiological characteristics of pomegranates align with the results of this experiment [33].
Furthermore, the presence of ROS could trigger oxidative damage to plants, resulting in
protease inactivation and membrane lipid peroxidation [15,19,34]. Antioxidant enzymes
(e.g., SOD, POD, and CAT) could help mitigate ROS in plants [8,10,35]. In this present
study, POD, SOD, and CAT activities increased under low and moderate salinity stress (S1
and S2) and declined under severe salinity stress (S3). These results are in accordance with
the findings reported in the hydroponic experiments on seedlings of Jatropha curcas L. [8]
and cucumber [36] under various saline concentrations. This demonstrates that greater
antioxidant enzymes under lower salinity stress could facilitate the mitigation of oxidative
damage, whereas the damage was difficult to alleviate from lower POD, SOD, and CAT
contents under higher salinity stress. The lower antioxidant enzyme activity could elevate
ROS accumulation in plants and further cause a reduction in photosynthetic membrane
permeability and decomposition in photosynthetic pigments [37]. The lower photosynthetic
pigments found in severe salinity stress treatments in this study (Table 3) could consolidate
the above speculation. Additionally, nitrogen application could increase the photosynthetic
pigments of Jatropha curcas L. seedlings, reducing the vulnerability of photosynthesis
to salinity stress. The possible reason is that the nitrogen application could enhance
the nitrogen utilization in the leaf for synthetic chlorophyll under salinity stress [29], as
nitrogen is an important component in antioxidant substances. The lower photosynthetic
pigment contents under severe salinity stress may result from exceeding the threshold
of salinity tolerance in Jatropha curcas L. seedlings, consequently reducing the benefits of
nitrogen application.

Photosynthesis is highly affected by the CO2 concentration gradient and diffusion
resistance between inside and outside plant leaves [38], resulting in stomatal conductance
as a critical factor in determining plant photosynthesis. The reduction in photosynthesis
caused by salinity stress can be attributed to two main reasons for stomatal closure. One
reason is a stomatal limitation which occurs when the decline in stomatal conductance
inhibits the diffusion of CO2 from the outside of leaves to the carboxylated sites in chloro-
plasts, thereby leading to a decrease in photosynthetic rate [39]. The other reason is a
non-stomatal limitation where the photosynthetic rate decreases as a result of salinity
stress affecting the assimilation ability of mesophyll cells, and this decrease is unrelated
to the intercellular CO2 concentration [40]. In the present study, Pn, Gs, and Tr gradually
decreased, while Ci decreased initially and eventually increased with the increase in salinity
stress, resulting from stomatal contraction hindering the transport of CO2 to the chloroplast
under low and moderate salinity stresses, and the reduction in photosystem II and enzyme
activities lowering CO2 availability under severe salinity stress causing CO2 accumulation
in cells [41]. In addition, the nitrogen application was found to improve the photosynthesis
in Jatropha curcas L. seedlings under salinity stress. According to a stomatal limitation in
low and moderate salinity stresses and a non-stomatal in severe salinity stress, nitrogen
application could alleviate water loss in plant cells and compensate for stomatal closure
under low and moderate salinity stresses, whereas nitrogen application could increase
antioxidant substances and photosynthetic pigment content under severe salinity stress,
ultimately improving photosynthesis.

Chlorophyll fluorescence parameters can effectively characterize the intrinsic relation-
ship between salinity stress and photosynthesis. ΦPSII represents the ratio of the actual
light energy consumed in the photochemical reaction to the total light energy absorbed
by the plant leaves. The greater the value of ΦPSII, the more the part of the light energy is
effectively utilized. Light energy absorbed by photosynthetic pigments in leaves is used
for photoelectron transport, chlorophyll fluorescence, and heat dissipation. The photo-
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chemical quenching coefficient (qP) and non-photochemical quenching coefficient (NPQ)
represent the photochemical consumption and heat dissipation, respectively. qP is used
to characterize the openness of PSII reaction centers. In the present study, ΦPSII, qP, and
ETR decreased while NPQ increased with the increase in salinity stress. However, nitrogen
application could enhance ΦPSII, qP, and ETR, as well as reduce NPQ. One reason for
the effect of nitrogen application on chlorophyll fluorescence parameters could be that
the presence of nitrogen could increase the light absorption intensity and light capture
ability of leaves of Jatropha curcas L. seedlings from the increase in leaf area (Figure 1),
promoting assimilation capacity (ATP and NADPH) of leaf cells to facilitate the fixation
and assimilation of carbon [42], ultimately improving photochemical reaction efficiency.
Nitrogen application could also regulate PSII to consume excessive light energy and en-
hance Calvin cycle activity, eventually avoiding damage to the reaction center from salinity
stress [31]. However, the normal physiological function of plants was damaged, and the
heat dissipation ability was gradually lost under severe salinity stress, indicating that the
contribution of nitrogen application in alleviating chlorophyll fluorescence parameters may
not be significant.

5. Conclusions

In the present experiment, Jatropha curcas L. seedlings were sensitive to salinity stress,
and salinity stress significantly reduced plant growth and physiology. Nitrogen application
could alleviate the negative effect of salinity stress on plant growth by promoting the
antioxidant enzyme, photosynthetic pigment, photosynthesis, and chlorophyll fluorescence.
In general, the N3 treatment in mild and moderate salinity stresses could achieve maximum
plant growth, antioxidant enzyme activity, leaf photosynthetic pigment, and photosynthesis.
As for severe salinity stress, higher nitrogen application rate (N2 and N3) had no significant
effects on plant growth, photosynthetic characteristics, and leaf chlorophyll fluorescence
parameters under severe salinity stress. Therefore, N3 treatment (100 gN/plant) was
recommended under mild and moderate salinity stresses, while N2 (60 gN/plant) was
recommended under severe salinity stress. This study could provide a theoretical basis
for soil salinity management and nitrogen fertilization application for Jatropha curcas L.
seedlings. However, the nitrogen application rate higher than 100 gN/plant in mild and
moderate salinity stresses should be noted in further study, which may achieve a better
performance of Jatropha curcas L. seedlings. In addition, the reactive oxygen species seems
to be an essential indicator to reflect plant growth and physiological characteristics, which
could be considered in future research.
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