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Abstract

Zanthoxylum armatum, known as green prickly ash, is a major condiment species planted on a large 

scale in southwest China. However, its limited cold tolerance has been a significant disadvantage 

for its cultivation in low-temperature regions. To better understand the antioxidant enzyme 

activities related to cold resistance, superoxide dismutase (SOD), peroxidase (POD), and catalase 

(CAT) activities as well as malondialdehyde (MDA) content were investigated under 16 fertilizer 

and soil moisture treatments to explore the cold resistance response mechanism in Z. armatum. The 

results showed that low temperatures could significantly affect antioxidant enzyme activities in the 

leaves of Z. armatum seedlings. The antioxidant enzyme activities of seedlings treated with soil 

moisture and fertilizer treatments were significantly higher than those without fertilizer. 

Furthermore, the comprehensive evaluation index (CEI) was positively correlated with SOD, POD, 

and CAT activities but negatively correlated with MDA content. Meanwhile, the treatment T12 

(60% field water capacity + 300 kg·ha-1 nitrogen + 30 kg·ha-1 phosphoric anhydride) had the highest 

CEI value, whereas T1 (20% water capacity) had the lowest. Based on the regression equation for 

CEI improvement, the predicted optimal levels for field water capacity (FWC), nitrogen, 

phosphorus, and potassium were 59.6%–63.4% FWC (average 61.5%), 114.2–248.8 kg N/ha 

(average 181.5 kg N/ha), 40.1–108.5 kg P2O5/ha (average 74.3 kg P2O5/ha), and 200.2–254.4 kg 

K2O/ha (average 227.3 kg K2O/ha), respectively. The present study provides the optimal soil moisture 

and fertilizer concentration required to enhance protective enzyme activity and low-temperature 

tolerance, which is crucial for improving cold resistance in Z. armatum.

Additional key words: green prickly ash, orthogonal design, response surface analysis, stress 

resistance, water and fertilizer management

Introduction

Zanthoxylum armatum is a perennial, deciduous shrub or small tree. Its fruit is green and dotted 

with slightly raised oil spots. Its roots, stems, fruits, and leaves can be used as raw materials for 

biomedicine, with antibacterial, antitumor, anti-inflammatory, analgesic, and anti-oxidative properties 

http://orcid.org/0000-0001-9115-9487
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(Kumar et al., 2014; Thakur et al., 2016; Nooreen et al., 2017). It is distributed extensively throughout southwest China, 

and large-scale Z. armatum plantations currently occur in Sichuan Province, where they represent a significant source of 

economic revenue for farmers (Zhuo et al., 2020). The fruit pericarp is famous for its pungent and numbing flavor and is 

widely used as a seasoning for food (Li et al., 2020). Both Z. armatum and Z. bungeanum are commonly called Szechuan 

peppers, but they differ in biological characteristics and suitable growing areas; the former grows in low-altitude plains 

and is drought resistant and cold intolerant, while the latter grows in high-altitude areas and has both high cold and 

drought resistance (Xiang et al., 2016; Zhuo et al., 2020). In recent years, Z. armatum crops have often suffered from 

serious frost damage and low yields due to low temperatures. Improving the cold resistance of Z. armatum is therefore 

imperative for maintaining high yields. 

Temperature stress reduces average yields by more than 50% and threatens forest productivity (Saini et al., 2018). 

Meanwhile, freezing is the main environmental pressure that limits the geographical distribution, growth and productivity 

of fruit trees (Yu and Lee, 2020). Low-temperature stress causes oxidative damage to plants via the generation and 

accumulation of reactive oxygen species (ROS) and free radicals, resulting in decreased growth and development 

(Devireddy et al., 2021). However, plants have evolved a variety of mechanisms to protect themselves against oxidative 

stress (Saini et al., 2018), including the enzymatic antioxidant system, which comprises superoxide dismutase (SOD), 

catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX) (Fan et al., 2014; Guo et al., 2020; Ritonga and Chen, 

2020). Numerous studies suggest that the antioxidant systems play important roles in protecting plants against oxidative 

damage induced by low-temperature stress (Cansev et al., 2011; Yang et al., 2011). Therefore, enhancing the activity of 

antioxidant enzymes in plants organs is necessary for improving plant tolerance to low-temperature stress (Kwon et al., 

2022). Furthermore, the cold resistance of forest trees is reportedly related to their nutrient content (Jalkanen et al., 1998; 

Held et al., 2010). Fertilization can improve nutrient storage, and specific fertilization combinations can be more effective 

at increasing cold tolerance than single compound fertilizers. Furthermore, the metabolism and physiological processes in 

plants are directly related to water availability (Yu et al., 2020). Proper irrigation, fertilization, and fertigation are 

considered the basic measures for increasing plant health and improving cold resistance and water-fertilizer use efficiency 

(Saravia et al., 2016; Sun et al., 2020).

Previous studies showed that reasonable combined water-fertilization significantly improved yield, quality, and winter 

cold resistance of cashew and honey citrus trees (Oliet et al., 2011; Andivia et al., 2012; Ahmad et al., 2021). Rikala and 

Repo (1997) found that a high level of fertilizer, applied as NPK (nitrogen-phosphorus-potassium) 11-4-25 from the 

beginning of July to the beginning of September, could produce the highest level of frost tolerance in Pinus sylvestris. 

Nitrogen application improved Eucalyptus globulus cold resistance during the growing season. Dehayes et al. (1989) 

reported that a moderate level of N fertilization improved Picea rubens cold tolerance, while higher levels decreased it, 

and that P had no effect, suggesting that a moderate water and fertilizer management program could improve the cold 

resistance of forest plants. Siddiqui et al. (2020) indicated that a moderate level of NPK has a positive impact on C. 

caudatus and O. stamineus phenolics, flavonoid compounds, and antioxidant activities.

However, only a few studies on the role of soil moisture in mediating cold tolerance in forest plantations, particularly 

in cold desert climate zones, have been published to date. Furthermore, no reported literature exists on the cold resistance 

of Z. armatum, and this hinders our capability for meeting the needs of current production practices. In this study, the 

leaves of Z. armatum potted seedlings were studied under an artificial simulation of low-temperature stress after receiving 
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a specific water-fertilizer treatment by measuring the SOD, POD, and CAT enzymes activities and MDA content. The 

main objectives of this study were to verify the following hypotheses: (1) low-temperature stress can lead to physiological 

changes, such as lipid peroxidation, membrane damage, and an altered antioxidant system of Z. armatum. (2) Appropriate 

water and fertilizer rates can mitigate the damage of low-temperature stress and improve the cold tolerance of Z. armatum. 

Our study represents a theoretical reference for the selection of optimum water and fertilizer management practices for 

enhancing low-temperature resistance in Z. armatum.

Materials and Methods

Experimental Site

The pot experiment was carried out in the greenhouse of Sichuan Agricultural University Chengdu, Sichuan Province, 

China, at an altitude of 580 m. The climate here is humid subtropical, with an average annual temperature of 17.2°C, an 

average maximum temperature in July of 32°C, and an average minimum temperature in January of 3.7°C.

Experimental Design

Soil for the experiment was derived from the ploughing layer (0–20 cm) of an agricultural field. After air-drying, all 

residues were removed and the soil was passed through a 5-mm sieve and thoroughly mixed. The soil texture was sandy 

loam with the following chemical properties: pH, 7.51; organic matter, 16.6 g·kg-1; total N, 1.0 g·kg-1; alkali-hydrolyzed N, 

80.3 mg·kg-1; total K, 23.9 g·kg-1; total P, 0.5 mg·kg-1; available-P, 22.7 mg·kg-1; available K, 90.8 mg·kg-1; and field capacity 

moisture content, 25.2%. Each pot (depth of 23 cm, upper diameter of 22 cm, and lower diameter of 20 cm) contained 6.3 

kg of air-dried soil, of which 2/3 were first loaded into the lower part of the pot, while the remaining 1/3 was fully mixed 

with the corresponding fertilizer and added to the upper part of the pot. The pot soil thickness was about 20 cm.

Field Water Capacity and Fertilization

An orthogonal design was used for the water and fertilizer treatments with the following four factors: field water 

capacity (FWC), urea (NH2CONH2), phosphorus pentoxide (P2O5), and potassium oxide (K2O). The soil moisture and 

fertilizer levels of each treatment are given in Table 1. Each treatment contained nine replicates, with one pot per replicate 

Table 1. Four-factor, four-level orthogonal experimental design of the combination of water and fertilizer treatments

Treatment
Field water 

capacity (%)

Fertilizer (kg·ha-1)
Treatment

Field water 

capacity (%)

Fertilizer (kg·ha-1)

N P2O5 K2O N P2O5 K2O

T1 20% 0 0 0 T9 60% 0 60 300

T2 20% 75 30 75 T10 60% 75 120 150

T3 20% 150 60 150 T11 60% 150 0 75

T4 20% 300 120 300 T12 60% 300 30 0

T5 40% 0 30 150 T13 80% 0 120 75

T6 40% 75 0 300 T14 80% 75 60 0

T7 40% 150 120 0 T15 80% 150 30 300

T8 40% 300 60 75 T16 80% 300 0 150
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(one individual per pot). The applied fertilizer amount was calculated according to the pot area; the entire amount of 

fertilizer was applied once.

Low-temperature Treatment 

In mid-April 2016, the Z. armatum seedlings, which were about 10 cm high, were transplanted into pots. The pots were 

placed in a transparent plastic shelter (used to protect the seedlings from rain) and weighed daily to adjust the soil moisture 

to the correct level. The low-temperature treatments were conducted in mid-November of 2017. In each treatment, whole 

compound leaves at the same position in the upper part of each plant were selected and incubated in an artificial 

intelligence low-temperature incubator for the low-temperature treatments. The treatment temperatures were –9°C, –6°C, 

–3°C, 0°C, 5°C, 10°C, and 25°C. The leaves began in an incubator at 25°C and were then cooled down at a rate of 

4°C·h-1, kept at the target temperature for 5 h, then the temperature was increased at the same rate. Upon reaching the 

temperature of 25°C, leaves were left to recover for 5 h and then the rest of protocol was continued. 

MDA Content and Antioxidant Enzyme Activity Determination

The SOD, POD, and CAT activities, as well as the MDA content of the leaves, were measured with the nitroblue 

tetrazolium reduction (Giannopolitis and Ries, 1977), guaiacol colorimetric (Fu et al., 2014), ultraviolet absorption 

(Weydert and Cullen, 2010), and thiobarbituric acid (Velikova et al., 2000) methods, respectively.

Statistical Analysis

All experiments in this study were repeated in triplicate. Statistical analysis (mean ± standard deviation) was performed 

and figures was created with Microsoft Excel 2007 and OriginPro 8.0, respectively. All data were analyzed by one-way 

analysis of variance (ANOVA) and the mean differences were compared using the least significant difference (LSD) test. 

ANOVA, correlation coefficients, and principal component analysis (PCA) were performed using SPSS 22.0 software. 

Surface diagram of each interaction between two factors was drawn after fitting the equation with MATLAB interpolation 

and regression.

The comprehensive membership function method was used to convert the physiological indices of each treatment, 

including SOD, POD, and CAT activities and MDA content. When the index was positively correlated with cold 

resistance, the data conversion formula was  


 min

min
. Otherwise, the data conversion formula was 

 


 min

max 
. Here,  is the membership function value,  is the mean of the index, min is the minimum of 

the index, and max  is the maximum of the index. Subsequently, the membership function values of each resistance index 

were added and the average value calculated. Higher values indicate a stronger stress resistance. 

Results

MDA Content and Antioxidant Enzyme Activity

The MDA content in the leaves of Z. armatum seedlings in different water and fertilizer treatments showed a similar 
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pattern with temperature, increasing slightly from 25°C to –9°C (Fig. 1). The leaf MDA content in each fertilizer 

treatment was significantly lower than that T1 treatment in all temperatures (p < 0.01, Fig. 1). 

With decreasing temperature, the activities of POD in leaves initially increased and then tended to decrease. The leaf 

POD activity in each treatment was significantly higher than that in the T1 treatment (p < 0.01, Fig. 2). Moreover, from 

all temperatures the POD activity in the leaves of Z. armatum seedlings of each fertilizer treatments was 36.5–129.1% 

higher than that in the T1 treatment. 

With decreasing temperature, the leaf CAT activity initially increased and then tended to decrease (Fig. 3). The highest 

average CAT activity was recorded in T12 (60.0 Ug-1·min-1), while the lowest was in T1 (39.6 Ug-1·min-1). The average 

CAT in T12 was 34% higher than that in T1, while the average CAT activity in T12 was not significantly different from 

that in T10 or T11 from all temperatures (p > 0.05). 

The leaf SOD activity initially increased and then decreased with decreasing temperature under different water and 

A B

Fig. 1. MDA content under low-temperature stress. (A) MDA content in Z. armatum leaves under different temperatures. 
Different shapes represent different fertilizer and water treatments (T1–T16). (B) Mean MDA content in Z. armatum

leaves under low-temperature stress from all temperatures. Different lowercase letters indicate significant differences (p
< 0.05, LSD-test). Error bars represent standard errors of the mean.

A B

Fig. 2. POD activity under low-temperature stress. (A) POD activity in Z. armatum leaves under different temperatures. 
Different shapes represent different fertilizer and water treatments (T1–T16). (B) Mean POD activity in Z. armatum leaves 
under the low-temperature stress from all temperatures. Different lowercase letters indicate significant differences (p < 

0.05, LSD-test). Error bars represent standard error of the mean.
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fertilizer treatments (Fig. 4). The SOD activity from 25°C to 0°C showed a linear increase in T10, T11, T12 and T15, 

while it increased slowly in the other treatments. The SOD activity increased rapidly from 10°C to 0°C and reached its 

maximum value at 0°C. The maximum value was observed in T12, and the SOD activity decreased rapidly from 0°C to 

–10°C; under low temperatures SOD activity was lower than that at normal temperatures. From all temperatures the 

average SOD activity in T1 was lower than those in the other treatments. (p < 0.01, Fig. 4). 

Comprehensive Evaluation and Correlation Analysis

The CEI of Z. armatum seedlings followed the order T12 > T10 > T11 > T15 > T8 > T16 > T9 > T7 > T14 > T6 > T13> 

T4 > T5 > T3 > T2 > T1, and the highest cold resistance value was recorded for T12. The comprehensive value of cold 

resistance was positively correlated with CAT (r = 0.992, p < 0.01), POD (r = 0.983, p < 0.01), and SOD (r = 0.994, p < 

0.01) activities, and negatively correlated with MDA content (r = –0.989, p < 0.01). This shows that POD, CAT, and 

A B

Fig. 3. CAT activity under low-temperature stress. (A) CAT activity in Z. armatum leaves under different temperatures. 
Different shapes represent different fertilizer and water treatments (T1–T16). (B) The mean CAT activity in Z. armatum

leaves under low-temperature stress from all temperatures. Different lowercase letters indicate significant differences (p
< 0.05, LSD-test). Error bars represent standard errors of the mean.

A B

Fig. 4. SOD activity under low-temperature stress. (A) SOD activity in Z. armatum leaves under different temperatures. 
Different shapes represent different fertilizer and water treatments (T1–T16). (B) Mean SOD activity in Z. armatum leaves 
under low-temperature stress from all temperatures. Different lowercase letters indicate significant differences (p < 0.05, 
LSD-test). Error bars represent standard errors of the mean.
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SOD activities play a major role, while MDA plays a supporting role, in the antioxidative processes of Z. armatum. 

Principal component analysis (PCA) was performed to further explore the relationship between water and fertilizer 

treatments. Treatments with fertilization were separate from those without fertilizer treatment in the PCA plot (Fig. 5). 

Treatments were divided into five categories: T3, T4, T5, and T6 were clustered into the first category; T7, T9, T13, and 

T14 were clustered into the second category; T8, T10, T11, T12, T15, and T16 were clustered into the third category; and 

T1 and T2 were clustered into the fourth category. Furthermore, besides the obvious T1 outlier in the control group, the 

degree of separation between the treatment groups was clear (Fig. 6).

Optimal Water and Fertilizer Management

The optimum soil moisture and fertilizer levels were derived from the regression equation (Table 2). The FWC and the 

N, P and K application rates that were found to improve cold resistance were 59.6–63.4% (average of 61.5%), 114.2–

Fig. 5. Comprehensive value of cold resistance of different fertilizer and water treatments. Different lowercase letters 
indicate significant differences (p < 0.05, LSD-test). Error bars represent standard errors of the mean.

Fig. 6. Principal component analysis (PCA) of the physiological characteristics of Z. armatum under different fertilization 
and water treatments. Each point represents a treatment and each ellipse represents a category. The proportion of the 
variance explained by each PC is shown in parentheses along each axis.
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248.8 kg N/ha (average of 181.5 kg N/ha), 40.1–108.5 kg P2O5/ha (average of 74.3 kg P2O5/ha), and 200.2–254.4 kg 

K2O/ha (average of 227.3 kg K2O/ha), respectively. The results showed that the interactions of FWC–N, FWC–P, FWC–

K, N–P, N–K, and P–K could promote the cold resistance of Z. armatum to a certain extent, and that the appropriate 

fertilizer application rate could also increase the cold resistance of Z. armatum, while excessive amounts could decrease it 

(Fig. 7).

Discussion

Low temperature is among the main abiotic stress factors that impact plant growth and development (Ritonga and Chen, 

2020). Low temperature dysregulates active oxygen metabolism in plants, which leads to numerous cellular and physical 

changes, including oxidative stress and cell membrane lipid peroxidation; the damage caused by such stress may 

Table 2. Relationship equations between the comprehensive value of cold resistance and field water holding capacity 
(FWC), N, P, and K fertilizer

Factor Regression equation R
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 0.636 <0.01

A B C

D E F

Fig. 7. Interaction effects of field water capacity (FWC), N, P, and K fertilizers on cold resistance comprehensive values. 
Response surfaces show the effects of FWC and N, FWC and P, FWC and K, N and P, N and K, and P and K on CEI for Z. 

armatum in (A)–(F), respectively. The z-axis represents the comprehensive evaluation index (CEI).
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ultimately lead to cell death (Yu et al., 2020). The enzymes SOD, POD, and CAT are three important protective enzymes 

in a plant’s enzymatic defense system. SOD can catalyze the disproportionation of O-2 in ROS into H2O2 and O2, while 

CAT specifically removes H2O2. POD can catalyze the reaction of H2O2 with other substrates to consume H2O2. SOD, 

POD, and CAT coordinate with each other to effectively reduce or eliminate ROS, thus maintaining and promoting a 

stable and complete cell membrane structure (Sairam et al., 2011; Caverzan et al., 2012). The findings here showed that 

SOD, POD, and CAT activities, as well as MDA content, increased in Z. armatum leaves as temperature decreased. The 

activities of SOD, POD, and CAT started to decrease, while MAD content started to increase rapidly, when the 

temperature dropped to 0°C. These findings were similar to those of other studies (Wang et al., 2010; Liu et al., 2019; 

Ritonga and Chen, 2020), which showed that low-temperature stress upregulates antioxidant enzyme activity, enabling 

plants to tolerate cold stress (Guo et al., 2020; Ritonga and Chen, 2020). However, membrane damage will eventually 

occur if the degree of plant membrane lipid peroxidation increases to such an extent so as to be beyond the plants' 

self-regulating abilities (Zhang et al., 2015). This is supported by the fact that the generation and elimination of ROS and 

antioxidant enzyme activity were correlated with each other in Z. armatum seedlings under the low-temperature stress. 

Fertilization, especially N, P, and K application, plays a vital role in plant growth and production, since these nutrients 

are involved in many biological processes and enhance biotic and abiotic stress tolerance (Deng et al., 2014). Current 

research shows that the application of N, P, and K increases the activities of SOD, POD, and CAT enzymes and decreases 

the content of MDA as temperature decreases, which indicates that fertilization could improve the cold resistance of Z. 

armatum. Previous studies have reported the benefits of improved mineral nutrition on enhancing cold tolerance in plants 

(Broschat, 2010). Fernández et al. (2007) observed that plants fertilized with more than 1.25% N application tolerated 

freezing better. Similarly, Bigras et al. (1996) observed that black spruce seedlings had a higher cold hardiness at higher 

NPK fertilization levels. Moreover, Heredia et al. (2014) observed that fertilized seedlings had greater frost tolerance than 

conventionally fertilized plants. These views are supported further by the present findings that Z. armatum seedlings 

treated with a high concentration of NPK were more resistant to cold under the same field water capacity conditions. Our 

results also agreed with those obtained by other researchers (Ihtisham et al., 2018). However, some researchers (Birchler 

et al., 2001) found that high N and K levels reduced frost hardiness, while P did not influence cold tolerance. The lack of 

consensus on this issue may be due to differences in tree species, nutrient requirements and balance, the amount of 

fertilizer required for plants as they age, or the different evaluation indicators (Oliet et al., 2011). It is also noteworthy that 

when the FWC is low, increased fertilization does not produce higher cold resistance; similarly, the results of the current 

study indirectly showed that soil moisture content also affects cold resistance in Z. armatum. This could be because highly 

fertilized plants are more vulnerable to water stress (Harvey and Van, 1999), and lower FWC exacerbates this pheno-

menon. Additionally, some research has shown that a FWC of 35–40% is more conducive to improving the overwintering 

ability of plants (Wang et al., 2017). In this sense, the appropriate FWC along with optimal fertilizer application is the key 

to improving the cold resistance of Z. armatum. Therefore, when Z. armatum suffers from temperature stress during 

planting, the appropriate FWC along with optimal fertilizer application can enhance the tolerance of Z. armatum to cold 

stress, alleviating the damage caused by low-temperature environments and helping Z. armatum successfully survive 

adversity. This view has been proven in many plants (Nie et al., 2015; Ihtisham et al., 2018; Toca et al., 2018). In addition, 

fertilization can also improve the accumulation of fresh and dry matter and promote plant growth and flower bud 

differentiation (Stanford et al., 2005; Zhou et al., 2020), which plays an important role in improving the yield of Z. 
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armatum and increasing economic benefits. 

The appropriate amount of fertilizer can be applied to the plant to improve cold resistance, and either under- or 

over-fertilization can have adverse effects (Hawkins et al., 1995; Held et al., 2010). Previous studies have reported that 

Holm oak seedlings have the same increase in cold resistance after the use of 100 mg N and 130 mg N in each pot (Andivia 

et al., 2012). Moreover, when the amount of fertilizer N, P and K were 30, 24, and 9 or 30, 27, and 6 g in each pot, 

respectively, the winter performance of perennial ryegrass was enhanced compared with no fertilizer treatment (Ihtisham 

et al., 2018). The present study also showed that the optimal measures for inducing high cold resistance were 59.6–63.4% 

(average of 61.5%) FWC, 114.2–248.8 kg N/ha (average of 181.5 kg N/ha), 40.1–108.5 kg P2O5/ha, (average value of 

74.3 kg), and 200.2–254.4 kg K2O/ha (average of 227.3 kg K2O/ha).

Conclusion

In this study, the activities of four antioxidant enzymes related to cold resistance were investigated under 16 fertilizer 

and soil moisture conditions to explore the responsiveness mechanism associated with cold resistance in Z. armatum. Our 

results showed that low temperatures could significantly affect antioxidant enzyme activities in the leaves of Z. armatum 

seedlings. The SOD, POD, and CAT enzyme activities in Z. armatum leaves showed a trend of first increasing and then 

decreasing as the temperature declined. Furthermore, CEI was positively correlated with SOD, POD and CAT activities, 

but it was negatively correlated with MDA content. Fertilization significantly improved the cold resistance of Z. armatum. 

Moreover, a balanced nutrient application utilizing N, P, and K, and an appropriate FWC, are key to enhancing cold 

resistance. Appropriate application levels of field water capacity (59.6–63.4%), nitrogen (114.2–248.8 kg N/ha), 

phosphorus (40.1–108.6 kg P2O5/ha), and potassium (200.2–254.4 kg K2O/ha) fertilizers could enhance cold resistance in 

Z. armatum. Our study will benefit users that want to create effective water and fertilizer management programs in Z. 

armatum.
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