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Abstract

:

Salinity is an obstacle to global agriculture, as it affects plant growth and development. Chitosan (CTS) has been suggested as a plant growth regulator to alleviate environmental stresses. In this study, the morphological and biochemical responses of chitosan application (75 mg L−1) on maize seedling growth under salt stress (150 mM) were conducted with a hydroponic experiment. The results exhibited that CTS application effectively recovered salt-inhibited biomass accumulation and root architecture by increasing chlorophyll content and photosynthetic assimilation and reducing sodium content in shoots and roots by 25.42% and 5.12% compared with NaCl treatment. Moreover, salt-induced oxidative stress was alleviated by CTS application by increasing the activities of antioxidant enzymes of superoxide dismutase, catalase, ascorbate peroxidase, peroxidase and content of ascorbate. Correlation analysis and partial least squares (PLS) analysis revealed that root morphology and ascorbate play key roles for maize seedlings in response to salt stress. Based on these results, CTS application is recommended as an effective approach to enhance the tolerance of maize seedlings under salt stress.
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1. Introduction


Salt stress poses a significant environmental threat as an abiotic stressor in contemporary agriculture, exerting detrimental influences on plant growth and global crop productivity [1]. Human-driven agricultural practices, including extensive irrigation and the over-clearance of vegetation, expedite the process of salinization, resulting in a detrimental effect on crop growth [2,3]. The Food and Agriculture Organization (FAO) reported that more than 6% of total land area and a minimum of 20% of irrigated land globally are subjected to salt-related issues [3,4]. Additionally, salt has detrimental effects on seed germination, photosynthetic performance, ion homeostasis, and crop yield [3], which can be attributed to salt-induced oxidative stress, destruction of chloroplast structure, and inhibition of key metabolic pathways [5,6,7,8]. With the increasing degradation of arable land and the escalating frequency of extreme weather events, it has become imperative to comprehend and mitigate the adverse effects of salt stress on crops [9]. In recent years, diverse strategies have been explored to mitigate the deleterious impact of salt stress on plants, including plant growth regulators [10,11], plant hormones [12,13,14], nanoparticles [15,16,17], nutrient elements [18,19], and aqueous extracts [20].



Chitosan (CTS), a naturally occurring biopolymer derived from chitins through partial deacetylation, has found application in agriculture as a growth promoter. This can be attributed to several characteristics: non-toxicity, biocompatibility, biodegradability and renewability from cost-effective resources [9,21,22,23]. Chitosan initiates numerous defense mechanisms to bolster plant tolerance against a spectrum of biotic and abiotic stressors, encompassing drought [24,25,26], cold [27], salt [10,22,28], and water-related challenges [29]. It has been demonstrated that chitosan application helped to increase chlorophyll content, consequently improving tomato growth under salt-induced stress conditions [22]. Yang et al. (2009) [24] found that the application of chitosan improved the antioxidant enzyme activities, thereby improving the capacity to eliminate excessive reactive oxygen species (ROS), and consequently mitigating lipid peroxidation in drought-stressed apple seedlings. Pretreatment with chitosan could alleviate the decline in photosynthetic rate and increase the antioxidant enzyme activities (superoxide dismutase (SOD), peroxidase (POD), catalase (CAT)), thereby minimizing oxidative damage in order to improve the creeping bentgrass tolerance under salt stress [30]. Zhang et al. (2023) demonstrated that chitosan effectively declined hydrogen peroxide (H2O2) and malondialdehyde (MDA) levels, while also improving photosynthetic characteristics and SOD and POD activities, thereby alleviating cadmium toxicity in wheat seedlings [31]. Chitosan effectively mitigated negative effects, increasing biomass accumulation and reducing the levels of hydrogen peroxide (H2O2) and malondialdehyde (MDA), as well as lowering the osmolyte contents (proline, total soluble sugars). These impacts increased SOD and APX activities in such a way as to reduce oxidative stress in sorghum [11].



Maize (Zea mays L.), a staple crop globally, exhibits sensitivity to salt stress [32]. Liu et al. (2023) [33] found that the application of exogenous chitosan effectively enhanced drought tolerance, which was attributable to the reduction in MDA contents, the improvement of ascorbate (AsA) and glutathione (GSH) contents, the modification of the photosynthetic system and the promotion of root architecture. Chitosan possesses the capacity to decrease the contents of superoxide radical (O2−) and H2O2, but enhances antioxidant enzyme activities and increases the contents of AsA and GSH, thereby improving antioxidant ability to alleviate growth inhibition induced by cadmium stress and enhance cadmium tolerance [34,35]. Chitosan only barely effectively improved drought tolerance, as evidenced by increasing plant height and chlorophyll contents, reducing the levels of electrolyte leakage and MDA, and enhancing anatomical characteristics [29]. Despite the increasing interest in the role of chitosan in stress mitigation, its precise mechanisms of action in stimulating root architecture and improving photosynthesis under salt-induced stress in maize seedlings remain relatively unclear. Therefore, this study aims to investigate the potential of chitosan in minimizing salt-induced limitations of maize growth and development. Through an assessment of their impact on root morphology, photosynthetic efficiency and antioxidant defense mechanisms in maize under salt stress, this research endeavors to provide valuable insights for sustainable crop management practices in challenging environmental settings.




2. Materials and Methods


2.1. Plant Materials, Growth Conditions and Experimental Design


Zhengdan 958, a commonly cultivated variety in the Huanghuai summer corn-producing region of China, was utilized in this experiment. A hydroponic experiment was conducted in a relatively controlled environment chamber following the seed germination and cultivation procedures detailed in our prior study [33]. Within an individual hydroponic box (34 × 25 × 12 cm) filled with 2 L of nutrient solution, nine uniformly sized plants with similar shoot height and root length were cultivated, and six hydroponic boxes were designated for each experimental treatment. Upon reaching the three-leaf stage, four treatments were applied to the seedlings as delineated below: (1) control group (CK)-plants grown in a nutrient solution devoid of CTS and NaCl; (2) NaCl group (S)-plants grown in a nutrient solution containing 150 mM NaCl; (3) CTS group (CTS)-plants grown under conditions mirroring the control group, with an addition of 75 mg L−1 CTS; (4) CTS + NaCl group (CTS + S)-plants grown under conditions similar to the NaCl group, supplemented with 75 mg L−1 CTS. The water-soluble carboxylated chitosan (CTS) was added to the nutrient solution, which was described in a previous study [31,36]. The formula of nutrient solution is macro elements (mM): 6mM KNO3, 4 mM Ca(NO3)2·4 H2O, 2 mM MgSO4·7 H2O, 1 mM NaH2PO4; micro elements (μM): 46.1 μM H3BO3, 9.1 μM MnCl2·4 H2O, 0.76 μM ZnSO4·7 H2O, 0.32 μM CuSO4·5 H2O, 0.08 μM Na2MoO4·2 H2O, 100 μM EDTA-Fe. The Hogland nutrient solution was replenished every three days to ensure a continuous supply of nutrients, and after being treated for 7 days, all seedlings were harvested.




2.2. Plant Growth Parameters and Root Morphology


The seedlings were carefully excised from the joint of the shoot and root using a sterile scissor to further measure shoot height, main root length, fresh and dry weight in both shoot and root, and root morphological parameters. The main root length and shoot height were measured by using a ruler calibrated with a precision scale of 1.00 mm. Subsequently, samples in both root and shoot underwent thorough rinsing with deionized water, repeating the process 3–5 times. Root morphological characteristics were recorded utilizing a scanner (V700 PHOTO, Epson, Nagano, Japan). Data analysis was carried out using specialized image analysis software (WinRHIZOTM 2003b, Québec, QC, Canada) to determine various root morphological parameters, including total root length (RL), root average diameter (RD), root surface area (SA), total root volume (RV), root tips (RT), and root forks (RF). The root architecture was mainly categorized into four classes determined by the range of root diameter (RD): I class, 0 < RD < 0.5 mm; II class, 0.5 < RD < 1.0 mm; III class, 1.0 < RD < 1.5 mm; IV class, RD > 1.5 mm. Shoot and root dry weight were assessed by drying plant tissue for 30 min at 105 °C, then further drying at 70 °C for approximately 48 h. The samples were digested following the protocol outlined in Liu et al. (2023) [37]. The concentrations of Na in both shoot and root tissues were quantified using atomic absorption spectrophotometry (ZEEnit7010, Analytik Jena, Jena, Germany). Extra fresh samples in leaf and root tissues were stored at −80 °C for sequent analyses. The comprehensive evaluation of maize seedling tolerance was calculated as described in Liu et al. (2023) [37].


Root/shoot ratio = root dry weight/shoot dry weight










Tolerance index = dry weight of the treatment group (g plant−1)/dry weight of the control group (g plant−1) × 100%










U(X) = (X − Xmin)/(Xmax − Xmin) (measure index were positive with tolerance index)










U(X) = 1 − (X − Xmin)/(Xmax − Xmin) (measure indexes were negative with tolerance index)












2.3. Determination of Photosynthetic Efficiency and Photosynthetic Pigments


There were some photosynthetic characteristics, encompassing photosynthetic rate (Pn), intercellular CO2 concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr) of the foremost expanded leaf at maize apex, determined by utilizing a portable photosynthesis system (Li-6400, LICOR Inc., Lincoln, NE, USA) prior to the harvesting phase. All measurements were conducted within specified environmental conditions: a leaf temperature kept at 25 °C; relative humidity maintained at 60 ± 5%; photosynthetic photon flux density established at 1000 µmol m−2 s−1; external CO2 concentration set at 500 µmol m−1. Three biological replications were employed for each treatment used. Stomatal limitation (Ls) value was calculated based on the photosynthetic parameters, following the equations outlined in our study [37].



The fully expanded maize leaves were meticulously sectioned into shortly crushed pieces. Subsequently, 0.5 g of fresh maize leaves were immersed in 95% ethanol and kept at 25 °C. After 7 days, as the leaf color faded, the photosynthetic pigment contents, comprising chlorophyll a (Chla), chlorophyll b (Chlb) and total chlorophyll (TChl), were quantified spectrophotometrically with the absorbance recorded at 470 nm, 649 nm and 665 nm according to the method of Shi (2016) [38].




2.4. Measurement of Relative Electrolyte Conductivity, MDA, AsA Content


The level of relative electrolyte conductivity (REC) was measured according to the method of Hnilickova et al. (2019) [39]. Fresh maize samples (0.5 g) were homogenized with 5% trichloroacetic acid solution (TCA). Then, the homogenate was centrifuged at 10,000× g for 10 min at 4 °C (H2050R, XIANGYI, Shanghai, China), and the supernatant was used to the sequent quantification of malondialdehyde (MDA) and ascorbate (AsA). MDA content was determined using the thiobarbituric acid method (TBA) according to the method of Draper et al. (1993) [40]. Ascorbate content was assessed following the procedure outlined by Mukherjee and Choudhuri (1983) [41].




2.5. Detection of Soluble Protein and Antioxidant Enzymes


Frozen samples (0.5 g) were homogenized with 0.1 M potassium phosphate-buffered solution (pH 7.8), and homogenate was subsequently centrifuged at 12,000× g for 10 min at 4 °C. Then, the supernatant was transferred into another clean tube for subsequent quantification of soluble protein content and antioxidant enzyme activities. The contents of soluble protein content in leaf and root tissues were detected using Coomassie Brilliant Blue staining following the method outlined by Bradford (1976) [42]. Superoxide dismutase (SOD) activity was quantified utilizing the nitroblue tetrazolium method following the procedure by Beauchamp and Fridovich (1971) [43]. Catalase (CAT) activity was measured using the manner of Aebi (1984) [44]. Peroxidase (POD) activity determination was carried out following the method outlined by Maehly and Chance (1954) [45]. Ascorbate peroxidase (APX) activity was assessed according to the process of Nakano and Asada (1981) [46].




2.6. Statistical Analysis


The physiological and biochemical data of maize seedlings were shown as means ± standard deviation (SD), derived from three biological replications. The statistical analysis encompassed one-way analysis of variance with Tukey’s test (SPSS v.18.0, IBM Inc., Chicago, IL, USA), where the significance of data was established at p values of ≤ 0.05. Graphs were illustrated utilizing Origin 2018 software (OriginLab Corp., Northampton, MA, USA). Further, principal component analysis (PCA) and correlation analysis were performed using MetaboAnalyst 5.0. Accuracy was quantitatively assessed, and primary factors were identified by utilizing the variable importance for projection (VIP) within the partial least squares (PLS) plug-in unit in MATLAB R2012a.





3. Result


3.1. Effect of Exogenous CTS on Biomass, Plant Height and Main Root Length of Maize Seedlings under Salt Stress


Under salt stress, maize seedlings reduced the maize leaf area, presenting a diminutive and yellowish appearance, which was concomitant with a diminished root system characterized by shorter and fewer roots, leading to evident inhibition in overall plant growth (Figure 1). In comparison to the control treatment (CK), maize seedlings exposed to salt stress exhibited a significant inhibition in plant growth (p < 0.05), as evidenced by reductions in plant height, main root length, fresh weight (FW) and dry weight (DW) in shoot and fresh weight and dry weight in the root by 58.00%, 39.39%, 73.95%, 64.39%, 38.11%, and 27.99%, respectively (Table 1). The application of exogenous CTS at 75 mg L−1 alleviated the salt-induced growth inhibition in maize seedlings (Figure 1). In contrast to seedlings exposed solely to salt stress, supplementation with chitosan resulted in enhancements in plant height by 47.75%, main root length by 8.98%, fresh weight and dry weight in shoot by 68.45% and 60.86%, and fresh weight and dry weight in the root by 47.41% and 23.63%, respectively (Table 1). On the contrary, the root/shoot ratio of maize seedlings, which was improved by 101.38% under salt stress, experienced a decline of 22.76% following CTS application during salt stress. Additionally, the tolerance indexes in both shoot and root were decreased by 64.39% and 27.96%, respectively; nevertheless, CTS + S treatment significantly ameliorated the tolerance indexes in both shoot and root by 60.86% and 23.69%, respectively (p < 0.05) (Table 1).




3.2. Effect of Exogenous CTS on the Characteristic Parameters of Root Growth of Maize Seedlings under Salt Stress


In comparison to CK, root characteristic parameters, such as RL, SA, RV, RT, and RF, experienced substantial reductions of 57.50%, 47.43%, 28.83%, 64.91% and 42.87% under salt stress, respectively (Table 2). Remarkably, the average diameter of maize seedlings was significantly increased by 29.10% under S treatment. After the application of exogenous CTS, the parameters (excluding average diameter) in the CTS + S treatment exhibited significant increases of 102.78%, 80.96%, 59.42%, 82.38% and 84.13%, compared with the single salt treatment, respectively (p < 0.05). Furthermore, compared to the CK treatment, the classes of I to III (0 < RD < 1.5 mm) in RL, SA and RV were both decreased, but the IV class (RD > 1.5 mm) of RL, SA and RV showed improvements under salt stress by 16.10%, 25.08%, and 14.82%, respectively (Table 2). Following CTS application, all classes of RL, SA and RV were both increased under salt stress ranging from 40.38% to 114.86%, 20.79% to 90.83%, and 47.07% to 123.26%, compared with the single salt treatment, respectively (Table 2).



Additionally, salt treatment resulted in a reduction in the percentage of the I class of RL, SA and RV in maize seedlings by 5.91%, 5.34%, and 45.81%, compared with the control treatment, respectively (Figure 2). Conversely, in comparison to CK, the percentages of the III and IV classes of RL, SA and RV were increased, with the IV class experiencing enhancements under salt stress by 170.84%, 116.63%, and 64.59%, respectively. Compared with the salt treatment, the percentages of II to IV classes of RL declined by 32.98% to 256.89%, except for the percentage of the I class, which rose by 371.99% under CTS + S treatment. In contrast, under CTS + S treatment, the percentages of I to III classes of SA and RV were increased by 58.47% to 270.30% and 65.31% to 529.84%, respectively, except for the percentages of the IV class, which were decreased by 595.53% and 849.31%, respectively.




3.3. Effect of Exogenous CTS on Salt Concentration of Maize Seedlings under Salt Stress


As depicted in Figure 3, in comparison to the CK treatment, the S treatment significantly increased the concentrations of Na in both shoot and root tissues by 156.70% and 533.10%, respectively. Conversely, with the application of CTS under salt stress, there were reductions in Na concentration, decreasing by 25.42% and 5.12% in shoot and root, respectively.




3.4. Effect of Exogenous CTS on Photosynthetic Characteristics and Pigment Contents of Maize Seedlings under Salt Stress


In comparison to the CK condition, the photosynthetic characteristics of Pn, Gs, Ci and Tr of maize seedling leaves exhibited reductions of 48.64%, 60.89%, 28.69%, and 54.04%, respectively (p < 0.05) (Figure 4). Notably, salt stress enhanced the stomatal limitation by 17.00%. However, the supplementation of exogenous CTS demonstrated varying degrees of improvement in Pn, Gs, Ci, and Tr parameters of maize seedlings under salt stress, resulting in increments of 111.63%, 89.00%, 15.86%, and 104.39%, respectively. Furthermore, the CTS + S treatment mitigated the stomatal limitation, showing a reduction of 0.42%.



In comparison to the CK condition, the pigments of Chla, Chlb and TChl contents were significantly declined under salt stress by 1.65%, 43.08%, and 19.88%, respectively (p < 0.05). However, subsequent to CTS treatment, there was a significant rise in the contents of Chla, Chlb and TChl under salt stress by 1.14%, 66.38%, and 21.52%, compared with the single salt treatment, respectively (p < 0.05).




3.5. Effect of Exogenous CTS on Relative Electrolyte Conductivity, Malondialdehyde and Ascorbate Content of Maize Seedlings under Salt Stress


Compared to the CK condition, the relative electrolyte conductivity (REC) and MDA content both exhibited a significant increase in maize seedling leaf and root tissues under salt stress conditions by 20.14%, 15.91%, 99.11% and 135.90%, respectively (p < 0.05) (Figure 5). After the application of exogenous CTS, reductions were observed in relative electrolyte conductivity and MDA content under salt stress, in comparison to compared with the single salt treatment. Specifically, reductions of 14.23% and 40.93% were observed in the leaf, while reductions of 5.32% and 50.80% were noted in the root, respectively, compared with the salt treatment.



Compared to the CK condition, the AsA content in the leaf displayed a marked increase of 58.45% but, conversely, decreased by 37.05% in the root under salt stress condition (p < 0.05) (Figure 6). However, under the CTS + S treatment, there was an enhancement observed in the AsA content, specifically a rise of 22.06% and 16.19% in the leaf and root, respectively, compared to the S treatment.




3.6. Effect of Exogenous CTS on Soluble Protein and the Activity of Antioxidant Enzymes in Maize Seedlings under Salt Stress


In this study, the soluble protein content in both leaf and root tissues of maize seedlings was significantly decreased under salt, experiencing reductions by 17.68% and 43.89%, respectively (p < 0.05) (Figure 7). However, when compared to the salt stress condition, the addition of CTS increased the soluble protein content in the leaf and root of maize seedlings by 15.46% and 13.10%, respectively. Our findings also revealed similar trends in enzyme activities. Compared to the CK condition, the antioxidant enzyme activities of maize seedlings were significantly reduced under salt stress (p < 0.05). Specifically, SOD, CAT, APX, and POD activities were decreased by 32.32%, 37.36%, 26.00%, and 7.30% in the leaf and 19.13%, 32.22%, 55.67%, and 19.14% in the root, respectively. Conversely, compared to the S treatment, SOD, CAT, APX, and POD activities were enhanced by 47.24%, 24.56%, 10.81%, and 9.77% in the leaf and 2.45%, 55.73%, 25.56%, and 15.27% in the root under the CTS + S treatment, respectively.




3.7. Multiple Analysis of Influence of Exogenous CTS on Maize Seedlings under Salt Stress


Physiological and biochemical indices related to stress tolerance were calculated using a membership function method following the exogenous application of CTS under salt stress. These results indicated that stress tolerance of maize seedlings followed the sequence: CTS > CK > CTS + S > S (Table 3).



We found that in primary component analysis (PCA), there were five components, but the top two components were PC1 and PC2, explaining 78.9% and 17.4% of the total variation, respectively (Figure 8). Furthermore, the replications of treatments were clearly illustrated by PC1 and PC2; the replications that were handled well were grouped together, and four treatments were thoroughly separated (Figure 9A). These indices of maize seedlings were significantly influenced by PC1, which encompassed various factors such as RD, the IV class of RL, SA, RV, Na concentration in the shoot and root, Ls, REC in leaf and root tissues, MDA content in leaf and root samples, leaf AsA content, and root/shoot ratio. Simultaneously, other indices were influenced by PC2, involving factors like fresh weight and dry weight in the root, RL, SA, RV, RT, RF, the I to III class of RL, SA, RV, Pn, Gs, Tr, Chlb, TChl, leaf soluble protein, leaf SOD, root CAT, and POD activity in leaf and root tissues (Figure 9B).



The correlation and heatmap analysis revealed a positive association between Na concentration in both shoot and root with RD, the IV class of RL, SA, RV, root/shoot ratio, Ls, REC and MDA content in leaf and root samples, as well as AsA content in leaf tissue. Conversely, there was a negative correlation found between Na concentration and growth parameters (shoot height, main root length, FW and DW in both shoot and root samples), root characteristics (RL, SA, RV, RT, RF, the I to III class of RL, SA, and RV), photosynthetic characteristics (Pn, Gs, Ci, and Tr) and pigment (Chla, Chlb, and TChl), root AsA, soluble protein in leaf and root tissues, and antioxidant enzyme activities (SOD, CAT, APX, and POD in both leaf and root samples) (Figure 10 and Figure 11). However, the tolerance index in both shoot and root tissues exhibited a positive correlation with growth parameters, root morphology and architecture, photosynthesis, photosynthetic pigment, and antioxidant system (Figure 10 and Figure 11).



The random forest analysis presented a ranking of mean decrease accuracy values, highlighting the most influential factors as the IV class of RL, II class of RV, SA and RL, MDA content in the leaf and root, and III class of RV, RL and SA, AsA content in the leaf and root, shoot dry weight, RD, RL, and TChl (Figure 12).



The results from the PLS model showed that several indices significantly influenced shoot tolerance, encompassing shoot height, shoot FW, and DW, shoot Na concentration, Gs, Ci, MDA and AsA content in leaf samples, as well as CAT and APX activities in leaf samples (Figure 13A). Importantly, among these factors, shoot dry weight displayed the highest sensitivity, exerting a significant impact on the response of maize seedlings to salt stress (Figure 13A). Furthermore, several parameters were recognized as substantial contributors to root tolerance, including main root length, root FW and DW, root/shoot ratio, root Na concentration, RL, SA, RD, RT, RF, the I and II classes of RL, SA, RV, root MDA content, and root APX activity (Figure 13B). Notably, root dry weight emerged as the most crucial factor influencing the response to salt stress among these parameters (Figure 13B).





4. Discussion


Salt significantly impedes growth and development by diminishing germination rates, suppressing plant morphology and altering physiological structures, consequently impacting the absorption of water and essential nutrients, leading to a reduction in biomass and a decline in plant height [22,47,48]. In the present study, the maize height and main root length were significantly inhibited, while the dry weight of the shoot and root were both reduced and the absorption of Na was increased under salt stress (p < 0.05) (Figure 1 and Figure 3, Table 1). Previous studies reported that salt stress inhibited photosynthesis and nutrient absorption, resulting in less biomass accumulation and shorter shoot and root length of maize seedlings due to the higher Na uptake [8,49,50,51]. Chitosan could improve the absorption and transport of mineral nutrients, as well as photosynthesis, thereby increasing plant growth and height [10,22,52]. Our results also confirmed that chitosan has the capacity to improve root length and plant height and increase the dry weight of the shoot and root to enhance the salt tolerance in maize seedlings under salt stress. Furthermore, the results of the PLS model also showed that the length and dry weight of the shoot and root significantly contributed to the tolerance of maize seedlings (Figure 13).



The root, the first tissue to encounter stress, has a crucial function in the absorption and transportation of water and nutrients, as well as serving as a sensor for stress signals in plants [50,53]. The development of root system architecture undergoes alterations and remodeling in response to stress environment [54,55]. Salt stress significantly inhibited root growth and development of maize seedlings, affecting parameters such as RL, SA, RV, RT, RF (Table 2), which coincides with earlier observations [56,57]. Meanwhile, the proportions of fine root (0 < RD < 1.0 mm) in terms of RL, SA and RV were also suppressed under salt stress (Figure 2, Table 2). This result showed that salt stress could reduce the proportion of thin roots and impact the development of root systems to influence the tolerance of maize seedlings. In contrast, chitosan ameliorated the detrimental effect of salt stress on the root system parameters, but decreased the proportion of coarse root (RD > 1.5 mm) (Figure 2, Table 2), suggesting that CTS could accelerate the development of the root system to enhance the absorption rate and transportation ability of water and nutrients to sustain the normal growth of maize seedlings. The root/shoot ratio also indicated an increased transport and retention of carbohydrates in shoot tissue (Table 1). The correlation analysis also confirmed this result (Figure 10). Miao et al. (2020) [50] reported that salicylic acid facilitated root growth and carbohydrate accumulation to enhance the salt tolerance of cucumber seedlings. Altaf et al. (2021) [57] also discovered that melatonin pretreatment could improve the root traits under salt stress. The results of correlation analysis demonstrated a negative relationship between the IV class of RL, SA and RL with the tolerance index of both shoot and root tissues (Figure 10), suggesting that CTS could inhibit the proportion of coarse root to enhance the salt tolerance of maize seedlings. In addition, CTS also decreased the Na uptake by altering root growth and development, alleviating the inhibitory effects of salt stress to improve biomass accumulation and tolerance in maize seedlings. These findings also explained the negative correlation between Na concentration in both shoot and root tissues with DW in both shoot and root samples, the tolerance index of shoot and root tissues, and root morphology parameters (RL, SA, RV, RT, RF, the I to III class of RL, SA, RV) (Figure 10). Similarly, the PLS model also showed that root morphology architecture played a pivotal role in maize tolerance (Figure 13).



Photosynthesis could provide carbohydrates to maintain normal plant growth and activities [57]. In this study, salt stress induced a significantly detrimental effect on the photosynthesis of maize seedlings, such as Pn, Gs, Ci and Tr (Figure 4). Similar results have been reported in maize [8,49], creeping bentgrass [30], and tomato [57]. However, these characteristics were enhanced through CTS application (Figure 4). According to Geng et al. (2020) [30], CTS pretreatment significantly increased Pn, thereby enhancing the growth of creeping bentgrass under salt stress. The exogenous application of CTS also could elevate Gs to mitigate the stomata closure, and improve other photosynthetic characters such as Pn, Ci and Tr, thus enhancing the photosynthetic activity of edible rape under Cd stress [58]. As reported by Shehzad et al. (2020) [59], CTS upregulated the stomatal aperture to increase the uptake and diffusion of CO2, resulting in improved levels in Pn, Gs and Ci. In addition, the correlation analysis showed that photosynthetic characteristics (Pn, Gs, Ci and Tr) had a positive correlation with tolerance as well as biomass accumulation of maize seedlings (Figure 9). These results suggested that CTS has a positive function on the photosynthetic ability of maize seedlings to improve the photosynthetic activity and growth, thus enhancing the tolerance of maize seedlings under salt stress. Moreover, we also found that salt significantly declined the chlorophyll content (Chla, Chlb), leading to a significant reduction in TChl content (Figure 4). However, the decline in chlorophyll content induced by salt stress was significantly reversed when maize seedlings were treated with exogenous applications of CTS. Consistent observations in previous studies support the result of a positive effect of chitosan on chlorophyll [22,58,60]. The correlation analysis showed that photosynthetic pigments (Chla, Chlb, TChl) were positively correlated with tolerance and biomass accumulation of maize seedlings (Figure 10). Consequently, CTS improved the chlorophyll synthesis to improve salt tolerance and accelerate the growth of maize seedlings under salt stress [58].



Salt stress induced excessive production and ROS accumulation, resulting in lipid peroxidation and oxidative damage in plant cells [61,62]. MDA, as a byproduct of membrane lipid peroxidation, is used to reflect the degree of oxidative injury to the cell membrane [58,60,63]. Moreover, relative electrolyte conductivity (REC) serves as an additional indicator of membrane injury. In our study, compared to CK treatment, salt stress significantly elevated the levels of MDA and REC in both leaf and root tissues of maize seedlings (Figure 5), indicating a deterioration in the normal structure and function of the cell membrane attributed to the salt-induced overaccumulation of ROS. Similar results had been demonstrated by Zhang et al. (2021) [60] and Altaf et al. (2021) [57]. However, exogenous application CTS mitigated the accumulation of MDA and the elevation of REC under salt stress, suggesting that CTS application reduced ROS accumulation and minimized lipid peroxidation. Similar impacts on MDA concentrations and REC levels were observed in studies involving edible rape exposed to CTS under Cd stress [58], apple seedlings treated with CTS under drought stress [24], and lettuce subjected to CTS treatment under salt stress conditions [60].



Chitosan exhibits antioxidant properties, thereby enhancing the tolerance to oxidative damage induced by adverse conditions in plants [24]. The plant antioxidant defense systems are primarily composed of enzymatic antioxidant components (SOD, CAT, APX, POD) and non-enzymatic antioxidants (AsA, GSH). AsA, one of the widespread antioxidants, directly participates in the scavenging process of ROS as the primary line of defense [57]. In the current investigation, salt stress led to an increment in the leaf but a reduction in the root in the AsA content (Figure 6). The reduction may be attributed to the direct interaction of AsA with ROS, resisting the oxidative damage induced by salt stress, which has been found in edible rape [58] and tomato seedlings [57]. CTS application significantly elevated AsA content in maize seedlings subjected to salt stress (Figure 6). The results indicated that CTS has the capability to enhance AsA synthesis, consequently improving the antioxidant ability in response to oxidative damage induced by salt stress.



Furthermore, the antioxidant enzymes are crucial in mitigating oxidative injury induced by salt stress. SOD could directly catalyze the conversion of O2- into H2O2. The generated H2O2 is effectively converted into water (H2O) through the catalytic action of CAT, APX and POD enzymes. The present study also demonstrated that salt stress induced lower SOD, CAT, APX, and POD activities in both leaf and root tissues of maize seedlings (Figure 7), which were similar to the study in cucumber [18]. However, Razavizadeh et al. (2020) [64] and Tabassum et al. (2024) [51] found an elevation in antioxidant enzyme activities exposed to salt stress, alleviating oxidative injury. The difference in antioxidant enzymes might be caused by the plant species. Furthermore, exogenous application of CTS elevated enzyme activities in maize seedlings under salt stress (Figure 7). Similarly, the CTS application elevated the activities of antioxidant enzymes in maize seedlings under salt stress [10], apple seedlings under drought stress [24], edible rape under cadmium (Cd) stress [58], Pisum sativum L. [51], lettuce [60] and durum wheat under salt stress [62], creeping bentgrass under salt stress [30] and drought stress [63], sorghum under drought stress [65], and sunflower under drought stress [59]. In conclusion, these results indicated that CTS application effectively scavenged excessive ROS by improving antioxidant enzyme activities, ultimately mitigating oxidative injury exposed to salt stress.



In addition, osmotic regulation stands as a fundamental adaptive mechanism utilized by plants to mitigate salt-induced adverse effects [60]. Soluble proteins could participate in osmotic adjustment as osmolytes [66]. Our results showed a reduction in soluble protein content in both leaf and root samples under salt stress, but the phenomenon was mitigated by the exogenous CTS application. These results were similar to previous studies, indicating that CTS application enhanced protein synthesis, mitigated oxidative damage and improved water relations to improve the stressed resistance in maize [67,68], tomato [69], and potato [66].




5. Conclusions


In this study, the effects of exogenous CTS on maize seedling growth under salt stress were explored. The results showed that CTS application could improve maize growth and ameliorate root architecture under salt stress by increasing chlorophyll content and photosynthetic ability. Exogenous CTS alleviated NaCl-induced oxidative stress by enhancing the activities of antioxidant enzymes of SOD, POD, APX and CAT, and the content of AsA and soluble proteins to scavenge excessive MDA in maize leaf and root tissues. Our results suggested that CTS application is an effective approach to enhance the tolerance of maize seedlings under saline conditions. Although the morphological and physio-biochemical responses of CTS application on maize growth under salt stress have been investigated in this study, more endeavor is needed to reveal the potential molecular mechanism.
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Figure 1. Effect of exogenous chitosan (CTS) on maize seedlings growth phenotype and root morphology under salt stress. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 2. Effect of exogenous chitosan (CTS) on maize seedlings percentage of root morphology (RL, SA, RV) under salt stress. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 3. Effect of exogenous chitosan (CTS) on Na concentration in leaf (A) and root (B) of maize seedlings under salt stress. The significance differences between treatments were assessed using one-way ANOVA. Lowercase letters positioned above bars indicated the significant difference among treatments at the level of p < 0.05. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 4. Effect of chitosan (CTS) on photosynthetic parameters (Pn (A), Gs (B), Ci (C), Tr (D)), Ls (E) and chlorophyll content (Chla (F), Chlb (G), TChl (H)) of maize seedling under salt stress. The significance differences between treatments were assessed using one-way ANOVA. Lowercase letters positioned above bars indicated the significant difference among treatments at the level of p < 0.05. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 5. Effect of chitosan (CTS) on relative electrolyte conductivity (A,B) and malondialdehyde (MDA) (C,D) content of maize seedling in leaf and root tissue under salt stress. The significance differences between treatments were assessed using one-way ANOVA. Lowercase letters positioned above bars indicated the significant difference among treatments at the level of p < 0.05. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 






Figure 5. Effect of chitosan (CTS) on relative electrolyte conductivity (A,B) and malondialdehyde (MDA) (C,D) content of maize seedling in leaf and root tissue under salt stress. The significance differences between treatments were assessed using one-way ANOVA. Lowercase letters positioned above bars indicated the significant difference among treatments at the level of p < 0.05. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl.



[image: Agriculture 14 00304 g005]







[image: Agriculture 14 00304 g006] 





Figure 6. Effect of exogenous chitosan (CTS) on the ascorbate (AsA) content of maize seedling in leaf (A) and root (B) tissue under salt stress. The significance differences between treatments were assessed using one-way ANOVA. Lowercase letters positioned above bars indicated the significant difference among treatments at the level of p < 0.05. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 






Figure 6. Effect of exogenous chitosan (CTS) on the ascorbate (AsA) content of maize seedling in leaf (A) and root (B) tissue under salt stress. The significance differences between treatments were assessed using one-way ANOVA. Lowercase letters positioned above bars indicated the significant difference among treatments at the level of p < 0.05. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl.



[image: Agriculture 14 00304 g006]







[image: Agriculture 14 00304 g007] 





Figure 7. Effect of exogenous chitosan (CTS) on soluble protein content (A,B) and the SOD (C,D), CAT (E,F), APX (G,H), and POD (I,J) activities of maize seedling in leaf and root tissue under salt stress. The significance differences between treatments were assessed using one-way ANOVA. Lowercase letters positioned above bars indicated the significant difference among treatments at the level of p < 0.05. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 8. The primary component of primary component analysis (PCA) of indexes of maize seedlings induced by exogenous chitosan (CTS) under salt stress. In there symbols, “triangle” displayed the CK treatment, “plus” presented the CTS group, “x” showed the S treatment, “square” exhibited the CTS + S group. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 9. Primary component analysis (PCA) results of treatments (A) and indexes (B) of maize seedlings induced by exogenous chitosan (CTS) under salt stress. Shoot FW: shoot fresh weight; Root FW: root fresh weight; Shoot DW: shoot dry weight; Root DW: root dry weight; Shoot Ti: shoot tolerance index; Root Ti: root tolerance index; RL: total root length; SA: root surface area; RD: root average diameter; RV: root volume; RT: root tips; RF: root forks; I: 0 < RD < 0.5 mm; II: 0.5 < RD < 1.0 mm; III: 1.0 < RD < 1.5 mm; IV: RD > 1.5 mm; Chla: chlorophyll a; Chlb: chlorophyll b; TChl: total chlorophyll; Pn: photosynthetic rate; Gs: stomatal conductance; Ci: intercellular CO2 concentration; Tr: transpiration rate; Ls: stomatal limitation; REC: relative electrolyte conductivity; MDA: malondialdehyde; AsA: ascorbate; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; POD: peroxidase; CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 10. Correlation analysis depicting the relationship between various indices of maize seedlings subjected to exogenous CTS under salt stress condition. Shoot FW: shoot fresh weight; Root FW: root fresh weight; Shoot DW: shoot dry weight; Root DW: root dry weight; Shoot Ti: shoot tolerance index; Root Ti: root tolerance index; RL: total root length; SA: root surface area; RD: root average diameter; RV: root volume; RT: root tips; RF: root forks; I: 0 < RD < 0.5 mm; II: 0.5 < RD < 1.0 mm; III: 1.0 < RD < 1.5 mm; IV: RD > 1.5 mm; Chla: chlorophyll a; Chlb: chlorophyll b; TChl: total chlorophyll; Pn: photosynthetic rate; Gs: stomatal conductance; Ci: intercellular CO2 concentration; Tr: transpiration rate; Ls: stomatal limitation; REC: relative electrolyte conductivity; MDA: malondialdehyde; AsA: ascorbate; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; POD: peroxidase. 
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Figure 11. Heatmap analysis depicting the response of maize seedlings to exogenous CTS under salt stress condition. Shoot FW: shoot fresh weight; Root FW: root fresh weight; Shoot DW: shoot dry weight; Root DW: root dry weight; Shoot Ti: shoot tolerance index; Root Ti: root tolerance index; RL: total root length; SA: root surface area; RD: root average diameter; RV: root volume; RT: root tips; RF: root forks; I: 0 < RD < 0.5 mm; II: 0.5 < RD < 1.0 mm; III: 1.0 < RD < 1.5 mm; IV: RD > 1.5 mm; Chla: chlorophyll a; Chlb: chlorophyll b; TChl: total chlorophyll; Pn: photosynthetic rate; Gs: stomatal conductance; Ci: intercellular CO2 concentration; Tr: transpiration rate; Ls: stomatal limitation; REC: relative electrolyte conductivity; MDA: malondialdehyde; AsA: ascorbate; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; POD: peroxidase; CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 12. Application of random forest analysis to assess the response of maize seedlings to exogenous CTS under salt stress conditions. RL: total root length; SA: root surface area; RD: root average diameter; RV: root volume; II: 0.5 < RD < 1.0 mm; III: 1.0 < RD < 1.5 mm; IV: RD > 1.5 mm; TChl: total chlorophyll; MDA: malondialdehyde; AsA: ascorbate; CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl. 
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Figure 13. The variable importance for projection (VIP) values derived from the partial least squares (PLS) model and the key factors influencing shoot tolerance (A) and root tolerance (B) in maize seedlings subjected to exogenous CTS under salt stress condition. RL: total root length; SA: root surface area; RD: root average diameter; RV: root volume; RT: root tips; RF: root forks; I: 0 < RD < 0.5 mm; II: 0.5 < RD < 1.0 mm; III: 1.0 < RD < 1.5 mm; IV: RD > 1.5 mm; Chla: chlorophyll a; Chlb: chlorophyll b; TChl: total chlorophyll; Pn: photosynthetic rate; Gs: stomatal conductance; Ci: intercellular CO2 concentration; Tr: transpiration rate; Ls: stomatal limitation; REC: relative electrolyte conductivity; MDA: malondialdehyde; AsA: ascorbate; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; POD: peroxidase. 






Figure 13. The variable importance for projection (VIP) values derived from the partial least squares (PLS) model and the key factors influencing shoot tolerance (A) and root tolerance (B) in maize seedlings subjected to exogenous CTS under salt stress condition. RL: total root length; SA: root surface area; RD: root average diameter; RV: root volume; RT: root tips; RF: root forks; I: 0 < RD < 0.5 mm; II: 0.5 < RD < 1.0 mm; III: 1.0 < RD < 1.5 mm; IV: RD > 1.5 mm; Chla: chlorophyll a; Chlb: chlorophyll b; TChl: total chlorophyll; Pn: photosynthetic rate; Gs: stomatal conductance; Ci: intercellular CO2 concentration; Tr: transpiration rate; Ls: stomatal limitation; REC: relative electrolyte conductivity; MDA: malondialdehyde; AsA: ascorbate; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; POD: peroxidase.



[image: Agriculture 14 00304 g013]







 





Table 1. Effect of chitosan (CTS) on growth parameter and tolerance index of maize seedlings under salt stress. Lowercase letters positioned above bars indicate the significant difference between treatments at the level of 0.05 (p < 0.05). CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl.
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	Treatment
	CK
	CTS
	S
	CTS + S





	Shoot height (cm)
	51.03 ± 1.70 a
	46.6 ± 0.26 b
	21.43 ± 0.49 d
	31.67 ± 1.00 c



	Main root length (cm)
	30.63 ± 1.21 a
	32.8 ± 3.30 a
	18.57 ± 1.29 b
	20.23 ± 0.25 b



	Shoot FW (g plant−1)
	4.93 ± 0.37 a
	5.01 ± 0.45 a
	1.28 ± 0.05 c
	2.16 ± 0.05 b



	Root FW (g plant−1)
	1.62 ± 0.12 ab
	1.78 ± 0.13 a
	1.00 ± 0.03 c
	1.48 ± 0.11 b



	Shoot DW (g plant−1)
	0.34 ± 0.02 a
	0.30 ± 0.01 b
	0.12 ± 0.00 d
	0.19 ± 0.01 c



	Root DW (g plant−1)
	0.08 ± 0.00 a
	0.08 ± 0.01 a
	0.06 ± 0.00 c
	0.07 ± 0.00 b



	Root/shoot ratio
	0.24 ± 0.01 c
	0.26 ± 0.02 c
	0.48 ± 0.03 a
	0.37 ± 0.02 b



	Shoot tolerance index
	100.00 ± 7.21 a
	90.03 ± 2.10 b
	35.61 ± 1.24 d
	57.28 ± 2.35 c



	Root tolerance index
	100.00 ± 2.98 a
	97.74 ± 6.84 a
	72.04 ± 4.70 c
	89.10 ± 1.21 b










 





Table 2. Effect of chitosan (CTS) on root morphology parameters of maize seedlings under salt stress. Lowercase letters indicated the significant difference between treatments at the level of 0.05 (p < 0.05). I: 0 < RD < 0.5 mm; II: 0.5 < RD < 1.0 mm; III: 1.0 < RD < 1.5 mm; IV: RD > 1.5 mm. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl.
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	Treatment
	CK
	CTS
	S
	CTS + S





	Total root length (cm)
	794.67 ± 41.94 b
	864.74 ± 50.20 a
	337.73 ± 5.63 d
	684.86 ± 9.78 c



	I
	616.05 ± 44.13 a
	665.65 ± 31.47 a
	248.48 ± 5.62 c
	533.89 ± 12.54 b



	II
	146.77 ± 4.42 a
	132.71 ± 0.58 b
	66.23 ± 8.23 d
	117.82 ± 2.24 c



	III
	13.53 ± 2.18 b
	21.33 ± 3.08 a
	12.54 ± 0.28 b
	23.39 ± 0.70 a



	IV
	7.57 ± 0.18 c
	10.75 ± 0.67 b
	8.79 ± 0.89 c
	12.34 ± 0.95 a



	Root surface area (cm2)
	93.22 ± 8.08 a
	98.81 ± 7.39 a
	49.01 ± 2.08 b
	88.68 ± 0.54 a



	I
	28.89 ± 1.64 b
	39.76 ± 2.44 a
	15.79 ± 0.54 c
	29.78 ± 3.46 b



	II
	31.86 ± 0.66 a
	29.87 ± 0.75 b
	13.25 ± 0.85 d
	25.29 ± 0.87 c



	III
	5.08 ± 0.80 c
	6.95 ± 0.67 b
	4.71 ± 0.13 c
	8.73 ± 0.20 a



	IV
	6.32 ± 0.29 b
	7.72 ± 1.25 b
	7.90 ± 0.89 ab
	9.54 ± 0.97 a



	Root volume (cm3)
	0.82 ± 0.08 b
	0.92 ± 0.06 ab
	0.59 ± 0.01 c
	0.93 ± 0.02 a



	I
	0.25 ± 0.00 a
	0.26 ± 0.02 a
	0.09 ± 0.01 c
	0.21 ± 0.01 b



	II
	0.61 ± 0.01 a
	0.53 ± 0.02 b
	0.22 ± 0.01 d
	0.48 ± 0.01 c



	III
	0.15 ± 0.02 c
	0.21 ± 0.02 b
	0.14 ± 0.01 c
	0.26 ± 0.01 a



	IV
	0.54 ± 0.02 b
	0.59 ± 0.07 b
	0.63 ± 0.04 b
	0.92 ± 0.07 a



	Root diameter (mm)
	0.35 ± 0.01 c
	0.36 ± 0.01 c
	0.46 ± 0.01 a
	0.42 ± 0.00 b



	Root tips
	1644.33 ± 128.10 a
	1551.67 ± 26.27 a
	577 ± 46.68 c
	1052.33 ± 13.80 b



	Root Forks
	2544.33 ± 288.27 b
	3232 ± 181.36 a
	1453.67 ± 109.86 c
	2676.67 ± 274.80 b










 





Table 3. Effect of CTS on comprehensive evaluation of salt tolerance index of maize seedlings under salt stress. CK: control; CTS: 75 mg L−1 CTS; S: 150 mM NaCl; CTS + S: 75 mg L−1 CTS + 150 mM NaCl.
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	Item
	S Treatment (mmol L−1)
	CTS Treatment (mg L−1)
	Average Value
	Rank





	CK
	0
	0
	0.80
	1



	CTS
	0
	75
	0.79
	2



	S
	150
	0
	0.12
	4



	CTS + S
	150
	75
	0.53
	3
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
ab
b
CTS+S

Root

2 & & °

npoos ke oy

b
b
CTS+S

Leaf






media/file13.png
Root

Leaf

72l
+
O O = © = =l © HH ]
@)
w
© = &
@)
. _ Yy
«©
@,
o - a
©c w o w 9 9o 9o © © o v & o % o Yy 8¢ 8 g o
zmwMLamo.nms « 2 2353% § § & g8 § %
) ur2joIa agqnjo
(Mg ) ura) 1qnos (md ,_8 n) Ananoe oS (MJ _urar | 3 ) A1anse 1D (M w3 ) A1anoe Xdv (md w3 ) &1ande god
=
< H « o H 2hH < H %
@)

C

' |
a

= ‘ O
S

b
a
CTS

<

<

[

&)

\© < al o
(Mg _8 Su) urejord aqnjos

—

(Md w3 1) Qranoe 1vD

0.010 -~

(Md _urw

Q-

< =
8 ) Knanoe XJv (Mg, w3






media/file26.png





media/file12.jpg
puiy peu il i PO il o
8
bl ol ol o1 o @
-4
oA e =HH o
BT.DIFTIHI
S 2 S 338 8 % °© 3233333 3 & 5 88 8 & °
§ § 8 5 88 8

(NT 350 WIS (0 5 fuseqos (A L E 1) e 1D

O, 3 ) oo xay (nd w3 0)

“ = SH B - &

&

B i oHH orly < B

= @
. . y ; ¢

N

(M w8 ) Sanoe 1vD

(4,3 5u) waioad diqnios






media/file18.jpg





media/file9.png
Root

Leaf

%
1% T Nalk mﬁ“.u
Q
< < )
© 4
Haly
Q
O
= a
T T T T T 1 T T . |
o (md Tm [owu) JuU0d VAN
(%) AnAnONPUOD )AJO1II[D dANR[Y
w2
el 8 n..\_.u
= I
=
QO
< - ”
75}
Q & m.pl.v
o)
< O
T T T T T | - _ _
= =) =) = = & s P2 . 1
= 2 ° < & - <

(%) AIANONPUOD 21K[0N1I3[3 2ANR[IY (M4 8 jowu) Juauod yawW





media/file14.jpg
rCi
2ol . - . o e
N e | I b swpas
rc2
134%
= 2 o ] =
& Jl o pe3 " ‘ e ]
27% s Al &
le N . " [
% " - pca D
Al PR 16% e
oo . 4l 2 “ pCs 3
8 A e . A 1% 3
by . " 3

BCK +CTS xS oCTSS





media/file20.jpg
o
5o

an

R dyvegn
ey
St
e
i

18

24

c1ss





media/file23.png
RLIV o BN
RVII e | HLINL]
RVIII O HE |
SAII e BB
Root MDA o W | N
Leaf MDA O
RLIII O
RLII O
Root AsA @
Shoot dry weight (S
RD @
SAIII O
Leaf AsA o
RL O
TChl| @
| I I [ [
0.010 0.012 0.014 0.016 0.018
Mean Decrease Accuracy

High






media/file5.png
Root

Leaf

i

CTS+S

S

CTS

aa)

S 8 = °
ABQmeEVcouSEooqoomZ

b

T

T
CTS+S

CTS S

CK

<

S S S
(M - 8 Sw) uonenuAUOd BN





media/file15.png
04 06

0 02

00 0.1 02

-0.1

0.2

02 00 02 04 06 -02 -01 00 01 2
1 1 1 1 1 1 1 1 1 1
% X x % x x x x
PC 1 LN <0, <o <
© o & ©
78.9 %
58 % e+ a o s . a +4 4
> ©© ) ° &:
° [ °
PC2
13.4 %
* s + + ++ +
A
% »® : a a Q x AX x
AL A a A
a a
<o <
% %o PC 3 o 3 °
x X ® x
x 2_7 % x x
4 % ++ Ty &
x x x
& ¢ 0 0 3
+ - + +
.3 X T i s # PC 4 &
A XA x A 1 6 % ax
+ x 4+ + X T
< < <& <
x
A a a a
A a a a
+ " + °l]+ ° +° PC 5
L+ x < x L+ < x
4_.'_ _:- ++ + 1 %
L+ < < L+
A x5 5 A X
1 1 1 1 1 1 1 1 1 1 1 1 1 1
05 00 05 1.0 02 -01 00 01 02 ~0.15-0.10 -0.05 0.00 0.05 0.10 0.15
ACK +CIS xS8S < CTSHS

1.0

0.0 05

.5

-0

00 01 02

0.1

0.05 0.100.15

=0.05

-0.15





media/file19.png
Leaf AsA

Ls

Root REC

RD

Root/Shoot ratio
Shoot Na

Root Na

Root MDA
Lealf MDA

Root SOD

Root soluble protein
Main root length

- Leaf soluble protein
Gs

Root POD

RVI
Root fresh weight

Root dry weight
RT

Shoot Ti

Shoot dry weight
Shoot height
Shoot fresh weight
Ci

TChl

Chlb

SA

Tr

SAI

RF

Leaf SOD

Pn

Root CAT

Leaf POD

RD

FEEEEEF R EETERE: CEECEEEES dS QA2 ES EAXSEX<CE>>>0UC <SS 0AN0 4 <
— ¥ o == <= - | = Nok- k-1 1 - iy ot ~
0525~ oeIFu=5a CeE S oS 82200 B Es0AcA 4<SSE L Q22 Exn— 4
ERgr @ & “ OF B g T RUNEED R 25233022075z 2S8%%E%x 2
- A B3 %9 z 2 Zg z 8 A_ 888 H8% “o2888 8 §
g s 3 £3z% 2% = § 25288 358 853%52 2 3
- [~ :* = 3 o e:_g‘xm — 2 7 o~

& ¢ et £ ]

pa z = ZE£3 3

o ] ] a8 @ S

=] -4 =] > (-4

= ~ <= ©

7 3 2





media/file2.jpg
D >-85 w65 0510 malfiif 001013 sl W5 > 1.5 ma]






nav.xhtml


  agriculture-14-00304


  
    		
      agriculture-14-00304
    


  




  





media/file11.png
C
CTS+S

b
CTS

<
aa
© < N >
(M |8 Sw) Judjuod ysy Jo0y

w2

—— o

. =

O

< —— 7]

w2

= —

QO

<

I 1

e o

© <
(M 8 Suw) Jusju0d ysy jea|





media/file6.jpg
b
b
+
a
i
I
a
a
TSt

o oA - -

ab
a
a
a
<5

CTs

(5w OH o) s o) 1L (i3 3u) régdorop [0
. o il « 4
3
i o . o






media/file24.jpg





media/file1.png





media/file10.jpg
g
CIs+s

L)

(3, 350) oo Vs 100y

b
CTS+s.

<

(T 3 30) owos vEy guo





media/file7.png
O

ab

a

S —1—

< HH

S CTS+S

CTS

1 1 1 I 1
S ® 9 % o
(=} (=] (=] (=]

(,_8 ,_w O°H [owm) 1],

T T T T 1
! : o il -
— =1 =1 =1 <

M Tw 3w) e [[AydoIofy)

T T
0 o
= =]

0.0-
2
9

0.12
0.10 1
0.04
0.02

0.00-
1

o o

(s ;W O°H [ow) $D

(M 3 3u) [j&ydorofu) Tejo 1,

7
IT
S F—— o HH < HH S Hi %
@)
o HH o H < HH o Z
72
s Hi < o HH S =
< ° SN Lu] -
" o - ©c o9 2 © 2 2 2 © °x © S © v = «a o
— — o = B = L e = o - o ©o °o o o

(s, w toD 1ouml) ug

(,_tow Q) foumi) 1 (M4 8 3w) q [Aqdooy)





media/file16.jpg
A, 0 CK.
Z ocTs
os
© CTS+S
o
g
<
ERE
a
o
£
24
' (¢ (]
¢ ®
4
T T T T T T
10 05 00 0s 10 Ls
PC1(789%)
RootNa ©
04
03 -
SAll
RUIOG kv
oLeafAsh
= oRVIV
3
B o
e oRLIV
) oTr
S RVIGRLL ORF gy 0SAIY
2 RVII SAlo SA© Root CAT
01 GsO o8Il © on Leaf SOD o Shoathe
ORLI
0 Root FW. -
atoney, | SRS,
RET Root Do gr.g.rmn.m protein
2 Lear P8 g Rol REC
Shoot DY i o Leaf APXO Leaf REC
LB Root As:
Shoot height R
Root soluble protein Leaf MDA
014 oShoot FW M root engih i
e © Root MDA
T v T T T T T T
b4 g g 3 g 2 2

PC1(78.9%)






media/file3.png
Percentages (%)

[ IRDO0-05mm[  |RDO0.5-1.0mm[ _ |RD1.0-1.5mm __|RD>1.5mm

Total root length 100 Root surface area 100 Root volume

Percentages (%)
Percentages (%)

L 80 80

- 60 60

N 40 40

L 20+ 20
0 0

CK CTS S CTS+S CK CTS CTS+S CK CTS S CTS+S





media/file22.jpg
RLIV!
RVII
RVII

SAIl

Root MDA
Leaf MDA
RLIT

RLII

Root AsA
Shoot dry weight
RD

SAlL

Leaf AsA
RL

TChi| @

T
0.010

T T T T

0012 0014 0016 0018

Mean Decrease Accuracy






media/file17.png
PC 2 (13.4 %)

PC 2 (13.4 %)

~02 0.0 0.2 0.4 0.6 0.8

-0.4

0.4

0.3

o
()

e

0.0

O CK
O CTS
oS
O CTS+S
O
e O
e b
| | | | | |
-1.0 -0.5 0.0 0.5 1.0 1.5
PC 1(78.9 %)
Root Na o
RLINNOS SAMI
ORVIII
0 Leaf AsA
o RVIV
o Pn
o RLIV
oTr
RVI~,RLI o RF RV o SAIV
RVIIQ SAlo SA@ Root CAT
0O Shoot Na
Gs0 0SAI © ¥ L ear sOD
ORLII
© Root FW .
R h
TChl.Lea £ PODoLs 0 Root/Shoot ratio
ORT  poot DW. gLeaf soluBle protein
O Root RE
Leaf CAT. B i
Shoot DW ° Ci© o Leaf APX0 Leaf REC
: O Root AsA
Shoot helght o Root SOD
© Root soluble protein o Leaf MDA
— 0 Shoot FW © Main root length
0 Root APX © Root MDA
| | | | | | | |
58! N = < E N 38! S5

PC 1(78.9 %)






media/file4.jpg
Root

Leaf

a
CTS+s.

CTs

(a7 vonenouos vy

& )
(M@, 3 5w) uoneIEO0d BN





media/file25.png
aodjed] I 0

XdV JET ()
LVDJeT1()
aos ey

u