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Abstract

:

Soil salinity is one of the major factors that affect plant growth and decrease agricultural productivity worldwide. Chitosan (CTS) has been shown to promote plant growth and increase the abiotic stress tolerance of plants. However, it still remains unknown whether the application of exogenous CTS can mitigate the deleterious effects of salt stress on lettuce plants. Therefore, the current study investigated the effect of foliar application of exogenous CTS to lettuce plants grown under 100 mM NaCl saline conditions. The results showed that exogenous CTS increased the lettuce total leaf area, shoot fresh weight, and shoot and root dry weight, increased leaf chlorophyll a, proline, and soluble sugar contents, enhanced peroxidase and catalase activities, and alleviated membrane lipid peroxidation, in comparison with untreated plants, in response to salt stress. Furthermore, the application of exogenous CTS increased the accumulation of K+ in lettuce but showed no significant effect on the K+/Na+ ratio, as compared with that of plants treated with NaCl alone. These results suggested that exogenous CTS might mitigate the adverse effects of salt stress on plant growth and biomass by modulating the intracellular ion concentration, controlling osmotic adjustment, and increasing antioxidant enzymatic activity in lettuce leaves.
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1. Introduction


Saline stress is a harmful form of abiotic stress that restricts the growth and function of plants and thus can cause a 10%–25% decrease in the yield of many agricultural crops [1]. More than 20% of global farmland is affected by various degrees of salinity, and the farmland area (approximately 20,000 km2 per year) affected by salinity is increasing each year, which severely limits agricultural productivity [2,3]. Salinity in soils can occur naturally or as a result of human activities. Weathering of rock minerals and flooding by seawater causes inherent soil salinity. Irrigation water with a high salt concentration, excessive chemical fertilization, and poor soil management are the main reasons for an increase in the area of saline–alkali land [4,5]. In some semi-arid and arid areas (e.g., Sahara in North Africa, Saudi Arabia, large parts of Iran and Iraq, parts of Asia, California in the USA, South Africa, and most of Australia), high temperatures and uneven distribution of rainfall result in higher evapotranspiration rates than the size of the leaching fraction, which causes an accumulation of soluble salts in the plough layer [6]. To increase the output of salinized agricultural land, the salt tolerance of plants must be increased and the conditions of saline–alkali land must be improved.



Salt stress negatively influences several processes in plant growth and production by causing ion toxicity, hyperosmotic stress, nutritional imbalance, oxidative damage, metabolic disorders, and photoinhibition [4,7]. Because of their sessile nature, plants must evolve several mechanisms to adapt to high-salinity environments. The various physiological and biochemical processes that plants use to adapt to salt stress can be grouped into three categories: Osmotic stress, ionic stress, and detoxification responses [8]. Plants’ primary response to salt stress is osmotic stress. Plants adjust their osmotic balance by accumulating organic and inorganic osmolytes, such as proline, glycine betaine, soluble sugar, soluble protein, and sodium (Na+) and potassium (K+) ions, to maintain cell turgor [2,9,10]. Na+ and chloride (Cl−) enter the root system through nonselective cation channels, K+ transporters, and Cl− transporters [11]. The excessive accumulation of Na+ and Cl− in plant cells and tissues can adversely affect the growth and development of plants by disturbing the water structure, inhibiting enzymes, and creating nutritional imbalance [12,13]. Plants usually maintain a balanced cytosolic Na+/K+ ratio through Na+ and K+ transporters and channels [12]. Salt stress also causes the accumulation of reactive oxygen species (ROS), which results in oxidative-stress-induced toxic effects in plants. ROS sources, such as superoxide radical (O2−), hydrogen peroxide (H2O2), and hydroxyl radical (·OH), are generated by plants’ photosynthetic and respiratory electron transport chains, xanthine oxidase, and nicotinamide adenine dinucleotide phosphate oxidase [14]. Normally, cellular ROS levels are regulated by enzymatic (e.g., ROS scavenging enzymes) and nonenzymatic scavengers (e.g., ascorbic acid [AsA], glutathione, and carotenoids) to mitigate the ROS-induced damage caused by salt stress [15,16]. However, although plants adopt these strategies to reduce the harmful effect of salt stress, survival in a salty environment is difficult, let alone producing a good yield.



Chitosan (poly[1,4]-2-amino-2-deoxy-D-glucose; CTS) is a biopolymer obtained through the deacetylation of nontoxic and biofunctional chitin from the exoskeleton of crustaceans [17]. Chitosan has three types of functional groups on its backbone: The amino/acetamido group, and primary and secondary hydroxyl groups, which enhance its affinity for ions and various pollutants [18]. CTS is a natural, low-toxicity, biodegradable, environmentally friendly, renewable, and inexpensive resource and has many applications in the agriculture sector [19]. Since the discovery of CTS by Rouget in 1859 [20], several studies have proven its role in enhancing plant growth and increasing plants’ abiotic stress tolerance [21], including rice [19], maize [22], safflower and sunflower [23], and creeping bentgrass [24]. The beneficial role of CTS in stress mitigation is broadly attributable to the alleviation of oxidative stress [25] and the increase in water use efficiency [26], mineral nutrient uptake [27], chlorophyll (Chl) content, and photosynthesis [28] caused by CTS. The application of exogenous CTS increases plants’ tolerance to several forms of stress, such as drought, salt, osmotic, and low-temperature stress [19,22,23,29]. Certain concentrations of exogenous CTS have been used to increase plants’ resistance to several biotic and abiotic stresses by increasing water use efficiency, enhancing antioxidant activity, and regulating the content of osmotic regulation substances and defense gene expression [17,26,30,31,32].



Lettuce (Lactuca sativa L.) is a leafy vegetable mainly consumed raw and in salad mixes [33]. The production and cultivation area of lettuce has increased because of its marketability, sensory characteristics, and health-promoting properties [5,34]. According to the last available FAO data (http://www.fao.org/faostat/en/#data/QC, accessed on 19 September 2021), the global cultivation area and yield of lettuce were 243.97 thousand hectares and 16.31 million tonnes in 2019, an increase of 0.54% and 2.3% over 2018, respectively. The majority of lettuce comes from China, the United States, and India—the world’s top three lettuce producers. Lettuce is a moderately to highly salt-sensitive vegetable [35]. Salinity reduces the seed germination rate, leaf number, photosynthesis, and cell growth and increases the accumulation of ROS, which negatively affects lettuce growth and yield [36,37]. Although the negative effects of salinity on lettuce have been studied [36,38], information regarding the effects of CTS on lettuce growth and production under saline conditions is lacking. Therefore, the present study evaluated the effectiveness of exogenous CTS in mitigating the adverse effects of salinity on the growth and physiological attributes of lettuce plants. In addition, this study identified the effects of exogenous CTS on the accumulation of osmolytes, the biosynthesis of antioxidants, and the activity of antioxidant enzymes in lettuce under saline conditions.




2. Materials and Methods


2.1. Plant Materials and Treatments


Romaine lettuce (Lactuca sativa var. longifolia L. cv. Romana, Takii seed, Japan) was used as the test material, and an experiment was conducted from November 2020 to January 2021. Lettuce seeds were sown in urethane cubes (2.3 × 2.3 × 2.7 cm3), and the seedlings were cultivated in a 22 °C growth chamber at 200 ± 10 µmol∙m−2∙s−1 photosynthetic photon flux for 12 h by using cool white fluorescent lamps (Figure 1A). At 21 days after sowing (DAS), uniform seedlings were selected and transplanted into a cultivation room of the Engineering and Technical Center for Modern Horticulture in Jurong. The plants were grown in a deep-flow hydroponic system in an Enshi formula nutrient solution (electrical conductivity [EC]: 1.5 ± 0.2, pH: 6.9 ± 0.2) [39]. Air pumps were used to oxygenate the nutrient solution and supply a constant stream of oxygen. The lighting for plant cultivation was provided by light-emitting diode lights (Figure 1B). The photosynthetic photon flux density of the light was 200 ± 10 µmol∙m−2∙s−1, and its photoperiod was 16 h. The air temperature was maintained as 25 °C during the day and 20 °C at night, with the relative humidity being maintained as 65% ± 5%.



All treatments were performed at 7 days after transplanting (28 DAS) into the cultivation room, so that the lettuce seedlings were well adapted to the environment of the cultivation room. The treatments were divided into four groups: (1) The control group, in which the plants were grown in a nutrient solution with water sprayed on the leaf surface; (2) the CTS group, in which the plants were grown under the same conditions as those of the control group and 100 mg/L of CTS (instead of water) was sprayed on the leaf surface; (3) the NaCl group, in which the plants were grown in a nutrient solution containing 100 mM NaCl and water was sprayed on the leaf surface; and (4) the NaCl + CTS group, in which the plants were grown under the same conditions as those of the NaCl group and 100 mg/L of CTS (instead of water) was sprayed on the leaf surface. CTS or water was sprayed on the leaves of the hydroponically grown lettuce continuously for 5 days from 28 DAS. Approximately 30 mL of CTS or water solution was sprayed on both adaxial and abaxial surfaces of leaves for each lettuce plant. For groups (3) and (4), NaCl was dissolved into the nutrient solution after the 5-day CTS induction treatment. Three replications were performed for each treatment, and each replication comprised six plants. Plants of each treatment were sampled at 28 and 49 DAS for further examinations.




2.2. Plant Growth Analysis


At 28 and 49 DAS, the plants were sampled to determine total leaf area, shoot and root fresh weight (FW), and shoot and root dry weight (DW). Total leaf area was determined using a Li-3100 leaf area meter (Li-Cor, Lincoln, NE, United States). Shoot and root DW was obtained after the plant tissues were dried at 80 °C to a constant weight. Chl was extracted in N,N-dimethylformamide from fresh lettuce leaves, and the Chl content was determined spectrophotometrically according to the method of Porra et al. [40].



Growth analysis parameters, namely the relative growth rate (RGR), the net assimilation rate (NAR), and the leaf area ratio (LAR), were estimated using the method of Ohtake et al. [41] by using the following equations:


RGR = (1/W)(ΔW/Δt) = [ln(W2) − ln(W1)]/(t2 − t1),



(1)




where W1 and W2 are the total DWs of a plant at times t1 (28 DAS) and t2 (49 DAS).


NAR = (1/L)(ΔW/Δt) = [(W2 − W1)/(t2 − t1)] × [ln(L2) − ln(L1)]/(L2 − L1),



(2)




where L1 and L2 are the total leaf areas of a plant at times t1 and t2.


LAR = L/W = (L1/W1 + L2/W2)/2



(3)








2.3. Estimation of Leaf Relative Water Content and Electrolyte Leakage


Relative water content (RWC) was measured using the method of Yamasaki and Dillenburg [42] by adopting the following equation:


RWC (%) = (FW − DW)/(turgid weight − DW) × 100



(4)







Electrolyte leakage (EL) was measured using the method described by Ahmad et al. [43]. Leaf disks with a diameter of 13 mm were produced from the leaves in each treatment group and submerged in deionized water to measure ECa. Then, tubes containing the leaf disks were incubated in a water bath at 50–60 °C for 25 min to determine the ECb value for each treatment. Finally, the tubes with the leaf disks were boiled at 100 °C for 10 min to measure ECc. The EL was calculated using the following equation:


EL (%) = (ECb − ECa)/ECc × 100



(5)








2.4. Determination of the Potassium and Sodium Contents in Lettuce Leaves


The potassium and sodium contents in lettuce leaves were determined through inductively coupled plasma optical emission spectrometry (Thermo Fisher Scientific, Cambridge, United Kingdom) by using the method of Zhang et al. [44].




2.5. Estimation of the Proline, Soluble Sugar, and Ascorbic Acid Contents


The proline content of the leaf samples was determined according to the method described by Bates et al. [45]. The soluble sugar content of the leaves was measured using the anthrone–sulfuric acid method [46]. The ascorbic acid (AsA) content of the leaves was determined according to the method of Kampfenkel et al. [47].




2.6. Examination of H2O2 Content, O2− Generation, and Malondialdehyde Content


The H2O2 concentration of the leaf samples was determined using the method of Patterson et al. [48]. The O2− generation was assayed spectrophotometrically by measuring the reduction of nitroblue tetrazolium by using the method of Averina et al. [49]. The malondialdehyde (MDA) concentration of the leaf samples was estimated using the method of Heath et al. [50]. The absorbance of the leaf samples was measured at 450, 532, and 600 nm by using a spectrophotometer.




2.7. Enzyme Assays


The fresh leaf samples were homogenized in phosphate buffer saline (50 mM, pH 7.8), and the homogenate was centrifuged at 10,000 × g and 4 °C for 15 min. The supernatants were collected to determine the superoxide dismutase (SOD; EC: 1.15.1.1), peroxidase (POD; EC: 1.11.1.7), and catalase (CAT; EC: 1.11.1.6) activity [51]. Protein content was determined using the method of Bradford [52]. The activity of the enzymes was expressed in units per milligram of protein.




2.8. Statistical Analysis


The data are presented as the means ± standard errors (SEs) of the three replications for each treatment. Statistical analysis was performed using one-way analysis of variance with Tukey’s HSD test (SPSS v. 18.0, IBM Inc., Chicago, IL, USA). p values of ≤0.05 were considered significant.





3. Results


3.1. Exogenous CTS Improved the Growth and Biomass of Lettuce under NaCl Stress


Compared with the control plants, the lettuce plants exposed to NaCl stress exhibited considerably inhibited plant growth in terms of a lower total leaf area, shoot FW, and shoot DW (Table 1). The total leaf area, shoot FW, root FW, shoot DW, and root DW of the NaCl group were 67.3%, 60.3%, 73.8%, 66.5%, and 51.6% lower, respectively, than those of the control group (Table 1). The application of 100 mg/L of exogenous CTS mitigated the lettuce growth inhibition caused by the salinity stress (Figure 2A). The total leaf area, shoot FW, root FW, shoot DW, and root DW of the NaCl + CTS group were 141.2%, 127.3%, 72.3%, 95.0%, and 60.0% higher, respectively, than those of the NaCl group (Table 1). The total leaf area, shoot FW, root FW, shoot DW, and root DW of the NaCl + CTS group were 21.2%, 40.4%, 31.5%, 34.7%, and 22.6% lower, respectively, than those of the control group (Table 1). However, no significant change in the aforementioned growth parameters was observed between the CTS and control groups (Table 1). The Chl a, Chl b, and total Chl contents of the NaCl group were 14.4%, 20.6%, and 16.1% lower, respectively, than those of the control group (Table 1). The Chl a and total Chl contents of the NaCl + CTS group were 10.1% and 8.6% higher, respectively, than those of the NaCl group (Table 1). The Chl b and total Chl contents of the NaCl + CTS group were 17.3% and 8.9% lower, respectively, than those of the control group (Table 1). In addition, the Chl a content of the plants subjected to exogenous CTS treatment alone were significantly higher than that of the control group (Table 1).



Plant biomass is strongly and positively correlated to RGR, and plant growth analysis decomposes RGR into NAR and LAR. In order to determine how physiological and morphological traits contribute to the plant biomass of each group, the growth analysis parameters of each group were estimated using total plant DW and total leaf area as described in the aforementioned text. The RGR of the NaCl group was significantly lower than that of the control group and corresponded to the lowest DW (Figure 2B, Table 1). The decrease in the RGR of the NaCl group was mitigated by the application of 100 mg/L of exogenous CTS (Figure 2B). A similar trend was observed in NAR, and the lowest NAR was observed for the NaCl group. Moreover, an insignificant difference in NAR was observed between the NaCl + CTS and NaCl groups (Figure 2C). No significant difference in LAR was observed among all the groups (Figure 2D). Similar to the growth parameters, no significant changes in the aforementioned growth analysis parameters were observed between the CTS and control groups.




3.2. Effects of NaCl and CTS on the RWC, EL, and the Contents of Potassium and Sodium of the Lettuce Leaves


The leaf RWC of the NaCl group was 15.9% lower than that of the control group (Table 2). This decrease in leaf RWC due to salinity was mitigated by the application of exogenous CTS. The leaf RWC of the NaCl + CTS group was 15.7% higher than that of the NaCl group (Table 2). The leaf EL of the NaCl group was 160.9% higher than that of the control group (Table 2). Moreover, the leaf EL of the NaCl + CTS group was 21.2% lower than that of the NaCl group (Table 2). The leaf RWC and EL of the lettuce plants subjected to the exogenous CTS treatment alone were not significantly different from those of the control group (Table 2).



The potassium content of the NaCl group was 28.4% lower than that of the control group (Table 2). The addition of exogenous CTS to the plants treated with NaCl significantly mitigated the inhibition of potassium accumulation in the lettuce leaves (Table 2). The sodium contents of the NaCl and NaCl + CTS groups were 19.7 and 11.1 times higher, respectively, than that of the control group, whereas the accumulation of sodium was 46.0% lower in the NaCl + CTS group than in the NaCl group (Table 2). The K+/Na+ ratio of the NaCl group was significantly lower than that of the control group, and no significant change in the K+/Na+ ratio was observed between the NaCl and NaCl + CTS groups. Non-significant differences were noted in the potassium sodium contents and the K+/Na+ ratio between the CTS and control groups (Table 2).




3.3. Effects of NaCl and CTS on the Proline Content, MDA Content, O2− Generation, H2O2 Content, Soluble Sugar Content, and AsA Content of the Lettuce Leaves


Proline biosynthesis was triggered by salinity stress, which resulted in the NaCl group having a proline content 2.1 times higher than the control group (Figure 3A). Moreover, the proline content of the NaCl + CTS group was 66.5% higher than that of the NaCl group (Figure 3A). MDA, the product of membrane lipid peroxidation caused by ROS, can be used to evaluate the degree of membrane injury under stress [44]. The MDA content of the NaCl group was 127.6% higher than that of the control group (Figure 3B). Moreover, the MDA content of the NaCl + CTS group was 14.3% lower than that of the NaCl group (Figure 3B). The exposure of the lettuce plants to salinity stress induced the production of ROS in cells. The lettuce plants treated with NaCl generated ROS such as H2O2 and O2−. The H2O2 content and O2− of the NaCl group were 3 and 1.8 times higher than those of the control group, respectively (Figure 3C,D). The application of exogenous CTS to the plants treated with NaCl slowed the generation of H2O2 and O2− (Figure 3C,D). The soluble sugar content of the NaCl group was considerably higher than that of the control group (Figure 3E). The soluble sugar content of the NaCl + CTS group was 40.8% higher than that of the NaCl group (Figure 3E). No significant difference in AsA content was observed among the groups (Figure 3F). No significant change in the proline content, MDA content, H2O2 content, superoxide radical production rate, soluble sugar content, and AsA content was observed between the CTS and control groups (Figure 3).




3.4. Effects of NaCl and CTS on the Antioxidant Enzyme Activity in the Lettuce Leaves


Figure 4 displays the results regarding the effects of NaCl and CTS on the antioxidant enzyme activity in the lettuce leaves. SOD, POD, and CAT exhibited various responses to the different treatments. SOD activity was consistent among all the groups (Figure 4A). However, the POD and CAT activities of the NaCl group were 43.3% lower and 181.9% higher than those of the control group, respectively (Figure 4B,C). The CTS + NaCl group had considerably higher POD and CAT activities than the NaCl group (Figure 4B,C). No significant change in the SOD, POD, and CAT activities was observed between the CTS and control groups (Figure 4).





4. Discussion


Limited plant growth and productivity are common responses to salinity stress [5]. The data obtained in this study indicate that salinity adversely affected the growth and biomass of lettuce plants and resulted in a significant decrease in their total leaf area, FW, and DW (Table 1). These results are consistent with those of studies on other crops, including tomatoes [53], peppers [54], and chickpeas [43]. CTS, which is a derivative of chitin, has many applications in the agricultural sector because it regulates plant growth and development and increases plants’ resistance to a wide range of abiotic and biotic stresses [19,21,55]. The application of exogenous CTS can mitigate the effects of salt stress on plant growth in many crops, such as ajowan [56], maize [57], and wheat [58]. A similar finding was obtained in this study, which indicates that the application of exogenous CTS alleviated the inhibition of the growth of lettuce caused by saline conditions (Table 1, Figure 2A). Growth analysis is a widely used analytical method for characterizing plant growth [59]. Plant biomass is strongly and positively correlated with RGR. We observed that the RGR of the NaCl group was significantly lower than that of the control group (Figure 2B), which indicates that the lettuce exposed to saline conditions accumulated less biomass than the lettuce grown under normal conditions during the growth stage. The NAR (average growth per unit leaf) of the NaCl group was significantly lower than that of the control group (Figure 2C). However, the LAR of the lettuce was relatively consistent between the saline and normal conditions (Figure 2D). These results indicate that the decrease in the RGR of the lettuce under salt stress was mainly associated with NAR and less associated with LAR. The exogenous application of CTS markedly increased the RGR of the lettuce under salt stress (Figure 2B), which proves that exogenous CTS can mitigate the inhibition of plant growth caused by salinity. However, we observed only a minor variation in NAR between the NaCl + CTS and NaCl groups (Figure 2C). Thus, the increase in the RGR of the NaCl + CTS group may have been related to both NAR and LAR. The Chl content of leaves is commonly considered a reliable predictor of the health and photosynthesis capacity of plants during growth [60,61]. Chlorophyll degradation under salt stress is usually related to the accumulation of ROS, which causes lipid peroxidation of chloroplast membranes [62]. In this study, the Chl content of the NaCl group was considerably lower than that of the control group (Table 1), which is in agreement with previous findings [63]. This result might be ascribable to the impaired biosynthesis or accelerated degradation of Chl pigment under saline conditions [43,64]. The application of exogenous CTS to the lettuce under saline conditions increased the Chl a and total Chl contents (Table 1). Similarly, Zou et al. [62] found that exogenous polysaccharides increased the Chl a content in wheat seedling leaves under salt stress. Chl a is responsible for the absorption of light and the initiation of photosynthesis. Excessive amounts of salt accumulated in chloroplasts can exert a direct toxic effect on photosynthesis through the destruction of pigment–protein complexes [65]. Thus, the increases in Chl a content in NaCl + CTS group are possibly because exogenous CTS protected Chl a from degradation in salt-stressed lettuce leaves, leading to high efficiency in photosynthesis. Moreover, the NaCl + CTS group did not exhibit a significantly higher Chl b content than the NaCl group possibly because Chl b tends to transform into Chl a when plants are subjected to saline conditions [66].



Leaf RWC is an accurate measure of the status of water in plants and indicates the water content of a leaf relative to the maximum amount of water that the leaf can contain under full turgidity [67]. Our study indicates that salinity decreased leaf RWC substantially; however, the exogenous application of CTS positively affected the leaf RWC of the lettuce exposed to saline conditions (Table 2). Geng et al. [24] also found that exogenous CTS application significantly increased the leaf RWC and water use efficiency in creeping bentgrass under salt stress, which contributes to maintaining a better water status in plants exposed to salinity stress. Thus, the results obtained from the current study were possibly due to the regulation of the balance between the water supply and leaf transpiration in the lettuce of the NaCl + CTS group. Under normal conditions, the Na+ content was very low in lettuce leaves, and no significant change was observed between the CK and CTS groups (Table 2). Salt stress significantly increased Na+ content but decreased the K+ content in lettuce leaves (Table 2). The application of exogenous CTS increased the K+ content and decreased the Na+ content in the leaves of lettuce exposed to saline conditions, but the K+ content in leaves was still lower than that of the control group (Table 2). A similar trend was also found in salt-stressed wheat seedlings applied with polysaccharides [62]. The accumulation of high levels of Na+ in plant tissues subjected to saline conditions has a devastating effect on the metabolism of cytoplasm and organelles. As cytosolic Na+ is noxious to cells, so too is chloroplastic Na+ accumulation [12]. Excess Na+ will cause an imbalance in cellular Na+ and K + homeostasis, which often leads to a low K+/Na+ ratio [68]. Hereafter, plants will suffer from K+ deficiencies stemming from the competitive inhibition of its uptake by Na+ in plants exposed to salt stress. Potassium is an essential nutrient for plant growth and production, it is involved in the balance of osmotic pressure and the regulation of stomatal closure, and it affects photosynthesis and enzymatic activity [44]. Maintaining a high shoot K+/Na+ ratio is an important trait of plant salt tolerance [69]. In the current study, the shoot K+/Na+ ratio decreased dramatically under saline conditions due to excessive Na+ accumulation in leaves. However, K+ accumulation in NaCl + CTS-group plants was accompanied by a higher K+/Na+ ratio but not a significant difference compared to that of the NaCl group. These results, combined with the mitigation of growth inhibition, suggest that exogenous CTS might facilitate plant growth by regulating the nutritional balance and reducing ion toxicity. A previous study has shown that polysaccharides enhanced salt tolerance in wheat by maintaining a high K+/Na+ ratio through regulation of several Na+/K+ transporter genes, coordinating the efflux and compartmentation of Na+ [58]. The study of Geng et al. [24] found that CTS enhanced salt overly sensitive pathways and upregulated the expression of AsHKT1 and genes encoding Na+/H+ exchangers under saline conditions, thus inhibiting Na+ transport to the photosynthetic tissues. In the present study, although the lower Na+ content in leaves was observed in the NaCl + CTS group at harvest time, the Na+ levels in shoot and root were not evaluated in a time-response manner, and the gene expressions related to Na+ transport still have to be analyzed. To further understand the CTS-induced salt tolerance in lettuce, future studies need to focus on examining the accumulation pattern of Na+ in shoot and root and investigating the gene expressions involved in Na+ transport.



Osmotic regulation is a major adaptation mechanism for plants to resist salt stress. High levels of osmolytes, such as proline, soluble sugars, and soluble proteins, are accumulated in the cytosol and other organelles to adjust osmotic pressure [17,44]. The high accumulation of proline in the NaCl group indicated the crucial nature of this osmolyte in the osmotic adjustment under saline conditions (Figure 3A). Under salt stress, proline can regulate osmotic potential, stabilize the cellular structure, reduce damage to the photosynthetic apparatus, and induce the expression of salt stress-responsive genes, consequently enhancing the adaption of the plant to saline conditions [58]. The application of exogenous CTS increased the proline level and Chl a content of the lettuce leaves subjected to saline conditions (Figure 3A), which suggests that exogenous CTS not only balances osmosis in cells but also protects their photosynthetic machinery. It had been proved that proline accumulation might be a result of a salt-induced increase in N metabolism [70]. A previous study found in wheat that exogenous CTS could effectively enhance N metabolism [71]. Thus, it is interesting to further study whether CTS increases proline levels by modulating N metabolism in lettuce plants during salt stress. The quantity of another vital osmolyte, namely soluble sugar, increased in the lettuce under saline conditions regardless of whether the leaves were treated with exogenous CTS; however, the soluble sugar levels of lettuce leaves treated with exogenous CTS were considerably higher than those of lettuce leaves treated with NaCl alone (Figure 3E). Because soluble sugar plays a key role in many physiological and biochemical processes, including photosynthesis, ROS scavenging, and the induction of adaptive pathway destructive conditions, a substantial increase in the total soluble sugar content may effectively protect lettuce plants exposed to NaCl stress [72,73].



Salt stress triggers the generation of a large number of ROS, such as O2−, H2O2, and ·OH, which poses challenges to plant cells [74,75]. The excessive generation of ROS causes the oxidation of lipids and proteins and the breakage of nucleic acids and limits the effectiveness of enzymes, which results in abnormalities at the cellular level and thus the inhibition of plant growth [43,76]. MDA, which is the final product of membrane lipid peroxidation caused by ROS, is generally an indicator of the degree of cell membrane damage in plants subjected to stress [77,78]. The results of our experiment reveal that the O2−, H2O2, MDA contents, and EL of the NaCl group were considerably higher than those of the control group, which indicates that the integrity and stability of the cell membrane decreased due ROS-induced oxidative damage (Figure 3B–D; Table 2). The O2−, H2O2, and MDA contents and EL of the CTS + NaCl group were lower than those of the NaCl group (Figure 3B–D; Table 2). These results suggest that CTS can mitigate oxidative damage and regulate the stability of the cell membrane system under saline conditions. Moreover, the observed significant increases in Chl a content and reductions in the MDA level in lettuce leaves of NaCl + CTS group also proved that exogenous CTS reduced lipid peroxidation and mitigated the salt-induced reduction in chlorophyll content (Figure 3B; Table 1). Similarly, Turk [57] reported that the application of exogenous CTS decreases ROS levels and lipid peroxidation in peppers under salt stress.



Plants possess a wide range of radical scavenging systems to manage oxidative damage, including antioxidative enzymes, such as SOD, POD, and CAT, and nonenzymatic compounds, such as proline and AsA [44,79,80,81]. SOD is a major O2− scavenger that catalyzes O2− to H2O2 and O2 [82]. Thereafter, the toxic H2O2 can be removed by POD, CAT, or ascorbate peroxidase [83,84]. In the current study, the O2−, H2O2, and MDA contents of the NaCl group were considerably higher than those of the control group (Figure 3B–D). Moreover, the CAT and POD activities of the NaCl group were lower and higher, respectively, than those of the control group (Figure 4). The exogenous application of CTS significantly decreased the O2−, H2O2, and MDA levels and considerably increased the POD and CAT activities (Figure 3B–D and Figure 4). These results are consistent with those of studies on maize [57] and suggest that the exogenous application of CTS can mitigate the damage to the cell membrane system by salt stress by increasing the POD and CAT activities in lettuce leaves. The enzymatic activities of POD and CAT may have played a more crucial role than that of SOD in scavenging the overproduction of ROS in the plants treated with NaCl alone because no significant difference was observed in SOD activity among all the groups (Figure 4). However, the current study did not investigate the expression patterns of SOD, CAT, and POD genes, and additional studies should be conducted on this topic. In addition, studies have indicated that proline and AsA are potent antioxidants that can scavenge various types of ROS and shield the cell from oxidative damage [85,86]. In the current study, the application of exogenous CTS significantly increased the proline content of the lettuce leaves (Figure 3A), indicating that lettuce may accumulate high levels of proline to scavenge ROS, decrease oxidative damage, and safeguard cell membranes from the adverse effects of salt stress. No significant difference was observed in the AsA contents of the CTS + NaCl and NaCl groups (Figure 3F), which suggests that AsA may not play an important role in maintaining the strong antioxidant capacity of lettuce under saline conditions. A current study also found that exogenous oligo-alginate in NaCl-treated plants did not change the AsA content [87].




5. Conclusions


CTS, a natural polysaccharide, has many applications in the agriculture sector as an exogenous additive substance, being both safe and cheap. In the present study, the effects of exogenous CTS on lettuce plants under salt stress were investigated. The results showed that exogenous CTS could improve plant growth and biomass under salt stress. Exogenous CTS application increased proline and soluble sugar accumulations and enhanced peroxidase and catalase activities, thereby reducing oxidative damage to leaves. The CTS also curbed the accumulation of sodium but enhanced the accumulation of potassium in the leaves of NaCl-treated plants. These outcomes may help optimize the production technology of lettuce under saline conditions. However, the mechanism of CTS on alleviating salinity damage is still not fully understood. Future studies should focus on analyzing Na+/K+ transporter gene expressions and possible signal transduction pathways involved in CTS-regulated increased tolerance of lettuce plants to salt stress. As a biopolymer, the presence of amine and hydroxyl groups in CTS may also prevent Na+ from reaching the photosynthetic tissue by chelating part of it at the root/lower tissue level, which needs further exploration depending on the CTS application method.
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Figure 1. The relative spectral photon flux of (A) cool white fluorescent lamps and (B) LED lights. The wavelengths of light sources were recorded at 380–800 nm with a spectrometer. 






Figure 1. The relative spectral photon flux of (A) cool white fluorescent lamps and (B) LED lights. The wavelengths of light sources were recorded at 380–800 nm with a spectrometer.



[image: Horticulturae 07 00342 g001]







[image: Horticulturae 07 00342 g002 550] 





Figure 2. Effects of exogenous chitosan (CTS) on (A) plant morphology and (B–D) plant growth analysis parameters of lettuce plants under salt stress. Data presented are the means ± SEs (n = 3). Different letters on top of bars indicate a significant difference (p < 0.05) according to Tukey’s HSD test. CK (control) = 0 mM NaCl + 0 mg/L CTS; CTS = 0 mM NaCl + 100 mg/L CTS; NaCl = 100 mM NaCl + 0 mg/L CTS; NaCl + CTS = 100 mM NaCl +100 mg/L. RGR, relative growth rate; NAR, net assimilation rate; LAR, leaf area ratio. 
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Figure 3. Effects of exogenous chitosan (CTS) on (A) proline content, (B) MDA content, (C) O2− generation rate, (D) H2O2 content, (E) soluble sugar content, and (F) AsA content in leaves of lettuce plants under salt stress. Data presented are the means ± SEs (n = 3). Different letters on top of bars indicate a significant difference (p < 0.05) according to Tukey’s HSD test. CK (control) = 0 mM NaCl + 0 mg/L CTS; CTS = 0 mM NaCl + 100 mg/L CTS; NaCl = 100 mM NaCl + 0 mg/L CTS; NaCl + CTS = 100 mM NaCl +100 mg/L. MDA, malondialdehyde; O2−, superoxide radical; H2O2, hydrogen peroxide; AsA, ascorbic acid. 
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Figure 4. Effects of exogenous chitosan (CTS) on activities of (A) SOD, (B) POD, and (C) CAT in leaves of lettuce plants under salt stress. Data presented are the means ± SEs (n = 3). Different letters on top of bars indicate a significant difference (p < 0.05) according to Tukey’s HSD test. CK (control) = 0 mM NaCl + 0 mg/L CTS; CTS = 0 mM NaCl + 100 mg/L CTS; NaCl = 100 mM NaCl + 0 mg/L CTS; NaCl + CTS = 100 mM NaCl +100 mg/L. SOD, superoxide dismutase; POD, peroxidase; CAT, catalase. 
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Table 1. Effects of chitosan (CTS) on total leaf area, shoot and root fresh weight, shoot and root dry weight, and leaf chlorophyll content of lettuce plants under salt stress.
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	Treatments
	Total Leaf Area

(m2)
	Shoot FW

(g∙plant−1)
	Shoot DW

(g∙plant−1)
	Root FW

(g∙plant−1)
	Root DW

(g∙plant−1)
	Chl a

(μg∙ml−1)
	Chl b

(μg∙ml−1)
	Total Chl

(μg∙ml−1)





	CK
	0.052 ± 0.004 a
	48.8 ± 0.9 a
	2.39 ± 0.21 a
	8.73 ± 0.63 a
	0.31 ± 0.02 a
	8.68 ± 0.15 b
	3.30 ± 0.23 a
	11.98 ± 0.13 a



	CTS
	0.054 ± 0.010 a
	45.2 ± 1.9 a
	2.11 ± 0.19 ab
	9.80 ± 1.23 a
	0.28 ± 0.02 ab
	9.24 ± 0.14 a
	3.29 ± 0.11 a
	12.53 ± 0.24 a



	NaCl
	0.017 ± 0.003 b
	12.8 ± 1.7 c
	0.80 ± 0.05 c
	3.47 ± 0.51 b
	0.15 ± 0.01 c
	7.43 ± 0.14 c
	2.62 ± 0.04 b
	10.05 ± 0.16 c



	NaCl + CTS
	0.041 ± 0.007 a
	29.1 ± 4.5 b
	1.56 ± 0.19 b
	5.98 ± 0.47 b
	0.24 ± 0.03 b
	8.18 ± 0.20 b
	2.73 ± 0.15 b
	10.91 ± 0.35 b







Data presented are the means ± SEs (n = 3). Different letters in each column indicate significant differences (p < 0.05). CK (control) = 0 mM NaCl + 0 mg/L CTS; CTS = 0 mM NaCl + 100 mg/L CTS; NaCl = 100 mM NaCl + 0 mg/L CTS; NaCl + CTS = 100 mM NaCl +100 mg/L CTS. FW, fresh weight; DW, dry weight; Chl, chlorophyll.













[image: Table] 





Table 2. Effects of chitosan (CTS) on leaf RWC, EL, and the contents of potassium and sodium in leaves of lettuce plants under salt stress.






Table 2. Effects of chitosan (CTS) on leaf RWC, EL, and the contents of potassium and sodium in leaves of lettuce plants under salt stress.





	Treatments
	RWC

(%)
	EL

(%)
	Potassium

(mg∙g−1 DW)
	Sodium

(mg∙g−1 DW)
	K+/Na+ Ratio





	CK
	74.8 ± 1.3 ab
	16.1 ± 3.0 c
	73.96 ± 1.30 a
	1.09 ± 0.04 c
	68.23 ± 3.73 a



	CTS
	79.0 ± 2.9 a
	15.5 ± 2.5 c
	72.02 ± 2.25 a
	1.05 ± 0.07 c
	69.38 ± 6.97 a



	NaCl
	62.9 ± 1.6 c
	42.0 ± 3.1 a
	52.92 ± 1.55 c
	22.61 ± 1.31 a
	2.35 ± 0.07 b



	NaCl + CTS
	72.8 ± 0.4 b
	33.1 ± 0.5 b
	61.27 ± 1.23 b
	12.21 ± 1.36 b
	5.11 ± 0.42 b







Data presented are the means ± SEs (n = 3). Different letters in each column indicate significant differences (p < 0.05). CK (control) = 0 mM NaCl + 0 mg/L CTS; CTS = 0 mM NaCl + 100 mg/L CTS; NaCl = 100 mM NaCl + 0 mg/L CTS; NaCl + CTS = 100 mM NaCl +100 mg/L CTS. RWC, relative water content; EL, electrolyte leakage; FW, fresh weight; K+, potassium; Na+, sodium.
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