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Abstract

:

The application of pulp and paper mill sludge to agricultural soils is commonly considered as a strategy to improve soil properties, promote plant growth, and reduce the demand for costly chemical fertilization. The aim of this study was to evaluate if sodium lignosulfonate (sLS), one of the sludges of pulp production, may affect the biomass production, the respiration (R) and net CO2 assimilation rate (An) at the leaf level, and the content and accumulation of trace elements in the leaves of cucumbers grown under a sufficient nutrient supply or soil nutrient deficit. A pot culture experiment was conducted using sLS application rates of 0, 1.0, 2.5, 5.0, and 10 vol% to sandy loam soil. The decline in nutrient availability caused an increase in the R/An ratio and dramatically depressed biomass accumulation. The leaf Fe, Ni, Cr, Co, Al, and Pb contents were lower under low nutrient availability than under sufficient nutrient supply. Although sLS was not very effective in lessening the negative effect of nutrient deficiency on biomass accumulation, it reduced respiratory carbon losses and cell membrane permeability in the leaves of cucumbers grown under nutrient deficit. The reduction in the toxic level of leaf Mn in seedlings grown under sufficient nutrient availability and the toxic level of leaf Fe under a nutrient deficit might also be considered as a positive effect of the sLS application to sandy soil.
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1. Introduction


Currently, research in plant breeding is focused on increasing efficiency and reducing the cost of agricultural production [1,2,3,4,5]. As soil improvers, a wide range of substances has been studied, including lignosulfonates (LSs) [6,7,8], which are byproducts of lignin processing using the sulfite method of pulp production. LSs contain sulfonyl, carboxyl, phenolic hydroxyl, and alcoholic hydroxy groups, which are responsible for their chelating, buffering, and cation exchange properties [9]. These properties allow us to consider LSs as conditioners of soil’s physical properties [8] and chelate fertilizer [10] with their positive effect on the physical, chemical, and biological properties of soil [11]. This is especially important for soils with low natural fertility, such as sandy loam soil. This type of soil is widely used for agricultural purposes but is typically nutrient-deficient soil with a low ability of macro- and micronutrients for plants [12]. It can be hypothesized that the application of LSs to nutrient poor soils can improve availability of nutrients for plants, which, in turn, can positively affect the main physiological traits, including growth, photosynthetic CO2 assimilation (A), and respiration (R), as well as the coupling between these processes. It is well known that plant productivity and crop yield are strongly controlled by the balance between respiration and photosynthesis [13]. The R/A ratio is considered an important indicator of plant carbon balance and is widely used in studies of the ability of plants to acclimate to stress factors [14,15], including soil nutrient deficiency [16]. Several lines of evidence suggest that the R/A ratio tends to increase under stress [17,18]. This increase can be caused by accelerated demand for respiratory energy, an increase in dissipative processes, and/or a reduction of the photosynthetic rate [19]. An increase in the R/A ratio indicates the loss of carbon by the plant and, as a result, a decrease in the growth rate and accumulation of plant biomass. The studies of LSs application on plant growth have shown that plant response depends on multiple factors, such as LS cations and types, application dose, plant species, and plant development stages [20,21,22]. The positive impact of LS application on plant biomass accumulation has been found for some cultivated plants [9,21,23], but not for others [24,25]. Experimental evidence shows that LSs can promote root activity and elongation [26] and increase the content of proteins and sugar [9,23]. Kok et al. [23] showed that sodium LS [sLS] application caused an increase in rubisco activity, total chlorophyll, and photosynthesis-related protein content, resulting in enhanced photosynthesis activities and plant biomass accumulation for the indica rice cultivar. Along with the sLS-mediated increase in the photosynthetic rate, the reduction of reactive oxygen species can improve plant growth as was found by Kok et al. [23]. Much less information is available, however, about the impact of LSs on plant respiratory metabolism, which is an important physiological process controlling plant growth and productivity, especially under stress conditions, including soil nutrient deficiency. In addition, less is known about the LSs-mediated modification of the coupling between photosynthesis and respiration and its effect on plant biomass accumulation. It is well known that nutrient-containing fertilizers increase plant growth rate and yield, as well as affect plant nutrient uptake and plant element concentrations [27]. As well as macronutrients, micronutrients, including iron (Fe), manganese (Mn), copper (Cu), and zinc (Zn), are essential for multiple biological processes that affect plant agricultural productivity and crop yield [27]. LSs include polysaccharides, monosaccharides, minerals, organic acids, and macro- and microelements [28,29,30], which makes it possible to use them as a fertilizer to increase the nutrient element contents of soils [31,32]. However, not only the concentration of soil nutrients but also the availability of elements to plants affects nutrient uptake and element accumulation in plant tissue. Chelating agents can be used to control the availability of soil micronutrients by complexing them with soil metal cations. The ability of LSs to chelate micronutrient ions, such as ions of Fe, Mn, and Zn, and form ion-LS complexes has been widely studied in recent years [10,33,34]. These studies suggest that using of LSs as ion-LS complexes might be an eco-compatible and cost-friendly micronutrients source, as compared to synthetic chelates, although ion-LS complexes can show a lower efficiency than synthetic chelates and different use among plant species [31,32,34]. Since element uptake by plants strongly depends on nutrient content and availability in soils [27], it can be hypothesized that the application of LS can affect microelement content and accumulation in plant organs. A recent study [25] showed that low doses of sodium LS caused an increase in the content of several macronutrients in cucumber plants grown under conditions of sufficient nutrient availability. However, this was not found for plants grown under soil nutrient deficiency. Much less information is available, however, about the effects of LSs application on trace element content and their distribution and accumulation in plants. Moreover, it is uncertain whether the effect of LSs application on the uptake of microelements by plants depends on the soil nutrient supply.



Our study aimed to investigate sLS application’s impact on growth parameters, as well as on the accumulation of biomass and trace elements in Cucumus sativus L. leaves. Since plant growth is closely related to photosynthesis and respiration, these physiological processes were also studied. Cucumbers are one of the most widely cultivated vegetable crops in the world. Since cucumber plants are sensitive to the impact of stress factors, including soil nutrient deficiency, they are often the object of many scientific studies aimed at increasing cucumber crop yield and stress resistance [35,36]. We studied not only micronutrients, such as Fe, Mn, Cu, and Zn, which are needed for the successful growth of plants, but also nickel (Ni), chromium (Cr), and cobalt (Co), which are essential microelements only at extremely low concentrations. Also, we studied leaf aluminum (Al) and lead (Pb) to understand whether the sLS application affects the content of these non-essential elements. All these studied elements are toxic to crop plants at high tissue concentrations. In this study, cucumber seedlings were grown under contrasting conditions of nutrient availability—adequate and low soil nutrient supplies. We assessed whether the sLS application would affect the main physiological processes, as well as microelement content, and if this effect is more pronounced under soil nutrient deficiency.




2. Materials and Methods


2.1. Soil Substrate Preparation


For the experimental study, sandy loam soil has been collected at the Korza field station of the Karelian Research Center, located in Karelia, the Northwest of Russia. Under natural forest vegetation, this soil is acidic (pH values between 3.5 and 6.0) and has low nutrient content, including nitrogen (total N concentration between 0.01 and 0.03%) [12]. The collected soil was air-dried and sieved with a 2 mm sieve. We divided the soil sample into five parts and mixed each of the parts with sodium lignosulfonate (sLS) (Kondopoga Pulp and Paper Mill, Karelia, Russia) to achieve its content equal 0, 1.0, 2.5, 5.0, and 10 vol% (0sLS, 1sLS, 2.5sLS, 5sLS, and 10sLS treatments, respectively). Sodium lignosulfonate collected from Kondopoga Pulp and Paper Mill had the following total chemical composition: O—48%, C—42%, S—7%, and H—4% with ash percentage of 17% [29]. Moreover, 1.6 g kg−1 of N, 0.1 g kg−1 of both P and K, 0.8 g kg−1 of Ca and Mg, and 2.2 g kg−1 of Na were recently found in this type of LS [25]. All soil samples containing sLS were incubated in large pots in a temperature-controlled room under 21−23 °C for 90 days. During incubation, once a week the pots were weighted, and the substrates were watered up to 70−80% of the maximum soil water holding capacity to prevent soil water deficit [37]. Following the incubation period, we parked the substrates into plastic pots (volume equal to 0.80 L) with an approximate soil bulk density of 1.4 g cm−3 for subsequent planting of germinated seeds. Each treatment (0sLS, 1sLS, 2.5sLS, 5sLS, and 10sLS) included eight pots.




2.2. Plant Material and Growth Conditions


Prior to sowing, we imbibed uniform seeds of cucumber (C. sativus L., var. Kurag) in distilled water for 24 h; afterwards, we sowed four seeds in a pot. We put the pots into two climate chambers and maintained temperature at 25/22 °C day/night, 16-h photoperiod, 300 μmol m−2 s−1 of photosynthetic photon flux density (PPFD), and 60−70% relative air humidity. The pots of each sLS treatment were divided into two blocs. For the first bloc, the nutrient solution composed of 1 g L−1 Ca(NO3)2, 0.25 g L−1 KH2PO4, 0.25 g L−1 MgSO4 7H2O, 0.25 g L−1 KNO3, a trace amount of FeSO4 with pH 6.2−6.4 and EC 2.0 mS cm−1 was supplied every two days. For watering of second part seedlings, we used distilled water every two days. Consequently, we designated the first bloc for growing seedlings under sufficient nutrient availability (SNA) and the second bloc for growing seedlings under low soil nutrient availability (LNA). One week after the beginning of the experiment, we thinned the seedlings one seedling per pot. To avoid plant location effects, we moved the pots daily and randomly within each chamber and every week between the chambers.




2.3. Chlorophyll Fluorescence and Chlorophyll Content Parameters


Chlorophyll fluorescence parameters) were measured with MINI-PAM (Walz, Effeltrich, Germany). These parameters include Fv/Fm—maximum photochemical quantum efficiency of PSII—and φPSII—actual photochemical quantum efficiency. Before measuring minimum and maximum fluorescence (Fo and Fm, respectively) of leaves, they were adapted to dark for 30 min using leaf clips. The Fo and Fm were taken by illumination with saturated flash light and used to calculate maximal photochemical efficiency of PSII (Fv/Fm= (Fm− Fo)/Fm). After the measurement of dark-adapted parameters, the cucumber seedlings were exposed to growth irradiance for light adaptation for 30 min. The minimum and maximum fluorescence of light-adapted leaves (Ft and Fm′, respectively) were measured in the same way as for dark-adapted leaves. The φPSII values were calculated as (Fm′ − Ft)/Fm′ according to Genty et al. [38]. Leaf chlorophyll content index was measured on the same leaves as the chlorophyll fluorescence parameters using a portable SPAD (Soil Plant Analysis Development)-502® chlorophyll meter (Minolta Camera Co. Ltd., Tokyo, Japan). At least three measurements were made along a blade of one single leaf. The chlorophyll fluorescence parameters and chlorophyll content index were measured for all cucumber seedlings among all treatments on days 17, 21, 25, and 28 after sowing.




2.4. CO2 Gas Exchange


Measurements of leaf gas exchange commenced after at least two hours of photosynthesis under the light [39]. Light response curves were measured on the youngest fully expanded leaves using a portable photosynthesis system (HCM-1000, Walz, Effeltrich, Germany) equipped with a 2.5 cm2 leaf chamber with a red–blue light source. The measurements were started at 27 days after germination and performed at the leaf temperature of 25 °C, relative air humidity of 60–70%, 400 ± 20 ppm of CO2, and the flow rate through the leaf chamber of 600 μmol s−1. The leaves were first exposed to growth irradiance of 300 PPFD, and thereafter, we measured the irradiance response of net CO2 at 1200 μmol PPFD m−2 s−1. Then, we determined the same parameter at 1000, 800, 300, 60, 40, 20, and zero PPFD. Readings were taken after steady state rates of CO2 exchange were reached. The rates of leaf respiration (R) were taken after 30 min of zero irradiance. The apparent quantum yield of photosynthesis (α) was calculated as the slope of the net CO2 assimilation rate An versus irradiance of 20, 40, and 60 μmol m−2 s−1. The ratios of R to An at leaf level were calculated for the An rates at 1200 (light saturation level) and 300 (growth irradiance) PPFD and designated as R/An1200 and R/An300, respectively.




2.5. Electrolyte Leakage and Leaf Relative Water Content


Electrolyte leakage (EC) was measured using an electrical conductivity meter by estimating the ion leaching from the leaves into water according to [40]. About 0.5 g fresh weight of washed leaves was cut into small tubes with 10 mL distilled water and incubated at 23 °C for 4 h. The suspension medium was measured for the initial electrical conductivity (EC1). The samples were then boiled at 100 °C for 20 min to release all the electrolytes, cooled and the final electrical conductivity (EC2) was measured. The percent leakage of electrolytes was calculated as (EC1/EC2) × 100%.



For the relative water content (RWC) measurements, leaf discs were collected from randomly selected leaves of each treatment. Fresh weights of the leaf discs (FW) were determined, and the discs were placed in Petri dishes containing distilled water to rehydrate. After 24 h under 4 °C leaf turgid weight (TW) was determined. The leaf discs’ leaves were oven-dried at 70 °C for dry weight (DW) determination. Leaf RWC was calculated as (FW−DW)/(TW−DW) × 100% according to [41].




2.6. Plant Growth Parameters


After the completion of CO2 exchange measurements, we harvested the 30-day-old cucumber seedlings and determined the dry weight of plants separated into leaves, stems, and roots at 70 °C to weight constancy. The following growth parameters were calculated: total dry biomass as the sum of roots, stems, and leaves’ dry weight; leaf weight ratio (LWR) as the ratio between leaf weight and total biomass; root weight ratio (RWR) as the ratio between root weight and total biomass; and root shoot ratio (RSR) as the ratio between root weight and shoot (leaves plus stems) biomass.




2.7. Chemical Analyses


After the measurement of growth parameters, we analyzed the chemical composition of dry leaves. Four seedlings of each treatment grown under condition of SNA were used for determining the content of microelements in leaves. For the seedlings grown under LNA, we combined all leaves of four seedlings of each of the treatments in bulk sample. The leaf subsamples of 0.2–0.3 g were homogenized and then digested with HNO3 and HCl. Samples were mineralized using the «Speedwave four» microwave sample preparation system (Berghof Products + Instruments GmbH, Eningen unter Achalm, Germany) at 135 °C for 30 min. Leaf concentrations of Fe, Mn, Cu, and Zn were determined by spectrophotometric atomic absorption (Shimadzu AA-7000, Kioto, Japan) and the content of Cr, Co, Ni, Al, and Pb was determined by absorption method, according to [42], with electrothermal atomization on an AA-6800 spectrometer (Shimadzu, Japan) in the Core Facility “Analytical laboratory” of the Forest Institute of KarRC of RAS. Certified multi-element solutions (Inorganic Ventures) are used as calibration standards. The element accumulation in leaves was determined by multiplying the dry leaf biomass per plant by the leaf element content, while the content of the element was expressed in milligrams per kilogram (mg kg−1) and element accumulation was expressed in milligrams per plant (mg plant−1).




2.8. Statistical Analyses


All data were shown as mean ± standard error. The effects of soil sLS concentration, nutrient availability for plants, and their interaction were analyzed using a two-way ANOVA. To assess the significant difference between the treatments, the least significant difference (LSD) of ANOVA was used for plant growth and chemical parameters. We reported differences at the p < 0.05 level as significant. A correlation matrix value was made to evaluate the strength and direction of the relation between leaf element content and plant growth parameters. All statistical tests were carried out with Statistica software (v. 8.0.550.0, StatSoft, Inc.).





3. Results


3.1. Effect of Nutrient Availability on Plant Biomass Parameters


As shown in Table 1, nutrition availability for cucumber seedlings significantly affected all growth parameters observed in this study. As expected, for the 0sLS seedlings, the reduced nutrient availability dramatically depressed seedling growth, with decreases in total, leaf, and root biomass by almost 18, 40, and 11 times, respectively (Figure 1). For the 0sLS leaves, the LWR value was lower, and RWR was higher under LNA than under the SNA condition.




3.2. Effect of sLS on Plant Biomass Parameters


The two-way ANOVA treatment results show that the effect of sLS application was significant for all biomass parameters (Table 1). While soil sLS contents of 1.0, 2.5, and 5.0% did not affect the total and organ biomass of seedlings grown under SNA, the sLS content of 10% decreased biomass values except for the LWR value (Figure 1). In accordance with the increase in soil sLS content under LNA conditions, total, leaf, and root biomass tended to increase, but this increase was too small to restore these parameters to the level of SNA-grown seedlings. Under LNA conditions, the LWR values increased, and RWR decreased with the increase in the soil sLS content.




3.3. Effect of Nutrient Availability and sLS Application on Photosynthetic Parameters, EC and RWC


As shown in Table 1, the nutrient availability for plants significantly affected the parameters of chlorophyll fluorescence (Fv/Fm and φPSII) and chlorophyll content, as well as the α value, and rates of An and R. The decline in nutrient availability decreased the values of these parameters, and sLS application did not lead to an increase in Fv/Fm and SPAD index regardless of the soil sLS content (Figure 2a,c). A statistically significant sLS-mediated increase was found for the φPSII values (Figure 2b), but the increase was not sufficient to restore these values to the level of SNA-grown seedlings.



As expected, the An rates were higher in SNA-grown seedlings than in their LNA-grown counterparts, regardless of the PPFD level at which An was measured (Figure 3). For the SNA-seedlings, sLS did not affect the An300 rates (Figure 4b), but the depression of An1200 was pronounced when 1% of sLS was added into the soil (Figure 4a). For the LNA-grown seedlings, the sLS application increased both An1200 and An300 rates, regardless of the sLS content, but this increase was not significant enough. The effect of sLS on the α value of the both SNA- and LNA-grown seedlings repeated its impact on the An1200 values (Figure 4a,d).



The R rates were higher in SNA than in LNA leaves (Figure 4c). While the sLS application did not affect leaf R in the LNA-grown seedlings, for their SNA-grown counterparts, the 5sLS leaves had the lowest R rates. The ratios R/An at the leaf level were lower in SNA than in the LNA seedlings, regardless of whether An1200 or An300 was used in the ratio (Figure 4e,f). The nutrient deficiency dramatically increased both the R/An1200 and R/An300 ratios, but sLS application significantly decreased these values among all treatments.



The two-way ANOVA analysis revealed the significant effect of nutrient availability for plants on the electrolyte leakage (EC), but not on the relative water content (RWC) in cucumber leaves (Table 1). For the 0sLS seedlings, the decline in nutrient availability caused an increase in EC (Figure 5a) and a decrease in RWC (Figure 5b). Under SNA conditions, the EC values tended to be higher in leaves grown on the soil without sLS than on the soils containing it, but these differences were not supported by statistical tests (p > 0.05). The sLS application significantly decreased EC in LNA-grown leaves with the reduction rate independent of the sLS content in the soil. The RWC values were lower in leaves grown on the soil without sLS, regardless of its content in the soil and the condition of nutrient availability for plants.




3.4. Leaf Microelements Content


According to the two-way ANOVA, the effect of nutrient availability for plants was significant for leaf Fe, Zn, Ni, Cr, Co, Al, and Pb but insignificant for Mn and Cu content (Table 1). The decline in nutrient availability caused an increase in Fe, Ni, Cr, Al, Co, and Pb concentration in 0sLS leaves by 21, 4.4, 8.0, 5.8, 6.1, and 4.9 times, respectively, and a decrease in Zn content by 9% (Table 2). As shown in Table 1, sLS application significantly affected the Fe, Mn, Ni, Al, Cr, and Co content in the leaves of cucumber seedlings. The effect of sLS on the concentrations of some microelements in the leaves depended on nutrient availability for seedlings. While the increase in the soil sLS concentration decreased leaf Fe, Cr, and Pb content under LNA, this tendency was not recorded for seedlings grown under SNA conditions. Lignosulfonate application decreased the leaf Al concentration under SNA but tended to increase it in the leaves of LNA-grown seedlings. In accordance with the increase in soil sLS content, leaf Mn, Zn, Ni, and Co concentrations decreased regardless of the conditions of nutrient availability for plants.




3.5. Correlation between Leaf Microelement Content and Plant Growth Parameters


For most of the studied trace elements (Fe, Ni, Cr, Co, Al, and Pb), a strong negative correlation between most growth parameters and leaf element concentration was found for the united SNA and LNA conditions (Table 3). The RWR values were positively correlated with the concentration of these elements in the leaves. A statistically significant relation was determined between the biomass values and leaf content of Cu and Zn, but no relation between Mn concentration and growth parameters was found.




3.6. Leaf Trace Element Accumulation


For all the studied trace elements, their accumulation was lower in the leaves of cucumber seedlings grown under LNA than under SNA conditions (Table 2). The effect of sLS application on the accumulation of some elements depended on the nutrient availability for plants. While the increase in the soil sLS concentration decreased leaf Mn, Ni, and Co accumulation under SNA, this tendency was not recorded for LNA-grown seedlings. In accordance with the increase in soil sLS content, the Al accumulation decreased in SNA leaves and increased in LNA ones except for 10sLS leaves. While sLS application did not affect Cu, Zn, and Cr accumulation in LNA leaves, for SNA-grown seedlings, 1sLS leaves had the highest accumulation of these elements. While leaf accumulation of Fe tended to decrease following the increase in soil sLS content under LNA conditions, this tendency was not so clear for seedlings grown under SNA. The Pb accumulation in cucumber leaves was not affected by sLS application, regardless of the conditions of nutrient availability.





4. Discussion


Since lignosulfonates contain chemical groups that form chelate complexes with metal cations, many of which are essential elements, it was expected that LSs can be useful to improve the fertility of agricultural soil [6,31,43] and enhance plant growth and productivity [1,20,26]. In our study, we sought to recognize how the addition of sLS in sandy loam soil affects biomass and leaf-essential and non-essential element accumulation in cucumber seedlings. Therefore, we quantified the impact of nutrient availability for plants on leaf microelements composition to understand whether the response of plant growth and leaf element content to sLS application depends on this factor. The results of our study showed that the effect of sLS on the growth parameters and leaf microelements content strongly depends on soil nutrient availability. As we expected, the low level of nutrient availability for the cucumber seedlings resulted in a dramatic decline in plant growth and biomass accumulation (Figure 1), connected with the low rates of An and R (Figure 3 and Figure 4). These results are in agreement with the findings that photosynthesis is the main driver for plant biomass production, which is negatively affected by soil nutrient deficiency [44,45,46].



Early studies showed that the beneficial effects of LSs on plant growth vary depending on the cation contained in LSs, soil lignosulfonate concentrations, or plant species [9,20]. In our study, the effect of sLS application on growth parameters was not as strong as we expected, regardless of soil sLS content and the condition of soil nutrient availability (Figure 1). Under the sufficient nutrient condition, the seedlings grown on soil with low content of sLS did not demonstrate any different response of biomass accumulation compared with the soil without sLS. Our finding that high levels of sLS in soil cause a decrease in total, leaf, and root dry biomass in SNA seedlings is consistent with a study demonstrating a negative effect of high levels of LS on plant traits [24]. Presumably, this negative effect is largely associated with lignosulfonate-mediated sodium salinization of the soil under this study. As mentioned in the Introduction section, we hypothesized that sLS might increase nutrient availability for cucumber seedlings, which, in turn, can have a positive effect on plant biomass accumulation. However, we found no evidence of a significant positive impact of sLS on growth parameters. Thus, sodium LS application was not successful in buffering the negative response of plants to nutrient deficiency in soil.



The plant biomass and carbon accumulation strongly relate to the plant carbon balance which is the difference between A and R [47]. Under optimal growth conditions, respiration loss of carbon assimilated during photosynthesis(R/A) tended to be constant, but stress is known to increase the R/A ratio [17], which was confirmed by our study (Figure 4e, f). Increased R/A can be caused by emerging respiratory energy demand or suppressed photosynthesis [17,48]. In this study, both R and An were depressed by soil nutrient deficiency, with An being depressed to a higher extent than R (Figure 4a–c). The shift in the carbon balance toward carbon losses seems to be one of the main reasons for the inhibited growth of cucumber seedlings grown under soil nutrient limitation in this study. The nutrient deficit-mediated decrease in An was connected to decreased values of chlorophyll fluorescence parameters (Fv/Fm and φPSII), which may be used as a direct indicator of photosynthetic activity and plant resistance to stress [39]. Our finding that the decline in nutrient availability strongly influences the photosynthetic apparatus, including PSII photochemistry and leaf chlorophyll content, is according to the studies that have found functional changes in the photosynthetic machinery under deficiency in soil nutrients [49,50]. Electrolyte leakage is a key index of plant cell membrane permeability, which increases under stress [51], including nutrient deficiency, as was found in this study (Figure 5a). The sLS application decreased the EC values, and this decrease was more pronounced for the leaves of cucumbers grown under low nutrient availability. Van der Paal et al. [52] showed that cell membranes’ permeability was closely connected with lipid peroxidation in the cell membranes. It can be assumed that the beneficial effect of sLS application on the permeability of cell membranes is associated with a lignosulfonate-mediated decrease in lipid peroxidation in plant membranes.



Nutrient deficiency did not cause a decrease in leaf microelement content, but, on the contrary, increased the concentration of Fe, Ni, Cr, Co, Al, and Pb with a toxic level for Fe, and close to a toxic level for Ni, Al ᴎ Co. In this study, the toxic level of Fe could be one of the factors that reduced plant growth. Fe toxicity often occurs in plants grown on soils with low pH, leading to increases in ferrous ion concentration, disrupting cell homeostasis, and impairing plant growth and yield [53]. Since the sandy loam soil used in this study contains a high Fe content and high soil acidity associated with a high Fe availability [12], ion uptake by plant roots was not limited. The deficit of soil mineral nutrients causes a decrease in nutrient accumulation in plants, but the uptake of microelements by plants can be increased [54]. A deficiency of soil macronutrients can be considered the main cause of excess iron in cucumber leaves grown under LNA. Along with other reasons, the toxic level of leaf Fe could be due to a disturbance of membrane integrity or mechanisms of blocking of iron transport under LNA conditions [53]. Although the positive direct or indirect effects of Fe and low concentrations of Ni, Cr, and Co on plant growth processes are known [54], in this study, the correlation analysis revealed a negative relationship between biomass accumulation and the concentration of these elements in leaves (Table 3). A positive correlation between the leaf Zn or Cu content and plant growth parameters was found in this study, which confirms the physiological significance of these micronutrients in growth processes. However, for the LNA-grown seedling, this correlation was negative. Therefore, it can be assumed that the significance of some trace elements for plant biomass accumulation may be controlled by such environmental factors as soil nutrient availability.



The capability of LSs to complex different cations, including Fe, Mn, and Zn, is well documented [6,55,56]. These complexes can play important role in ion uptake and accumulation in plants, but our study did not reveal any significant sLS-mediated increase in the content of micronutrients in cucumber leaves, regardless of the level of nutrient availability for plants (Table 2). The low efficiency of sLS as a chelating agent may be due to its weak bonds and low complex stability [33]. However, under a low rate of sLS application (1.0%), the concentration of Zn and Cu tended to increase, and leaf Zn and Cu accumulation increased, which can be associated with the chelating capacity of lignosulfonate under the study. A recent study [57] has shown a decrease in soil acidity with sLS application. Decreased microelement mobility under the condition of increased soil pH can be one of the reasons for the decreased contents of Mn, Ni, Co, and Al in leaves under both SNA and LNA conditions and the decreased contents of Fe, Zn, and Cr in the leaves grown under LNA. This result is consistent with the well-documented negative correlation between soil pH and leaf microelements content [58]. The sLS-mediated decline in the content of important micronutrients, such as Mn, can be one of the reasons for the increased LWR and decreased RWR for LNA-grown seedlings (Figure 1). This biomass distribution may be one of the mechanisms for maintaining the main physiological processes of plants such as respiration, photosynthesis, and transpiration that ensure the survival of plants under stressful conditions of low nutrient availability. The reduction in the content of toxic levels of Mn in SNA-grown and Fe in LNG-grown leaves can be considered a positive effect of the sLS application. It should be noted that the negative effect of sLS application on leaf concentration and accumulation of toxic levels of Ni, Cr, Co, Al, and Pb was not established in our study.




5. Conclusions


In summary, for sandy loamy soil used in this study, the effect of nutrient availability on the accumulation of dry matter by cucumber seedlings, as well as on the content and accumulation of microelements was more significant than the effect of sodium lignosulfonate application. The decline in nutrient availability caused a significant decrease in the photosynthetic activity and accumulation of plant biomass and leaf microelements, but sLS was not successful in eliminating this negative effect regardless of the sLS application rate. The sLS application with the rate of 5–10% decreased the content of most microelements, including toxic levels of Mn under SNA and Fe under LNA conditions. The sLS-mediated decrease of leaf microelements content corresponded to the decrease in dry plant biomass under sufficient nutrient availability and redistribution of biomass between the root and leaves in the direction of increasing leaf mass under low nutrient availability conditions.
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Figure 1. Total (a), leaf (b), root (c) weight, root shoot ratio (RSR, (d)), leaf weight ratio (LWR, (e)), root weight ratio (RWR, (f)), for cucumber seedlings grown on the sandy loam soil with a sodium lignosulfonate concentration of 0 (1), 1 (2), 2.5 (3), 5 (4), and 10 (5) vol % under sufficient nutrient availability (SNA) or low nutrient availability (LNA). Significant differences at p < 0.05 indicated with different letters. 






Figure 1. Total (a), leaf (b), root (c) weight, root shoot ratio (RSR, (d)), leaf weight ratio (LWR, (e)), root weight ratio (RWR, (f)), for cucumber seedlings grown on the sandy loam soil with a sodium lignosulfonate concentration of 0 (1), 1 (2), 2.5 (3), 5 (4), and 10 (5) vol % under sufficient nutrient availability (SNA) or low nutrient availability (LNA). Significant differences at p < 0.05 indicated with different letters.



[image: Agriculture 13 00307 g001]







[image: Agriculture 13 00307 g002 550] 





Figure 2. Temporal dynamics of the maximal quantum yield of PSII photochemistry ((a), Fv/Fm), actual quantum yield of PSII photochemistry ((b), ϕPSII) and SPAD index (c) for cucumber seedlings grown on the sandy loam soil with a sodium lignosulfonate concentration of 0 (0sLS), 1 (1sLS), 2.5 (2.5sLS), 5 (5sLS), and 10 (10sLS) vol % under sufficient nutrient availability (SNA) or low nutrient availability (LNA). 
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Figure 3. Light response curves of leaf CO2 gas exchange of cucumber seedlings grown on the sandy loam soil with a sodium lignosulfonate concentration of 0 (0sLS), 1 (1sLS), 2.5 (2.5sLS), 5 (5sLS), and 10 (10sLS) vol % under sufficient nutrient availability (SNA) or low nutrient availability (LNA). 
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Figure 4. Net CO2 assimilation rate at 1200 ((a), An1200) or 300 ((b), An300) PPFD, leaf respiration ((c), R), apparent quantum yield of photosynthesis ((d), α), R/An ratio at 1200 ((e), R/An1200) or 300 ((f), R/An300) PPFD for cucumber seedlings grown on the sandy loam soil with a sodium lignosulfonate concentration of 0 (1), 1 (2), 2.5 (3), 5 (4), and 10 (5) vol % under sufficient nutrient availability (SNA) or low nutrient availability (LNA). Significant differences at p < 0.05 indicated with different letters. 
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Figure 5. Electrolyte leakage (EC, (a)) and relative water content (RWC, (b)) in leaves of cucumber seedlings grown on the sandy loam soil with a sodium lignosulfonate concentration of 0 (1), 1 (2), 2.5 (3), 5 (4), and 10 (5) vol % under sufficient nutrient availability (SNA) or low nutrient availability (LNA). Significant differences at p < 0.05 indicated with different letters. 
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Table 1. The p-values of two-way ANOVA statistical treatment for the parameters depicted in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5.
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Treatment Factor, Interaction




	
Parameter

	
Nutrient Availability

	
sLS

	
sLS + Nutrient Availability






	
Total biomass

	
<0.001 ***

	
<0.01 **

	
<0.01 **




	
Leaf mass

	
<0.001 ***

	
<0.01 **

	
<0.01 **




	
Root mass

	
<0.001 ***

	
<0.05 *

	
0.050 ns




	
LWR

	
<0.001 ***

	
<0.001 ***

	
0.051 ns




	
RWR

	
<0.001 ***

	
0.009 **

	
<0.01 **




	
RSR

	
<0.001 ***

	
0.013 *

	
0.206 ns




	
An1200

	
<0.001 ***

	
0.084 ns

	
<0.05 *




	
An300

	
<0.001 ***

	
0.247 ns

	
<0.01 **




	
R

	
<0.001 ***

	
0.627 ns

	
0.092 ns




	
α

	
<0.001 ***

	
<0.05 *

	
0.062 ns




	
R/An1200

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***




	
R/An300

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***




	
EC

	
<0.001 ***

	
0.024 *

	
0.125 ns




	
RWC

	
0.574 ns

	
0.194 ns

	
0.590 ns




	
Fe

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***




	
Mn

	
0.456 ns

	
<0.001 ***

	
0.924 ns




	
Cu

	
0.108 ns

	
0.915 ns

	
0.647 ns




	
Zn

	
<0.05 *

	
0.320 ns

	
0.916 ns




	
Ni

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***




	
Cr

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***




	
Al

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***




	
Co

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***




	
Pb

	
<0.01 **

	
0.091 ns

	
0.062 ns








Asterisks denote significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001; ns, not significant. LWR, leaf weight ratio; RWR, root weight ratio; RSR, root shoot ratio; An, net CO2 assimilation rate at 1200 (An1200) and 300 PPFD (An300); R, leaf respiration rate; α, apparent quantum yield; EC, electrolyte leakage; RWC, leaf relative water content.
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Table 2. Concentration and accumulation of microelements in leaves of cucumber seedlings grown on sandy loam soil with lignosulfonate concentrations of 0 (0sLS), 1 (1sLS), 2.5 (2.5sLS), 5 (5sLS), and 10 (10sLS) % under sufficient (SNA) or low (LNA) nutrient availability.
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SNA

	
LNA




	
Parameter

	
0sLS

	
1sLS

	
2.5sLS

	
5sLS

	
10sLS

	
0sLS

	
1sLS

	
2.5sLS

	
5sLS

	
10sLS






	
Concentration

	

	

	

	

	

	

	

	

	

	




	
Fe, mg kg−1

	
99.2 ± 16.7 a

	
92.8 ± 8.4 a

	
82.6 ± 2.5 a

	
84.4 ± 5.8 a

	
90.0 ± 9.8 a

	
2077 (±5%)

	
1300 (±5%)

	
378 (±5%)

	
493 (±5%)

	
304 (±5%)




	
Mn, mg kg−1

	
954 ± 37 a

	
365 ± 137 b

	
196 ± 13.4 bc

	
116 ± 27 c

	
224 ± 10.0 bc

	
960 (±5%)

	
203 (±5%)

	
134 (±5%)

	
90 (±5%)

	
220 (±5%)




	
Cu, mg kg−1

	
5.4 ± 0.4 ab

	
7.5 ± 1.9 a

	
5.5 ± 0.4 ab

	
4.6 ± 0.1 b

	
5.6 ± 0.6 ab

	
5.1 (±5%)

	
3.4 (± 5%)

	
3.4 (± 5%)

	
4.1 (±5%)

	
4.9 (±5%)




	
Zn, mg kg−1

	
42.8 ± 0.5- ab

	
48.2 ± 3.8 a

	
40.2 ± 3.8 ab

	
37.1 ± 5.4 b

	
36.6 ± 1.1 b

	
39.0 ( ± 5%)

	
34.2 ( ± 5%)

	
32.6 (± 5%)

	
28.7 (±5%)

	
27.1 (±5%)




	
Ni, mg kg−1

	
2.7 ± 0.6 a

	
1.8 ± 0.5 ab

	
1.5 ± 0.1 b

	
1.4 ± 0.2 b

	
1.3 ± 0.1 b

	
12.0 (±5%)

	
3.3 (± 5%)

	
2.8 (± 5%)

	
2.8 (±5%)

	
1.3 (±5%)




	
Cr, mg kg−1

	
0.40 ± 0.10 a

	
0.45 ± 0.06 a

	
0.33 ± 0.09 a

	
0.30 ± 0.00 a

	
0.50 ± 0.06 a

	
3.2 (±5%)

	
2.7 (± 5%)

	
1.9 (±5%)

	
2.0 (± 5%)

	
1.1 (± 5%)




	
Al, mg kg−1

	
110 ± 12 a

	
43 ± 3 ab

	
21 ± 9 b

	
26 ± 3 b

	
75 ± 5 ab

	
639 (± 5%)

	
2310 (± 5%)

	
1971 (± 5%)

	
2317 (± 5%)

	
100 (±5%)




	
Co, mg kg−1

	
0.88 ± 0.14 a

	
0.38 ± 0.09 b

	
0.33 ± 0.05 b

	
0.18 ± 0.05 b

	
0.40 ± 0.06 b

	
5.3 (±5%)

	
1.8 (±5%)

	
1.2( ±5%)

	
1.2 (±5%)

	
1.3 (±5%)




	
Pb, mg kg−1

	
0.6 ± 0.2 a

	
0.7 ± 0.2 a

	
0.5 ± 0.1 a

	
0.4 ± 0.1 a

	
1.0 ± 0.6 a

	
2.8 (±5%)

	
2.0 (±5%)

	
2.3 (±5%)

	
0.4 (±5%)

	
0.6 (±5%)




	
Accumulation

	

	

	

	

	

	

	

	

	

	




	
Fe, mg plant−1

	
0.12 ± 0.02 a

	
0.12 ± 0.01 a

	
0.11 ± 0.01 a

	
0.11 ± 0.00 a

	
0.10 ± 0.02 ab

	
0.07 ± 0.00 b

	
0.10 ± 0.02 ab

	
0.03 ± 0.00 c

	
0.04 ± 0.00 cb

	
0.04 ± 0.00 cb




	
Mn, mg plant−1

	
1.19 ± 0.10 a

	
0.48 ± 0.16 b

	
0.14 ± 0.0 cd

	
0.15 ± 0.03 cd

	
0.25 ± 0.03 c

	
0.03 ± 0.00 d

	
0.02 ± 0.00 d

	
0.01 ± 0.00 d

	
0.01 ± 0.00 d

	
0.03 ± 0.00 d




	
Cu, μg plant−1

	
6.8 ± 0.8 b

	
10.1 ± 2.6 a

	
5.4 ± 0.3 b

	
6.3 ± 0.4 b

	
6.2 ± 0.9 b

	
0.2 ± 0.0 c

	
0.3 ± 0.0 c

	
0.3 ± 0.0 c

	
0.4 ± 0.0 c

	
0.7 ± 0.1 c




	
Zn, μg plant−1

	
54.0 ± 5.5 b

	
65.1 ± 5.6 a

	
49.2 ± 3.1 b

	
50.5 ± 6.3 b

	
40.4 ± 4.4 c

	
1.2 ± 0.1 d

	
2.7 ± 0.4 d

	
2.7 ± 0.4 d

	
2.5 ± 0.2 d

	
4.0 ± 0.4 d




	
Ni, μg plant−1

	
3.4 ± 0.9 a

	
2.3 ± 0.6 b

	
1.9 ± 0.1 bc

	
1.9 ± 0.3 bc

	
1.4 ± 0.2 c

	
0.4 ± 0.0 d

	
0.3 ± 0.0 d

	
0.2 ± 0.0 d

	
0.2 ± 0.0 d

	
0.2 ± 0.0 d




	
Cr, μg plant−1

	
0.50 ± 0.13 ab

	
0.61 ± 0.08 a

	
0.33 ± 0.05 b

	
0.41 ± 0.03 b

	
0.56 ± 0.11 ab

	
0.10 ± 0.0 c

	
0.21 ± 0.04 c

	
0.16 ± 0.02 c

	
0.17 ± 0.01 c

	
0.16 ± 0.02 c




	
Al, μg plant−1

	
147 ± 61 a

	
57 ± 8 b

	
16 ± 5 c

	
36 ± 4 bc

	
91 ± 58 ab

	
20 ± 1 c

	
183 ± 30 a

	
164 ± 23 a

	
198 ± 16 a

	
15 ± 2c




	
Co, μg plant−1

	
1.09 ± 0.20 a

	
0.49 ± 0.09 b

	
0.24 ± 0.04 c

	
0.23 ± 0.05 c

	
0.44 ± 0.08 b

	
0.17 ± 0.01 c

	
0.14 ± 0.02 c

	
0.10 ± 0.01 c

	
0.10 ± 0.01 c

	
0.19 ± 0.02 c




	
Pb, μg plant−1

	
0.7 ± 0.2 a

	
0.9 ± 0.2 a

	
0.4 ± 0.1 a

	
0.5 ± 0.2 a

	
1.1 ± 0.8 a

	
0.09 ± 0.01 b

	
0.06 ± 0.02 b

	
0.19 ± 0.03 b

	
0.03 ± 0.00 b

	
0.09 ± 0.01 b








Significant differences at p < 0.05 indicated with different letters.
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Table 3. Correlation coefficients between plant growth parameters and microelements content in leaves of cucumber seedlings.






Table 3. Correlation coefficients between plant growth parameters and microelements content in leaves of cucumber seedlings.





	Growth Parameters
	Fe
	Mn
	Cu
	Zn
	Ni
	Cr
	Co
	Al
	Pb





	Total mass, g plant−1
	−0.55
	0.15
	0.53
	0.61
	−0.38
	−0.82
	−0.52
	−0.70
	−0.46



	Leaves mass, g plant−1
	−0.56
	0.16
	0.52
	0.60
	−0.38
	−0.83
	−0.53
	−0.72
	−0.47



	Root mass, g plant−1
	−0.51
	0.13
	0.48
	0.66
	−0.35
	−0.76
	−0.49
	−0.65
	−0.44



	LWR
	−0.77
	−0.15
	0.33
	0.22
	−0.67
	−0.86
	−0.73
	−0.55
	−0.60



	RWR
	0.56
	0.11
	−0.28
	−0.03
	0.48
	0.62
	0.50
	0.42
	0.47







LWR, leaf weight ratio; RWR, root weight ratio; RSR, root shoot ratio; SNA, sufficient nutrient availability; LNA, low nutrient availability.
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