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Abstract

:

With continued population growth, increasing staple crop production is necessary. However, in dryland areas, this is negatively affected by various abiotic stresses, such as drought and salinity. The field screening of 10 improved genetic lines of pear millet originating from African dryland areas was conducted based on a set of agrobiological traits (i.e., germination rate, plant density, plant maturity rate, forage, and grain yields) in order to understand plant growth and its yield potential responses under saline environments. Our findings demonstrated that genotype had a significant impact on the accumulation of green biomass (64.4% based on two-way ANOVA), while salinity caused reduction in grain yield value. HHVBC Tall and IP 19586 were selected as the best-performing and high-yielding genotypes. HHVBC Tall is a dual purpose (i.e., forage and grain) line which produced high grain yields on marginal lands, with soil salinization up to electrical conductivity (EC) 6–8 dS m−1 (approximately 60–80 mM NaCl). Meanwhile, IP 19586, grown under similar conditions, showed a rapid accumulation of green biomass with a significant decrease in grain yield. Both lines were tolerant to drought and sensitive to high salinity (above 200 mM NaCl). The threshold salinity of HHVBC Tall calculated at the seedling stage was lower than that of IP 19586. Seedling viability of these lines was affected by oxidative stress and membrane peroxidation, and they had decreased chlorophyll and carotenoid biosynthesis. This study demonstrated that ionic stress is more detrimental for the accumulation of green and dry biomass, in combination with increasing the proline and malonic dialdehyde (MDA) contents of both best-performing pearl millet lines, as compared with osmotic stress.






Keywords:


salinity stress; drought; Pennisetum glaucum germplasm; photosynthesis; non-conventional crops












1. Introduction


The scarcity of irrigation water and increasing soil salinization, combined with climate change variables, are threatening the sustainability of forage and grain crop production in the arid zones of the Aral Sea Basin. The introduction of abiotic stress-tolerant crops to meet the increasing demand of human and livestock consumption is crucial. The adoption of new non-conventional crop germplasm that is able to produce good-quality green biomass levels and grain yields by reducing the salt accumulation in the root zone, which is generated by different international agricultural programs, is a novel agricultural approach for Aral Sea Basin countries [1,2]. Pearl millet is a dual-purpose (i.e., grain and forage) crop. Its biomass is used as a fat-based feed for many animals, and the seeds are utilized for the poultry industry and human consumption [3,4]. In recent years, the green biomass of millet has been investigated as a source of ethanol [5]. Among the warm season cereals, pearl millet is the most heat- and drought-resistant crop [6]. It is a C4-type photosynthesis species and is characterized by intensive growth. Additionally, it is often cultivated in arid and semi-arid areas [7]. Although pearl millet is well adapted to arid environments, several abiotic stresses, such as drought, heat stress, and salinity, affect its growth. There are limited studies on the impacts of high salinity stress on pearl millet [8,9,10]. There is no data on the expansion of this high productive crop under new marginal environments, especially those exposed to high salinity and drought.



To understand the physiological mechanisms of salt tolerance, it is important to determine the effects of osmotic stress or ion toxicity on growth [11]. It is assumed that the plant reacts to salinity in two stages: (1) the fast osmotic phase, which inhibits the growth of young leaves, and (2) the slow ion phase, which accelerates the aging of mature leaves [11]. In mesophytes with C3 and C4 types of photosynthesis, PEG (polyethylene glycol)-induced drought [12,13], like salinity [14,15], had a significant effect on plant growth. The salinity effect on plant photosynthesis depends on the species and the intensity of the salt stress [16,17]. Salinity also reduces chlorophyll (Chl) concentration, leading to the disruption of the photosynthetic activity of the electron transport chain and Photosystem II (PSII), which inhibits carbon metabolism [18,19].



The amino acid proline is involved in osmoregulation, which plays an important role in redox buffering and energy transfer. Plants usually accumulate proline in response to stress [20]. Moreover, a consequence of stresses such as salinity and drought is the formation of reactive oxygen species (ROS), which are highly reactive and cause the oxidation of organic molecules, including lipids. The end product of lipid peroxidation is malondialdehyde (MDA) [21]. Thus, MDA content can be used as a marker to assess the level of oxidative stress and plant tolerance [22,23]. The accumulation of natural antioxidants in plants (in response to the increase in ROS) is of interest because they improve the nutritional quality of the forage [24].



The introduction of new salt-tolerant crop varieties/improved lines into marginal areas requires a comprehensive understanding of alternative mechanisms of cultivation and seed multiplication of highly productive and adaptive varieties to nutrient-poor and salt stress environments in smallholder farming systems. Selection and evaluation of appropriate crop germplasm to match the environment, particularly the salinity level and the type of production system for different ecological zones of Central Asia, were evaluated in this study. The purpose of this study was to evaluate the performance of internationally selected pearl millet genotypes from various agro-ecological drylands environments affected by drought and salinity. Physiological traits were used to identify the reliability of seedling abiotic-stress responses and the threshold tolerances of the two best-performing and high-yield improved genetic lines of pearl millet in terms of green biomass and grain production. Our objective was to define the relevance of physiological traits to the maintenance of forage and grain yields of new germplasm introduced from tropical areas to the extremely dry and saline environments of the Aral Sea Basin countries. Priorities regarding the involvement of these two high-performing pearl millet genotypes into local breeding and seed production schemes were considered.




2. Materials and Methods


2.1. Field Growth Conditions


On-farm multiplication trials were established to evaluate the agrobiological characteristics (i.e., period of vegetation, plant density, field germination, plant height, green biomass, dry biomass, and grain yields) of 10 improved genetic lines of pearl millet compared with local cultivar under two different eco-agro-climatic zones differing significantly in soil salinity level. Experiments were conducted within the period of 2012–2016 summer seasons in two agri-field sites in Kazakhstan that differ in climatic and edaphic conditions. The annual precipitation in these areas varies from 157 to 296 mm. The rainfall is abundant in April and contributes to an increase in soil moisture that stimulates good seed germination. Maximum annual precipitation (120.3 mm) and minimum air temperature (22.2 °C) were observed during the crop season in 2015. The average air temperature during the crop season was lower in 2014 and the precipitation higher than in 2016 (22.2 vs. 22.1 °C and 59.8 vs. 34.6 mm, respectively). The highest air relative humidity (75.59%) and plentiful precipitation (110.8 mm) was noted in April and May. The period with an average daily temperature above 10 °C was observed from 26 March to 1 November, with an average annual air temperature of 14 °C. During June and July, the maximum temperature of both air and soil were observed.



Experimental plots were irrigated three times with a total volume of 2550 m3 ha−1. Irrigation was stopped during the flowering and seed maturation stage for all evaluated cultivars. Total dissolved solids (TDS) of irrigation water was relatively low (1200 ppm) with 3.5 ± 0.5 mmolc/L of Ca2+. The pre-experiment soil salinity levels (for two seasons, 2012–2016) in terms of total soluble salts (TSS) at different soil depths extending up to 1.0 m were in the range of 5910 to 8170 mg L−1.



Two experimental locations were chosen with different levels of soil salinity. (1) The low salinity (electrical conductivity (EC) 1.5–3.5 dS m−1) area at the Svetlana Farm (in the Almaty region) site is characterized by loamy soil with a medium to heavy texture at soil depths from 0–100 cm. (2) A medium salinity (EC 6–8 dS m−1) area at Karaultubinsk experimental station in Kyzylorda region, which is comprised of old irrigated paddy fields with meadow-loamy secondary salt affected soils. The type of salt for both sites was chloride sulfate. Quantitatively, the average data for four years indicated low organic matter contents (0.50–0.84%) with low nitrogen content in soil compared to phosphorus and potassium. The depth to the water table during the crop vegetation season varied from 1.2 to 2.5 m.




2.2. Plant Material


On-farm multiplication trials to evaluate the 10 improved genetic lines of pearl millet (Pennisetum glaucum (L.) R. Br.), HHVBC Tall, IP 19586, GB 8735, Sudan POP I, JBV 2, ICMV 155, Raj 171, IP 13150, IP 22269, and ICMS 7704 were chosen for this study and compared with the Hashaki1 local variety.



Ten genetic lines of pearl millet were developed by ICRISAT (International Crops Research Institute for the Semi-Arid Tropics, Hyderabad, India) through a breeding program for salt and drought tolerance traits from existing lines of pearl millet. After development, these improved lines were tested under extremely dry and saline conditions in CAC countries. Based on a three-year screening process, HHVBC Tall and IP 19586 showed stable forage and grain yields. Therefore, we used them for laboratory experiments in order to understand the range of their salt and drought tolerance.




2.3. Laboratory Germination Conditions


Seeds of the HHVBC Tall and IP 19586 pearl millet lines were germinated under laboratory conditions at 20 °C in Petri dishes (50 seeds per dish) on filter paper for 5 days. Seeds were germinated in distilled water (control) and at 100, 200, 300, and 400 mM NaCl. The germination was performed in three replications (leading to a total of 750 seeds).




2.4. Laboratory Growth Conditions


At 3 to 4 d of age, seedlings were transplanted into perlite in plastics pots (24 cm length × 20 cm width × 10 cm depth). The seedlings were grown under circadian illumination (using commercial luminescent white light tubes) in a 10 h dark/14 h light cycle, using a 200 μmol m−2 s−1 R LI-205 light meter (LI-COR Inc., Lincoln, NE, USA), at 25 ± 5 °C. Then, 15-day-old plants were transferred into the experimental solutions (irrigated perlite). Solutes of 200 and 300 mM NaCl and 15.8% and 18.8% (m/v) polyethylene glycol (PEG 6000) were used as the experimental treatments. PEG 6000 is usually used to create low osmotic potential (i.e., artificial drought) in laboratory experiments. The osmotic potentials of the experimental solutions were measured using a freezing-point osmometer (Osmomat 030; Gonotec, Berlin, Germany). The water potentials of both the 200 mM NaCl and 15.8% PEG treatment solutions were approximately −0.6 МPа, and the water potentials of both the 300 mM NaCl and 18.8% PEG treatment solutions were −0.8 МPа. For each treatment, Hoagland, salt, or PEG solutions were added to a plastic tray, and the plastic pots were then placed on the tray. After transfer, the experimental solutions in the trays were renewed every 2 days to maintain the initial concentrations. The Hoagland nutrient solution in the tray was replaced every 2 days for the control plants. The experiment lasted 6 days. For each treatment and control measurement, four different plants from four different pots were used.




2.5. Water and Proline Contents


At the end of the experiment, the water content (WC, measured in g g−1 dry biomass (DM)) was assessed for the shoots in all of the groups. Biomasses were estimated for fresh and dry shoots. Plant samples were dried at 80 °C for 2 days, until reaching a constant mass, to quantitatively measure the dry shoot matter. The WCs in the shoots for each treatment and control plants were calculated as WC = [fresh biomass (FM) − DM]/DM. Free proline was determined according to the procedure described in [25]. Dry shoot samples (0.2 g) from each group were homogenized in 2 mL of boiling distilled water and heated at 100 °C for 10 min in a water bath. Then, the homogenates were centrifuged. The mixtures were heated at 100 °C for 1 h in a water bath after adding acid ninhydrin and glacial acetic acid. The reaction was stopped by submerging the sample into an ice bath. The mixtures were read at 520 nm using a Genesis 10 UV scanning spectrophotometer (Thermo Scientific, Valtame, MA, USA). Proline concentrations were determined using a calibration curve and expressed as mg g−1 DM.




2.6. Lipid Peroxidation


The lipid peroxidation levels in plant tissues were determined by measuring the MDA contents, which is the product of lipid peroxidation [26]. Shoot samples (0.2 g) were homogenized in 4 mL of 20% trichloroacetic acid, then centrifuged at 10,000× g at 4 °C for 15 min. The supernatant (1 mL) was then mixed with 4 mL of 20% trichloroacetic acid containing 0.5% of 2-thiobarbituric acid, and the solution was heated for 30 min at 95 °C. The samples were cooled on ice for 5 min and centrifuged for 12 min at 10,000× g. The nonspecific absorbance of the supernatant, measured by a Genesis 10 UV scanning spectrophotometer (Thermo Scientific, Valtame, MA, USA) at 600 nm, was subtracted from the maximum absorbance at 532 nm. To estimate the MDA concentration, an extinction coefficient of 155 mM−1 cm−1 was used. Changes in the MDA content were expressed as percentages relative to the control plant results.




2.7. Pigment Extraction and Quantification


Chlorophyll (Chl) and carotenoids were extracted in 96% ethanol using purified glass sand for sample homogenization. After centrifugation at 4 °C, the Chl a and Chl b contents were determined at 665 and 649 nm, respectively, and the carotenoids were determined at 470 nm, spectrophotometrically, using a Genesis 10 UV scanning spectrophotometer (Thermo Scientific, Valtame, MA, USA). The concentrations were calculated according to the procedure in [27].




2.8. Chl Fluorescence


Chl fluorescence was measured with a PAM 101 pulse amplitude-modulated fluorometer, (Walz, Effeltrich, Germany), following the recommendations of the manufacturer [28]. The Chl fluorescence of the leaf in the leaf chamber was excited and directed to the fluorometer through a 101 F flexible fiber-optic light guide (Walz). The minimal (F0) and maximal (Fm) fluorescence values from the shoots in a dark-adapted (20 min) state were determined. The maximum quantum efficiency (yield) of photosystem II (PSII) (Fv/Fm) in a dark-adapted shoot was calculated using the equation (Fm − F0)/Fm.




2.9. Statistical Analysis


All of the physiological measurements were assessed four times, and the means and standard errors (SEs) were calculated using the Sigma Plot 12.0 statistical program. Comparisons of the parameters were made between treatments using an analysis of variance with a post hoc Tukey test. Differences were considered significant at p < 0.05. Two-way ANOVA was performed by using the Statistica 10 program.





3. Results


3.1. Field Trials


Field screening of 10 pearl millet accessions/improved genetic lines (ICRISAT) and one local variety were evaluated based on agrobiological characteristics: time of planting, seed germination, seedling emergence, plant density, plant maturity rate, green and dry biomass, and grain yield. As seen in Table 1, the investigated pearl millet, grown under low soil salinity level, showed insignificant difference in field germination (from 56.8 to 61.5%), while the screened cultivars highly differed in plant density (from 137.8 to 177.6/1000 plants ha−1), plant height (2.02–2.54 m), duration of seasonal vegetation (i.e., pearl millet Hashaki1 and HHVBC Tall were early maturing lines, followed by IP19586 and ISMV 155, which were late maturing), accumulation of green biomass (27.7–62.26 t ha−1), and yield of produced grain (1.89–4.47 t ha−1). The remaining samples showed intermediate growth habits.



HHVBC Tall pearl millet line was the top performing in grain production (4.47 t ha−1), while the IP 19856 pearl millet line was distinguished by having the highest value of green and dry forage production. A significant increase in the yield of seeds of HHVBC Tall was associated with panicle size, the weight of the seeds/panicle, and the weight of 1000 seeds. Both these two selected pearl millet germplasms showed about 30% more dry fodder yield and 25% more seeds compared to the Hashaki1 local variety. Pearl millet line performance in response to different soil salinity levels varied. Both the best-performing HHVBC Tall and IP 586 pearl millet lines had a gradually decreasing yield productivity with increases in salinity. However, HHVBC Tall showed high grain yield despite this. The IP 19586 pearl millet line was distinguished by its high biomass yield compared with other investigated cultivars.



Results of two-way ANOVA (Figure 1, Table 2) on the effect of salt concentration on the green biomass and grain yield values of 11 pearl millet improved lines showed that the genotype (A) had a significant impact of 64.4% on the yield of green biomass (Figure 1a), but only had a 33.3% for the grain yields (Figure 1b). Soil salinity (B) had a significant impact of 41.3% on the grain yields (Figure 1b). The interaction of genotype and salinity (AB) slightly affected the crop yield production.



Thus, based on field evaluation data, HHVBC Tall and IP 19586 were chosen from among the other pearl millet accessions/improved genetic lines from the ICRISAT germplasm for the investigation of salinity and drought thresholds (in the model experiment).




3.2. Laboratory Germination


The HHVBC Tall line showed a high salinity tolerance for this species, with a germination rate that was not significantly different from the control plants after 5 d at 100–300 mM NaCl. However, when the salinity increased to 400 mM NaCl, the seed germination rate decreased almost twofold (Figure 2a). For the IP 19586 line, the germination rate gradually decreased from 98 to 67% as the salinity level increased from 0 to 400 mМ NaCl (Figure 2b). At 400 mМ NaCl, the seed germination rate decreased by 50% in HHVBC Tall and by 33% in IP 19586 compared with the control plants.



There were no significant differences in the effects of different NaCl and PEG concentrations on the growth parameters (Figure 2c–e) of the shoots of two pearl millet lines under experimental conditions. Both genetic lines showed similar tolerance levels of growth parameters to great osmotic stress (15.8% PEG or PEG (1)) (Figure 2c,d). Differences between lines were revealed in WCs of seedlings at 300 NaCl (NaCl (2)) (Figure 2f). The sharp (two- to three-fold) reductions in fresh biomass (FM) and DM and the dehydration of seedlings were observed in both lines of pearl millet under extremely osmotic and high/extremely high-salt stress conditions (Figure 2c,d,f).




3.3. Model Experiment


The differences in Chl a contents between lines were found under extremely high salinity conditions (NaCl (2)), whereas there were no differences in Chl b contents (Figure 3a,b). Also, a twofold reduction in carotenoid content was observed in the HHVBC Tall line compared with IP 19586 seedlings under extremely high salinity conditions (NaCl (2)) (Figure 3c). A significant change in photosystem II (Fv/Fm) was observed in HHVBC Tall seedlings under high and extremely high salinity conditions, but there is no difference observed in IP 19586 seedlings (Figure 3d). The highest proline concentration in HHVBC Tall seedlings, which was 50-fold greater than in the control seedlings, occurred under extremely high salinity conditions (NaCl (2)). Meanwhile, in IP 19586 seedlings, the proline concentration increased only approximately 30-fold compared with the control seedlings under extremely high salinity and osmotic stress conditions (Figure 3e). The MDA concentration was the highest in HHVBC Tall seedlings under extremely high salinity (NaCl (2)) and osmotic stress (PEG (2)) conditions, with these values increasing approximately 8.6-fold over those of the control seedlings (Figure 3f).





4. Discussion


Crop growth is strongly affected by drought and salinity stresses, especially during the early stages of ontogenesis, at seed germination, and during seedling growth [29]. Drought and salinity stresses cause adverse physiological and biochemical changes as a result of complex factors, including osmotic stress, toxic ion effects, and oxidative stress [30]. In Africa and India, pearl millet is the dominant crop in soils with high salt and low humus contents [31]. Pearl millet grows well under drought conditions and in the saline environment, although it is less salt tolerant than Cynodon spp. and Panicum [32]. The increase in soil salinity negatively affects grain yield. The harvest index (i.e., the proportion of total shoot biomass to total produced grain) varies from 0.2 to 0.5, depending on the timing and severity of the salt treatment [33]. At the same time, low salinity levels may not reduce grain yield, even though the numbers of leaves, leaf area, and stover biomass are reduced. This may reflect a harvest index that increases with salinity or grain yield that does not decrease until a given (“threshold”) salinity is reached.



Our findings indicated that the dry biomass yield can be used as a screening and selection criterion for evaluating salt-tolerance behaviors among a large collection of plant accessions. Based on their relative dry biomasses (DMs), it is possible to select the optimum genotypes for each salinity level. From the field screening of 10 pearl millet germplasms of new breeding materials from ICRISAT, we selected IP 19586 and HHVBC Tall, which showed good growth and yield productivity under different ranges of soil salinity. The top-performing IP 19586 improved pearl millet germplasm line produced an average dry matter production of 27.6–35.0 t ha−1. Among the investigated pearl millet germplasms, the HHVBC Tall line was distinguished by its having the highest value of seed production, at up to 4.3–4.7 t ha−1. Results of two-way ANOVA on the effect of salt concentration on green biomass and grain yields for 11 investigated pearl millet lines showed that the genotype (A) had a significant impact of 64.4% on the yield of green biomass and only a 33.3% impact for the grain yields (Figure 1). A significant increase in the yield of seeds of HHVBC Tall was associated with the panicle size, weight of the seeds/panicle, and weights of 1000 seeds. These two pearl millet germplasms selected by us showed about 30% more dry fodder yield and 25% seeds compared to the Hashaki1 local variety.



The investigated pearl millet lines had different salt tolerance strategies at the seed germination stage. The HHVBC Tall line showed tolerance up to a high salinity level (300 mM NaCl), but it was sensitive to extra-high salinity (400 mM NaCl). For the IP 19586 line, the germination rate gradually decreased from 0 to 400 mМ NaCl (Figure 2). For other pearl millet varieties, approximately 60% decreases in seed germination rates occurred with 1.5% NaCl treatment [10]. Controlled experiments allow for the investigation of plant resistance-related physiological and biochemical characteristics under ionic and osmotic stresses. Both lines of pearl millet showed similar resistance levels (as assessed by growth parameters) to high PEG­induced osmotic stress (PEG (1)) in our experiments (Figure 2 and Figure 3). However, under these conditions, 1.5–2-fold increases in MDA contents were observed in both lines, which indirectly indicates the presence of low-level oxidative stress [22,23]. At the same time, the photosynthetic pigment contents and functional characteristics of PSII were not affected (Figure 2), which indicates only minor damage to the photosynthetic apparatus [19]. The pearl millet lines were sensitive to extremely high PEG­induced osmotic stress (PEG (2)). There was a significant reduction in growth parameters and water content (Figure 2d,f). Increased proline content indicates significant osmotic stresses [20] in both lines (Figure 3e). However, there are differences in oxidative stress levels between lines under high drought conditions, as assessed from the MDA concentrations (Figure 3f).



Our study provides evidence of the salt tolerance thresholds of the investigated pearl millet lines. Salinity (combined effects of osmotic and ionic stresses) at 200 mM NaCl (NaCl (1)) caused a significant twofold reduction in the growth parameters (Figure 2c,d). Because a PEG-induced osmotic stress with a similar osmotic potential caused no decrease in these growth parameters, we believe the toxic actions of ions resulted in the growth reduction [11,34]. The HHVBC Tall line was more sensitive to ionic stress, having significantly higher proline content (Figure 3e). Under extremely high salinity conditions, the most significant differences between the studied genetic lines were revealed. Under these conditions, there was significant tissue dehydration in both lines, but especially in HHVBC Tall plants (Figure 2f). Furthermore, the Chl a and carotenoid contents significantly decreased in HHVBC Tall plants at 300 mM NaCl (NaCl (2)) (Figure 3a,c). For other P. glaucum varieties, significant reductions in Chl contents occurred at 100–200 mM NaCl [9]. The high proline and MDA contents (Figure 3e,f) indicate the presence of high stress levels in HHVBC Tall plants under these conditions [20,22,23].



Both lines of pearl millet had similar physiological parameters under normal conditions; they were tolerant to −0.6 MPa osmotic stresses but were sensitive to high salinity. The reduction in growth parameters was primarily the result of toxic ion effects. Differences between lines appeared only under extreme stress conditions. The HHVBC Tall line was more sensitive to ionic stress. In these plants, severe dehydration was accompanied by high osmotic and oxidative stresses, which led to the disruption of photosynthetic pigment biosynthesis and membrane peroxidation.



The IP 19586 pearl millet germplasm line, which has a high biomass yield potential, is of interest as a forage resource for livestock in salt-affected agro-landscapes. Since soil salinization is negatively reflected in the grain production, the seed multiplication of the high-grain HHVBC Tall pearl millet line would guarantee stable seed production only in soils with low and medium levels of salinity. This research has allowed us to formulate the following recommendations. The IP 19586 line of pearl millet should be used for maximal green biomass production under drought stress (−0.6 MPa), while the HHVBC-Tall line should be used to produce high grain yields under low and medium salinity and drought (−0.6 MPa) conditions. High and extremely high salinity conditions severely limit plant growth and development, as well as agrobiological characteristics, including the forage and grain yields of the two investigated pearl millet lines. Thus, physiological and biochemical traits related to the severity of the stress load appear to be crucial in selecting the most suitable breeding strategy and in the improvement of drought and salinity tolerance levels in the cultivation of pearl millet under the extremely hot and saline desert conditions in the Aral Sea Basin countries.




5. Conclusions


Our results in field screening of 11 investigated pearl millet lines have demonstrated that the genotype had a significant impact on the yield of green biomass (i.e., 64.4% impact based on a two-way ANOVA analysis) and less on grain (i.e., 33.3% impact) yields. Salinity caused more reduction in grain yield production (i.e., 43% impact). Two of the best-performing and most productive lines selected for local breeding program, IP 19586 and HHVBC Tall, showed different strategies of adaptation to salinity at the seed germination stage. Seeds of IP 19586, germinating more gradually, decreased from 98 to 67% as saline treatment increased from 0 to 400 mМ NaCl. In contrast, there was almost no effect caused by salt concentration on seed germination rates for HHVBC Tall line at 100–300 mM NaCl. However, when the salinity increased to 400 mM NaCl, the seed germination rate for this line decreased almost twofold. Both lines are tolerant to osmotic stress (e.g., PEG­induced drought) but sensitive to ionic stress at the seedling emergence stage. The salinity treatment affected HHVBC Tall more than IP 19586, based on proline and MDA content, confirming the greater salt tolerance potential of IP 19586.
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Figure 1. R of two-way ANOVA of 11 lines of pearl millet Pennisetum glaucum: (a) green biomass (%), (b) grainyields (%), where А—Genotype, В—Salinity level, AB—Genotype–salinity level. 
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Figure 2. Seed germination rates and agrobiological characteristics of two genetic lines of pearl millet Pennisetum glaucum under different stresses. (a,b), ‘HHVBC-Tall’ (a) and ‘IP 19586’ (b), under different salinity levels; 1, control (distilled water); 2, 100 mM NaCl; 3, 200 mM NaCl; 4, 300 mM NaCl; 5, 400 mM NaCl. (c–f), Effects of salt (NaCl) and osmotic (polyethylene glycol (PEG)) stresses on the fresh (c) and dry (d) biomasses, shoot lengths (e) and water contents (f) of leaves from these lines. HH, ‘HHVBC-Tall’ line; IP, ‘IP 19586’ line; NaCl (1), 200 mM NaCl; NaCl (2), 300 mM NaCl; PEG (1), 15.8% (m/v) PEG 6000; and PEG (2), 18.8% (m/v) PEG 6000. The values are means ± SEs. Different letters above the bars represent significant differences at the p < 0.05 level (Tukey’s pairwise comparison). SEs—Standard Errors. 
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Figure 3. Effects of salt (NaCl) and osmotic (PEG) stresses on the photosynthesis-related characteristics of two improved genetic lines of pearl millet Pennisetum glaucum. The chlorophyll а (a), chlorophyll b (b), and carotenoid (c) contents, the maximum quantum yield of photosystem II (d), as well as the proline (e) and MDA (f) contents, in the leaves from the two pearl millet lines. HH, ‘HHVBC-Tall’ line; IP, ‘IP 19586’ line; NaCl (1), 200 mM NaCl; NaCl (2), 300 mM NaCl; PEG (1), 15.8% (m/v) PEG 6000; and PEG (2), 18.8% (m/v) PEG 6000. The values are means ± SEs. Different letters above the bars represent significant differences at the p < 0.05 level (Tukey’s pairwise comparison). 
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Table 1. Impact of soil salinity on agrobiological characteristics, green/dry biomass and grain yield production of introduced of pearl millet Pennisetum glaucum improved genetic lines (average of filed data, Kazakhstan). Low salinity—EC 1.5–3.5 dS m−1; medium salinity—EC 6–8 dS m−1. The values are means ± SEs. Different letters above the bars represent significant differences at the p < 0.05 level (Tukey’s pairwise comparison).
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Pearl Millet Lines




	
Hashaki 1

	
HHVBC Tall

	
IP 19586

	
GB 8735

	
Sudan POP I

	
JBV 2

	
ICMV 155

	
Raj 171

	
IP 13150

	
IP 22269

	
ICMS 7704






	

	
Low salinity




	
Period of vegetation (days)

	
90 ± 1.6 d

	
97 ± 1.9 c

	
113 ± 2.3 a,b

	
97 ± 2.9 c

	
100 ± 1.8 b,c

	
103 ± 3.2 b

	
103 ± 2.6 b

	
103 ± 3.6 b

	
118 ± 2.6 a

	
115 ± 1.1 a

	
110 ± 3.5 b




	
Plant density (1000 plants ha−1)

	
148.4 ± 33.4 a,b

	
168.8 ± 27.7 a

	
137.9 ± 13.5 a,b

	
160.8 ± 26.7

	
177.8 ± 30.8 a

	
137.8 ± 27.7 a,b

	
146.6 ± 23.1 a,b

	
166.6 ± 10.2 a

	
110.2 ± 18.9 a

	
191.2 ± 13.3 a

	
152.8 ± 24.8 a,b




	
Field germination (%)

	
50.2 ± 0.52 b

	
59.8 ± 0.60 a

	
58.5 ± 1.91 a

	
57.6 ± 2.66 a

	
61.0 ± 2.62 a

	
59.6 ± 2.81 a

	
53.8 ± 2.60 b

	
59.8 ± 1.68 a

	
57.3 ± 0.98 a

	
53.1 ± 0.45 b

	
59.5 ± 0.79 a




	
Plant height (m)

	
2.02 ± 0.20 a

	
2.47 ± 0.10 a

	
2.54 ± 0.23 a

	
1.72 ± 0.07 b

	
2.04 ± 0.21 a

	
2.32 ± 0.36 a

	
2.23 ± 0.03 a

	
2.24 ± 0.44 a

	
2.37 ± 0.45 a

	
2.51 ± 0.52 a

	
2.19 ± 0.15 a




	
Green biomass (t ha−1)

	
27.7 ± 3.1 d

	
43.60 ± 2.9 c

	
62.26 ± 5.3 a

	
50.7 ± 4.6 b

	
40.2 ± 3.4 c

	
47.4 ± 5.1 b

	
36.6 ± 4.0 c

	
48.9 ± 2.7 b

	
36.4 ± 2.1 c

	
44.8 ± 2.7 c

	
49.4 ± 2.8 b




	
Dry biomass (t ha−1)

	
11.1 ± 1.7 d

	
16.1 ± 1.4 c

	
27.0 ± 1.7 a

	
20.3 ± 1.4 b

	
13.8 ± 1.2 c

	
20.1 ± 0.7 b

	
12.8 ± 2.5 c

	
18.4 ± 0.4 b

	
15.1 ± 1.9 c

	
17.4 ± 1.9 c

	
15.0 ± 2.6 c




	
Grain yields (t ha−1)

	
2.51 ± 0.46 b

	
4.37 ± 0.57 a

	
2.14 ± 0.29 b,c

	
2.85 ± 0.41 b

	
2.93 ± 0.31 b

	
2.88 ± 0.56 b

	
1.89 ± 0.32 c

	
2.84 ± 0.23 b

	
0.79 ± 0.18 d

	
1.17 ± 0.37 c,d

	
2.75 ± 0.42 b




	

	
Medium salinity




	
Period of vegetation (days)

	
93.2 ± 1.9 d

	
102.4 ± 2.6 c

	
121.4 ± 1.5 b

	
109.4 ± 2.2 c

	
136.3 ± 2.8 a

	
105.4 ± 1.4 c

	
103.3 ± 0.8 c

	
116.5 ± 0.9 b

	
117.0 ± 2.4 b

	
136.1 ± 0.9 a

	
133.4 ± 1.5 a




	
Plant density (1000 plants ha−1)

	
133.9 ± 5.4 b

	
159.1 ± 4.6 a

	
155.6 ± 5.3 a

	
152.5 ± 5.9 a

	
162.5 ± 5.6 a

	
152.2 ± 6.0 a

	
143.8 ± 14.3 a,b

	
157.8 ± 10.2 a

	
110.2 ± 9.2 c

	
160.0 ± 13.3 a

	
148.4 ± 7.8 a




	
Field germination (%)

	
37.1 ± 8.4 a

	
42.2 ± 6.9 a

	
36.7 ± 3.4 a

	
40.2 ± 6.7 a

	
44.4 ± 7.7 a

	
34.4 ± 6.9 a

	
36.7 ± 5.8 a

	
39.4 ± 2.5 a

	
27.6 ± 4.8 b

	
40.0 ± 3.3 a

	
37.1 ± 6.2 a




	
Plant height (m)

	
2.29 ± 0.09 b

	
2.35 ± 0.06 b

	
2.61 ± 0.10 a

	
2.32 ± 0.11 b

	
2.55 ± 0.12 a

	
2.57 ± 0.10 a

	
2.35 ± 0.06 a,b

	
2.37 ± 0.10 a

	
2.65 ± 0.07 a

	
2.45 ± 0.18 a

	
2.17 ± 0.09 c




	
Green biomass (t ha−1)

	
25.4 ± 0.8 d

	
40.4 ± 1.2 b

	
50.5 ± 0.8 a

	
42.6 ± 1.8 b

	
37.4 ± 3.6 b,c

	
26.7 ± 1.7 d

	
25.1 ± 1.7 d

	
44.9 ± 1.3 b

	
32.9 ± 1.7 c

	
36.4 ± 0.7 c

	
39.0 ± 1.2 b,c




	
Dry biomass (t ha−1)

	
7.3 ± 0.7 c

	
12.8 ± 1.2 b

	
17.0 ± 1.1 a

	
10.7 ± 0.7 b

	
10.3 ± 1.8 b

	
7.1 ± 1.8 c

	
7.5 ± 0.8 c

	
10.7 ± 0.9 b

	
10.1 ± 0.9 b

	
9.5 ± 0.5 b

	
8.4 ± 0.7 b,c




	
Grain yields (t ha−1)

	
1.29 ± 0.07 b

	
2.23 ± 0.09 a

	
1.38 ± 0.15 b

	
1.51 ± 0.08 b

	
1.15 ± 0.21 b,c

	
1.30 ± 0.10 b

	
1.12 ± 0.15 b,c

	
1.01 ± 0.20 c

	
1.41 ± 0.09 b

	
0.83 ± 0.07 c

	
0.92 ± 0.09 c
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Table 2. Results of two-way ANOVA on effect of salinity level and genotype on green biomass and grain yields of 11 lines of pearl millet Pennisetum glaucum. F—Fisher distribution, df—degree of freedom, Sig.—significance level. Minimum value of Fisher statistics is 7.008 and 9.351.
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Source

	
Green Biomass

	
Grain Yields




	
df

	
F

	
Sig.

	
df

	
F

	
Sig.






	
Genotype

	
10

	
44.631

	
<0.0001

	
10

	
18.041

	
<0.0001




	
Salinity level

	
2

	
132.168

	
<0.0001

	
2

	
223.707

	
<0.0001




	
Genotype and salinity level

	
10

	
7.008

	
<0.0001

	
10

	
9.351

	
<0.0001




	
Error

	
44

	

	

	
44
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