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Abstract: Seeds of three Saudi pearl millet cultivars (Pennisetum spicatum) from three regions (Madinah, Khulais and Jaizan) were inoculated with arbuscular mycorrhizal fungus Glomus mosseae obtained from the Agriculture Research Center of Giza, Egypt to enhance their salt tolerance. Five different NaCl concentrations (0, 30, 60, 90, and 120 mM) were used for treating cultivars with and without mycorrhiza. Growth rates, chlorophyll content, chlorophyll fluorescence (Fv/Fm), proline content and gas exchange were measured to determine the effect of salinity on these cultivars. The results indicated that compared to cultivars without mycorrhiza, all cultivars with mycorrhiza had enhanced growth and physiological parameters including shoot and root length, area and number of leaves, fresh and dry weights of shoots and roots, chlorophyll contents and gas exchanges at 0 and 30 mM of salinity. In addition, the measurements of the different growth rates showed higher growth performance of the cultivars from Madinah and Khulais than the cultivar from Jaizan. However, all cultivars with and without mycorrhiza showed significant reductions in growth rates, chlorophyll contents and gas exchanges at a salinity of 60 mM than those grown at 0 and 30 mM. Moreover, the values of Fv/Fm were significantly reduced in all cultivars with and without mycorrhiza grown at 60 mM than in those grown at 0 mM and 30 mM. Proline contents indicated a progressive increase with the elevation of NaCl concentration stress. The proline contents in the mycorrhiza-inoculated cultivars were significantly higher than those in the non-inoculated cultivars. On the other hand, all cultivars with and without mycorrhiza underwent senescence within four weeks of growth at salinity concentrations of 90 mM and 120 mM. Therefore, relatively low salinity must be maintained to achieve high growth rates and gas exchanges of these inoculated cultivars.

Keywords: NaCl salinity; pearl millet; mycorrhiza; CO2 uptake; photochemistry; chlorophyll content



1  Introduction

One of the most common agricultural problems in arid and semi-arid regions is soil salinity, which reduces the productivity of crops in these regions [1]. The main factor responsible for increasing soil salinity is the use of saline water for irrigation in agricultural lands [2]. Therefore, improving plant tolerance to salinity is very important for increasing plant growth in agricultural areas [3]. Salinity has double effects on the physiological processes of plants. It lowers the water available to the roots and accumulates ions in specific tissues to toxic levels [4]. As a result, salinity limits most commercial crop growth and productivity worldwide [5,6].

Salinity is known for its adverse effects on plant growth and development [7–9]. It reduces leaf development and extension, the number of leaves, leaf area, plant height and the dry weights of roots and shoots [10]. Ashoaibi et al. [11] found that salinity of 400 mM NaCl significantly reduced leaf extension, leaf area, number of leaves, plant height, fresh and dry weights of shoots and roots, and the chlorophyll of Pennisetum purpureum compared to the control plants. The average reductions of all growth parameters ranged between 45% to 72% when NaCl was increased from 0 mM to 400 mM. Furthermore, photosynthesis is another considerable factor affecting the productivity of crops. Saline stress can limit photosynthesis by lowering the availability of CO2 by restricting diffusion through stomata and the mesophyll, consequently breaking down the reaction centre of Photosystems II and disrupting electron transfer of electrons from Photosystem II to Photosystem I [12,13]. These adverse results reduce the capacity of photosynthesis and inhibit the growth of crops. Furthermore, saline stress inhibits the synthesis of photosynthetic pigment and, as a result, chlorophyll content decreases for many crops in different regions when they grow under saline conditions [14–16].

Incorporating factors that enable plants to tolerate salt stress could improve plant growth and production under saline conditions. One of the most common form of symbiotic relationship between a fungus and the roots of a vascular plant is arbuscular mycorrhiza (AMF). It can create symbiotic relationship with 90% of plant species [17,18]. The fungal hyphae infiltrate plant cells and build within the cells branching structures, enabling both organisms to share a vast exchange surface. As a result, plant root access to a wide area of the soil, thus enhancing plant growth and productivity [19,20]. Many studies have demonstrated that AMF improves plant growth by promoting the uptake of water and nutrients under salt stress [21–23]. Gao et al. [24] found that the symbiosis between cotton and AMF has enhanced photosynthesis, number of bolls per plant, the maturity of fibre and growth of the plant. They also found that statistical analysis showed a highly significant yield increase for inoculated plots relative to non-inoculated controls, with a percentage increase of 28.54% [24]. Similarly, Ebrahim et al. [25] found that vesicular arbuscular mycorrhizal fungus enhanced the photosynthesis and productivity of tomato cultivar (Sultana-7) grown under NaCl stress in comparison to non-inoculated controls. Additionally, numerous reports have suggested that AMF can increase plant growth under saline conditions by increasing the accumulation of osmotic regulators, such as proline, polyamines, betaine, and soluble sugar [21,22,26]. Proline is one of the most osmotic regulators accumulated in the plant under salt stresses and is often considered to be involved in stress resistance mechanisms [27,28]. The proline concentration is more remarkable in plants when inoculated with AMF [29]. AMF can also improve leaf tolerance to salinity by decreasing non-photochemical quenching under salinity conditions [30]. Furthermore, the capacity of photosynthesis and stomatal conductance could be improved by AMF for different plants under salt stress [6,22,30].

Pearl millet (Pennisetum spicatum) belongs to the Poaceae family and is grown as a cereal crop for feeding humans in many parts of Asia and Africa [31]. In Saudi Arabia, pearl millet is cultivated in many regions, such as Madinah, Khulais, and Jaizan. Salinity resulting from irrigation presents a large problem for the growth and productive establishment of pearl millet in these regions [32]. The successful development of crops in saline areas is one of the most cost-effective soil salinity management strategies and is an important factor affecting crop production and sustainable agriculture in dry regions [17,33]. Currently, several studies have presented that inoculation with AMF improves the tolerance of plants to salinity, but there are few studies on pearl millet growth under salt stress, particularly photosynthesis function. Therefore, the purpose of this research is to investigate the effect of AMF inoculation on the growth, Fv/Fm, chlorophyll content, proline content and gas exchange of three Saudi pearl millet cultivars under different NaCl concentrations to determine the potential of mycorrhiza to improve their tolerance to salt stress. This information will be useful in determining the cultivar that achieves high growth and gas exchanges rates under different salinity conditions.

2  Materials and Methods

2.1 Plant Material and Mycorrhizal Inoculation

Seeds of pearl millet (Pennisetum spicatum L. cv. Khulais), (Pennisetum spicatum L. cv. Madinah) and (Pennisetum spicatum L. cv. Jaizan) were obtained commercially from Khulais, Madinah and Jaizan (Saudi Arabia). The seeds of the three cultivars were sterilized on the surface by soaking in 0.1% mercury chloride for ten minutes. After five rinses in sterile distilled water, the seeds were washed and transferred to pot experiments. On the other hand, mycorrhizal spores of Glomus mosseae (Nicol. & Gerd.) Gerdemann and Trappe were kindly provided by professor El-Nagar from the Agriculture Research Center, Giza, Egypt. The original inoculum was propagated several times on maize plants grown in a sandy soil for ten weeks according to Ortas [34]. The inoculum consisted of spores, chlamydospores, hyphae and heavily colonized corn roots cut into small pieces, blend with sterile distilled water in order to form a dense liquid paste (25 g corn roots + 100 ml water/approximately 80 fungal spores/g).

2.2 Pot Experiments

Seeds of the three pearl millet cultivars were sown in 2-liter plastic pots (12 cm × 20 cm) filled with 2 kg washed and sterilized sandy soil. Eight seeds were sown in each pot, and after emergence, the seedlings were thinned to two per pot. The pots for each cultivar were grouped into two groups (I and II). Each pot in Group I was inoculated with approximately 30 g of sterilized inoculum of G. mosseae (non-mycorrhizal, NM), while those in Group II were inoculated with 30 g of G. mosseae spores (mycorrhizal, M). The inoculums were located adjacent to each seedling root, and the plants were irrigated with equal amounts of water. For two months, the experimental pots were placed in growth chambers (Sanyo Gallenkamp PLC, Fitotron SGC066, Leicester, UK) at a temperature of 25°C/20°C (day/night). The density of the photon flux at leaf height was 600 µmol m-2s-1 (14 h photoperiod), and the relative humidity was 60%. The experiments included ten treatments crossing two mycorrhizal inoculation levels (NM and M) with five salt levels (0, 30, 60, 90, and 120 mM NaCl) in soil. Four replicates for each cultivar of each treatment were applied, leading to a total of 240 pots. The seedlings were harvested after 60 days for further analyses.

2.3 Mycorrhizal Colonization

Roots from each cultivar were collected, cleaned, stained as previously described by Phillips et al. [35], and microscopically tested for colonization of the vesicular arbuscular mycorrhizal fungus. The grid-line-intersect method previously defined by Giovannetti et al. [36] was used to calculate colonization.

2.4 Plant growth Parameters

Growth parameters, including shoot length, number of leaves, and fresh weights of shoots and roots, were calculated 60 days after planting. Leaf extension was measured every other day by a ruler, while the leaf area was measured by a Licor Area Meter (LICOR Inc., Lincoln, Nebraska, USA). To evaluate dry weight, the shoot and root samples were oven-dried at 80°C for 48 h.

2.5 Determination of Photosynthesis

The gas exchange rates were measured on the current completely expanded leaf of pearl millet cultivars using an infrared gas analyser LICOR 6400XT (LI-6400, LICOR Inc., Lincoln, US). The 4th youngest fully extended leaves were used for measurements of photosynthesis and dark respiration. Light response curves were determined at a leaf temperature of 25°C and an atmospheric CO2 concentration of 360 μmol mol-1. Gradually, the leaves were illuminated with densities of photon flux between 0 and 1500 μmol m-2s-1. The Von Caemmerer and Farquar equations were used to determine net photosynthesis per unit leaf area and intercellular CO2 concentration ci [37]. Asat was estimated at saturating PPFD (1500 μmol m-2s-1) and at an ambient CO2 concentration of 360 µmol mol-1. Curves of the carbon dioxide response (A/Ci) were measured inside the range of 50-550 µmol mol-1 using 1500 μmol m-2s-1 PPFD at 25°C leaf temperature.

2.6 Determination of Chlorophyll Fluorescence

The chlorophyll fluorescence of the fourth youngest leaves of pearl millet cultivars was measured using a portable fluorimeter (PEA, Hansatech, Norfolk, Kings Lynn). The leaves were dark adapted for 20 min before measuring the fluorescence. The ratio of variable to maximum fluorescence (Fv/Fm) was measured four times for each cultivar as defined by Al-shoaibi [38].

2.7 Determination of Chlorophyll Content

A handheld chlorophyll content meter was used to measure the content of leaf chlorophyll (CCM-200, USA Opti-Sciences). The chlorophyll content was measured four times for each leaf, and the average was used for analysis.

2.8 Determination of Proline Content

To evaluate the proline level content, 0.5 g of leaf samples in 3% (w/v) sulfosalicylic acid was homogenized and then filtered homogeneously through filter paper, as described by Bates et al. [39]. Glacial acetic acid and ninhydrin were applied to the mixture and then heated in a water bath at 100°C for one hour. Four millilitres of toluene was added to the mixture, and the reaction was terminated by placing the mixture in an ice bath. The mixture with toluene was read at 520 nm, and a calibration curve was used to assess the proline concentration, which was expressed as μmol/g fresh weight.

2.9 Statistical Analyses

Statistical analyses of the data collected from the several analyses and measurements were conducted using Two-way and Three-way Analysis of Variance (ANOVA), with a general linear model to test main effects and interactions of the factors examined in this study (Salinity; Cultivar; Mycorrhiza). Multiple comparisons using Tukey’s test were also conducted to assess significance between different levels of the factors. All the analyses were carried out using version 15 of Minitab (Brandon Court, Unit E1-E2, Progress Path, Coventry CV3 2TE, UK). Four replicates were used for each treatment, and the standard deviations and standard errors were calculated using Microsoft Excel 2016 from Microsoft.

3  Results

3.1 Mycorrhizal Colonization

None of the pearl millet cultivars from the non-inoculated treatments were colonized by G. mosseae. On the other hand, the infection in the different cultivars inoculated with G. mosseae was found to decline significantly (p < 0.001, Tab. 1) with increased salinity, although it remained fairly high even when salinity was moderate (22%–24% at 60 mM of salinity).

Table 1: The effect of NaCl concentrations (0, 30, 60, 90 and 120 mM NaCl) on root colonization of Jaizan, Madinah and Khulais pearl millet cultivars inoculated with AMF
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3.2 Plant Growth Parameters

The effect of salinity treatments on the leaf extension of inoculated or non-inoculated pearl millet cultivars with mycorrhiza is illustrated in Fig. 1A. In general, the leaf extension rates significantly reduced in the non-mycorrhizal cultivars at 30 mM and 60 mM of salinity than in the control (p < 0.05). In addition, the leaf extension of mycorrhizal cultivars showed higher extension rates at 0 mM and 30 mM of salinity than in non-mycorrhizal cultivars grown under the same salinity levels. However, the 60 mM of salinity reduced the leaf extension of all mycorrhizal cultivars compared to non-mycorrhizal cultivars grown at the same level of salinity. Additionally, leaf areas and plant heights followed nearly the same pattern of leaf extension (Fig. 1B, 1C, p < 0.05). On the other hand, all cultivars with and without mycorrhiza showed senescence within four weeks of growth at salinity concentrations of 90 and 120 mM. The length of the roots for all cultivars grown with mycorrhiza at 0 mM and 30 mM of salinity were higher than those grown without mycorrhiza at the same levels of salinity (Fig. 1D, p < 0.05). At 60 mM, most mycorrhizal cultivars showed significantly lower root lengths than non-mycorrhizal cultivars (Fig. 1D, p < 0.05). In addition, fresh and dry weights of shoots and roots for most mycorrhizal cultivars grown at 0 mM and 30 mM were significantly increased compared to non- mycorrhizal cultivars (Fig. 2A–2D, p < 0.05). However, most mycorrhizal cultivars showed slightly lower fresh and dry weights of shoots and roots at 60 mM than non-mycorrhizal cultivars.
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Figure 1: Effect of different NaCl levels on plant growth parameters of Jaizan, Madinah and Khulais pearl millet cultivars inoculated and non-inoculated with AMF, (A) Leaf extension rates, (B) Leaf area, (C) Plant height and (D) Root length. The data is the mean of leaves n = 4 (± SE). Different letters indicate significance of two-way interactions between salinity and mycorrhiza. Means that do not share a letter are significantly different

[image: images]

Figure 2: Effect of different NaCl levels on plant growth parameters of Jaizan, Madinah and Khulais pearl millet cultivars inoculated and non-inoculated with AMF, (A) Fresh weight of shoot, (B) Dry weight of shoot, (C) Fresh weight of root and (D) Dry weight of root. The data is the mean of leaves n = 4 (± SE). Different letters indicate significance of two-way interactions between salinity and mycorrhiza. Means that do not share a letter are significantly different

3.3 Chlorophyll Content and Chlorophyll Fluorescence

Fig. 3A illustrates the effect of the salinity treatments on the chlorophyll content of pearl millet cultivars inoculated or non-inoculated with mycorrhiza. Compared to the control, the chlorophyll contents were significantly reduced by increasing the salinity level to 30 mM and 60 mM for all non-mycorrhizal cultivars (p < 0.01). In addition, the chlorophyll contents of mycorrhizal cultivars were higher at 0 mM and 30 mM of salinity compared to non-mycorrhizal cultivars grown at the same levels of salinity (p < 0.01). However, at 60 mM, mycorrhizal cultivars did not induce a significant change in the chlorophyll content compared to the corresponding non-mycorrhizal cultivars (Fig. 3A). On the other hand, the maximum quantum efficiency of the PSII photochemistry (Fv/Fm) of the leaves of the three pearl millet cultivars inoculated or non-inoculated with mycorrhiza is shown in Fig. 3B. The Fv/Fm values of most inoculated cultivars grown at 0 and 30 mM of salinity were almost similar to those of non-inoculated cultivars grown at the same salinity levels. However, the parameters of chlorophyll fluorescence were significantly decreased at 60 mM of salinity in all pearl millet cultivars in the presence or absence of mycorrhiza compared to control plants (p < 0.01).
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Figure 3: Effect of different NaCl levels on (A) chlorophyll index and (B) chlorophyll fluorescence (Fv/Fm) of Jaizan, Madinah and Khulais pearl millet cultivars inoculated and non-inoculated with AMF. The data is the mean of leaves n = 4 (± SE). Different letters indicate significance of two-way interactions between salinity and mycorrhiza. Means that do not share a letter are significantly different

3.4 Gas Exchange Measurements

The results shown in Fig. 4 reveal the response of photosynthetic CO2 uptake (A) to photon flux (Q) for the three-mycorrhiza inoculated or non-inoculated pearl millet cultivars at different levels of salinity. Compared to the control, there was a sharp decrease in CO2 uptake in 60 mM of salinity application under different flux values in both inoculated and non-inoculated cultivars (Fig. 5A, p < 0.001). However, an increase in CO2 uptake was noticed in most cultivars inoculated with mycorrhiza at 0 and 30 mM of salinity compared to non-inoculated cultivars grown at the same salinity stress levels (p < 0.01). In addition, the quantum yields of most inoculated cultivars were not significantly affected by 0 mM and 30 mM of salinity compared to non-inoculated cultivars grown at the same salinity levels (Fig. 5B). However, the 60 mM of salinity concentration significantly reduced the light-limited photosynthetic capacity of both inoculated or non-inoculated cultivars (p < 0.01).

The responses of CO2 uptake A, per unit leaf area, to changes in intercellular CO2 concentration ci for leaves of pearl millet cultivars grown at different salinity treatments with and without mycorrhiza are illustrated in Fig. 5C. There was a significant increase in the CO2 assimilation rates for all inoculated cultivars grown at 0 and 30 mM compared to the same non-inoculated cultivars grown at the same salinity levels (p < 0.01). However, the maximum photosynthetic capacity levels were significantly reduced (p < 0.01) at 60 mM of salinity compared to other salinity treatments for both inoculated and non-inoculated cultivars (Fig. 5C). In addition, compared to growth under the other salinity treatments, growth at the 60 mM of salinity had a significant effect (p < 0.01) on the carboxylation efficiency of all cultivars (Fig. 5D).
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Figure 4: The response of photosynthetic CO2 uptake, per unit leaf area (A), to photon flux (Q) for leaves of Jaizan, Madinah and Khulais pearl millet cultivars non-inoculated (a, b, c) and inoculated (d, e, f) with AMF. The data is the mean of leaves n = 4 (± SE)
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Figure 5: Effect of different NaCl levels on (A) The light-saturated photosynthetic rate (Asat), (B) The quantum yield (φ), (C) The plateau (Amax) and (D) The carboxylation efficiency of Jaizan, Madinah and Khulais pearl millet cultivars inoculated and non-inoculated with AMF. The data is the mean of leaves n = 4 (± SE). Different letters indicate significance of two-way interactions between salinity and mycorrhiza. Means that do not share a letter are significantly different

3.5 Proline Content

The free proline content in shoots indicated a progressive increase with the elevation of NaCl concentration, reaching 26.61, 25.5 and 31.71 µmol/g fresh weight at 60 mM in the inoculated cultivars from Jaizan, Madinah and Khulais, respectively (Tab. 2). Under all salinity concentrations, the proline contents of the inoculated cultivars were significantly higher than those of non-inoculated cultivars (p < 0.01).

Table 2: The effect of NaCl concentrations (0, 30, 60, 90 and 120 mM NaCl) on free proline content (µmol/g fresh weight) in shoots of non-mycorrhizal (NM) and mycorrhizal (M) Jaizan, Madinah and Khulais pearl millet cultivars
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4  Discussion

Salinity has traditionally been perceived as a severe problem facing agricultural areas. Therefore, improving plant tolerance to salinity is very important for increasing plant growth in these areas [3,23]. The present research examined the effect of AMF inoculation on plant growth, Fv/Fm, chlorophyll content, proline content and gas exchange of three Saudi pearl millet cultivars under five different salinity concentrations (0, 30, 60, 90 and 120 mM NaCl). Inoculation of mycorrhizal fungus, Glomus mosseae, to pearl millet cultivars markedly improved the growth of the different cultivars at low concentrations of salinity. This stimulation was pronounced with Khulais and Madinah cultivars (Figs. 1 and 2). It is observed that the pearl millet cultivars developed in soil inoculated with mycorrhiza were taller with more leaf area and root length than the control. These growth criteria were better in plants grown in soil treated with salinity and mycorrhiza than those grown in saline soil free of mycorrhiza. This finding indicates that the mycorrhiza is effective in protecting the test cultivars when grown under lower salinity stress. Mycorrhizal application was more beneficial with the Khulais cultivar, with regard to leaf extension, and the Madinah cultivar, with respect to leaf area and plant height. The variable responses of the two cultivars to salinity could be due to genetic diversity and variations in heredity between cultivars [40]. Many studies have demonstrated that inoculation with AMF improves the growth of plants under salt stress [17,25,33]. The improved growth of AMF plants has been attributed to the enhanced acquisition of mineral nutrients, such as P, Zn, Cu, and Fe [25,33]. Moreover, all cultivars inoculated with mycorrhiza showed higher root length at 0 mM and 30 mM than non-inoculated cultivars. However, all cultivars showed a significant reduction in all growth parameters at 60 mM in inoculated or non-inoculated soil. The reduction in all growth parameters could be due to toxicities of a specific-ion or imbalances in nutrition or a combination of these factors [41,42]. Furthermore, the reduction in growth under unfavourable conditions allows the conservation of energy, thereby launching the appropriate defence response and reducing the risk of heritable damage, as reported in Calendula officinalis plants under salinity [43]. On the other hand, all cultivars with and without mycorrhiza showed senescence within four weeks of growth at salinity concentrations of 90 mM and 120 mM. This finding indicated that relatively low salinity must be maintained to achieve high growth rates of these cultivars when inoculating with mycorrhiza. Moreover, the results of this study found that the shoots of most cultivars are more sensitive to low and moderate salinity than the roots. Munns and Sharp found that shoots are more sensitive to salinity than roots [44].

The present study showed that the chlorophyll contents of all pearl millet cultivars inoculated with mycorrhiza were higher than those grown at 0 and 30 mM of salinity (Fig. 3A). Similar findings have been observed in many plants at various salinity levels [13,17]. The reason for this rise could be an increase in the number of chloroplasts in the leaves of inoculated pearl millet cultivars or could be a result of the reduction in the area of leaves [11,45]. On the other hand, large and significant declines in chlorophyll content have been observed in all cultivars inoculated or non-inoculated with mycorrhiza grown at 60 mM of salinity compared to those grown in the control. This decrease in the content of chlorophyll might be a consequence of losing grana stacking or could be due to changes in the thylakoid structure [46,47].

Measurement of chlorophyll fluorescence has been used as a means to evaluate the integrity of Photosystem II upon exposure to stress [48]. In this research, the efficiency of light harvesting of PSII, measured by Fv/Fm, was generally unaffected by low salinity. All tested cultivars maintained the same Fv/Fm levels in inoculated or non-inoculated cultivars, indicating strong performance in 30 mM when compared to the control (Fig. 3B). These high Fv/Fm values provided strong evidence that all pearl millet cultivars were resistant to photoinhibition when the cultivars were grown at low salinity levels. Similar findings were previously reported for two different wheat cultivars that differed in their salinity tolerance [49]. Therefore, the current study indicates that chlorophyll fluorescence parameters cannot be considered one of the factors for controlling the net assimilation rate of CO2 in pearl millet cultivars when grown under low salinity treatments. On the other hand, compared to the control, plants grown under 60 mM of salinity had significantly lower Fv/Fm values across all cultivars. This drop in Fv/Fm might result from oxidative damage to the photosynthetic organs of cultivars, especially under salinity stress [50].

Salinity can negatively affect photosynthesis [13]. It can restrict the electron transport ability of the thylakoid membrane and decrease the amount of ribulose-1,5-bisphosphate carboxylase/oxygenase [51–54]. In many plants under salt stress, stomatal limitations and degradation in carotenoid and chlorophyll contents are associated with a decrease in the photosynthesis phase [51–54]. The results of this study showed that all inoculated cultivars that were grown under the control and 30 mM of salinity had higher light-saturated photosynthetic rates (Asat) and similar quantum yields (φ) than non-inoculated cultivars (Figs. 4 and 5). Asat and φ of all pearl millet cultivars were close to those previously recorded for healthy leaves in various C4 grasses belonging to the NADP-malic enzyme [55]. This result indicates that all pearl millet cultivars inoculated or non-inoculated with mycorrhiza grown under the previous salinity conditions were unstressed and did not suffer any photoinhibition. Furthermore, these results show that the photosynthetic apparatus of the Madinah and Khulais cultivars is more tolerant to salinity than that of the Jaizan cultivar. Amax and carboxylation efficiency of all pearl millet cultivars inoculated or non-inoculated with mycorrhiza grown under 0 mM and 30 mM of salinity followed nearly the same performance of Asat and φ. On the other hand, the rates of Asat, φ, Amax and carboxylation efficiency of all pearl millet cultivars inoculated or non-inoculated with mycorrhiza grown under 60 mM of salinity were lower than those for healthy leaves previously noted in C4 grasses belonging to the NADP-malic enzyme, suggesting that all cultivars of pearl millet were stressed and suffered photoinhibition. This decrease in photosynthetic output among pearl millet cultivars may have been caused by stomatal behaviour, ion toxicity, or both [17,56,57]. Furthermore, the reduction in the activity of enzymes such as Rubisco in bundle sheath cells may be a reason for this decrease in the photosynthetic efficiency of all pearl millet cultivars [52,54]. Another reason for this reduction in the photosynthetic capacity of all pearl millet cultivars grown at 60 mM of salinity may also result from a reduction in the content of chlorophyll or inhibition of leaf growth [52,53].

The results of this research indicated a considerable rise in the accumulation of the amino acid proline in the shoots of pearl millet under different concentrations of salinity. The highest accumulation of proline was recorded at 60 mM in the different cultivars. The proline contents in the shoots of all pearl millet cultivars inoculated with mycorrhiza under different salinity levels were significantly higher than those of non-inoculated cultivars (Tab. 2). This result indicated that mycorrhiza amendment plays a substantial role in lowering salt stress in the plant. Amino acid proline accumulation is one of the most frequently reported modifications induced by water and salt stresses in plants and is often considered to be involved in stress resistance mechanisms. A previous study documented a significant proline accumulation in sorghum grown under salt stress [57]. The accumulation of proline in plant leaves will decrease the water potential and help to maintain the water content in the leaves [42,58].

5  Conclusion

This study indicated that all three Saudi pearl millet cultivars inoculated with mycorrhiza had higher growth rates, chlorophyll contents and gas exchanges at 0 and 30 mM of salinity compared to cultivars without mycorrhiza. In addition, the measurements of the different growth rates showed higher growth performance of the cultivars from Madinah and Khulais than the cultivar from Jaizan. However, all cultivars with and without mycorrhiza underwent senescence within four weeks of growth at salinity concentrations of 90 and 120 mM. Therefore, relatively low salinity must be maintained to achieve high growth rates and gas exchanges of these inoculated cultivars.
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