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Abstract: Drought can limit the growth and reduce the yield of crops, but the safe and effective bio-approach to improve the drought resistance of crops is very little. We conducted an experiment in which we monitored the effects of polysaccharide from the endophyte Bionectria sp. Fat6 on the growth of Tartary buckwheat (Fagopyrum tataricum (L.) Gaertn) seedlings under control and drought-stressed conditions by determining gas exchange, photosynthesis parameters, photosynthetic pigment contents, and metabolite accumulation. Results indicated that the polysaccharide from endophyte stimulated plant growth and increased the aboveground biomass, root mass, and root/shoot ratio of Tartary buckwheat. Application of the polysaccharide to drought-stressed plants resulted in a significant increase in the net photosynthetic rate, stomatal conductance, and transpiration rate of Tartary buckwheat and decreased the intercellular CO2 concentration. The contents of chlorophyll a, chlorophyll b, chlorophyll a + b, and carotenoids in leaves were higher in polysaccharide-treated seedlings than that in control. Polysaccharide notably increased the soluble protein and proline content and decreased the malondialdehyde content in Tartary buckwheat leaves. The endophytic polysaccharide may protect Tartary buckwheat against drought by improving leaf gas exchange and photosynthetic capacity, and altering concentrations of protective metabolites. Together, these changes may compensate for the negative impacts of drought stress on the growth of Tartary buckwheat. Thus, the polysaccharide from the endophyte Bionectria sp. Fat6 may be an effective biotic elicitor and a promising bio-approach to improve Tartary buckwheat production worldwide.
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1  Introduction

Tartary buckwheat (Fagopyrum tataricum (L.) Gaertn) is a dicotyledonous plant in the family Polygonaceae (Fig. 1). It is widely grown in many countries, including India, Russia, Japan, France, Canada, Poland, Slovenia, and Nepal, for its medicinal and nutritive value. It could be more fully utilized as a resource [1,2]. It is rich in minerals, vitamins, protein, fiber, amino acids, trace elements, and various bioactive phytochemicals [3,4]. The major functional components of Tartary buckwheat are flavonoids, polyphenols, phytosterols, D-chiro-inositol, and D-fagomine. There is potential to extract and refine these components to develop high-value products. Recent studies have revealed that some of these bioactive compounds are beneficial for human health, showing notable antioxidant, hypocholesterolemic, antidiabetic, antimicrobial, and antitumor activities [5,6].
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Figure 1: Endophyte Bionectria sp. Fat6 and F. tataricum

Currently, there are many buckwheat-based products available on the market, such as buckwheat pillows, protein, chewable tablets, tea, and sprouts [7,8]. Because of its potential health benefits, Tartary buckwheat consumption is increasing on a global scale [9]. However, the most high-quality arable land is used to grow staple food crops (e.g., rice and wheat), resulting in limited cultivation area and relatively low yield of Tartary buckwheat [2,10]. About 60% of the world’s Tartary buckwheat crop is grown under high-cold mountainous conditions with infrequent rain, which belongs to arid and semi-arid zones [11,12]. A previous study found that Tartary buckwheat could not tolerate drought stress during its initial growth stages [12]. Therefore, it is crucial to increase the drought resistance at the early stage to improve plant growth and yield.

Endophytic fungi is a special group of microorganisms that resides within plant tissues intercellularly or intracellularly without causing any apparent symptoms of disease. Endophytes may produce functional constituents such as antimicrobial, insecticidal, cytotoxic, and growth-regulating compounds. They can protect the host from pathogen infection and promote the growth and adaptation of the host to remain healthy [13]. It has become a hot research topic due to the great potential in agriculture for improving plant resistance. However, few studies have focused on how endophytic fungi function as elicitors of growth and stress resistance in their host plants.

Polysaccharides are macromolecular compounds with complex structures. As a treatment agent, they have promising prospects for use in agricultural production because of their strong efficacy and low toxicity. Previous studies have reported that the polysaccharides can be used to improve the stress tolerance and yield of crops. Bai et al. [14] found that a polysaccharide treatment could increase leaf chlorophyll content, delay leaf senescence, improve leaf photosynthesis, and increase the grain yield of soybean. A microbial polysaccharide enhanced the drought resistance of bluegrass to drought stress [15]. In our previous studies, we acquired an endophytic fungus from Tartary buckwheat and found that polysaccharides, produced by the endophyte, could increase the germination of Tartary buckwheat and promote flavonoid production in buckwheat seedlings [16–18]. The present study aimed to determine the effect of the polysaccharide on the growth of drought-stressed Tartary buckwheat and explore the mechanism by which the polysaccharide improves plant growth under drought stress.

The specific objectives of this study were as follows: (i) To analyze the effect of an endophytic polysaccharide on the biomass, root/shoot ratio and leaf photosynthetic characteristics of Tartary buckwheat under drought stress; (ii) To evaluate the effect of the endophytic polysaccharide on leaf photosynthetic pigment contents of Tartary buckwheat under drought stress; and (iii) To investigate the effect of drought stress on the content of soluble protein, proline and malondialdehyde (MDA) in Tartary buckwheat seedling leaves. The results of these analyses provided information about the physiological mechanism by which the endophytic polysaccharide promoted the growth of Tartary buckwheat, and highlighted the potential of this polysaccharide to improve Tartary buckwheat growth and yields in arid or semi-arid regions.

2  Materials and Methods

2.1 Experimental Materials

The Tartary buckwheat cultivar XiQiao-1, the most widely planted cultivar in southwest China, was obtained from the National Research and Development Center for Coarse Cereal Processing at Chengdu University. The sandy soil in texture and alkaline (pH 7.84) was used in this experiment, which consisted of 49.3, 21.5, and 30.4 mg kg–1 available N, P, and K, respectively; 0.75, 0.42, and 13.4 g kg–1 total N, P, and K, respectively; and 9.8 g kg–1 organic matter. The collected soil was air-dried and sieved (2 mm) to remove large stones, plant roots, and other litter. Tartary buckwheat seeds were surface-sterilized for 5 min in 10% (v/v) hydrogen peroxide and rinsed four times with deionized-H2O, and then collected and stored for further use.

2.2 Cultivation of Endophytic Fungus and Preparation of Polysaccharide

The endophytic fungus Bionectria pityrodes Fat6 (GenBank accession number KC218450) (Fig. 1) was isolated from a healthy Tartary buckwheat plant as reported previously [16]. The living culture has been maintained on potato dextrose agar (PDA) slants at 4°C, and in 40% (v/v) glycerol at −70°C at the Coarse Cereal Processing Center of Chengdu University. The endophytic fungus B. pityrodes Fat6 was cultured as described in Zhao et al. [19].

The collected mycelia of B. pityrodes was washed twice with deionized water and then lyophilized. The lyophilized mycelia were powdered and subjected to heat circumfluence extraction at 50°C in 95% ethanol-petroleum ether at 1:1 (v/v) to remove the lipids, monosaccharides, and disaccharides. The ratio of mycelia powder (g) to refluxing solvent (ml) was 1:6 (w/v). Defatted mycelia powder was obtained by centrifugation and drying at 40°C–45°C to constant weight. The pretreated mycelia powder was immersed in distilled water and extracted at 90°C for 120 min (1 g material to 30 mL water). The mixture was centrifuged at 8000 rpm for 15 min to collect the supernatant. The supernatant was concentrated to a certain volume, mixed with three volumes of 95% ethanol, and then kept at 4°C for 48 h. After that, the solution was centrifuged at 8000 rpm for 15 min to collect the precipitate as the crude mycelia polysaccharide.

2.3 Experimental Design

This experiment included control and drought stress treatments. The seeds (200 grains per treatment) used for each of these main treatments were immersed in polysaccharide solution (0, 75, 150, and 225 mg L–1) for 12 h. Then, three replications, which consisted of 104 pots (5 seeds/pot) for each replication, were built for each treatment. The seedlings were thinned to three plants per pot. For the drought treatment, water was withheld for seven days as described in Bauddh et al. [20] before harvesting. The control plants were watered routinely every 2–3 days. The trial was carried out in a phytotron (RXZ-300B, Dongnan Co., Ltd., Ningbo, China) with 23°C days (07:00–20:00) and 17°C nights (20:00–07:00), 50%–60% relative humidity, and light intensity of 400 μmol−2 s−1. The pots were placed randomly and moved to a different place every week.

2.4 Biomass and Root/Shoot Ratio

Fifteen representative plants per treatment were collected and measured at the seedling stage. Three biological replicates were used for each measurement. The root, stem, and leaves were dried to a constant weight at 65°C after initial drying at 105°C for 0.5 h, and then the dry weight was measured. The root/shoot ratio was calculated as dry weight of roots/dry weight of shoots.

2.5 Leaf Photosynthesis

The leaf photosynthesis measurements were conducted on the 7th day of the drought treatment measuring three fully opened leaves of each plant using a portable GFS-3000 photosynthesis system (WALZ Inc., Effeltrich, Germany). Photosynthetically active radiation was provided by a red-blue light source at 1200 μmol m−2 s−1, the CO2 concentration at 350 μmol mol−1, and the leaf temperature at 25°C. All measurements were performed between 09:30 and 12:00 h. The net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (gs), and intercellular CO2 concentration (Ci) were automatically recorded by the photosynthesis system.

2.6 Content of Photosynthetic Pigments

After the leaf photosynthesis measurements, the leaf pigments were quantified according to the description in Lichtenthaler [21]. Briefly, three fully expanded leaves from each plant were collected in each treatment and wrapped immediately in aluminum foil to avoid pigment degradation. Leaf samples were powdered in liquid nitrogen then incubated in 80% acetone and absolute alcohol at a ratio 1:1 at −20°C for 12 h in darkness. Extracts were centrifuged at 12 000 g for 5 min at 4°C. The absorbance of the solution from leaf extract was recorded at 645, 663, and 470 nm using a UV-3200S spectrophotometer (MAPADA Instruments, Shanghai, China) for calculating the content of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid. Three biological replicates were used for each measurement. Leaf pigment contents were estimated according to the following equations [21] and expressed as mg g−1 fresh weight (FW−1).
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2.7 Contents of Leaf Soluble Protein, Proline, and Malondialdehyde

The leaf soluble protein content was measured using the Coomassie brilliant blue G-250 staining method described by Bradford [22]. Fresh leaf samples (0.5 g) were homogenized with 4 ml Na-phosphate buffer (pH 7.2) and then centrifuged at 4°C. The absorbance of the supernatant containing the dye was determined at 595 nm using a UV-3200S spectrophotometer (MAPADA Instruments). Proline content in the leaf was determined using the method mentioned from Bates et al. [23], and the MDA content was measured as described by Heath et al. [24].

2.8 Statistical Analyses

Microsoft Excel 2010 was used to process data and draw figures. All data were statistically analyzed by analysis of variance using the software SPSS 17.0 (SPSS, Chicago, IL, USA). The significance test was performed using a t-test at the p < 0.05 level.

3  Results

3.1 Plant Growth

The polysaccharide enhanced the plant growth of Tartary buckwheat under both control and drought treatments (Fig. 2). The aboveground biomass of Tartary buckwheat seedlings was 1.52 g in control and 1.33 g in the drought treatment with 150 mg/L of endophytic polysaccharide, about 1.43-fold and 1.46-fold higher than their respective counterparts in the 0 mg/L polysaccharide treatment. The root biomass and root/shoot ratio were significantly higher in the treatments with 150 mg/L endophytic polysaccharide than in other treatments. We did not detect significant interactive effects of drought × polysaccharide (p > 0.05, Tab. 1) on aboveground biomass, root biomass, or root/shoot ratio.
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Figure 2: Effects of polysaccharide elicitor on aboveground biomass (A), root biomass (B), and root/shoot ratio (C) of Tartary buckwheat under control (CK) and drought conditions. Vertical bars indicate the standard deviation of the replicates (n = 3). Different lowercase letters indicate significant differences among different polysaccharide elicitor treatments under control and drought conditions at the 0.05 significance level

Table 1: Analysis of variance (ANOVA) on effects of drought, polysaccharide, and their interactions on studied traits in Tartary buckwheat
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Note: D × P represents the interaction between drought and polysaccharide; *: Significant at 0.05 probability level; **: Significant at 0.01 probability level; ns: Not significant.

3.2 Leaf Photosynthetic Pigments

A significant decrease was observed in the levels of Chl a (Fig. 3A), Chl b (Fig. 3B), Chl a + b (Fig. 3C), and carotenoid (Fig. 3D) in the leaves of Tartary buckwheat under drought stress. However, the leaf pigment contents were increased after applying endophytic polysaccharide in control and drought treatment (Fig. 3, Tab. 1). The contents of Chl a, Chl b, Chl a + b, and carotenoids tended first to increase and then decrease with an increasing amount of polysaccharide (Fig. 3). The highest contents of Chl a, Chl b, Chl a + b, and carotenoids were always found in the leaves of plants treated with 150 mg/L endophytic polysaccharide. Under drought and control conditions, the application of 150 mg/L polysaccharide significantly increased Chl a, Chl b, Chl a + b, and carotenoid contents by 56.3%, 76.5%, 63.4%, and 98.5%, respectively, compared with the 0 mg/L treatment. We did not detect significant interactive effects of drought × polysaccharide (p > 0.05) on the content of Chl b and carotenoids. However, the significant (p < 0.05) interactive effects of drought × polysaccharide were observed on Chl a and Chl a + b contents (Tab. 1).
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Figure 3: Effects of polysaccharide elicitor on chlorophyll a (A), chlorophyll b (B), chlorophyll a + b (C), and carotenoid content (D) of Tartary buckwheat under control (CK) and drought conditions. Vertical bars indicate the standard deviation of the replicates (n = 3). Different lowercase letters indicate significant differences among different polysaccharide elicitor treatments under control and drought conditions at the 0.05 significance level

3.3 Leaf Photosynthesis and Gas Exchange Parameters

Drought significantly decreased Pn (Fig. 4A), gs (Fig. 4B), and E (Fig. 4C), but increased the Ci (Fig. 4D) of Tartary buckwheat seedlings. The application of endophytic polysaccharide increased the photosynthetic performance of Tartary buckwheat seedlings in both control and drought conditions (Fig. 3, Tab. 1). The Pn, gs, and E tended first to increase and then decrease with an increasing amount of polysaccharide (Fig. 4). However, the Ci showed the opposite trend with them. Application of 150 mg/L polysaccharide in control and drought treatment significantly increased the mean values of Pn, gs, and E by 41.1%, 71.5%, and 71.8%, respectively, and significantly decreased Ci by 24.4%, compared to the 0 mg/L of polysaccharide. We did not find significant interactive effects of drought × polysaccharide (p > 0.05, Tab. 1) on leaf photosynthesis parameters.
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Figure 4: Effects of polysaccharide elicitor on net photosynthesis (Pn) (A), transpiration rate (E) (B), stomatal conductance (gs) (C), and intercellular CO2 concentration (Ci) (D) of Tartary buckwheat under control (CK) and drought conditions. Vertical bars indicate the standard deviation of the replicates (n = 3). Different lowercase letters indicate significant differences among different polysaccharide treatments under control and drought conditions at the 0.05 significance level

3.4 Leaf Soluble Protein, Proline, and MDA Contents

Drought stress decreased soluble protein content (Fig. 5A), but increased proline (Fig. 5B) and MDA contents (Fig. 5C) without the application of endophytic polysaccharide. Application of the endophytic polysaccharide significantly increased soluble protein and proline contents of Tartary buckwheat seedlings under drought conditions (Fig. 4, Tab. 1). Compared with untreated plants, those treated with the polysaccharide showed a significant increase in protein and proline contents by 27.0% and 46.6%, and significantly (p < 0.05) decreased MDA content by 21.6% under drought condition. In control, the polysaccharide treatment significantly increased proline content by 67.2% and decreased the MDA content by 40.6%. However, no significant effect was found on the soluble protein content. We detected significant interactive effects of drought × polysaccharide (p < 0.05) on soluble protein content, but no significant interactive effects of drought × polysaccharide were found on proline and MDA contents (Tab. 1).
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Figure 5: Effects of polysaccharide elicitors on soluble protein content (A), proline content (B), and malondialdehyde (MDA) content (C) in leaves of Tartary buckwheat under control (CK) and drought stress conditions. Vertical bars indicate the standard deviation of the replicates (n = 3). Different lowercase letters indicate significant differences among different polysaccharide elicitor treatments under control and drought conditions at the 0.05 significance level

4  Discussion

Photosynthesis is very important for plant growth, especially in extreme environments. Many studies have demonstrated that drought can reduce the levels of Pn, gs, and E [25–27]. Our results indicated that drought decreased the leaf Pn, gs, and E of Tartary buckwheat (Fig. 4), consistent with the results reported in the study of potato seedlings [28]. These results suggested that drought can suppress the growth of Tartary buckwheat via the reduction of leaf gas exchange at the early seedling stage.

We found that the polysaccharide from endophytic Bionectria sp. Fat6 increased the root/shoot ratio, root and aboveground biomass, and plant growth of drought-stressed Tartary buckwheat (Fig. 2). It showed that the polysaccharide plays a strong part in the development process of Tartary buckwheat, which may improve the growth performance by increasing the photosynthetic capacity [10]. These results also indicated that the polysaccharide improved leaf gas exchange in Tartary buckwheat by increasing the gs and E (Fig. 4). These results might be explained by the increase in nutrient and water uptake caused by application of the polysaccharide [14]. Our results indicated that the Pn of leaf was significantly lower under drought conditions than that in control (Fig. 4), which might be the response to the part closure of stomata, or to the decrease of photosynthetic activity of mesophyll cells that increased Ci [29,30]. The drought stress could result in part closure of stomata, which is an important way for plants to protect themselves from stress [31]. We found that the Ci was significantly higher under drought conditions than that in control (Fig. 4). So, the main reason for the decrease of Pn of Tartary buckwheat was due to the decrease of photosynthetic activity of mesophyll. Interestingly, we also found that the difference of Ci between control and drought conditions was significantly decreased by the polysaccharide application (Tab. 1). Thus, our results suggest that the endophytic polysaccharide might alleviate the reduction in photosynthesis caused by drought, thereby enhancing the growth of Tartary buckwheat. Polysaccharide application increased the Pn, gs, and E, but decreased the Ci of Tartary buckwheat seedlings (Fig. 4). Together, these results suggested that the polysaccharide decreased the non-stomatal limitation of Tartary buckwheat photosynthesis and increased the photosynthetic activity of mesophyll cells. Polysaccharide, as elicitors, could improve the enzymatic activity, related to the process of photophosphorylation, and enhance the photophosphorylation activity, and thereby improving the synthetic efficiency of ATP [32]. This may prompt the operation of photosynthetic carbon cycle and increase of photosynthetic activity [33], and thus improve the Pn of Tartary buckwheat seedling.

Chlorophyll plays a key role in determining the intensity of photosynthesis, which is strongly influenced by adverse conditions [34]. Mafakheri et al. [35] found that drought stress significantly decreased chlorophyll content, consistent with our results (Fig. 3). In this study, polysaccharide increased the chlorophyll content in Tartary buckwheat leaves under control and drought conditions (Fig. 3, Tab. 1). The increase in chlorophyll content might be related to increased uptake of magnesium, higher activity of chlorophyll synthetase, and less destruction of chlorophyll [36,37]. The polysaccharide of endophytic Bionectria sp. Fat6, as elicitor, may interact with specific receptors on the cells of Tartary buckwheat leaf. As a result, the signaling transduction could be triggered and enhanced downstream genes expression to improve the content of intermediates-related synthetase, thus increasing the final chlorophyll content [38–40]. Simultaneously, the polysaccharide elicitor also might be as growth regulator to activate certain enzymes which could alleviate the destruction of chlorophyll structure [41,42]. Consequently, the promotion of the gene expression of the enzymes related to the chlorophyll synthesis by the polysaccharide elicitor might be an important reason for increasing the chlorophyll content of Tartary buckwheat leaf. However, further research is required to clarify which of these processes is most strongly affected by the polysaccharide.

The high chlorophyll content indicated that the polysaccharide increased the rate of chlorophyll synthesis or decreased the rate of chlorophyll degradation to increase leaf photosynthesis under drought condition. The increases in chlorophyll content and gas exchange indicate that the polysaccharide increased carbon fixation by photosynthesis. In addition, the polysaccharide may induce resistance proteins in Tartary buckwheat to enhance protective enzyme activity and increase the levels of osmotic adjustment substances and secondary metabolites. Together, these changes could mitigate the adverse effects of stress [43].

A previous study showed that drought-stressed plants produce excess H2O2, which could cause oxidative damage through the formation of reactive oxygen species that damages proteins [44,20]. In the current study, the polysaccharide-treated seedlings showed significant increase in soluble protein content under drought stress (Fig. 5), suggesting that polysaccharide application stimulated protein synthesis and/or reduced protein degradation under drought. Proline is an important metabolite, and its accumulation can help to protect plant growth under drought condition [45]. Proline helps to maintain optimal turgor and protein conformation, and accumulates in plants subjected to diﬀerent types of stress [46]. In our study, polysaccharide application significantly increased the proline content in leaves, especially under drought stress (Fig. 5, Tab. 1), suggesting that the polysaccharide may play an important role in the protection of Tartary buckwheat seedlings against drought. Thus, the polysaccharide may achieve its protective function by increasing proline content, altering the osmo-regulation and osmo-tolerance of Tartary buckwheat. We also monitored the content of MDA, which is a product of lipid peroxidation and an indicator of oxidative damage. We detected marked decrease in MDA content in the polysaccharide-treated seedlings under drought stress. This was consistent with the results of Li et al. [15], who found that a microbial polysaccharide reduced lipid peroxidation under drought stress. The lower MDA content in leaves of polysaccharide-treated than untreated Tartary buckwheat under drought stress suggested that these treated plants were better protected against oxidative damage than untreated plants. Thus, the polysaccharide might reduce plasma membrane lipid peroxidation in Tartary buckwheat seedlings under drought stress, which would improve plant growth.

In our study, we found that polysaccharide application improved the growth of Tartary buckwheat, showing significantly higher root and aboveground biomass and the root/shoot ratio of polysaccharide-treated plants than that of untreated plants (Fig. 2, Tab. 1). Our findings showed that plant drought tolerance can be improved by applying the polysaccharide from Bionectria sp. Fat6. The polysaccharide may be applied for promoting the growth of Tartary buckwheat in drought-affected regions. The optimum polysaccharide concentration was 150 mg L−1 amount for Tartary buckwheat in this study. The fungal polysaccharide obtained from endophyte Bionectria sp. Fat6 is a complicated mixture, and its chemical structure, composition, physiochemical properties, and regulatory mechanisms are still needed to be clarified. Therefore, further studies are required to determine the composition and the mechanism of action of the polysaccharide from the endophyte Bionectria sp. Fat6.

5  Conclusions

Application of polysaccharide from the endophyte Bionectria sp. Fat6 increased the drought resistance of Tartary buckwheat seedlings by improving leaf gas exchange properties (Pn, gs, E), increasing the chlorophyll, protein, and proline contents, and reducing the MDA contents. The results showed that the polysaccharide can promote the growth of Tartary buckwheat seedlings. Thus, it has potential applications in increasing the yield of Tartary buckwheat crops in drought-affected regions. These findings also provide valuable information about how a fungal polysaccharide elicitor stimulates responses to drought stress in Tartary buckwheat.
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