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Abstract: Seedlings of Taxus chinensis var. mairei were used as experimental materials to study the adaptation of Piriformospora indica to this plant under water stress. The materials were divided into two groups, namely, with or without inoculation with P. indica. Each group was subjected to four different levels of water stress. Vitality and physiological and biochemical indexes of the roots of T. chinensis var. mairei were regularly measured. Under water stress, T. chinensis var. mairei had significantly decreased root vitality; root vitality was higher in inoculated roots than in uninoculated roots. Under intense water stress, the inoculated roots had a higher soluble sugar content than the uninoculated roots. Under water stress, T. chinensis var. mairei experienced decreased activity of aerobic respiratory metabolic enzymes. The activity of anaerobic respiratory metabolic enzymes and alcohol dehydrogenase initially increased and then decreased, whereas that of lactate dehydrogenase increased. The inoculated roots had a higher activity of respiratory metabolic enzymes than the uninoculated roots. As water stress was further intensified, the roots had significantly decreased activity of aerobic respiratory metabolic enzymes and significantly increased activity of anaerobic respiratory metabolic enzymes. The activity of respiratory metabolic enzymes decreased faster in the uninoculated roots than in the inoculated roots. This study demonstrated that Piriformospora indica plays a positive role in enhancing the antihypoxic ability of T. chinensis var. mairei, thereby alleviating plant damage due to water stress.
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1  Introduction

As a relict tree species of the Tertiary Period, Taxus chinensis var. mairei is listed as a “the state-protected one-grade rare and endangered plants” [1,2]. This tree is an important novel natural anticancer drug with a special anticancer mechanism and good anticancer effects [3]. Taxol is mainly derived from plant resources of Taxus Linn [4]. Owing to its rarity and medicinal value, wild resources of Taxus plants have been severely exploited. In addition, T. chinensis var. mairei can purify the air by absorbing harmful substances. Thus, this species plays a role in the sterilization, disinfection, and protection of the ecological environment [5]. However, T. chinensis var. mairei is difficult to sow because it has a low seedling survival rate [6,7], and it is intolerant to flooding. Thus, its survival situation is relatively grim.

Colonization of plants by Piriformospora indica can make them resistant to biotic and abiotic stresses [8], increase plant biomass [9], and increase the formation of lateral roots and root hairs [10]. Colonized plant roots are more developed than uncolonized roots, and the survival rate is high [11,12]. Water stress is an important factor affecting plant growth [13]. It has a direct impact on roots. Thus, plant roots can act as an important sign of response to waterlogging stress [14–17]. When a tree species with a weak water tolerance is subjected to water stress, its photosynthesis weakens [18], and its growth and development are inhibited [19], causing root death and plant wilting [20,21].

In this study, P. indica was inoculated into the roots of T. chinensis var. mairei under potted conditions to study the adaptation of this tree species to water stress. This study aimed to provide a theoretical basis and scientific methods for cultivating T. chinensis var. mairei against stress. This work also aimed to increase the stress resistance of T. chinensis var. mairei in southern areas with a high water content [1].

2  Materials and Methods

2.1 Overview of the Test Site

This experiment was conducted in Yangtze University. Jingzhou City (111°15′–114° 05′E, N29° 26′–31° 37′) is located in the central and southern parts of Hubei Province. Areas with a subtropical monsoon climate such as Jingzhou City has four distinct seasons, sufficient sunshine, and abundant precipitation. This city has a total solar radiation of about 104–110 kcal/cm2, an average annual sunshine hours of 1800–2000 h, an annual average temperature of 15.9°C–16.6°C, an annual rainfall of 1100–1300 mm, and an annual frost-free period of 250–267 d. The experimental seedlings were placed outdoors. In a previous study [22], we established that T. chinensis var. mairei can be grown in Jingzhou City.

2.2 Experimental Design

In March 2019, seedlings of T. chinensis var. mairei with good growth and consistent growth vigor were transplanted in pots and placed in a garden to allow natural growth. The substrate consisted of a mixture of nutrient soil, river sand, and perlite at a ratio of 2:1:1. After 3 months of routine management, the treatment was commenced in June. First, 100 mL of P. indica diluent was cultured in potato dextrose agar medium (200 g of potato, 20 g of glucose, 15–20 g of agar, and 1000 mL distilled water) for 5 d and then in potato dextrose liquid medium (11 g of potato infusion, 20 g of dextrose, 15 g of agar, and 1000 mL distilled water) for 1 week. This culture was added to each pot in the T. chinensis var. mairei treatment group. The same amount of deionized water was added into each pot in the control group. Forty days after the inoculation, the root tips of T. chinensis var. mairei were cleaned and cut into sections of about 1 cm. The root tips were soaked in 10% KOH for almost 12 h. Afterward, the root tips were rinsed with deionized water for 6–9 times, placed on glass slides, and then dropped with an appropriate amount of trypan blue for about 12 min to observe the plant tissues under a stereomicroscope.

The materials were divided into two groups. One group was inoculated with P. indica, whereas the other group was not inoculated. Each group of test materials was subjected to four different degrees of water stress: each group was watered up to 0, 1/2, 1/3, and 1/4 of the height of the pot, and the water level was maintained at these levels; these groups were labelled as Ckn, N2, N3, and N4 for the uninoculated seedlings, respectively, and Cky, Y2, Y3, and Y4 in the inoculated seedlings, respectively (Tab. 1). All pots were 10.6 cm in height, with an outer diameter of 11.9 cm and an inner diameter of 11.4 cm. Two groups of different water stresses were repeated for each treatment with 20 plants, for a total of 160 plants. After 40 d of inoculation, samples were collected every 4 days for a total of five times. The physiological and biochemical indexes of the underground roots of T. chinensis var. mairei were measured each time.

2.3 Determination of Test Indexes

Root vitality was measured via the triphenyl tetrazolium chloride method [23]. Soluble sugar content was determined by anthrone colorimetry [24]. Malic acid content was quantified by NaOH titration [25]. Malate dehydrogenase (MDH) activity was assessed following a previously described method [26]. Activities of succinate dehydrogenase (SDH), lactate dehydrogenase (LDH), and alcohol dehydrogenase (ADH) were evaluated using the lactic acid kit of Nanjing Jiancheng Bioengineering Institute. Lactic acid content was measured using the same kit.

2.4 Statistical Analysis

Data were analyzed by one-way ANOVA with Duncan’s multiple range tests to separate means by using the program SAS 10.0 (SAS Institute, Inc., Cary, NC). Correlation analysis was conducted using SPSS 18.0. Different letters in the graphs or the tables indicate significant differences at P < 0.05.

3  Results and Analysis

3.1 P. indica Colonization in the Roots of T. chinensis var. mairei and Comparison of Plant Growth under Different Water Stresses

The roots of uninoculated T. chinensis var. mairei had no chlamydospores within the roots’ cells (Fig. 1b). By contrast, 40 d after the inoculation, chlamydospores were observed within the roots’ cells of inoculated plants (Fig. 1a). The chlamydospores of P. indica were arranged in clusters in the roots.
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Figure 1: Comparison of colonization of Piriformospora indica in the roots of Taxus chinensis var. mairei

On the 16th day, the growth of uninoculated T. chinensis var. mairei seedlings and their roots gradually deteriorated as water stress intensified Fig. 2. The growth of CKN seedlings was the best; they had luxuriant leaves, well-developed root systems, and more new roots. N4 seedlings vigorously grew, with better growth and new roots in their root systems. N3 seedlings were curved and thin, with sparse roots and few new roots. N2 seedlings had the worst growth; they were thin and weak, with yellow leaves, wilted roots, and no new roots.
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Figure 2: Growth of Taxus chinensis var. mairei seedlings and their roots under different water stresses on the 16th day

3.2 Effects of P. indica on the Root Vitality of T. chinensis var. mairei under Water Stress

On the same day, the root vitality of Y4, Y3, Y2, N4, N3, and N2 seedlings decreased as water stress intensified (Fig. 3). On the 4th day, the difference in root vitality between CKn, Y4, Y3, and N4 seedlings was not significant (P > 0.05). However, on the 8th day, the difference in root vitality between CKn, N4, N4, and N2 seedlings was significant (P < 0.05). However, on the 12th day, the difference in root vitality between CKy, Y4, Y3, and Y2 seedlings was significant (P < 0.05). Moreover, root vigor index was higher in the inoculated roots than in the uninoculated roots. Results demonstrated that T. chinensis var. mairei experienced low root vitality as water stress intensified. Inoculated T. chinensis var. mairei had a higher root vitality than the uninoculated seedlings. Moreover, the root vitality of the uninoculated T. chinensis var. mairei decreased much faster and was substantially lower than that of inoculated seedlings.
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Figure 3: Root activity in the inoculated (CKy, Y4, Y3, and Y2) and uninoculated (Ckn, N4, N3, and N2) roots of T. chinensis var. mairei under water stress after 4, 8, 12, and 16 day of watering

3.3 Effects of P. indica on the Soluble Sugar Content in the Roots of T. chinensis var. mairei under Water Stress

As water stress intensified, the content of soluble sugars in the roots of T. chinensis var. mairei increased. The content initially increased and then decreased (Fig. 4). On the 4th day of inoculation, the differences between CKy, Y4, Y3, and Y2 were significant (P < 0.05). Similarly, on the 16th day of inoculation, the differences between CKy and Y3, Y3, and Y4 were significant (P < 0.05); however, the differences between Y2, Y3, and Y4 were not significant (P > 0.05). Results showed that soluble sugar content was higher in the inoculated group than in the uninoculated group. On the 4th day, the differences between N4, N3, and CKn were significant (P < 0.05). On the 16th day, the differences between CKn and N2 were significant (P < 0.05), but those between N3, N2, and N4 were not significant (P > 0.05). The soluble sugar content of each treatment group was lower than that of the control group. Inoculated T. chinensis var. mairei seedlings had a higher soluble sugar content in the roots than the uninoculated seedlings; the reduction in soluble sugar content was slower in the former than that in the latter.
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Figure 4: Soluble sugar content in inoculated (CKy, Y4, Y3, and Y2) and uninoculated (Ckn, N4, N3, and N2) roots of T. chinensis var. mairei under water stress after 4, 8, 12, and 16 days of watering

3.4 Effect of P. indica on MDH Activity in the Roots of T. chinensis var. mairei under Water Stress

As water stress intensified over time, MDH activity in the two groups gradually decreased (Fig. 5). On the 4th day of inoculation, the differences between Y4, Y3, Y2, and CKy were significant (P < 0.05). On the 16th day of inoculation, the difference between Y3 and Y4 was not significant (P > 0.05), whereas that between Y2, Y3, and CKy was significant (P < 0.05). As water stress further intensified, MDH activity in the roots decreased. On the 4th day, the differences between CKn, N4, N2, and N3 were significant (P < 0.05). On the 16th day, the differences between the treatment groups significant (P < 0.05). Uninoculated T. chinensis var. mairei had a faster and a greater reduction in MDH activity than the inoculated seedlings. The inoculated T. chinensis var. mairei had a higher MDH activity in the roots than the uninoculated seedlings.
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Figure 5: Malate dehydrogenase activity in inoculated (CKy, Y4, Y3, and Y2) and uninoculated (Ckn, N4, N3, and N2) roots of T. chinensis var. mairei under water stress after 4, 8, 12, and 16 days of watering

3.5 Effects of P. indica on SDH Activity in the Roots of T. chinensis var. mairei under Water Stress

As water stress intensified over time, the activity of MDH in the two groups gradually decreased, but the decrease was slower in the inoculated group than in the uninoculated group (Fig. 6). On the 4th day of inoculation, the differences between CKy, Y3, and Y2 were significant (P < 0.05), but the difference between CKy and Y4 was not significant (P > 0.05). On the 16th day of inoculation, the differences between the treatments were significant (P < 0.05). On the 4th day, the differences between CKn and N2 and N3 were significant (P < 0.05) but not with N4 (P > 0.05). On the 16th day, the differences between CKn and N4, N2, and N3 were significant (P < 0.05). As water stress further intensified, SDH activity in the roots decreased. Inoculated T. chinensis var. mairei had a higher SDH activity in the roots than the uninoculated seedlings. The uninoculated T. chinensis var. mairei had a faster and greater reduction in SDH activity in the roots than the inoculated seedlings.
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Figure 6: Succinate dehydrogenase activity in inoculated (CKy, Y4, Y3, and Y2) and uninoculated (Ckn, N4, N3, and N2) roots of T. chinensis var. mairei under water stress after 4, 8, 12, and 16 days of watering

3.6 Effects of P. indica on the Malic Acid Content in the Roots of T. chinensis var. mairei under Water Stress

As water stress intensified over time, the malate content in the two groups gradually decreased (Fig. 7). On the 4th day of inoculation, the differences between CKy and Y4, Y3, and Y2 were not significant (P > 0.05). On the 12th day, the differences between CKy and Y4, Y3, and Y2 (P < 0.05) and between Y3 and Y4 were significant (P < 0.05). As water stress further intensified, the malic acid content in the roots decreased. On the 16th day, the differences between CKy and Y4, Y3, and Y2 were significant (P < 0.05). On the 4th day, the differences between CKn and N2 and N3 were significant (P < 0.05) but not significant between Ckn and N4 (P > 0.05). On the 8th and 16th days, the differences between the treatments were significant (P < 0.05). The uninoculated T. chinensis var. mairei seedlings had a faster and greater reduction in malic acid content in the roots than the inoculated seedlings. The inoculated T. chinensis var. mairei seedlings had a higher malic acid content in the roots than the uninoculated seedlings.
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Figure 7: Malate content in inoculated (CKy, Y4, Y3, and Y2) and uninoculated (Ckn, N4, N3, and N2) roots of T. chinensis var. mairei under water stress after 4, 8, 12, and 16 days of watering

3.7 Effect of P. indica on LDH Activity in the Roots of T. chinensis var. mairei under Water Stress

As water stress intensified over time, the activity of LDH in the uninoculated seedlings initially increased and then stabilized; by contrast, in the inoculated group, LDH activity initially increased and then decreased (Fig. 8). On the 4th day of inoculation, the differences between CKy and Y4, Y3, and Y2 were not significant (P > 0.05). On the 16th day, the differences between CKy and Y4, Y3, and Y2 and between CKy and Y3 and Y2 were significant (P < 0.05). On the 4th day, the differences between CKn and N4 and N3 were not significant (P > 0.05), but the difference between CKn and N2 was significant (P < 0.05). On the 16th day, the differences between CKn and N4, N3, and N2 were significant (P < 0.05), but the difference between N2 and N3 was not significant (P > 0.05), with increased LDH activity in the roots. As water stress further intensified over time, the T. chinensis var. mairei seedlings had increased LDH activity in the roots. The inoculated T. chinensis var. mairei seedlings had a higher and faster increase in LDH activity in the roots than the uninoculated seedlings. Hence, inoculation with P. indica increased the LDH activity in the roots of the T. chinensis var. mairei seedlings.
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Figure 8: Lactate dehydrogenase activity in inoculated (CKy, Y4, Y3, and Y2) and uninoculated (Ckn, N4, N3, and N2) roots of T. chinensis var. mairei under water stress after 4, 8, 12, and 16 days of watering

3.8 Effects of P. indica on ADH Activity in the Roots of T. chinensis var. mairei under Water Stress

Over time, ADH activity in the two treatment groups initially increased and then decreased (Fig. 9). On the 8th day of inoculation, the differences between CKy and Y4, Y3, and Y2 were significant (P < 0.05). On the 16th day, the differences between CKy and Y3 and Y2 were significant (P < 0.05), but the difference between Y3 and Y2 was not significant (P > 0.05). On the 8th day, the differences between CKn and N4, N3, and N2 were significant (P < 0.05). On the 16th day, the differences between CKn and N3 and N2 were significant (P < 0.05), but the difference between N4 and N3 was not significant (P > 0.05). Thus, as water stress intensified, ADH activity in the roots of T. chinensis var. mairei increased. ADH activity in the roots initially increased and then decreased. The inoculated T. chinensis var. mairei seedlings has a higher and a faster increase in ADH activity in the roots than the uninoculated seedlings. Therefore, inoculation with P. indica increased the ADH activity in the roots of T. chinensis var. mairei.
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Figure 9: Alcohol dehydrogenase activity in inoculated (CKy, Y4, Y3, and Y2) and uninoculated (Ckn, N4, N3, and N2) roots of T. chinensis var. mairei under water stress after 4, 8, 12, and 16 days of watering

3.9 Effects of P. indica on Lactic Acid Content in the Roots of T. chinensis var. mairei under Water Stress

As water stress intensified over time, the lactic acid content in the two treatment groups initially increased and then decreased (Fig. 10). On the 8th and 12th days of inoculation, the differences between CKy and Y4, Y3, and Y2 were significant (P < 0.05). On the 16th day, the differences between CKy and Y4, Y3, and Y2 were significant (P < 0.05), but the difference between Y4 and Y3 was not significant (P > 0.05). On the 8th day, the differences between CKn and N4, N3, and N2 were significant (P < 0.05). On the 16th day, the difference between N4 and N3 was not significant (P > 0.05), but the differences between CKn and N4 and N2 were significant (P < 0.05). As water stress further intensified over time, lactic acid content initially increased and then decreased. The inoculated T. chinensis var. mairei seedlings had a higher and faster increase in lactic acid content in the roots than the uninoculated seedlings. The uninoculated T. chinensis var. mairei seedlings has a greater reduction in lactic acid content than the inoculated seedlings. Hence, inoculation with P. indica increased lactic acid content in the roots of T. chinensis var. mairei seedlings.
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Figure 10: Lactic acid content in inoculated (CKy, Y4, Y3, and Y2) and uninoculated (Ckn, N4, N3, and N2) roots of T. chinensis var. mairei under water stress after 4, 8, 12, and 16 days of watering

4  Discussion

4.1 P. indica Colonization in the Roots of T. chinensis var. mairei and Comparison of Plant Growth under Different Degrees of Water Stress

The T. chinensis var. mairei seedlings inoculated with P. indica did not have chlamydospores on the 15th day after inoculation. After 40 d, more chlamydospores were observed in the roots, and the root hairs and the root system substantially increased. This result was consistent with that of Liang et al. [27], who reported that inoculation of P. indica on Medicago truncatula notably promotes root growth at 15–30 d. It also showed that gymnosperms have a longer infection of the test mycorrhiza after inoculation with P. indica.

As water stress intensified, the growth of the T. chinensis var. mairei seedlings and their roots gradually deteriorated, indicating that this species is not tolerant to flooding and water stress is not conducive to its growth. This finding was consistent with that of Ivanov et al. [28], who reported that pine and spruce seedlings grow poorly and even die under water stress.

4.2 Effects of P. indica on Root Vitality and Respiratory Substrates in the Roots of T. chinensis var. mairei under Water Stress

Under different water stress treatments, the T. chinensis var. mairei seedlings had substantially decreased root vitality. The inoculated T. chinensis var. mairei seedlings had higher root vitality and slower reduction rate in this index than the uninoculated seedlings, indicating that P. indica can increase the root vitality of T. chinensis var. mairei and reduce the damage to its roots caused by water stress. This result was consistent with that of Ghodrat et al. [29], who noted that the root vitality of cotton declines under water stress.

The T. chinensis var. mairei seedlings inoculated with P. indica had a higher soluble sugar content in the roots than the uninoculated seedlings. Moreover, its soluble sugar content increased as water stress intensified. This observation was consistent with that of Khosravi et al. [30], who found that the soluble sugar content of wheat increases under flooding stress. Soluble sugars can adjust the osmotic pressure in plants, indicating that inoculation with P. indica helps retain the photosynthetic metabolites of seedlings, thereby increasing the osmotic adjustment capacity of the root system.

4.3 Effects of P. indica on the Activity of Aerobic Respiratory Metabolic Enzymes and Products in the Roots of T. chinensis var. mairei under Water Stress

The T. chinensis var. mairei seedlings inoculated with P. indica had a higher MDH and SDH activity and higher malic acid content in the roots than the uninoculated seedlings, indicating that P. indica can increase the aerobic respiration rate of T. chinensis var. mairei. As water stress further intensified over time, the MDH and SDH activity and the content of malic acid of the T. chinensis var. mairei seedlings gradually decreased, suggesting that the aerobic respiration in the roots of this species gradually decreased under water stress. This finding was consistent with that of Guibin et al. [31], who reported that the MDH activity and aerobic respiration intensity in the roots of Eucalyptus decreases under flooding stress, as well as with that of Pereira et al. [32], who observed that the malic acid content in the roots of Spinach gradually decreases under flooding stress.

4.4 Effects of P. indica on the Activity of Anaerobic Respiratory Metabolic Enzymes and Products in the Roots of T. chinensis var. mairei under Water Stress

Under water stress, the ADH activity and the lactic acid content in the roots initially substantially increased and then decreased. Moreover, LDH activity increased as was stress intensified. This result was similar to that of Du et al. [33], who reported that the ADH activity of wheat seedling roots initially increases and then stabilizes under waterlogging stress. These findings indicated that T. chinensis var. mairei has a limited aerobic respiration under water stress and instead mainly performs anaerobic respiration. In addition, the inoculated T. chinensis var. mairei seedlings had a higher LDH and ADH activity and a higher lactic acid content in the roots than the uninoculated seedlings. This trend was similar to that observed by Li et al. [34], who found that white clover has a high lactic acid content in the roots under hypoxia, indicating that P. indica plays a positive role in enhancing the antihypoxic ability of T. chinensis var. mairei.

To sum up, this study demonstrated that P. indica can enhance the root vitality and waterlogging resistance of T. chinensis var. mairei. This work provides a theoretical basis and scientific method for promoting and planting T. chinensis var. mairei in humid areas in southern China. However, this study has several limitations. Only T. chinensis var. mairei was selected in studying respiration under water stress. Follow-up studies should include other species of Taxus or other precious tree species. Moreover, the mechanism of the effect of P. indica on the respiration of T. chinensis var. mairei under water stress must be investigated further. Given that the regulation of respiratory metabolism under hypoxic environment involves a more complicated mechanism, future studies should focus on the molecular level and resolve related problems via biochemical or molecular technologies.
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Table 1: Experimental design

Treatment Normal Watering up to ~ Watering up to ~ Watering up to
1/4 of the height 1/3 of the height 1/2 of the height
of the pot of the pot of the pot

Inoculation with CKy Y4 Y3 Y2

Piriformospora indica

Without inoculation with CKn N4 N3 N2

Piriformospora indica
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