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Abstract

:

Gamma amino butyric acid (GABA), an important free amino acid in plant tissues, plays an essential role in all stages of plant growth and development. In this study, we aimed to explore the effects of GABA on the nutrient absorption of loquat [Eriobotrya japonica (Thunb.) Lindl.] seedlings. The effects of applying exogenous GABA in different concentrations (0.0, 0.5, 1.0, 1.5, and 2 g L−1) on the nutrient uptake of loquat seedlings were studied. GABA increased the biomass (dry weight) and contents of photosynthetic pigments in loquat seedlings to a certain extent. GABA concentration exhibited a quadratic polynomial regression relationship with the biomass. Exogenous GABA in different concentrations increased the total nitrogen (N) and phosphorus (P) contents in loquat seedlings, whereas only 0.5 and 1.0 g L−1 of GABA increased the potassium (K) content. Similarly, GABA concentration also had a polynomial regression relationship with the total N, P, and K contents. Compared to the control, 0.5, 1.0, 1.5, and 2.0 g L−1 of GABA increased the shoot total N content by 27.30, 32.99, 15.41, and 12.93%, respectively, and also increased the shoot total P content by 26.12, 37.52, 21.99, and 9.61%, respectively. Furthermore, correlation and grey relational analyses showed that the carotenoid content, root biomass, and soil alkali-hydrolyzable N concentration were the indicators most closely associated with the uptakes of N, P, and K in shoots. This study shows that exogenous GABA can promote the growth and nutrient uptake of loquat seedlings at an optimum concentration of 1.0 g L−1.
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1. Introduction


Mineral nutrients are essential for plant growth and development. Studies have demonstrated that plant nutrient uptake is a complex process influenced by various factors, including the external environment and the plant itself [1,2]. In fruit tree production, most fruit trees are grafted on rootstocks [3], which act as the roots of the plant, taking up nutrients from the soil to enhance plant growth [4]. However, fruit tree cultivation is hampered by several challenges, such as poor rootstock resistance, weak growth of grafted plants, and insufficient nutrient uptake by plants [5]. Therefore, this calls for studies to explore strategies for promoting nutrient uptake by rootstocks to enhance fruit tree growth.



Gamma amino butyric acid (GABA) is a four-carbon, non-protein amino acid compound that is widely distributed in animals, plants, and microorganisms [6]. As a natural active substance, GABA participates in diverse physiological activities of plants and plays an essential role in plant growth and development [7], signaling [8], and stress response [9]. Studies have revealed that applying exogenous GABA can promote plant growth and increase the contents of endogenous GABA, amino acids, and endogenous hormones by upregulating the expression of several critical genes for phytohormone synthesis [10,11]. Xie et al., (2020) reported that the accumulation of endogenous GABA in poplar affects the levels of other endogenous hormones and inhibits the formation of adventitious roots [12]. However, GABA in high levels inhibits cell elongation and leads to the decreased expression of genes encoding secretory proteins in the GABA catabolic mutant pop2 of Arabidopsis [13]. Under salt stress, GABA regulates the metabolism of amino acids and organic acids in plant roots [14]. In addition, exogenous GABA can promote increased amino acid synthase activity in barley and increase the content of free amino acids in barley [15]. Regarding nutrient uptake, GABA may modulate the metabolism of free amino acids by regulating the aluminum-activated malate transporter (ALMT) to mediate nitrogen (N) metabolism and uptake in Arabidopsis [16].



Loquat [Eriobotrya japonica (Thunb.) Lindl.] is a self-pollinating evergreen fruit tree, and is propagated by seeds or grafting. The fruits of loquat are rich in vitamins, phenols, carotenoids, triterpenoids, and flavonoids, and thus have high food and medicinal values [17,18]. There are some local varieties or cultivars in Sichuan Province, China, including ‘Dawuxing’, ‘No. 1 of Longquan’, and ‘No. 6 of Zaozhong’, which are an important economic source for fruit farmers [18]. However, Wu (2020) revealed that the loquat tree also suffers from slow growth, a shallow root system, and difficulty surviving during production [4]. Herein, we hypothesized that applying GABA to loquat seedlings might promote their growth and nutrient uptake. Therefore, we explored the effects of GABA on the growth and nutrient uptake of loquat seedlings. The aim of this study was to determine the optimal concentration of GABA to promote growth and nutrient uptake in loquat seedlings, with the overarching goal of providing a reference for loquat production.




2. Materials and Methods


2.1. Materials


The seeds of loquat were collected from a seven-year-old ‘Dawuxing’ (cultivar variety) loquat tree. The seedlings of loquat were nurtured in the Chongzhou Modern Agriculture Research and Development Base of Sichuan Agricultural University, Chongzhou, Chengdu, Sichuan, China. Annual seedlings were collected when they grew to 20 cm in height.



Fluvo-aquic soil was collected from the farmland around the Chengdu Campus of Sichuan Agricultural University, Chengdu, Sichuan, China. The soil had the following basic physicochemical properties: pH value (7.42), alkaline hydrolysis N concentration (60.13 mg kg−1), available phosphorus (P) concentration (16.13 mg kg−1), and available potassium (K) concentration (51.03 mg kg−1). These were determined in accordance with Bao (2000) [19].



GABA was purchased from Shanghai Yuanye Biotechnology Co., Ltd., Shangshai, China. Its chemical name is 4-amino butyric acid, with CAS No. of 56-12-2.




2.2. Experimental Design


The study was conducted in a greenhouse at the Chengdu Campus of Sichuan Agricultural University. Briefly, the Fluvo-aquic soil was air-dried, crushed, and passed through a 5-mm sieve. Next, 3.0 kg soil was put into a plastic pot (20 cm diameter and 18 cm depth), and three uniform-height loquat seedlings were transplanted in each pot with even distribution. Then, different concentrations (0, 0.5, 1.0, 1.5, and 2.0 g L−1) of GABA [15,20,21] were sprayed on both sides of loquat seedling leaves until the solution started dripping. For each pot, 25 mL of GABA solution was sprayed. The GABA solution was re-sprayed again 15 days later. Notably, each treatment was conducted in triplicate (three pots per repetition with a total of 45 pots), and the pots were placed in a completely random design. The loquat seedlings were watered daily.




2.3. Determination of Indicators


We collected the fourth mature leaf of each plant 45 days after the first treatment to determine the content of photosynthetic pigments (chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid). The photosynthetic pigments were extracted using the acetone-ethanol (1:1) extraction method, followed by determining the absorbencies at 663, 645, 653, and 470 nm, using a spectrophotometer. The contents of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid were calculated according to Hao et al., (2004) [22] and Li et al., (2022) [23], and the chlorophyll a/b = chlorophyll a content/chlorophyll b content. Next, the roots and shoots were harvested separately, dried at 80 °C to measure the biomass (dry weight) using an electronic balance. Ground dried samples were digested using sulfuric acid/hydrogen peroxide (5:1, v/v) at 200 °C. The digestion solutions were used to determine the total N content via the Kjeldahl method, the total P content via the Mo-Sb anti-colorimetry, and the total K content via flame photometry [19]. The pot soil was collected, air-dried, and passed through a 1.0-mm sieve for chemical analysis. We determined the soil pH value using a pH meter [19]. Finally, the concentration of alkali-hydrolyzable N was determined by the alkali diffusion method, whereas the concentration of soil available P was determined by Mo-Sb anti-colorimetry. In addition, flame photometry was applied to determine the concentration of soil available K [19].




2.4. Statistical Analysis


All statistical analyses were performed using the SPSS 20.0.0 software (IBM, Chicago, IL, USA). All data were normalized and subjected to a homogeneity test, followed by performing one-way analysis of variance (ANOVA) and Duncan’s multiple range test (P < 0.05) to compare differences among groups. The regression relationship between the GABA concentration and biomass, total N content, total P content, or total K content was analyzed by regression analysis, and the polynomial regression was checked as the best fit regression curves. Pearson’s correlation analysis was performed to explore the relationships among the indicators. Grey relational analysis was used to analyze the relationships of the shoot N, P, or K content with other indicators according to the method deccribed by Zhang et al., (2023) [24] and Lin et al., (2023) [25].





3. Results


3.1. Effects of GABA on the Biomass (Dry Weight) of Loquat Seedlings


Results showed that loquat seedlings’ root and shoot biomass exhibited an increasing trend when the GABA concentration was not higher than 1.0 g L−1 and a decreasing trend when the GABA concentration was higher than 1.0 g L−1 (Figure 1A,B). Compared to the control, 0.5, 1.0, 1.5, and 2.0 g L−1 of GABA increased the root biomass of loquat seedlings by 36.46, 47.56, 34.76, and 21.10%, respectively, whereas 0.5, 1.0, and 1.5 g L−1 of GABA increased the shoot biomass by 15.78, 39.46, and 7.90%, respectively. In addition, GABA concentration exhibited a quadratic polynomial regression relationship with both the root and shoot biomasses.




3.2. Effects of GABA on Photosynthetic Pigment Content in the Leaves of Loquat Seedlings


Totals of 0.5, 1.0, and 1.5 g L−1 of GABA increased the chlorophyll a, chlorophyll b, and total chlorophyll contents in loquat seedling leaves (Table 1). Compared to the control, 0.5, 1.0, and 1.5 g L−1 of GABA increased the total chlorophyll content by 27.29, 23.63, and 14.66%, respectively. With regard to the chlorophyll a/b, 0.5 and 1.5 g L−1 of GABA decreased the chlorophyll a/b of loquat seedling leaves, whereas 1.0 and 2.0 g L−1 of GABA had no significant effect. Besides, 0.5, 1.0, and 1.5 g L−1 of GABA increased the carotenoid content in loquat seedling leaves by 53.66, 65.85, 26.83, and 21.95%, respectively, compared to the control.




3.3. Effects of GABA on Total N Content in Loquat Seedlings


The results revealed that the GABA increased the total N contents in the roots and shoots of loquat seedlings (Figure 2A,B). Compared to the control, 0.5, 1.0, 1.5, and 2.0 g L−1 of GABA increased the total N content in roots by 48.57, 54.73, 28.61, and 7.96%, respectively, and the total N content in shoots by 27.30, 32.99, 15.41, and 12.93%, respectively. Moreover, it was evident that GABA concentration had a quadratic polynomial regression relationship with both the root total N content and shoot total N content.




3.4. Effects of GABA on Total P Content in Loquat Seedlings


GABA increased the total P contents in roots and shoots of loquat seedlings (Figure 3A,B). Compared to the control, 0.5, 1.0, 1.5, and 2.0 g L−1 of GABA increased the total P content in roots by 48.33, 60.21, 32.47, and 30.68%, respectively, and increased the total P content in shoots by 26.12, 37.52, 21.99, and 9.61%, respectively. The results demonstrated that increasing the GABA concentration initially increased the total P content in the roots and shoots; however, the content then exhibited a decreasing trend. Moreover, GABA concentration exhibited a quadratic polynomial regression relationship with the total P contents in roots and shoots.




3.5. Effects of GABA on Total K Content in Loquat Seedlings


We found that 0.5 and 1.0 g L−1 of GABA increased the total K content in roots of loquat seedlings by 12.30 and 21.99%, respectively, compared to the control. On the other hand, 1.5 and 2.0 g L−1 of GABA had no significant effect on the total K content in roots (Figure 4A). Compared to the control, 0.5, 1.0, and 2.0 g L−1 of GABA increased the total K content in the shoots of loquat seedlings by 17.16, 15.94, and 10.69%, respectively, whereas 1.5 g L−1 of GABA had no significant effect (Figure 4B). GABA concentration also had a polynomial regression relationship with the total K contents in roots and shoots.




3.6. Effects of GABA on Soil pH Value and Available Nutrient Concentration


Table 2 shows that GABA decreased the soil pH value. The results indicated that the soil pH value had a decreasing trend when the GABA concentration was not higher than 1.0 g L−1 and an increasing trend when the GABA concentration was higher than 1.0 g L−1. We also found that 0.5, 1.0, 1.5, and 2.0 g L−1 of GABA increased the soil alkali-hydrolyzable N concentration by 10.92, 13.74, 12.46, and 5.55%, respectively, compared to the control. In terms of the available P concentration in the soil, only 1.0 g L−1 GABA increased the soil’s available P concentration, whereas the other concentrations exhibited no significant effects. Furthermore, only 1.5 g L−1 of GABA decreased available K concentration in the soil, whereas the other concentrations had no significant effects.




3.7. Correlation and Grey Relational Analyses


Correlation analysis showed that both the root and shoot biomass had a highly-significant (P < 0.01) or significant (0.01 ≤ P < 0.05) positive correlation with the chlorophyll a content, chlorophyll b content, carotenoid content, root total N content, shoot total N content, root total P content, shoot total P content, root total K content, shoot total K content, soil alkali-hydrolyzable N concentration, soil available P concentration, and soil available K concentration. However, the root and shoot biomass exhibited a highly-significant (P < 0.01) negative correlation with the soil pH value (Table 3). The total N content in both the roots and shoots exhibited a highly-significant (P < 0.01) or significant (0.01 ≤ P < 0.05) positive correlation with the chlorophyll a content, chlorophyll b content, carotenoid content, root total P content, shoot total P content, root total K content, shoot total K content, soil alkali-hydrolyzable N concentration, and available P concentration in the soil. On the other hand, it had a highly-significant (P < 0.01) negative correlation with the soil pH value. In addition, the shoot total N content had a significant (0.01 ≤ P < 0.05) positive correlation with the available K concentration in the soil. The total P content in both the roots and shoots showed a highly-significant (P < 0.01) positive correlation with the chlorophyll a content, chlorophyll b content, carotenoid content, root total K content, shoot total K content, soil alkali-hydrolyzable N concentration, soil available P concentration, and soil available K concentration. In contrast, it exhibited a highly-significant (P < 0.01) negative correlation with the soil pH value. Moreover, the total K content in roots and shoots had a highly-significant (P < 0.01) or significant (0.01 ≤ P < 0.05) positive correlation with the chlorophyll a content, chlorophyll b content, carotenoid content, and soil alkali-hydrolyzable N concentration. However, it had a highly-significant (P < 0.01) or significant (0.01 ≤ P < 0.05) negative correlation with the soil pH value. Finally, the root total K content also had a highly-significant (P < 0.01) or significant (0.01 ≤ P < 0.05) positive correlation with the soil available P concentration and soil available K concentration.



Grey relational analysis was applied to further analyze the grey relationships of the shoot total N, P, and K contents with the other indicators (Figure 5A–C). The results showed that the total N, P, and K contents in the shoots had a grey correlation with all of the other indicators (the grey correlation coefficients were higher than 0.20). The carotenoid content, root total P content, and root total N content were the top three most closely associated with the shoot total N content (Figure 5A). The soil alkali-hydrolyzable N concentration, root total N content, and root biomass were the top three most closely associated with the shoot total P content (Figure 5B). Furthermore, the carotenoid content, root total N content, and soil alkali-hydrolyzable N concentration were the top three most closely associated with the shoot total P content (Figure 5C).





4. Discussion


The metabolic branch of GABA participates in numerous physiological and metabolic processes in plants, including protein synthesis, and thereby plays an essential role in plant growth and development [26]. Exogenous GABA improves the growth parameters, including the plant height, biomass, and root structure, of Malus hupehensis (Pamp.) Rehd., thus alleviating salinity stress [21]. Li et al., (2016) also found that GABA increased the seed germination rate and biomass of wheat under salt stress [27]. Exogenous GABA can increase the transcription levels of genes associated with indole acetic acid (IAA) biosynthesis and promote plant growth [28]. In this study, GABA increased the biomass of loquat seedlings, and GABA concentration exhibited a quadratic polynomial regression relationship with the biomass. These results suggest that GABA promotes the growth of loquat seedlings, which may be attributed to the fact that GABA stimulates cell division and elongation, ultimately increasing plants’ biomass [29]. In contrast, we also found that higher concentrations of GABA had no significant effect on the biomass, which may be associated with the defective cell elongation caused by excessive accumulation of GABA in plants’ reproductive and nutritional tissues [14].



Photosynthesis directly affects plant biomass [30]. Applying exogenous GABA under salt stress could directly or indirectly affect the activity of photosynthetic reaction centers in lettuce (Lactuca sativa L.) by regulating other processes that interact with photosynthesis [31]. Xiang et al., (2016) reported that GABA can regulate ABA levels in plants to maintain a high degree of stomatal opening in leaves, and they also found that the shunting effect of GABA can promote the tricarboxylic acid cycle (TCA) and ensure the operation of the photosynthetic electron transport chain [32]. Moreover, applying exogenous GABA under flooding conditions could alleviate the reduction in chlorophyll content in maize and prevent disruption of the chloroplast morphology and leaf ultrastructure, thereby improving the photosynthetic assimilation capacity of maize [33]. Under hypoxic stress, exogenous GABA increases the photosynthetic pigment content and promotes photosynthesis in melon seedlings [34]. In this study, GABA increased the contents of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid in loquat seedling leaves, and decreased the chlorophyll a/b to some extent, which is consistent with previous studies [20,34]. Collectively, these results suggest that GABA could improve the photosynthesis of loquat seedlings, which may be associated with the ability of GABA to enhance the degree of binding between chlorophyll and chloroplast proteins and reduce the exocytosis of chlorophyll molecules [35].



The physicochemical properties of soil can influence the nutrient uptake by plants, and affect plant growth and development [36]. The soil applied by amino acid organic fertilizer can increase soil ammonium N, nitrate N, and available P concentrations [37]. In this study, GABA application decreased the soil pH value and increased the soil alkali-hydrolyzable N concentration. Notably, only 1.0 g L−1 GABA increased the soil available P concentration. We also found that GABA decreased or had no significant effects on the available K concentration in the soil. These results imply that GABA could affect the soil pH value and available nutrient concentration in the soil by affecting the root secretions of plants. This may be because GABA metabolism is the main pathway for succinate production in plant roots [38]. We speculate that the exogenous GABA promoted more organic acids-based root secretions of the loquat seedlings, which decreased the soil pH value and further affected the concentration of soil available nutrients. The appropriate concentration of GABA can be used as an N source to promote plant growth and increase NH4+ content in plants while, at the same time, decreasing the contents of NO3− and NO2− in plants [39]. The previous study reported that GABA can affect the activity of plant N metabolizing enzymes under stress conditions and promote the uptake of N by plants [40]. Carillo (2018) reported that the shunt pathway of GABA can replenish the content of succinate, an intermediate of the TCA reaction, thereby maintaining a normal TCA cycle [41]. The pathway can also increase the organic acid contents in plant roots and stems and reduce the acidity of cells, ultimately regulating the uptake of mineral elements by plants [42]. Under Cd stress, GABA increased the contents of K+ and Mg2+ in Monoraphidium sp. [43]. Under low oxygen stress, GABA promoted K+, Ca2+, Mg2+, and Zn2+ uptake in melon and maintained the balance of mineral element uptake [44]. In addition, Zhou (2004) revealed that GABA promotes K+ uptake and increases the K+/Na+ ratio of maize seedlings under salt stress [45]. In the present study, applying exogenous GABA (all concentrations) increased the N and P contents in loquat seedlings, and only 0.5 and 1.0 g L−1 of GABA increased the K content. These results indicate that GABA could promote the nutrient uptake of loquat seedlings, which is almost consistent with previous studies [40,43,44,45]. This effect may be attributed to GABA affecting the production of organic acids-based root secretions of loquat seedlings. Furthermore, correlation analysis showed that the total N, P, and K contents were negatively correlated with the soil pH value, which further suggests that GABA may promote the secretion of organic acids by the roots of loquat seedlings to decrease the soil pH value and activate soil nutrients. However, further studies should be conducted to elucidate how GABA regulates root secretion. Correlation analysis also showed that the total N and P contents in shoots of loquat seedlings were positively correlated with the alkali-hydrolyzable N concentration, P concentration, root biomass, shoot biomass, chlorophyll a content, chlorophyll b content, carotenoid content, root total N content, root total P content, root total K content, and shoot total K content. In addition, the total K content in shoots was positively correlated with the alkali-hydrolyzable N concentration, root biomass, shoot biomass, chlorophyll a content, chlorophyll b content, carotenoid content, root total N content, root total P content, and root total K content. Grey relational analysis showed that the carotenoid content, root total P content, and root total N content were the top three indicators that were closely associated with the shoot total N content. The soil alkali-hydrolyzable N concentration, root total N content, and root biomass were the top three indicators that were closely associated with the shoot total P content. Moreover, the top three indicators that were closely associated with the shoot total P content were the carotenoid content, root total N content, and soil alkali-hydrolyzable N concentration. Altogether, these results suggest that GABA promotes the nutrient uptake of loquat seedlings by increasing their carotenoid content, root biomass, and soil alkali-hydrolyzable N concentration, which can be used in loquat production.




5. Conclusions


This study has revealed that spraying GABA promoted the growth of loquat seedlings by increasing their biomass and photosynthetic pigment contents. GABA, in different concentrations, can also promote the uptakes of N and P in loquat seedlings, whereas 0.5 and 1.0 g L−1 of GABA promotes K uptake. GABA concentration had a polynomial regression relationship with the biomass and three nutrient (N, P, and K) contents. Furthermore, we found that the carotenoid content, root biomass, and soil alkali-hydrolyzable N concentration were the indicators that were most closely associated with the contents of N, P, and K in shoots. Therefore, GABA can be used in loquat production. Future studies should explore how GABA promotes nutrient uptake in loquat.
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Figure 1. Biomass (dry weight) of loquat seedlings under the influence of gamma amino butyric acid. (A): Root biomass; (B): shoot biomass. Values are means (±SD) of three replicates. Different lowercase letters indicate significant differences among the treatments (Duncan’s Multiple Range Test, P < 0.05). GABA = gamma amino butyric acid. 
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Figure 2. Total N content in loquat seedlings under the influence of gamma amino butyric acid. (A): Root N content; (B): shoot N content. Values are means (±SD) of three replicates. Different lowercase letters indicate significant differences among the treatments (Duncan’s Multiple Range Test, P < 0.05). GABA = gamma amino butyric acid. 






Figure 2. Total N content in loquat seedlings under the influence of gamma amino butyric acid. (A): Root N content; (B): shoot N content. Values are means (±SD) of three replicates. Different lowercase letters indicate significant differences among the treatments (Duncan’s Multiple Range Test, P < 0.05). GABA = gamma amino butyric acid.
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Figure 3. Total P content in loquat seedlings under the influence of gamma amino butyric acid. (A): Root P content; (B): shoot P content. Values are means (±SD) of three replicates. Different lowercase letters indicate significant differences among the treatments (Duncan’s Multiple Range Test, P < 0.05). GABA = gamma amino butyric acid. 






Figure 3. Total P content in loquat seedlings under the influence of gamma amino butyric acid. (A): Root P content; (B): shoot P content. Values are means (±SD) of three replicates. Different lowercase letters indicate significant differences among the treatments (Duncan’s Multiple Range Test, P < 0.05). GABA = gamma amino butyric acid.
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Figure 4. Total K content in loquat seedlings under the influence of gamma amino butyric acid. (A): Root K content; (B): shoot K content. Values are means (±SD) of three replicates. Different lowercase letters indicate significant differences among the treatments (Duncan’s Multiple Range Test, P < 0.05). GABA = gamma amino butyric acid. 
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Figure 5. Grey correlation coefficients. (A): grey correlation coefficient of the biomass, photosynthetic pigment content, root N content, P content, and K content with the shoot N content; (B): grey correlation coefficient of the biomass, photosynthetic pigment content, N content, root P content, and K content with the shoot P content; (C): grey correlation coefficient of the biomass, photosynthetic pigment content, N content, P content, and root K content with the shoot K content. RB = root biomass; SB = shoot biomass; Cha = chlorophyll a content; Chb = chlorophyll b content; Cha/b = chlorophyll a/b; Car = carotenoid content; RN = root total N content; SN = shoot total N content; RP = root total P content; SP = shoot total P content; RK = root total K content; SK = shoot total K content; pH = soil pH value; AN = alkali-hydrolyzable N concentration; AP = available P concentration; AK = available K concentration. 
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Table 1. Photosynthetic pigment content in loquat seedling leaves under the influence of gamma amino butyric acid.
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	GABA Concentration

(g L−1)
	Chlorophyll a

(mg g−1)
	Chlorophyll b

(mg g−1)
	Total Chlorophyll

(mg g−1)
	Chlorophyll a/b
	Carotenoid

(mg g−1)





	0.0
	0.317 ± 0.011 c
	0.175 ± 0.013 c
	0.491 ± 0.019 c
	1.816 ± 0.126 a
	0.041 ± 0.001 c



	0.5
	0.379 ± 0.019 a
	0.246 ± 0.010 a
	0.625 ± 0.016 a
	1.543 ± 0.123 b
	0.063 ± 0.002 a



	1.0
	0.386 ± 0.014 a
	0.222 ± 0.008 b
	0.607 ± 0.007 a
	1.743 ± 0.128 ab
	0.068 ± 0.003 a



	1.5
	0.344 ± 0.009 b
	0.219 ± 0.006 b
	0.563 ± 0.005 b
	1.570 ± 0.079 b
	0.052 ± 0003 b



	2.0
	0.322 ± 0.010 bc
	0.188 ± 0.006 c
	0.509 ± 0.005 c
	1.718 ± 0.104 ab
	0.050 ± 0.003 b







Values are means (±SD) of three replicates. Different letters indicate significant differences among the treatments (Duncan’s Multiple Range Test, P < 0.05). Chlorophyll a/b was calculated as the chlorophyll a content/chlorophyll b content. GABA = gamma amino butyric acid.
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Table 2. Soil pH value and available nutrient concentration under the influence of gamma amino butyric acid.
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	GABA Concentration

(g L−1)
	Soil pH Value
	Alkali-Hydrolyzable N Concentration

(mg kg−1)
	Available P Concentration

(mg kg−1)
	Available K Concentration

(mg kg−1)





	0.0
	7.933 ± 0.055 a
	61.80 ± 1.45 c
	16.97 ± 0.96 b
	64.70 ± 1.09 a



	0.5
	7.490 ± 0.079 c
	68.55 ± 0.58 a
	17.31 ± 0.17 b
	62.21 ± 0.82 ab



	1.0
	7.263 ± 0.047 e
	70.29 ± 0.56 a
	22.23 ± 1.14 a
	58.10 ± 1.64 ab



	1.5
	7.373 ± 0.055 d
	69.50 ± 1.65 a
	18.18 ± 0.56 b
	54.85 ± 0.82 b



	2.0
	7.593 ± 0.021 b
	65.23 ± 1.46 b
	18.03 ± 1.51 b
	66.69 ± 0.91 ab







Values are means (±SD) of three replicates. Different letters indicate significant differences among the treatments (Duncan’s Multiple Range Test, P < 0.05). GABA = gamma amino butyric acid.
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Table 3. Correlations among the different indicators of loquat seedlings.
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	Indicators
	RB
	SB
	Cha
	Chb
	Cha/b
	Car
	RN
	SN
	RP
	SP
	RK
	SK
	pH
	AN
	AP
	AK





	RB
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB
	0.757 **
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cha
	0.833 **
	0.761 **
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Chb
	0.740 **
	0.562 *
	0.750 **
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cha/b
	−0.309
	−0.093
	−0.128
	−0.747 **
	
	
	
	
	
	
	
	
	
	
	
	



	Car
	0.876 **
	0.852 **
	0.911 **
	0.776 **
	−0.269
	
	
	
	
	
	
	
	
	
	
	



	RN
	0.852 **
	0.835 **
	0.908 **
	0.867 **
	−0.384
	0.914 **
	
	
	
	
	
	
	
	
	
	



	SN
	0.885 **
	0.836 **
	0.870 **
	0.762 **
	−0.299
	0.976 **
	0.900 **
	
	
	
	
	
	
	
	
	



	RP
	0.895 **
	0.821 **
	0.819 **
	0.770 **
	−0.353
	0.943 **
	0.884 **
	0.945 **
	
	
	
	
	
	
	
	



	SP
	0.904 **
	0.878 **
	0.848 **
	0.786 **
	−0.345
	0.880 **
	0.929 **
	0.889 **
	0.897 **
	
	
	
	
	
	
	



	RK
	0.746 **
	0.866 **
	0.845 **
	0.562 *
	−0.008
	0.881 **
	0.843 **
	0.897 **
	0.837 **
	0.837 **
	
	
	
	
	
	



	SK
	0.707 **
	0.614 *
	0.695 **
	0.703 **
	−0.381
	0.818 **
	0.760 **
	0.830 **
	0.802 **
	0.662 **
	0.630 *
	
	
	
	
	



	pH
	−0.921 **
	−0.731 **
	−0.697 **
	−0.700 **
	0.391
	−0.803 **
	−0.800 **
	−0.836 **
	−0.857 **
	−0.878 **
	−0.679 **
	−0.624 *
	
	
	
	



	AN
	0.885 **
	0.684 **
	0.718 **
	0.764 **
	−0.451
	0.797 **
	0.829 **
	0.815 **
	0.826 **
	0.893 **
	0.717 **
	0.578 *
	−0.925 **
	
	
	



	AP
	0.608 *
	0.840 **
	0.522 *
	0.238
	0.136
	0.630 *
	0.565 *
	0.641 *
	0.664 **
	0.702 **
	0.767 **
	0.357
	−0.625 *
	0.521 *
	
	



	AK
	0.754 **
	0.597 *
	0.423
	0.320
	−0.121
	0.542 *
	0.501
	0.594 *
	0.675 **
	0.679 **
	0.542 *
	0.420
	−0.828 **
	0.740 **
	0.698 **
	







**: Correlation is significant at the 0.01 level (two-tailed test). *: Correlation is significant at the 0.05 level (two-tailed test). N = 15. RB = root biomass; SB = shoot biomass; Cha = chlorophyll a content; Chb = chlorophyll b content; Cha/b = chlorophyll a/b; Car = carotenoid content; RN = root total N content; SN = shoot total N content; RP = root total P content; SP = shoot total P content; RK = root total K content; SK = shoot total K content; pH = soil pH value; AN = alkali-hydrolyzable N concentration; AP = available P concentration; AK = available K concentration.
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