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different plant parts promotes 
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Introduction: Tomato fruit are rich in γ-aminobutyric acid (GABA), which lowers 
blood pressure and improves sleep. An increase in GABA content is important 
for enhancing the nutritional quality of tomato fruit.

Methods: To investigate the effects of 5-aminolevulinic acid (ALA) on fruit quality 
and GABA synthesis in greenhouse tomatoes, the tomato cultivar (Solanum 
lycopersicum cv. ‘184’) was used as an experimental material. During the fruit-
setting period, root drenching with 0, 10, and 50 mg·L−1 ALA, foliar spraying with 
0, 50, and 100 mg·L−1 ALA, and fruit surface spraying with 0, 100, and 200 mg·L−1 
ALA were applied. The study investigated the application of exogenous ALA to 
different parts of the plant to determine the optimal ALA concentrations for each 
application site (10 mg·L−1 for root application, 100 mg·L−1 for foliar application, 
and 100 mg·L−1 for fruit surface application). Using the selected optimal ALA 
concentrations, tomatoes were used to study the effects of exogenous ALA 
application at different sites on fruit quality and GABA synthesis of greenhouse 
tomatoes.

Results and discussion: The results demonstrated that exogenous ALA 
application to different parts of greenhouse-grown tomato plants substantially 
increased single-fruit weight by 42.37%–76.24%, soluble sugar content by 
78.51%–94.52%, soluble solids by 9.09%–41.71%, soluble protein by 82.71%–
241.05%, and ascorbic acid content by 1.31%–5.06% in mature tomatoes. 
And it reduced the organic acid content of the fruit by 12.81%–33.61%. 
Moreover, ALA applied at different parts of plants substantially enhanced the 
free amino acid content by 11.22%–16.50%, among them, umami amino acid 
content by 7.26%–20.13%. Besides, GABA content in mature tomato fruits 
was increased by 214.58%–433.32 across the different application parts. 
Exogenous ALA application at different sites regulates the activity of glutamate 
acid decarboxylase (GAD) and increases the content of glutamate for GABA 
synthesis pathway during tomato fruit development, thereby affecting the 
GABA content. In summary, exogenous ALA applied at different parts of tomato 
plants regulates the metabolism of amino acids and enhances the biosynthesis 
of GABA, which promotes the nutrient quality of the fruit.
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Introduction

Tomato (Solanum lycopersicum) is an important vegetable crop 
characterized by diverse fruit colors, unique flavors, and high 
nutritional value. The fruit is rich in GABA, sugars, organic acids, 
vitamins, amino acids, lycopene, and other essential minerals. These 
components have numerous benefits for human health, including 
blood pressure reduction, sleep quality improvement, cholesterol 
lowering, cancer prevention, and a decreased risk of cardiovascular 
and cerebrovascular diseases (1, 2).

The common nutrients in tomatoes include sugars, acids, 
vitamins, minerals, proteins, and carotenoids. They also contain 
various essential amino acids and unsaturated fatty acids necessary for 
the human body (3–6). The flavor quality of tomatoes depends on the 
content of soluble solids and volatile aromatic compounds. Among the 
soluble solids, sugar and organic acid components, and the sugar-acid 
ratio primarily influence the flavor of tomato fruit, such as sweet or 
sour flavor (7). Tomato ascorbic acid (Vc), an antioxidant, plays an 
indispensable role in plant responses to biotic and abiotic stress. 
Additionally, Vc is one of the most important nutrients in tomato fruit, 
helping to boost the immune system and resist various diseases (8).

Tomatoes are rich in γ-aminobutyric acid (GABA), a natural 
non-protein amino acid with the molecular formula C4H9NO2, which 
is widely found in animals, plants, and microorganisms. In the human 
body, GABA functions as an inhibitory neurotransmitter and plays a 
critical role in regulating nervous system activity (9). It has important 
physiological functions such as lowering blood pressure, reducing 
stress, and promoting sleep. Studies have shown that GABA 
supplementation in humans is more effective than medication in 
alleviating hypertension (10–12). GABA was first discovered in 
potatoes in 1949 and has since been detected in nearly all major 
economically important crops (13). The increasing demand for natural 
GABA has enhanced its commercial value in processed foods (14); 
therefore, GABA is widely used in food and beverages. In plants, 
GABA not only helps maintain the carbon-nitrogen balance but also 
plays a role in responding to oxidative stress, regulating pH, and 
defending against insects (15–17). Glutamate serves as a precursor of 
GABA and is converted to GABA by glutamate acid decarboxylase 
(GAD). This transformation contributes to the unique flavor of 
tomatoes and other glutamate-rich foods (18, 19).

5-aminolevulinic acid (ALA) is a synthetic precursor of 
tetrapyrrole biosynthesis and an important intermediate in the 
production of the photosensitizer protoporphyrin IX (PpIX). It is 
non-toxic, easily degradable, and contains no residues. In agricultural 
production, it is used as a plant growth regulator, yield enhancer, 
herbicide, insecticide, color enhancer, or defoliant (20). As ALA is 
involved in the regulation of plant growth and development, it is 
considered a novel growth-regulating substance with various 
physiological functions (21). Therefore, it has significant potential for 
agricultural production and offers broad prospects for applications 
and market development (22). The application of ALA can improve 
the GABA content in crops. For example, studies have shown that the 
foliar application of ALA to perennial grass species, such as Agrostis 
stolonifera, increases GABA content in treated plants (23). The 
exogenous application of ALA to tomato seedlings increased 
endogenous GABA levels, whereas exogenous GABA application 
enhanced endogenous ALA levels in the seedlings. ALA and GABA 
are derived from glutamate (Glu), and both promote plant growth and 

enhance stress resistance (24). The application of ALA has been shown 
to improve crop quality. For instance, studies have demonstrated that 
ALA treatment in peaches (Amygdalus persica) significantly increased 
the content of vitamin C and soluble sugars, enhanced the activities of 
antioxidant enzymes (SOD, POD, and CAT), and increased the soluble 
sugar-to-titratable acid ratio. Additionally, it promoted the 
accumulation of anthocyanins in the peach skin (25). In lettuce 
(Lactuca sativa var. ramosa Hort.), exogenous application of ALA 
increased the content of vitamin C and soluble sugars and reduced 
nitrate and crude fiber levels, thereby improving its quality and taste 
(26). Exogenous application of ALA increased the content of soluble 
solids and proteins in tomatoes by 20.9 and 31.4%, respectively. It also 
significantly enhanced the sugar content while reducing the total 
organic acid levels in the tomato fruit. Moreover, ALA application 
increases the quantity and diversity of volatile compounds during 
ripening, thereby improving the overall quality of tomato (27, 28). 
Rhizosphere application of ALA increased the content of ascorbic 
acid, soluble proteins, soluble solids, and soluble sugars in apple 
(Malus domestica Borkh.) fruit, while reducing titratable acid levels, 
thereby improving the internal fruit quality (29). Recent studies have 
shown that root application of ALA to apple trees significantly 
improved the photosynthetic performance of PS II and PS I in apple 
leaves. This indicated that ALA-treated apple trees accumulated more 
assimilates, thereby enhancing fruit quality (30). In recent years, foliar 
sprayed with ALA (100 mg·L−1) solutions during the young fruit’ 
expansion stage of ‘Shine Muscat’ grapes (Vitis vinifera L.) showed a 
significant increase in single fruit weight, the contents of soluble 
solids, soluble sugars, and soluble proteins, delayed fruit softening, 
and improved fruit taste. Measurement of grape fruit aroma 
components indicated that ALA treatment markedly enhanced the 
content of alcohols and aldehydes, which are important aroma 
components in grape fruit (31). Previously, we studied the effects of 
ALA on tomato (S. lycopersicum cv. Yuanwei No.1), during the green 
ripening stage of fruit maturation. The results showed that treatment 
with 100 mg·L−1 ALA could increase the variety of alcohols, ketones, 
hydrocarbons, and other volatile substances in the fruit (32).

Given the increasing consumer demand for high-quality fruit 
nutrition, high GABA content in tomatoes has become an important 
quality trait. Exogenous ALA, a plant growth regulator, enhances fruit 
quality, and promotes GABA synthesis and accumulation. However, 
the mechanisms through which ALA regulates GABA synthesis and 
accumulation in fruit remain unclear. In this study, the tomato cultivar 
‘184’ was used as an experimental material to analyze the composition 
of nutritional components and GABA synthesis at different application 
sites and concentrations of ALA. These findings provide a theoretical 
basis for cultivating high-quality tomatoes and for the practical 
application of ALA.

Materials and methods

Plant materials and treatment

Tomato (Solanum lycopersicum cv. ‘184’) seeds were sown on June 
21, 2023, and transplanted to a greenhouse on August 3, 2023, when the 
tomato seedlings developed four true leaves. The tomato plants were 
cultivated in a trough-based substrate system with drip irrigation using 
plastic mulch. After the first flower cluster bloomed, the pollination 
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date was recorded. Ten days after pollination, fruit of uniform size at 
the fruit-setting stage (diameter ≈ 2 cm) were selected. The plants were 
marked and treated with different concentrations of exogenous ALA 
using various methods. Treatments were administered every 10 days 
until maturity. The experimental treatments are presented in Table 1.

For the ALA treatment as root irrigation, 200 mL of the solution 
was applied to each plant during each treatment. For the ALA 
treatment as a foliar spray, a solution containing 0.01% Tween-20 was 
sprayed until the leaf surface was uniformly covered with droplets. 
During each treatment, the entire upper and lower surfaces of the four 
leaves surrounding the fruit clusters were sprayed evenly. The ALA 
solution sprayed on the fruit surface contained 0.01% Tween-20, and 
the entire fruit surface was evenly sprayed to ensure that it was covered 
with droplets. Each treatment was replicated thrice (with three 
randomly arranged cultivation trays in the greenhouse). To ensure 
consistency in the effects of ALA treatment, boundary plants were 
excluded, and six uniformly growing tomato plants were randomly 
marked in each replicate. Exogenous ALA treatments were conducted 
at 18:00 (when temperatures drop rapidly in winter in the 
northwestern region of China) after the greenhouse curtains were 
closed, followed by 12 h of darkness. All other agronomic management 
practices were consistent across treatments. During sampling, five 
mature tomato fruit were randomly selected for each treatment, with 
three replicates. Samples were immediately brought back to the 
laboratory for determination of appearance and nutritional quality 
with the aim of identifying the optimal ALA concentration for root, 
leaf, and fruit applications. At the fruit-setting stage of the fourth truss 
of tomato plants, the selected concentrations from the previous 
screening were applied as follows: root treatments (CK, ALA-1), 
designated as CK1 and T1; leaf treatments (CK, ALA-2), designated 
as CK2 and T2; and fruit treatments (CK, ALA-1), designated as CK3 
and T3. Treatments were applied every 10 days starting from the fruit-
setting stage until the fruit reached maturity. Based on the 
morphological and color changes observed during fruit development, 
the dynamic sampling process was categorized into three stages. 
According to the description by Shinozaki et al. (33), the standard for 
fruit ripening stages is defined as follows: the mature green stage (full-
sized green fruit), the breaker stage (less than 10% green transitioning 
to orange), the maturity stage (entirely pink fruit), and the red ripe 
stage (fully red fruit). In this experiment, the mature green stage was 
observed at 116–123 days after planting, breaker stage at 130–137 days, 
and full maturity at 144 days.

Measurement of tomato fruit quality 
parameters

The single fruit weight was measured using an analytical balance. 
The soluble sugar content was determined using a method adapted 
from Grandy et al. (34), with minor modifications. The absorbance of 
the solution was measured at 620 nm using a UV-1800 ultraviolet–
visible spectrophotometer (Shimadzu, Japan) The soluble sugar 
concentration calculated using the standard curve ranges at 
0–160 μg·mL−1. Each treatment was replicated thrice, and the average 
value was calculated. Titratable acidity was determined by grinding 
5 g of fresh tomato fruit into a fine paste, which was then transferred 
to a conical flask. The volume was adjusted to 50 mL using deionized 
water, and the mixture was filtered. The filtrate was then titrated with 
0.1 mol·L−1 sodium hydroxide (containing two drops of 1% 
phenolphthalein) until a faint pink color persisted. The procedure was 
repeated thrice and the average value was calculated. The sugar-to-
acid ratio of tomato fruit was calculated as the ratio of soluble sugar 
content to organic acid content. The soluble solid content was 
measured as follows: a sample was cut along the equator, and the juice 
was squeezed out and placed on the prism surface of a PAL-1 handheld 
refractometer (ATAGO, Japan) to avoid any seeds. This process was 
repeated if seeds were present. The sample was allowed to sit for 1 min 
to ensure uniformity and the absence of bubbles, after which the 
reading was recorded and expressed as a percentage. The soluble 
protein content was quantified by homogenizing fresh tomato fruit 
(0.5 g) in 5 mL of distilled water on ice, followed by centrifugation at 
8479 ×  g for 10 min. The supernatant (1 mL) was mixed with 
Coomassie Brilliant Blue G-250 and incubated for 3 min. Absorbance 
was measured at 595 nm using a UV-1800 spectrophotometer 
(Shimadzu, Japan), and the soluble protein concentration was 
determined based on a standard curve with a concentration range of 
0–100 μg·mL−1 with each treatment replicated thrice (units: mg·g−1 
FW). Vitamin C (ASA) content was determined using the 
2,6-dichlorophenolindophenol (DCPIP) method. Fresh tomato 
samples (0.5 g) were homogenized in 1.5 mL of 2% oxalic acid in an 
ice bath, followed by the addition of 1% oxalic acid to form a 
homogeneous paste. The mixture was transferred to a 50 mL 
volumetric flask, rinsed with 1% oxalic acid, and supplemented with 
30% zinc sulfate (0.5 mL) and 15% potassium ferrocyanide (0.5 mL). 
The solution was diluted to 50 mL with 1% oxalic acid, filtered, and 
the filtrate was collected for analysis. The extract [2 mL of DCPIP 
solution and xylene (5 mL) were added to 4 mL of the extract]. The 
solution was shaken and allowed to separate, and the pink upper layer 
was measured at 500 nm using a UV-1800 spectrophotometer 
(Shimadzu, Japan). The absorbance was recorded after blanking with 
xylene. The ascorbic acid concentration was calculated using a 
standard curve within the range of 0–100 mg·mL-1, with each 
treatment repeated in triplicate.

Amino acid profile analysis of tomato fruit

Amino acid profile analysis: the preparation of tomato fruit 
samples and analysis of free amino acid components were conducted 
according to the method described by Nimbalkar et al. (35), with 
slight modifications. Twenty amino acid standards were obtained 
from Merck Millipore (Billerica, MA, United  States) and 

TABLE 1 Experimental design for concentration screening treatments.

Treatment type Treatment 
names

ALA concentration

Root treatment CK 0 mg·L−1

ALA-1 10 mg·L−1

ALA-2 50 mg·L−1

Leaf treatment CK 0 mg·L−1

ALA-2 50 mg·L−1

ALA-1 100 mg·L−1

Fruit treatment CK 0 mg·L−1

ALA-1 100 mg·L−1

ALA-2 200 mg·L−1
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Sigma-Aldrich (St. Louis, MO, United  States). For the extraction 
process, 0.1 g of frozen tomato powder was mixed with 1 mL of 0.5 M 
hydrochloric acid solution. The mixture was vortexed at 3701 × g for 
20 min using a vortex mixer (MX-S, Scilogex, San Diego, CA, 
United States) and then subjected to ultrasonic extraction at 25°C for 
20 min (SB-800 DT, NingBo Scientz Biotechnology Co., Ltd., Ningbo, 
China). After ultrasonication, the sample was centrifuged at 20,000 × g 
for 20 min (3-18KS; Sigma, Osterode am  Harz, Germany). The 
supernatant was filtered through a 0.22 μm aqueous filter, and 5 μL of 
the filtrate was injected into an HPLC–MS system (LC–MS, Agilent, 
#1290–6,460, Santa Clara, CA, United States) for quantitative analysis. 
The HPLC conditions were as follows: an Agilent InfinityLab Poroshell 
120 HILIC-Z column (2.1 × 100 mm, 2.7 μm) was used; a 200 mM 
ammonium formate stock solution was prepared with water and the 
pH was adjusted to 3 with formic acid. Mobile phase A was composed 
of water and ammonium formate stock solution (9:1), and mobile 
phase B consisted of acetonitrile and ammonium formate stock 
solution (9:1); both mobile phases had a final concentration of 
20 mM. The flow rate was set at 0.5 mL·min-1 and the column 
temperature was maintained at 25°C. The MS conditions were as 
follows: the ionization mode was ESI positive mode; the drying gas 
temperature was 330°C, nebulizer pressure was 35 psi, gas flow rate 
was 13.0 L·min−1, sheath gas temperature was 390°C, sheath gas flow 
rate was 12 L·min−1, and capillary voltage was 1,500 V.

Determination of GABA synthesis-related 
parameters in tomatoes

The content of glutamate was derived from the free amino acid 
content determination data described above.

The GABA content was determined using a γ-aminobutyric acid 
(GABA) assay kit (Suzhou Keming Biotechnology Co., Ltd., Suzhou, 
China), following the manufacturer’s instructions. Each treatment was 
performed in triplicate, and the average value was calculated. The 
instructions for the assay kit are as follows. Weigh approximately 0.1 g 
of fresh tomato sample and add 1 mL of extraction buffer. The mixture 
was thoroughly homogenized and transferred to an EP tube. Incubate 
the tube in a 95°C water bath for 2 h, ensuring the cap is tightly sealed 
to prevent water loss. After cooling, centrifuge at 8,000 × g for 10 min 
at 25°C, and collect the supernatant for analysis. Take 90 μL of the 
supernatant (for the blank, use 90 μL of extraction buffer) and add 
150 μL of Reagent 1 and 120 μL of Reagent 2. The solution was 
thoroughly mixed and incubated at room temperature for 5 min. 
Then, add 180 μL of Reagent 3, mix well, and incubate in a 95°C water 
bath for 10 min. After cooling on ice, add 600 μL of Reagent 4 and mix 
thoroughly. Then, 1 mL of the mixture was transferred into a 1 mL 
glass cuvette, and the absorbance was measured at 640 nm. The 

absorbance values were recorded as samples (Asample) and blanks 
(Ablank). The difference in absorbance is calculated as 
∆A = Asample − Ablank. Finally, calculate the GABA content using the 
regression equation provided by the kit under standard conditions.

The activity of glutamate acid decarboxylase (GAD) was measured 
using a plant GAD assay kit (Suzhou Greys Biotech Co., Ltd., Suzhou, 
China). This procedure was performed according to the manufacturer’s 
instructions. Each treatment and plant part were analyzed in triplicate, 
and enzyme activity was calculated based on standard curves.

Total RNA was extracted from tomato fruit using the AG Steady 
Pure Plant RNA Extraction Kit (Aikeri Biotechnology), and reverse 
transcription was performed using the AG Evo M-MLV Reverse 
Transcription Kit (Aikeri Biotechnology). The qRT-PCR reaction 
system comprised 10 μL, including 0.5 μL of cDNA template, 5 μL of 
2 × SYBR Green qPCR Premix (containing ROX Plus) (Aikeri 
Biotechnology, Beijing, China), and 0.4 μL of each forward and 
reverse primer, with ddH2O added to a final volume of 10 μL. Two-step 
detection was conducted according to the manufacturer’s instructions 
and quantification was performed using the comparative CT method 
(36). The tomato actin gene served as an internal reference, and the 
primer sequences are listed in Table 2.

Data analysis

Data were analyzed using SPSS 26.0, and GraphPad Prism 10.1.2. 
Tukey’s HSD test was performed to conduct variance analysis, with a 
significance level set at p < 0.05. Graphical representations were 
conducted using GraphPad Prism 10.1.2.

Results

Effects of different ALA concentration on 
tomato physiognomic quality

As shown in Figure 1A, ALA application at all three sites increased 
tomato fruit size. Among them, the largest fruit weight in each 
treatment was obtained with root application of 10 mg·L−1, foliar 
application of 100 mg·L−1, and fruit application of 100 mg·L−1. As 
shown in Figure 1B, the application of ALA solutions in different ways 
enhanced the single-fruit weight of tomatoes. Root application of 
10 mg·L−1 ALA significantly increased the single fruit weight at the 
mature stage by 67.77% compared to the control. Leaf application of 
100 mg·L−1 ALA significantly increased the single fruit weight at the 
mature stage by 42.37% compared to the control. Fruit application of 
100 mg·L−1 ALA significantly increased the single fruit weight at the 
mature stage by 76.24% compared to the control.

TABLE 2 Primer sequences of qRT-PCR.

Gene Accession number Forward primer 5′–3’ Reverse primer 5′–3’

SIGAD1 NM_001247112.2 AGTGGGTTCATCAGAGGCAATAATG GCTCCAGTGACTATATTAGGCTTATCG

SIGAD2 NM_001246893.1 TGCTGGTATTGGTTGGGTCATTTG AGAGAAATTGAGGGTGAAAGTAGGTTG

SIGAD3 NM_001246898.2 ACTGGCAAAACAAACGCAAAGC CTCCCAACACACCTGAACATTAGC

Actin Solyc03g078400 TGTCCCTATTTACGAGGGTTATGC CAGTTAAATCACGACCAGCAAGAT
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Effects of different ALA concentrations on 
sugar and acid quality of tomato fruit

The ALA solutions applied to different sites increased the soluble 
sugar content of tomatoes (Figure 2A). However, root application of 
10 mg·L−1 and fruit application of 100 mg·L−1 ALA significantly 
increased the soluble sugar content in ripe tomatoes.

Specifically, root application of 10 mg·L−1 ALA significantly 
increased the soluble sugar content in mature tomatoes by 94.52% 
compared to the control. Leaf application of 50 mg·L−1 and 100 mg·L−1 
ALA also showed higher soluble sugar content than the control, 
although the differences were not statistically significant. Fruit 
application of 100 mg·L−1 ALA significantly increased the soluble 
sugar content in mature tomatoes by 78.51% compared to the control.

The ALA solutions at different concentrations applied to different 
plant sites decreased the titratable acid content in tomato fruit 
(Figure 2B). Root application of 10 mg·L−1 ALA significantly reduced 
the titratable acid content in mature tomatoes by 33.61% compared to 
the control. Leaf application of 50 mg·L−1 and 100 mg·L−1 ALA 
significantly reduced the titratable acid content in mature tomato peels 
by 22.05 and 23.62%, respectively. The application of 100 mg·L−1 and 
200 mg·L−1 ALA significantly reduced the titratable acid content in 
mature tomatoes by 19.42 and 12.81%, respectively.

The ALA solutions applied to different sites increased the sugar-
acid ratio in tomatoes (Figure  2C). However, root application of 
10 mg·L−1, foliar application of 50 mg·L−1 and 100 mg·L−1, and fruit 
application of 100 mg·L−1 and 200 mg·L−1 ALA significantly increased 
the sugar-to-acid ratio in ripe tomatoes. In contrast, root application 
of 50 mg·L−1 ALA reduced the sugar-to-acid ratio, while other ALA 
treatment concentrations had no effect on this parameter. Root 
application of 10 mg·L−1 ALA significantly increased the sugar-acid 
ratio in mature tomatoes by 1.90 times compared to the control. Leaf 
application of 50 mg·L−1 and 100 mg·L−1 ALA significantly increased 
the sugar-acid ratio in mature tomatoes by 0.78 times and 0.60 times, 

respectively. Fruit application of 100 mg·L−1 ALA and 200 mg·L−1 ALA 
significantly increased the sugar-acid ratio in mature tomatoes by 1.25 
times and 0.42 times, respectively, compared to the control.

Effects of different ALA concentrations on 
soluble solids, soluble protein, and 
ascorbic acid content in tomato fruit

The ALA solutions applied to different plant sites enhanced the 
soluble solid content of tomatoes (Figure 3A). Specifically, root application 
of 10 mg·L−1 ALA significantly increased the soluble solids content in 
mature tomatoes by 41.71% compared to the control. Leaf application of 
50 mg·L−1 and 100 mg·L−1 ALA significantly increased the soluble solids 
content in mature tomatoes by 13.88 and 9.09%, respectively. Fruit 
application of 100 mg·L−1 and 200 mg·L−1 ALA significantly increased the 
soluble solids content in mature tomatoes by 15.50 and16.67%, 
respectively, compared to the control. Figure 3B shows that ALA solutions 
applied to different plant sites enhanced the soluble protein content in 
tomatoes. Application of 10 mg·L−1 ALA irrigated on root significantly 
increased the soluble protein content in mature tomatoes by 82.71% 
compared to the control. Leaf application of 50 mg·L−1 and 100 mg·L−1 
ALA significantly increased the soluble protein content in mature 
tomatoes by 114.71 and 241.05%, respectively, compared to the control. 
Fruit application of 100 mg·L−1 ALA increased the soluble protein content 
in mature tomatoes by 152.32% compared to the control.

Exogenous ALA solutions applied to different plant sites enhanced 
ascorbic acid content in tomatoes (Figure  3C). However, root 
application of 10 mg·L−1, foliar application of 50 mg·L−1 and 100 mg·L−1, 
and fruit application of 100 mg·L−1 ALA significantly increased the 
ascorbic acid content in ripe tomatoes, whereas other ALA treatment 
concentrations had no effect on ascorbic acid content. Root application 
of 10 mg·L−1 ALA significantly increased the ascorbic acid content in 
mature tomatoes by 5.06% compared to the control. Leaf application of 

FIGURE 1

Effect of exogenous ALA application at different sites on single fruit weight and hardness of tomato fruit. (A) Photos of tomato the maturity stage (each 
square of the ruler represents 1 cm). (B) Single fruit weight; the short vertical line in the histogram represents the mean ± SE (n = 3). The different 
normal letters indicate that each treatment has significant difference at the 0.05 level.
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50 mg·L−1 and 100 mg·L−1 ALA significantly increased the ascorbic acid 
content in mature tomatoes by 4.79 and 5.33%, respectively. Fruit 
application of 100 mg·L−1 ALA significantly increased the ascorbic acid 
content in mature tomatoes by 1.31% compared to the control.

Effect of exogenous ALA on free amino 
acid composition in tomato fruit

Figure 4 illustrates the effect of exogenous ALA application to 
various plant parts on the free amino acid composition of tomato. In 
the present study, 20 free amino acids, including both essential and 
non-essential amino acids, were detected during the three ripening 
stages. The essential amino acids in humans include phenylalanine, 
methionine, isoleucine, tryptophan, valine, leucine, histidine, and 
threonine. Non-essential amino acids include glutamic acid, cysteine, 
arginine, glycine, serine, proline, tyrosine, alanine, cystine, aspartic 
acid, asparagine, and glutamine. Based on taste properties, these 20 
amino acids were categorized into four groups: umami (glutamic and 
aspartic acids), bitter (arginine, histidine, leucine, tyrosine, valine, 
isoleucine, and phenylalanine), sweet (proline, alanine, threonine, 
glycine, serine, and asparagine), and aromatic (phenylalanine, 
tyrosine, and tryptophan). The levels of these amino acids, 
particularly umami, increased significantly during fruit maturation.

During the mature green stage of the fruit, the total amino acid 
content was 21.08% higher with root-applied exogenous ALA than 
with the other treatments (Figure 4A). The umami amino acid content 
was also higher (24.33%) than that of the control.

During the breaker stage of the fruit, the total amino acid 
content was higher with root and leaf ALA applications than in 
the control groups, with increases of 8.39 and 18.08%, respectively 
(Figure 4B). Umami amino acids were higher in the root, leaf, 
and fruit treated with exogenous ALA than in their respective 
control groups, with increases of 35.06, 16.22, and 21.07%, 
respectively.

In addition, during the mature stage, the total amino acid content 
with root and leaf applications was higher than that in the control, 
with increases of 11.22 and 16.5%, respectively (Figure  4C). The 
umami amino acid content in fruit treated with roots, leaves, and 
fruit was higher than that in their respective controls, with increases 
of 10.03, 20.13, and 7.26%, respectively.

The effects of exogenous ALA on GABA 
synthesis in tomato fruit

As shown in Figure 5A, the GABA content in tomato fruit was 
lower at the mature stage than at other stages, indicating that the 

FIGURE 2

Effects of exogenous ALA on soluble sugar, titrable acid and sugar-acid ratio of tomato fruit. (A) Soluble sugar content; (B) titrable acid content; 
(C) sugar-acid ratio. The short vertical line in the histogram represents the mean ± SE (n = 3). The different normal letters indicate that each treatment 
has significant difference at the 0.05 level.
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GABA content in the fruit decreased during the ripening process. 
However, exogenous ALA application to different parts of the plant 
increased GABA content in the fruit. During the mature green 
stage, exogenous ALA applied to the roots, leaves, or fruit 
significantly increased the GABA content in tomato fruit, with 
increases of 45.16, 41.83, and 32.54%, respectively, compared with 
the control groups. In the breaker stage, fruit-applied exogenous 
ALA significantly increased the GABA content in tomato fruit by 
98.41% compared to the control. Although root and leaf applications 
of ALA showed numerical increases compared to the controls 
during the maturity stage, these increases were not statistically 
significant. During the mature stage, the GABA content in tomato 
fruit decreases rapidly, but exogenous ALA application to the roots, 
leaves, or fruit effectively slows this decline. Compared to the 
control, ALA applied to different parts of the plant significantly 
increased the GABA content in tomato fruit by 433.32, 214.58, and 
373.98%, respectively.

The glutamate content increased as the tomatoes matured 
(Figure  5B). During the mature-green stage, the application of 
exogenous ALA to plant roots significantly increased the glutamate 
content in tomato fruit, showing an increase of 32.50% compared with 
that of the control. However, foliar and fruit applications only showed 
numerical increases without significant differences compared with the 

control. During the breaker stage, exogenous ALA applied to different 
parts significantly increased glutamate content in tomatoes compared 
to that in the control groups, in which the root treatment improved 
glutamate content by 33.32%, leaf treatment by 24.25%, and fruit 
treatment by 28.57%. At the maturity stage, exogenous ALA applied 
to different parts significantly increased the glutamate content in 
tomatoes by 15.60, 28.73, and 9.96% in the root, leaf, and fruit 
treatments, respectively.

In the control and leaf ALA groups, GAD activity decreased as the 
tomatoes matured (Figure  5C). However, root- and fruit-applied 
exogenous ALA increased GAD activity as the tomatoes matured. 
Exogenous ALA applied to different plant parts can enhance GAD 
activity in tomato plants. In the mature green stage, root and leaf 
application of exogenous ALA significantly increased GAD activity in 
tomato fruit by 90.30 and 94.31%, respectively, compared with the 
control, whereas fruit application showed a numerical increase 
without a significant difference. In the breaker stage, root and fruit 
applications of exogenous ALA significantly increased GAD activity 
by 93.00 and 63.88%, respectively, compared to the control, whereas 
leaf application showed a numerical increase without a significant 
difference. At the maturity stage, root and fruit application of 
exogenous ALA significantly increased GAD activity in tomato fruit 
by 241.17 and 154.19%, respectively, compared with the control, 

FIGURE 3

Effects of exogenous ALA applied at different sites on soluble solids, soluble proteins, and acid in tomato fruit. (A) Soluble Solids content; (B) soluble 
protein content; (C) ascorbic acid content. The short vertical line in the histogram represents the mean ± SE (n = 3). The different normal letters 
indicate that each treatment has significant difference at the 0.05 level.
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FIGURE 4

Effect of exogenous ALA application to different parts on amino acid composition in tomato fruit (A) mature green stage amino acid content; 
(B) breaker stage amino acid content; (C) maturity stage amino acid content.
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whereas leaf application showed a numerical increase without a 
significant difference. As shown in Figures 5D–F, root application of 
ALA during the mature-green stage significantly increased the relative 
expression of GAD3 in tomatoes by 167.45% compared to the control. 
Leaf application of ALA also significantly enhanced the relative 

expression of GAD3, increasing it by 156.22% compared with the 
control. Furthermore, fruit application of ALA significantly elevated 
the relative expression of GAD1 by 60.15% compared with the control. 
During the breaker stage, root application of ALA significantly 
increased the relative expression of GAD3 by 64.89% compared with 

FIGURE 5

Effects of exogenous ALA on GABA biosynthesis indexes in tomato fruit. Asterisks indicate significance levels for Tukey’s HSD test between different 
application sites at the same time point, with *p < 0.05, **p < 0.01, ***p < 0.001, and ns indicating no significant difference. (A) GABA content; 
(B) Glutamate acid content; (C) GAD activity; (D) GAD1 Relative expression; (E) GAD2 Relative expression (F) GAD3 Relative expression.
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the control. Leaf application of ALA notably enhanced the relative 
expression of GAD1, increasing it by 63.75% compared with the 
control. Additionally, fruit application of ALA significantly increased 
the relative expression of GAD1 by 146.24% compared with the 
control. In the mature stage, fruit application of ALA significantly 
boosted the relative expression of GAD1 and GAD2, resulting in 
increases of 219.37 and 214.26%, respectively, compared to the control.

Discussion

Aminolevulinic acid affects chlorophyll synthesis in crop leaves 
and enhances the photosynthetic capacity, thereby promoting plant 
growth and development. At appropriate concentrations, it acts as a 
plant growth regulator by modulating various physiological activities 
(37). This study indicated that the application of ALA solutions at 
different plant sites, such as the roots, leaves, and fruit surfaces, can 
enhance the single fruit weight of tomatoes. This finding is consistent 
with previous research showing that ALA application, through root 
drenching, foliar spraying, or fruit surface spraying, can enhance 
tomato yield (30). Similarly, ALA applied to apple plants improved 
single-fruit weight under both root drenching and foliar application 
(38). Soluble solids are critical indicators of fruit quality and primarily 
consist of soluble sugars, organic acids, and other nutritional 
components. Soluble solids are a critical indicator of tomato quality 
and a key factor that influences both tomato quality and consumer 
preference. They account for more than 60% of the dry matter of 
tomatoes and are primarily composed of soluble sugars, organic acids, 
mineral elements, and other nutrients. Soluble sugars and organic 
acids in tomato fruit play a particularly important role in determining 
the overall quality (8, 39, 40). In this study, root irrigation 
(10 mg·L−1ALA), as well as leaf and fruit surface application 
(100 mg·L−1 ALA) significantly increased the soluble sugar content in 
tomato fruit. All treatments with appropriate ALA concentrations 
significantly reduced the organic acid content in tomato fruit, which 
subsequently improved the soluble solid content and sugar acid ratio 
of the tomatoes. This is consistent with previous research which 
demonstrated that a concentration of 300 mg·L−1 ALA could enhance 
the soluble sugar content in ‘Rabbit Eye’ blueberries (Vaccinium 
uliginosum) (41). Previous research on grape fruit has found that 
treatment with 100 mg·L−1 ALA effectively reduced acidity of fruit, the 
content of soluble solid substances in the fruit increased by 2.7% (42). 
Previous studies have shown that foliar application of ALA to 
blueberry plants can reduce the titratable acid content of blueberry 
fruit (43). Soluble protein and Vc contents in plants are crucial 
physiological indicators of vegetable quality and nutritional value. In 
this study, the application of exogenous ALA to the root, leaf, or fruit 
surface significantly increased soluble protein and ascorbic acid 
content in tomatoes. Foliage sprayed with ALA significantly enhanced 
the levels of soluble proteins and Vc in apples (38). These findings 
indicate that applying exogenous ALA to plants can improve the 
nutritional quality of tomato fruit, regardless of the application.

Amino acids are crucial active compounds in living organisms, 
and their content is a key indicator of food quality and nutritional 
value (44). As one of the essential bioactive components of fruit, 
amino acids significantly influence the nutritional value, aroma, 
taste, and health benefits of fruit. However, the functions of the 
different amino acids vary (45). Amino acids also possess distinct 

taste characteristics such as sweetness, bitterness, and umami, and 
their levels play a crucial role in shaping the flavor quality of fruit 
(46). The results of this study indicate that the content of various 
taste-related amino acids in tomatoes significantly increases during 
maturation. Additionally, the application of exogenous ALA at all 
three treatment locations notably enhanced free amino acid 
content. Studies have shown that the application of ALA to tomato 
fruit increases the total amino acid content (40). The enhancement 
of umami amino acids by exogenous ALA is particularly 
pronounced, with glutamic acid being the primary umami amino 
acid (47). Glutamic acid (Glu), a precursor of both GABA and ALA, 
plays a crucial role in plant GABA in plants (19, 48). In this study, 
the glutamic acid content in tomatoes increased gradually as the 
fruit matured, reaching its peak at the mature stage across all 
treatments. During the breaker and maturity stages, application of 
ALA at all three plant sites significantly enhanced the glutamic acid 
content in tomato fruit compared to the control. Ammonium is 
initially converted into glutamine by Glutamine Synthetase (GS) 
and then to glutamic acid by Glutamate Synthase (GOGAT), 
thereby increasing the glutamic acid content (49). Studies have 
shown that Exogenous ALA promotes nitrate reduction and 
ammonium assimilation in watermelon plants under salt 
stress conditions.

Tomatoes are one of the vegetables with the highest GABA 
content among all vegetables (14). GABA helps relax overly active 
brain cells, significantly reducing the excitability of nerve cells, and 
thereby improving sleep quality. Additionally, GABA promotes brain 
metabolism to enhance memory, has diuretic effects, boosts 
immunity, and helps prevent obesity, among other beneficial 
physiological functions (50–53). In the present study, the GABA 
content in tomatoes decreased as the fruit matured, with the most 
rapid decline occurring between the breaker and maturity stages. 
However, at maturity, the GABA content in tomatoes treated with 
exogenous ALA at all three application sites was significantly higher 
than that in the control. Application of ALA at the three sites 
effectively slowed the decline in GABA levels. It has been proved that 
under low-temperature stress, exogenous ALA enhanced GABA 
synthesis in tomato seedlings. Exogenous ALA can be  directly 
absorbed by plants and promotes the conversion of Glu to GABA 
through internal feedback mechanisms (24). Thus, it can be inferred 
that the application of ALA at the three different locations in tomato 
fruit promotes the conversion of Glu to GABA. In plants, Glu is 
decarboxylated to produce GABA under the catalysis of glutamate 
decarboxylase (GAD), a key enzyme involved in this process (19). In 
a previous study, GAD activity was shown to decrease during tomato 
maturation. However, ALA enhanced GAD activity and effectively 
delayed this decline. At the green maturity stage, both root and leaf 
applications of ALA significantly increased GAD activity. In the 
breaker stage, fruit application of ALA notably enhanced GAD 
activity. In the mature stage, GAD activities in both the root and fruit 
treatments were significantly enhanced compared to the mature 
stage in the control group. During tomato fruit development, 
especially from the mature green stage to the mature stage, the 
expression levels of GAD1, GAD2 and GAD3 were upregulated by 
ALA treatment at different plant sites to different extents. ALA 
applied to different parts of the plant at various stages of tomato 
maturation enhanced the expression of these three key genes 
affecting GAD activity, thereby increasing GAD activity and 
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promoting GABA accumulation. Previous research has shown that 
methyl jasmonate treatment promotes an increase in GAD activity 
and GABA content in loquat (Eriobotrya japonica) fruit, thereby 
reducing the occurrence of chilling injury (54). Our results are 
similar to those of previous studies. These results indicate that 
exogenous ALA can improve GABA biosynthesis and favor fruit 
quality establishment in tomatoes.

Conclusion

This study demonstrated that applying exogenous ALA at the 
optimal concentration to different parts of tomato plants (roots, 
leaves, and fruit) significantly improved fruit quality, including single 
fruit weight, soluble solids, soluble protein, ascorbic acid, and sugar-
acid ratio in tomatoes. In terms of nutritional quality, ALA notably 
increased the free amino acid content. Additionally, GABA content 
was increased by ALA treatment by upregulating the relative gene 
expression (GAD1, GAD2, and GAD3) and enhancing GAD activity. 
In summary, exogenous ALA application at different plant sites can 
improve the flavor and nutritional quality of tomato fruit.

Data availability statement

The original contributions presented in the study are included in the 
article. Further inquiries can be directed to the corresponding authors.

Author contributions

PB: Data curation, Formal analysis, Investigation, Visualization, 
Writing  – original draft, Writing  – review & editing. JW: Formal 
analysis, Writing – review & editing. YH: Formal analysis, Writing – 
review & editing. JF: Writing – review & editing. JL: Formal analysis, 
Investigation, Writing – review & editing. XS: Writing – review & 
editing. YW: Conceptualization, Funding acquisition, Methodology, 

Resources, Writing – review & editing. JY: Conceptualization, Data 
curation, Funding acquisition, Resources, Writing – review & editing. 
ZT: Writing – review & editing. JX: Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
financially supported by the Major Science and Technology Special 
Projects in Gansu Province (23ZDNA008), National Natural Science 
Foundation of China (32160705 and 32360747), Gansu Top Leading 
Talent Plan (GSBJLJ-2021-14), Agriculture Research System of China 
(CARS-23-C-07), Gansu Agricultural University Fuxi Young Talent 
Training Program (Gaufx-04Y01).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the creation 
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Ubago-Guisado E, Rodríguez-Barranco M, Ching-López A, Petrova D, Molina-

Montes E, Amiano P, et al. Evidence update on the relationship between diet and the 
most common cancers from the European prospective investigation into cancer and 
nutrition (epic) study: a systematic review. Nutrients. (2021) 13:3582. doi: 10.3390/
nu13103582

 2. Takayama M, Ezura H. How and why does tomato accumulate a large amount of 
gaba in the fruit? Front Plant Sci. (2015) 6:612. doi: 10.3389/fpls.2015.00612

 3. Elbadrawy E, Sello A. Evaluation of nutritional value and antioxidant activity of 
tomato peel extracts. Arab J Chem. (2016) 9:S1010–8. doi: 10.1016/j.arabjc.2011.11.011

 4. Abdullahi II, Abdullahi N, Muhammad A, Ibrahim AS. Proximate, mineral and 
vitamin analysis of fresh and canned tomato. Biosci Biotechnol Res Asia. (2016) 
13:1163–9. doi: 10.13005/bbra/2147

 5. Ramos Bueno RP, Romero González R, González Fernández MJ, Guil Guerrero JL. 
Phytochemical composition and in  vitro anti-tumour activities of selected tomato 
varieties. J Sci Food Agric. (2017) 97:488–96. doi: 10.1002/jsfa.7750

 6. Chaudhary P, Sharma A, Singh B, Nagpal AK. Bioactivities of phytochemicals 
present in tomato. J Food Sci Technol. (2018) 55:2833–49. doi: 10.1007/s13197-018-3221-z

 7. Anqin G, Feng W, Lu Y, Chen G, Han O. Research on related factors influencing 
content of soluble solids in tomato. Acta Agric Jiangxi. (2017) 29:27–31. doi: 10.19386/j.
cnki.jxnyxb.2017.09.07

 8. Gallie DR. L-ascorbic acid: a multifunctional molecule supporting plant growth 
and development. Scientifica. (2013) 2013:795964:1–24. doi: 10.1155/2013/795964

 9. Owens DF, Kriegstein AR. Is there more to gaba than synaptic inhibition? Nat Rev 
Neurosci. (2002) 3:715–27. doi: 10.1038/nrn919

 10. Takahashi H, Sumi M, Koshino F. Effect of γ-aminobutyric acid (gaba) on 
normotensive or hypertensive rats and men. Jpn J Physiol. (1961) 11:89–95. doi: 10.2170/
jjphysiol.11.89

 11. Yoshimura M, Toyoshi T, Sano A, Izumi T, Fujii T, Konishi C, et al. 
Antihypertensive effect of a γ-aminobutyric acid rich tomato cultivar ‘dg03-9’in 
spontaneously hypertensive rats. J Agric Food Chem. (2010) 58:615–9. doi: 10.1021/
jf903008t

 12. Hepsomali P, Groeger JA, Nishihira J, Scholey A. Effects of oral gamma-
aminobutyric acid (gaba) administration on stress and sleep in humans: a systematic 
review. Front Neurosci. (2020) 14:559962. doi: 10.3389/fnins.2020.00923

 13. Steward FC. Γ-aminobutyric acid: a constituent of potato tubers? Science. (1949) 
110:439–40.

 14. Saito T, Matsukura C, Sugiyama M, Watahiki A, Ohshima I, Iijima Y, et al. 
Screening for γ-aminobutyric acid (gaba)-rich tomato varieties. J Japan Soc Horticult 
Sci. (2008) 77:242–50. doi: 10.2503/jjshs1.77.242

 15. Bouche N, Fromm H. Gaba in plants: just a metabolite? Trends Plant Sci. (2004) 
9:110–5. doi: 10.1016/j.tplants.2004.01.006

 16. Wallace W, Secor J, Schrader LE. Rapid accumulation of γ-aminobutyric acid and 
alanine in soybean leaves in response to an abrupt transfer to lower temperature, darkness, 
or mechanical manipulation. Plant Physiol. (1984) 75:170–5. doi: 10.1104/pp.75.1.170

https://doi.org/10.3389/fnut.2024.1520634
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/nu13103582
https://doi.org/10.3390/nu13103582
https://doi.org/10.3389/fpls.2015.00612
https://doi.org/10.1016/j.arabjc.2011.11.011
https://doi.org/10.13005/bbra/2147
https://doi.org/10.1002/jsfa.7750
https://doi.org/10.1007/s13197-018-3221-z
https://doi.org/10.19386/j.cnki.jxnyxb.2017.09.07
https://doi.org/10.19386/j.cnki.jxnyxb.2017.09.07
https://doi.org/10.1155/2013/795964
https://doi.org/10.1038/nrn919
https://doi.org/10.2170/jjphysiol.11.89
https://doi.org/10.2170/jjphysiol.11.89
https://doi.org/10.1021/jf903008t
https://doi.org/10.1021/jf903008t
https://doi.org/10.3389/fnins.2020.00923
https://doi.org/10.2503/jjshs1.77.242
https://doi.org/10.1016/j.tplants.2004.01.006
https://doi.org/10.1104/pp.75.1.170


Bai et al. 10.3389/fnut.2024.1520634

Frontiers in Nutrition 12 frontiersin.org

 17. Shelp BJ, Bown AW, McLean MD. Metabolism and functions of gamma-aminobutyric 
acid. Trends Plant Sci. (1999) 4:446–52. doi: 10.1016/S1360-1385(99)01486-7

 18. Bellisle F. Glutamate and the umami taste: sensory, metabolic, nutritional and 
behavioural considerations. A review of the literature published in the last 10 years. 
Neurosci Biobehav Rev. (1999) 23:423–38. doi: 10.1016/S0149-7634(98)00043-8

 19. Wang Y, Luo Z, Huang X, Yang K, Gao S, Du R. Effect of exogenous γ-aminobutyric 
acid (gaba) treatment on chilling injury and antioxidant capacity in banana peel. Sci 
Hortic. (2014) 168:132–7. doi: 10.1016/j.scienta.2014.01.022

 20. Collaud S, Juzeniene A, Moan J, Lange N. On the selectivity of 5-aminolevulinic 
acid-induced protoporphyrin ix formation. Curr Med Chem Anticancer Agents. (2004) 
4:301–16. doi: 10.2174/1568011043352984

 21. Bindu RC, Vivekanandan M. Hormonal activities of 5-aminolevulinic acid in 
callus induction and micropropagation. Plant Growth Regul. (1998) 26:15–8. doi: 
10.1023/A:1006098005335

 22. Wang L, Jiang W, Zhang Z. Biosynthesis and physiological activities of 
5-aminolevulinic acid (ala) and its potential application in agriculture. Plant Physiol 
Commun. (2003) 39:185–92. doi: 10.13592/j.cnki.ppj.2003.03.001

 23. Yang Z, Chang Z, Sun L, Yu J, Huang B. Physiological and metabolic effects of 
5-aminolevulinic acid for mitigating salinity stress in creeping bentgrass. PLoS One. 
(2014) 9:e116283. doi: 10.1371/journal.pone.0116283

 24. Liu T, Jiao X, Yang S, Zhang Z, Ye X, Li J, et al. Crosstalk between gaba and ala to 
improve antioxidation and cell expansion of tomato seedling under cold stress. Environ 
Exp Bot. (2020) 180:104228. doi: 10.1016/j.envexpbot.2020.104228

 25. Ye J, Yang X, Chen Q, Xu F, Wang G. Promotive effects of 5-aminolevulinic acid 
on fruit quality and coloration of prunus persica (l.) Batsch. Sci Hortic. (2017) 
217:266–75. doi: 10.1016/j.scienta.2017.02.009

 26. Xu F, Wang W, Yu D. Effect of 5-aminolevulinic acid on yield and quality of lettuce 
in sunlit greenhouse. Afr J Biotechnol. (2012) 11:11591–4. doi: 10.5897/AJB12.792

 27. Ting W, Jingping R, Yongling S. Effects of 5-aminolevulinic acid on the quality and 
post harvest physiology of tomato fruit. J Northwest Sci Tech Univ Agric Forest. (2008) 
10:127–131. doi: 10.13207/j.cnki.jnwafu.2008.10.018

 28. Li R, Wang J, Yuan H, Niu Y, Sun J, Tian Q, et al. Exogenous application of ala 
enhanced sugar, acid and aroma qualities in tomato fruit. Front Plant Sci. (2023) 
14:1323048. doi: 10.3389/fpls.2023.1323048

 29. Zheng J, An Y, Feng X, Wang L. Rhizospheric application with 5-aminolevulinic 
acid improves coloration and quality in ‘Fuji’ apples. Sci Hortic. (2017) 224:74–83. doi: 
10.1016/j.scienta.2017.06.004

 30. Zheng J. Study on the effect and mechanism of 5-ala-regulated anthocyanin 
accumulation in apple and its callus Nanjing Agricultural University (2018) 140. doi: 
10.27244/d.cnki.gnjnu.2018.000036

 31. Fu W, Xia L, Ying Y, Xu X, Wang HSW. Effect of 5-ala on fruit quality of 'shine 
muscat’ grape. China Fruits. (2023) 10:45–51. doi: 10.16626/j.cnki.issn1000-8047. 
2023.10.007

 32. Wang J, Wu Y, Yu J, Zhang J, Xie J, Feng Z, et al. Soluble sugar, organic acid quality 
and volatile compounds contents in tomato fruits can be promoted by exogenous ala. 
Acta Horticulturae Sinica. (2021) 48:973–86. doi: 10.16420/j.issn.0513-353x.2020-0586

 33. Shinozaki Y, Nicolas P, Fernandez-Pozo N, Ma Q, Evanich DJ, Shi Y, et al. High-
resolution spatiotemporal transcriptome mapping of tomato fruit development and 
ripening. Nat Commun. (2018) 9:364. doi: 10.1038/s41467-017-02782-9

 34. Grandy AS, Erich MS, Porter GA. Suitability of the anthrone–sulfuric acid reagent 
for determining water soluble carbohydrates in soil water extracts. Soil Biol Biochem. 
(2000) 32:725–7. doi: 10.1016/S0038-0717(99)00203-5

 35. Nimbalkar PR, Khedkar MA, Kulkarni RK, Chavan PV, Bankar SB. Strategic 
intensification in butanol production by exogenous amino acid supplementation: 
fermentation kinetics and thermodynamic studies. Bioresour Technol. (2019) 288:121521. 
doi: 10.1016/j.biortech.2019.121521

 36. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time 
quantitative pcr and the 2− δδct method. Methods. (2001) 25:402–8. doi: 10.1006/
meth.2001.1262

 37. Hotta Y, Tanaka T, Takaoka H, Takeuchi Y, Konnai M. New physiological effects 
of 5-aminolevulinic acid in plants: the increase of photosynthesis, chlorophyll content, 
and plant growth. Biosci Biotechnol Biochem. (1997) 61:2025–8. doi: 10.1271/
bbb.61.2025

 38. Gao J, Feng X, Duan C, Li J, Shi Z, Gao F, et al. Effects of 5-aminolevulinic acid 
(ala) on leaf photosynthesis and fruit quality of apples. J Fruit Sci. (2013) 30:944–51. doi: 
10.13925/j.cnki.gsxb.2013.06.015

 39. Davies JN, Hobson GE, McGlasson WB. The constituents of tomato fruit—the 
influence of environment, nutrition, and genotype. Crit Rev Food Sci Nutr. (1981) 
15:205–80. doi: 10.1080/10408398109527317

 40. Wang J, Zhang J, Li J, Dawuda MM, Ali B, Wu Y, et al. Exogenous application of 
5-aminolevulinic acid promotes coloration and improves the quality of tomato fruit by 
regulating carotenoid metabolism. Front Plant Sci. (2021) 12:683868. doi: 10.3389/
fpls.2021.683868

 41. Xi W, Qiao Z, Lu J, Quan J. Comparative analysis of three types of peaches: 
identification of the key individual characteristic flavor compounds by integrating 
consumers' acceptability with flavor quality. Hortic Plant J. (2017) 3:1–12. doi: 10.1016/j.
hpj.2017.01.012

 42. Watanabe K, Nishihara E, Watanabe S, Tanaka T, Takahashi K, Takeuchi Y. 
Enhancement of growth and fruit maturity in 2-year-old grapevines cv. Delaware by 
5-aminolevulinic acid. Plant Growth Regul. (2006) 49:35–42. doi: 10.1007/s10725-006- 
0024-4

 43. Xiong B, Gong Y, Yang Y, Han Y, Deng L, Tan L. Effects of 5-ALA on fruit quality 
of blueberry cultivated in different modes. IOP Conf Ser Earth Environ Sci. (2020) 
474:032024. doi: 10.1088/1755-1315/474/3/032024

 44. Barbara S, Teleni L, Engelen M, Deutz N. Amino acid kinetics and the response to 
nutrition in patients with cancer. Int J Radiat Biol. (2019) 95:480–92. doi: 
10.1080/09553002.2018.1466209

 45. Mandrioli R, Mercolini L, Raggi MA. Recent trends in the analysis of amino acids 
in fruits and derived foodstuffs. Anal Bioanal Chem. (2013) 405:7941–56. doi: 10.1007/
s00216-013-7025-8

 46. Zhu Y, Wang Y, Wang G, Zhou C, Jiao Y, Gan K, et al. Analysis of free amino acid 
composition in fruits of different bayberry (morella rubra) varieties. J Zhejiang Univ. 
(2021) 47:736–42. doi: 10.3785/j.issn.1008-9209.2021.05.281

 47. Kawai M, Uneyama H, Miyano H. Taste-active components in foods, with 
concentration on umami compounds. J Health Sci. (2009) 55:667–73. doi: 10.1248/
jhs.55.667

 48. Wu Y, Liao W, Dawuda MM, Hu L, Yu J. 5-aminolevulinic acid (ala) biosynthetic 
and metabolic pathways and its role in higher plants: a review. Plant Growth Regul. 
(2019) 87:357–74. doi: 10.1007/s10725-018-0463-8

 49. Chen G, Fan PS, Feng WM, Guan AQ, Lu YY, Wan YL. Effects of 
5-aminolevulinic acid on nitrogen metabolism and ion distribution of watermelon 
seedlings under salt stress. Russ J Plant Physiol. (2017) 64:116–23. doi: 10.1134/
S1021443717010046

 50. Liu K, Kim J, Kim DW, Zhang YS, Bao H, Denaxa M, et al. Lhx6-positive gaba-
releasing neurons of the zona incerta promote sleep. Nature. (2017) 548:582–7. doi: 
10.1038/nature23663

 51. Engin E, Benham RS, Rudolph U. An emerging circuit pharmacology of 
Gabaa receptors. Trends Pharmacol Sci. (2018) 39:710–32. doi: 10.1016/j.
tips.2018.04.003

 52. Yu P, Chen K, Huang X, Wang X, Ren Q. Production of γ-aminobutyric acid in 
Escherichia coli by engineering msg pathway. Prep Biochem Biotechnol. (2018) 48:906–13. 
doi: 10.1080/10826068.2018.1514519

 53. Cui Y, Miao K, Niyaphorn S, Qu X. Production of gamma-aminobutyric acid from 
lactic acid bacteria: a systematic review. Int J Mol Sci. (2020) 21:995. doi: 10.3390/
ijms21030995

 54. Cao S, Cai Y, Yang Z, Zheng Y. Meja induces chilling tolerance in loquat fruit by 
regulating proline and γ-aminobutyric acid contents. Food Chem. (2012) 133:1466–70. 
doi: 10.1016/j.foodchem.2012.02.035

https://doi.org/10.3389/fnut.2024.1520634
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/S1360-1385(99)01486-7
https://doi.org/10.1016/S0149-7634(98)00043-8
https://doi.org/10.1016/j.scienta.2014.01.022
https://doi.org/10.2174/1568011043352984
https://doi.org/10.1023/A:1006098005335
https://doi.org/10.13592/j.cnki.ppj.2003.03.001
https://doi.org/10.1371/journal.pone.0116283
https://doi.org/10.1016/j.envexpbot.2020.104228
https://doi.org/10.1016/j.scienta.2017.02.009
https://doi.org/10.5897/AJB12.792
https://doi.org/10.13207/j.cnki.jnwafu.2008.10.018
https://doi.org/10.3389/fpls.2023.1323048
https://doi.org/10.1016/j.scienta.2017.06.004
https://doi.org/10.27244/d.cnki.gnjnu.2018.000036
https://doi.org/10.16626/j.cnki.issn1000-8047.2023.10.007
https://doi.org/10.16626/j.cnki.issn1000-8047.2023.10.007
https://doi.org/10.16420/j.issn.0513-353x.2020-0586
https://doi.org/10.1038/s41467-017-02782-9
https://doi.org/10.1016/S0038-0717(99)00203-5
https://doi.org/10.1016/j.biortech.2019.121521
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1271/bbb.61.2025
https://doi.org/10.1271/bbb.61.2025
https://doi.org/10.13925/j.cnki.gsxb.2013.06.015
https://doi.org/10.1080/10408398109527317
https://doi.org/10.3389/fpls.2021.683868
https://doi.org/10.3389/fpls.2021.683868
https://doi.org/10.1016/j.hpj.2017.01.012
https://doi.org/10.1016/j.hpj.2017.01.012
https://doi.org/10.1007/s10725-006-0024-4
https://doi.org/10.1007/s10725-006-0024-4
https://doi.org/10.1088/1755-1315/474/3/032024
https://doi.org/10.1080/09553002.2018.1466209
https://doi.org/10.1007/s00216-013-7025-8
https://doi.org/10.1007/s00216-013-7025-8
https://doi.org/10.3785/j.issn.1008-9209.2021.05.281
https://doi.org/10.1248/jhs.55.667
https://doi.org/10.1248/jhs.55.667
https://doi.org/10.1007/s10725-018-0463-8
https://doi.org/10.1134/S1021443717010046
https://doi.org/10.1134/S1021443717010046
https://doi.org/10.1038/nature23663
https://doi.org/10.1016/j.tips.2018.04.003
https://doi.org/10.1016/j.tips.2018.04.003
https://doi.org/10.1080/10826068.2018.1514519
https://doi.org/10.3390/ijms21030995
https://doi.org/10.3390/ijms21030995
https://doi.org/10.1016/j.foodchem.2012.02.035

	Exogenous ALA applied on different plant parts promotes tomato fruit quality and GABA synthesis
	Introduction
	Materials and methods
	Plant materials and treatment
	Measurement of tomato fruit quality parameters
	Amino acid profile analysis of tomato fruit
	Determination of GABA synthesis-related parameters in tomatoes
	Data analysis

	Results
	Effects of different ALA concentration on tomato physiognomic quality
	Effects of different ALA concentrations on sugar and acid quality of tomato fruit
	Effects of different ALA concentrations on soluble solids, soluble protein, and ascorbic acid content in tomato fruit
	Effect of exogenous ALA on free amino acid composition in tomato fruit
	The effects of exogenous ALA on GABA synthesis in tomato fruit

	Discussion
	Conclusion

	References

