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Abstract 
 
The quality of tomato fruit, from harvest to human consumption, requires a 
lengthy period for shipping, storing, and marketing. γ-aminobutyric acid 
(GABA) is a good candidate because it is a natural substance produced by 
plants to defend themselves against stress conditions. In this study, the effect 
of post-harvest GABA treatments at 0 (control), 5 mM and, 20 mM on the 
physical and biochemical properties and the polysaccharide content of 
tomatoes during 28 days of storage were investigated. Our results indicated 
that 5 mM of GABA treatment increased firmness and shelf-life by maintaining 
the integrity of fruits compared to control and 20 mM of GABA treated fruits. 
The fruits treated with 5 mM of GABA decreased the amount of WSP and the 
expression of cell wall related genes Pectate lyase (PL) and 
Polygalacturonase (PG). There was not a clear difference in colour index (CI) 

values among all treated groups at the end of post-harvest storage.  Moreover, 
the tomato fruits treated with 5 mM GABA also showed somewhat less 
ethylene production, respiration rate and expression level of two ethylene 
synthesis genes ACS2 and ACS4 towards the end of storage.  These results 

suggested that treatment with 5 mM GABA could be a beneficial strategy for 
maintaining the morphological and biochemical quality of tomato under post-
harvest storage conditions.   
 

 1. Introduction 
 

Tomato (Solanum lycopersicum L.) is an 
important agricultural crop because of its great 
nutritive and commercial value. It is one of the most 
widely produced and consumed vegetable crops 
with over 180 million tonnes of production and a 
$190.4 billion commercial value (FAO, 2019). 
Moreover, tomato is a model species for studying 
processes such as fruit development, fruit ripening 
and post-harvest storage conditions (Giovannoni, 
2007), because of its relatively short life cycle, 
highquality with a modest reference genome 
(approximately 950 Mb), stable genetic 
transformability and availability of different ripening 
phenotypes (Klee and Giovannoni, 2011; Wang et 
al., 2018). The tomato has a relatively short post-

harvest shelf life, which limits its transportability and 
marketability due to its rapid softening rate in post-
harvest storage conditions. During storage and 
transportation, ripening proceeds with a colour 
change from green to red, as well as softening and 
compositional changes in taste and aroma-related 
compounds such as organic acids, sugars, and 
volatiles (Park et al., 2021). Later stages of 
ripening/softening are usually accompanied by 
significant changes in texture resulting from the 
separation of the cell wall and middle lamellae, as 
well as water loss by transpiration (Seymour et al., 
2013; Uluisik et al., 2016). To overcome the 
problem of accelerated softening, tomato fruits are 
usually harvested at the mature green or breaker 
stage (Wang et al. 2018). Alternatively, novel post-
harvest treatments have been investigated to delay 
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tomato fruit ripening and to extend its shelf-life such 
as application of aminoethoxyvinylglycine (AVG) 
(Candir et al., 2017), hydrogen sulfide (H2S) (Zhong 
et al., 2021) and UV-C (Mansourbahmani et al., 
2018). These chemicals and/or technologies control 
the transpiration, respiration, ripening of fruits by 
regulating the biochemical changes in fruits, which 
delay internal ethylene synthesis in fruits and 
prolong the market availability of fruits.  

Reactive oxygen species (ROS) are composed 
of several free radical-containing molecules that are 
regularly found in plants (Foyer et al., 2018) which 
are harmless when at normal levels. Studies have 
shown that ROS are key regulators that mediates 
signalling molecules at low concentrations to trigger 
defensive responses in fruits and developmental 
processes (Decros et al., 2019). Nevertheless, 
under stress conditions or during fruit 
ripening/softening process the level of ROS in fruits 
may exceed a certain threshold, which can cause 
irreversible DNA damage and cell death, resulting 
in senescence and reduced shelf life of fresh fruits 
(Chen et al., 2019; Lin et al., 2020). During post-
harvest storage life in unfavourable conditions may 
ascribe to triggering higher ROS accumulation 
accompanying senescence which deteriorates fruit 
quality (Lin et al., 2018). Therefore, the use of 
signalling antioxidant γ-aminobutyric acid (GABA) 
and molecules, which are key for reducing oxidative 
stress, may be beneficial in delaying senescence 
along with preserving sensory and nutritional quality 
of cherry fruits during post-harvest life (Aghdam et 
al., 2019; Li et al., 2019; Zarei et al., 2020; Niazi et 
al., 2021). GABA is a ubiquitous non-protein amino 
acid produced by glutamate decarboxylation and 
approved for use in food production in the United 
States and Europe (Yan et al., 2016). Although 
under normal growing conditions, GABA content of 
most plants is relatively low, its accumulation in 
plant tissues is induced after exposure to various 
stresses (Kinnersley and Turano, 2000). Moreover, 
exogenous post-harvest treatment of GABA 
maintained membrane integrity, delayed 
browning/softening and preserved nutritional quality 
(Aghdam et al., 2019; Nazoori et al., 2020). In this 
study, we aimed to investigate the effect of GABA 
treatment on tomato softening in post-harvest 
storage. To achieve this goal, pectin fractionation, 
gene expression of key pectin-degrading enzymes, 
ethylene and respiration rates of fruits were 
evaluated in tomato fruits treated with two different 
GABA concentrations.  
 
 
2. Materials and Methods 
 
2.1. Plant material and GABA treatment 

 
Tomato fruits (S. lycopersicum L. cv. Verty F1) 

were grown in a glasshouse, Akdeniz University, 
Antalya, Turkey, at controlled temperatures of 28-
33°C during the day and 20-26°C at night, 85% 

relative humidity and photoperiod of 12 to 13 hours. 
Fruits of uniform size that were free from physical 
defects were harvested at the mature green stage 
and transported to the laboratory within 2 hours. 
Fifty-fruits were used for each treatment.  

Based on previous studies (Kinnersley and 
Turano, 2000; Deewatthanawong et al., 2010; 
Shang et al. 2011; Malekzadeh et al., 2014; 
Soleimani Aghdam et al., 2016), solutions of GABA 
(Sigma-Aldrich Co.) at a concentration of 5 mM and 
20 mM were selected as the most suitable 
concentrations. All fruits were immersed in GABA 
solutions for 30 minutes and then air-dried directly 
at room temperature. Only distilled water was used 
for the control fruits. All fruits were stored in plastic 
trays at room temperature (25 ± 2°C) and 60 ± 5% 
relative humidity and analyzed for 28 days at seven 
days intervals. Half of the analyzed fruits were 
immediately frozen in liquid nitrogen, and then keep 
at -80°C for biochemical analysis and RNA isolation.  
 
2.2. Determination of fruit colour, firmness, and 
fruit weight loss 

 
Ten fruits were selected for each treatment 

group to measure fruit colour. The same fruits were 
used to measure colour of fruits throughout the 
experiment. Two symmetrical positions around the 
equator on each fruit were measured with a colour-
meter (PCE-CSM 1) and recorded as Hunter’s L⃰, a⃰, 
and b⃰ values. The colour measurements of tomato 
fruits were carried out twice a week at interval of 3 
and 4 days.  The colour index (CI) values were 
calculated according to (Nangare et al., 2016). The 
average of the maximum forces was recorded from 
the pericarp of five different fruits for each treatment 
and each week (PCE-PTR 200 penetrometer) to 
represent fruit firmness at the ripening stages. Fruit 
weight loss (FWL) was calculated as the percentage 
difference between the initial (harvested) and at 7-
day intervals until 28 days after harvesting (DAH) of 
the fruits and calculated according to the following 
equation: FWL (%) = (DAH28/(DAH0-1) × 100. In 
this process, morphological changes in the fruits 
were also photographed. 
 
2.3. Determination of respiration rates and 
ethylene production 

 
The respiration rate of fruits determined with gas 

chromatography (GC) (Thermo Finnigan Trace GC 
Ultra, Thermo Electron S.p.A. Strada Rivoltana 
20900 Radano, Milan, Italy). For the measurement 
tomatoes were stored in 2 L gas-tight jars for 1 h at 
20ºC. Then a 1 mL gas sample was taken from the 
head space of jars and injected into GS equipped 
with a thermal conductivity detector. The results 
were calculated as mL CO2 kg-1 h-1. 
Chromatographic conditions of respiration rate 
measurement were as follows: 80/100 Porapak-N-
column, 65°C oven temperature, 100°C detector 
temperature, 100°C injection temperature, 
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Table 1. Primer sequences used for RT-qPCR  

Gene  Forward sequence Reverse sequence 

SlPG AAGACTTGGCAGGGAGGATC TATGGCCACCTTTGTTGCAC 

SlPL GCGATCAGGAGTTAGAACTGG AATCCCCTTTTGCTTTGGTT 

SlACS2 TATGGAGAGTTATTATAAACGA CTAAGTACATAGACCAGTTGTCA 

SlACS4 ATTCACTAGAGGACTTGAAGA CAAGCTTTATAACTTTATTTGAT 

LeEF-1 ACCTTTGCTGAATACCCTCCATTG CACAGTTCACTTCCCCTTCTTCG 

10 mL min-1 helium flow, 20 mL min-1 hydrogen 
flow, 30 mL min-1 nitrogen flow and 4 min analysis 
time.  

The ethylene production was determined by 
sealing five fruits in a 2 L gas-tight jars for 1 h at 
20°C. Then a 1 mL of gas sample was taken from 
the head space of jars and injected into GS 
equipped with a flame ionization detector. The 
results were calculated as µL C2H4 kg-1 h-1. 
Chromatographic conditions of ethylene production 
measurement were as follows: 80/100 alumina f-1 
column, 90°C oven temperature, 170°C detector 
temperature, 150°C injection temperature, 
25 mL min-1 helium flow, 35 mL min-1 hydrogen 
flow, 350 mL min-1 nitrogen flow and 2 min analysis 
time. 
 
2.4. Extraction and fractionation of cell wall 
components  

 
The production df colourless alcohol-insoluble 

solids (AIS) and analysis of the cell wall composition 
were carried out according to the method described 
above (Lunn et al., 2013). The methodology of 
Filisetti-Cozzi and Carpita (1991) was followed for 
quantification of uronic acids and results were 
expressed as GA (galacturonic acid) mg g-1 of AIS. 
Samples were left at room temperature for 5 
minutes and the colour change was read at the 
wavelength 405 nm and 450 nm with the difference 
recorded. The absorbance reading at 405 nm was 
subtracted from that at 450 nm to correct for 
interference from hexoses. The results were 
expressed as milligram of GA g-1 of AIS.    
 
2.5. Total RNA isolation, and real-time 
quantitative polymerase chain reaction (RT-
qPCR)  

 
Total RNA was extracted from finely powdered 

pericarp of tomato fruits at 0, 7, 14, 21 and 28 DAH 
intervals using PureLink™ Plant RNA Reagent 
(Thermo Fisher Scientific) in accordance with the 
manufacturer’s instructions. The RNA concentration 
was quantified using the NanoDrop (BioTek, Epoch 
Microplate) and reverse transcribed into cDNA by 
the RevertAid First Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific). Relative expression of 
each gene was normalized to that of the 
endogenous reference gene elongation factor 1-α 
(Pokalsky et al., 1989) The primer sequences for 
the RT-qPCR are listed in Table 1. The thermal 
program for PCR was set using the following 

conditions: 95°C for 5 min, 35 cycles of amplification 
of 5 s at 95°C, 30 s at 60°C, 30 s at 72°C using the 
CFX96™ Real-Time System (Bio-Rad). The gene 
expression levels were calculated using the 2−ΔΔCt 
method (Livak and Schmittgen, 2001). 
 
2.6. Determination of proline content 

 
The proline content was determined as 

described by (Wang et al., 2016). Briefly, 1 g of 
frozen powdered tomato pericarp tissue was 
homogenized in 1 mL of 3% (v/v) sulfosalicylic acid 
and centrifuged at 12 000 g for 10 min at 4°C. 
400 µL supernatant was then mixed with 400 µL 
glacial acetic acid and 400 µL acidic ninhydrin 
reagent and boiled for 30 min; 800 µL toluene was 
then added to the reaction mixture. The absorbance 
was recorded at 520 nm. Known proline 
concentrations were used to prepare standard 
curves. The results were expressed as μg g-1 DW.  
 
2.7 Statistical analyzes 

 
The statistical analyzes were conducted 

according to completely randomized design with at 
least five different tomato fruits for fruit firmness and 
10 fruits CI measurements. Three different fruits 
were used for cell wall and gene expression 
analysis. Data presented are the means ± SD 
values. Student’s t- test, at p < 0.05 in SPSS 23.0. 
was performed to analyze the level of significance 
between the analyzed parameters. 
 
 
3. Results and Discussion 

 
GABA can accumulate rapidly under biotic and 

abiotic stress conditions and take part in the 
defense system against those conditions (Shelp et 
al., 1999). Accumulation of GABA has been 
reported in response to low O2 storage in tomatoes 
(Deewatthanawong et al., 2010). In our study, 
tomato samples were harvested at MG stage, 
treated with two different GABA concentration, and 
stored for 28 days at room temperature. Phenotypic 
variations in ripening tomato fruits after treatment 
with control, 5 mM and 20 mM of GABA are shown 
(Figure 1). Although all treated and non-treated 
fruits showed signs of softening and decomposition 
at 28 DAH, the fruits treated with 5 mM of GABA 
appeared to have a better texture integrity 
compared to 20 mM GABA treatment and control 
fruits (Figure 1).  
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Figure 1. Photographs of tomato fruits treated with GABA taken in seven days intervals (DAH: days after harvesting). 

 

 

Figure 2. Effect of GABA treatment on CI (a), firmness (b) and Fruit weight loss (FWL) (c) during post-harvest for 28 days. 
Data are mean ± standard deviation (SD) of ten for CI and five for firmness and FWL independent fruits. 
Different letters on top of columns indicate statistically significant differences p≤0.05. 
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The colour index (CI) values of fruits increased 
sharply in the first four measurements (Figure 2a), 
which can also be seen 7 DAH and 14 DAH fruits 
(Figure 1). However, there was no statistical 
difference in CI values at the end of post-harvest 
storage (p > 0.12).  

Firmness is one of the important quality 
characteristics of fruits which increases their 
storage potential and provide resistance to 
diseases and mechanical damage. However, as the 
ripening progresses, customer acceptance, and 
marketability of tomato decrease (Distefano et al., 

2020). The changes in fruit firmness between 
control and GABA treated samples stored for 28 
days are shown in Figure 2b. The firmness of all 
fruits treated or non-treated decreased during the 
storage. Although control fruits at 7 DAH stage were 
firmer than the GABA-treated fruits, the tomato fruits 
treated with 5 mM GABA resulted in statistically 
significant firmness towards the end of storage. In a 
previous study, Mature-green mango fruits were 
collected and treated with 50,100- and exogenous 
GABA. 200mM of GABA treatment led to better 
preservation of firmness of mango fruits (Rastegar 
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Figure 3. Effect of GABA treatments on WSP, CDTA and Na2CO3 soluble pectin contents. 
Data are mean ± standard deviation (SD) of three fruits at each stage and treatments.  
Different letters indicate statistically significant differences p≤0.05. 
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et al., 2020). In another study, the fruit bodies of 
mushroom samples were immersed in 0.01, 0.1, 
1.0, or 10.0 mM of GABA solution. The results 
showed that cap browning and weight loss were 
lower in 0.1 mM GABA treated samples, which 
retained their firmness better than untreated 
mushrooms. (Shekari et al., 2021). Based on these 
results, it can be said that maximum quality and 
shelf-life in different fruit samples can be achieved 
by different GABA concentrations. 

Evaporation of water from the fruit surface, 
respiration and metabolic activities cause weight 
loss during post-harvest storage in fruits. In other 
words, weight loss in fresh fruit causes fruit 
softening, ripening, and aging (Bai et al., 2003). The 
weight loss of the control and GABA treated tomato 
fruits is shown (Figure 2c). FWL in fruits of all groups 
increased gradually as ripening progressed. 
However, the fruit samples treated with 5 mM and 
20 mM of GABA presented lower weight loss than 
that of the control fruits. Post-harvest treatments 
have minimized the weight loss of mushrooms 
(Shekari et al., 2021), tomatoes (Makino et al., 
2008) and peaches (Shang et al., 2011). The 
difference in weight loss of fruits is due to the 
different permeability, chemical properties and 
applied GABA concentrations. 

It is commonly known that loss of firmness and 
softening in fruits are directly related to changes in 

cell wall composition especially in pectic 
polysaccharides. In order to demonstrate the cell 
wall composition that accounts for differences in 
fruit firmness, the pericarps of GABA treated, and 
non-treated fruits were fractionated. A variety of 
differences in WSP levels at different 
ripening/softening stages were revealed (Figure 3). 
The WSP content was the highest in all groups at 
14 days of storage. However, the amount of WSP 
started to decrease in fruits from the 14th day of 
storage, and the least amount of WSP was obtained 
in tomatoes treated with 5 mM GABA in all periods. 
Contrary to the amount of WSP, the amount of 
Na2CO3 (covalently bound pectin) soluble pectin 
decreased as maturation increased. There was 
significantly higher amount of Na2CO3 soluble 
pectin in 5 mM GABA treated fruits compared to the 
control and 20 mM groups.  

The cell wall composition change is the result of 
the coordinate action of cell wall degrading 
enzymes, including PL and PG (Brummel and 
Harpster, 2001). In our study, the transcript levels of 
two main cell wall-related genes are illustrated in 
Figure 4. At day 7 and 14, the expression of SlPL 
was reduced to half the level of control samples, 
especially in 14 DAH fruits. 5 mM of GABA 
treatment slightly downregulated the gene 
expression of SlPG at 21 and 28 DAH stage. In 
general, as the storage time prolonged, SlPG and 
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Figure 4. Expression pattern of genes involved in cell wall degradation in fruit ripening process. 
The fold change of the genes was normalized compared to control group for each week. 
The error bars on each column indicate the ±SD of three biological and two technical replicates. 

 

 
Figure 5. Effect of GABA treatments on proline contents of tomato fruits. 
Data are mean ± standard deviation (SD) of three fruits at each stage and treatments. 

Different letters indicate statistically significant differences p≤0.05.  
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SlPL mRNA gradually decreased in all groups. 
However, a slightly more decrease in 5 mM of 
GABA treated fruits, could be an increased fruit 
firmness in this group of fruits. These results 
indicated that 5 mM of GABA treatment decreased 
the amount of WSP and expression of cell wall 
related genes, which delayed softening of tomato 
fruits under post-harvest storage conditions. 

Proline is an important amino acid that has been 
shown to play an important role in the response of 
fruits to stress factors as it is an ROS, that can 
protect cells from damage with its antioxidant effect 
(Wei et al., 2019). Proline accumulation increased 
during the exposure of plants to various 
environmental stresses such as chilling (Gao et al., 
2016), low temperature (Mohammadrezakhani et 
al., 2019) and drought (Antoniou et al., 2017). In our 
study, a significantly higher proline content was 
recorded in tomato fruits treated with 5 mM of GABA 
in 28 DAH fruits (p ≤ 0.014) (Figure 5). Exogenous 
GABA treatment enhanced the accumulation of 
proline and increased resistance against chilling 
stress (Shang et al., 2011). Another similar study 
was reported that efficient control of chilling in 
cherry tomato fruit was associated with enhanced 

proline accumulation (Zhang et al., 2010). These 
results indicated that, an optimum concentration of 
GABA, 5 mM of GABA in here, may be partly related 
to the increase in proline content and delayed post-
harvest softening.  

An increase in ethylene production and 
respiration rate was observed at the beginning of 
climacteric tomato fruit ripening. Ethylene synthesis 
in ripening tomato fruit is regulated by 1-
aminocyclopropane-1-carboxylate synthase (ACS) 
and 1-aminocyclopropane-1-carboxylate oxidase 
(ACO) gene families (Barry et al., 2000). ACS2 and 
ACS4 mediate the burst of autocatalytic ethylene 
synthesis, a process typically observed in 
climacteric ripening (Barry et al., 2000). Ethylene 
production and respiration rate in GABA treated and 
control fruits had the similar pattern and the 
climacteric peak of all fruits emerged at 7 DAH 
fruits, but the climacteric peaks of the 5 mM GABA 
treated fruits were clearly lower than those of the 
control and 20 mM GABA treated fruits (Figure 6a 
and b). We also detected the relative mRNA levels 
of the genes related to ethylene biosynthesis. 
Consistent with the climacteric peak and production 
of ethylene, the expression levels of SlACS2 and 
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Figure 6. Effect of GABA treatments on respiration rate (a) and ethylene production (b) and ethylene synthesis related 
genes SlACS2/4 of tomato fruits during post-harvest storage at room temperature up to 28 days.  
Data are mean ± standard deviation (SD) of five fruits at each stage. 
Different letters indicate statistically significant differences p≤0.05.  
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SlACS4 were significantly enhanced at 7 DAH fruits 
(Figure 6). However, the expression of both genes 
was significantly suppressed in 5 mM GABA treated 
fruits in the progress of storage. A value of 10 mM 
of GABA treatment not only reduced the respiratory 
rate but also inhibited the ethylene production in 
apple fruits. Moreover, the expression levels of 
MdACO, MdACS and MdERF were restricted to 
varying degrees by 10 mM GABA treatment; this 
revealed that GABA participates in the regulation of 
ethylene biosynthesis and signal transduction at the 
molecular level (Han et al., 2018). It was recently 
suggested that higher fruit firmness in response to 
GABA may result directly from GABA treatment or 
indirectly from lower ethylene biosynthesis or higher 
level of cell wall hydrolysing enzymes such as PG 
and PL.  

 
 
4. Conclusion 

 
The results of the present study indicated that 

different concentrations of GABA had different 
effects on tomato quality undur post-harvest 
storage conditions. A concentration of 20 mM of 
GABA accelerated fruit softening, fruit weight loss, 
increased WSP and the expression of cell wall 
degrading enzymes, suggesting that 20 mM of 
exogenous GABA treatment is not a suitable 
concentration for increasing tomato quality 

parameters in post-harvest storage. The study shed 
lights on the favourable effects of 5 mM GABA 
treatment on tomato fruit quality by increasing fruit 
firmness and shelf life and decreasing the 
expression of cell wall related genes and dissolution 
of pectic polysaccharides.  
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