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A B S T R A C T   

γ-Aminobutyric acid (GABA) and its precursor glutamic acid play signaling roles in both humans and plants. 
Interestingly, positive effects on human health are ascribed to GABA consumption, which is present at relatively 
high levels in various food products, including potato tubers and tomato fruits. However, the currently available 
information on GABA content in foods only partly represents market categories and lacks data on glutamic acid. 
Here, we performed a screening of 98 tomato and 72 potato genotypes for GABA and glutamic acid levels. Our 
results show a large variation in both GABA and glutamic acid across the various genotypes. The GABA and 
glutamic acid levels ranged from 72 to 1122 µg/g fresh weight (FW), and 1160–6513 µg/g FW, respectively in 
tomato, and were between 68 and 759 µg/g FW and 409–874 µg/g FW in potato. Differences between market 
categories were only present for glutamic acid. For both GABA and glutamic acid, losses occurred with cooking, 
depending on the preparation. GABA was less affected by cooking than glutamic acid. Potato and tomato could 
be major dietary GABA sources. Especially high-GABA genotypes merit further investigation because of their 
potential health effects.   

1. Introduction 

γ-Aminobutyric acid (GABA) and its precursor glutamic acid are 
amino acids present at up to gram per kilo levels in many food products. 
They are either endogenously produced in for example melon, tomato 
and potato or generated during fermentation in for example matured 
cheese, fermented soy products and sauerkraut (Herawati et al., 2021; 
Nakamura et al., 2006; Redruello et al., 2020; Saito et al., 2008; 
Toyoizumi et al., 2019; Yang et al., 2020). 

In plants, glutamic acid is incorporated into proteins and involved in 
amino acid metabolism as a precursor for (among others) GABA, and 
both molecules are involved in diverse physiological, defense, signaling 
and reproductive processes (Forde and Lea, 2007; Toyota et al., 2018). 
GABA is directly toxic to pest insects, and for this reason, it is presumed 
to be constitutively present in high amounts specifically in some fruits 
and storage organs like tomato and potato tubers (~500 µg/g) (Bown 

and Shelp, 2016; Ramesh et al., 2017; Scholz et al., 2015). Yet, in tomato 
fruits, the high content of glutamic acid introduces an umami flavor 
which is assumed to enhance fruit consumption by birds and mammals 
(Takayama and Ezura, 2015). This promotes seed dispersal as tomato 
seeds survive digestion and will germinate from fecal deposits. 

In human biology, both glutamic acid and GABA are primarily 
known as neurotransmitters in the central nervous system. At the same 
time, oral supplementation with GABA has been shown to have meta
bolic health effects in rodents (Hayakawa et al., 2004; Tian et al., 2011). 
Most research on the health benefits of GABA in humans has been per
formed with supplemented GABA (Li et al., 2015). GABA supplements 
are widely available, claiming to improve sleep and reduce stress. 
Recently, we determined that GABA bioavailability is not influenced by 
a tomato food matrix (Bie et al., 2022). This suggests that an increased 
intake of GABA, through the consumption of tomato fruits or potato 
tubers that are relatively high in GABA for example, could lead to 
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positive health effects. 
Tomato and potato are staple foods in many cultures. For instance, 

the consumption of fresh tomatoes in the EU is currently 15 kg per 
capita, and an additional 18 kg of processed tomatoes is consumed 
(Directorate-General for Agriculture and Rural Development., 2021). 
Potato is eaten in 82% of the world’s countries and is one of the largest 
food energy suppliers. In 2013 the consumption of potatoes in the EU 
was 83 kg per capita, which is the largest volume in the world (Wije
sinha-Bettoni and Mouillé, 2019). Consequently, they could provide a 
source of GABA in the diet, in particular when high GABA varieties are 
consumed and provided that preparation methods are compatible. 

Next to GABA, the levels of glutamic acid are also relatively high in 
potato and especially in tomato (Skurray and Pucar, 1988). It is relevant 
to study both GABA and glutamic acid in crops, considering their 
biosynthesis is interconnected by for example the GABA shunt (Fait 
et al., 2008). While GABA is the most abundant free amino acid in green 
tomato fruits, its concentrations decrease substantially during ripening 
(Sorrequieta et al., 2010). On the other hand, the free glutamic acid 
concentration increases steadily during tomato fruit ripening and it 
represents the most abundant amino acid in red tomato fruits. Research 
investigating glutamic acid content of tomato fruits is mainly focused on 
increasing the characteristic umami flavor to which glutamic acid con
tributes (Brosnan and Brosnan, 2013). 

Currently, there is considerable interest in increasing the GABA 
content of food products. A gene-edited tomato containing 1250 µg/g 
FW GABA is already marketed in Japan (Nonaka et al., 2017). In addi
tion, relatively GABA-rich plant products can be obtained by specific 
growth conditions (e.g., salt stress (Zushi and Matsuzoe, 2007), selection 
among existing cultivars, or by means of breeding programs making use 
of the genetic variation in wild species (Gramazio et al., 2020). Some 
literature describing the GABA and glutamic acid content of different 
tomato and potato genotypes is already available. For GABA in tomato 
fruits, a screening of 61 genotypes was performed in a field trial by Saito 
et al. (2008), who found a 20-fold difference between genotypes in 
GABA content (ranging from 90 to 1000 µg/g) (Saito et al., 2008). For 
glutamic acid only a narrow selection of tomato genotypes has been 
investigated and the content range was not more than 2-fold (Baldina 
et al., 2016; Pratta et al., 2004; Tommonaro et al., 2021). For example, 
Pratta et al. (2004) studied the glutamic acid content in 5 different to
mato cultivars and reported a variation from 1600 to 2800 µg/g FW 
(Pratta et al., 2004). For potato, Nakamura et. al (2006) analyzed the 
GABA content of tubers from 22 varieties and showed a range of about 
3.5 fold, from 239 to 819 µg/g FW (Nakamura et al., 2006). However, 
these genotypes only partly represent the existing market categories and 
none of these screenings involved both GABA and its precursor glutamic 
acid (Dobson et al., 2008; Halford et al., 2012; Nakamura et al., 2006; 
Pęksa et al., 2021; Uri et al., 2014). Thus, a large representative 
screening of both GABA and glutamic acid in tomato or potato is still 
lacking. 

Therefore, we aimed to determine the extent of variation in GABA 
levels in a representative range of tomato and potato genotypes. In the 
search for tomato and potato varieties with a high GABA content, we 
analyzed the levels of GABA and its precursor glutamic acid in 98 tomato 
and 72 potato genotypes and cultivars. To gain more insight, we also 
studied the variation in effect of fruit maturation on GABA content and 
the effect of harvest year. As tomato is frequently consumed after some 
form of processing and potatoes are not eaten raw, we also included an 
analysis of the effects of most commonly used domestic cooking methods 
on GABA and glutamic acid content. 

2. Methods 

2.1. Planting, harvesting and sampling procedures 

2.1.1. Potato 
A series of 72 genotypes, consisting of cultivars and breeding clones, 

were grown in clay soil in the seasons of 2017, 2018, and 2019 in Bant, 
Noordoostpolder, The Netherlands. Seed tubers had been produced and 
stored at that location in the previous year. The planting dates were in 
April on the 12th, 18th, and 17th in the three consecutive growing 
seasons, respectively. Plots consisted of 16 plants each, planted in two 
rows that were 75 cm apart. Planting was at a 33 cm distance within 
rows, with 4 border plants separating the plots of different genotypes. 
Fertilization was in total 180–190 kg of N per ha, including the soil stock 
of approximately 25 kg N per ha. Of this total N, 120 kg per ha was given 
in the form of a N:P:K mixture in a ratio 23:23:0 immediately after seed 
tuber planting, but before hilling, and the remaining N was supplied in 
the form of calcium ammonium nitrate after tuber initiation of the 
mature plants. Protection against plant diseases was carried out ac
cording to local agricultural practice. Harvest dates of mature tubers 
were October the 16th in 2017 and September the 12th and 19th in 2018 
and 2019, respectively. Tubers were mechanically harvested and sub
sequently stored in boxes at ambient temperature (8–12 ◦C) in the dark 
for about 3 months until sampling for analysis. 

Ten average-sized tubers were randomly chosen per box and washed 
with tap water. One wedge, approximately 0.5 cm width at its widest 
side, was cut from each tuber between the stolon and stem end. Wedges 
were quickly cut into smaller parts and frozen in liquid nitrogen for 
immediate processing or storage at − 80 ◦C. For a range of genotypes 
(Cumbica, Monika, Concordia, AR 12–5137, Hansa, Cerisa, Blue Star, 
Fontane, AR 91–1409, ARD 11–3181) the GABA and glutamic acid 
content was also assessed in peel and flesh separately. For this experi
ment, 10 tubers per genotype were selected. The cut wedges of 0.5 cm 
wide were peeled, the flesh was cut into small pieces and both flesh and 
peel were stored and processed separately. Tuber parts were then milled 
into a fine powder using a liquid nitrogen-cooled analytical mill (IKA, 
Staufen, Germany) and aliquots (100 mg, < 2.5% deviation) of the 
frozen ground powders were weighed in a 2 mL Eppendorf tube) and 
stored in 4 mL cryotubes at − 80 ◦C until analysis. 

2.1.2. Tomato 
A collection of 98 tomato genotypes, consisting of both cultivars and 

breeding lines, was screened. The cultivars represented both cluster 
(normal round and beef), snack, and cherry types of fruits. The breeding 
lines partly consisted of heirloom genotypes and elite lines. Seeds were 
sown in small rockwool plugs (Oct 27, 2017), transplanted in blocks 
(Dec 10, 2017) and finally transplanted to a greenhouse with rockwool 
slabs (Jan 4, 2018). The greenhouse was located in Roggel 
(Netherlands). Pruning of the trusses from plants in the cluster segment 
was done to 6 fruits remaining per cluster. Only fully ripe fruits were 
used in the genotype screening. Harvest started on March 14, 2018, and 
the fruits used for the measurements were harvested on May 21, 2018. 

The effect of fruit ripening on GABA and glutamic acid levels was 
subsequently evaluated in 7 other tomato genotypes (cv. Madara, Mar
ejada, Maremagno, Marinda, Marmarino, Micro Tom and Moneymaker). 
For this experiment, seeds were sown on December 14, 2018 and May 
15, 2020, transplanted in blocks on January 3, 2019 and May 29, 2020, 
and finally transplanted in the greenhouse on January 31, 2019 and 
June 18, 2020, respectively. Mature green, breaker, turning, ripe and 
overripe fruits were harvested. The greenhouse was located in Horst 
(Netherlands). No cluster pruning was applied in this experiment. 

The growth conditions were comparable to commercial tomato 
growing conditions in the Netherlands. The nutrient solutions provided 
had an electrical conductivity of 2,2 mS/cm. Immediately after har
vesting, the fruits were transported to Wageningen where the samples 
were processed the same or next day. Per genotype/ripening stage 10 
representative fruits were randomly selected. From each tomato, a 
wedge (top to button) with the size of 1/8 of the fruit was cut with a 
sharp knife and quickly frozen in liquid nitrogen in pools per genotype. 
The frozen wedges were ground into a fine powder per genotype using a 
liquid nitrogen-cooled grinder (IKA). 
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2.2. GABA and glutamic acid measurements 

The levels of GABA and glutamic acid present in the tomato and 
potato samples were quantified using gas chromatography coupled to 
mass spectrometry (GCMS). The extraction and analysis procedures 
were mainly according to the protocol described previously (Carreno-
Quintero et al., 2012). Briefly, 100 mg (< 2.5% deviation) of the frozen 
ground tomato or potato powder was weighed into a 2 mL Eppendorf 
tube. The powders were extracted with 1400 µL of a 90% (v:v) meth
anol/water solution containing 15 µg/mL of GABA-d6 and 50 µg/mL of 
L-glutamic acid-d5 (both from Merck-Sigma, Zwijndrecht, The 
Netherlands) as deuterium-labelled internal standards. After 10-minutes 
of sonication followed by 10-minutes of centrifugation, 500 µL of the 
clear supernatant was taken and mixed with 375 µL of chloroform and 
750 µL of water. After a new centrifugation step, 50 µL aliquots of the 
upper (polar) phase were transferred into a glass insert placed in an open 
2 mL GC vial. Extracts were dried overnight (16 h) by vacuum centri
fugation (Savant®, SPD121P, Thermo Scientific, Breda, The 
Netherlands) at room temperature, and the vials were subsequently 
closed under an argon atmosphere with magnetic crimp caps. Prior to 
their analysis, dried extracts were derivatized online using a TriPlusRSH 
autosampling/injection robot (Thermo Scientific), which was pro
grammed to firstly add 17.5 µL of O-methylhydroxylamine hydrochlo
ride (20 mg/mL pyridine) (both from Merck-Sigma, Zwijndrecht, The 
Netherlands), then incubated for 30 min at 40 ◦C with agitation, and 
finally derivatized the compounds with 17.5 µL of N-methyl-
N-trimethylsilyltrifluoroacetamide (MSTFA))(Merck-Sigma, Zwijn
drecht, The Netherlands), for 60 min at 40 ◦C. After derivatization, 
compounds were separated on a Trace 1300 gas chromatograph system 
(Thermo Scientific). Of each sample 1 µL was injected onto a PTV 
injector (70 ◦C). By using a split flow of 19 mL/min samples were 
introduced onto a VF-5 ms capillary column + 10 m guard column (30 
m × 0.25 mm × 0.25 µm, Agilent Technologies) for chromatographic 
separation. Helium (5.0) was used as carrier gas at a constant column 
flow rate of 1 mL/min. The temperature program of the GC oven started 
at 70 ◦C (2 min hold) and rose with 10 ◦C/min to 310 ◦C (with 10 min 
hold). Separated compounds were ionized by electron impact at 70 eV 
and mass spectra were acquired at full scan mode with a m/z range of 
50–600 at an ion source temperature of 290 ◦C using a TSQ8000 
DUO-series triple quadrupole mass spectrometer (Thermo Scientific). A 
dilution series of 0.1–500 µg/mL of both GABA and glutamic acid was 
used to quantify these compounds in the samples, while correcting for 
the recovery of their deuterated standards. Representative chromato
grams are presented in supplementary material 1. 

In view of the large numbers of samples, we chose for repeated 
extraction and analysis of a pool of powders from randomly chosen 
potato or tomato genotypes, rather than analyzing each individual 
powder in two or more technical replicates. This pool of powders was 
extracted 11 times in the same manner as the individual powders and 
analysed by GCMS before, after and throughout the series of the real 
samples. Based on these quality control samples (QCs), we were able to 
calculate the overall analytical variation, which was 5.8% for GABA and 
16.2% for glutamic acid. 

2.3. Domestic cooking methods 

Single batches of potato tubers (cv. ‘Agria’, provided by Agrico 
Research) and tomato fruits (cv. ‘Trevine’, provided by Nunhems) were 
prepared with different domestic cooking techniques (Tables 1 and 2) to 
assess the effects on GABA and glutamic acid content. A laboratory 
sample consisted of 10 randomly selected tubers or fruits. All operations 
using raw samples were performed swiftly in order to prevent any 
degradation of the sample. Each cooking method was performed in 
triplicate on different days. After preparation and cooking, samples were 
immediately frozen in liquid nitrogen and stored at − 80 ◦C until 
analysis. Samples were ground to a fine powder using a liquid nitrogen- 

cooled grinder (IKA). Analysis of GABA and glutamic acid content was 
performed as described in Section 2.2. In order to correct GABA and 
glutamic acid levels for potential differences between preparation 
techniques due to differential moisture losses, the pre- and post- 
treatment dry matter content was determined from their ground pow
ders, according to the official method recommended by the AOAC 
(Animal Feed—General., 2023). 

2.4. Data analysis 

Statistical analyses were performed using the R environment for 
statistical computing version 4.0.2 (https://www.R-project.org) and 
IBM SPSS Statistics version 25. To assess significant differences between 
market categories, an ANOVA was performed with a Tukey post hoc 
adjustment for multiple comparisons. An independent samples t-test was 
performed to assess differences between different cooking techniques 
and differences between peel and flesh. An ANOVA and ANCOVA with 
Bonferroni correction was used to assess differences in GABA and glu
tamic acid content over different ripening stages with genotype as a 
covariate. The correlations between compound levels over different 
years and between GABA and glutamic acid across samples were 
assessed using Pearson’s correlation. 

3. Results 

3.1. Variation in GABA and glutamic acid levels across tomato and 
potato genotypes 

3.1.1. Tomato 
Contents of GABA and glutamic acid were determined for 98 

different tomato genotypes and results are shown in Figs. 1 and 2, 
respectively. Categories were either cherry, cluster, heirloom, or snack 

Table 1 
Preparation methods before cooking and cooking conditions for each cooking 
method applied to potato.  

Cooking 
technique 

Preparation Cooking conditions 

Raw Peeled - 
Boiling Peeled, 2 cm thick slices 100 ◦C for 10 min in water with a ratio 

of 1:3 (potato:water, v-v) 
Frying Peeled, 1 cm × 1 cm x 

length potato (French 
fry shaped) 

6 min at 150 ◦C in sunflower oil, 
cooled, for 4 min at 175 ◦C in 
sunflower oil 

Steaming Peeled, 2 cm thick slices Steamed for 20 min in a steam oven 
(RATIONAL SelfCookingCenter) 

Baking Peeled, 1 cm thick slices Baked in a hot-air oven (RATIONAL 
SelfCookingCenter) for 15 min at 
200 ◦C with 2 tbsp of oil 

Open pan 
frying 

Peeled, 5 mm thick 
slices 

Baked on one side for 5 min and for 
2.5 min on the other side at medium- 
high temperature in 2 tbsp. oil 

Microwave 
cooking 

Peeled, 2 cm thick slices 900 W for 11 min in microwave 
(Panasonic Pro II Type NE-1880) with 
2 tbsp of water  

Table 2 
Preparation method before cooking and cooking conditions for each cooking 
method applied to tomato.  

Cooking 
technique 

Preparation Cooking conditions 

Raw Whole 
fruits 

- 

Boiling Whole 
fruits 

15 min at 100 ◦C in water (tomatoes were 
submerged in water) 

Baking Whole 
fruits 

Baked in a hot-air oven (RATIONAL 
SelfCookingCenter) for 15 min at 200 ◦C  

T.H. de Bie et al.                                                                                                                                                                                                                                



Journal of Food Composition and Analysis 122 (2023) 105416

4

Fig. 1. GABA content per gram fresh weight of different tomato genotypes divided in cherry, cluster, heirloom and snack tomatoes. Genotypes are ordered from high 
to low GABA levels per fruit type. Each data point represents a pooled sample of 10 tomato fruits. 

Fig. 2. Glutamic acid content per gram fresh weight of different tomato genotypes divided in cherry, cluster, heirloom and snack tomatoes. Genotypes are ordered 
from high to low glutamate levels per fruit type. Each data point represents a pooled sample of 10 tomato fruits. 
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tomatoes. On average, the tomato genotypes contained 242 ± 89 µg/g 
FW GABA, in a range from 72 to 558 µg/g FW. This corresponds with an 
8-fold difference between the highest (found in a heirloom tomato fruit) 
and lowest (found in a cherry tomato fruit) accumulators of GABA. A 
one-way ANOVA revealed that there was no statistically significant 
difference in GABA content between the 4 market categories (F(94, 3) =
1.92, p = 0.13). 

For glutamic acid, the average content was 3694 ± 1156 µg/g FW in 
a range from 1160 to 6513 µg/g FW. This resulted in a 6-fold difference 
between the highest (found in a cherry tomato fruit) and lowest (found 
in an heirloom tomato fruit) accumulators of glutamic acid. In this case, 
a one-way ANOVA showed that there was a statistically significant dif
ference in glutamic acid content between the market categories (F(94, 3) 
= 17.70, p = <0.001). Tukey’s HSD Test for multiple comparisons 
showed that the glutamic acid content of the cherry tomatoes (4649 
± 925 µg/g FW) was significantly higher than in the other market cat
egories. No correlation was found between the GABA and glutamic acid 
content across the tomato fruits analyzed (Supplementary material 2). 

3.1.2. Potato 
The GABA and glutamic acid content was measured in 72 different 

potato cultivars and breeding clones. These represent a wide variety of 
market categories such as fresh retail category (e.g. Rosagold, Loreley), 
processing for fries (e.g. Fontane, Markies), for crisps (e.g. Hermes, 
Snowden), for starch extraction (Kuras), diploid cultivar group Phureja 
(Mayan Twilight, Papapura), Dutch germplasm (Armada, Artemis), 
Polish germplasm (Bzura, Strobrawa), UK germplasm (Maris Peer), 
German germplasm (Jelly, Regina) and USA germplasm (Premier 
Russet, Dakota Pearl). On average, these potato tubers contained 321 
± 132 µg/g FW GABA in a range from 68 to 759 µg/g FW (Fig. 3), while 
for glutamic acid the average was 571 ± 97 µg/g FW in a range from 
409 to 874 µg/g FW (Fig. 4). Therefore, an 11-fold variation was 
observed for GABA and a 2-fold variation for glutamic acid. The cv. 
‘Riviera’ stood out with a 33% higher GABA content than all other 

cultivars and breeding clones. Like in tomato fruit, no correlation was 
found between the GABA and glutamic acid content in potato tubers 
(Supplementary material 3). 

3.2. The variation in effect of harvest year on GABA levels in tomato and 
potato and fruit maturation on GABA levels in tomato 

3.2.1. Tomato 
As differences in GABA content were observed in ripe tomato fruits, 

we analyzed a second series of genotypes that were harvested the same 
year (either 2018/2019 or 2020) but at different stages of their ripening. 
We aimed to determine what the relevance is of harvesting moment for 
the GABA content. For all genotypes, a decrease in GABA and an in
crease in glutamic acid was observed during fruit ripening (Fig. 5). On 
average the GABA content is significantly higher in green tomatoes as 
compared to all other stages and the glutamic acid content is signifi
cantly higher in overripe tomatoes as compared to the green and breaker 
stages. Genotype was only of significant influence on the relationship 
between ripening stage and GABA content (p = < 0.001) and not on the 
relationship between ripening stage and glutamic acid content 
(p = 0.08). Proportionally, the difference in GABA content between ripe 
and green tomato fruits is smallest in the Madara cultivar, while the 
difference in glutamic acid content is largest in this cultivar. The cv. 
‘Madara’ also had an exceptionally high GABA level of 1122 ± 104 µg/g 
FW in its ripe fruits. We subsequently investigated the reproducibility of 
this relatively high GABA content in Madara, over different harvest 
years (Fig. 6). A one-way ANOVA showed that GABA content was not 
different between the different years (F(25, 1) = 0.53, p = 0.47), sug
gesting a constitutive relatively high level in ‘Madara’. 

3.2.2. Potato 
We also assessed the reproducibility of the GABA content in potato 

genotypes across years. In a selection of 22 genotypes from the original 
screening in 2018 (Figs. 3 and 4), the GABA content was again 

Fig. 3. GABA content per gram fresh weight of different potato genotypes. Each data point represents a pooled sample of 10 potato tubers.  
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Fig. 4. Glutamic acid content per gram fresh weight of different potato genotypes. Each data point represents a pooled sample of 10 potato tubers.  

Fig. 5. A) GABA and B) glutamic acid content in 7 different tomato genotypes, over different stages of ripening(Green, Breaker, Turning, Ripe and Overripe). Each 
data point represents a pooled sample of 10 tomato fruits. A second harvest (same year, different dates) of cv ‘Madara’, ‘Marinda’ and ‘Micro tom’ was analyzed to 
assess batch variation in GABA and glutamic acid levels. For these 3 cultivars the data is presented as mean ± SD of the two replicates. The barplot also shows the 
overall average of all 7 genotypes with letters indicating significant differences between ripening stages. 

T.H. de Bie et al.                                                                                                                                                                                                                                



Journal of Food Composition and Analysis 122 (2023) 105416

7

determined in tubers from the harvest in 2019 (Fig. 7) and for an 
additional 9 potato genotypes the GABA content was measured in tubers 
from the harvest in 2020. The tuber GABA content in 2019 and 2018 was 
highly correlated across similar genotypes (r = 0.87; 95% CI 0.70, 0.94; 
P < 0.001); also the levels obtained from harvest 2020 were highly 
correlated with those from harvest 2018 (r = 0.94; 95% CI 0.72, 0.99; 
P < 0.001). 

3.3. Effects of domestic cooking methods on GABA and glutamic acid 
levels 

Preparation of tomatoes and particularly potatoes frequently in
volves heat and other food-handling activities before their consumption. 
These cooking methods potentially affect the levels of GABA and 

glutamic acid in the consumed food products. To determine their 
impact, frequently employed potato and tomato cooking methods were 
applied and assessed for their effects on GABA and glutamic acid con
tent. In these experiments, the compound levels were calculated on a dry 
weight basis, to account for potential differential water loss during 
product preparation. Table 3 shows the GABA and glutamic acid content 
per gram dry weight expressed as a percentage of the initial raw product. 
Dry weight measurements and GABA and glutamic acid content per 
gram of fresh weight are given in supplementary materials 4 and 5. As 
indicated in Table 3, in potato, most cooking methods resulted in 
considerable (12–52%) loss of glutamic acid. Also in tomato, boiling 
resulted in a significant (35%) loss of glutamic acid. Glutamic acid losses 
after baking tomatoes were more variable between replicate experi
ments (possibly due to differences in bursting of fruits). In potato, GABA 

Fig. 6. GABA content measured in cv. ‘Madara’ over different stages of ripening in 2019 and 2020. Data are presented as mean and standard deviation. Replications 
represent different harvesting dates, on each date a pooled sample of 10 tomato fruits was sampled per ripening stage. n = 3 in 2019, n = 3 for the green and ripe 
stage in 2020 and n = 2 for the other stages in 2020. 

Fig. 7. Reproducibility of GABA content per gram fresh weight for potato genotypes grown in 2019 (n = 22) and/or 2020 (n = 9) as compared to tubers from 2018. 
Each value represents a pool of 10 potato tubers. 
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levels were also significantly reduced after frying, steaming and 
microwaving, although to a lesser extent than glutamic acid (17–19%). 
Boiling of potatoes also tended to reduce their GABA content, while no 
effect was observed with baking and pan-frying. In contrast to its 
decreasing effect in potato, boiling tended to increase the GABA content 
in tomatoes (42%, P = 0.06), while baking the tomatoes did not alter 
their content. 

To study these effects of various domestic cooking methods, peeled 
potatoes were used. In order to determine the distribution of both GABA 
and glutamic acid between peel and remaining tuber (flesh), we sepa
rately analyzed peel and flesh tissue from tubers of 10 different potato 
genotypes for both GABA and glutamic acid content (Fig. 8). The dif
ference in GABA content between the peel and flesh varied between 
genotypes, while no significant difference was observed on average. In 
contrast, the glutamic acid content was consistently and significantly 
higher in the peel than in the flesh. 

4. Discussion 

In search of tomato and potato varieties with a relatively high GABA 
content, a large selection of 98 tomato and 72 potato genotypes was 
analyzed. The concentration of both GABA and its precursor glutamic 
acid was assessed and substantial natural variation was found to be 
present in GABA (11- and 14-fold resp.) and glutamic acid (2- and 6-fold 
resp.) levels in both potato and tomato. Although glutamic acid is the 
direct precursor in the biosynthesis of GABA, their levels do not corre
late across genotypes analyzed. In ripening tomato fruit, the GABA 
content generally decreases while glutamic acid content increases. 
Interestingly, the cultivar containing the highest GABA level in ripe 
fruits, i.e. cv. ‘Madara’, also retained the most GABA during ripening. In 
addition, the GABA content of both tomato (only assessed for Madara) 
and potato (various genotypes) was found to be reproducible across 
different growing seasons. Specific genotypes of tomato (e.g. Madara 
with ~1000 ug/g) and potato (e.g. Riviera with ~700 ug/g) could 
therefore be a relevant source of GABA in the human diet, especially 
because GABA was found to be largely tolerant to diverse commonly 
used domestic cooking methods (at most 25% decrease). In contrast, the 
glutamic acid content was found to decrease more as a result of domestic 
cooking. 

The genetic variation in GABA content between tomato genotypes 
(including cv. ‘Madara’) as reported in the current paper, is similar to 
that previously found in other studies. A range from approximately 90 to 
1000 µg/g FW was observed in a similarly large screening of tomato 

genotypes (Saito et al., 2008). The GABA content in potato has not been 
screened extensively before. Nakamura et. al (2006) found a GABA 
content ranging from 239 to 819 µg/g FW in 22 potato genotypes 
(Nakamura et al., 2006). The range observed is larger and also includes 
genotypes with a lower GABA content, most likely because more geno
types were included. The lowest level observed in potato was 68 µg/g 
FW. 

Literature suggests that the levels of GABA and its biosynthetic 
precursor glutamic acid are linked (Akihiro et al., 2008), although this 
hypothesis has not been assessed across a wide range of genotypes. In 
the current study, no clear correlation between GABA and glutamic acid 
levels across genotypes was found, neither in mature tomato nor in 
potato. This result suggests that breeding towards a higher GABA con
tent does not automatically lead to changes in glutamic acid content. 
This is especially important for tomato fruits, in which free glutamic acid 
is one of the main compounds responsible for its “umami” taste (Tom
monaro et al., 2021). 

In this study, the potential causes of the observed natural variation in 
GABA content was not investigated. GABA is primarily produced by 
glutamic acid decarboxylase (GAD) from glutamic acid and catabolized 
by GABA transaminase (GABA-T) into succinate (Koike et al., 2013). 
GABA content is, therefore, likely determined by the activity of these 
two enzymes. Indeed, targeted mutagenesis in the GAD gene effectively 
increases the GABA content in tomato, reaching levels up to 1250 µg/g 
FW (Nonaka et al., 2017). In the current study, cv. ‘Madara’ appeared to 
be able to accumulate levels up to ~1000 µg/g FW, which is in the same 
range as the GAD-gene-edited tomato. However, for reliable 

Table 3 
Effects of different cooking methods on GABA and glutamic acid content based 
on dry weight and expressed as percentage of the raw sample. Cooking methods 
were replicated on 3 different days, each time a pooled sample from 10 fruits or 
tubers was taken.  

Method GABA1 

(% of raw) 
Glutamic acid1 

(% of raw) 

Potato   
Raw 100 (7.0) 100 (2.6) 
Boiled 74.5 (19.2). 88.5 (6.7). 

Fried 82.9 (2.1)* 47.8 (2.1)* ** 
Steamed 81.3 (8.8)* 88.2 (5.8)* 
Baked 98.8 (7.3) 72.0 (6.7)* * 
Pan-fried 84.1 (26.4) 71.9 (19.6). 

Microwaved 81.7 (3.6)* 77.1 (7.8)* * 
Tomato   
Raw 100 (20.4) 100 (16.6) 
Boiled 141.5 (18.7). 64.7 (9.2)* 
Baked 99.2 (10.9) 53.3 (25.5). 

1 Data is presented as mean (SD) percentage of the raw potato or tomato sample. 
Significant and trend differences are shown as compared to the raw potato or 
tomato sample, as assessed with an independent samples t-test. .: P < 0.10; * : 
P < 0.05; * *: P < 0.01; * ** : P < 0.001. 

Fig. 8. Comparison of A) GABA and B) glutamic acid content between peel and 
flesh. Values are shown from pooled samples of 10 tubers. As a last bar, aver
ages of the peel and flesh of the presented genotypes are shown as mean and SD. 
* indicates a significant difference. 
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quantitative comparisons it will be necessary to grow these gene-edited 
and natural genotypes together under the same conditions, harvest them 
at the same ripening stage and analyze them with the same analytical 
methods. 

In general, a decrease in GABA content and an increase in glutamic 
acid content was observed during the tomato fruit ripening process. 
Previously, it was shown that the GABA content of fruits from cv. ‘Micro 
Tom’ decreases about 6-fold from the mature green to the red ripe stage 
of their ripening (Akihiro et al., 2008). A similar 5-fold decrease in this 
cv. ‘Micro Tom’ was observed. A decrease in the GABA content of the 
high-GABA cv. Madara was also observed, but this decrease was rela
tively small (1.5-fold) compared to that in both Micro Tom and to other 
cultivars. Similar to the GABA-rich DG03–9 variety described by Saito 
et al. (2008), Madara also seems to lose less GABA during ripening 
(Akihiro et al., 2008; Saito et al., 2008). Such relatively low loss is 
possibly due to a differential ripening-related regulation of either GAD 
activity or GABA-T activity, or both, as compared to other genotypes 
(Takayama and Ezura, 2015). Other than the DG03–9 variety, Madara 
also seems to accumulate glutamic acid more and earlier in the ripening 
process compared to other genotypes. Future studies focusing on this 
differential regulation may provide more insight into the mechanism(s) 
behind a relatively high GABA level in ripe tomato fruit. Crossing these 
two high-GABA varieties might help to explore any genetic synergy and 
to produce offspring with even higher GABA levels. 

The GABA content was reproducible across different growing sea
sons, as was observed for tomato cv ‘Madara’ and a range of potato 
genotypes. In contrast, Saito et al. (2008) showed poor reproducibility of 
tomato fruit GABA content over years (Saito et al., 2008). However, in 
contrast to the current study, the tomato plants of Saito et al. (2008) 
were grown in the field. Since GABA content can be influenced by 
environmental stressors (Bown and Shelp, 2016; Kinnersley and Turano, 
2010), it is well possible that differences in growth conditions between 
years could have caused this discrepancy. The standardized greenhouse 
growth conditions for tomato, as used in the current study, may better 
ensure a reproducible GABA content (only 9.7% difference within ge
notype between years on average) than field conditions. 

Tomatoes are often processed before their consumption and potatoes 
are never eaten raw. Therefore, the effect of popular domestic cooking 
methods on the GABA and glutamic acid levels in tomato and potato was 
also investigated. Consistent with the literature, GABA appeared to be 
relatively more resistant to most of the preparation processes than glu
tamic acid (Li et al., 2017; Ma et al., 2022). Frying, steaming, and 
microwaving potatoes decreased the GABA content by ~20% in po
tatoes, while also boiling tended to decrease GABA. While in tomato no 
decrease in GABA was observed by any treatment, glutamic acid was 
significantly lowered by boiling and baking. In the experiments 
described in this manuscript, the tomatoes were boiled as whole fruits 
including peel. Removing the peel may potentially lead to more losses, 
as both GABA and glutamic acid are potentially able to dissolve into the 
boiling water. For potato the peel was removed from the tubers before 
cooking. Preparing the potatoes with the peel still present thus could 
possibly have prevented the observed GABA losses. Interestingly, boiling 
tended to increase the GABA content in tomatoes by approximately 
40%, whereas the glutamic acid content was decreased by 35%. GABA is 
known to accumulate in response to several abiotic stress conditions like 
cold, heat, and salt (Kinnersley and Turano, 2010). Prolonged 
heat-drying of green soybeans up to a temperature of 40 degrees 
increased GABA content by a factor 5 for example (Takahashi et al., 
2013). Thus, a possible explanation for the observed increased GABA 
level in boiled tomatoes is an (temporarily) ongoing or even increased 
GAD activity upon heating. Further research on the effect of moderate 
heat treatment on GABA accumulation might lead to a recommendation 
of slow cooking as an appropriate processing method to additionally 
increase GABA in intact tomatoes and possibly also in intact, non-peeled 
potatoes. 

The presented effects of domestic cooking were calculated on dry 

weight, to take into account the difference in water losses between 
cooking methods. From a nutritional perspective, the GABA and gluta
mic acid content should also be considered per gram of fresh weight and 
portion size. For example, frying results in substantial water loss, which 
concentrates the GABA and glutamic acid levels. This leads to a high 
GABA content, expressed per gram of food product in fried potatoes 
(165 µg/g FW in fried potato versus 103 µg/g FW in raw potato, Sup
plementary material 5). On the other hand, for glutamic acid, this 
concentrating effect of frying is not able to compensate for the frying- 
induced loss of glutamic acid (0.9 mg/g FW in fried potato versus 
0.97 mg/g FW in raw potato, Supplementary material 5). 

It was chosen to investigate the effect of cooking on peeled potatoes, 
but they can also be prepared unpeeled. For potato consistently higher 
glutamic acid levels in tuber peel as compared to flesh was shown across 
multiple potato genotypes, while for GABA no consistent differences 
between peel and flesh were found. Talley et al. (1983) found that, in 
general, the potato peel was higher in nitrogen and free amino acid 
contents than the potato flesh, although the exception in their samples 
was for glutamic acid and GABA (Talley et al., 1983). 

5. Conclusion 

Tomato and potato genotypes relatively high in GABA, could be a 
good source of GABA as part of a natural GABA-rich diet. Other food 
sources may contain more GABA but are rarely eaten in larger quantities 
than potato and tomato. Melons for example can contain even up to 
3000 µg/g FW GABA, but the average intake of melons is low in the EU 
(ranging from 2.3 g per day in the Netherlands to 14 g a day in Italy) 
(Mertena et al., 2011; Toyoizumi et al., 2019; van Rossum et al., 2020). 
This means that such high GABA-containing melons only contribute 
about 7–40 mg to the daily GABA intake. Based on the EU-average 
intake of 233 g potato and 92 g tomato per day and assuming the 
average genotype GABA content of raw potato (321 µg/g FW) and to
mato (242 µg/g FW), people in the EU currently receive 75 mg 
GABA/day from potato and 22 mg/day from tomato consumption, 
which translates into 97 mg GABA/day total excluding losses or gains 
from cooking (Directorate-General for Agriculture and Rural Develop
ment. (2021); Wijesinha-Bettoni and Mouillé, 2019). If the highest 
GABA potato (cv. ‘Riviera’) and tomato (cv. ‘Madara’) cultivars would 
be consumed, this intake could increase to 173 mg per day from potato 
and 90 mg per day from tomato, i.e. 263 mg GABA/day in total. With a 
focused effort on breeding, growth conditions and food treatments this 
intake could likely be even higher. However, it is yet unclear what would 
be an effective GABA dose to exert significant health effects in humans, 
because the human intervention studies that were done so far did not 
have proper controls to relate the observed effects to GABA alone (Inoue 
et al., 2003; Shimada et al., 2009; Tanaka et al., 2009). We recently 
showed that in humans GABA is readily taken up into the blood stream 
upon consuming pureed tomatoes (Bie et al., 2022). In addition, the 
GABA content of both tomato and potato is reproducible across different 
years of harvest and seems to be quite stable during further preparation 
like cooking. In conclusion, high GABA-containing potatoes and to
matoes could be promising additions to a healthy diet. 
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