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Abstract
The effects of γ-aminobutyric acid (GABA) on promotion of chilling tolerance and the methionine sulfoxide reductase 
(MSR)-thioredoxin reductase (TrxR) system in peach (Prunus persica) fruit were investigated. The peaches were immersed 
in distilled water (as a control) and GABA solution followed by chilling treatment for 35 days. GABA treatment suppressed 
the augmentation of chilling injury (CI) index and weight loss rate, and the decline of firmness and total soluble solids 
content in peaches caused by chilling. The superoxide anion (O2

·−) production rate, hydrogen peroxide (H2O2) content and 
reactive oxygen species accumulation were also retarded following GABA application. GABA treatment elevated the activity 
and gene expression of methionine sulfoxide reductase A (MSRA) and MSRB. Moreover, the activity and gene expression 
of TrxR were enhanced by GABA application. Additionally, GABA treatment increased the reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) content and decreased the oxidized nicotinamide adenine dinucleotide phosphate (NADP) 
content, consequently boosting the NADPH/NADP ratio. Also, the activity and gene expression of glucose-6-phosphate 
dehydrogenase (G6PDH) and 6-phosphogluconate dehydrogenase (6GPDH) were promoted following GABA application. 
Thus, GABA treatment induced the MSR-TrxR system, consequently reducing CI in peaches.
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1  Introduction

Cold storage is commonly used to retard fruit decay and 
prolong shelf life (Jannatizadeh et  al. 2019). However, 
peaches (Prunus persica) are prone to chilling injury (CI) 
when exposed to cold stress (Zhu et al. 2019). CI symptoms 
in peaches mainly include internal browning (Huang et al. 
2020), which leads to economic losses. Thus, approaches to 
ameliorate CI in peaches are necessary.

Use of γ-aminobutyric acid (GABA) in food products is 
permitted in Japan, the United States and China. GABA has 
been used in food products in Japan since 2001, has been 
listed as a recognized safe substance in the United States 
since 2008, and as a new resource in China since 2009. 

GABA, a crucial plant effector molecule, has been shown 
to accelerate a series of physiological reactions (Kinners-
ley and Turano 2000), especially reduction of CI (Shang 
et al. 2011; Yang et al. 2011; Wang et al. 2014; Habibi et al. 
2020). Accordingly, GABA treatment significantly pro-
moted endogenous GABA and proline production (Shang 
et al. 2011), and boosted the antioxidant capacity and energy 
status (Yang et al. 2011), thus retarding CI in peaches. Addi-
tionally, GABA treatment alleviated CI by ameliorating 
membrane damage and elevating the antioxidant capacity 
in banana peel (Wang et al. 2014). Also, GABA application 
modified the abundance of aroma volatile compounds, thus 
ameliorating CI in blood oranges (Habibi et al. 2020). How-
ever, the biochemical and molecular mechanisms involved in 
the GABA treatment-mediated reduction of CI in posthar-
vest fruit remain to be revealed.

Oxidative damage caused by reactive oxygen species 
(ROS) overproduction is one of the early reactions in fruit 
susceptible to CI (Jiao et al. 2019; Yao et al. 2019). In order 
to maintain ROS homeostasis, it is necessary to employ 
measures to accelerate the ROS scavenging capacity in cold 
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sensitive fruit. GABA treatment promoted the levels of anti-
oxidant enzymes in peaches (Yang et al. 2011) and banana 
peels (Wang et al. 2014), indicating that GABA application 
is an effective technology to elevate the ROS scavenging 
capacity in fruit vulnerable to CI. Apart from antioxidant 
enzymes, the methionine sulfoxide reductase (MSR) family 
is one of the main plant ROS scavenging systems (Sadanan-
dom et al. 2019). Methionine (Met) in proteins is prone to 
oxidation by ROS into methionine-S-sulfoxide and methio-
nine-R-sulfoxide (Met-S-SO and Met-R-SO) (Fig. 1a), thus 
changing the configuration and activity of corresponding 
proteins, which can be reverted by the MSR family (Ding 
et al. 2019). There are two main types of MSRs in organ-
isms, MSRA and MSRB, which specifically reduce Met-
S-SO and Met-R-SO, respectively. MSRs in plants could 
be triggered upon exogenous applications of certain sub-
stances. Accordingly, methyl viologen, ozone, and high light 
activated MSR, and thereby retarded oxidative damage in 
Arabidopsis thaliana (Romero 2004). In addition, nitric 
oxide (NO) (Jiao et al. 2019) and gibberellic acid (GA3) 
(Jiao and Duan 2019) treatments boosted MSR gene expres-
sion, thus ameliorating CI in peaches. However, the induc-
tion of MSR family enzymes following GABA treatment in 
peaches remains to be elucidated.

Thioredoxin (Trx) is a reducing agent for MSR family 
enzymes (Kim and Kim 2008). When serving as a reduc-
ing agent for MSRA or MSRB, Trx is oxidized (Fig. 1b). 
Subsequently, the oxidized Trx is reduced by thioredoxin 
reductase (TrxR) (Fig. 1c). TrxR, a reduced nicotinamide 
adenine dinucleotide phosphate (NADPH)-dependent dimer 
selenium enzyme, is a member of the pyridine nucleotide-
disulfide oxidoreductase family. It can reduce the oxidized 
Trx by catalyzing the transfer of electrons from NADPH to 
oxidized Trx (Fig. 1c). This is a crucial detoxification reac-
tion to protect organisms from damage by excessive ROS. 
MSR family proteins, TrxR and NADPH form the MSR-
TrxR system, which plays an important role in maintaining 
a stable redox state in organisms. TrxR in plants could be 
promoted following certain exogenous treatments. Accord-
ingly, hydrogen peroxide (H2O2) treatment boosted the TrxR 
activity, NADPH content and activity of glucose-6-phos-
phate dehydrogenase (G6PDH) and 6-phosphogluconate 
dehydrogenase (6PGDH) (NADPH-regenerating enzymes in 
the pentose phosphate pathway) in guava fruit (Chumyama 
et al. 2019). In addition, fluctuating light modulated TrxR 
activity, thus affecting photosynthesis in Arabidopsis (Diaz 

et al. 2020). However, the modulation of the MSR-TrxR sys-
tem by GABA treatment in peaches remains to be elucidated.

The aims of this research were to explore the CI severity 
and induction of the MSR-TrxR system following GABA 
treatment in peaches.

2 � Materials and methods

2.1 � Plant material and postharvest applications

Peaches (Prunus persica Batsch cv. ‘Yuhua No. 3’), with 
characteristics of early maturity, medium juice, hard solute, 
and semi-freestone fruit, were handpicked at commercial 
maturity from an orchard in Nanjing, China. The selected 
uniform peach samples free from mechanical injury were 
divided into two groups, each with three biological repli-
cates, at random. For each biological replicate, three techni-
cal replicates were carried out. For each technical replicate 
of each biological replicate of each treatment, 400 fruit were 
used.

(1)	 Control (CK): The peaches were immersed in distilled 
water.

(2)	 GABA: The peaches were immersed in 5 mM GABA 
solution.

The GABA concentration was determined according to 
my preliminary experiments (Figure S1 of the Supporting 
Information). The fruit were treated for 10 min and subse-
quently air dried for 40 min. The samples were then treated 
at 4 ± 1 °C and 80–90% relative humidity for 35 d. For each 
technical replicate of each biological replicate of each treat-
ment, 30 peaches were used to calculate the CI index, weight 
loss rate, firmness and total soluble solids content every 7 d. 
For each technical replicate of each biological replicate of 
each treatment, 20 peaches were sampled to analyze physi-
ological indicators every 7 d, which were kept at − 80 °C.

2.2 � CI index, weight loss rate, total soluble solids 
content and firmness calculation

Peaches were removed to 20 °C for 3 d after each cold stor-
age period. The CI index was calculated in accordance with 
Jiao et al. (2019). The CI index was assessed by record-
ing the degree of internal browning: 0 = none, 1 =  < 5%, 

Fig. 1   Redox reactions in the 
MSR-TrxR system
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2 = 6%-25%, 3 = 26%-50%, 4 =  > 50%. CI index = Σ (CI 
degree × number of peaches at the CI degree)/(5 × total num-
ber of peaches in the replicate).

For weight loss rate calculation, the peaches were 
weighed before and after each storage period.

Firmness was assayed by a firmness analyzer (FT327, 
Effegi, Alfonsine, Italy) using a probe with a 7.5 mm pen-
etration depth.

For total soluble solids content, 5.0 g peach samples were 
ground, followed by centrifugation at 9000g for 15 min. 
Then, the collected supernatant was detected using a WYT-4 
hand-held refractometer (Shanghai Precision and Scientific 
Instrument Co., Ltd., Shanghai, China).

2.3 � O2
·− production rate, H2O2 content and ROS 

accumulation determination

For the O2
·− production rate assay, 5.0 g peach samples were 

ground using 50 mM phosphate buffer (pH 7.8), and cen-
trifuged at 11,000g for 20 min at 4 °C. The O2

·− production 
rate was detected in accordance with Wang et al. (2020). The 
results were expressed as mM kg−1 FW.

For the H2O2 content assay, 5.0 g peach samples were 
extracted in cold acetone, and centrifuged at 11,000g for 
20 min at 4 °C. The H2O2 content was detected in accord-
ance with Yang et al. (2016). The results were expressed as 
μM kg−1 FW.

The ROS production was measured using a fluorescence 
spectrophotometer (Cary Eclipse, VARIAN, America) in 
accordance with Jing et al. (2016). The maximum excitation/
emission wavelength was 485/530 nm, respectively, and the 
slit width was 5 nm. The results were expressed as a.u. mg−1 
FW, where a.u. represents the relative fluorescence intensity.

2.4 � MSRA and MSRB activity assay

5.0 g peach samples were extracted in 15 mM HEPES (pH 
8.0) containing 30 mM KCl, 10 mM MgCl2 and 1 mM 
PMSF, and centrifuged at 28,000g for 35 min at 4 °C. Then, 
the collected supernatant was added to 15 mM HEPES (pH 
8.0) containing 30 mM KCl, 10 mM MgCl2, 20 mM DTT 
and 0.5 mM dabsyl-Met-S, R-SO at 37 °C for 1 h. Then, to 
stop the reaction, ethanol:acetate buffer was added. The reac-
tion mixture was centrifuged at 28,000g for 35 min at 4 °C. 
The activity of MSRA and MSRB was detected in accord-
ance with Ding et al. (2019). The results were expressed as 
mM min−1 kg−1 FW.

2.5 � TrxR activity determination

5.0 g peach samples were extracted in 25 mM potassium 
phosphate buffer (pH 7.0) containing 2.5 mM EDTA at 4 °C, 
and centrifuged at 11,000g for 15 min at 4 °C. TrxR activity 

was detected in accordance with Chumyama et al. (2019). 
The results were expressed as mM min−1 kg−1 FW.

2.6 � NADPH and NADP contents determination

For NADP extraction, 5.0 g peach samples were extracted 
in 10% methanol containing 0.5 M perchloric acid. For 
NADPH extraction, 5.0 g peach samples were extracted 
in 10% methanol containing 0.5 M NaOH. The homogen-
ate was centrifuged at 12,000g for 20 min at 4 °C. For the 
NADP extraction, the collected supernatant was adjusted 
to pH 5.0 with 6 M KOH. For the NADPH extraction, the 
collected supernatant was adjusted to pH 8.0 with 1 M HCl. 
NADPH and NADP contents were detected in accordance 
with Chumyama et al. (2019). The results were expressed 
as mg kg−1 FW.

2.7 � G6PDH and 6PGDH activity assay

5.0 g peach samples were extracted in extraction buffer con-
taining 50 mM Tris–HCl (pH 7.8), 0.1 mM EDTA, 0.2% 
TritonX-100 and 10% glycerol at 4 °C, and centrifuged at 
18,000g for 15 min at 4 °C. The activity of G6PDH and 
6GPDH was assayed in accordance with Chumyama et al. 
(2019). The results were expressed as mM min−1 kg−1 FW.

2.8 � Gene expression assay

Total RNA in peaches was acquired using an E.Z.N.A. Plant 
RNA Kit (Omega, Norcross, GA, USA; R6827-01) follow-
ing the manufacturer’s instructions. First-strand cDNA was 
obtained in accordance with Jiao et al. (2019). Primers for 
quantitative real-time polymerase chain reaction tests for 
MSRA, MSRB, TrxR, G6PDH, 6GPDH and β-actin were 
designed via Primer Premier 5.0 (Table 1). The test process 
was set per Jiao et al. (2019). Each assay was performed with 
three replicates.

2.9 � Statistical analysis

Statistical analysis was carried out using t-test performed 
in SPSS 22.0 (SPSS Inc., Chicago, IL, USA) program at a 
significance level of p < 0.05 and p < 0.01.

3 � Results

3.1 � Effects of GABA on the CI degree, weight loss 
rate, firmness and total soluble solids content 
in peaches

The CI disorder in peaches was initially observed at 14 d. 
The CI index and weight loss rate continuously increased 
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following control and GABA treatments throughout stor-
age. GABA treatment markedly delayed the increase in the 
CI index and weight loss rate. Following 35 d of storage, 
GABA treatment decreased the CI index and weight loss rate 
by 31% and 17%, respectively (Fig. 2a and b).

The firmness continuously decreased in peaches fol-
lowing control and GABA treatments throughout storage. 
GABA treatment markedly delayed the decrease in the firm-
ness. Following 35 d of storage, GABA treatment boosted 
the firmness by 56% compared to the control (Fig. 2c).

The total soluble solids content first increased and then 
decreased in peaches following control and GABA treat-
ments throughout storage. GABA treatment markedly 
retained the total soluble solids content. Following 35 d of 
storage, GABA treatment elevated the total soluble solids 
content by 38% compared to the control (Fig. 2d).

3.2 � Effects of GABA on the O2
·− production rate, 

H2O2 production and ROS accumulation 
in peaches

The O2
·− production rate, H2O2 production and ROS accu-

mulation continuously increased following control and 
GABA applications throughout storage in peaches. GABA 
suppressed the increase in the O2

·− production rate, H2O2 
production and ROS accumulation by 27%, 21% and 13%, 
respectively, after 35 d of storage (Fig. 3).

3.3 � Effects of GABA on the activity and gene 
expression of MSRA and MSRB in peaches

The activity of MSRA and MSRB first increased and 
then decreased following control and GABA applications 

Table 1   The primers for gene 
expression assay

Gene Accession number Primer name Primer sequence (5′ → 3′)

PpMSRA XM_007218770.2 Sense CCA​CCA​ACC​ACT​CTG​AGG​TC
Antisense GAG​ACA​ACA​GCT​CGG​TTC​CA

PpMSRB XM_007212038.2 Sense ATG​GAA​GAA​GCG​GCT​TAC​CC
Antisense TTC​CGT​GCG​AGG​CAT​GAT​TA

PpTrxR XM_007202084.2 Sense ACC​GAT​TCA​AAG​ACC​GTG​CT
Antisense CAC​CTC​CGA​GTT​CCA​CAC​AA

PpG6PDH DQ451556.1 Sense CTG​CAG​GAT​GAT​CAG​GCA​CT
Antisense TTC​TGC​ACC​AGT​TCC​TTC​CC

Pp6GPDH XM_020563813.1 Sense TAG​GTC​ACT​GTC​CCT​TCG​CTA​
Antisense GTG​GTG​CGG​TTG​TAT​ACG​GA

β-actin XM_007211382.2 Sense GTT​ATT​CTT​CAT​CGG​CGT​CTTCG​
Antisense CTT​CAC​CAT​TCC​AGT​TCC​ATT​GTC​

Fig. 2   Effects of GABA on 
the CI index (a), weight loss 
rate (b), firmness (c) and total 
soluble solids content (d) in 
peaches. Values represent the 
mean ± standard deviation. 
Asterisks indicate significant 
differences between GABA 
treatment and control treatment 
(∗, p < 0.05; **, p < 0.01)
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throughout storage in peaches. GABA elevated the activity 
of MSRA and MSRB. The activity of MSRA and MSRB 
after GABA treatment peaked at 28 d and 21 d, which was 
1.4 and 1.5 times that of the control, respectively. Follow-
ing 35 d of storage, the activity of MSRA and MSRB in 
GABA-immersed peaches was 1.2 and 1.6 times that of the 
control, respectively (Fig. 4a and b).

MSRA gene expression first increased and then 
decreased following control and GABA treatments 
throughout storage. MSRB gene expression continuously 
increased following the control treatment, while it first 
increased and then decreased following GABA treatment 
throughout storage. GABA elevated the expression of 
MSRA and MSRB. The expression of MSRA and MSRB 
following GABA treatment peaked at 21 d and 21 d, which 
was 1.8 and 2.0 times that of the control, respectively. Fol-
lowing 35 d of storage, the expression of MSRA and MSRB 

in GABA-immersed peaches was 1.8 and 1.3 times that of 
the control, respectively (Fig. 4c and d).

3.4 � Effects of GABA on activity and gene expression 
of TrxR in peaches

The activity and gene expression of TrxR continuously 
decreased following the control treatment, while it first 
increased and then decreased following GABA treatment 
throughout storage in peaches. GABA upregulated the 
activity and gene expression of TrxR. The activity and gene 
expression of TrxR following GABA treatment peaked at 21 
d and 14 d, which were 2.9 and 2.6 times that of the control, 
respectively. Following 35 d of storage, the activity and gene 
expression of TrxR in GABA-immersed peaches were 2.2 
and 2.3 times that of the control, respectively (Fig. 5).

3.5 � Effects of GABA on NADPH and NADP contents 
in peaches

The NADPH content continuously decreased following the 
control treatment, while it first increased and then decreased 
following GABA treatment throughout storage. GABA 
boosted the NADPH content. The highest NADPH content 
following GABA treatment was acquired at 14 d, which was 
1.5 times that of the control. Following 35 d of storage, the 
NADPH content in GABA-immersed peaches was 1.6 times 
that of the control (Fig. 6a).

The NADP content continuously increased following the 
control treatment, while it first decreased and then increased 
following GABA treatment throughout storage. GABA 
downregulated the NADPH content. The lowest NADP con-
tent following GABA treatment was acquired at 14 d, which 
decreased by 50% compared with the control. Following 35 
d of storage, the NADP content in GABA-immersed peaches 
decreased by 19% compared with the control (Fig. 6b).

The NADPH/NAPD ratio continuously decreased fol-
lowing the control treatment, while it first increased and 
then decreased following GABA treatment throughout stor-
age. GABA promoted the NADPH/NAPD ratio. The high-
est NADPH/NAPD ratio following GABA treatment was 
acquired at 14 d, which was 2.9 times that of the control. 
Following 35 d of storage, the NADPH/NAPD ratio in 
GABA-immersed peaches was 2.4 times that of the control 
(Fig. 6c).

3.6 � Effects of GABA on the activity and gene 
expression of G6PDH and 6PGDH in peaches

The activity of G6PDH and 6PGDH continuously 
decreased following the control treatment, while it first 
increased and then decreased following GABA treatment 
throughout storage. GABA upregulated the activity of 

Fig. 3   Effects of GABA on the O2
·− production rate (a), H2O2 con-

tent (b) and ROS content (c) in peaches. Values represent the 
mean ± standard deviation. Asterisks indicate significant differences 
between GABA treatment and control treatment (*, p < 0.05; **, 
p < 0.01)
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G6PDH and 6PGDH. The activity of G6PDH and 6PGDH 
following GABA treatment peaked at 21 d and 28 d, 
which was 2.4 and 2.2 times that of the control, respec-
tively. Following 35 d of storage, the activity of G6PDH 
and 6PGDH in GABA-immersed peaches was 2.5 and 2.1 
times that of the control, respectively (Fig. 7a and b).

The gene expression of G6PDH and 6PGDH continu-
ously decreased following the control treatment, while it 
first increased and then decreased following GABA treat-
ment throughout storage. GABA upregulated the expres-
sion of G6PDH and 6PGDH. The expression of G6PDH 
and 6PGDH following GABA treatment peaked at 14 d 
and 21 d, which was 2.2 and 2.5 times that of the control, 
respectively. Following 35 d of storage, the expression of 
G6PDH and 6PGDH in GABA-immersed peaches was 
1.7 and 1.9 times that of the control, respectively (Fig. 7c 
and d).

4 � Discussion

This work suggested that GABA treatment markedly 
retarded the elevation of the CI index and weight loss rate, 
and maintained firmness and total soluble solids content in 
peaches following 35 d of cold storage (Fig. 2), verifying 
that application of GABA could be considered to boost 
chilling tolerance in peaches.

Cold stress destroys the redox state in plants, thus giv-
ing rise to oxidative damage, which is an early reaction in 
fruit vulnerable to CI (Wang et al. 2014). Thus, to enhance 
chilling tolerance, it is crucial to alleviate oxidative dam-
age in fruit prone to CI. GABA application suppressed 
the increase in the O2

·− production rate, H2O2 production 
and ROS accumulation in peaches (Fig. 3), suggesting that 

Fig. 4   Effects of GABA on the 
activity (a, b) and gene expres-
sion (c, d) of MSRA and MSRB 
in peaches. Values represent 
the mean ± standard deviation. 
Asterisks indicate significant 
differences between GABA 
treatment and control treatment 
(*, p < 0.05; **, p < 0.01)

Fig. 5   Effects of GABA on the 
activity and gene expression 
of TrxR in peaches. Values 
represent the mean ± standard 
deviation. Asterisks indicate 
significant differences between 
GABA treatment and control 
treatment (*, p < 0.05; **, 
p < 0.01)
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GABA application would be an effective way to ameliorate 
oxidative damage.

The data demonstrated that GABA application mod-
ulated the activity and gene expression of MSRA and 
MSRB in peaches (Fig.  4). Accordingly, MSR was 
involved in the amelioration of oxidative damage in 
Arabidopsis (Li et al. 2012). Hence, GABA application-
activated MSRA and MSRB may play a role in maintain-
ing a stable redox state in peaches. ROS overproduction 
upon chilling stress oxidizes Met into Met-S-SO or Met-
R-SO (Fig. 1a), causing the inactivation of relevant pro-
teins, which can be reverted by MSRA or MSRB (Roy and 
Nandi 2017). Therefore, MSR family enzymes in cold-
sensitive fruit may not only scavenge excessive ROS, but 
also detoxify the effects of ROS. Additionally, GABA 
application triggered the calcium pathway in tobacco pol-
len tubes (Yu et al. 2014). GABA treatment induced an 

increase in calcium and calmodulin content in germinated 
hulless barley (Ma et al. 2019). These results indicated 
that GABA might be a potential regulator of Ca2+ levels 
in plants. Accordingly, the interaction between MSR and 
Ca2+/CAM-binding kinase has been shown to reduce the 
ROS level upon carbonate alkaline stress in Glycine soja 
(Sun et al. 2016). Thus, it could be inferred from these 
reports that Ca2+ might mediate the GABA application-
boosted MSR family in peaches.

Trx is a reducing agent for MSRA and MSRB (Kim and 
Kim 2008). When acting as a reducing agent for MSRA or 
MSRB to reduce Met-S-SO or Met-R-SO into Met, Trx is 
oxidized (Fig. 1b). Then, the oxidized Trx is reduced by 
TrxR, which is dependent on NADPH (Fig. 1c). Thus, the 
effects of GABA treatment on TrxR levels and NADPH 
redox equilibrium were further investigated. Data in this 
work suggested that the activity and gene expression of TrxR 
were enhanced by GABA application in peaches (Fig. 5). 
GABA application also upregulated the NADPH content, 
and downregulated the NADP content, thus boosting the 
NADPH/NADP ratio (Fig. 6). TrxR reduces the oxidized 
Trx by transferring electrons from NADPH to the oxidized 
Trx (Fig. 1c). The reduced Trx may be involved in certain 
reactions that maintain redox equilibrium (Sang et al. 2016). 
NADPH redox equilibrium is vital for the reduction reac-
tion by TrxR. Thus, the regulation of NADPH-regenerating 
enzymes upon GABA application was revealed. The results 
showed that the activity and gene expression of G6PDH 
and 6PGDH in peaches were promoted by GABA treatment 
(Fig. 7). The pentose phosphate pathway could produce 
NADPH in eukaryotes (Tian et al. 2021). G6PDH converts 
glucose 6-phosphate into gluconolactone 6-phosphate. Then, 
spontaneous transformation or 6-phosphoglucolactase con-
verts gluconolactone 6-phosphate into 6-phosphogluconic 
acid. This process produces a molecule of NADPH. 6PGDH 
converts 6-phosphogluconic acid into ribulose 5-phosphate. 
This process also produces a molecule of NADPH. Hence, 
GABA treatment promoted NADPH redox equilibrium via 
the induction of NADPH-regenerating enzymes (G6PDH 
and 6PGDH), thus facilitating the reduction reaction by 
TrxR in peaches. Moreover, TrxR reduced ROS levels in 
Arabidopsis (Lepistö et al. 2013). Additionally, TrxR has 
been verified to act as an electron donor for 2-Cys peroxire-
doxin, thus modifying redox equilibrium in Anabaena cells 
(Mihara et al. 2016). Therefore, TrxR may not only reduce 
the oxidized Trx, but also directly maintain ROS equilib-
rium. In summary, this work demonstrated that GABA appli-
cation decelerated the CI by boosting the MSR-TrxR system 
in peaches, which is consistent with the previous reports 
suggesting that GABA treatment could elevate the levels 
of antioxidant enzymes in peaches (Yang et al. 2011) and 
banana peel (Wang et al. 2014). Therefore, GABA applica-
tion can ameliorate oxidative damage in fruit susceptible to 

Fig. 6   Effects of GABA on NADPH (a) and NADP (b) contents 
and the NADPH/NADP ratio (c) in peaches. Values represent the 
mean ± standard deviation. Asterisks indicate significant differences 
between GABA treatment and control treatment (*, p < 0.05; **, 
p < 0.01)
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CI and expand our knowledge on the effects of GABA on 
cold resistance.

5 � Conclusions

GABA application retarded the increase in the CI index and 
weight loss rate, and the decrease in firmness and total solu-
ble solids content in peaches. O2

·− and H2O2 production was 
also delayed after GABA application. GABA application 
boosted the activity and gene expression of MSRA, MSRB, 
TrxR, G6PDH and 6GPDH. Also, GABA application ele-
vated the NADPH content and reduced the NADP content, 
ultimately upregulating the NADPH/NADP ratio. Thus, 
GABA application facilitated chilling tolerance by promot-
ing the MSR-TrxR system in peaches. This study would lay a 
theoretical foundation for the construction of a cold resistant 
technology system for fruits and vegetables.
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