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ABSTRACT: The effect of exogenous γ-aminobutyric acid (GABA) on chilling injury of peach fruit was investigated. Freshly
harvested peaches were treated with 1, 5, or 10 mMGABA at 20 �C for 10 min and then stored at 1 �C for up to 5 weeks. The results
showed that all of the GABA treatments could reduce chilling injury of peach fruit with 5mMbeing themost effective concentration.
GABA treatment significantly enhanced the accumulation of endogenous GABA and proline, which resulted from the increased
activities of glutamate decarboxylase, Δ1-pyrroline-5-carboxylate synthetase, and ornithine δ-aminotransferase and decreased
proline dehydrogenase activity. Our results revealed that GABA treatment may be a useful technique to alleviate chilling injury in
cold-stored peach fruit, and the reduction in chilling by GABA may be due to the induction of endogenous GABA and proline
accumulation. These data are the first evidence that exogenous GABA induced chilling tolerance in postharvest horticultural
products.
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’ INTRODUCTION

Chilling injury is a physiological disorder that occurs in
postharvest peach fruit during cold storage. The main symptoms
induced by chilling in peaches include internal browning and
flesh mealiness, which causes a loss in commercial quality and
storage life.1,2 Hence, the low temperature injury is a main
problem when peaches are stored at low temperatures and
should be handled urgently for storage and transportation.

γ-Aminobutyric acid (GABA), a nonprotein amino acid, is
regarded as an endogenous signal molecule that plays an
important role for regulating the stress response, plant growth,
and development.3 GABA is metabolized via a pathway called the
GABA shunt that consists of three enzymes: glutamate decar-
boxylase (GAD), GABA transaminase, and succinic semialde-
hyde dehydrogenase, in which GAD is the key enzyme.4 In
plants, intracellular levels of GABA are typically low, but they can
be greatly and rapidly accumulated in response to drought, salt,
and low temperature stresses and involved in the defense against
these stresses.4 Recently, Song et al.5 reported that exogenous
GABA could alleviate oxidative damage caused by aluminum and
proton stresses on barley seedlings. However, little information is
available about the effect of exogenous GABA treatment as a
factor that affects storage life and quality in postharvest horti-
cultural products.

It has been proposed that proline accumulation can serve as an
adaptive mechanism to chilling stress in higher plants.6 The
physiological effect of proline accumulation may be expressed in
sustained photosynthesis and osmotic regulation and/or preven-
tion of proteins, including enzymes, from degradation.7 In
postharvest horticultural products, the increased proline con-
centration associated with increased resistance to chilling during

cold storage is well-known in some fruit species.8,9 In plants,
proline is synthesized from either glutamate or ornithine via
Δ1-pyrroline-5-carboxylate synthetase (P5CS) or ornithine δ-amino-
transferase (OAT), respectively. Meanwhile, the metabolism
and accumulation of proline also depend on its degradation,
which is catalyzed by proline dehydrogenase (PDH).10 Studying
the effects of chilling stress on enzyme activities involved in
proline metabolism could provide valuable information on the
physiological significance of its accumulation.

Therefore, this study was undertaken to evaluate (a) the
effects of a postharvest GABA treatment on chilling injury and
quality maintenance of peaches during storage at 1 �C and (b)
the effects of GABA on proline content and its metabolism and
(c) to elucidate the underlying mechanism by which GABA
alleviated the damage caused by chilling.

’MATERIALS AND METHODS

Fruit and GABA Treatment. Peach fruits (Prunus persica Batsch
cv. Baifeng) were hand-harvested at 6.73 kg/cm2 firmness and 11.08%
total soluble solids (TSS) from a commercial orchard in Nanjing, China,
on July 2, 2010, and were immediately transported to our laboratory.
Fruits were selected for uniformity without any damage and randomly
divided into four groups. The first three groups were immersed into
solutions of 1, 5, or 10 mMGABA, respectively, for 10 min, whereas the
fourth group of fruit was soaked in sterile deionized water for 10min and
considered as the control. All fruits were then air-dried for approximately
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30min and stored at 1 �C and 85-95% relative humidity (RH). Samples
were collected from five fruits after 3 or 5 weeks of storage at 1 �C for
measurements for levels of GABA and proline and activities of GAD,
P5CS, OAT, and PDH. Another sample of 10 fruits was removed after
3 or 5 weeks of storage at 1 �C and held at 20 �C for 3 days to simulate
shelf conditions for chilling injury and quality evaluation. There were
three replicates consisting of 15 peaches per replicate, and the experi-
ment was conducted twice with similar results.
Chilling Injury Evaluation. Internal browning is used to evaluate

the development of chilling injury in peach fruit. The degree of chilling
injury was visually assessed on the mesocarp surface following a double
cut parallel to the axial diameter. The extent of flesh browning was
divided into four classes: 0, no browning; 1, browning covering <25% of
the cut surface; 2, browning coveringg25% but <50% of cut surface; and
3, browning covering g50% . The chilling injury index was calculated
using the following formula:

chilling injury index ¼
X

ðbrowning level� number of fruit at the

browning levelÞ=ð3� total number of fruit in the treatmentÞ � 100

GABA Determination. The GABA concentration in fruit pulp
was estimated by the method of Zhang and Bown.11 GABA was
determined on the basis of the increase in A340 after 30 min following
supplier recommendations for commercially available of GABase
(Aldrich, Chemical Co., Milwaukee, WI), a spectrophotometric-coupled
enzyme assay system for GABA. The resulting values were compared
with a standard curve constructed using known amounts of GABA and
expressed as μg GABA/g fresh weight (FW).
Proline Measurement. The proline content was measured using

the acid ninhydrin method described by Zhao et al.9 Proline in tissues
was extracted with 3% (v/v) sulfosalicylic acid at 100 �C for 10 min with
shaking. The extract was mixed with an equal volume of glacial acetic
acid and acid ninhydrin reagent and boiled for 30 min. After it was
cooled, the reaction mix was partitioned against toluene, and the
absorbance of the organic phase was recorded at 520 nm. The resulting
values were compared with a standard curve constructed using known
amounts of proline and expressed as μg proline/g FW.
GAD Assay. GAD enzyme extraction was carried out in a buffer

containing 0.1 M Tris-HCl (pH 9.1), 10% (v/v) glycerol, 1 mM dithio-
threitol (DTT), 5 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM
pyridoxal phosphate (PLP), and 1mMphenylmethylsulfonyl fluoride. Two
grams of fresh tissue was added to the 5 mL of precooled extraction buffer
and homogenized at 4 �C. The homogenate was filtered throughMiracloth
(Calbiochem) and then centrifuged at 24500g at 4 �C for 30 min. The
supernatant was used for GAD determination. The GAD activity was
determined using the method of Deewatthanawong et al.12 The enzyme
activity was assayed by incubating crude extract at 30 �C for 60 min in
400 μL of assay mixture containing 0.1 M potassium phosphate buffer
(pH 5.8), 40 μM PLP, and 3 mM glutamate. The reaction was stopped by
adding 0.1mLof 0.5Mhydrochloric acid. The amount of GABA in samples
was determined as described above. The enzyme activity was calculated as
GABA produced. One unit of GAD activity was defined as the amount of
enzyme catalyzing the formation of 1 μg GABA per hour.
P5CS and PDH. Five grams of flesh tissue was ground with in

50 mM Tris-HCl buffer (pH 7.4) containing 7 mMMgCl2, 0.6 M KCl,
3 mM EDTA, 1 mM DTT, and 5% (w/v) insoluble polyvinylpyrroli-
done. Homogenates were filtered through two layers of Miracloth
(Calbiochem), and the filtrate was centrifuged at 39000g for 20 min.
The supernatants were desalted on a sephadex G-25 column (Pharmacia
Biochem PD-10, Uppsala, Sweden) and eluted with 50 mM Tris-HCl
(pH 7.4) containing 10% (v/v) glycerol. The P5CS activity was
measured as describe by L�opez-Carri�on et al.13 The reaction mixture
contained 100 mM Tris-HCl (pH 7.2), 25 mM MgCl2, 75 mM sodium
glutamate, 5 mM ATP, and the enzyme extract. The reaction was

initiated by the addition of 0.4 mM NADPH. The PDH activity was
assayed by the reduction of NADþ at 340 nm.14 The reaction mixture
contained 0.15 M Na2CO3-HCl buffer (pH 10.3) containing 2.67 mM
proline and 10mMNADþ. One unit of all of the three enzymes activities
was defined as the amount of enzyme causing a decrease of 0.001 in
absorbance per minute at 340 nm.
OAT Assay. Five grams of flesh tissue was ground in 100 mM

potassium phosphate buffer (pH 7.9) with 1 mM EDTA, 15% (v/v)
glycerol, and 10 mM 2-mercaptoethanol. The extract was centrifuged at
15000g for 15 min, and the supernatant was treated with 60%
(NH4)2SO4 for 45 min.14 OAT was assayed following S�anchez et al.14

The reaction mixture contained 0.2 M Tris-HCl buffer (pH 7.8)
containing 46.8 mM ornithine, 12.5 mM R-ketoglutarate, and 0.125
mM NADH. One unit of OAT activity was defined as the amount of
enzyme causing a decrease of 0.001 in absorbance per minute at 340 nm.
Protein Determination. The protein content in the enzyme

extracts was estimated using the Bradford15 method, using bovine serum
albumin as a standard. The specific activity of the enzymes was expressed
as units per milligram protein.
Quality Parameters. The firmness of 10 fruits from each replicate

was measured using a FT327 firmness tester (Facchini FG, Alfonsine,
Italy) fitted with a 5 mm diameter probe. The extractable juice content
was estimated from the weight loss from placental tissue plugs in
response to low-speed centrifugation. Four plugs (7 mm wide, 10 mm
thick) were placed over sterile cotton rod in a 50 mL centrifuge tube and
centrifuged for 10 min at 1700g at room temperature. The results were
expressed as the loss of FW of tissue plugs after centrifugation. The same
10 fruits from each replicate were then wrapped in cheesecloth and
squeezed using a hand press. The resulting juice was analyzed for its TSS,
titratable acidity (TA). TSS was determined at 20 �C using a portable
refractometer (WYT-4; Quanzhou zhongyou optical instrument Co.,
Ltd., Fujian, China). TA was determined by titrating 20 mL of juice to
pH 8.2 using 0.1 M NaOH.
Data Analysis. Experiments were performed using a completely

randomized design. All statistical analyses were performed with SPSS
(SPSS Inc., Chicago, IL). The data were analyzed by one-way analysis of
variance. Mean separations were performed by Duncan's multiple range
tests. Differences at p < 0.05 were considered as significant.

’RESULTS AND DISCUSSION

Effect of Exogenous GABA Treatment on Chilling Injury.
In our present study, we found that exogenous GABA treatment
could effectively reduce internal browning, a typical chilling
injury symptom in peach fruit, and 5 mM was the most effective
concentration (Figure 1). This finding appears to be a novel
observation that exogenous GABA treatment can increase chil-
ling tolerance of peach fruit, which suggested a mechanism that
GABA could promote stress-related metabolism in peach fruit.
GABA has been implicated in the signaling pathway mediating
induced defense responses in environmental-stressed plants.4

Application of exogenous GABA has been reported to reduce the
protein and lipid damage caused by aluminum and proton
stresses in barley seedling roots.5 Furthermore, it was reported
that GABA has relaxation and immunity enhancement effects,16

as well as antihypertensive and natriuretic effects in humans.17

Thus, the use of exogenous GABA treatment is a safe approach
to prolong storage life and enhance nutritional values of post-
harvest peach fruit, which could be applied for commercial
purposes.
Effect of Exogenous GABA Treatment on Endogenous

GABAcontentandGADActivity. Many studies havedemonstrated
that GABA accumulation in plants responds to environmental
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stresses, which play a major role against the stresses.3,4 It was
observed that GABA accumulated in postharvest horticultural
products in response to high CO2 or low O2 and high CO2

conditions.12,18-20 High CO2 treatment increased GABA con-
tent in cherimoya fruit, which was associated with the reduction
of chilling injury.21 In the present study, accumulation of GABA
was also observed in peaches under the chilling stress, and
exogenous GABA treatment induced a larger increase in treated
peaches than the control fruit (Table 1). Therefore, the higher
level of endogenous GABA accumulation may be one of the
major factors that trigger the chilling resistance in peach fruit when
treated with exogenous GABA. It is well-known that GAD is the key
enzyme involved in GABA synthesis.4 Deewatthanawong et al.12

reported that CO2 treatment induced gene expression ofGAD2 and
GAD3, which resulted in the higherGABA content in treated tomato
fruit. In this experiment, GAD activity decreased with the GABA
accumulation during the storage time, and when compared with
control fruit (Table 1), the level of GABA accumulation in exogen-
ous GABA treatment was much larger for the higher GAD activity.
Effect of Exogenous GABA Treatment on Proline Content

and Activities of P5CS, OAT, and PDH. In recent years,

attention on proline has been paid to the role in plant defense
against abiotic and biotic stresses. A general phenomenon observed
is that proline can alter its titer in response to various types of
environmental stresses such as low and high temperatures, salinity,
and water stress.6,7,22-24 As compared with stress-intolerant plants,
stress-tolerant plants generally have a large capacity to enhance
proline biosynthesis in responses to stress.25-27 Evidence has
shown that the enhancement of proline accmulation is positively
correlated with the chilling tolerance in plants. For example, rice
seedlings treated with cold tolerant seed coating agents under
chilling stress accumulatedmore proline, whichmay play a role in
the resistance against chilling.28 Therefore, in the present work,
we have focused our attention on evaluating the effect of exogenous
GABA treatment on proline accumulation in peaches. As shown in
Table 1, the proline content increased in response to chilling stress
during the storage, and exogenous GABA treatment enhanced the
accumulation. From these results and the fact that fruit treated with
GABA showed a lower sensitivity to chilling, it can be ruled out that
the tolerance of peach fruit induced by GABA treatment may be
partly related to the increase in proline content. A similar result was
also reported by Zhang et al.,29 who found that efficient control of
chilling in cherry tomato fruit by arginine was associated with
enhanced proline accumulation.
The metabolism for proline is well established in many

organisms. In higher plants, proline can be synthesized from
glutamate via P5CS or from ornithine via OAT.7 An increase in
OAT activity or expression of P5CS gene along with an increase
in the content of proline in plants under several environmental
stresses has been reported.25,26,30,31 Our results agreed with these
authors since we found that activities of P5CS and OAT
increased in peaches with the proline accumulation under
chilling stress (Table 1). The enzyme PDH is reported to
catalyze proline degradation.7 In the present investigation, chil-
ling resulted in a decrease in PDH activity in peaches (Table 1).
This result suggests that inhibited proline degradation contri-
butes to proline accumulation in peaches exposed to chilling.
Ruiz et al.30 and L�opez-Carri�on et al.13 also reported that PDH
was inhibited to a greater extent in green bean plant after the cold
shock or in the Chinese cabbage under the salt stress. Further-
more, our present study also revealed that treatment with GABA
increased the activities of P5CS and OAT but decreased PDH
activity in peaches under chilling stress (Table 1). The increased
P5CS and OAT activities could enhance the ability of proline
biosynthesis, while the decreased PDH activity would contribute

Figure 1. Effect of exogenous GABA treatment on the chilling injury
index of peach fruit after 3 or 5 weeks of storage at 1 �C plus 3 days of
shelf life at 20 �C. Vertical bars represent the standard errors of the
means. Values with different letters for the same storage period within
the same figure are significantly different according to Duncan's multiple
range test at the p = 0.05 level.

Table 1. Effect of Exogenous GABA Treatment on the Contents of Endogenous GABA and Proline and Activities of GAD, P5CS,
OAT, and PDH of Peach Fruit after Storage at 1 �C for 3 or 5 Weeksa

treatment

GABA content

(μg/g FW)

GAD

(U/mg protein)

proline content

(μg/g FW)

P5CS

(U/mg protein)

OAT

(U/mg protein)

PDH

(U/mg protein)

0 week 23.67( 0.41 50.78( 0.12 8.56 ( 0.06 2.98( 0.41 28.66( 0.26 32.23( 1.89

3 week control 30.12( 0.26 c 28.73( 0.63 b 8.95( 0.08 d 3.00( 0.42 d 37.00( 1.59 c 25.73( 2.23 a

1 mM 41.33( 1.46 b 53.89( 4.05 a 9.40( 0.05 c 9.38( 0.24 c 30.06( 2.60 d 17.50( 1.62 bc

5 mM 55.94( 5.47 a 59.68( 7.56 a 10.89( 0.02 a 26.11( 0.89 a 45.24( 2.39 b 14.57( 1.20 c

10 mM 43.79( 2.97 b 59.49( 1.49 a 9.55( 0.06 b 15.83( 0.75 b 58.28( 2.73 a 20.56( 1.22 b

5 week control 40.50( 2.30 c 23.71( 1.18 c 9.29( 0.02 d 7.52( 0.27 d 44.06( 1.18 b 25.23( 2.20 a

1 mM 55.43( 0.41 ab 66.09( 0.68 b 10.45( 0.01 c 13.67( 1.18 c 47.81( 1.35 b 16.25( 0.70 b

5 mM 61.38 ( 3.75 a 73.59( 1.46 a 10.40 ( 0.04 a 27.28( 0.09 a 57.11 ( 0.87 a 11.11( 5.08 b

10 mM 51.67( 1.56 b 61.26 ( 3.99 b 10.57( 0.06 b 19.41 ( 0.01 b 60.17( 2.36 a 19.31 ( 3.21 ab
aMeans in a column followed by a different letter for the same storage period differ significantly at P = 0.05 by Duncan's multiple range tests. Data are
accompanied by standard errors of the means.
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to the lower degradation of proline, which may account for the
higher level of proline observed in GABA-treated fruit.
Effect of Exogenous GABA Treatment on Quality Para-

meters. There was no significant difference in fruit firmness of
peaches among all treatments (Table 2). Fruit treated with 10
mM GABA showed significantly (p < 0.05) higher extractable
juice as compared with the control peaches; however, GABA
treatments at 1 or 5 mM had no significant effect on extractable
juice (Table 2). All of the three exogenous GABA treatments
maintained significantly (p < 0.05) higher levels of TSS in
peaches. GABA at 1 or 5 mM was more effective in preserving
TSS content than 10 mM GABA treatment, but no significant
difference was found between 1 and 5 mM GABA treatments
(Table 2). Similar to TSS, the three GABA treatments main-
tained higher levels of TA in peaches, and 5 mMGABA was the
most effective treatment. However, there was no significant dif-
ference in TA content of peaches between 1 and 10 mM treat-
ments (Table 2). Taking together, our results revealed that
exogenous GABA treatment not only alleviated chilling injury
but alsomaintained better quality in peach fruit.We suggested that
GABA may have potential for commercialization to control
postharvest chilling injury on peaches during cold storage.
In conclusion, this study showed that exogenous GABA

treatment alleviated chilling injury and maintained higher fruit
quality in peach fruit during cold storage. The effect of GABA
treatment on alleviating chilling injury of peachmay be attributed
to its ability to enhance accumulation of endogenous GABA and
proline contents in peaches, which was due to the increased
GAD, P5CS, and OAT activities and decreased PDH activity.
Thus, we found a new way to improve chilling tolerance of peach
fruit during cold storage after harvest. To our knowledge, this is
the first report that exogenous GABA treatment can alleviate
chilling injury in postharvest horticultural product.
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