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A B S T R A C T   

This study aimed to understand how temperatures differentially impact the crucial quality indices and metab-
olites in rambutan during storage. Rambutan browned quickly at room temperature from 0 d (control). After ten 
days at 5 ℃, browning index and lightness were 4.2% and 147.5%, compared with rambutan stored at 1 ℃, 
which was the best quality achieved. An UPLC-MS/MS was performed to uncover the metabolism underlying 
those quality differences, followed by the analysis of KEGG pathways. Results showed that 276 differentially 
expressed metabolites (DEMs) screened were enriched in 18 KEGG pathways. The pathways related to carbo-
hydrates, aliphatic metabolites, and organic acids were highly active in rambutan stored at room temperature, 
whereas the pathways related to amino acids biosynthesis and nucleotides were highly active in rambutan stored 
at 1 ℃, 5 ℃. These findings indicated that increased scopoline was associated with serious browning at room 
temperature. L-leucine and L-isoleucine both increased in response to low temperature and reduced browning. 
Glutathione and ascorbate decreased to 4.89% and 4.36%, compared with 0 d (CK) in rambutan with severe 
browning stored at 1 ℃ for ten days. However, no significant changes in those two metabolites were observed in 
rambutan stored at optimal 5 ◦C for ten days. Thus glutathione and ascorbate could be used as potential in-
dicators of browning degree. Our study provided a metabolic insight into the role of temperature on rambutan 
quality and browning.   

1. Introduction 

Rambutan (Nephelium lappaceum L.) belongs to Sapindaceae spp., the 
same family as the sub-tropical fruits lychee and longan (Wall, 2006). 
This fruit is an important commercial crop in Asia, where it is consumed 
fresh, canned, and processed. Products are appreciated for their 
refreshing flavor and appearance (Ong, Acree, & Lavin, 1998). 
Rambutan fruits are a good source of Vitamin C, Cu, Mn and can provide 
2–6% of the DRI for five minerals (P, K, Mg, Fe, Zn) (Wall, 2006). 
Because of high content of nutritional and bioactive compounds, 
rambutan is more and more popular recently. However, rambutan 
pericarp turns brown easily under ambient conditions after harvest 
(O’Hare, 1995), which greatly shortens shelf life and economic value. 

Many studies have investigated the causes and mechanisms of peri-
carp browning in postharvest rambutan fruit. Low-temperature stress 

(O’Hare, Prasad, & Cooke, 1994), water loss (Landrigan, Morris, Eamus, 
& McGlasson, 1996), polyphenoloxidase (Sun et al., 2010) have been 
recognized as the main factors inducing pericarp browning. Among 
them, low-temperature stress is significantly crucial because rambutan 
is a temperature-sensitive sub-tropical fruit. Small molecular metabo-
lites such as soluble solids, organic acids, malondialdehyde will change 
at low temperature. However, the limited number of physiological in-
dicators cannot accurately and comprehensively reflect the changing 
rules and internal relations of specific metabolites in response to low 
temperature. 

Metabolomics deals with detecting, identifying, quantitating, and 
cataloging the history of time-related metabolic changes in an integrated 
biological system rather than the individual cell (Nicholson, Lindon, & 
Holmes, 2008). Such multidimensional metabolic trajectories are then 
related to biological events like the deterioration of fruit. Metabolomics 
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has been successfully applied to study the deterioration and browning 
mechanism of various agricultural products, including litchi (Yun et al., 
2016), apple (Zhao et al., 2020), volvariella volvacea (Zhao et al., 2020) 
caused by low-temperature stress. Despite these reports, there is no in-
formation, at least to the best of our knowledge, about the browning of 
rambutan pericarps analyzed by metabolomics under low-temperature 
stress. 

In this paper, the optimal and chilling injury temperatures for 
rambutan storage were obtained by comparing key quality indexes. 
With the help of metabolomics, we compared the changes of different 
metabolites after browning at room-temperature, optimal storage tem-
perature, and chilling injury temperature. Finally, we discovered the 
maps of KEGG pathways, which could provide a metabolic insight into 
the deterioration and browning mechanism of rambutan during 
different temperature storage. 

2. Materials and methods 

2.1. Chemicals and reagents 

Packaging materials: Rambutan was packed in 0.01 mm poly-
ethylene (PE) bags, sealed in polypropylene (PP) preservation box, and 
then stored at different temperatures. AR-grade NaOH was purchased 
from Guangzhou chemical reagent factory (Guangzhou, China). HPLC- 
grade methanol and ethanol acetonitrile were purchased from Merck 
(Wuhan, China). HPLC-grade dimethyl sulfoxide was purchased from 
Sigma-Aldrich (Wuhan, China). 

2.2. Materials, treatments, and sampling 

“Baoyan-7”, one of the main varieties of rambutan in China, was 
selected and bred by Baoting Tropical Crops Institute. 100 kg commer-
cial mature “Baoyan-7” rambutan were collected from the orchard of 
Hainan Baoting Hengtong Co., Ltd., and their pericarps were all red, 
which were sent to the laboratory immediately after harvest. 40 kg 
harvested rambutan of the same size were collected, with no mechanical 
damage and no disease. 3 kg rambutan fruits were weighed into PE bags 
and sealed in the fresh-keeping box. The fruits were stored at 1 ℃ (L1), 
5 ℃ (L5) and room temperature (RT), respectively. Six physicochemical 
parameters related to fruit quality and browning were measured at 0, 3, 
7, 10 days, including browning index, lightness, respiratory intensity, 
relative conductivity, soluble solid and titratable acid. 

2.3. Measurement of browning index 

Browning index was determined with the method proposed by Zhang 
et al. (2015), with some modifications. Rambutan pericarp browning 
was visually assessed by evaluating the browned area’s extent on each 
fruit surface using the following scale: Class 0 = no browning; Class 1 =
1%-25% browning; Class2 = 26%-50% browning; Class 3 = 51%-75% 
browning; Class 4 = 76%-100% browning. The browning index was 
calculated as 

∑
(browning scale × number of corresponding fruit within 

each class) / (4 × total number of fruit). Each treatment contained three 
replicates, each of which contained 30 fruits. 

2.4. Measurement of pericarp lightness 

Pericarp color was measured using a portable spectrophotometer 
(NS800, Shenzhen Threenh Technology Co., Ltd. China), providing the 
L*, a*, b* values according to the CIE system. L* value represents 
lightness. The smaller lightness value, the more serious the browning. 
The soft thorns of the fruit were all cut off before measuring. Three 
measurements were conducted at equidistant points on the equatorial 
axis. Five replicates for each treatment were performed, with 15 fruits 
for each replicate. 

2.5. Quality analysis 

1 kg rambutan were placed in a closed container for one hour, and 
the top gas was analyzed by gas analyzer (Check Point II, AMETEK 
MOCON Co., Ltd., Denmark). The mass of CO2 produced per kilogram of 
rambutan in one hour was calculated in terms of respiratory intensity. 
Relative conductivity was measured with a conductivity meter (COM- 
100, HM Digital, Inc. USA) using the method of Fan et al. (2016). 

The rambutan pulps were separated, juiced, and used to determine 
the total soluble solid (TSS) content by a brix refractometer (PAL-1, 
ATAGO Co., Ltd., Japan). The content of titratable acid (TA) was 
measured according to GB 5009.239–2016 (National Standard for 
Determination of Food Acidity). The analysis was repeated three times 
at each time point. 

2.6. UPLC-MS/MS analysis 

The pericarp of rambutan was freeze-dried in a vacuum and crushed 
with zirconia beads at 30 Hz for 1.5 min. Then 0.1 g crushed powder was 
extracted with 1.0 mL 70% methanol solution at 4 ℃ overnight. After 
centrifugation at a speed of 10,000 r/min for 10 min, the extract was 
purified by CNWBOND Carbon-GCB SPE Cartridge (250 mg, 3 mL) and 
filtered with SCAA104 (0.22 μm) membrane. Finally, UPLC-MS/MS 
analysis was performed. 

The analyses were performed using a UPLC (Shim-pack UFLC SHI-
MADZUCBM30A system, Shimadzu) equipped with a column (ACQUITY 
UPLC HSS T3 C18, 2.1 mm × 100 mm, 1.80 am, Waters) and coupled to 
an Applied Biosystems 6500 QTRAP tandem mass spectrometer. 2.0 μL 
sample was loaded into the column and maintained at 40 ◦C with 0.4 
mL/min flow rate. The mobile phase was composed of buffer A (ultra-
pure water with 0.04% acetic acid) and buffer B (acetonitrile with 0.04% 
acetic acid). The mobile phase gradient was programmed as follows: 
95% A was linearly reduced to 5% within 11 min and kept at 5% for 1 
min and then increased to 95% within 0.1 min, with a 3 min re- 
equilibration period employed. A specific set of MRM (multiple reac-
tion monitoring) transitions was monitored for each period. 

2.7. Statistical analysis 

Based on multiple orthogonal partial least squares discriminant 
analysis (OPLS-DA), variable importance in project (VIP) and fold 
change, the metabolites with fold change ≥ 2 or fold change ≤ 0.5 and 
VIP ≥ 1 were considered to be differentially expressed metabolites 
(DEMs) in the rambutan pericarp with different temperature treats. 

SigmaPlot software (version 12.3, Systat Software Inc.) and Adobe 
Illustrator software (CS4, Adobe Systems Inc.) were used for image 
processing. SPSS software (version 22.0, SPSS Inc.) was used to analyze 
the least significant difference (LSD) at the 5% level. 

3. Results and discussion 

3.1. Changes in the appearance and quality of rambutan during storage 

The marketability of rambutan is often limited due to rapid skin 
desiccation and browning during storage (O’Hare, 1995). The spinterns 
(hair-like protuberances) can facilitate water loss from the pericarp, 
which makes the fruit highly perishable (Yingsanga, Srilaong, Kan-
layanarat, Noichinda, & McGlasson, 2008). At 0 day (CK) after harvest, 
the pericarp and spinterns of rambutan were all red. In contrast, after 
five days of storage at room temperature (RT), the spinterns of rambutan 
shrunk, and the pericarps were dark brown, which lost commercial 
value. The appropriate low temperature could reduce this browning, 
and rambutan had the best appearance quality at 5 ℃ (L5) for ten days. 
The whole pericarp of rambutan became browning after stored at 1 ℃ 
(L1) for ten days, and the top of spinterns were severely browning 
(Fig. 1). 
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There was a big difference between the indexes related to browning 
of rambutan under different temperature conditions. As showed in 
Fig. 2A, the browning index of fruits increased continuously during 
storage. After three days of storage, the browning index of RT rambutan 

was 0.45, which was significantly higher than that of other temperature 
treatments at the same period (p < 0.05). As shown in Fig. 2B, after ten 
days stored at 1 ℃, the chilling injury symptoms were evident, the red 
color of L1 pericarp became dark and the lightness was 28, which was 
significantly lower than that of L5 (p < 0.05). On the 10th day, the 
browning index and lightness of L5 rambutan pericarps were 4.2% and 
147.5% of L1, indicating that browning was the least. 

Low temperature could inhibit the respiration of rambutan pericarp, 
and there was no significant difference between L1 and L5 (Fig. 2C). 
However, from the 3rd day, the relative conductivity of L5 rambutan 
pericarp was always significantly lower than that of L1 (p < 0.05). As the 
indicator of membrane integrity, a greater electrical conductivity rate 
usually represents the lower integrity of the cell membrane (Liu et al., 
2019). The relative conductivity of L5 rambutan pericarp was the 
lowest, indicating that its cell membrane integrity was the best, which 
played an important role in inhibiting browning caused by low- 
temperature stress (Fig. 2D). 

Total soluble solid (TSS), titratable acidity (TA), and the ratio of TSS/ 
TA are important factors for evaluating fruit quality (Kafkas, Koşar, 
Paydaş, Kafkas, & Başer, 2007). From the 7th day, the TSS of L5 
rambutan was significantly higher than that of L1, but TA was lower 
than L1 (Fig. 2E/F). It was shown that the rambutan pericarp stored at 5 
℃ exhibited higher TSS and lower TA, so as to ensure a high TSS/TA 
ratio and maintain the high quality of rambutan. 

Previous studies have shown that the sweetness, acidity and flavor of 
fruits are mainly influenced by the types and levels of carbohydrates, 
organic acids, and amino acids (Keutgen & Pawelzik, 2008; Malundo, 
Shewfelt, & Scott, 1995). The above data showed that rambutan 
browned severely within five days at room temperature. 5 ℃ was the 
best temperature to store rambutan, with the least browning and the 
best quality. When stored at 1 ℃, the chilling injury would increase the 

Fig. 1. Browning of rambutan stored at 0 day (CK), 1 ℃ for 10 days (L1-10 d), 
5 ℃ for 10 days (L5-10 d) and 5 days at room temperature (RT-5 d). 

Fig. 2. Browning index (A), lightness (B), respiratory intensity (C), relative conductivity (D), soluble solid (E), titratable acid (F) in rambutan stored at 1 ℃ (L1), 5 ℃ 
(L5) and room temperature (RT). 
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pericarps browning, and the six quality indexes were significantly 
different from those at 5 ℃ on the 10th day during storage. However, the 
data mentioned above were not enough to explain all the metabolites’ 
variation and connection during pericarp browning, so a metabolomics 
analysis was thus performed to interpret the changes. 

3.2. Common DEMs in L1-10 d, L5-10 d and RT-5 d compared with CK 

To analyze the fundamental metabolic processes in browning 
rambutan pericarp related to temperature, the metabolites of rambutan 
pericarp at 0 d (CK), RT-5 d, L1-10 d, and L5-10 d were analyzed by 
UPLC-MS/MS. The results showed that compared with CK, 276 differ-
entially expressed metabolites (DEMs) were screened in L1-10 d, L5-10 
d, and RT-5 d, 47 of which were common DEMs, which may be involved 
in the browning of rambutan pericarp. According to Table 1, there were 
12 amino acids and derivatives, 11 lipids and derivatives, eight organic 
acids and derivatives, three carbohydrates and derivatives, three phe-
nylpropanoid and derivatives, and ten other metabolites. Interestingly, 
the browning of rambutan pericarp was the most serious at room tem-
perature for five days (RT-5 d), and there were 218 DEMs, 91 of which 
were unique. In contrast, the browning of rambutan pericarp was the 
lightest at 5 ℃ for ten days (L5-10 d), and there were only 94 DEMs, 19 
of which were unique (Fig. 3A). The appearance of a large number of 
metabolites indicated that the pericarp’s physiological balance was 
broken, which was harmful to the quality. Those findings also confirmed 
that 5 ℃ is an optimal storage temperature for rambutan compared with 
1 ℃ and room temperature, showing the best appearance and quality. 

Carbohydrates are important respiratory substrates and osmotic 
regulators (Tarczynski, Jensen, & Bohnert, 1993). Compared with CK, 
all the carbohydrates and derivatives were decreased in L1-10 d, L5-10 
d, and RT-5 d (Table 1). The more serious the browning, the more sig-
nificant the decline. These findings are consistent with the measured TSS 

content during storage (Fig. 2E). 
The abundances of all lipids and derivatives except for acetyl tryp-

tophan were increased in L1-10 d, L5-10 d, and RT-5 d. The fold changes 
of lipids and derivatives in L1-10 d compared with CK were greater than 
those of L5-10 d compared with CK. In particular, MAG (18:3) isomer3, 
MAG (18:3) isomer 2 and 13-HPODE of L1-10 d increased mostly 
compared with L5-10 d. These changes might be related to respiratory 
metabolism and low-temperature stress response. Rambutan pericarp 
under low temperature will induce accumulation of reactive oxygen 
species and results in oxidative damage to cellular components such as 
membrane lipids. Membrane damage or deterioration of plants will lead 
to a substantial increase in electrolyte leakage (Yabuta et al., 2002). 
These findings are consistent with the measured relative conductivity 
during storage (Fig. 2D). 

Amino acids are closely related to the ability of plant to resist stress 
(Yang et al., 2019). Except for L-citrulline, N-acetyl-L-tyrosine, DL- 
homocysteine, the levels of amino acids and derivatives in RT-5 
d rambutan pericarps were all decreased. We conjectured that these 
amino acids might be transformed into ketone and melanin finally, 
which aggravated the browning of rambutan pericarps at room tem-
perature. Glutamine and glutamic acid are important precursors for the 
synthesis of amino acids in plants, and their content directly affects the 
synthesis of amino acids (Lea & Miflin, 1974; Yang et al., 2019). L- 
glutamic acid in L1-10 d, L5-10 d, and RT-5 d was all decreased, 
resulting in degradation of other amino acids, with aspartic acid 
decreased mostly. L-leucine and L-isoleucine in rambutan pericarp 
decreased at room temperature but increased significantly during low- 
temperature storage. Previous studies have shown that increased con-
centrations of branched-chain amino acids, like isoleucine, leucine, and 
valine during low-temperature stress were detected (Tian, Lam, & Shui, 
2016). The abundances of organic acids and derivatives were all accu-
mulated in L1-10 d, L5-10 d, and RT-5 d, with ethyl gallate increased 

Table 1 
Fold changes of common differentially expressed metabolites of rambutan under different temperatures.  

Metabolites

Log2 fold change

Metabolites

Log2 fold change
L1-10
days

vs.CK

L5-10
days

vs.CK

RT-5
days

vs.CK

L1-10
days

vs.CK

L5-10
days

vs.CK

RT-5
days

vs.CK
Carbohydrates and derivatives

D-Glucose 6-phosphate -1.05 -1.05 -2.44 Glucose-1-phosphate -1.11 -1.05 -2.45
D-Fructose 6-phosphate-disodium salt -1.12 -1.04 -2.52

Lipids and derivatives

Lys PE 16:0  2.9 1.22 3.92    LysoPE 18:0 (2n 
isomer) 3.27 1.19 2.52

LysoPE 18:0 2.48 1.26 3.8 Punicic acid 3.62 1.09 4.72
MAG (18:3) isomer3 4.8 1.29 5.7 LysoPC 19:0 2.57 1.23 3.16
MAG (1 8:3) isomer2 4.26 1 5.28 LysoPC 17:0 3.6 1.17 4.85

13-HPODE 4.11 1.04 5.35 LysoPC 18:0 2.91 1.12 4.61
Acetyl tryptophan -1.29 -1.35 -1.24

Amino acids and derivatives
L-Glutamic acid O-glucoside -1.86 -1.01 -1.75 L-Citrulline 1.97 1.77 1.54

L-Aspartic acid -3.84 -2.05 -1.48 L-Glutamic acid -1.89 -1.29 -1.23
L-Leucine 1.78 1.31 -1.52 N6-Acetyl-L-lysine 1.68 2.21 -1.29

L-Isoleucine 1.34 1.05 -1.29 N-Acetyl-L-tyrosine 2.09 2.27 2.38
H-HomoArg-OH 1.12 1.79 -1.08 DL-Homocysteine 2.52 2.7 2.37

Aspartic acid -3.76 -1.87 -1.47 Glutamic acid -1.85 -1.38 -1.23
Organic acids and derivatives

2-Isopropylmalate 3.31 1.85 1.54 3-Hydroxybutyrate 3.03 1.28 1.23
Azelaic acid 4.57 1.72 2.84 Ethyl gallate 14.32 8.77 12.27

2,5-Dihydroxybenzoic acid (Gentisic acid) 2.36 1.49 3.9 3-Hydroxyanthranilic acid 1.96 1.22 3.56
2,3-Dihydroxybenzoic acid 2.32 1.49 3.93 2,4-Dihydroxybenzoic acid 2.31 1.48 3.93

Phenylpropanoids and derivatives
3,4,5-Trimethoxycinnamic acid 16.19 14.06 15.97 p-Coumaric acid 2.85 1.63 2.68

Scopolin 2.01 1.23 4.68
Others

Nordihydrocapsaicin 3.97 1.18 4.71 Acid orange 20 3.82 1.13 3.79
"N',N"",N""'-p-coumaroyl-cinnamoyl-caffeoyl 

spermidine" 4.01 1.66 1.79 Di-O-methylquercetin 4.09 1.07 5.46

Pinocembrin 2.33 2.4 2.71 Protocatechuic acid 2.41 1.57 4.02
6-Gingerol 3.58 1.27 5.27 Vitamin A -1.74 -1.35 -2.3

2,6-Dimethyl-7-octene-2,3,6-triol 4.59 1.75 2.86 3-Indoleacetonitrile 1.77 1.72 1.57

The colur shades represents the value of Log2 fold change. 
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mostly. The organic acid levels in L1-10 d were always higher than those 
in L5-10 d, which is consistent with the measured TA content during 
storage (Fig. 2F). 

Phenylpropanoids have been considered to play pivotal roles in 
tolerance to biotic and abiotic stress (Vogt, 2010; Wang et al., 2020). It 
was reported that the enhancement of chilling tolerance in lemon fruit 
possibly resulted from increased production of total phenolics and the 
activation of enzymes involved in the phenylpropanoid pathway 
(Siboza, Bertling, & Odindo, 2014). Three phenylpropanoids and de-
rivatives were found to have increased in L1-10 d, L5-10 d, and RT-5 d, 
in which 3,4,5-trimethoxycinnamic acid increased mostly in L1-10 d. 
These increased phenylpropanoids could affect the browning of 
rambutan pericarp under low-temperature stress by regulating the ac-
tivities of phenylalanine ammonia-lyase (PAL), cinnamic acid-4- 
hydroxylase (C4H), 4-coumaric acid: CoA-ligase (4CL) (Wang et al., 
2020). 

3.3. The most variable DEMs in L1-10 d, L5-10 d and RT-5 d compared 
with CK 

In addition to 47 common DEMs, the metabolites with the largest 
variation in L1-10 d, L5-10 d, and RT-5 d compared with CK may also be 
related to rambutan pericarp browning. As shown in Table 2, delphi-
nidin 3-O-glucoside in RT-5 d decreased mostly compared with CK, 
followed by 5-hydroxy-L-tryptophan, C-rhamnosyl-apigenin O-fer-
uloylhexoside, MAG (18:4) isomer1. Abundant anthocyanins content 
has been thought to contribute to the bright red color of fruit pericarp, 
and enzymatic or non-enzymatic degradation of anthocyanin is one of 
the main factors contributing to postharvest browning (Jiang, Duan, 
Joyce, Zhang, & Li, 2004; Zhang et al., 2015). During storage at room 
temperature, the phenolics and other anthocyanidins generated from 
the enzymatic degradation of delphinidin 3-O-glucoside may serve as 
substrates to be oxidized by peroxidase (POD) and polyphenol oxidase 
(PPO) to other compounds, contributing to pericarp browning. The up- 

Fig. 3. Venn diagram of differentially expressed metabolites in each group (A), KEGG pathways enrichment relationship in each group (B).  
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regulation order of metabolites in RT-5 d was as follows: nandrolone, 
3,4,5-trimethoxycinnamic acid, lysoPC (10:0); The level of reduced form 
glutathione in L1-10 d was decreased mostly compared with CK, fol-
lowed by CYS-GLY, L-aspartic acid, L-ascorbate. The up-regulation order 
of metabolites in L1-10 d was as follows: sesamolin, (S)-(− )-2-hydrox-
yisocaproic acid, 3,4,5-trimethoxycinnamic acid; The level of O-phos-
phocholine in L5-10 d decreased mostly compared with CK, followed by 
L-aspartic acid, aspartic acid, which reduced significantly in L1-10 d as 
well. The up-regulation order of metabolites in L5-10 d was as follows: 
(S)-(− )-2-hydroxyisocaproic acid, 3,4,5-trimethoxycinnamic acid, 
which was promoted significantly in L1-10 d, L5-10 d, and RT-5 
d compared with CK. 

According to the above results described, glutathione and ascorbate 
decreased to 4.89% and 4.36%, compared with CK in rambutan stored at 
1 ℃ for ten days. However, no significant changes in those two me-
tabolites were observed in rambutan stored at optimal 5 ◦C for ten days. 
Glutathione is essential for ascorbic acid, which functions in meta-
bolism, catalysis, transport, and cell protection (Meister, 1992). We 
speculated that glutathione and ascorbic acid were involved in the 
scavenging of free radicals during the browning process. Therefore, a 
serious decrease of them was found in the pericarps of RT-5 d and L1-10 
d with severe browning. In contrast, nandrolone was up-regulated in RT- 
5 d and L1-10 d pericarps with severe browning, but no significant 
change was found in L5-10 d. 

3.4. Pathways associated with the DEMs in L1-10 d, L5-10 d and RT-5 
d compared with CK 

The DEMs in the L1-10 d, L5-10 d and RT-5 d pericarps compared 
with the pericarps at 0 d were analyzed using the KEGG database by 
Fisher’s exact test, and the similarities and differences in the main 
metabolic pathways were compared (Kanehisa, Goto, Sato, Furumichi, 
& Tanabe, 2011). Among 192 metabolic pathways, 18 of which had 
significant changes (p < 0.05) and may be related to browning. The main 
metabolic pathways were different in the L1-10 d, L5-10 d, and RT-5 
d pericarps compared with CK. As showed in Fig. 3B, the metabolic 
pathways found only in RT-5 d pericarp with most serious browning 
were “propanoate metabolism”, “starch and sucrose metabolism”, 
“zeatin biosynthesis”, “metabolic pathways”. The main metabolic 

pathways of L1-10 d pericarps with serious browning were “valine, 
leucine and isoleucine degradation”, “arginine biosynthesis”, which 
were also significantly changed in L5-10 d pericarps. L5-10 d pericarps 
with slight browning had seven unique metabolic pathways, including 
“cyanoamino acid metabolism”, “monobactam biosynthesis”, “betalain 
biosynthesis”, “phenylpropanoid biosynthesis”, “phenylalanine, tyro-
sine and tryptophan biosynthesis”, “glucosinolate biosynthesis”, “iso-
quinoline biosynthesis” and six pathways also found in common DEMs. 
47 common DEMs compared with CK were significantly enriched in 
seven metabolic pathways. The first four of them, including “biosyn-
thesis of amino acids”, “biosynthesis of secondary metabolism”, “ami-
noacyl-tRNA biosynthesis”, “2-oxocarboxylic acid metabolism” were 
also significantly enriched in L5-10 d pericarps with slight browning. 
The metabolic pathway of “valine, leucine and isoleucine degradation” 
was only found in 47 common DEMs. 

These findings demonstrated that the respiratory metabolic path-
ways of rambutan pericarps were notably changed during storage at 
either room or low temperatures, resulting in losses in fruit quality and 
browning. During this process, the metabolic pathways related to car-
bohydrates, aliphatic metabolites, and organic acids might be highly 
active in RT-5 d rambutan pericarps, whereas the metabolic pathways 
related to amino acids biosynthesis and nucleotides might be highly 
active in L1-10 d and L5-10 d rambutan pericarps. 

Respiratory metabolism played crucial roles in browning and 
senescence in harvested crops (Lin et al., 2018). The map of metabolic 
pathways (Fig. 4) showed that all the key DEMs participating in 
glycolysis and TCA, including sucrose, maltotetraose, glucose-6-P, 
fructose-6-P, phosphoenolpyruvate, and trans-citridic acid exhibited 
notable changes in RT-5 d rambutan pericarps. The large consumption of 
carbohydrates had two main effects on the browning process of 
rambutan. Firstly, the reduced fructose-6-P and phosphoenolpyruvate 
entered the phenylpropanoid biosynthesis pathway and produced a lot 
of ferulic acids, scopolin, scopoletin, and other substances in RT-5d 
rambutan pericarps. Oxidation of scopoletin and scopolin by hydrogen 
peroxidase yields a blue-black color (Bayoumi, Rowan, Beeching, & 
Blagbrough, 2008; Liu, Zainuddin, Vanderschuren, Doughty, & Beech-
ing, 2017). Therefore, the browning of RT-5 d rambutan pericarps was 
the most serious. Secondly, pyruvic acid entered the valine, leucine and 
isoleucine biosynthesis pathway, resulting in an apparent decrease of 

Table 2 
Fold changes of most variable differentially expressed metabolites of rambutan under different temperatures.  

Metabolites Log2 fold change Metabolites Log2 fold change 

L1-10 days 
vs.CK 

L5-10 days 
vs.CK 

RT-5 days 
vs.CK 

L1-10 days 
vs.CK 

L5-10 days 
vs.CK 

RT-5 days 
vs.CK 

Delphinidin 3-O-glucoside –  – − 21.32 L-Glutamic acid − 1.89 − 1.29 – 
5-Hydroxy-L-tryptophan –  – − 16.4 Eudesmoyl quinic acid − 1.88 – – 
C-rhamnosyl-apigenin O-feruloylhexoside –  – − 14.56 L-Glutamic acid O-glucoside − 1.86 – – 
MAG (18:4) isomer1 –  – − 13.79 MAG (18:3) isomer3 4.8 – – 
2-Aminoethanesulfinic acid –  – − 13.54 p-Coumaryl alcohol 5.56 – – 
Reduced form glutathione − 4.35  – − 8.49 13-HpOTrE(r) 10.94 – – 
N’, N’’-disinapoylspermidine –  – − 8.42 2-Hydroxyisocaproic acid 13.13 – – 
CYS-GLY − 3.89  – − 7.45 3-Hydroxypropanoic acid 13.94 – – 
L-Ascorbate − 3.83  – − 5.17 (S)-(-)-2-Hydroxyisocaproic acid 16.36 14.7 – 
Serotonin –  – − 3.78 Sesamolin 19.79 – – 
LysoPC 16:0 (2n isomer) –  – 6.5 O-Phosphocholine – − 2.16 – 
LysoPC 18:3 –  – 6.73 O-Phosphorylethanolamine – − 1.53 – 
LysoPC 12:1 –  – 7.09 Scopoletin – − 1.5 – 
trans-Cinnamate –  – 11.98 Glutamic acid – − 1.38 – 
Ethyl gallate 14.32  8.77 12.27 Vitamin A – − 1.35 – 
Ethylmalonate –  – 12.49 Acetyl tryptophan – − 1.35 – 
13-HpOTrE(r) –  – 13.69 Pinoresinol – − 1.35 – 
LysoPC 10:0 –  – 14.61 N6-Acetyl-L-lysine – 2.21 – 
3,4,5-Trimethoxycinnamic acid 16.19  14.06 15.97 N-Acetyl-L-tyrosine – 2.27 – 
Nandrolone 14.58  – 16.02 Pinocembrin – 2.4 – 
L-Aspartic acid − 3.84  − 2.05 – DL-Homocysteine – 2.7 – 
Aspartic acid − 3.76  − 1.87 – 2-Hydroxyisocaproic acid – 11.54 – 
2-Hydroxy-6-aminopurine − 2.57  – – Gentiopicroside – 13.44 – 
Cholesterol − 2  – – 3-Hydroxypropanoic acid – 13.5 –  
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leucine and isoleucine in RT-5 d. However, those two amino acids 
increased in L1-10 d and L5-10 d rambutan pericarps. We conjectured 
that leucine and isoleucine in RT-5d rambutan pericarps might convert 
to acetyl-CoA, then entered the TCA cycle again, participated in active 
respiration metabolism and accelerated the browning process. 

Isocitrate from the TCA cycle entered the biosynthesis amino acids 
pathway, causing a significant decline of glutamate. Glutamate is a 
central molecule in amino acid metabolism in higher plants. The 
α-amino group of glutamate is directly involved in both the assimilation 
and dissimilation of ammonia and is transferred to ornithine and other 
amino acids (Forde & Lea, 2007). Ornithine entered the glutathione 
metabolism pathway, causing significant changes in glutathione and 
ascorbate. Interestingly, glutathione and ascorbate decreased signifi-
cantly in L1-10 d and RT-5 d pericarps with severe browning, while the 
above two metabolites were not notably changed in L5-10 d pericarps 
with minimal browning. We speculate that glutathione and ascorbate 
might be used as enhancers to remove reactive oxygen species caused by 
browning. 

4. Conclusion 

The differences in the browning index, lightness, respiratory in-
tensity, relative conductivity, total soluble solid, titratable acid 
demonstrated that room and low temperatures had notably different 
effects on the quality of “Baoyan-7” rambutan during storage. The 
browning of rambutan pericarp was the most serious under room tem-
perature and lost its commercial value within five days. After ten days 
stored at 5 ℃, the browning index and lightness of rambutan pericarps 
were 4.2% and 147.5% of that at 1 ℃, indicating the least browning and 
best quality. An UPLC-MS/MS analysis was performed to uncover the 
metabolism underlying those effects, followed by the analysis of KEGG 
pathways of key DEMs. Our results demonstrated that the majority of the 
carbohydrates and derivatives were consumed, while lipids, organic 
acids, phenylpropanoids, and their derivatives were accumulated during 
low and room-temperature storage of rambutan. Moreover, the 
decreased fructose-6-P and phosphoenolpyruvate from glycolysis 
pathway entered the phenylpropanoid biosynthesis pathway. They 
converted into ferulic acids, scopolin, and blue-black coloring matter, 
which was one of the main reasons for the browning of rambutan 
pericarp during storage at room temperature. L-leucine and L-isoleucine 
in the L1-10 d and L5-10 d pericarps both increased to cope with cold 
stress. The consumption of glutathione and ascorbate could be used as 
potential indicators of browning degree, and there were no significant 

changes observed in rambutan stored at optimal 5 ◦C for ten days. These 
results provided a metabolic fingerprint that reveals how the room and 
low temperatures differentially influenced the quality of rambutan 
during storage. 
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