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Abstract
Litchi (Litchi chinensis Sonn.) fruit, with its bright red color and sweet and juicy aril,

is an important fruit crop in Asia, Africa, Australia, and South America. A major

cause of the postharvest loss of litchi fruit is browning and decay. Chlorophyll break-

down and flavonoid synthesis occur simultaneously during the maturation of this

nonclimacteric fruit. However, once litchi fruit is harvested, pericarp desiccation and

membrane breakdown occur, which leads to browning with the rate of browning and

later microcracking paralleling water loss rate. In addition, chilling injury can con-

tribute to and increase pericarp browning and membrane leakage. Polyphenol oxidase

and peroxidase are possibly key enzymes in the early stages of browning. An increase

in the leakage of the pericarp membrane also occurs that correlates with brown-

ing. Many chemical treatments have been evaluated to retard pericarp browning,

such as melatonin, hot water, acidified calcium sulfate (ACS), adenosine triphos-

phate, and tea seed oil. During long distance transportation, chemical treatments that

involve sulfur are used, including SO2 fumigation, acid dip after SO2 fumigation,

SO2 fumigation and sulfur sheet package, or SO2 fumigation followed by controlled

atmosphere (CA), if approved by the importing country. Other treatments that avoid

the use of SO2 include melatonin, ACS, and hot water brushing combined with an

acid dip, CA, and modified atmosphere packaging. Anthracnose is a common disease

that accelerates browning and decay. Penicillium species as a saprophyte is also com-

mon with fruit infection occurring in the field, during harvest, in the packhouse, cold
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rooms, and shipping containers. Sulfur sheet or CA is used to reduce fruit rot after

SO2 fumigation and Sportak (prochloraz) for the control of penicillium. However, a

replacement for postharvest SO2 use is still urgently needed.

1 INTRODUCTION

Litchi fruit, with its bright red color and sweet and juicy aril,
is an important fruit crop in Asia, Australia, Israel, Africa,
and Central and South America (Menzel & Waite, 2005;
Paull et al., 2014). Litchis are mainly produced in subtrop-
ics and the cooler tropics with adequate rainfall or irrigation.
The variability of fruit supply from season to season and
region to region leads to wide swings in available fruit sup-
ply and market price. These fluctuations in supply are due to
the restrictive flowering and fruiting requirements of litchi
and often alternate bearings that depend on cultivar, water
availability, temperature, and a tree’s vegetative status, cou-
pled with the fruit’s limited storage life of the fruit, and high
consumer demand creates imbalances in the supply year to
year.

Important litchi consumption areas are in temperate regions
that have major population centers: Europe, North America,
China, and Japan. Export is crucial to the development of the
industry in many countries that are funneled through numer-
ous export channels, such as litchis produced in China and
Taiwan that are exported to the United States, Canada, Japan,
and Singapore. Litchis produced in South Africa, Madagascar,
Australia, and India can be exported to European markets such
as France, Germany, and the United Kingdom (Mitra, 2002).
Litchis from Thailand are exported to Hong Kong, Indone-
sia, Malaysia, Singapore, and Europe (Tongdee, 1998). Many
of these export channels may involve 20–30 days or more
for long distance sea transport and handling, or 7–12 days
by air or for short distance sea transportation, such as Tai-
wan to Japan and Singapore. In addition, many countries have
quarantine requirements mainly due to fruit flies that require
an insect disinfestation treatment before entry. Current dis-
infestation treatments include application of a heat or cold
treatment, or irradiation, that can lead to loss in fruit quality,
especially pericarp browning. Pericarp browning and decay
are major causes of postharvest quality loss in litchi fruit,
irrespective of whether an insect disinfestation treatment is
required (Akamine, 1960; Holcroft & Mitcham, 1996), and
this browning has been the focus of much research.

Controlling litchi browning and decay has led to the com-
mercial use of SO2 fumigation (Swarts, 1983, 1985) and acid
dip after SO2 fumigation (Underhill, 1994; Zauberman et al.,
1990, 1991). SO2 treatment has human health concerns due
to being an allergen for individuals suffering from asthma. In
the United States, SO2 is banned for cosmetic use (browning

control), though approved as a fungicide. The replacement of
SO2 as a postharvest treatment has been continuously studied
since the treatment was developed in the 1980s (Sivakumar
et al., 2010). Research has ranged from searching for alterna-
tives to the physiology, biochemistry, and molecular biology
of this disorder. Enzymes such as polyphenol oxidase (PPO),
peroxidase (POD), and anthocyanase (ANT) (Z. F. Lin, Li,
Lin, et al., 1988; Z. F. Lin, Li, Zhang, et al., 1988; Underhill,
1992; Z. Zhang et al., 2001) and membrane factors includ-
ing the oxidation and energy status (Duan et al., 2011; Y.
Jiang, Duan, et al., 2004; Shi et al., 2008). More recently,
molecular and biotechnology approaches have given us a
greater understanding of these physiological and biochemical
responses.

In this review, we will summarize the current status of
this research as it relates to the nature of this nonclimac-
teric fruit where the edible flesh is an aril that grows from
the funiculus, the surrounding pericarp sheet, postharvest
changes, and current handling practices that impact fruit qual-
ity and postharvest storage life. We apologize to authors
whose research is not cited due to manuscript length restric-
tions; these can be found as cited literature in the papers we
have referenced.

2 LITCHI CHEMICAL COMPOSITION
AND NUTRITION VALUE

In the approximate analysis, moisture content, protein, lipids,
carbohydrates (calculated by difference), and ash are deter-
mined. Four of the five are determined via chemical analysis,
with carbohydrates being determined based on the other four.
Carbohydrates would include at least dietary fiber and sugars.
Analysis has evolved from the 1860s when it was developed
in Germany to give a broad classification of food compo-
nents. Nutritional analysis is much more detailed, and older
methodologies are being replaced to meet national standards.
Fruits, in general, are a good source of potassium, phospho-
rus, and vitamin C. Litchi has moderate amounts of calcium,
magnesium, manganese, and copper.

2.1 Moisture content

Litchi edible aril has a high moisture content that varies from
77% to 85% (Table 1) that varies by cultivar and production
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year (Farina et al., 2017). The seed moisture content is about
54%, and the skin is 34% in ripe fruit.

2.2 Sugars

Total soluble solids content (TSS), also called ˚Brix (%), is
most commonly measured by differences in the refractive
index, with distilled water used for calibration. The ˚Brix units
honours Adolf Brix who developed hydrometers to measure
sugar content in grams per 100 g solution (specific gravity) in
wine, candy, and carbonated beverages. The degree ˚Brix is
more appropriate for sugar solutions and less appropriate for
the sugar content in fruits and fruit juices. Other soluble com-
pounds including organic and amino acids, soluble pectins,
and salts contribute to the refractive index (Crowther et al.,
2005), and the extraction protocol can alter sugar composi-
tion (Cools & Terry, 2012), giving higher refractive index
readings. The refractive index gives a useful approximation
of sugar content expressed as % TSS. The in litchi of solu-
ble solids content varies from about 14% to 21% mainly as
sucrose, fructose, and glucose, with the ratio of sugars often
dependent upon cultivar, the extraction protocol, and care to
avoid invertase activity (Chan et al., 1975; Farina et al., 2017;
Y. M. Jiang et al., 2006; Magwaza & Opara, 2015; Paull et al.,
1984; Wall, 2006; H. C. Wang et al., 2006; Z. Yang et al.,
2013).

The sugar content (sucrose, glucose, and fructose) varies
widely between cultivars. Among 42 cultivars studied by Z.
Yang et al. (2013), Shuangjianyuhebao, Jinzhong, and Wuye-
jiu had significantly less total sugars (<100 mg g−1 FW)
than Zhuangyuanhong, Qingpi, Nuomici’ Jidi, Feizixiao, and
Wanpu (>150 mg g−1 fresh weight [FW]). Cultivars also var-
ied in their hexoses/sucrose ratio from less than one to more
than four with the difference being highly correlated with cell
wall acid invertase, soluble acid invertase, and sucrose syn-
thase. Earlier, H. C. Wang et al. (2006) classified the aril sugar
composition of different cultivars into monosaccharide, dis-
accharide prevalent types, and intermediate types. Cultivars
with low invertase activity and elevated activities of SS and
sucrose phosphate synthase (SPS) accumulated sucrose as in
Nuomici, while high invertase activity and lower activities of
SS and SPS accumulate more reducing sugars Feizixiao (H.
Wang et al., 2003).

Different amounts of mono and disaccharides and dietary
fiber in fruits affect the glycemia index (GI) (Brand-Miller
et al., 2009). GI is a measure of how rapidly carbohydrates in
a food are digested and increase blood sugar levels, and this is
a medical issue for an individual with type II diabetes. Values
of GI between 0 and 55 are regarded as low, 56 and 69 mod-
erate, and 70 and 100 high. Y. Y. Chen et al. (2011) showed
that litchi had a moderate GI of 60 for people with type II
diabetes and low (48) for healthy individuals; however, this

Core Ideas
∙ Litchi (Litchi chinensis Sonn.) in the Sapindaceae

is a tropical fruit that is highly prized worldwide.
∙ The edible juicy aril is surrounded by a thin

leathery pericarp.
∙ Major causes of postharvest loss are pericarp

browning and decay.
∙ The cause and control of pericarp browning is a

major focus of research.

difference was not found to be significant. In contrast, bananas
have a GI of ∼45, and mangos have a GI of 51. The other mea-
sure is the glycemic load (GL), which ranks food according to
the amount of carbohydrates in a food that is eaten. Litchi is
regarded to have a low GL being less than 10, with the under-
standing that less than 100 g of litchi aril is eaten with a GI of
60 at one sitting.

2.3 Acids

Taste is often expressed as a sugar-to-acid ratio. Acid
increases sourness and decreases sweetness, while sugar
increases sweetness and depresses sourness (Magwaza &
Opara, 2015). The acid level in litchi increases during fruit
development and then decreases during ripening (Joubert,
1986; Paull et al., 1984; H. C. Wang et al., 2006). The sugar-
to-acid ratio ranges from 100 to 125 (Farina et al., 2017),
which is indicative of the low acid content. The sugar/acid
ratio therefore tends not to be as a useful quality indicator in
this low acid fruit at full ripeness, when the sugar/acid ratio
above 40, the fruit is regarded as having good eating qual-
ity (Underhill & Wong, 1990). As the fruit approaches full
maturity and ripens, the sugar and particularly the acid con-
tent decrease as the aril undergoes its final growth, and this
leads some cultivars to having a bland taste (H. B. Huang &
Qiu, 1987).

The overall level of malic acid, the major acid (80%), Is low
in ripe fruit (Chan & Kwok, 1974; H. C. Wang et al., 2006).
This low acid level means that the TSS with the refractometer
more accurately reflects the soluble sugars and sweetness of
litchi. Smaller amounts of citric, tartaric, and oxalic acid are
also found in litchi aril. Citric and oxalic acids are present
during early fruit growth and are not detected in ripe fruit
(H. C. Wang et al., 2006). Other reported acids include suc-
cinic, levulinic, glutaric, malonic, and lactic acids (Cavaletto,
1980; Paull et al., 1984) though not confirmed in more recent
studies. Succinic acid is not the main organic acid present in
litchi during fruit development (H. C. Wang et al., 2006), as
previously reported (Paull et al., 1984).
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T A B L E 1 Proximate analysis of litchi aril flesh from the earliest recorded values (Higgins, 1917), recent published results, and the current
values in USDA National Nutrition Database (2016) (Haytowitz et al., 2009).

Proximate
Higgins
(1917)

Wenkam
(1990) Guiwei

Wall (2006)
(%) Kaimana
(Heiye)

Cabral et al.
(2014)
Tailandes

Farina et al.
(2017)—mean
4 cultivars

USDA (2016)
per 100 g ± SE

Water 79.1 77.6 79.44 80.7 85 81.75 ± 1.01

Energy (kJ) 335 294 276

Protein (g 100 g−1 FW) 1.15 0.94 0.7 0.81 0.83 ± 0.04

Total lipids (g 100 g−1 FW) 0.29 0.8 0.81 0.44 ± 0.13

Ash (g 100 g−1 FW) 0.541 0.37 0.3 0.31 0.44 ± 0.05

Carbohydrates (g 100 g−1 FW) 20.77 15.3 16.53

Reducing sugars (g 100 g−1 FW) 12.5

Sucrose (g 100 g−1 FW) 2.8

Total sugars (g 100 g−1 FW) 15.3 11.8 15.23

Insoluble solids (g 100 g−1 FW) 1.79

Fiber (g 100 g−1 FW) 1.6 2.2 1.17 1.3

Minerals (mg 100 g−1 FW)

Calcium 4 3.1 1.8 8.5 5 ± 1

Iron 0.37 0.28 0.86 0.13 0.31 ± 0.06

Magnesium 16 13.7 12.9 11.9 10

Phosphorus 35 28.8 39.0 19.8 31 ± 3

Potassium 255 130.7 106.7 135 171 ± 23

Sodium 7 3.1 5.9 5.45 1

Zinc 0.24 0.22 0.76 0.07

Copper 0.20 0.12 0.5 0.15

Manganese 0.05 0.06 0.15 0.06

Selenium 0 0.6

Vitamins
Vitamin C, total ascorbic acid (mg) 40.2 30.66 34.7 57.66 71.5 ± 10.2

Thiamine (mg) 0.035 0.027 0.011

Riboflavin (mg) 0.084 0.067 0.065 ± 0.009

Niacin (mg) 1.91 1.16 0.603 ± 0.147

Vitamin B6 (mg) 0.1

Folate total (μg) 14

Choline total (mg) 7.1

Vitamin E (alpha-tocopherol) (mg) 0.128 0.07

Vitamin K (phylloquinone) (μg) 0.4

Note: No vitamin B-12, vitamin A, retinol, carotene (beta), carotene (alpha), cryptoxanthin (beta), vitamin A, lycopene, and lutein + zeaxanthin recorded.
Abbreviation: FW, fresh weight.

2.4 Ascorbic acid

Litchi is recommended as a good source of vitamin C (ascor-
bic acid). The vitamin C content ranges from 30 to 70 mg
100 g−1 (Table 1). The early-maturing Hawaiian litchi cultivar
Kaimana, a selection from Heiye, shows an average vitamin C
content of 33 mg 100 g−1, while the late-maturing Groff (Shui
dong) and Bosworth-3 (Gui wei) had 21 and 23 mg 100 g−1,
respectively (Wall, 2006). Mauritius (Dazao) and Mc Lean’s

Red (possibly selection Indian cultivar of selection Purbi)
have 27 and 21 mg 100 g−1, respectively (Sivakumar, Naudé,
et al., 2008). Vitamin C levels are very high early in fruit
growth and decline as the fruit approaches maturity and ripens
and remain constant in the last few weeks before the ripe stage
(H. C. Wang et al., 2006). When cultivars were compared in
the same study, considerable variation in Vitamin C content
has been reported; for example, Feizixiao has 41 mg 100 g−1,
while Nuomici has 19 mg 100 g−1 (H. C. Wang et al., 2006).
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2.5 Minerals

The litchi fruit is a good source of potassium (K) and nitro-
gen (N) (Table 2). The content of N, P, K, Ca, Mg, Na, and
Fe vary widely and may reflect different cultivars and pre-
harvest growing conditions. The results of Wall (2006) and
Farina et al. (2017) clearly indicate both cultivars, production
season, and production area affect mineral content.

2.6 Protein, lipids, and fiber

Litchi aril, like most fruit, is low in total protein and lipids
(Cavaletto, 1980; Farina et al., 2017; Pareek, 2018) with
only 0.7%–1.0% protein in aril on a fresh weight basis
(Table 1) (Farina et al., 2017; Watt & Merril, 1963). Simi-
larly, total lipids are also less than 0.1% on a fresh weight basis
(Farina et al., 2017; Watt & Merril, 1975). Total dietary fiber
ranges from 1.1% to 1.25% (Farina et al., 2017). Only small
amounts of free amino acids are detected with γ-aminobutyric
acid (GABA) (Z. C. Wu et al., 2016), with aspartic acid,
glutamine, asparagine, serine, glutamine, arginine, alanine,
tyrosine, valine, and methionine being found in much lower
concentrations.

Considerable variation is seen in the aril content of these
constituents (proteins, lipids, and fiber) (Table 1). The differ-
ence may be due to cultivar (Farina et al., 2017; A. Singh et al.,
1987), year, and location of production (Farina et al., 2017; A.
Singh et al., 1987; Tripathi et al., 1987).

2.7 Active substances

Litchi contain several nutritional and functional components
in addition to vitamins and phenolic compounds (Table 1) (D.
Su et al., 2014; Z. C. Wu et al., 2016). Antioxidants scav-
enge free radicals and therefore are potentially involved in
human health. Plant compounds thought to be responsible for
these protective effects include carotenoids, antioxidant vita-
mins (ascorbic acid and tocopherols), phenolics, flavonoids,
proanthocyanidins, and anthocyanins. Litchi exhibit higher
antioxidant activity in ferric reducing antioxidant power
(FRAP) than in the Trolox equivalent antioxidant capacity
(TEAC) assay (Luximon-Ramma et al., 2003). Total pheno-
lics are 288 μg g−1 FW as gallic acid equivalents, flavonoids
94 μg as quercetin equivalents g−1 FW, proanthocyanidins
100 μg cyanidin chloride g−1 FW, TEAC of 5 μmol Trolox
g−1 FW, and FRAP of 3 μmol Fe(II) g−1 FW. The ascor-
bate content and antioxidant capacity (TEAC and FRAP) are
poorly correlated. The largest proportion of the antioxidant
in litchi aril is associated with total phenolics through FRAP
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assays (Saxena
et al., 2011; Septembre-Malaterre et al., 2016). The three

phenolic compounds that are the major contributors to
antioxidant activity in litchi aril are quercetin 3-O-rutinoside-
7-O-a-l-rhamnosidase, quercetin 3-O-rutinoside (rutin), and
(-)-epicatechin at 70.35%, 14.60%, and 9.42%, respectively
(D. Su et al., 2014). Also detected are gallic acid, chlorogenic
acid, (+)-catechin, and caffeic acid at less than 500 μg/100 g
of FW (D. Su et al., 2014; R. Zhang et al., 2013). Significant
differences in antioxidant activity are observed between cul-
tivars using FRAP and DPPH scavenging capacity methods
(Saxena et al., 2011; R. Zhang et al., 2013).

In addition to ascorbic acid and phenolics, litchi also
contain myo-inositol (0.28–0.78 mg g−1 FW), GABA (1.7–
3.5 mg g−1 FW), and L-quebrachitol (1.6–6.4 mg g−1 FW);
these ranges are from analysis of 10 different cultivars (Z.
C. Wu et al., 2016). Litchi is regarded to have a moderate
amount of myo-inositol. Myo-inositol has been associated
with several neurological conditions. Fresh vegetables and
fruits contain more myo-inositol than other foods and are the
main dietary source in our diet (Clements & Darnell, 1980).
The GABA concentration in litchi aril is nearly 100 times
greater than in other fruits and L-quebrachitol not being com-
mon in most fruits. GABA is a nonprotein amino acid with a
role in mammalian central nervous system (Foster & Kemp,
2006). The content in litchi aril is about a hundred times
higher than in other fruits and 25–55 times higher than the
second most abundant amino acid (glutamic acid) in litchi.

Adverse food reactions have been reported to litchi con-
sumption and have been explained as an allergic reaction (Fär
et al., 1995; Hoppe, Neidhart, et al., 2006; Hoppe, Steinhart,
et al., 2006; Raap et al., 2007; Saraswat & Kumar, 2005; Y.
Wang et al., 2009; X. Wang et al., 2016). Symptoms after eat-
ing include itchy or sore throat, swelling of the lips and throat,
labored breathing, or diarrhea. Profilin (Fär et al., 1995; Song
et al., 2007) and a triose-phosphate isomerase (Hoppe et al.,
2006b) have been implicated in this reaction. Cross reactiv-
ity to latex (Niggemann et al., 2002) and with other fruits
(Saraswat & Kumar, 2005) has also been reported.

3 LITCHI VOLATILES

Volatile organic compounds (VOCs) are metabolites released
by plants into the air. The VOCs released by fruits are reported
to be up to 20% of the total CO2 fixed each day by plants
(Baldwin, 2010). The volatiles are used to protect plants
against abiotic and biotic stresses, plant-to-plant communi-
cation, and to provide information for pollination and seed
dispersal. In the case of fleshy fruits, volatile release along
with color changes are cues to fruit ripeness to attract seed
dispensers such as frugivorous birds, bats, and other animals
to move seed away from the parent plant (Bouwmeester
et al., 2019; Rodríguez et al., 2013; Tiffney, 2004;
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Valenta et al., 2013). Plant volatiles are made up of a
wide range of low-molecular weight secondary metabolites
with appreciable vapor pressure under ambient conditions.
The diversity can be seen from the four major biosynthesis
pathways, all of which are involved in the generation of
litchi volatiles: (i) the acetate pathway leading to C18 fatty
acids and jasmonic acid and C6 alcohols and their esters; (ii)
the melavalonic acid pathway leading to sesquiterpenoids;
(iii) the methylerythritol pathway leading to mono-, di- and
triterpenoids; and (iv) Shikimate pathway for benzenoids
and phenolics (Bouwmeester et al., 2019). Comparison of
volatiles is complicated because of the complexity of the
blend of volatiles emitted and the fact that only a few of
these volatiles may be major aroma key volatiles recognized
by humans. These key impact volatiles may not be a major
volatile component emitted. In litchi, the floral aroma is more
pronounced than the fruity notes.

Litchi aroma is normally described as rose and fruity-floral,
and one of the earliest studies found 42 volatiles (Johnston
et al., 1980). The main constituents are β-phenethyl alco-
hol and its derivatives and terpenoids with certain terpenoids
comprising the major portion of the volatiles. Subsequently,
other workers identified additional volatiles that reported
alcohols, carbonyl compounds, ethers, esters, ketones, and
terpenes. The conclusion drawn is that the fruity flavor (citrus-
like) is associated with methyl esters of various alcohols,
and acetates of limonene, nonanal, decanal, citronellyl, and
geranyl. Monoterpene (rose oxide) is responsible for rose fra-
grance (Chyau et al., 2003; Froehlich &, Schreier, 1986; Ong
& Acree, 1998; Toulemonde & Beauverd, 1985).

Varietal differences in volatile profiles are found (Chyau
et al., 2003; Sivakumar, Naudé, et al., 2008). For exam-
ple, no esters are detected in McLean’s red (Bengal) while
present in Mauritius (Dazao) with zingiberene being the
predominant sesquiterpene and terpinolene the most abun-
dant monoterpene in Mauritius, with rose oxide, limonene,
citronellol, and geraniol being at low levels (Sivakumar,
Naudé, et al., 2008). Y. Wu et al. (2009) compared nine
litchi cultivars from southern China, and 96 volatiles were
detected, with mass spectroscopy identifying 43 with another
53 given tentative identification. Identified were 35 ter-
penoids, 27 alcohols, 10 aromatic compounds, nine aldehy-
des, eight esters, four ketones, two sulfur compounds, and
one organic acid. Common volatiles found included linalool,
cis-rose oxide, α-terpineol, β-citronellol, geraniol, ρ-cymene,
ethanol, 3-methyl-3-buten-1-ol, 3-methyl-2-buten-1-ol, 1-
hexanol, (E)-2-hexen-1-ol, 2-ethyl-1-hexanol, 1-octen-3-ol,
1-octanol, ethyl acetate, ρ, α-dimethylstyrene, and 3-tert-
butyl-4-hydroxyanisole. The varieties “Guangxi Huaizhi”
emitted the most diverse profile with 67 volatiles and Jizuili
the least (36 volatiles). The highest odor components are
commonly cis-rose oxide, trans-rose oxide, 1-octen-3-ol, and
geraniol. The authors also showed that the variety “Huaizhi”

from two production areas had similar volatile profiles. A
more recent study using gas-chromatography mass spec-
troscopy coupled with olfactometry (Feng et al., 2018) found
31 active odor active components (key aroma components)
that overlap with earlier results. In the Florida variety “Sweet-
heart,” (Fezixiao), they found methional, geraniol, furaneol,
nerol, dimethyl trisulfide, linalool, (E, Z)-2,6 non-adienal, and
nerolidol. In addition, these researchers identified nerolidol
and homofuraneol as odor-active components for the first time
in litchi. These findings complement and extend the results of
Y. Wu et al. (2009) as to the odor-active components in litchi.

4 POSTHARVEST PHYSIOLOGY

4.1 Fruit development and mature

4.1.1 Fruit growth and composition

The growth curves of the pericarp, seed, and aril and the fruit
as a whole were typically sigmoidal (H. B. Huang & Xu,
1983). The growth of fruit and arils shows a sigmoidal pat-
tern, while the growth is slower and more linear (Figure 1a).
Rapid growth is principally due to an increase in aril tis-
sue (Paull et al., 1984). Fruit length increased up to the 17th
week from anthesis, while width and weight increased con-
tinuously. The percentage of pericarp, as a portion of the
fruit, decreased until the 17th week, while the percentage of
aril increased until the 19th week (Rivera-López et al., 1999).
The percentage of aril varies between varieties (H. C. Wang
et al., 2017; Yen, 1983) in relation to seed development. Three
types of fruit are seen: normal with a viable embryo, aborted,
and seedless. Few varieties such as “Wuheli” are seedless
(parthenocarpic). Fruit with aborted seeds (Figure 1b), often
referred to as “chicken tongue” (stenospermocarpy) have
small poorly developed embryos and shriveled seeds (Yen,
1983), and has been associated with seed cell wall invertase
gene expression (Zhang, Wu, et al., 2018). The proportion
of aborted seeds varies between individual trees in the same
orchard, with variety the “Nuomici” having a high proportion
of aborted seeds (H. C. Wang et al., 2017; Yen, 1983), year-
to-year, unfavorable weather (R. A. Stern & Gazit, 1996), and
self-pollination versus cross-pollination (R. A. Stern et al.,
1993). Fruit with aborted seeds are prized by consumers
because of their higher aril-to-seed ratio, though the amount
of aril in each fruit is the same (Yen, 1984).

Pericarp chlorophyll began to decline logarithmically soon
after the start of fruit growth increase, with anthocyanin pro-
duction beginning about halfway through the growth period.
Total sugars increase in aril from 3% to 16% during the rapid
growth period. Aril acidity decreases over 2 weeks in the mid-
dle of fruit growth (Paull et al., 1984). Titratable acidity (TA)
is mainly due to malic acid. As the fruit matures, the size
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F I G U R E 1 Litchi fruit development: (a) growth of fruit component parts from anthesis, and (b) difference in seed size due to arrested seed
development with continued aril as an outgrowth from the funiculus. Arrested seed development leads to a significantly higher flesh to seed ratio and
is highly desired. Fruit component growth redrawn from Paull et al. (1984).

F I G U R E 2 Changes during litchi fruit development: (a) changes
in total soluble solids (TSS) (%) and titratable acidity and (b) changes
in the component acids in the aril and changes in pericarp anthocyanins
as absorbance at 530 nm. Redrawn from Paull et al. (1984).

of the fruit increased, TSS in pulp increases, TA decreases
(Figure 2a), resulting in an increase in TSS/TA ratio, ethanol
content increases, while the lightness (CIE L∗a) and the firm-
ness decrease (Reichel et al., 2010). The malic acid in aril
shows a dramatic decline as the fruit ripens with an increase
in pericarp anthocyanins (Figure 2b).

This nonclimacteric fruit does not continue to ripen after
harvest and is harvested when fully ripe (Kader, 1998; Paull
et al., 2014). Cultivar-specific fruit colour changes, fruit
shape, pericarp texture, and flavour are the maturity indexes
that are used the most. Objective aril TSS and TA read-
ings are often determined, and their ratio is used as a more
accurate maturity index by the South African Litchi Grow-
ers’ Association. In Australia, the TSS/TA ratio of 30:1 to
40:1 is recommended (Underhill & Wong, 1990). In Israel, a
lower minimum TSS/TA ratio of 20:1 is used at maturity, and
more than 29:1 indicates fruit is overripe (Sivakumar et al.,
2010). South Africa recommends the TSS/TA ratio to be 25:1,
and the TSS/TA should be between 20:1 and 30:1 for HLH
Mauritius and McLean’s Red that are sulfur fumigated before
export. The fruit has relatively few fungal infections during
export simulations when the TSS/TA ratio was lower than
30:1. The incidence of infection increased dramatically when
the TSS/TA ratio became higher than 30:1. Furthermore, the
over-mature McLean’s Red litchi also had significantly higher
SO2 residues in the aril of the fruit (Schoeman et al., 2004).
Hong Huey harvested in pink to the red-shelled stage, and
Chacapat at the pink-shelled stage provided optimum eating
quality in long supply chains (Reichel et al., 2010).

Litchi harvested in the early morning (4 to 6 a.m.) when it
is cool exhibited the least weight loss and browning index,
and maximum anthocyanin content, as well as marketable
fruit (74%). The fruit were stored at ambient temperatures
for 5 days in 2-kg ventilated corrugated fiberboard boxes
with a perforated polymer liner (Purbey et al., 2018). The
fruit harvested later in the morning (9 to 12 a.m.) had only
62% marketable fruit with a lower thickness of the pericarp,
moisture content, a* value, and the highest respiration rate.

More mature fruit has greater pericarp membrane leakage
than less mature and earlier harvested fruit (X. M. Huang
et al., 2005). Cuticle thickness also decreased from 8.75 to
1.88 μm as the fruit matured (Underhill & Critchley, 1992),
which might explain the increase in pericarp water loss and
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browning. As maturity increases, the alcohol content in pulp
increases and firmness declines (Reichel et al., 2010). Pesis
et al. (2002) harvested fruit from early to late in the season
and divided each batch into four maturity levels according to
colour. The higher the maturity of the fruit harvested in the
same batch, the higher the TSS, lower TA, and the higher
the TSS/TA ratio, while the acetaldehyde (AA) and ethanol
content are similar at each maturity in the harvest. In the last
fruit harvested, the TSS and TA were less. The TSS/TA ratio
increased initially and then declined with maturity. Higher
levels of AA and ethanol are found in late-harvest fruit during
cold storage and in modified atmosphere packaging (MAP).
Fruit harvested late are also likely to show higher levels of
decay after cold storage. H. Wang et al. (2003) found that late
in Feizixiao fruit development, the sugar translocation to the
fruit declined and stopped, and the already accumulated sugar
is diluted by the water uptake, which continued, resulting in
the phenomenon called “sugar withdrawal.” The conclusion is
that leaving ripe fruit on the tree during harvest season often
leads to more rapid loss in quality and marketable fruit after
shipping, storage, and retailing.

4.1.2 Changes in sugar and acidity in the
aril

Sucrose, glucose, and fructose are the main sugars with the
amount and ratio differing between cultivars which is highly
related to the activities of enzymes including acid invertase
(AI) and SS as discussed above (Paull et al., 1984; H. Wang
et al., 2003, 2006; Z. Yang et al., 2013). The composition
of sugar might affect the accumulation of sugar. Nuomici, a
sucrose prevalent type, accumulates more sugar than Feizix-
iao, a reducing sugar prevalent type, which might contribute
to the osmotic pressure with disaccharides being only half that
of monosaccharides. The compartmentalization of sugars into
the vacuole through sugar pumps is critical to maintaining
an osmotic pressure gradient and continued sugar accumula-
tion. These data also suggest that the unloading of sugar in the
fruit is dependent on cell wall invertase (CWI), thereby main-
taining the sucrose concentration gradient in the phloem (H.
Wang et al., 2003).

The abscisic acid concentration of aril and pericarp
increases as the fruit matures (H. Wang et al., 2007).
Transfusion into exogenous abscisic acid (ABA) 3 weeks
before harvest accelerates sugar accumulation and peri-
carp pigmentation with no effect on chlorophyll degrada-
tion, whereas 6-benzyl aminopurine (6-BA) limited these
changes. The results suggested that 6-BA reduced ABA lev-
els. Aril 1-aminocyclopropane-carboxylic acid (ACC) and
1-aminocyclopropane-carboxylic acid oxidase (ACO) activ-
ities change little during sugar accumulation. Infusion of
aminooxy acetic acid caused a significant decrease in ACC

concentration without an effect on sugar accumulation in
aril. ABA is potentially critical for the synthesis of pericarp
anthocyanins and aril sugar accumulation, while ethylene is
involved in the breakdown of pericarp chlorophyll (H. Wang
et al., 2007).

During the maturation of the fruit, the aril pH decreases
from 3.18 to 2.68 during fruit growth and then increases
to 4.49 during ripening. This change in pH correlates with
a decrease in TA from 4.44% to a final value of 0.16%
(Rivera-López et al., 1999). The decrease in pH and acid-
ity (Figure 2a) parallels the decline in the content of aril
malic acid (Figure 2b). Malic is the major organic acid
present in aril with small amounts of tartaric, citric, and
ascorbic acid (AsA). The AsA concentration decreases dur-
ing fruit growth until 2 weeks before harvest when it increases
slightly as the fruit begins to ripen. AsA levels varied widely
among the eight cultivars evaluated by H. C. Wang et al.
(2006). Monosaccharide-prevalent cultivars contained more
AsA than disaccharide-prevailing types.

4.1.3 Structure of the pericarp

The litchi leathery tuberculate pericarp begins to differenti-
ate with the formation of the pericarp (epicarp, mesocarp,
and endocarp) and completely lacks functional stomata when
mature. When ripe, the leathery texture of the pericarp is due
to brachisclereides (stone cells) found immediately below the
epidermis. The function of brachisclereides may be to protect
against mechanical and physiological stresses and herbivores
(Nacif et al., 2001). Underhill and Critchley (1992) found that
the pericarp was initially folded, with subsequent growth and
expansion driven by aril development. A “Zig-zag unfold-
ing” model for pericarp extension driven by expanding aril
has been proposed (X. M. Huang et al., 2004). The thickness
decreased as the fruit approached maturity, being 400–500 μm
thick at maturity (Riederer et al., 2015). Microcracking of
the pericarp is observed 62 days after anthesis (Underhill
& Critchley, 1992), although Sivakumar and Korsten (2005)
reported microcracking much earlier 20 days after the initial
fruit set.

The variety and the structure of the pericarp affect the
extent of cracking of the fruit. Huaizhi is a crack-resistant
cultivar, with a cracking rate of <6%, while Nuomici is a
cracking-susceptible cultivar, with a cracking rate of >34%
(X. M. Huang et al., 1999). Huaizhi pericarp has a higher
mechanical and tensile strength, and extensibility, and, there-
fore a greater threshold-cracking turgor pressure. The Huaizhi
pericarp has a higher calcium content and cell wall structural
components (cellulose, hemicellulose, and insoluble pectin)
that could contribute to its higher pericarp strength and thus
cracking resistance compared with Nuomici. The higher peri-
carp strength and extensibility in Huaizhi than in Nuomici
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before rapid expansion allowed for greater flexibility during
growth. Huaizhi also has a thicker spongy mesocarp tis-
sue than Nuomici, which could also allow greater pericarp
extensibility.

The thickness may also contribute to resistance to cracking,
water loss, and browning of the pericarp. Treatment of fruit
with cytokinin (CK) at the stage of division of the pericarp
cell wall led to mature fruit with thicker pericarps, a reduced
rate of postharvest water loss, and reduced susceptibility to
postharvest pericarp browning (Fahima et al., 2019). This dif-
ference is associated with increased cell proliferation in the
parenchymatic tissue and the highly lignified brachysclereid
cell layer. Later treatments with exogenous CK, following
the phase of pericarp cell division, significantly increased
epidermal-cell proliferation but had no significant effect on
the overall fruit pericarp thickness and only a minor impact
on postharvest water loss and browning of the pericarp.

Litchi has a unique cuticle structure with both endocarp
and exocarp cuticles and a fleshy mesocarp that is a few cells
thick. Epidermal cells have a thick arch-shaped cuticle. The
endocarp cuticle is thinner (Riederer et al., 2015). The main
function of these cuticles is to provide resistance to water
loss. Cuticle accumulation occurred on the entire epidermal
surface from an early stage of fruit development. The lay-
ers are parallel to each other in the early stages and become
more wrinkled, compact, and protruding as the fruit matures
(Sivakumar & Korsten, 2005). Riederer et al. (2015) found a
significant number of very long-chain aliphatic (>C18) and
cyclic compounds on the surfaces of endocarp as well as exo-
carp. These constituents are common to plant cuticular waxes.
This double cuticle serves as two transpiration barriers: the
exocarp cuticle controls water loss from fresh fruit, while both
barriers are involved in harvesting fruit held at lower humili-
ties. The barrier characteristics of the litchi cuticle are similar
to those reported for other fruit cuticles (Riederer et al., 2015).

4.1.4 Compositions of pericarp pigments

The composition of the pigments of litchi pericarp con-
tains chlorophyll, anthocyanin, phenols, and flavonoid (Z.
Q. Hu, Huang, et al., 2010; Lee & Wicker, 1991a; Paull
et al., 1984; Reichel et al., 2011). Anthocyanins are the
components that produce red in the pericarp and decline
with storage or browning of the pericarp (D. Zhang et al.,
2000; Z. Zhang et al., 2001). In the pericarp of Brew-
ster, cyanidin-3-rutinoside is the major anthocyanin, with
cyanidin-3-glucoside and malvidin-3-acetylglucoside are also
found (Lee & Wicker, 1991a). In other cultivars Kwai Mi
(Guiwei), Huaizhi, and Kom, cyanidin-3-rutinoside (>90%) is
also the main component, with smaller amounts of cyanidin
glucoside, quercetin-3-rutinoside (rutin), and quercetin glu-
coside (Ducamp-Collin et al., 2008; Sarni-Manchado et al.,

2000; Somboonkaew & Terry, 2010; Z. Zhang et al., 2004).
For Calcuttia cultivar, the cyanidin-3-O rutinoside content
was more variable being 71%–96% of total anthocyanins (S.
P. Singh et al., 2014).

Condensed tannins (4 mg g−1 of fresh pericarp) are the
main phenolic in cultivar Kwai Mi (Guiwei), with smaller
amounts of (-)-epicatechin and procyanidin A2 (1.7 and
0.7 mg g−1 FW, respectively). The content of pericarp
anthocyanins is similar to that of flavonols (0.4 mg g−1

FW) (Sarni-Manchado et al., 2000). In Huaizhi, flavan-3-
ol monomers and dimers are the most common phenolic
compounds, 87% of the total phenolics with the amount
decreasing during storage and browning (D. Zhang et al.,
2000). The (-)-epicatechin content tends to decline during
fruit development. Nuomici has more total phenolics and (-
)-epicatechin than Feizixiao (J. Sun et al., 2009). Although
(-)-epicatechin and A-type procyanidins are present in greater
amounts in Hong Huey and Chacapat, (-)-epicatechin has
stronger antioxidant activity than procyanidin A2 based on
its reducing power and scavenging activities of the DPPH
radical, and the hydroxyl and superoxide radicals (J. Sun,
Jiang, et al., 2010). Minor novel flavonoids such as mono-
hydroxylated structures (Reichel et al., 2011), procyanidin
A2, procyanidin B2, and quercetin-3-O-rutinoside-7-O-α-L-
rhamnosidase are detected in the pericarp (Deng et al., 2018).
The bound phenolic in the pericarp increases during storage,
while the free phenolic initially increases and then decreases
(M. X. Wu et al., 2001).

Total phenolics in dried litchi pericarp vary consider-
ably from 51 to 102 g kg−1 in 10 cultivars tested (H. C.
Wang et al., 2011). Nuomici had higher total soluble pheno-
lics made up of proanthocyanidins, flavonoids, and phenolic
acids than the other cultivars, with Lanzhu and Guiwei hav-
ing the least total phenolics. These litchi pericarp phenolics,
flavonoids, and proanthocyanidins are highly oxidizable due
to their ortho-diphenolic structure (Sarni-Manchado et al.,
2000). Antiradical activities of these compounds are posi-
tively correlated with phenolic content in eight cultivars (Z.
Q. Hu, Huang, et al., 2010). There is no relationship between
lipid oxidation and phenol content. For example, Feizixiao
has a high phenolic content and radical scavenging rate but
limited lipid oxidation. Pericarp anthocyanins also strongly
inhibit linoleic acid oxidation and deoxyribose degradation by
acting as iron ions rather than directly scavenging hydroxyl
radicals (Duan et al., 2007). Nuomizi has the highest total
phenolic content and the strongest DPPH radical scavenging
activity (Zhong et al., 2008). However, the extraction method
can influence the results, and care is needed in interpreta-
tion. Pericarp extracts have higher FRAP and strong DPPH
scavenger activity, lipid peroxidation inhibition, and protec-
tion from oxidative DNA damage. Among the cultivars tested,
concentrations of major phenolics had significant linear
correlations with FRAP and DPPH scavenging activities
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(Z. Q. Hu, Huang, et al., 2010). Phenolic content increases
and decreases in adenosine triphosphate (ATP)-treated and
dinitrophenol (DNP)-treated litchi fruit, respectively. The
increase in the content of phenolic compounds increases
DPPH scavenging ability, with correlation coefficients of
r2 = 0.63 (Yi et al., 2010). Among the three cultivars tested,
Jingganghongnuo showed the slowest changes in the brown-
ing indices and had the highest content of epigallocatechin,
(-)-epicatechin, epicatechin gallate, gallocatechin gallate, pro-
cyanidin A2, total phenols, and anthocyanins (Tang et al.,
2020).

The anthocyanins applied to harvested litchi fruit signifi-
cantly reduced the browning of the pericarp and delayed the
increase in the permeability of the membrane (Duan et al.,
2007). Extracted anthocyanins are unstable, and temperature
and pH affect antioxidant ability (Ruenroengklin et al., 2008).
Heat treatment for 30 min at 45˚C has the greatest antioxidant
effect, with the highest total antioxidant capacity and the scav-
enging activity of DPPH radicals at pH 3–5. Deng et al. (2018)
found that low-temperature storage of fruit preserved more
phenolics and retained higher antioxidant activity than storage
at room temperature. Total phenolic and procyanidin contents
of the pericarp decrease by 20% and 24% at 4˚C after 7 days
and 37.8% and 47.8% at 27˚C for 3 days, respectively. The
oxygen radical absorbance capacity and the cellular antioxi-
dant activity under these same storage conditions decreased
by 17.6% and 58.7% at 4˚C and 23.4% and 66.0% at 7˚C,
respectively.

Another component of the colour of the pericarp is chloro-
phyll that begins to decline soon after the start of the fruit
growth, with anthocyanin synthesis beginning when the fruit
is about half-grown (B. Lai et al., 2015; Paull et al., 1984).
The color of the pericarp changes from light green to yel-
low green (12–15 weeks after anthesis) and then yellow-red
to dark red during fruit development. In the later fruit
development stages, chlorophyll degradation and flavonoid
production occurred simultaneously (Underhill & Critchley,
1992). Increases in both monomeric anthocyanins and total
Acy levels occur with green fruit containing malvidin-3-
acetylglucoside and polymeric pigment. The raw fruit as
indicated above has cyanidin-3-rutinoside (>75%), cyanidin-
3-glucoside (<17%), and malvidin-3-acetylglucoside (<9%)
(Rivera-López et al., 1999). The biggest change in color
occurs in the last 15–20 days when the chlorophyll decreases
by 73%–92%, and there is a 7- to 38-fold increase in antho-
cyanin (Reichel et al., 2011). In fresh tissue, the anthocyanin
pigments are restricted to the mid-to-upper mesocarp and
epicarp region, with the epicarp content being much greater
than the mesocarp (Underhill & Critchley, 1993a, 1993b).
Cultivars differ in depth of the red hue. Huaizhi contained
more anthocyanins and has a darker red hue (higher CIE a*
value) than Guiwei. After postharvest treatment with citric
acid treatment and cold storage, Huaizhi had less antho-

cyanin remaining than Guiwei and a lower CIE a* value
(Ducamp-Collin et al., 2008).

ABA may play a role in the reddening of the pericarp
during fruit maturation. The ABA content in pericarp and
aril increases about 62 days after anthesis and parallels the
increase in pericarp anthocyanin and aril sugars (H. C. Wang
et al., 2001). The application of ABA promotes anthocyanin
synthesis with only minimal effect on chlorophyll degrada-
tion. Treatment of fruit with BA retards the increase in both
anthocyanin and ABA, without changing the ACC content.
Treatment with ethephon increases ACC content of ACC,
although it does not have an effect at lower concentrations
(400 mg L−1) in the increase in pericarp anthocyanin, but
higher concentration (800 mg L−1) increases the rate of
chlorophyll degradation and anthocyanin synthesis. A com-
bined treatment of ethephon at the lower concentration with
ABA increased both chlorophyll degradation and anthocyanin
synthesis. The results suggest that ABA plays a role in fruit
maturation, suggesting that ABA appears to be more closely
associated with ethylene in fruit maturation. The authors
suggest a synergistic action between ethylene and ABA in
the development of pericarp colour, with ABA being cru-
cial for anthocyanin synthesis and increases the sensitivity
of the pericarp to ethylene with ethylene leading to chloro-
phyll degradation (H. Wang et al., 2007). This is supported
by the application of ABA in the color-break stage increasing
the concentration of total anthocyanins and cyanidin-3-O-
rutinoside with no significant effect on the concentrations
of (-)-epicatechin and quercetin-3-O-rutinoside (S. P. Singh
et al., 2014). Yin et al. (2001) had previously reported that
litchi fruit treated with silver thiosulphate (STS), an inhibitor
of ethylene synthesis, exhibited a green-to-yellow colour with
higher chlorophyll content and lower anthocyanin content
compared with the red of the control.

Other plant growth regulators can change the accumula-
tion of maturation-associated anthocyanin, and chlorophyll
degradation can also be delayed by CK treatment 4 weeks
after the full female bloom during the pericarp cell division
phase (Fahima et al., 2019). The highly active cytokinin-like
plant growth regulator 1-(2-chloropyridin-4-yl)-3-phenylurea
(CPPU) applied to green or color-broadening Mauritus fruit
delays harvesting by 2–3 weeks (A. R. Stern et al., 2006). At
harvest, these CPPU-treated fruit did achieve a red hue simi-
lar to the earlier harvested control fruit and, more importantly,
are 20%–25% larger in size with a TSS/TA ratio that is 50%
higher than the controls, suggesting a longer growth period to
increase in size and sugar accumulation. The CPPU-treated
fruit could also be stored for 6 weeks at 1˚C with reduced
browning, lower decay development, less aril discoloration,
and an acceptable flavor.

The absence of anthocyanins in immature litchi and CPPU-
treated fruit is associated with the absence of UDP-glucose:
flavonoid 3-O-glucosyltransferase (UFGT) expression
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(Wei et al., 2011). UFGT shows de novo gene expression
when fruit are exposed to light, and this is correlated with
anthocyanin biosynthesis (r = 0.84). This new expression of
UDP-glucose: flavonoid 3-O-glucosyl transferase (UFGT)
is enhanced by ABA treatment. This result follows from
the earlier report (B. Lai et al., 2014) that ABA and light
promoted the LcMYB1 transcription factor, whereas CPPU
and bagging inhibited expression and anthocyanin accumula-
tion. The cis promoter motifs of LcMYB1 include light and
abscisic acid responsiveness. Exogenous application of ABA
leads to an upregulation of genes involved in flavonoid and
anthocyanin biosynthesis (B. Hu et al., 2018). Included in the
upregulated genes are phenylalanine ammonia lyase (PAL),
C4H, chalcone synthase (CHS), chalcone isomerase (CHI),
dihydroflavonol 4-reductase (DFR), LDOX, and GTs. CPPU
induces genes associated with carbon metabolism, amino
acid biosynthesis, and photosynthesis and downregulation
of genes related to anthocyanin biosynthesis. There is also
increased expression of chlorophyll synthesis genes and
inhibition of the chlorophyll degradation gene (SGR). This
antagonistic interplay of ABA and CK also spills over the
expression of genes involved in the auxin, GA, and ethylene
signaling pathways. The conclusion is that there is a complex
network of genes involved in the regulation anthocyanin
biosynthesis and chlorophyll degradation.

Genes that encode the enzymes involved in chlorophyll
degradation and flavonoid biosynthesis have been identified
in the pericarp transcriptome. The stay-green (SGR) protein
is suggested to play a key role in chlorophyll degradation. The
expression levels of most genes involved in late anthocyanin
biosynthesis are upregulated and coincident with the accu-
mulation of anthocyanins. Genes involved in light-induced
anthocyanin biosynthesis are rapidly induced when bunches
of fruit previously held in black bags for 42 days were
exposed to light. The anthocyanin biosynthesis genes UFGT,
MYB, basic helix-loop-helix protein (bHLH), and WD40 are
all rapidly upregulated in expression (H. N. Zhang et al.,
2016). Expression in the pericarp of LcF3H, LcDFR, LcANS,
and LcUFGT, in the pericarp of non-red cultivars, is much
lower than in full red Noumici. The expression of the genes,
LcDFR and LcUFGT, correlate with the pericarp anthocyanin
concentrations, suggesting coordinated expression during the
reddening of the pericarp (Wei et al., 2011).

MYB transcription factors have been implicated in the
regulation of flavonoid biosynthesis (B. Lai et al., 2015).
LcMYB1 is only detected in tissues and is positively cor-
related with the content of pericarp anthocyanin in the 12
genotypes evaluated. LcUFGT is the only structural gene that
is highly correlated with LcMYB1, suggesting that LcMYB1
controls anthocyanin biosynthesis by regulating and target-
ing LcUFGT. A protein complex of MYB-bHLH-WD40
is required to activate biosynthetic genes. There are three
litchi bHLH candidate anthocyanin regulators: LcbHLH1,

LcbHLH2, and LcbHLH3. Only LcbHLH1 and LcbHLH3
are found in the nucleus and interact with LcMYB1. When
LcMYB1 and both LcbHLH1 and LcbHLH3 are co-infiltrated
in tobacco leaves, there is enhanced anthocyanin accumula-
tion, with LcbHLH3 being the best inducer. Both LcbHLH1
and LcbHLH3 are critical for LcMYB1 in the regulation of the
production of anthocyanin synthesis in tobacco systems and
potentially also in litchi. This LcMYB1-LcbHLH complex
may activate the transcription of dihydroflavonol-4-reductase
(DFR) and anthocyanidin synthase (B. Lai et al., 2016).
LcMYB5 and a new R2R3-MYB from the litchi transcrip-
tome may also be involved (B. Lai et al., 2019) in regulation
even though LcMYB5 is not correlated with tissue coloura-
tion. The overexpression of LcMYB5 in tobacco and petunia
results in enhanced anthocyanin biosynthesis along with the
upregulation of their endogenous bHLHs and key structural
genes such as DFR.

The anthocyanin synthesis pathway may also be controlled
by small RNA (siRNA). miR156a and a new microRNA
(NEW41) are differentially expressed during fruit ripening
(R. Liu et al., 2017). The target genes (LcSPL1/2, LcCHI)
for these miRNAs are inversely expressed during antho-
cyanin synthesis. The miR156a target gene (LcSPL1/2) are
transcription factors that are located in the nucleus. The
LcSPL1 proteins can potentially interact with LcMYB1, the
key regulatory gene in litchi anthocyanin biosynthesis.

The complexity of pericarp browning is highlighted by a
metabolomics study in four litchi cultivars (X. Chen et al.,
2019). Thirty primary metabolites, 44 volatile compounds, 29
free amino acids, and 16 hydrolytic amino acids are detected.
Feizixiao, a cultivar less susceptible to pericarp browning, had
a much higher content of many amino acids that could influ-
ence the browning rate. In three other cultivars, more prone
to browning, they had more soluble sugars and some free
amino acids that are negatively correlated with the brown-
ing rate. Sesquiterpenes are also induced and may positively
be related to browning. The amino acid content is negatively
correlated with volatile compounds. The authors of this study
proposed that amino acids were being converted to terpenes
(X. Chen et al., 2019), although this would require the amino
acids to be funneled as primary substrates into terpene biosyn-
thesis as C5-unit isopentenyl diphosphate (IPP) and its isomer
dimethylallyl diphosphate (DMAPP) (Tholl, 2006).

4.2 Postharvest physiology

4.2.1 Respiration

The respiration rate of litchi fruit declines throughout their
development (J. Jiang et al., 1986) and declines further after
harvest (J. Jiang et al., 1986; Paull & Chen, 1987; Reichel
et al., 2010). The respiration of green fruit is higher than that
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of mature fruit (J. Jiang et al., 1986). The respiration rate is in
the range of 25–40 mL of CO2 kg−1 h−1 (Paull et al., 1984)
and gradually decreases from 30–50 mL to 25–35 mL CO2
kg−1 h−1 at 20˚C for 7 or 13 days, respectively (Tongdee et al.,
1982). Over this period, the fruit turns from red to brown,
indicating that the respiration rate is not affected by pericarp
browning.

At 5˚C, the respiration rate is significantly lower but
increases rapidly when transferred to 25˚C (J. Jiang et al.,
1986). Ethylene treatment does slightly increase respiratory
rate and does not affect pericarp browning (Pang et al., 2001c).
When stored at 95% RH, the respiration rate is lower along
with water loss and pericarp browning (Xiao et al., 2019).
Latent anthracnose infection does increase the respiration rate
(A. Liu et al., 2005). Polyphenol treatment can also reduce
the respiration rate and weight loss in litchi fruit during stor-
age (Z. Su et al., 2019). Sulfur fumigation leads to a lower
respiration rate, while desulfurization led to a recovery of
the respiration rate (Luo et al., 2019). A hot water treatment
(70˚C, 20 s) greatly reduced respiration rate, which is further
reduced by acid dipping (Fang et al., 2013).

4.2.2 Ethylene

The ethylene production of litchi fruit declines throughout
their growth and development (J. Jiang et al., 1986; H. Wang
et al., 2007). A transient increase in endogenous ethylene pro-
duction is detected near the color break stage in Nuomici,
though the cause is unclear (H. Wang et al., 2007). Interest-
ingly, enhanced ACO activity is detected in the pericarp at the
same stage.

Overall, the reported ethylene production is very low
(0.9 μL kg−1 h−1) at harvest, decreasing to about 0.1 μL kg−1

h−1 in 2 days (Underhill & Critchley, 1993b), or less than the
detection limit ∼1 nL kg−1 h−1 (Paull et al., 1984, 1987; Paull
& Chen, 1987). However, Tongdee et al. (1982) found the
ethylene production rate for five cultivars increased gradually
from 0–0.1 μL kg−1 h−1, right after harvest, to 0.3–0.5 μL
kg−1 h−1, several days after harvest. Similarly, Y. M. Jiang
and Chen (1995) also found that ethylene production increases
from 57 nL kg−1 h−1, right after harvest, to 203 nL kg−1 h−1

30 days at 5˚C after harvest.
The ethylene produced by the pericarp of mature litchi

fruit is 86 times that of aril and seed on a fresh weight basis
(J. Jiang et al., 1986). The authors also found that inter-
nal ethylene peaked at 17.6 ppm. Polyamine treatment can
reduce ethylene production (Y. M. Jiang & Chen, 1995),
while ethylene production is enhanced by anthracnose infec-
tion (A. Liu et al., 2005). The three polyamines (putrescine,
spermidine, and spermine) decrease in the pericarp during
browning as the ethylene production increases. Treatment of
litchi with these polyamines individually led to an increase

in the other two polyamines and delayed senescence changes
that included browning, peroxide level, ethylene production,
and cell leakage (Y. M. Jiang & Chen, 1995).

High ethylene production by the pericarp in mature fruit
(J. Jiang et al., 1986) and ethephon and ABA treatment
are associated with accelerated chlorophyll degradation and
anthocyanin synthesis during fruit maturation (H. Wang et al.,
2007). This application of mature ethephon fruit also led
to an increase in pericarp chlorophyll degradation but did
not impact anthocyanin synthesis (S. P. Singh et al., 2014).
Ethylene treatment does increase pericarp PPO and POD
activity (J. Jiang et al., 1986; Pang et al., 2001c), although
this does not substantially affect pericarp browning (Pang
et al., 2001c; S. P. Singh et al., 2014). This observation is
supported by 1-methylcyclopropene (1-MCP) treatments that
do not significantly affect PPO and POD activity, respira-
tory rate, ethylene production, or the chemical composition
of litchi fruit (Pang et al., 2001c). The results imply that the
browning of postharvest litchi fruit is not directly affected by
ethylene.

Ethylene can lead to early aril deterioration (Kader, 1998).
This aril deterioration is associated with softening and loss
of acidity (S. P. Singh et al., 2014) with no effect on soluble
solids. This has been confirmed by Pang et al. (2001c) who
found that treatment with ethephon or 1-MCP does not affect
the TSS, TC, and vitamin C of fruit storage at 23–25˚C for
10 days.

4.2.3 Changes in aril during fruit
senescence

Delaying the harvesting of mature red fruit and prolonged
storage has often been associated with aril breakdown (soft-
ening, loss of turgidity, and translucency) and having a bland
flavor (Holcroft et al., 2005; Kader, 1998; Paull et al., 2014).
The deterioration begins at the end and spreading back to the
end of the stem. This loss in aril flavor has been associated
with a decrease in malic acid and a hence TA and loss of
sucrose with changes in glucose and fructose levels. Storage
at 2˚C reduces the rate and extent of changes (Paull & Chen,
1987). There is potentially an involvement of invertases, as
Somboonkaew and Terry (2010) showed that storage for 9
days at 13˚C increased fructose and glucose and decreased
sucrose. These sugar changes during storage are not affected
by being kept at 80% RH or 100% RH. The rate of decline in
aril quality traits (TA, TSS, total soluble sugars, and vitamin
C) at 25˚C is rapid (X. Jiang et al., 2018). In late harvested
fruit, both acetaldehyde and ethanol have also been shown to
increase during cold storage and MAP (Pesis et al., 2002) and
could be expected to increase under other storage regimes.

MAP and wrapping have been shown to delay browning and
maintain fruit quality. The storage of wrapped fruit for 18 days
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at 5˚C is 100% marketable, while only 17% of the unwrapped
fruit was sellable (Vilasachandran & Sargent, 1997). The
wrapped fruit had reduced weight loss, higher moisture con-
tent and aril TA, and lower aril pH. Removing the fruit from
the panicle and sale as individual fruit in a punnet or wrapped
reduced weight loss with the fruit still attached to the panicle
lost 3% weight loss. The fruit attached to the panicle tended
to show a decline in TA and an increase in pH.

Coating and other treatments can significantly alter the
quality changes during storage. Chitosan coating (X. Jiang
et al., 2018), or treatment with apple polyphenols (Z. Su
et al., 2019), maintained aril sucrose levels while slowing
the decrease in glucose and fructose content. Treatment with
apple polyphenols led to the aril having higher levels of
all organic acids, phenolic compounds, ascorbic acid, and
glutathione. These higher levels potentially contributed to
the maintenance of quality and nutritional. Furthermore, aril
shows improved antioxidant capacity, with radicle scavenging
due to higher DPPH and FRAP.

Proteomic analysis has implicated auxin and ethylene in
aril senescence, with genes being upregulated in a coordinated
fashion that are implicated in increased fruit softening, dete-
rioration, and senescence (T. Li et al., 2015). Reactive oxygen
species (ROS) scavenging, glycolysis, and tricarboxylic acid
cycle metabolism, and downregulation of ATP synthesis
are possibly associated with histone deacetylase and DNA
methyltransferase activity. More differentially expressed pro-
teins are upregulated during aril senescence and include
several metabolic processes such as cell wall biosynthesis
and turnover, anaerobic respiration, and protein and lipid
turnover. These proteomic results are supported by the down-
regulated methionine (Met) sulfoxide reductase gene that
plays a crucial role in the repair of oxidized Met residues
in litchi calmodulin (LcCaM1) (G. Jiang et al., 2017). The
oxidation of Met residues caused by ROS in LcCaM1, a
substrate of LcMsrA1/B1, could be important in aril senes-
cence. This Met oxidation in LcCaM1 increases the binding
of two senescence-related transcription factors LcNAC13 and
LcWRKY1 to DNA and leads to aril senescence.

4.2.4 Pericarp browning

Influence and character of pericarp browning
The browning of litchi pericarp is the major cause of loss
in fruit appeal and limits marketing and consumer accept-
ability (Akamine, 1960; Holcroft & Mitcham, 1996; Y. M.
Jiang et al., 2006; Sivakumar et al., 2010). As indicated above,
this process is very rapid with 50% of the pericarp turning
brown within 12 h after harvest at room temperature (Under-
hill & Critchley, 1993b). The fruit turns completely brown
within 24–48 h after harvest (Pang et al., 2001b; Reichel
et al., 2013; Underhill, Simons, et al., 1992; J. P. Zhang et al.,

2014). Fruit are regarded by some as unsaleable in 3 days
or less unless refrigerated and packaged (Campbell, 1959),
though the pericarp browning has little effect on aril quality
parameters (sugar, acids, and phenol) (Paull & Chen, 1987).

Initially browning is first observed on the tips, pericarp
protuberance apices and then extends over the entire surface
(Campbell, 1959; Underhill & Critchley, 1995). These peri-
carp protuberances are easily damaged by fruit rubbing other
fruit before harvest and each other and storage surfaces after
harvest. Holding fruit at ambient and high temperatures leads
to uniform browning of the surface (Underhill & Critchley,
1994). Reichel et al. (2013) described two types of browning
in packaged litchi after 52 days of storage at 5˚C. The fruit
located in the center of the basket is dark brownish-red, and
the fruit on the outside is light brown. The difference in color
is most likely due to the different vapor pressure gradients,
and hence water loss rate with a higher rate from the fruit on
the outside than those on the inside of the package.

Browning at the tissue level is localized and can be seen
when the fruit are held at 25˚C and 60% RH (Underhill
& Critchley, 1995) initially localized to the epicarp and
the upper mesocarp. Anthocyanins are in the upper meso-
carp parenchyma (Underhill & Critchley, 1993b) and during
storage are lost, and the mesocarp becomes progressively col-
orless (Underhill & Critchley, 1994). Browning of the tissue
can be induced in 2 min after heating at 60˚C for 10 min.
The progression of browning is similar after heat treatment
and under ambient desiccation conditions, although the brown
pigmentation distribution is distinct (Underhill & Critchley,
1993a). Heat treatment leads to a uniform distribution of
browning in the pericarp. While ambient desiccation induces
highly localized browning suggesting more extensive peri-
carp phytotoxicity by heat treatment that may result from
nonselective degradation of a range of compounds, including
anthocyanin. This heat induced progressive browning from
the epicarp inwards being associated with dehydration and
different compounds.

Anthocyanins decline during the pericarp browning from
1.77 to 0.73 mg g−1 on a fresh weight basis (Lee &
Wicker, 1991b). This decline occurs in three anthocyanins:
cyanidin-3-glucoside, cyanidin-3-rutinoside, and malvidin-
3-acetyl-glucoside. The decrease in anthocyanins is con-
comitant with the gradual increase in polymeric pigments
from 20.9% to 53% during browning. The authors suggested
that the anthocyanins initially responsible for litchi peri-
carp color are replaced by more stable polymeric pigments.
Other authors have suggested that there is no clear rela-
tionship between litchi pericarp browning and anthocyanin
degradation (Underhill & Critchley, 1993b) with antho-
cyanin degradation occurring slower than tissue browning. Z.
Zhang et al. (2001) found differences with the litchi pericarp
browning index increasing, while the content of antho-
cyanins decreased. The two groups used different anthocyanin
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extraction solutions 0.1 M HCl (Z. Zhang et al., 2001) ver-
sus acidic methanol (Underhill & Critchley, 1993b). Acidic
methanol is also expected to also extract water-insoluble
brown compounds and interfere with the determination of
anthocyanin. The result with I M HCL shows a significant
inverse relationship between anthocyanin content and peri-
carp browning (Z. Zhang et al., 2001, 2002; Z. Q. Zhang et al.,
2003).

Considerable effort has been made to understand the phe-
nolic oxidation associated with pericarp browning. Litchi
PPO has been implicated, as the addition of litchi PPO to a
phenolic extract turns dark brown rapidly. The absorbance at
410 nm increases during this oxidation and is correlated with
epicarp browning (Y. Jiang, 2000). A lipofuscin-like (lipid-
associated yellow granules) material is the result of oxidation
of cellular membranes and contents via lipid hydroperoxides,
malondialdehyde, and protein oxidation. Similar changes dur-
ing senescence are also reported in pericarp browning (S.
Yang et al., 2011). During storage of 72–144 h, the relative
content of the lipofuscin-like substance increased by 51%,
while (-)-epicatechin decreased by 41% and anthocyanins by
98%. There was a parallel increase in both lipofuscin-like
material and browning index. These yellow granules could be
one of the final products of this oxidative process.

More focus has been placed on the roles of phenolics and
PPOs in pericarp browning. Litchi pericarps are rich in both
phenols and anthocyanins. PPO accepts both monophenols
and diphenols as substrates and catalyzes the oxidation of
o-diphenols to o-quinones. o-Quinones can then be rapidly
polymerized by PPO to produce polyphenols that range from
black to brown or red pigments, and are detected in pericarp
browning (Anon, 2022; Y. Jiang, 2000; Z. F. Lin, Li, Lin,
et al., 1988; Tan & Li, 1984). PPO does not directly oxidize
anthocyanins but can degrade anthocyanin in the presence of
(-)-epicatechin and catechol to produce a brown pigment (Y.
Jiang, 2000; Ruenroengklin, Sun, et al., 2009). The products
of the hydrolysis of anthocyanin by ANT can then be oxi-
dized by PPO, resulting in brown pigment and browning of
the pericarp (Z. Zhang et al., 2001).

Factor affecting pericarp browning
Many factors can lead to or accelerate pericarp browning,
including water loss, senescence, chilling, physical injury, and
disease.

Water loss. Water loss has always been considered a major
factor leading to the browning of the litchi pericarp. Correla-
tion, stepwise regression, and path analyses have highlighted
the role of pericarp water loss in browning (J. Wang, Wang,
et al., 2010; Xiao et al., 2019). When litchi fruit are stored
in different temperatures and relative humidity regimes,
the degree of pericarp browning with the degree of tissue
browning is proportional to the rate of pericarp desiccation

(Underhill & Critchley, 1993b, 1994). As the storage relative
humidity was reduced from 90% to 60% RH and thus the vapor
pressure deficit increased, pericarp browning increased (Y. M.
Jiang & Fu, 1999a). Initially, this appears as brown spots on
a bright red pericarp and around the pericarp protuberances
that enlarge and coalesce under very low RH condition or pro-
longed exposure until the surface is completely brown (Paull
et al., 2014). Packaging in perforated polyethylene bags slows
the rate of water loss and the rate of browning (Campbell,
1959). Under these conditions of near 100% RH in a plastic
bag, fruit can be 100% marketable after 18 days of storage at
5˚C. Unwrapped fruit held at 84% RH is only 17% marketable
(Vilasachandran & Sargent, 1997). Xiao et al. (2019) stored
litchi fruit in a humidified room at 95% RH, and the fruit had
slight weight loss and no obvious pericarp browning, without
humidity control, underwent rapid weight loss, accompanied
by severe pericarp browning after 25 days at 4˚C. Coatings
that include organic acids (citric or tartaric) with chitosan, at
a pH of 0.8, 1.0, and 1.3, showed that the browning rate par-
allels the dehydration rate and the pH of the pericarp during
storage (Joas et al., 2005).

Water loss shows a biphasic state with an initial rapid loss
followed by a transition to a slower equilibrium rate (Riederer
et al., 2015). The transition occurs in fruit at 25˚C and 0% HR
after about 20 h. The difference in water loss rate between
initial and equilibrium is much higher at 0% RH than that
at 80% RH. This loss pattern is due to the unique transpira-
tion pathway consisting of two resistance barriers described
earlier: endo and exocarp cuticles. The two barriers create
two “fleshy” compartments (water reservoirs): the pericarp
mesocarp and the fleshy aril. The exocarp cuticle controls the
initial water loss from the pericarp, especially the mesocarp
with a fast water loss rate and increases the resistance path-
way length, while in the slow equilibrium rate of water loss
is controlled by the dried exocarp and its cuticle, the dried
mesocarp and the endocarp cuticle controlling the water loss
from aril. This difference in the rate of water loss from dif-
ferent tissues had been reported earlier, whereas 24 h from
harvest the total loss of fruit weight is 8%, while the pericarp
lost 43% of its weight (Underhill & Simons, 1993) with sim-
ilar results reported elsewhere (Bryant, 2012; X. M. Huang
et al., 2005). The initial high rate of water loss is associated
with the pericarp and later slower equilibrium rate with the
aril and seed once the pericarp has completely desiccated, giv-
ing rise to the biphasic pattern with the changeover occurring
24–72 h after harvest depending on the storage RH (Riederer
et al., 2015; Underhill & Simons, 1993; J. Wang, Wang, et al.,
2010). The leakage of the pericarp membrane becomes very
high 2 days after harvest, while that of the aril remains intact
(X. M. Huang et al., 2005).

The nature and structure of the cuticle layer do impact water
loss rate, though the focus has been on the cuticle coating
the exocarp. There are differences between the cuticles on
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different cultivars. The water loss rate from Nuomici is almost
double that of Huaizhi (X. M. Huang et al., 2004). Huaizhi
has a cuticle throughout the exocarp from very early stage
in development, while Nuomici cuticle is more localized.
Furthermore, during fruit development, the cuticle thickness
declines from 8.75 to 1.88 μm (Underhill & Critchley, 1992).
However, after harvest, the thickness of the pericarp decreases
from 1.2 to 0.4 mm during an 8-day storage period at 5˚C, 90%
RH (Reichel et al., 2013). As discussed above, the thickness of
the pericarp can be increased by CK treatment during the peri-
carp cell division phase; later application showed no increase.
Thicker pericarp meant reduced rate of postharvest weight
loss and reduced pericarp browning (Fahima et al., 2019).

Pericarp microcracking is observed with 1–2 months after
anthesis and may influence water loss rate after harvest
(Sivakumar & Korsten, 2005; Underhill & Critchley, 1992)
and in mature fruit (Sivakumar & Korsten, 2004; Under-
hill & Simons, 1993). These microscopic cracks (20–100 μm
wide) on the surface observed on harvested fruit increased
within 12 h, and the cracks extend through the sub-epidermal
sclerenchyma layer into the mesocarp. The microcracks have
been associated with desiccation and exposure of meso-
carp anthocyanin (Underhill & Critchley, 1993b; Underhill &
Simons, 1993), though pericarp desiccation occurs prior to
this expanding of cracking and maybe an effect rather than
a cause of increase water loss. The data do not yet resolve
whether the high initial rate of water loss can be attributed to
cuticle water vapor permeability, cuticle or pericarp damage,
or the presence of lenticles. Rough handling during harvesting
and packing contributed to more microcracking (Sivakumar
& Korsten, 2004). Microcracks can occur by exposing the
anthocyanin-containing mesocarp to a higher rate of desic-
cation and possibly fungal penetration (Underhill & Simons,
1993). Surface scuffing or pericarp abrasion can increase the
rate of water loss (Reichel et al., 2013).

Factors that change the vapor pressure gradients from the
surface of the fruit to ambient environment affect the loss
of water. Low temperature and high RH can reduce water
loss and delay browning. The holding of the fruit in closed
polyethylene bags versus a paper bag at 22˚C significantly
reduces water loss and browning by creating another barrier to
water loss and a higher RH around the fruit. Low RH storage
conditions, hence conditions with higher vapour pressure gra-
dients leds to greater water loss. Similarly, holding fruit at 2˚C
where the vapour pressure gradient would be less will delay
the onset of pericarp browning (Paull & Chen, 1987). There
is also a strong relationship between storage RH and time (Y.
M. Jiang & Fu, 1999a). Storage in plastic, foil, or multilayer
bags is frequently reported to maintain pericarp colour bet-
ter than coating with various organic acid and inorganic salt
treatments (Reichel et al., 2017).

Commercially litchi fruit packed in corrugated boxes with
PE film liners have a better appearance and longer storage

F I G U R E 3 Litchi postharvest handling: (a) fruit held in a carton
with a plastic liner for 7 days at ambient temperature, (b) fruit held for 7
days at ambient temperature without a plastic liner, and (c) litchi fruit
treated just with an acid dip (HCl 4% for 10 min) or SO2 fumigation
(1.5% for 12 min) followed by acid dip and Control 1. All stored for 30
days at 0˚C and 5 days at 15˚C. Control 2—Fruit stored 30 days at 0˚C.
(d) Litchi fruit right after SO2 fumigation.

life than those without PE film liners (Figure 3a vs. b) (Ketsa
& Leelawatana, 1992b). To ensure the retention of pericarp
color, various steps are employed. In Thailand, the fruit are
hydrocooled before being loaded into reefer containers. This
precooling greatly improves fruit quality, though this cold-
shocked fruit might be more susceptible to chilling (Tongdee,
1998). An alternative to hydrocooling is forced air cooling,
where air speed and RH of the cooling can influence water
loss. A linear relationship is found between air speed and
moisture loss (Bryant, 2012). At the highest wind speed of
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1.55 ms−1, the moisture loss is sevenfold greater than in still
air. Holding fruit at higher HR runs the risk of saprophytic
fungal growth (Figure 3c). Another commercial treatment
approved in some markets is SO2 fumigation that stabilizes
the anthocyanin, making them less susceptible to oxidation
(Jurd, 1964). Rani et al. (2018) observed that SO2 fumigated
fruit precooled at 4˚C for 4 h had a 5.6% decay after 41 days
at 0˚C, while without precooling, there was a 12% decay after
9 days.

SO2 fumigation and physical damage increase microcrack-
ing (Sivakumar & Korsten, 2004). Fruit fumigated with sulfur
dioxide show an increase in weight loss with more pericarp
microcracks (Sivakumar et al., 2005), but browning does not
occur. Hydro-cooling could reduce water loss, but it may
enhance the decay problem with rapid cooling especially of
warm fruit potentially causing more cracking as seen in other
fruits (Vigneault et al., 2000). This risk may also apply to
litchi. Olesen et al. (2003) reported that the air-cooled fruit
had superior color, fewer rots, and less rot coverage than
the hydro-cooled fruit but had a poorer hydration state. Fruit
that are treated with hydrocooling before SO2 treatment also
have slightly higher levels of spoilage (Mhlophea & Kruger,
2014). Fruit that received a hydro-cooling treatment after
sulfur fumigation had more fungal infections than the control.

At lower storage RH, Y. M. Jiang and Fu (1999b) found that
the pericarp had greater PPO activity and lower total antho-
cyanin content, with a higher pH of the pericarp and increased
browning (D. Zhang et al., 1997). PAL activity in the pericarp
also increases when stored at a lower RH and had greater water
loss (Y. M. Jiang & Fu, 1999a). Coupled with these changes
under lower storage conditions, higher peroxide content, PPO
and POD activities, lower total phenolic compounds, and
glutathione (GSH) content are also observed, suggesting a
reduction in antioxidant capacities and an increase in the
oxidation of phenolics by PPO and POD. Humidification
maintains the integrity of the cell membrane and thus lim-
its PPO activity and respiration rate (Xiao et al., 2019). This
supports the earlier report by X. M. Huang et al. (2005) of
a significant positive correlation (R2 = 0.563, p = 0.002)
between membrane leakage and water loss in the pericarp
in Huaizhi. However, the desiccation rates of different cul-
tivars are not consistent with their fruit deterioration rate. The
structural calcium content is negatively related to the rate of
fruit deterioration and membrane leakage (X. M. Huang et al.,
2005). The results suggest that calcium may influence fruit
senescence through its role in desiccation tolerance and the
maintenance of membrane integrity.

Low relative humidity may promote the loss of antho-
cyanins. The anthocyanins in Kom litchi, cyanidin-3-
rutinoside, cyanidin-3-glucoside, and malvidin-3-glucoside
all decline when the fruit is stored at RH <100%. In 100%
RH, the anthocyanin content was greater (Somboonkaew &
Terry, 2010). Glutathione sulfotransferases (GST) may also
play an important role in litchi pericarp browning. The maxi-

mum expression of LcGST occurs within 24 h stored at 70%
RH concurrent with the maximum GST activity (J. P. Zhang
et al., 2014). At high RH, maximum LcGST expression and
GST activity occur after 48 h under high RH. Under low RH
conditions, the fruit loses water that triggers LcGST expres-
sion that leads to an increase in GST activity in response to
cellular oxidation and browning related to water loss.

Senescence. Senescence or deterioration as the nonclimac-
teric litchi ages after it reaches a ripe stage and following
harvest. The process is dominated by desiccation and break-
down of the pericarp membrane. The rates of these processes
are accelerated once the fruit is detached initially from the tree
and then from the panicle. Pericarp membrane leakage begins
within 2 days after harvest and when kept at 26–30˚C, occur-
ring first in the mesocarp and 3 days later in the sclerenchyma
exocarp cells (X. M. Huang et al., 2005). At 5 days after har-
vest, no membrane breakdown is seen in epidermal cells that
have very high calcium content. The leakage of the pericarp
membrane of fruit left attached to the tree is very low.

Membrane leakage and browning)parallel each other. In
Guiwei, in addition to an increase in pericarp leakage, the
activity of ANT, PPO, and POD; the content of malondialde-
hyde (MDA) and H2O2; and the rate of superoxide production
also increase (Z. Zhang et al., 2015). At the same time,
the content of anthocyanins and cyanidin-3-rutinoside, and
the activities of CAT and DPPH radical-scavenging activity
and reducing power decreased. The activities of superoxide
dismutase (SOD), ascorbate peroxidase (APX), and glu-
tathione reductase (GR) activities initially increased and then
decreased. Similar increases in pericarp leakage rate, MDA
content, and pH value are reported for Feizixiao (J. Wang,
Wang, et al., 2010). Along with the decrease in pericarp
water content, also most pigments, including anthocyanin,
flavonoid, phenols, chlorophyll a, total chlorophyll, and PPO
activity, continuously declined. A slightly different pattern
for POD was found that increased then decreased (J. Wang,
Wang, et al., 2010). Concomitant with browning, loss of
pericarp moisture and an increase in brittleness at 5˚C, the
activities of PPO and POD decline (Reichel et al., 2010). As
an indicator of membrane leakage and oxidation, the pH of
the pericarp rose from 4.5 to 5.3 as the anthocyanin content
declined, at 25˚C and room temperature (Chu et al., 2004;
Pang et al., 2001b). Anthocyanin extracts have been shown
to decolorize, turn brown, and become unstable as the pH
increases (Pang et al., 2001b; Underhill, Simons, et al., 1992).

When fruit are stored at 4˚C and 95% RH for 25 days, cell
membrane integrity is maintained with PPO activity inhib-
ited early in storage (Xiao et al., 2019). The total phenolic
and procyanidin contents decreased by 20.2% and 24.2% at
4˚C in 7 days and 37.8% and 47.8% when held at RT for 3
days, respectively. Anthocyanins are reduced by 41.3% and
73%, respectively, at 4˚C for 7 days and RT for 3 days. Other
reported changes in the pericarp during storage included a
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decrease in oxygen radical absorbance capacity and cellu-
lar antioxidant activity of 17.6% and 58.7% at 4˚C, and by
23.4% and 66.0% at RT, respectively (Deng et al., 2018). Low-
temperature storage limits the increase in the rate of pericarp
leakage, though the membrane leakage rate increased con-
tinuously during low-temperature storage. When the fruit are
returned to 25˚C, the membrane leakage rate increases rapidly
(H. Liu et al., 2011), along with an increase in the browning
index and a decrease in pericarp thickness, water content, and
CIE a* value (Reichel et al., 2013).

These changes during storage are associated with changes
in gene expression. There were 1272 differentially expressed
genes between stored and not stored fruit (Zhou et al., 2020).
The authors were able to divide the expression pattern into a
“senescence onset” stage and a “browning” stage. During the
senescence onset stage, genes associated with senescence and
stress response are significantly upregulated, while the brown-
ing stage was dominated by the upregulation of genes related
to cell wall degradation, oxidation, and disease response.
qPCR analysis of 30 selected differentially expressed genes
showed that the expression patterns of the pericarp Huaizhi
and Guiwei are similar and consistent with the RNA sequence
results.

Chilling injury. Litchi is a subtropical fruit that shows chill-
ing injury symptoms after a long period of storage at
low temperature. The symptoms described include pericarp
browning that is similar to that shown by water loss, and
increase in decay susceptibility, though it is possible that small
losses in pericarp water content may be involved and worsen
the impact of low-temperature storage. Litchi stored at 1˚C
for 12 days then transferred to 20˚C for 1 day rapidly show
pericarp browning (Kader, 1998).

Storage recommendations for litchi vary widely, depend-
ing in part on the criteria used to judge chilling injury. Kader
(1998) indicates that the optimal storage temperature is 5˚C
but ranges from 1.5 to 10˚C, depending on the cultivar and the
intended storage duration. Most studies support the optimal of
4–5˚C using criteria based on maintenance of pericarp colour
and low decay rather than 1, 2, 3, 8, and 10˚C (Archibald &
Bower, 2008; X. Y. Huang, Kang, et al., 1990; C. C. Huang
et al., 1991; Olesen et al., 2003; Pornchaloempong et al.,
1998). Outside of this range, includes Schutte et al.’s (1990)
recommendation of 3.5˚C for Madras and Mauritius litchi in
South Africa and W. X. Chen et al.’s (2001) recommendation
of 3–5˚C in China. Tongdee (1998) in her storage studies in
Thailand reported signs of chilling injury at storage tempera-
tures below 4–7˚C. As discussed above, the commercial use of
hydrocooling before storage in Thailand improves fruit quality
retention, although the pericarp might be more susceptible to
chilling, though hydrocooling especially of warm fruit could
lead to greater microcracking and potential decay that maybe
unrelated to chilling.

Nuomici and Guiwei stored at 0˚C for 14–21 days show
chilling injury symptoms and a rapid increase in the browning
index, and membrane leakage rate, while fruit stored at 3˚C
have much smaller changes (W. R. Hu et al., 2004a, 2004b,
2006b). The major changes in the fruit of chilling injury at 0˚C
are the rapid decline in the content of anthocyanin, flavonoids,
and total phenols (W. R. Hu et al., 2004a; W. R. Hu, Pang,
et al., 2005); the increase in MDA content was much faster
(W. R. Hu et al., 2004b; W. R. Hu, Liu, et al., 2005); the
content of polyamines (putrescine [Put], spermidine [Spd],
spermine [Spm]) increased (W. R. Hu et al., 2006a); SOD,
CAT, APX, and POD decreased, while lipoxygenase (LOX)
and ANT increased rapidly (W. R. Hu et al., 2004b; W. R.
Hu, Liu, et al., 2005; W. R. Hu, Pang, et al., 2005). Treat-
ment with ABA, 1-MCP, and Spd all retard the development
of chilling injury symptoms, including reducing the brown-
ing and membrane leakage rate. ABA treatment can also slow
the decline of anthocyanins and reduce the activities of LOX
and ANT (W. R. Hu, Liu, et al., 2005; W. R. Hu, Pang, et al.,
2005, W. R. Hu, Liu, et al., 2010). Treatment with 1-MCP
delays the decline of anthocyanins, reduces ethylene produc-
tion, increases the activities of SOD and CAT activities in the
early stage of storage, inhibits the increase of POD and APX
activities in the later stage, and reduces PPO, LOX, and ANT
(W. R. Hu, Liu, et al., 2005; W. R. Hu, Pang, et al., 2005; W. R.
Hu et al., 2006b). Spermidine treatment reduces LOX activity
and increases the content of the 3 polyamines in the pericarp
(W. R. Hu, Liu, et al., 2005; W. R. Hu et al., 2006b).

Physical injury and disease. Physical injury and disease both
enhance the brown of the pericarp. Mild and severe mechan-
ical injuries can be produced by dropping litchi fruit 80 and
110 cm high, respectively. Both levels of injury accelerated
the browning of the pericarp and accelerated flavour (TA and
TSS). This injury can be detected by the E-nose from day 1 to
day 4 after the injury (S. Xu et al., 2020). X. Li et al. (2005)
have reported 65–90% of litchi fruit are latently infected by
anthracnose in the pericarp at harvest. The higher the rate
of preharvest anthracnose infection, the more serious the
postharvest decay and fruit browning. It would be expected
that abrasion damage in the field with fruit rubbing against
each other, during harvest and postharvest handling, and pack-
ing could lead to breaking of the pericarp cuticle, increased
rate of water loss and hence browning, and the opportunity for
saprophytic growth when stored at high humidity or in fully
sealed plastic bags. Fruit fly stings could also contribute to
this loss.

Causes of pericarp browning
Litchi pericarp browning is generally regarded as being due
to the oxidation of anthocyanins and phenolics into brown
substances. This oxidative reaction is mainly enzymatic, espe-
cially the oxidation of phenolics by PPO and POD which was
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a major focus in the 1980s and 1990s (Y. Jiang, 2000; Y.
Jiang, Duan, et al., 2004; Z. F. Lin, Li, Lin, et al., 1988; Z.
F. Lin, Li, Zhang, et al., 1988; Tan & Li, 1984; Underhill,
1992; J. B. Wang, Wang, & Jin, 2010; Zauberman et al., 1991).
Subsequently, an ANT was purified and described as a key
enzyme oxidizing anthocyanin leading to a change in perspec-
tive and emphasis of the enzymatic oxidation reactions (Z.
Zhang et al., 2001, 2002; Z. Q. Zhang et al., 2003). Changes
in membrane leakage and integrity leading to loss of cellu-
lar compartmentation of substrates and oxidative enzymes are
essential for these reactions to take place (Y. Jiang, Duan,
et al., 2004). Therefore, all factors that influence the stability
of the membrane, such as the antioxidant capacity and energy
status of the membrane, affect browning. This network of
interacting factors influences and correlates with each other.
In addition, non-enzymatic factors may be involved, though
not reported.

Enzymatic oxidation.

Polyphenol oxidase (PPO). PPO can oxidize some polyphe-
nols in the litchi pericarp. Partially purified litchi PPO can use
polyphenols such as pyrogallol or catechol as substrates but
not monophenols (Tan & Li, 1984). Tan and Zhou (1987) sep-
arately extracted litchi PPO and its natural substrate from the
pericarp. When both extracts are combined, a brown pigment
is obtained. The relative contents of flavonoids, phenolics,
and anthocyanin in pericarp decreased by 41%, 29%, and
10%, respectively, during the 7 days that the pericarp brown-
ing occurred. PPO activity increases in the first 2 days and
then declines, suggesting that PPO oxidized phenolics to pro-
duce brown pigments (Z. F. Lin, Li, Lin, et al., 1988). When
purified litchi PPO is added to the phenolic extract, the phe-
nol content in the extract decreased, while the absorbance at
410 nm increased, indicating phenol oxidation of phenol by
PPO to form the brown pigment (Y. Jiang, 2000). The UV, 1H
NMR, 13C NMR, and ESI-MS data identified (-)-epicatechin
as a direct substrate for the PPO from litchi pericarp (Sun
et al., 2006). The pericarp (-)-epicatechin content declines as
the pericarp browning index increases (J. Sun, Jiang, et al.,
2010). Pyrogallol, catechol, 4-methylcatechol (Y. M. Jiang
et al., 1997), (-)-epicatechin, and procyanidin A2 (L. Liu et al.,
2010; J. Sun, Jiang, et al., 2010) are also good substrates for
PPO. It is concluded that enzymatic browning of the litchi
pericarp occurs and involves PPO and polyphenols.

The PPO enzyme is composed of two similar subunits (Y.
Jiang et al., 1999). The optimal pH for PPO activity is 6.8 with
4-methylcatechol as a substrate, with no activity observed at
pH below 4. PPO has maximum activity at 65˚C. Reduced
GSH, L-cysteine, tropolone, thiourea, FeSO4, SnCl2, and cit-
ric acid markedly inhibited PPO activity, while MnSO4 and
CaCl2 enhanced PPO activity (Y. M. Jiang, 2001; Y. M. Jiang
et al., 1997; Y. Jiang et al., 1999). Histidyl, tryptophyl, and

thiol groups, but not tyrosyl and lysyl residues, are essential
for the catalytic activity (Y. M. Jiang, 2001).

The litchi PPO gene (LcPPO, JF926153) is expressed in
the pericarp of newly harvested litchi fruit (J. Wang et al.,
2014) more than in developing fruit. The level of LcPPO
expression and the PPO activity in the pericarp of the posthar-
vest fruit show similar variation. When the fruit is stored at
room temperature without packaging, the pericarp browning
index, PPO activity, and LcPPO expression in the pericarp
were higher in Nandaowuhe, the most rapid browning, and
the lowest in Ziniangxi, the slowest browning within 2 days
after harvest. If the fruit are held in a plastic bag, brown-
ing is delayed as is pericarp PPO activity and LcPPO gene
expression. Storage at 4˚C, which also delays browning, sim-
ilarly had reduced PPO activity and LcPPO gene expression.
The results support a strong relationship between PPO gene
expression, PPO activity, and pericarp browning.

Litchi PPO cannot directly oxidize anthocyanins, but in the
presence of phenolics, it stimulates degradation leading to
the development of brown pigments. Mixing PPO and antho-
cyanin extract gives no obvious changes with the addition
of a phenolic extract, and anthocyanins are rapidly degraded
(Y. Jiang, 2000). Similar findings have been reported by
Pang et al. (2008) and Ruenroengklin, Sun, et al. (2009).
This degradation of anthocyanin by PPO occurs in the pres-
ence of (-)-epicatechin, an endogenous PPO substrate, and
catechol, an exogenous PPO substrate (J. Sun, Jiang, et al.,
2010). The results of Pang et al. (2008) supported the con-
clusion that PPO did not directly oxidize anthocyanins but
that some oxidized products, probable quinones generated
by PPO’s activity, catalyze the degradation of litchi antho-
cyanins nonenzymatically. Another reaction that could be
involved in the degradation and browning is oxidation due
to H2O2 and hydroxyl radicals, whose contents decline and
then increase markedly as browning increased (Ruenroengk-
lin, Yang, et al., 2009). Purified litchi anthocyanin is rapidly
degraded by H2O2 and hydroxyl radicals. Combined with
previous studies, the degradation of anthocyanins by PPO is
accelerated in the presence of (-)-epicatechin and other pheno-
lic substrates (Ruenroengklin, Sun, et al., 2009) and produces
ROS (H2O2 and hydroxyl radicals) that degrade (oxidize)
anthocyanins.

Another potential degradation pathway is through ANT.
ANT enzymatically hydrolyzes anthocyanin to anthocyanidin
and sugar, and the anthocyanidin is spontaneous transforming
the aglucone pigment into colorless forms. These colourless
forms are like catechol that can be oxidized by PPO (Z. Zhang
et al., 2001). PPO oxidizes procyanidins also through a cou-
pled oxidation pathway. L. Liu et al. (2010) reported that
the procyanidins of litchi pericarp oxidize very slowly when
incubated alone with PPO. However, (-)-epicatechin could
accelerate the oxidation of procyanidins and the other fla-
vanols through a coupled oxidation pathway. The published
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data as to the overall significance of ANT in the breakdown
and browning is unclear.

Fumigation with SO2 completely inhibits litchi browning
and prevents the loss of pigments; it also inhibits PPO activity
(Zauberman et al., 1991). SO2 combines with anthocyanin to
form a stable anthocyanin-SO3H complex (Jurd, 1964). Acid
dip treatment also used in conjunction with SO2 fumigation
also inhibits peel browning (Zauberman et al., 1990, 1991)
by reducing or inhibiting PPO activity (Y. M. Jiang, 2001;
Y. Jiang, Li, et al., 2004; Lichter et al., 2000; Saengnil et al.,
2006). Acid dip treatment also lowered the pH that can help
stabilize anthocyanins (Pang et al., 2001a). Y. Jiang and Fu
(1998), Underhill (1992), and Underhill and Critchley (1994)
reported that treatment of litchi fruit with 10 mmol L−1 GSH
combined with 100 mmol L−I citric acid controls browning
with a 80%–85% inhibition of PPO activity being observed.
Ducamp-Collin et al. (2008) reported further that a 60% cit-
ric acid and chitosan dip also inhibits pericarp browning. The
results here may differ from those mentioned above probably
because of the higher concentration of citric acid used in these
studies.

Peroxidase. There are relatively few reports on the role of
POD in litchi pericarp browning. The POD activity in the
pericarp of stored fruit increases consistently with the peri-
carp browning index and negatively with the anthocyanin
concentration (Z. F. Lin, Li, Zhang, et al., 1988; Z. Zhang,
Pang, et al., 2005). POD purified from litchi pericarp has a Ph
optimum of 6.8 with catechol, 4-methylcatechol, and hydro-
quinone being good substrates (Gong & Tian, 2002). The PPO
and POD in litchi pericarp had free and bound forms. Certain
new isozyme bands of PPO and POD appeared along with
litchi pericarp browning (Z. Wu et al., 1998). The activity of
POD and PPO of the pericarp Bengal litchi is maximal at Ph
6.5 and 7.0, respectively, and no activity is detected at Ph 2.5
and 9.5. The preincubation of the enzyme extract for 45 min at
Ph 2.5 or 9.5 completely inactivated the enzymes (Mizobutsi,
Finger, Ribeiro, Puschmann, Neves, et al., 2010). Ribeiro et al.
(2010) obtained the same result in the Brewster litchi.

POD likely plays an important role in pericarp browning
(Gong & Tian, 2002). The in situ tissue-blot localization of
the oxidative activity confirmed that the activity of PPO was
in the epicarp, POD is mainly restricted to mesocarp vascu-
lar tissue of the mesocarp with some activity in the epicarp.
Underhill and Critchley (1995) postulated that both PPO and
POD activities are associated with litchi pericarp browning.
This is supported by Y. M. Jiang and Fu (1999a) finding
that under lower storage RH, the reduced content of GSH
decreased, while peroxides increased, as is the activity of
PPO and POD. These results imply that pericarp water loss-
induced browning may be associated with reduced antioxidant
capacities and an increase in the oxidation of phenolics
catalyzed by PPO and POD.

PODs, like PPOs, can catalyze anthocyanin hydrolysis
in a coupled oxidation reaction. The anthocyanin content
decreases rapidly after the addition of guaiacol. Further-
more, anthocyanidin, produced by hydrolysis of the purified
anthocyanin, could act as a substrate of POD. Therefore,
the enzyme browning of the litchi fruit pericarp caused by
POD can involve an anthocyanase–anthocyanin–phenolic–
H2O2 reaction—H2O2 (Z. Zhang, Pang, et al., 2005). The
nature of this complex may vary between POD and PPO as
found in grape and pea that although both have high affinities
to (-)-epicatechin and catechin, different sized binding motifs
and key amino acids were involved in binding (Nokthai et al.,
2010).

During storage for 29 days at 4˚C, when browning started,
POD activity increased in the exocarp and declined in the
endocarp, but PPO activity occurred in both tissues and
showed little changes (S. Huang, Hart, et al., 1990). PPO
activity and POD activity remained high after storage and then
declined (Reichel et al., 2013). After 52 days of storage, only
15% PPO activity remained, and 43% of the POD remained.
Z. Zhang et al. (2015) found that in fruit kept at 25˚C, the
activities of POD and PPO both increased.

In addition to storage, the impact of other postharvest
treatments on POD and PPO has been studied. A hot water
treatment, followed by an oxalic acid dip, gave good browning
inhibition; the activities of PPO and POD were reduced; and
the total anthocyanins maintained (Saengnil et al., 2006). Hot
water dips also enhanced the effectiveness of oxalic acid dips,
which reduced PPO and POD activities. Ducamp-Collin et al.
(2008) reported that after dip in 60% citric combined with
chitosan solution and cold storage, the activities of PPO and
POD increased slightly with a slight decrease in the content of
anthocyanin. However, in Huaizhi, the activities of PPO and
POD increased significantly with a significant decline in the
anthocyanin content.

Anthocyanase and laccase. Z. Zhang et al. (2001) first iden-
tified an ANT in the pericarp of litchi fruit. This enzyme
hydrolyzes the sugar of anthocyanin to produce anthocyani-
din. Anthrocyanins are unstable and potential targets for
oxidation. High ANT activity is found in the pericarp and thus
might contribute to the browning of the pericarp. ANT activ-
ity is maintained at a high level and increases during pericarp
browning (Z. Q. Zhang et al., 2003). Under the same condi-
tions, PPO and POD activities increased gradually, implying
that ANT is involved in anthocyanin degradation and pericarp
browning. Z. Zhang et al. (2015) reported that a treatment
with apple polyphenols suppressed the activities of ANT,
POD, and PPO in treated fruit that had higher levels of antho-
cyanins and cyanidin-3-rutinoside and a lower membrane
leakage rate. Higher ANT and PPO activities are found in
Nuomici, which is sensitive to pericarp browning, compared
to lower activity in the less susceptible Guiwei and Lanzhu
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(Z. Q. Zhang et al., 2003). Similarly, Jingganghongnuo has
slower changes in browning indices compared to Guiwei and
Nuomici. Jingganghongnuo has a higher content of phenols
and anthocyanins; lower ANT, LAC, PPO, POD, and PAL
activities; and the expression of LcANT, LcLAC, LcPPO,
LcPOD, and LcPAL (Tang et al., 2020).

The fruit stored at 0˚C developed a chilling injury, and the
pericarp ANT activity increased and remained higher than
in the control stored at 3˚C (W. R. Hu, Pang, et al., 2005).
Meanwhile, the anthocyanin content decreased. Heat treat-
ment that can induce pericarp browning also immediately
increase pericarp ANT activity and decreases the anthocyanin
content. Acid dips alone inhibit ANT activity and assist in
retaining pericarp colour. The addition of an acid dip to a
heat treatment retained the colour of the pericarp and inhib-
ited anthocyanin degradation (Fang et al., 2013). Anthocyanin
degradation enzyme (ADE), POD, and PPO activities in the
pericarp are also dramatically reduced. A marked reduction
in LcPOD gene expression also occurs. Heat treatment with
hot water alone leads to rapid browning and about 90% loss of
anthocyanin content. The activities of ADE, POD, and PPO in
the pericarp remained similar to those of controls not heated
or nonacid treated.

Another possible pericarp degradation pathway would be
anthocyanin degradation enzymes (ADE) that is not PPO or
POD (Cai et al., 2010). Purified ADE showed high activity
for litchi anthocyanins, mainly cyanidin-rutinoside. The puri-
fied ADE was identified as laccase (ADE/LAC) (Fang et al.,
2015). The level of expression of the ADE/LAC pericarp
gene is 1000-fold greater than PPO. Anthocyanin degrada-
tion requires the presence of (-)-epicatechin and suggests
an ADE/LAC epicatechin-coupled oxidation model. This
pathway is supported by a dramatic decline in pericarp (-
)-epicatechin that parallels the degradation of anthocyanin.
ADE/LAC is located mainly in the vacuole along with pheno-
lic substrates. This vacuolar localization and its high expres-
sion in the pericarp with epicatechin changes play an essential
role in anthocyanin breakdown during pericarp browning.

Membrane factor. Membranes plays an important role in
pericarp browning. The enzyme activity described above
requires the disruption of cellular compartments that allows
PPO located in chloroplasts and other plastids to react with
phenolic substrates stored in the vacuoles to form brown
polymers. Several external factors, such as water loss, chill-
ing injury, and internal factors, such as oxidation states, and
energy status, may act as triggers that alter membrane fluidity
and permeability. Changes in these permeabilities result in the
loss of subcellular compartmentation, leading to enzyme and
substrate reactions to occur that lead to pericarp browning (Y.
Jiang, Duan, et al., 2004).

The most common measure of membrane integrity is
cell leakage. The membrane leakage of litchi pericarp after
20-day storage at 3–5˚C is doubled that following 10-day stor-

age before browning occurs, indicating that the membrane
leakage increases earlier than the browning of the pericarp
(H. Liu et al., 2011). Similarly, Duan et al. (2011) observed
that the membrane leakage rate increased, while the pericarp
did not turn brown for litchi fruit kept at 28˚C, 90%–95% RH
for 2 days. The browning index and membrane permeability
increased as storage time increased in the three evaluated cul-
tivars, and membrane permeability is positively related to the
browning index (X. Xu et al., 2005).

Membrane oxidation and cellular energy status influence
leakage. The litchi fruit transferred from 3–5˚C to 25˚C had
an increase in lipase, phospholipase D (PLD), and LOX, and
ATP, ADP, and adenylate energy charge (AEC) also increased
(H. Liu et al., 2011). Following longer storage time, the ATP
and AEC content is lower in the pericarp, and the higher
the activity of the lipid oxidative enzymes, and a higher
membrane permeability. Increasing storage time at 3–5˚C
increases the activity of oxidative enzymes while resulting in
an energy shortage that reduces membrane integrity, resulting
in accelerated browning (H. Liu et al., 2011).

Antioxidant state. Anthocyanin, flavonoid, total phenols, and
antioxidant capacity, such as superoxide radicals, hydroxyl
radical and DPPH free radical scavenging activity, and
reducing ability, all contribute to the antioxidant status.
The antioxidant enzyme activity includes SOD, APX, and
CAT. A higher antioxidant status improves the maintenance
of membrane stability. High levels of oxidants promote
membrane deterioration. The oxidant level is determined by
the ROS levels (H2O2, superoxide anions, hydroxyl radical);
the activity of oxidative enzymes such as lipase, LOX, and
phosphatase PLD; and the saturated fatty acid content and
the MDA content.

The antioxidant status of the pericarp gradually declines
after harvest (Duan et al., 2011). This decline is associated
with reduced power levels and free-radical scavenging ability
against DPPH, superoxide anions, and hydroxyl radicals. This
occurs with a decrease in anthocyanins and phenolic com-
pounds with storage. There is a linear relationship between
anthocyanins or phenolic compounds and the antioxidant abil-
ity or free radical scavenging activity (Duan et al., 2011).
After 10–20 days of storage at 3–5˚C, the pericarp does not
show browning, although the membrane leakage is higher
at 20 days than at 10 days. At 30 days, the permeability
was even higher, suggesting a gradual change in membrane
stability. Immediately the fruit returned to 25˚C; the peri-
carp rapidly turned brown; and membrane permeability and
lipase, PLD, and LOX activities also increased markedly. The
longer the fruit are stored, the more rapid changes there were
when returned to 25˚C, indicating that these oxidant enzyme
activities are continuously activated at low temperatures (H.
Liu et al., 2011).

The pericarp of Ziniangxi turns brown slower than other
cultivars and has lower MDA content, membrane leakage
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rate, LOX and CAT activities, and a higher GR activity
in the pericarp (Xiao et al., 2011). Feizixiao has the most
severe browning and disease incidence with the highest rel-
ative membrane leakage, along with the highest increase in
PLD activity and acid phosphatase activity. When Feizixiao
is stored for 6 days, the (-)-epicatechin and procyanidin A2
content and the activities of POD, APX, and SOD are lower
than in Heiye and Xiangli (J. Sun et al., 2012).

The pericarp browning index increases as the storage time
is extended at 25˚C and there is an increase in relative
membrane leakage, the activities of ANT, PPO, and POD,
the contents of H2O2, MDA and the superoxide production
rate, while the contents of anthocyanin, cyanidin-3-rutinoside
decrease (Z. Zhang et al., 2015). The activities of SOD, APX,
and GR increased and then decreased. CAT, DPPH radical
scavenging, and reducing power activities all declined (Z.
Zhang et al., 2015). J. Wang, Wang, et al. (2010) had reported
similar findings and found that the PH value increased. The
content of anthocyanin, flavonoid, phenols, chlorophyll a, and
total chlorophyll decreased with the PPO activity continu-
ously declining, while the activities of CAT and SOD showed
a variable pattern first and then declining before increasing
again.

Water loss accelerates pericarp browning (Campbell, 1959;
Underhill & Critchley, 1993b, 1994), with a good correlation
between membrane leakage and pericarp water loss (X. M.
Huang et al., 2005). Water loss increases membrane leakage
and reduces the antioxidant capacity, including lower antho-
cyanin, GSH content, and higher ROS content (Y. M. Jiang &
Fu, 1999a; Somboonkaew & Terry, 2010; Xiao et al., 2019;
J. P. Zhang et al., 2014). However, X. M. Huang et al. (2005)
reported varietal differences with desiccation rates not con-
sistently following the fruit deterioration rate. The authors
felt that the difference in the calcium content was negatively
correlated with the rate of fruit deterioration rate and mem-
brane leakage. Calcium might delay fruit senescence, increase
tolerance to desiccation, and maintain membrane integrity.

Chilling injury similarly promotes membrane leakage.
Nuomici develops chilling injury symptoms after storage at
0˚C for 21 days, and the browning index and membrane leak-
age are higher than fruit stored at 3˚C (W. R. Hu et al., 2004a).
After 14 days at 0˚C before symptoms of chilling injury
occurred, the SOD, POD, APX, and CAT activities decreased
and MDA increased, while the activities of the same enzymes
at 3˚C remained high (W. R. Hu et al., 2004b). The increase
in LOX activity and MDA content is higher in fruit stored at
0˚C than at 3˚C.

AsA has a protective effect on both anthocyanin and phe-
nols in the pericarp. The browning index increases along
with the decline in AsA content (Y. Jiang, 2000). When
anthocyanin and phenolic extracts are mixed with PPO, the
anthocyanin content remains unchanged as long as there is
AsA present. Once AsA is consumed, the destruction of

anthocyanin begins and the oxidized products of the pheno-
lic extracts also begin to be produced. A coating with an aloe
vera gel reduced the browning index, weight loss, superox-
ide anion, relative electrolyte leakage, H2O2, MDA content,
POD, and PPO activities (Ali, Khan, Nawaz, et al., 2019). The
coated fruit also had a higher total anthocyanin and AsA con-
tent; a total phenolic concentration; and higher activities of
CAT, SOD, and APX along with higher TSS and TA.

Treatment with a variety of chemicals has shown broad
effects on antioxidant status. Treatment with ABA, Spd, or
1-MCP retards LOX activity in the pericarp of fruit stored
at 0˚C and tends to alleviate chilling injury. Dipping fruit
in hot water increases the browning index and LOX activ-
ity (W. R. Hu, Liu, et al., 2005). However, a 4% HCl drop
retards the browning of the pericarp, along with the limit-
ing LOX activity. These results indicated that LOX plays a
role in causing membrane damage and browning of litchi
pericarp (W. R. Hu, Liu, et al., 2005). Melatonin treatment
suppresses pericarp browning and reduces the relative rate
of membrane leakage (Y. Zhang, Huber, et al., 2018). The
melatonin effect was attributed to the improvement in antiox-
idant capacity and modulation of the repair of oxidatively
damaged proteins. Melatonin inhibits the generation of super-
oxide radicals, H2O2, and MDA, thus delaying the loss of
total phenolics, flavonoids, and anthocyanins and increas-
ing the activities of antioxidant enzymes (SOD, CAT, APX,
and GR) and reducing the activities of PPO and POD. Four
genes encoding enzymes for repair of oxidized proteins,
including LcMsrA1, LcMsrA2, LcMsrB1, and LcMsB2, are
upregulated.

Hydrogen water treatment, prepared by a hydrogen-rich
water generator, delays pericarp browning, a possible con-
sequence of the induction of antioxidant system-related
characters, and directly or indirectly enhance the antioxidant
capacity at 25˚C (Yun et al., 2021). Twenty-five characters
related to the antioxidant system were identified. The peri-
carp of the treated fruit had higher levels of superoxide radical
scavenging activity, GSH, monodehydroascorbate reductase
(MDHAR), PPO, and total flavonoids during storage, with
higher levels of H2O2, CAT, glutathione disulfide (GSSG),
ascorbate oxidase, and total phenols only on day 1, and higher
APX, GR, glutathione peroxidase (GPX), and higher levels of
total anthocyanin at the later stage of storage.

An acidified calcium sulfate (ACS) dip effectively pre-
vented pericarp browning (C. Y. Wang, Chen, et al., 2010).
The activities of PPO and POD are inhibited, and there is an
increase in total phenolic and total anthocyanin contents. The
radical scavenging activities of ROO•, DPPH•, hydroxyl rad-
ical, and superoxide anions are also enhanced following ACS
treatment. Higher activities of several antioxidant enzymes
and enzymes of the ascorbate-glutathione cycle, includ-
ing CAT, APX, GPX, dehydroascorbate reductase (DHAR),
and MDHAR, are maintained during storage. The content
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of flavonoids and the three major flavonoids, cyanidin-3-
rutinoside, cyanidin-3-glucoside, and quercetin-3-rutinoside,
are also higher after treatment.

Treatment of pyrogallol, a catechin with high superox-
ide anions scavenging activity (Furuno et al., 2002), reduces
browning and delays fruit rot. The respiratory rate and the
activities of POD and PPO are reduced, and there is a
delay in the loss of membrane permeability during the activ-
ity of PAL. There is a delay in the loss of anthocyanin
and phenolics, and higher DPPH radical scavenging activity,
reducing the power and concentration of the four pheno-
lic compounds procyanidin B1, (+)-catechin, (-)-epicatechin,
and (-)-epicatechin-3-gallate, is maintained (Jing et al., 2013).
Treatment with n-butanol, a specific inhibitor of PLD, retards
browning and disease index and decreases PLD, PAL, and
POD activities and MDA content while enhancing APX
activity (J. Sun et al., 2011).

Pure oxygen treatment retards pericarp browning and
increases membrane permeability (Duan et al., 2011). The
lipid peroxide content is reduced, and there is a delay in
the increases of the H2O2 content and superoxide pro-
duction rate while enhancing the activities of SOD, APX,
and CAT. Treatment increased the antioxidant ability pos-
sibly related to higher levels of anthocyanins and phenolic
compounds. The authors suggest that enhanced antioxidant
activity and antioxidant enzyme induced by pure oxygen
may contribute to alleviating lipid peroxidation and maintain-
ing membrane integrity (Duan et al., 2011). The application
of 6-benzylaminopurine (BAP) inhibited decay incidence by
Peronophythora litchii, the main pathogenic fungi. The lower
browning of the pericarp in treated fruit is associated with
reduced PPO activity, increased PAL activity, and higher lev-
els of anthocyanin and total phenolic compounds. Treatment
with BAP reduces H2O2 accumulation and lipid peroxidation
and improves the activity of SOD, CAT, APX, and DPPH,
leading to less ROS accumulation and lipid peroxidation (D.
Zhang, Xu, et al., 2018).

Treatment with apple polyphenols reduces pericarp brown-
ing; suppresses ANT, PPO, and POD activities; and increases
anthocyanins and cyanidin-3-rutinoside content. The treated
fruit have a lower membrane leakage rate due to reduced
oxidative damage and reduced MDA content and ROS genera-
tion. The activities of antioxidant enzymes (SOD, CAT, APX,
and GR) and the nonenzymatic antioxidant capacity (DPPH
radical scavenging activity and reducing power) are enhanced
(Z. Zhang et al., 2015). Apple polyphenols have been shown
to delay the development of litchi pericarp browning, reduce
the respiration rate and weight loss, and slow the changes in
glucose and fructose contents while inhibiting the decline in
sucrose. The treated fruit has a higher content of organic acids,
phenolic, AsA, and GSH (Z. Su et al., 2019). The improved
antioxidant capacity of these treated fruit is indicated by the
increased radical scavenging activity of DPPH and FRAP.

Treatment with nitric oxide (released from sodium nitro-
prusside) reduces pericarp browning, weight loss, and MDA
content, with a higher anthocyanin content and levels of total
phenolics and antioxidant capacity (Barman et al., 2014).
Treatment also delayed the loss of TSS, TA, and AsA in fruit
with a minimum level of decay. Nitric oxide treatment also
retarded the activities of both PPO and POD (Kramchote et al.,
2008).

A preharvest application of 5-aminolevulinic acid (5-
ALA), a precursor in the biosynthesis of porphyrin com-
pounds, and a plant growth regulator significantly increased
postharvest fruit anthocyanins, total phenol, vitamin C, and
antioxidant activity (Feng et al., 2015). Treatment with
sodium para-aminosalicylate (PAS-Na) inhibited pericarp
browning and potentially reduced the respiration rate by
inhibiting ROS-mediated senescence (T. Li, Shi, et al., 2019).
Additionally, PAS-Na treatment improved the activities of
SOD, CAT, and GPX. Fruit pericarp also have a reduced
membrane leakage rate and MDA content and lower LOX
activities. Thidiazuron (TDZ) inhibits anthocyanin accumula-
tion but does not significantly alter antioxidant activity (Zeng
et al., 2012). All treatments significantly reduce the brown-
ing index, leakage rate, and PPO activity after storage. A
membership function analysis (fuzzy subsets) indicates that
the preharvest 5-ALA application is the most beneficial for
maintaining quality postharvest.

There are still many other reports indicating that various
chemical treatments are beneficial for increasing antioxidant
capacity; are conducive to maintaining membrane integrity;
and can effectively reduce pericarp browning, including L-
cysteine (Ali, Khan, & Malik, 2016), kojic acid (Shah et al.,
2017), methionine (Ali et al., 2018), chitosan (D. Zhang &
Quantick, 1997), polyamines (Y. M. Jiang & Chen, 1995), and
ABA (W. R. Hu, Liu, et al., 2010).

Energy state. Maintaining membrane stability is an associ-
ated state of cell energy. This energy state is determined by
the content of ATP and adenylate energy charge (AEC) (ATP,
ADP, and adenosine monophosphate [AMP] concentrations)
for homeostasis between 0.7 and 0.95 coupled to high H+-
ATPase, Ca2+-ATPase, succinate dehydrogenase (SDH), and
cytochrome C oxidase (CCO) activities. Low energy levels
(AECs) adversely affect membrane stability.

As pericarp browning occurs with an increase in mem-
brane permeability during cold storage, the content of ATP,
ADP, and AMP and the AEC value decline. This imbalance
in energy status accelerates fruit deterioration and early senes-
cence (H. Liu et al., 2011). Energy deficiency leads to a
burst in fruit respiration to achieve homeostasis. The respi-
ratory burst is associated with an increase in reactive oxygen
species, POD activity, and the initiation of the LOX pathway
(Yun et al., 2016). Pure oxygen exposure delays the increase
in membrane permeability and inhibits pericarp browning.
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Application of DNP, prior to exposure to pure oxygen,
accelerates membrane integrity loss and the appearance of
pericarp browning. Pure oxygen treatment increases respira-
tion and CCO activity while maintaining high ATP levels (Shi
et al., 2008). The importance of ATP to membrane integrity
is shown by exogenous ATP treatment, which reduces the
increase in membrane leakage by delaying pericarp browning,
with the proton pumping inhibitor DNP having the oppo-
site effect on leakage and browning. ATP treatment also
negatively regulates the expression of alternative oxidase 1
(AOX1) that increased after 2 days of storage. There was no
effect of ATP treatment on the expression of ADP/ATP car-
rier 1 (AAC1) that imports ADP into mitochondria and slows
the changes in gene expression of sucrose non-fermenting-1-
related kinase 2 (SnRK2) involved in abiotic stress responses
(H. Wang et al., 2013). Jingganghongnuo has a slow pericarp
browning compared to Guiwei and Nuomici with the high-
est AEC and expression of the metabolic ATP-related genes
LcATPb, LcSnRK2, LcAAC1, and LcAOX1 (Tang et al.,
2020).

Litchi fruit show early browning, higher disease incidence,
MDA content, and membrane leakage rate when inoculated
with P. litchii. ATP treatment delays these changes and
increases ATP content and energy charge levels, while DNP
treatment accelerates the process of senescence and disease
development (Yi, Qu, Jiang, Duan, et al., 2008; Yi, Qu, Jiang,
Shi, et al., 2008). Enzymes involved in membrane lipid per-
oxidation and hydrolysis, such as PLD, acid phosphatase, and
LOX, are lower in ATP-treated fruit. ATP-treated fruit before
inoculation with P. litchi have higher antioxidant enzyme
activities, including CAT, SOD, and APX, with higher DPPH
scavenging activities, reducing power and phenolic content,
while DNP treatment lowers the enzymes activities, scaveng-
ing ability, and phenolic compounds. In conclusion, it was
suggested that ATP levels regulate the antioxidant system
and that sufficient available energy is central to inhibiting
browning and maintaining resistance to disease (Yi et al.,
2010).

In addition to ATP and DNP that influence the energy
charge, several other treatments have been applied to main-
tain the energy charge and membrane integrity. Z. Zhang et al.
(2017) showed that tea seed oil treatment delays pericarp
browning and maintains membrane integrity. This response
was attributed to an effect on energy status as treatment
increased the pericarp ATP level, energy charge, and activities
of H+-ATPase and Ca2+-ATPase. In addition, the expression
of LcAtpB, LcAAC1, LcAOX1, and LcSnRK2 is increased.
Treatment with DNP increased CCO, H+-ATPase, and Ca2+-
ATPase, leading to lower energy charges and early fruit
senescence. On the contrary, ATP treatment reduced CCO
activity, maintained a higher energy charge, and delayed
browning (Z. Y. Gao, Zhao, et al., 2018). Z. Gao, Hu, et al.
(2018) found that genes including LcSnRK2 and LcAAC1

are sensitive to changes in energy charge and could respond
rapidly to an energy charge deficit and induced upregulation
in expression. The upregulation of the LcAOX1 and LcUCP1
genes is positively correlated with fruit senescence.

Melatonin treatment retards pericarp browning and reduces
membrane leakage changes potentially attributed to mem-
brane lipid and energy metabolism (G. Liu et al., 2020;
T. Wang et al., 2020). Melatonin treatment suppressed the
increase of PLD, lipase, and LOX activities, preventing the
hydrolysis of phosphatidylcholine into phosphatidic acid,
increasing the content of unsaturated fatty acids (oleic acid,
linoleic acid, and linolenic acid), lowering saturated fatty
acids (palmitic acid, stearic acid) content, and maintaining
higher energy status (T. Wang et al., 2020). The latter energy
status is indicated by the higher ATP content and energy
charge due to enzymes related to energy metabolism, includ-
ing H+-ATPase, Ca2+-ATPase, SDH, and CCO. Melatonin
treatment also suppresses the increase in leakage rate and
MDA content, slow the decline in cellular energy level, as evi-
denced by a higher ATP content and a higher energy charge
(G. Liu et al., 2020). This is similarly associated with energy
metabolism enzymes including H+-ATPase, Ca2+-ATPase,
SDH, and CCO. There is an increase in proline accumula-
tion due to increased activities of ornithine–aminotransferase
(OAT) and D1-pyrroline-5-carboxylate synthase (P5CS) and
suppressed activity of proline dehydrogenase (PDH) (G. Liu
et al., 2020).

Treatment with choline chloride (ChCl) also significantly
inhibits pericarp browning and delayed programmed cell
death (T. Li et al., 2020). As a constituent of membrane
phospholipids, ChCl with a reported role in stress toler-
ance, application of ChCl to litchi pericarp decreases DNA
laddering, inhibits the expression of programmed cell death-
related genes, and maintains higher soluble protein content.
ChCl treatment maintains a higher ATP content and energy
charge in the pericarp as a result of a higher level of
glycine betaine. Genes associated with energy metabolism
and ATPase activities result in lower accumulation of ROS by
improving the activities of SOD, CAT, and APX (T. Li et al.,
2020).

Reaction of SO2 and acid. SO2 fumigation (Fuchs et al.,
1993; Lichter et al., 2000; Luo et al., 2019) and an acid dip
(Y. Jiang, Li, et al., 2004; Zauberman et al., 1990) effectively
inhibit browning. Their effect is directly on anthocyanin and
the enzymes that cause browning, not on the membranes.

Non-enzymatic oxidation. There are few reports related to
the nonenzymatic oxidation of litchi pericarp browning. Puri-
fied litchi anthocyanin is degraded in the presence of H2O2
or hydroxyl radicals (Ruenroengklin, Yang, et al., 2009).
Increasing the concentration of H2O2 or hydroxyl radi-
cals increases the degradation of anthocyanin, the hydroxyl
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radical being more effective. H2O2 and hydroxyl radicals can
be products of the oxidation of phenols by PPO. The authors
proposed that the browning of the pericarp could be based
on the indirect oxidative degradation of anthocyanin caused
by a PPO reaction product. The degradation of anthocyanin
by H2O2 or hydroxyl radicals is more rapid at higher PH
(Pang et al., 2001a, 2001d). Reducing agents, such as AsA,
dithiothreitol, and Cys, do not slow the oxidation phenomena;
they can also promote degradation and discolouration (Pang
et al., 2001d). Decreasing peel PH by acid treatment inhibits
browning (Zauberman et al., 1990). However, during senes-
cence, there is an increase in the overall PH of the pericarp
that is dominated by vacuolar PH, where the anthocyanins are
found. This change in PH could lead to the gradual conver-
sion of anthocyanin into colourless carbinol base and result in
browning (Underhill, Simons, et al., 1992).

Sulfur dioxide (SO2).

Effect of SO2. Sulfur dioxide fumigation effectively inhibits
the browning of the litchi pericarp. The pericarp after SO2
treatment remains pliable but is initially bleached to a pinkish
cream (Figure 3d) and turns a uniform pink after 3–5 days at
22˚C (Holcroft et al., 2005; Zauberman et al., 1990). The final
red colour is permanent (Swarts, 1983).

Reaction of SO2. Sulfur dioxide initially bleaches antho-
cyanins by the anthocyanin carbonium ion (R+) reaction and
forms a colourless chromen-2 (or 4)-sulfonic acid (R- SO2H).
This complex has a structure and properties similar to those
of an anthocyanin carbinol base (R-OH). This reversible pro-
cess does not involve hydrolysis of the 3-glycosidic group,
reduction of the pigment, or addition of bisulfite to a ketonic
derivative of chalcone (Jurd, 1964). Timberlake and Bridle
(1967) further reported that a complex is formed between sul-
fur dioxide and the flavylium cation (F+). This complex is
stable at pH 1.05 and is reduced by hydroxylation of the seven
and five positions of the flavylium structure with an increase
in hydroxylation of the three-position anthocyanin. The antho-
cyanins form the weakest complexes of those compounds
generated. Sodium metabisulphite can replace SO2 fumi-
gation and similarly inhibit pericarp browning (Duvenage
et al., 1995; Sivakumar et al., 2005). The response is likely
due to the formation of the same anthocyanin-SO3 complex.
Treatment with sodium bisulfite and sodium diethyldithiocar-
bamate inhibits litchi PPO activity (Tan & Li, 1984). PPO
activity was completely inhibited by SO2 fumigation in litchi
fruit (Zauberman et al., 1991).

Pericarp colour recovery can be achieved by desulfuriza-
tion (DS) after SO2 fumigation (SF). The effect is similar
to the ability of SO2 treatment to control rots and pericarp
browning. More importantly, this desulfurization treatment
greatly reduced aril sulfite residue. Several enzymes are

responsible for the detoxification of sulfite and include sul-
fite oxidase, sulfite reductase, serine acetyltransferase, and
o-acetylserine (thiol) lyase. These enzymes and their encod-
ing genes increase after SO2 fumigation and then decline as
the resides decline suggesting they play a key role in sulfite
metabolism (Luo et al., 2019).

Low pH.

Effect of low pH. The acid dip lowers the pH of the pericarp
resulting in complete inhibition of browning (Lichter et al.,
2000; Underhill & Critchley, 1994; Zauberman et al., 1990).
This acidification of whole fruit increased the redness of the
pericarp (Figure 3c), whereas an alkaline treatment caused
rapid discolouration. These colour changes are reversible and
are independent of anthocyanin synthesis and degradation, but
Zauberman et al. (1991) reported that acid treatment is not
effective when the fruit turns brown, that is, after anthocyanin
degradation. The results support the view that increasing
the pH of the pericarp after harvest leads to a process of
decolourization of the anthocyanin that is independent of tis-
sue browning (Underhill & Critchley, 1994). The colourless
anthocyanin products are then oxidized to brown pigments as
discussed above.

Different degrees of pericarp browning are produced by
storing litchi fruit at different temperatures and humidity. Par-
allel to tissue browning, the pericarp pH increases from 4.15
to 4.74, and a significant correlation is seen between the red
hue and the pH of the pericarp homogenate (Underhill &
Critchley, 1994). The increased pH likely reflects changes in
the vacuole pH, as the mesocarp parenchyma is highly vacuo-
lated. As PH increased, the anthocyanin decolourized, turned
brown, and became unstable (Chu et al., 2004; Pang et al.,
2001b; Z. Zhang et al., 2001). After holding fruit for 4 days at
room temperature, the pH of the pericarp increased from 4.19
to 4.88, the anthocyanin content decreased rapidly, from 0.169
to 0.072 mg g−1 FW, and the brown index rose markedly,
from 1.00 to 4.86 (Pang et al., 2001b). Other researchers
have reported greater increases in the PH of the pericarp
homogenate. Pericarp homogenate increased from 4.0 to 6.2,
while ascorbic acid content declined during long-term storage
(M. X. Wu et al., 2001). pH plays a critical role in structure and
stability, which in turn affects the browning of the pericarp
(Underhill, Simons, et al., 1992).

Acid treatments are effective in preventing pericarp brown-
ing only if the pH of the pericarp is lowered to about 3.0. Litchi
fruit that are first dipped in hot water and then in three differ-
ent acid solutions showed that 10% oxalic acid was the most
effective in controlling browning (Saengnil et al., 2006). The
pH of the 10% oxalic acid solution was 0.82–1.25, and the
pericarp pH after treatment was reduced to 2.11 from 4.28.
Hot water dips increased the effectiveness of oxalic acid dip.
Without hot water dip before oxalic acid treatment, the pH
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pericarp was still high (pH 3.22), and the anti-browning effect
is much less. With other acids, including citric acid and AsA,
the pH of the solution is higher than that of oxalic acid, and
the pericarp pH was 3.2 to 4.1, and the antibrowning effect
is poor. Terdbaramee et al. (2003) found that 1.0 M citric
acid (∼20% w/v) dip (20% w/v) prevents pericarp brown-
ing during storage at 5˚C. The pH of the pericarp was about
2.7 after dipping lower than pH lowered below the 3.3 pH
found by Saengnil et al. (2006) with a 15% citric acid solu-
tion. Ducamp-Collin et al. (2008) used a 60% citric and 0.75%
chitosan dip that prevented pericarp browning. The pH of
the pericarp after dipping was 3.42–3.73, which is higher
than in other reports. Very low concentrations of oxalic acid
(2 and 4 MM) have been shown to delay pericarp brown-
ing (X. Zheng & Tian, 2006), although it was possibly due
to increased membrane integrity, inhibition of anthocyanin
degradation, decline of oxidation, and maintenance of low
POD activity in fruit during storage.

Reaction of low pH. Anthocyanins are located in the vacuole,
and the PH of the vacuoles rises along with the senescence
or dehydration of the litchi pericarp from about pH 4.3. The
high PH condition converts the structure of anthocyanins into
a colourless form (carbinol) and reduces their stability (Chu
et al., 2004; Pang et al., 2001a; Underhill, 1992; Z. Zhang
et al., 2001).

The colour of the anthocyanin extract depends on the pH
of the solution. Litchi pericarp anthocyanins are red at PH
1.47, orange at pH 3.30, became decolourized at PH 4.69,
and turned brown at PH 7.01 (Pang et al., 2001a). After 20
days at room temperature, the anthocyanin degradation at PH
1.47, 3.30, 4.69, and 7.01 was 24.5%, 60%, 79.5%, and 100%,
respectively. These results highlight the instability of litchi
anthocyanins that become colourless and then turn brown as
the medium pH increases. If 2 MM H2O2 was added to these
solutions, 97.6% of the anthocyanins degraded in 20 h at pH
5.0. About 72.3% of the anthocyanins degraded in 30 h with
20 μM superoxide anions. At pH 1.0, the percentage of degra-
dation is lower. Z. Zhang et al. (2001) calculated the half
degradation constants for anthocyanins at different pHs of 1,
3, and 5, and they were 29, 15.3, and 10.5 days, respectively,
indicating greater stability at lower pH. The pH of the litchi
pericarp increased to 5.3 during 5-day storage at 25˚C from
pH 4.3 in the air of fruit transported for 4 days from China to
Canada.

Anthocyanins returned to their original redness and con-
centrations if placed in a pH 4 solution for 5 days. This did
not occur if the pH of the solution ranged between 5 and 6 for
5 days (Chu et al., 2004). The effect of pH on the colour of
the pericarp seems to be directly on the anthocyanins, and the
effect of the membrane is not significant. The leakage of the
membrane is much higher in fruit dipped in 2% HCl than that
dipped with 1% HCl, but the effects on maintaining the red

pericarp and preventing browning were the same (Y. Jiang,
Li, et al., 2004).

Acid dip significantly inhibited PPO and POD activities
and greatly help maintain fruit color (W. R. Hu et al., 2004c).
Treatment with 1% HCl markedly inhibits PPO activity and
maintained a high anthocyanin content in litchi fruit pericarp
tissue (Y. Jiang, Li, et al., 2004). As mentioned above, the soak
of oxalic acid after a hot water dip reduces the activities of
PPO and POD, maintained a high level of total anthocyanins,
and significantly inhibited browning. Hot water dip increases
the effectiveness of oxalic acid dip (Saengnil et al., 2006).
The activity of PPO and POD is maximal at pH 7.0 and 6.5–
6.7, respectively (Y. M. Jiang et al., 1997; Mizobutsi, Finger,
Ribeiro, Puschmann, Neves, et al., 2010; Ribeiro et al., 2010).
No PPO or POD activity is detected at pH 2.5. If enzyme
extracts are pre-incubated for 35 or 45 min at pH 2.5, com-
plete enzyme inactivation occurs (Mizobutsi, Finger, Ribeiro,
Puschmann, Neves, et al., 2010, Mizobutsi, Finger, Ribeiro,
Puschmann, Vieira, et al., 2010; Ribeiro et al., 2010). Low pH
treatments are beneficial for maintaining the phenol content.
A coating based on organic acids (citric or tartaric) at PH 0.8,
1.0, and 1.3 indicated that the browning rate is related to the
rate of dehydration during storage and the pH of the pericarp.
The lower the pH, the higher the total contents of phenols and
anthocyanin in the pericarp (Joas et al., 2005).

ANT activity is similarly inhibited by acid treatments. A
4% HCl drop inhibits ANT activity and maintains pericarp
redness (W. R. Hu, Pang, et al., 2005). An acid dip in 2% HCl
after a 70˚C hot water treatment for 20 s substantially pro-
tected the colour during storage at 25˚C. The PH values in
the pericarp of the heat-acid-treated fruit dropped to 3.2. This
treatment dramatically reduced the activities of the expression
of the ADE (ANT), POD, PPO, and LcPOD gene expression
(Fang et al., 2013). Ducamp-Collin et al. (2008) reported that
after 60% citric acid–chitosan treatment followed by cold stor-
age, the PPO, POD, and ANT activities and the content of
cyanidin-3-rutinoside and cyanidin-3-glucoside in the litchi
fruit did not change significantly. In Wai Chee (Huaizhi),
PPO, POD, and ANT activities increased, while the content
of cyanidin-3-rutinoside and cyanidin-3-glucoside decreased.
These results are different from those of the reports mentioned
above where PPO, POD, and ANT activities are delayed by
acid treatments. The differences may be related to the cit-
ric acid solution used here, which had a high viscosity and
contacted fruit for a longer time.

Acid dip after SO2 fumigation.

Effect of an acid dip after SO2 fumigation. SO2 fumigation,
followed by a dip in HCl, delivers fruit of superior quality
to SO fumigation only (Duvenage et al., 1995; Zauberman
et al., 1990). SO2 fumigation alone inhibits browning, result-
ing in a pliable but bleached peel that turns uniform pink
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after 3–5 days at 22˚C (Zauberman et al., 1990). After acid
dip following SO2 fumigation, the bleached fruit recovered its
colour right after the acid dip in low pH solutions (Zauberman
et al., 1990). No deterioration in the colour of the pericarp is
observed after 12 weeks of storage after SO2 fumigation and
acid dip (Underhill et al., 1994). The pH and the colour are
affected by the pH of the acid solution and the treatment time.
Fumigation inhibits PPO activity but did not affect POD activ-
ity. The treatment must be performed on fruit that still have a
red pericarp, and it is not possible to recover the red pericarp
from already brown fruit by acidification (Zauberman et al.,
1991).

The reaction of an acid dip after SO2 fumigation. SO2 fumi-
gation caused rapid bleaching of the pericarp due to the
formation of a colourless anthocyanin–SO H complex (Jurd,
1964). Acidification of the pericarp with an HCI dip results in
an immediate improvement in the pericarp colour of the sul-
fur dioxide-treated fruit. Acidification is suggested to reverse
the bleaching effect by promoting sulfur dioxide disassocia-
tion from the pigment complex. Increased pigment stability
is due to acid-induced structural changes, and possible Cl-
ion inhibition of PPO activity may also contribute to colour
improvement (Underhill et al., 1994).

Acid dip after SO2 fumigation strongly inhibits PPO activ-
ity but has no significant effect on POD activity (Zauberman
et al., 1991). Dipping with sodium metabisulfite, to replace
SO2 fumigation, followed by HCl dip, also effectively delays
pericarp browning. PPO and POD activities are again greatly
retarded (Liang et al., 2012). Furthermore, the acid drop
after SO2 fumigation further reduces the pH value. The pH
of the pericarp after SO2 fumigation was about 5.8 versus
6.1 in untreated fruit, about 5.0 in acid-dipped fruit, and
approximately 4.1 in acid-dipped after SO2 fumigation fruit
(Zauberman et al., 1991). A similar result is obtained; the pH
of untreated fruit is 4.6, while it was 3.9 after SO2 fumiga-
tion and 2.8 after an acid dip after SO2 fumigation (Underhill,
Bagshaw, et al., 1992).

Fruit treated only with an acid dip develops a red back-
ground but with brown patches on the pericarp. A uniform red
pericarp is achieved when fruit are with an acid dip after SO2
fumigation. SO2 fumigation does cause damage as there is
80% leakage of electrolytes from the pericarp, while only 25%
leakage occurs in nonfumigated fruit pericarp. This signifi-
cant increase in membrane permeability presumably enables
the penetration of the acid through to the cell vacuoles, where
the anthocyanins are located, and/or pigment leakage from the
vacuole to the acidified cell walls of the fruit pericarp. Fresh,
nonfumigated fruit attained uniform deep red colour when the
acid solution is infiltrated by a vacuum (∼1/3 atmosphere) or
when detergent (∼0.1% v/v) is added to the acid dip. When
nonfumigated fruit are treated either with a high acid con-
centration (higher than 2 M) or for a longer time (more than
2 min) with the recommended (2 M) acid solution, the colour

of the pericarp is always redder and uniform (Figure 2c). How-
ever, in all the cases described, except for the recommended
treatment, some browning and/or softening of the aril occurs
(Fuchs et al., 1993).

5 POSTHARVEST HANDLING OF
LITCHI FRUIT

5.1 Techniques applied in the industry

The commercial postharvest handling of litchi varies with the
nature of the market, with the biggest difference between fruit
destined for a local versus an export market. For local short-
distance markets, fruit are generally delivered by trucks or
ships within 1–2 weeks of harvest. This occurs frequently
among Asian countries and in other producing countries such
as South Africa and Australia. For long-distance export mar-
kets, fruit are transported by air cargos or ships and can take
up to 3–4 weeks or more. This is the case for litchi moving
from Southeast Asia, South Africa, and Australia to major
markets in North America, Europe, and Japan. These export
markets can have additional requirements, such as required
insect disinfestation protocols that place additional stress on
the fruit and require procedures to minimize loss in quality. In
both market types, the major postharvest issues relate three
interacting causes of quality loss: mechanical injury, peri-
carp browning, and disease. In both cases, fruit are sorted
and graded to meet market requirements whether to be sold
in bunches or as single fruit, often in punnet with a plastic
overwrap. Damaged, cracked, and split fruit is removed. In
some areas, bird damage can be a major problem (Figure 4a).

During short-distance transport for the local market, the
application of a cold chain is useful, with other treatments
such as SO2 fumigation and/or acid dip being applied if war-
ranted by market conditions. When shipping to cold chain
export long-distance markets, the use of plastic barriers with
SO2 fumigation and/or acid dip to preserve pericarp colour
and prevent browning and decay is essential. Insect disin-
festation (quarantine) requirements that may involve heat or
cold treatments, or irradiation, are necessary for some export
markets and are carried out before or during shipping. How-
ever, these disinfestation treatments cause stress and can have
adverse quality effects on the fruit. The use of SO2 treatment
may be approved for the control of decay in some coun-
tries but not for cosmetic reasons to preserve pericarp colour
(browning).

5.1.1 Cold chain

Data from several studies have confirmed the effectiveness
of low-temperature storage and high relative humidity in
preserving litchi fruit quality (W. X. Chen et al., 2001;
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F I G U R E 4 Litchi showing (a) bird damage common in ripe fruit,
(b) fruit fly larvae emerging from fruit, larvae seen between the aril and
pericarp cause little damage though fruit fly egg lay can lead to yeasty
fermentation at the puncture wound, (c) mold due to Colletotrichum
gloeosporioides on the fruit surface, and (d) miscellaneous bacterial
saprophytic growth on fruit.

Hatton et al., 1966; South African Litchi Growers’ Associa-
tion Website 2020; Tongdee, 1998; Underhill, 1994). Storage
temperatures of 10˚C for 7 days in sealed plastic bags (Hatton
et al., 1966), 2–5˚C with plastic packaging (Underhill, 1994),
sealed plastic punnets at 4˚C, for up to 2 weeks (South African
Litchi Growers’ Association Website, 2020) are reported.
Other cooling treatments include; fruit in plastic bag with ice
placed on top (with a 1 to 35—ice to fruit ratio) in a sealed
polystyrene box (W. X. Chen et al., 2001), and hydrocooling
followed by shipping at temperatures above 4–7˚C (Tongdee,

1998). The objective of these conditions is to have a satis-
factory commercial control of browning. The thickness of the
plastic wrap or bag varies from stretch wrap in the case of pun-
nets to thicker bags (0.04–0.05 mm thick). Harvesting fruit
in the cooler morning hours and keeping the fruit cool and
in the shade, or the use of sprinkling the fruit with water to
prevent drying out are also recommended in some situations
(Tongdee, 1998).

An example of an integrated system with both local and
export markets is in Taiwan. The local market is served in
less than 5 days, while it takes 7–14 days for exported fruit
to South East Asia. Fruit is harvested in the early morning,
kept in the shade, and sent to the packing house as soon
as possible. At the packing plant, fruit are forced air cooled
at 5˚C with very high relative humidity and packed in pun-
nets that are stacked in cartons. The packed cartons are then
precooled before loading into refrigerated shipping contain-
ers and shipped at 5˚C. Fruit destined for the Japan market
need a vapor heat combined with low-temperature disinfesta-
tion treatment, which raises the fruit core temperature above
46.2˚C and is maintained for 20 min. The fruit is then cooled
to below 2˚C fruit core temperature for 6 h and maintained
at that temperature for 42 h before shipment at 5˚C. After this
treatment regime, the fruit pericarp quickly turns brown when
moved to room temperature after transportation.

5.1.2 Fumigation of sulfur dioxide (SO2)
and combinations with other treatments

SO2 fumigation
The SO2 fumigation procedure was developed in the early
1980s (Swarts, 1983) and is commercially used and has
been continuously improved (De Jager & Korsten, 2003;
Lemmer & Kruger, 2000a; Sivakumar et al., 2010; Swarts,
1985; Tongdee, 1994). This fumigation treatment prevents
the browning of the pericarp when exposed to chilling con-
ditions or desiccation. The fruit can last up to 5 weeks at
1˚C after fumigation, while the untreated fruit only lasts 2
weeks at 4˚C (South African Litchi Growers’ Association
Website, 2020). This treatment is used in many countries,
including South Africa (Swarts, 1985), Thailand (Tongdee,
1998), Israel (Zauberman et al., 1991), and Madagascar (Wer-
mund, Goyard, Jahiel, et al., 2014). Wermund et al. (2014)
reported that in Madagascar, sulfuring litchis is currently the
only commercially viable means to control decay and retain
colour, and it is the sole legal postharvest method according
to current European legislation.

A concern with this treatment and the use of metabisulphite
pads is the SO2 residues remaining in edible aril (Kremer-
Köhne, 1993; Paull et al., 1998). The European Union has
a maximum concentration of 10 ppm in the aril requirement
(Ducamp-Collin, 2001; Sivakumar et al., 2010). In the United
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States, sulfur dioxide use on fresh fruit and vegetables is
approved for some commodities as a pesticide to control dis-
eases such as on table grapes, and this is controlled by the
Environmental Protection Agency (EPA); however, it is not
approved by the Food and Drug Administration (FDA) for
cosmetic purposes such as controlling browning (FDA, 1986).
SO2 residues in table grapes must be <10 ppm total SO2. This
ban by the FDA was in response to numerous cases of sulfite-
induced asthma that occurred after the ingestion of green or
fruit salads treated with sulfites.

In early protocols, the fruit were placed in a closed con-
tainer or room, and 100–150 g sulfur per cubic meter of
air was burnt (Swarts, 1983). In South Africa, fruit are now
placed in an airtight container and fumigated for 20 min with
0.6 g of sulfur/kg of fruit (De Jager & Korsten, 2003), or
50 min (Wermund, Goyard, Jahiel, et al., 2014), or 500 g
of 99% SO2 per metric ton of fruit for 30 min (Lemmer
& Kruger, 2000a). Other protocols involve 100 g of 90%
sulfur powder per m3 of fruit at 25–28˚C for 20 min with
no humidity control (Holcroft & Mitcham, 1996; Sivaku-
mar et al., 2010). In Thailand, a standardized procedure uses
gaseous SO2 (Tongdee, 1994), with a 5:1 ratio between free
space volume (milliliter or liter) of the chamber and the
weight of the fruit (gram or kilogram). The fumigated fruit
absorbed 30%–60% of the sulfur dioxide applied. Maximum
efficacy in controlling browning is obtained when the whole
fruit residues are 200–350 ppm immediately after fumigation
with the residues concentrated in the pericarp, and aril lev-
els are very low. In this protocol, the facility must have a
scrubbing system to reduce the exposure of the operator and
environmental release.

The extent of sulfite residues in the pericarp and aril is
highly dependent on the condition of the fruit (cultivar, matu-
rity, and pericarp damage) and the treatment and storage
conditions (relative humidity, temperature, fruit load, SO2
concentration, and duration of treatment). The Hong Huai
litchi fumigated at the optimal rate had SO2 pericarp residues
immediately after fumigation from 1200 to 2000 ppm, while
the pericarp in Khom was much higher (Tongdee, 1994,
1998). These residues in the pericarp rapidly decreased within
the first 2 days after fumigation. Pericarp sulfur dioxide
residues of 150–500 ppm are required to maintain fungistatic
levels during the marketing period and avoid recontamination
by Penicillium sp. (Tongdee, 1998). The sulfur residues in
McLean’s Red are considerably higher than in HLH Mauri-
tius, especially when incorporating an acid dip. In addition,
more mature McLean’s Red fruit tend to have unacceptably
high levels of aril sulfur dioxide residue compared to less
mature fruit. High ambient temperatures combined with low
humidity lead to an increase in aril sulfur residues, especially
when fruit are left overnight before fumigating (Lemmer &
Kruger, 2000a). The residues in aril are higher following
treatment, and the level declines with 4 weeks of storage
(Kremer-Köhne, 1993). In 79% of the samples analyzed, the

SO2 residues in the pulp exceeded the tolerance level of
10 ppm after storage, while only 22% of the samples fell into
this category. Schoeman et al. (2004) also reported that over-
mature McLean’s Red litchis had significantly higher SO2
residues in the aril of the fruit. Different producers had sig-
nificantly different SO2 residues in litchi aril, though using
the same procedure. The degree of microcracking of the peri-
carp may play a role in aril sulfur residues, and this could be
influenced by the preharvest fruit growth environment.

Swarts (1985) suggested that sulfur fumigation did not
adversely affect aril eating quality. When residues are
high, the taste of the fruit can be altered with reports of
higher titratable acidity (Lonsdale & Kremer-Köhne, 1990;
Tongdee, 1994). Negative effects on soluble solid content
(SSC)/titratable acidity (TA), taste, and membrane integrity
(Sivakumar & Korsten, 2010) along with loss in flavour of
SO2 fumigated fruit and decrease in turgidity in the aril are
also reported (Y. M. Jiang et al., 2006). Another adverse
impact of this fumigation is that the bleached pericarp turns
pink (Zauberman et al., 1990), and this is not as attractive
as red. When excess sulfur is used, the fruit turns yellow or
pale green and fails to redden (Holcroft et al., 2005). Sulfur
dioxide can also cause phytotoxic symptoms with irregu-
lar brown lines or patches on the underside or interior of
the rind that occurs when fruit are fumigated at a very low
dosage (Tongdee, 1998) and is only apparent on the sec-
ond day (Tongdee, 1992). Increased pericarp weight loss and
microcracking have been observed (Sivakumar & Korsten,
2004), showing that SO2 fumigated fruit is not popular on the
Chinese market (Y. M. Jiang et al., 2006). The SO2 treated
fruit destined for Asian markets have not been well received
(Tongdee, 1998). Furthermore, the rot problem could persist
in fumigated fruit (Lemmer et al., 2001; Schoeman et al.,
2008, 2014).

In SO2 fumigation, though simple in concept, is greatly
influenced by fruit cultivar and the fruit physiological state
and the conditions of treatment (Tongdee, 1998). Residues in
the aril being less than 10 ppm are of concern and may not
always be achievable in practice. Different analytical methods
for SO2 residues lead to some uncertainty in interpretation
(Wermund, Goyard, Reeber, et al., 2014). Alternatives to
replace or improve SO2 treatment and maintain fruit appear-
ance are a continued area of active research (Sivakumar et al.,
2010).

Acid dip after SO2 fumigation
Zauberman et al. (1990) developed acid dips after SO2 fumi-
gation to address the pink pericarp and recover redness from
the pericarp. If the fumigated bleached fruit was dipped in low
PH solutions, redness was recovered with no adverse effect
on fruit quality. Dilute HC1 at PH 0.5 or 1.0 was the best
way to recover red pericarp. The degree of red recovered was
determined by both PH and the duration of exposure. Acid
treatment if done with SO2 fumigation must also be applied
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before the pericarp turns brown (Zauberman et al., 1991). The
fruit can be treated with 1 N HCI (1.2% for 10 min) imme-
diately after gaseous SO2 fumigation (Underhill, Bagshaw,
et al., 1992). The treated litchi fruit are uniformly red and
stable without browning. Therefore, acid dip after SO2 fumi-
gation is commercialized in South Africa and Israel (Fuchs
et al., 1993; Lichter et al., 2000; Sivakumar et al., 2010;
Underhill, 1994). The SO2 fumigated fruit takes 3–5 days
to turn pink. Fruit airfreight to market is often additionally
treated with organic acids after sulfur fumigation to allow for
a quicker return of the reddish pericarp (South African Litchi
Growers’ Association Website, 2020).

Fruit treated with an acid dip after SO2 fumigation can
cause fungal infections during storage and shipping (Fuchs
et al., 1993). Dipping litchi fruit in HCl eliminates the
infection caused by common opportunistic fungi but not Peni-
cillium species that tolerate low PH (Lichter et al., 2004). If
acid dip after SO2 fumigation treatment, the application of
Sportak (prochloraz 0.2%) separately or in combination with
acid can effectively retard the incidence of fungal infection
(Fuchs et al., 1993). Additionally, brown patches inside the
pericarp occur when fruit are acid dipped without SO2 fumi-
gation (Fuchs et al., 1993). Acid dipping after SO2 fumigation
has been shown to increase SO2 residues (Lemmer & Kruger,
2000a), and if not done correctly can cause off-flavor, and the
pericarp will have acid injury that is degraded, soft, and weak
(Tongdee, 1998).

SO2 fumigation and sulfur sheet package
Sulfur sheets are used to reduce fruit rot during storage
and shipping to supplement SO2 fumigation and reduce
the concentration used in SO2 fumigation. This technology
was developed in the 1980s (Lichter et al., 2008; Nelson
& Ahmedullah, 1976). There are many names for these
sulfur sheets, including sulfur pads, slow-release sulfur diox-
ide sheets, and sodium metabisulfite impregnated sheets
(SMS sheets). The pads are made by encapsulating sodium
metabisulphite between two thin plastic sheets. SO2 gas is
generated by the reaction between sodium metabisulphite and
moisture produced by the fruit (Wermund, Goyard, Jahiel,
et al., 2014).

Schutte et al. (1990) reported that using two SMS sheets
one on either side of the litchi within a polyethylene bag
gave 100% control of decay, and only 2% pericarp browning
occurred after 21 days of storage at 3.5˚C. Others found that a
single sheet at the bottom of the carton significantly reduced
the incidence of fungal infection of previously fumigated SO2
fruit and did not increase SO2 residues in fruit (Schoeman
et al., 2008). Care is necessary in the concentration of SO2
used during fumigation and the dosage and placement of the
sheet (Schoeman & Kruger, 2004). The sulfur sheet, placed
at the bottom of cartons containing fumigated litchi fruit,
reduces fungal infections during the mid to late stages of stor-

age at 1˚C for 30 days. The maximum limits for SO2 residues
of the European Union (10 ppm in aril) should not exceeded.
The use of a well-ventilated carton gave better results than
poorly ventilated cartons (Schoeman et al., 2009, 2014).

Fumigating with the reduced amount of sulfur concentra-
tion (300 g t−1 at 40 min) compared to the control (600 g
t−1 at 50 min) with sulfur pads gave lower final aril residues
(<10 ppm), decay, and colour retention (Wermund, Goyard,
Jahiel, et al., 2014). The pads were placed only on top of the
litchi in a cardboard carton. Different cultivars may require
different active concentrations of SO2 to be used (Schutte
et al., 1990). These sheets are currently used by certain South
African and Madagascan exporters (Dodd et al., 2010). In
South Africa, depending on the market, the fruit is packed in
2-kg cartons or smaller plastic punnets. For long-term storage,
litchi cartons can be packed with a slow-releasing sulfur diox-
ide sheet on top of the fruit (South African Litchi Growers’
Association Website, 2020).

SO2 fumigation and controlled atmosphere
The quality of late-harvested fruit is poorer than early- and
mid-season fruit. The incidence of rot is also higher in late-
harvested fruit after regular fumigation and storage (Lemmer
et al., 2001). Controlled atmosphere (CA) storage after SO2
fumigation reduces fruit rot (Lemmer & Kruger, 2000b). The
fungal growth on “HLH Mauritius” fruit was retarded when
stored at 1˚C in CA than with the commercial standard regime.
However, the effect is negated during the ensuing shelf-life
phase, and the SO2 residues were higher than those of the
controls. Cultivar differences are found with CA storage that
significantly reduces fungal infection, while the proportional
increase in sulfur residues was less pronounced than in “HLH
Mauritius” (Lemmer & Kruger, 2000b). In the study by Lem-
mer et al. (2001), more than 35% of fruit were infected by
fungi during storage after SO2 fumigation and cold storage.
Fruit was not infected if they were kept in CA (1% O2:12%
CO2). However, the SO2 residues in these fruit was higher,
indicating that SO2 is less released from the fruit under CA. A
proportion of fruit is currently exported under CA, especially
late-season fruit (Dodd et al., 2010).

5.1.3 Quarantine disinfestation treatment

Several litchi-importing countries require an insect disinfes-
tation (quarantine) treatment before importation. Treatment
must be completed before import. The treatments that are
currently approved, depending on the country, include low-
temperature and vapour heat treatments, irradiation, or a
combination of both. Treatments vary by importing countries
and according to the different insect pest species in the export-
ing country. For example, since litchi is considered a fruit
fly host (Figure 4b), the United States requires an approved
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treatment for fruit from fruit fly-infected areas before enter-
ing the United States. Currently approved treatment includes
irradiation, heat, and cold treatments (Follett & Neven, 2006;
Roberts & Follett, 2017). In some cases, no treatment is nec-
essary from declared fruit-fly-free zones such as in Mexico,
Israel, South Africa, and China. Litchi fruit exported to the
United States from China requires cold treatment. Consign-
ments must also be free from soil, weed seeds, and extraneous
material.

For irradiation, fruit must be treated with a minimum
300 Gy dose, with a dose of at least 400 Gy if other pests
besides fruit fly are present. For heat treatment, the litchi
core temperature must be maintained at 45˚C for 30 min,
and for cold treatments, the fruit core temperature must
be maintained at 1˚C for 14 days. In all cases, the ship-
ment must include a phytosanitary certificate. The details
of the treatments are found in the USDA-APHIS treatment
manual at https://www.aphis.usda.gov/import_export/plants/
manuals/ports/downloads/treatment.pdf.

The exporting country must draft disinfestation treatment
procedures according to the regulations of the importing
country. For example, in the export of Taiwan litchis to the
United States, the fruit must receive a cold treatment in which
the core temperature must be below 0.99˚C for 17 days, or
1.38˚C for 20 days. This treatment must be applied before
entering the United States. Since the shipping time from Tai-
wan to the West Coast of the United States is usually more
than 20 days, the cold treatment can be carried out in transit.
For litchi exported to Japan and South Korea, a combination
of vapour heat and low-temperature treatment is approved.
The fruit is subject to vapour heat, and the core of the temper-
ature of the fruit must be above 46.2˚C and maintained for 20
min. The fruit is then cooled, and the temperature of the fruit
must be lowered to below 2˚C in 6 h and maintained for 42 h.
The disinfestation treatment of litchi exported to New Zealand
or Australia can be either heat treatment or cold treatment. The
temperature and time of the treatments vary by country.

Heat or cold treatments used for disinfestation may cause
damage or induce chilling injury to litchi fruit (Follett &
Neven, 2006). Many studies have been conducted, trying to
reduce this damage. Jacobi et al. (1993) reported that litchi
fruit Tai So (Dazao) and Wai Chee (Huaizhi) tolerated vapour
heat treatment, where the core temperature is 45˚C for 42 min,
and 2 weeks at 5˚C without a significant reduction in fruit
quality. Kwai May Pink (Guiwei) does not tolerate treatment.
Earlier reports had shown that storage at 1˚C for 12 days or hot
water treatment at 49˚C for 20 min leads to pericarp browning
(Paull et al., 1995). The hot water treatment combined with the
sulfur dioxide treatment prevented the damage, with residue
in the edible aril on a fresh mass basis of less than 5 ppm.
The fumigation load factor significantly influenced pericarp
and aril sulfite residues, and at 53 kg m3, aril sulfite residues
were 1 ppm (Paull et al., 1998). Litchi fruit are treated with

immersion at 49˚C for 20 min, or irradiation treatment at a
minimum absorbed dose of 400 Gy, is required for export
from Hawaii to the mainland United States. After cold storage,
the fruit treated with hot water immersion were darker and
less intensely coloured and were rated unacceptable, while the
irradiated fruit were acceptable. It was suggested that irradia-
tion is superior to immersion as a quarantine treatment based
on the maintenance of fruit quality (Follett & Sanxter, 2003).
Recently, the use of paraffinic oil as an insect disinfestation
treatment has been studied. Revynthi et al. (2020) reported
that postharvest dips in STYLET@ paraffinic oil solutions
for 60 s resulted in complete disinfestation of the litchi fruit
of crinose mite (Aceria litchi) without adverse effects on the
colour of the pericarp.

5.2 Research approaches and techniques

5.2.1 Preserving quality

Postharvest litchi research can be divided roughly into two
types: the development of practical technology and physiolog-
ical research. When developing practical technology, such as
finding replacement for SO2 and acid dip treatments, research
needs to incorporate simulated transport and storage condi-
tions and evaluation of quality criteria relevant to the market.
These commercial market expectations can vary depending
on consumers’ desires and familiarity with the commodity.
This commercial aspect has led to considerable physiologi-
cal research as it relates to the effects on the fruit of various
treatments that often add additional stress.

Chemical treatment
Acid dip can prevent the browning of litchi fruit peel (Zauber-
man et al., 1990), although it can cause brown patches on
pericarp (Fuchs et al., 1993; Tongdee, 1998) and disease
caused by Penicillium spp. (Lichter et al., 2004). Data suggest
that the brown patches on the pericarp may be due to uneven
intrusion of acid, and this is supported by the observation
that SO2 fumigation before the acid dip increases membrane
permeability and prevents the occurrence of brown patches
(Fuchs et al., 1993). Hot water brushing in combination with
acid dip treatment was developed (Lichter et al., 2000) to
replace the SO2 fumigation step. In this treatment, litchi fruit
are sprayed with hot water while being brushed in a revolving
drum, after which the fruit are subjected to HCl treatment.
These fruit maintained a uniform red color after 3 weeks of
storage at 1.5˚C and 3 days at 20˚C. This outcome is sim-
ilar in fruit treated with an acid dip after SO2 fumigation.
Dipping litchi fruit in HCl eliminates infection by common
opportunistic fungi (Figure 4c) and selects for species that
tolerate low PH. Adding prochloraz(9N-propyl-N-[2-(2,4,6-
trichlorophenoxy) ethyl] imidazole-1-carboxamide) in acid

https://www.aphis.usda.gov/import_export/plants/manuals/ports/downloads/treatment.pdf
https://www.aphis.usda.gov/import_export/plants/manuals/ports/downloads/treatment.pdf
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dip can effectively retard fungal infection (Lichter et al.,
2004). Also, Ketsa and Leelawatana (1992a) found that an
H2SO4 dip is better than HCl for red color retention. They
recommended a PH 0.2 H2SO4 dip for 15 min. Extensive
research has been done on the development of acid-based
treatments to retain litchi’s red pericarp. In all cases, the proto-
cols have been refined to improve handling and reduce sulfur
residues, avoid off-flavors, and retain pericarp color (Dodd
et al., 2010).

The sodium metabisulphite dip followed by HCl dips gave
good results in the color, taste, and disease control of the
litchi fruit after 28 days of storage at 1˚C and 3 days on
the shelf (Duvenhage, 1993) and delivered fruit of superior
quality to the SO2 fumigation-treated fruit only (Duvenage
et al., 1995). Among many different treatments to maintain
fruit marketability, a combination of potassium metabisulfite
and Vapogard treatment was most effective, reducing pericarp
browning, disease, and retaining fruit firmness after 21 days
of storage at 1˚C and 2-day shelf at 18˚C (Sivakumar et al.,
2005). Precooling fruit before dip in 0.6% sodium metabisul-
phite for 10 min, air drying then a dip in 2% HCl for 5 min
then packing in perforated low-density polyethylene (LDPE)
bags as an modified atmospheres package (MAP) treatment
gave the best results (Neog & Saikia, 2010). The treated fruit
showed lower PPO activity, high anthocyanin content, low
pericarp browning, and had 9 days of postharvest life versus 2
days in the control. Liang et al. (2012) found that dip of litchi
fruit in 6% sodium metabisulfite solution followed by 1.1 M
HCl delayed pericarp browning and effectively reduced decay.
No sulfite residue was detected in the aril. However, the inci-
dence of decay increased greatly when half the dose (3%) of
sodium metabisulphite is used, indicating that the control of
sodium metabisulphite concentration is crucial in commercial
practice.

Chitosan coating reduces the total microbial population on
the fruit surface compared to other treatments (Sivakumar
et al., 2005), though it did not retain fruit marketability when
compared to a potassium metabisulphite/Vapogard dip. The
fruit treated with a 1% chitosan solution had a lower respi-
ration rate, aril temperature, PPO activity, and weight loss
during 5 days of storage. Chitosan coatings show two different
characteristics; the coating exposed to air was more uniform
and closely packed like a barrier, while the other in contact
with pericarp is rougher and has a better transport rate (B. Lin
et al., 2011). The new chitosan formulation (Kadozan) reduces
the fruit’s respiration rate, delays the increase in membrane
permeability, and maintains higher contents of anthocyanins
and flavonoids contents. The coated fruit also has higher peri-
carp L, a, and b values and better maintains the TA, TSS,
and vitamin C content in the aril. At ambient temperatures,
these coatings had a lower browning index and disease index
and had reduced fruit weight loss (X. Jiang et al., 2018).
If first treated with thiabendazole, a chitosan coating simi-

larly decreased browning and decay; weight loss; and delayed
changes in anthocyanin, flavonoid, total phenolics, PPO activ-
ity, and partially inhibited the increase in POD activity
(D. Zhang & Quantick, 1997). MAP and especially MAP plus
chitosan coating retain fruit quality (De Reuck et al., 2009a)
by preventing decay and browning while significantly reduc-
ing PPO and POD activity, maintaining membrane integrity,
and anthocyanin content.

Chitosan coating in conjunction with organic acids (citric
or tartaric) at different pHs has shown that the rate of brown-
ing of pericarp during storage parallels the rate of dehydration
and pericarp pH. The lower the pH, the more total phenols and
anthocyanin were retained (Joas et al., 2005). A pH 0.8 was
better than pH 1.0 or 1.3, which gave more variable results.
Acidic coatings reduced the surface pH from 5.0 to 3.3, which
lasted throughout cold storage and maintained the red color,
while with acid dips alone, the surface pericarp pH would
eventually return to 4.8 (McGuire & Baldwin, 1998). Dip-
ping the fruit in water immediately prior to treatment favored
acid infiltration, suggesting that the response to the treatment
is partially dependent on the pericarp water content (Caro &
Joas, 2005). Fruit treated with 60% citric acid in 0.75% chi-
tosan retained pericarp color for 21 days at 4˚C. A major issue
with this treatment was its high viscosity and the long duration
required for fruit drying after treatment (Ducamp-Collin et al.,
2008). Other researchers have evaluated anti-oxidants such
as ascorbic acid in conjunction with chitosan treatment and
found slower browning of membrane leakage reduced peri-
carp PPO and POD activities and increased pericarp SOD
and CAT activities with higher levels of aril AsA and GSH
and lower amounts of H2O2 and MDA (D. Sun, Liang, et al.,
2010). The decay rate was also lower. Coatings other than
chitosan have also been evaluated. A polymer coating after
SO2 fumigation reduces water loss and the percentage of
fruit colonized with Penicillium. However, the taste and juice
TSS content are reduced by this coating (Oosthuyse, 2014).
Organic acids (acetic, malic, citric, and oxalic acid) and inor-
ganic salts (NaCl and CaCl2) have been evaluated for their in
vitro inhibitory effects on POD and phenol oxidases, although
they do not improve color retention or even favored pericarp
browning (Reichel et al., 2017). Coating with 10% gum arabic
significantly lowered browning index, weight loss, decay, and
respiration rate (Sultan, 2014). Treatment of fruit with cal-
cium nitrate followed by a dip in HCl gave promising results
in colour and taste after storage (Duvenage et al., 1995).

There are numerous studies on coatings and chemical
treatments other than those mentioned above. Many chemi-
cals significantly reduce browning and have led to in-depth
investigations of their physiological response including mem-
brane stability, oxidation, and energy status. These factors,
as discussed above, are closely related to pericarp browning.
It is often found that a chemical treatment that effectively
inhibits browning will usually maintain all or some of these
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physiological factors within normal ranges, implying their
interrelationship. Examples would be melatonin (G. Liu et al.,
2020; T. Wang et al., 2020; Y. Zhang, Huber, et al., 2018),
ACS (C. Y. Wang, Chen, et al., 2010), polyamines (Y. M.
Jiang & Chen, 1995), gel of aloe vera (Ali, Khan, Nawaz,
et al., 2019), L-cysteine (Ali, Khan, & Malik, 2016), methion-
ine (Ali et al., 2018), sodium para-aminosalicylate (PAS-Na)
(T. Li, Shi, et al., 2019), kojic acid (Shah et al., 2017), oxalic
acid (X. Zheng & Tian, 2006), nitric oxide (Barman et al.,
2014), salicylic acid and chitosan (Kumari et al., 2015), sali-
cylic acid and isoascorbic acid (Kumar et al., 2013), salicylic
acid (Pongen BAP) (D. Zhang, Xu, et al., 2018), ALA, thidi-
azuron (M. F. Li, Feng, et al., 2019), and citric acid combined
with GSH (Y. Jiang & Fu, 1998).

Pericarp browning is a major cause of quality loss after har-
vest; the other cause is disease or saprophytic growth in the
fruit pericarp (Figure 4c,d). Numerous disinfectants and other
chemicals have been tested to address the decay problem.
De Jager and Korsten (2003) tested nine fungicides and 18
disinfectants, and among these, the organic tin complex dis-
infectant (OA5 Dp) and the fungicide prochloraz gave the best
results with SO2 fumigation fruit in maintaining the colour of
the pericarp and reducing decay and water loss. The lactic acid
bacterium Lactobacillus plantarum, often associated with the
plant microbiome, has been shown to be a biocontrol agent
(Trias Mansilla et al., 2008). When litchi is sprayed with a
suspension of this bacterium, there were reduced color loss,
better maintenance cyanidin-3-rutinoside, total anthocyanin,
and phenolic compounds (Martínez-Castellanos et al., 2011).
Although the authors did not report the level of decay, they
did present data showing survival and growth in the pericarp
suggesting biocontrol via competition for space and nutrients
competing with decay organisms. Immersion of litchi fruit
in Bacillus amyloliquefaciens LY-1 culture broth led to fruit
with less pericarp browning, fruit decay, and weight loss. The
pericarp also had higher PAL and β-1, 3-glucandase activities
often associated with disease resistance, and a higher content
of disease-related lignin (Y. Wu et al., 2017). The treated fruit
also had a higher content of aril TSS, TA, total soluble sugars,
and vitamin C. Treatment of litchi with Photorhabdus lumi-
nescens Hb1029 effectively repressed the decay of litchi fruit,
reduced browning index, and weight loss. It also increased the
pericarp of POD, SOD, and CAT activities and increased the
content of aril trehalose with a significant decline in pericarp
MDA and H2O2. The treated fruit maintained higher TSS, TA,
and vitamin C (D. Lai et al., 2020).

Controlled atmosphere environment
CA in combination with low-dose SO2 fumigation has been
commercially used. There are still many studies on the use of
CA alone. Fruit quality is maintained in a CA environment,
and 3%–5% O2 + 5% CO2 is recommended at 5–7˚C (Paull
et al., 2002); however, for commercial use, the fruit qual-

ity must also be maintained well after the CA storage phase
into the retail period. The same CA storage protocol has been
applied at 13˚C with success (Y. M. Jiang & Fu, 1999b). Ali,
Khan, Malik, and Shahid (2016) tested nine different combi-
nations of O2 and CO2 with 1% O2 + 5% CO2, giving the
best result by reducing weight loss, pericarp browning, mem-
brane leakage, and MDA contents. Treatment also maintained
aril TSS, TA, and AsA content and organoleptic quality. The
pericarp CAT, SOD DPPH radical scavenging activities, total
anthocyanins, and phenolic contents were maintained. In con-
trast, these CA storage conditions lowered the activities of
PPO and POD.

Higher levels of CA (5% O2 + 5% CO2) were more effective
in delaying anthocyanidin decomposition, preventing brown-
ing, and decreasing fruit decay than MAP (15%–19% O2 +
2%–4% CO2) or control (Tian et al., 2005). Fruit quality was
maintained without any flavour changes after 42 days of stor-
age at 3˚C. Pornchaloempong et al. (1998) had previously
reported that CA with 4% O2 + 7.5% CO2 was the best at
maintaining the fruit quality of the three combinations tested.
Treatment reduced decay and maintained pericarp colour for
4 weeks of storage plus 1 day at 20˚C. However, Sivakumar
and Korsten (2010) found that fruit stored in 7% O2 + 3%
CO2 had a higher browning of the pericarp, PPO, POD activ-
ity, and loss of membrane integrity. CA with 17% O2 + 6%
CO2 showed a good result, especially when combined with
1-MCP. These CA conditions (17% O2 + 6% CO2) plus 1-
MCP were more effective in preventing browning, loss of
red colour and AsA content, and retaining SSC/TA and taste.
The treated fruit showed higher overall acceptance with lower
PPO and POD activity, lower membrane leakage, and lower
anthocyanin content during storage.

The browning was significantly retarded by holding the
fruit in 50%–70% O2 at 4˚C (Techavuthiporn et al., 2006).
When held at 90%, O2 initially had the same inhibitory effect
on browning but then accelerated the browning rate later in
storage. These results were confirmed by Duan et al. (2011)
who reported that pure oxygen significantly prevented peri-
carp browning and delayed the increase in membrane leakage.
This storage atmosphere reduced lipid peroxides, induced
the activities of antioxidant enzyme activities, and increased
antioxidant capacity.

Modified atmosphere package
The results obtained with different concentrations of O2
and CO2 in CA storage show improvement by maintaining
fruit quality. However, most CA systems are only econom-
ically viable when large quantities of fruit are being stored
or shipped and are not easily implemented for air ship-
ment, where MA is a more viable treatment. CA storage
also requires considerably more technology and manage-
ment skills. The results from the above CA studies are
useful guidelines for developing MA storage regimes giving
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starting values for desirable gas atmospheres. In MAP,
another issue is the change in storage atmosphere when the
fruit are moved from the low-temperature storage environ-
ment to retail display where the temperatures are higher with
concomitant changes in O2 and CO2 concentrations in the
MAP and the increase in respiration rate. These changes pred-
icate that the fruit is kept at storage temperature well into
the retail display phase such as 14˚C (Sivakumar & Korsten,
2006b) or lower.

In 1966, sealed polyethylene bags combined with refrig-
erated storage at 10˚C for 7 days resulted in satisfactory
commercial control of litchi pericarp browning, while perfo-
rated bags were slightly less effective (Hatton et al., 1966).
Kader (1998) in his review of published literature indicated
that exposure to oxygen levels less than 1% and/or carbon
dioxide levels greater than 15% induces off-flavours and a dull
grey aril appearance (Kader, 1998). Flavor loss and loss of
aril whiteness may occur when fruit are packed in a sealed
PE bag and moved to a high temperature. If MAP is used, the
fruit should be carefully sorted to remove any fruit with decay
or obvious fly stings because the affected fruit may lead to
mould on the adjoining fruit in the package (Sivakumar et al.,
2010). It is frequently not cost-effective to open each MAP or
wrapped punnet to remove decaying fruit leading to the loss
of the whole package. During the last decade, considerable
effort has gone into developing an MA-based export proce-
dure, although few have achieved commercial export status
(Dodd et al., 2010).

Combining MAP with other treatments to control brown-
ing and decay has shown potential. A hot water brushing and
acid dip treatment of litchi fruit in laminated PE MAP bags
to alter O2, CO2, and water transfer rates had less decay but
poor taste after 4 weeks at 2˚C and 3 days at 20˚C when com-
pared to fruit packed in bags with small holes (Pesis et al.,
2002). CO2 levels in the laminated MAP bag were 10%–15%
for late harvest fruit, while only 0.2%–0.8% CO2 was in the
perforated bags, which had good taste but higher decay. The
off-flavour in the MAP-packed fruit was likely due to higher
levels of AA and ethanol.

Various plastic films have been evaluated. Litchi fruit
wrapped in 35-μm biaxially oriented polypropylene (BOPP)
films, widely used for food packaging, after being dipped in
EDTA, created package atmospheres of 17% O2 and 6% CO2
within the BOPP-3 film that had the best final quality indi-
cated by the retention of pericarp colour and excellent eating
qualities after 34 days at 2˚C and 2 days at 14˚C. This film
was better than the commercially used SO2 treatment (Sivaku-
mar & Korsten, 2006b). The efficacy of MAP, created with
Xtend, a film with varying water vapour transmission rates,
and BOPP was compared (Sivakumar & Korsten, 2006a). The
BOPP MAP package had better results with reduced weight
loss, colour deterioration, and decay and retained excellent
eating quality after 34 days at 2˚C. The better results were
attributed to higher RH and O2 concentrations (17%). A hot

water dip treatment at 50˚C for 2 min or at 55˚C for 1 min
caused loss of pericarp colour, surface structure, and quality,
which were not recovered with MAP storage.

The use of MAP has been confirmed in more recent studies.
Ali, Khan, Malik, et al. (2019) reported that litchi fruit packed
in MAP bags (Xtend StePac), stored at 5˚C, exhibited reduced
decay and browning index. Fruit in these MAP packages had
lower PPO activity and delayed superoxide anion production,
MDA, H2O2, and membrane leakage with higher retention of
anthocyanin. The aril of these MAP stored fruit had higher
TSS, AsA content, and TA, with lower POD activity. The
sensory quality, total phenolic content, radical scavenging
activity, SOD, CAT, and APX activities of these MAP stored
fruit were higher. Differences in responses can be expected
due to the difference in O2, CO2, and water transmission
rates of the different films at different temperatures (Mangaraj
et al., 2009). Tian et al. (2005) did not find a better pericarp
browning and decay control in MAP created with a 0.03-mm
thick polyethylene film bag with 15%–19% O2 and 2%–4%
CO2 than in the control, while a CA treatment with 5% O2
and 5% CO2 was more effective than the MAP.

The addition of 1-methylcyclopropene (1-MCP at 300 nL
L−1) to MAP made with BOPP gave better control of peri-
carp browning than MAP alone after 14 and 21 days of storage
(De Reuck et al., 2009b). The pericarp with combined treat-
ment had reduced PPO and POD activity, membrane leakage,
and retained anthocyanin content. Higher concentrations of
1-MCP led to higher membrane leakage, pericarp browning,
PPO, and POD activity.

Bacillus subtilis in a combination of MAP was tested by
Sivakumar et al. (2007). A combination of Bacillus and MAP
made with a polypropylene (PP) film gave the best results,
controlling decay and browning of the pericarp during storage
at 14˚C. Less than 1% of the fruit rotted or went brown with B.
subtilis and PP film MAP in 11.3% absence of the B. subtilis
11.3% showed decayed. The atmosphere of MAP was ∼14%
O2 and ∼5% CO2 after 14 days at 2˚C and 2 days at 14˚C. A
MAP made with LDPE had ∼3% O2 and ∼10% CO2, the fruit
showed decay and browning, and B. subtilis did not survive
but survived in the PP MAP bag at 2 and 14˚C. A BOPP-
1 MAP with B. subtilis developed 16% O2 and 6% CO2 also
showed promise in controlling decay, retaining color and over-
all quality after 18 days at 2˚C and 2 days at 14˚C. BOPP-2 was
less effective with 5% O2 and 8% CO2, even combined with
B. subtilis, which did not survive well (Sivakumar, Arrebola,
et al., 2008).

5.2.2 Disease control

The incidence of disease
After pericarp browning, postharvest decay is one of the
main problems facing commercial shippers. Microorganisms
are important causes of fruit rot (Table 3). Pathogens that
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T A B L E 3 Numerous postharvest diseases do occur, and most
have their origins preharvest. Good field sanitation and culling of fruit
that show fruit piercing insects, cracks, and sun-scorch are effective in
minimizing postharvest losses (Coates et al., 1994; Paull et al., 2014).

Group Organism
Algal None reported

Fungal Alternaria spp.

Aspergillus spp.

Colletotrichum gloesporiodes (anthranose)

Cylindrocladium scoparium (white molud)

Geotrichum candidum (sour rot)

Lasiodiplodia theobroma
Penicillium spp. (green and blue moulds)

Peronophythora litchi (fruit rot or downy blossom
blight)

Pestalotiopsis spp.

Phoma epicocina
Rhizopus oryzae
Various yeasts

Stem-end rots caused by a number of organisms
(Botryodiplodia theobroma, Phomopsis spp., and
Botryosphaeria spp.)

Insects Various tephritid fruit flies

Cryptophlebia peltastica litchi fruit moth

Thaumatotibia leucotreta false codling moth

cause litchi fruit decay include Alternaria sp., Aspergillus
sp., Botryodiplodia sp. Colletotrichum sp., and various yeasts
(Koul & Taak, 2017).

Anthracnose (most commonly Colletotrichum gloeospori-
oides) is a common postharvest disease of litchi fruit. The
initial infection occurs in the field, with subsequent growth
and disease development occurring as the fruit ripens during
storage and transportation. Only C. gloeosporioides causes
the disease in the field and laboratory (Martínez-Bolaños
et al., 2015). In Guangdong, up to 85%–100% of the fruit may
be infected in the field, and thus it is the most important fac-
tor in causing the rot and browning of the fruit during storage
and transportation (A. Liu et al., 2005). Similarly, high lev-
els of pericarp infection (65%–90% of fruit) occur, beginning
20 days after initial fruit set (X. Li et al., 2005). The symp-
tom of anthracnose begins to appear on the third or fourth
day after harvest with a disease incidence of 83%−100%, 9
days after harvest. Anthracnose-infected fruit have higher res-
piration and ethylene production rates, higher pericarp MDA
content, accelerated browning and decay, and shorter storage
life (X. Li et al., 2006; A. Liu et al., 2006), and Litchi fruit
inoculated with common anthracnose species (C. gloeospori-
oides) show higher respiration rate and ethylene production;
increased rate of production of pericarp superoxide radical
anion; MDA content; pericarp PPO, POD, and PAL activities;

and decreased activity of SOD. It confirms that anthracnose
increases the rate of senescence, browning, and decay of litchi
(X. Li et al., 2006; J. Liu et al., 2006). Fruit rot caused by inoc-
ulation with P. litchi shows a similar physiological response
(L. Zheng et al., 2019) with a higher respiration rate and
ethylene production, increased pericarp levels of superoxide
radical anion and MDA content, higher PPO and PAD activity,
and reduced SOD activity (J. Liu et al., 2006). Colletotrichum
sp., Pestalotiopsis sp., Fusarium sp., and Lasiodiplodia sp.
can be isolated from the fruit pericarp showing symptoms of
anthracnose (Martnez-Bolaos et al., 2015).

The predominant filamentous fungal genus isolated in
South Africa is Phomopsis spp. (De Jager et al., 2003).
Other prevalent postharvest pathogens in South Africa, in
addition to Phomopsis sp., include Pestalotiopsis guipinii,
Trichoderma harzianum, Alternaria alternata, Lasiodiplodia
theobromae, and Dothiorella sp. Less prevalent pathogens
are Fusarium oxysporum, C. gloeosporioides, Rhizopus
stolonifer, Penicilium expansum, Phoma spp., and Aspergillus
niger. Nonpathogenic fungi such as saprophytes found to
readily colonize decaying litchi fruit included Cladosporium
spp., Nigrospora spp., Gliocladium roseum, Periconia cookei,
Acremonium sp., and Penicillium spp. Some bacterial species
have also been isolated from decaying litchi fruit.

Fruit infection by microorganisms, such as Aspergillus,
Penicillium, and Rhizopus, occurs during and after harvest
with entry through pericarp wounds, whereas Botryodiplodia
infects fruit either in the field or through the cut stem end
during harvest and handling (Y. Jiang et al., 2003). The fol-
lowing genera can cause rot in both wounded and unwounded
litchi fruit: Phomopsis spp., Phoma spp., Colletotrichum spp.,
Alternaria spp., Dothiorella spp., Lasiodiplodia spp., Fusar-
ium spp., Stemphylium spp., and Curvularia spp. (Coates
et al., 1994).

The importance of different organisms varies by region
of production and postharvest practices. In northern Thai-
land, Sittigul et al. (1994) reported that Cladosporium sp. and
Fusarium sp. were the fungi most detected during storage.
While in South Africa, De Jager et al. (2003) gave anthracnose
and Phomopsis spp. and Penicillium spp. (Jacobs & Korsten,
2004). Different postharvest handling practices led to a differ-
ent spectrum of species; A. alternata and Cladosporium spp.
were the main fungi in MAP made of BOPP-1, which had
a higher O2 concentrations, while Candida, Cryptococcus,
and Zygosaccharomyces were the predominant yeasts in MAP
made of BOPP-2, with a lower concentration of O2 (Sivaku-
mar, Arrebola, et al., 2008). Penicillium species can colonize
almost any surface, from fruit to packhouse walls and air con-
ditioning systems, leading to cross-contamination with at least
14 different Penicillium spp. have been identified (Jacobs &
Korsten, 2004). Lonsdale and Kremer-Köhne (1990) found
that different wrapping materials, such as Everfresh, Vitafilm,
and plastic, significantly increase decay development.
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Disease control
Treatment with hot water or hot water with chemicals to
reduce disease has been studied since the 1960s. Swarts and
Anderson (1980) reported good results in controlling mould
growth by dipping the fruit for 10 min in a suspension of
dicloran plus benomyl, preheated to a temperature of 52˚C.
A dip in hot benomyl (0.05% at 52˚C for 2 min), followed by
packing the fruit in punnets and overwrapping with a “cling”
PVC film (0.01 mm thick) controlled rot, browning, and loss
in weight at temperatures of 20–30˚C (Scott et al., 1982).
Cultivar differences have been reported for these types of
treatments, with hot benomyl (48˚C, 1–3 min and 50˚C for
1–2 min) being best for disease control and most acceptable
fruit appearance in Tai So (Dazao), Kwai May Pink (Gui-
wei), and Wai Chee (Huaizhi), while a treatment of 52˚C for
2 min was unsuitable for cultivar Bengal (a seedling selec-
tion) (Wong et al., 1991). This treatment (500 ppm benomyl,
52˚C for 2 min) gives good control of both sides of the peri-
carp than stem-end lesions (Sittigul et al., 1994). A prochloraz
dip (250 ppm) for 10 min effectively controls decay, while
a hot benomyl dip (500 ppm at 52˚C, 2 min) was not effec-
tive (Lonsdale & Kremer-Köhne, 1990). A combination of
hot benomyl (50 or 52˚C) and prochloraz treatments effec-
tively controlled postharvest disease lesions (A. alternata,
Phomopsis sp., and other fungi). The fungicides imazalil and
iprodione have not given acceptable control (Coates et al.,
1994). De Jager and Korsten (2003) reported that prochloraz
and a disinfectant, OA5 Dp (organic tin complex disinfectant),
demonstrated superior efficacy to SO2 fumigation in preserv-
ing general fruit marketability. Benomyl is a broad-spectrum
fungicide; however, due to toxicological concerns, in the
United States, registration and thus its use were cancelled at
the manufacturer’s request (Pearson & Miller, 2014).

Sulfur dioxide fumigation has been used as a commer-
cial practice and was approved to inhibit pericarp browning
and retard fruit decay (Tongdee, 1998; Underhill, 1992; Wer-
mund, Goyard, Jahiel, et al., 2014), but the decay problem
persists (Lemmer & Kruger, 2000b; Schoeman et al., 2014).
After SO2 was fumigated, 10.5% of the fruit show decay
after 18 days at 2˚C followed by 2 days at 14˚C (Sivaku-
mar et al., 2007). The use of a sulfur dioxide sheet in the
packing box can effectively reduce fruit decay in SO2 fumiga-
tion fruit (Schoeman et al., 2008; Wermund, Goyard, Jahiel,
et al., 2014). The CA condition during transportation is also
effective in reducing the disease of SO2 fumigated fruit, espe-
cially late-harvest fruit (Lemmer & Kruger, 2000b; Lemmer
et al., 2001). To limit the sulfur dioxide residues in the aril,
from sulfur dioxide slow-release pads in the carton, they have
been evaluated and give good disease control. The pads do
cause pericarp bleaching, and Penicillium sp. do colonized
incompletely fumigated fruit. Sulfur dioxide fumigation pro-
vides excellent control of Colletotrichum sp. and Alternaria
sp., although treated fruit are highly susceptible to coloniza-

tion by Penicillium sp. (Coates et al., 1994). Penicillium sp.
is the only fungus that develops on the pericarp after storage
in acid-dipped fruit after SO2 fumigation or hot water brush-
ing. Prochloraz as a separate application or in combination
with acid treatment effectively retards Penicillium infection
(Fuchs et al., 1993; Lichter et al., 2004). Fumigation with SO2
followed by dip of fruit in HCl containing prochloraz is the
standard treatment of litchi fruit in Israel (Lichter et al., 2000).
Fruit treated with sorbic acid, applied after hot water brush
and acid dip, or combined with acid treatment after SO2 fumi-
gation, were significantly less prone to decay by Penicillium
(Z. Zhang, Dvir, et al., 2005).

Continued concerns about the use of chemical fungicides
and their residues efforts have focused on physical treatment
such as hot water. Among the many combinations of hot water
treatments, the most effective hot water dip was 1 min at 52˚C,
which slowed the rate of rot development by ∼15%. A hot
water spray is equally as effective as a hot water dip, though
only half as effective as a hot benomyl dip possibly due to the
lack of long-term protection in hot water treatment. Hot water
treatments caused an immediate effect on pericarp color, with
a positive linear relationship between dip time at 52˚C and
color, indicating heat stress on pericarp cells (Olesen et al.,
2004). Irradiation of fruit to control decay has been evalu-
ated, and 200 Gy does reduce mould growth to about a third
of the control with higher doses (500 Gy) giving almost com-
plete control. Low doses (50 Gy) caused significantly greater
mold growth than the control due to possible phytotoxicity
(Kramer & Kuhn, 1964). Currently, irradiation doses of 150–
400 Gy are approved for phytosanitary treatment for several
insects on litchi in Australia, Thailand, and the United States
(Follett, 2009). A 300 Gy did not affect vitamin C, organic
acid, or sugar content (McGuire, 1997; Mitchell et al., 1992)
or taste (Follett & Sanxter, 2003); higher doses in fruit from
the same family lead to injury (Wall, 2008). Previous research
had shown that for fruit held at 25–29˚C, doses greater than
2000 Gy are required to control decay and mould, with doses
greater than 500 Gy altering flavour and aroma and over
250 Gy lead to a darkening of the pericarp (Akamine & Goo,
1977). Recently, Pandey et al. (2013) recommended 1000 Gy
to extend postharvest life without quality loss, though no
impact on pericarp colour and decay was presented.

More recent efforts have led to an evaluation of the use
of volatile organic compounds. L. Zheng et al. (2019) found
that preexposure of litchi fruit to volatile organic com-
pounds (VOCs) produced by B. amyloliquefaciens PP19,
B. pumilus PI26, and Exiguobacterium acetylicum SI17
significantly reduced the severity of downy blight during 36–
72 h post-inoculation. Two of the compounds selected from
the VOCs, 1-(2-aminophenyl) ethanone and benzothiazole,
showed inhibitory activity against both P. litchii in plates
and downy blight on litchi fruit when the compounds were
applied directly. Rhizopus nigricans was identified as the
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main pathogen causing decay of litchi fruit during storage.
Treatment of a composite antimicrobial coating containing
cinnamaldehyde was found to be effective in controlling decay
(Y. Yang et al., 2019).

Biocontrol agents also show promise. Bacillus subtilis in
MAP made with PP or BOPP-1 effectively reduced fruit
decay. The O2 concentrations in MAP are high, 14% or 16% in
MAP made with PP or BOPP-1, respectively, and B. subtilis
survived well under these conditions. The use of B. subtilis in
MAP made with LDPE or BOPP-2 showed much less effec-
tiveness. When O2 concentrations in MAP are low (3%–5%),
B. subtilis survival was adversely affected (Sivakumar et al.,
2007, Sivakumar, Arrebola, et al., 2008).

6 CONCLUSIONS

Rapid browning of the pericarp and decay of fruit after
transportation poses great challenges in commercial market-
ing. This had been the driver of extensive studies on litchi
postharvest handling technology and physiological responses.
Several evaluated technologies have been successful, with the
SO2 treatments being the most used. This is done by SO2
fumigation, followed by acid dip or CA storage and pack-
aging with a sulfur sheet, after SO2 fumigation. Limitations
and adverse effects in the use of SO2 are recognized, and
alternatives are being pursued.

Efforts have been made to develop treatments to replace
SO2 fumigation (Sivakumar et al., 2010). Many treatments
have been reported to have good effects, but not many have
been commercially implemented. For commercial purposes,
fruit must maintain good color and quality with low decay
during the retail display phase at relatively high temperature.
SO2 treatment does achieve this goal and so far has been diffi-
cult to replace though not allowed in some markets. Acid dip is
very effective in maintaining pericarp redness, but in addition
to the problem of decay after transportation, brown patches
on the pulp are also a problem (Fuchs et al., 1993; Tongdee,
1998). The appropriate acid drop after SO2 fumigation effec-
tively reduces this problem with little penetration of HCI into
the aril. The pericarp color recovered is very stable (Underhill
et al., 1994). These factors keep it in commercial use. Perhaps
a greater understanding of the action of the mechanism of SO2
that prevents the staining of the pulp with anthocyanin may
help improve acid dip treatment.

There are many studies on the physiological responses to
litchi pericarp browning after harvest. Recently, more reports
indicate that the membrane’s status is the key factor (Y. Jiang,
Duan, et al., 2004). Many factors cause browning, includ-
ing senescence, water loss, and chilling injury, all of which
can result in damage to the membranes, which in turn results
in the loss of membrane function in maintaining the cellular
compartment and leakage. Maintenance of membrane func-

tion is affected by the membrane’s antioxidant status of the
membrane, energy status, and membrane lipid status (H. Liu
et al., 2011; T. Wang et al., 2020; Yun et al., 2021; Y. Zhang,
Huber, et al., 2018). Conditions or treatments favorable to
maintaining membrane status all reduce browning. In recent
studies, various aspects of physiological changes have been
investigated. The results often show that a single treatment
can cause various reactions; they interact with each other to
produce the result, which accelerates or inhibits browning.
For example, melatonin treatment delayed pericarp browning
and reduced membrane leakage, which could be attributed to
the maintenance of redox homeostasis by improving antioxi-
dant capacity and modulating repair of oxidatively damaged
proteins (Y. Zhang, Huber, et al., 2018) by modulating mem-
brane lipid and energy metabolisms (T. Wang et al., 2020), and
by regulating energy and proline metabolism (G. Liu et al.,
2020). In another example, when comparing three cultivars,
Jingganghongnuo exhibited the slowest changes in the brown-
ing indexes, and it had the highest content of antioxidants
such as total phenols and anthocyanins; the lowest activities
of ANT, LAC, PPO, POD, and PAL; the highest expres-
sion intensity of the metabolic-related ATP genes LcATPb,
LcSnRK2, LcAAC1, and LcAOX1 (Tang et al., 2020).

Inhibition of browning and maintenance of red colour by
SO2 or acid dip treatment is due to direct chemical action
on anthocyanin and does not appear to involve membrane
integrity. Although SO2 or acid dip treatment increases mem-
brane leakage, it can still inhibit browning or maintain the red
colour of litchi pericarp for a long time.
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