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Abstract: Pericarp browning is the major cause of deterioration of harvested litchi fruit.  Water loss plays a role in pericarp 
browning of litchi fruit.  This study investigated the effects of humidification with dry fog on pericarp browning and quality of 
litchi fruit stored at low temperature.  Litchi fruit were stored in a non-humidified cold chamber (control) or in a humidified 
cold room using Tabor atomizer system that generated 95% relative humidity (RH) without depositing water on the fruit surface 
at 4°C.  Control fruit stored in cold room without added humidity underwent rapid weight loss, accompanied by severe 
pericarp browning after 25 d of storage.  However, slight weight loss and no obvious pericarp browning were found in 
humidified-fruit.  Moreover, humidification maintained well the integrity of cell membrane and inhibited polyphenol oxidase 
activity during early storage.  In addition, respiration rate was obviously inhibited in humidified-fruit compared with control 
fruit.  This study might provide a convenient approach to reduce pericarp browning of harvested litchi fruit by humidifying the 
fruit using the Tabor atomizer at low temperature instead of packaging with film. 
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1  Introduction  

Litchi (Litchi chinensis Sonn.) is a non-climacteric fruit with 
high commercial value for its white translucent aril and attractive 
red pericarp color.  However, the fruit after harvest undergo rapid 
deterioration due to pericarp browning, resulting in reduced market 
value[1].  Pericarp browning is the major limitation for long-term 
storage and transportation of the fruit[2].  Postharvest browning of 
litchi fruit has mainly been attributed to degradation of red 
pigments and oxidation of phenolics by polyphenol oxidase (PPO) 
and peroxidase (POD)[3].  Jiang et al.[3] proposed that 
anthocyanins are hydrolyzed by anthocyanase, forming 
anthocyanins, which are further oxidized by PPO and/or POD.  
Recently, an enzyme that degrades anthocyanin was identified as 
vacuolar laccase, which is responsible for epicatechin-mediated 
anthocyanin degradation during litchi pericarp browning[4]. 

Water loss plays a role in pericarp browning of harvested litchi  
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fruit.  Water loss results in a series of biochemical and 
physiological changes.  Jiang and Fu[5] reported that water loss 
reduces the antioxidant capacities and increases the oxidation of 
phenolics catalyzed by PPO and POD.  Desiccation also may 
increase the pH of the cell, which alters the structure, stability and 
color of anthocyanins, thereby resulting in pericarp browning[6,7].  
Due to the special structure of litchi fruit, it is difficult for water to 
be transported from pulp to pericarp to improve its moisture.  
Meanwhile, with ripening and senescence of the fruit, the 
micro-cracking appeared in the thin skin surface, which also 
accelerates water loss[8].  Therefore, it is crucial to prevent water 
loss for reducing pericarp browning and extending the shelf life of 
litchi fruit.  

Techniques are developed to reduce water loss and control 
pericarp browning of litchi fruit, including modified atmosphere 
packaging, coating, packaging in plastic bags, styrene punnets, or 
moulded plastic trays wrapped in plastic[1].  However, litchi fruit 
are susceptible to anaerobic respiration under modified atmosphere 
packaging, resulting in the accumulation of ethanol and 
acetaldehyde[9].  Application of coating is very costly and low 
efficiency for preventing pericarp browning[10,11].  Only plastic 
packaging has been used commercially[1].  Jiang and Fu[5] reported 
that high relative humidity reduces water loss and delays pericarp 
of harvested litchi fruit during shelf life at 20°C.  For long-term 
storage in cold chamber, increasing the RH of the air reduces water 
loss of the fruit, which can be achieved by spaying water as a fine 
mist or by introducing steam.  However, addition of free water to 
the system results in its condensation on cold surfaces (e.g. fruit, 
wall, carton), favoring fungal growth[12].  To overcome this 
disadvantage, it is necessary to develop an alternative approach to 
add the RH in the air, but deposit no free water on the fruit. 
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Dry fog is defined as droplets with the sizes as small as 2 
microns and consistently well below 10 micron, which can 
maintain a high humidity environment, without the dripping and 
dampness on cold surfaces.  Dry fog provides a promising way to 
add the RH when storing fruits and vegetables in cold room.  
However, only limited information is available on application of 
dry fog in fruits and vegetables[13,14].  Afek et al.[13] reported that 
dry fog humidification effectively reduces weight loss and holds 
firmness in stored potato tubers.  Tabor atomizer system produces 
dry fog particles that rapidly evaporate before saturating or 
condensing on cold surface[13].  The objective of this work was to 
investigate the effect of the Tabor atomizer system on water loss, 
pericarp browning and quality of harvested litchi fruit.  The result 
might provide a convenient, safe and effective approach to prevent 
moisture loss and pericarp browning of harvested litchi when 
stored in cold room.  

2  Materials and methods 

2.1  Plant materials and treatments 
Litchi (Litchi chinensis Sonn. cv. Huaizhi) fruit were harvested 

at an 80% maturity (90 d after anthesis) with a total soluble solid 
content of approximately 20% from a commercial orchard and 
immediately transported to the laboratory.  Fruit were selected for 
uniformity of shape, color and size.  Any blemished, diseased or 
browned fruit were discarded.  The fruit were dipped in 0.05% 
Sportak® (Prochloraz, Bayer, Leverkusen, Germany) as a 
fungicide for 3 min and then air dried. 

A total of 60 kg of fruit (approximately 2400 fruit) were 
divided into two groups.  The first group was placed in plastic 
crates covered with kraft paper and then stored in routine cold 
chamber without adding humidity at 4°C as the control.  The 
humidity in the cold chamber ranged from 70% to 75%.  The 
second group was placed in plastic crates covered with kraft paper 
and directly stored in cold chamber equipped with Tabor atomizer 
system (Optiguide Controlled Humidity Ltd., Yokneam illit, Israel).  
The system can produce droplets with the size of less than 10 m, 
behaving like a dry cloud, which resulted in no depositing water on 
the fruit surface.  The relative humidity and temperature were set 
at 95% and 4°C respectively.  Each treatment was replicated three 
times.  Weight loss, pericarp browning and quality attributes were 
evaluated at 5 d intervals during 25 d of storage.  
2.2  Weight loss 

The weights of the fruit used for evaluating weight loss were 
recorded at 5 d interval.  Weight loss ratio (%) = (initial weight − 
final weight)/initial weight × 100%.  
2.3  Pericarp browning degree 

Litchi pericarp browning degree was evaluated by the method 
of Ngammongkolrat et al.[15] Pericarp tissue (5.0 g) from thirty fruit 
was ground in liquid nitrogen and homogenized in 50 mL of 
anhydrous ethanol.  After centrifugation for 5 min at 10 000 g and 
4°C, the absorbance at 420 nm of the supernatant was measured.  
The relative browning degree was expressed as OD420 nm per gram 
of fresh weight. 
2.4  Color parameter 

The pericarp color was measured with a Konica Minolta 
CR-400 colorimeter (Konica Minolta Co. Ltd., Japan) in the CIE 
L*a*b mode.  L values indicated the relative lightness ranging 
from black to white, C value represented the relative color 
saturation that varied from dull to vivid, and hue angle referred to a 
color wheel, with red at an angle of 0°, yellow at 90°, green at 180°, 
and blue at 270°. 

2.5  Relative leakage rate 
Membrane integrity, expressed as relative leakage rate, was 

determined with a conductivity meter (Model DDS-11A, Shanghai 
Scientific Instruments).  Discs were removed with a cork borer 
(10 mm in diameter) from thirty fruit.  Thirty discs were rinsed 
three times with distilled water and then incubated in 25 mL of  
0.3 M mannitol in distilled water at 25°C for 30 min.  
Subsequently, the matching batch of discs was boiled for 15 min 
and then cooled to 25°C.  The electrolyte leakages after 
incubation and boiling were determined as initial and total 
electrolyte leakage, respectively.  The relative leakage was 
expressed as a percentage of initial to total electrolyte leakage. 
2.6  Measurement of PPO activity 

Pericarp tissues (2.0 g) from thirty fruit were ground in liquid 
nitrogen and homogenized in 20 mL of 0.05 M phosphate buffer 
(pH 7.0) and 0.5 g of polyvinylpyrrolidone (insoluble) at 4°C.  
After centrifugation for 20 min at 19000×g and 4°C, the 
supernatant was collected as the crude enzyme extract of the 
analysis of PPO activity.  PPO activity with 4-methylcatechol as 
the substrate was assayed by the method of Jiang[16].  One unit of 
enzyme activity was defined as the amount that caused a change of 
0.001 in the absorbance at 398 nm per minute.  The results were 
expressed on a fresh weigh basis. 
2.7  Respiration rate 

The respiration rate of litchi fruit was determined by infrared 
gas analyzer.  Fifteen fruit were sealed in an easy-lock plastic box 
(2.5 L in volume) at 25°C through which CO2-free air were 
pumped.  Increases in CO2 concentration in the box were 
monitored for 5 min by passing the air stream through an infrared 
gas analyzer (Li-6262 CO2/H2O analyzer).  Respiration rates were 
expressed mg CO2/(h·kg) fresh weight. 
2.8  Total soluble solids and titratable acidity 

Pulp tissues from twenty fruit were grinded by juicer and 
filtered with four-layer gauze.  The filtrate was used for analysis 
of total soluble solid and titratable acidity.  Total soluble solids 
were assayed by using a hand-held refractometer (J1-3A, 
Guangdong Scientific Instruments).  Titratable acidity was 
determined by titration with 0.1 M NaOH, expressed as citric acid. 
2.9  Statistical analysis 

The experiments were arranged in completely randomized 
design with three replicates and the data were expressed as the 
mean ± SE (standard error).  Data were analyzed by SPSS version 
19.0.  Least significant differences (L.S.D.) were calculated to 
compare significant effects at 5 % level. 

3  Results and discussion 

Pericarp browning is the major cause of deterioration of 
harvested litchi fruit[3].  Postharvest technologies, such as sulfur 
fumigation, acid dips, fungicides, heat treatment, packaging, skin 
coating and modified atmosphere packaging, have been developed 
to reduce pericarp browning[1].  Of these treatments, sulfur 
fumigation is considered the most effective and practical treatment 
to control browning in litchi fruit[17].  Sulfur dioxide inhibits 
non-enzymatic formation of colorless quionine-sulfite complexes 
and enzymatic browning by inactivating PPO activity.[6] Sulfur 
fumigation is usually applied in combination with acid dips to 
recover the bleached pericarp to red color[8].  Considering the 
potential safety issue, the quest for effective commercially 
alternative approaches without sulfur for postharvest litchi 
management is a research priority.  Although packaging with 
plastic film has been used commercially in the storage and 
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transport of litchi fruit, the application is inconvenient and 
vulnerable to anaerobic respiration[9].  Moreover, condensation on 
cold surfaces can promote fungal development.  

In this study, a convenient approach was developed to reduce 
pericarp browning by humidifying the fruit using the Tabor 
atomizer system.  This system produced droplets less than 10 m in 
size, behaving like a dry cloud and generated 95 % relative 
humidity (RH) without depositing water on litchi fruit surface.  As 
shown in Figure 1, non-humidified litchi fruit (control) exhibited 
obvious browning 15 d after storage at low temperature and severe 
browning at 25 d.  However, no obvious browning was observed 
in humidified fruit at 25 d.  To objectively evaluate the effect of 
dry fog humidification on pericarp browning, the browning 
degree was analyzed, which measured the relative browning 

degree of the whole fruit pericarp.  As shown in Figure 2a, 
pericarp browning of control litchi fruit rapidly increased with 
increasing storage time, especially at 20 d.  However, only slight 
increases in pericarp browning degree were found in 
humidified-litchi fruit.  These results were in accordance with 
the visual appearance (Figure 1).  

In addition, several color parameters were also measured to 
evaluate the effect of humidification on visual appearance.  
Control fruit rapidly became darker, as reflected by a decrease in L 
value (Figure 2b), showed less intensive with much lower C value 
(Figure 2c), and turned more yellow, approximately the hue value 
of 50 (Figure 2d) during storage, compared with humidified-litchi 
fruit.  These results indicated that dry fog humidification 
effectively maintained the visual quality.  

 
Figure 1  Visual appearance of litchi fruit after 15 d and 25 d of storage stored under different humidity conditions at 4°C 

 
a  b 

 
c  d 

Note: The relative browning degree was expressed as OD420 nm per gram of fresh weight.  Each data point represents a mean ± standard error (n = 3).   
Asterisk means a significant difference between control and humidified fruit at 5 % level. 

Figure 2  Effects of dry fog humidification different humidity conditions on pericarp browning degree (a), color parameter lightness (b), 
chroma (c) and hue angle (d) of litchi fruit during storage at 4°C 
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Browning is thought to be due to breakdown in cellular 
compartmentation of enzymes and substrates, which in turn cause 
oxidation of phenolics, producing brown by-products[3].  Moisture 
is important for the maintenance of cell structure of litchi fruit[18] 
and water loss results in the decompartmentation of enzymes and 
substrates[5].  Membrane integrity, expressed as relative leakage 
rate, is an important indicator of membrane integrity.  Loss of 
membrane integrity usually occurred during tissue deterioration 
and senescence[19,20].  In the present study, with increased storage 
time at low temperature, weight loss sharply increased in the 
control fruit and reached 16.0% after 25 d of storage (Figure 3a), 
accompanied by the significant increase in relative leakage rate 
from 13.0% at 0 d to 44.2% at 25 d (Figure 3b), indicating the loss 
of membrane integrity.  However, only slight weight losses in 
humidified- litchi fruit were observed after 25 d of storage (Figure 
3a), indicating that moisture in humidified-fruit were well 
maintained.  Furthermore, membrane integrity in humidified-litchi 
fruit were well maintained (Figure 3b).  It is generally 
acknowledged that PPO is involved in enzymatic browning of 
harvested litchi fruit[21,22].  PPO catalyzes the oxidation of phenol 
to quinones and then condenses tannins to brown polymers.  In 
the present study, PPO activity in control fruit slightly increased 

and then decreased.  However, PPO activities in humidified- 
fruit firstly decreased and then increased.  During early storage, 
PPO activity of control fruit was higher than that of 
humidified-fruit (Figure 3c), implying water loss activated PPO 
activity.  Therefore, water loss resulted in the loss of cell 
membrane integrity and higher PPO activity, which was 
beneficial in oxidation of phenolics and pericarp browning.  
However, humidification with dry fog effectively prevented 
moisture loss and pericarp browning.   

Litchi is a non-climacteric fruit, which undergo vigorous 
respiration after harvested.  Litchi fruit respiration rates tended to 
decrease as storage time increased (Figure 4a).  Respiration rate is 
an excellent indicator of metabolic activity for the fruit and thus is 
a useful guide to the potential storage life of the produce[12].  The 
higher respiration rate in control fruit than in humidified fruit 
means more consumption of carbohydrates and shorter storage life 
(Figure 4a).  Total soluble solids (TSS) and titratable acidity (TA) 
are important factors in evaluating flesh flavor and nutritive quality 
of litchi fruit[1].  In the present study, the contents of TSS and TA 
in humidified- fruit were lower than those in control fruit (Figures 
4b and 4c).  It is possible that excessive water loss in unwrapped 
control fruit resulted in the higher TSS and TA contents.  

 
a b c 

 

Note: Each data point represents a mean ± standard error (n = 3).  Asterisk means a significant difference between control and humidified fruit at 5% level. 
Figure 3  Effects of dry fog humidification on weight loss (a), relative leakage rate (b) and PPO activity (c) of litchi fruit during storage  

at 4°C 
 

 
a b c 

 

Note: Each data point represents a mean ± standard error (n = 3).  Asterisk means a significant difference between control and humidified fruit at 5% level. 
Figure 4  Effects of dry fog humidification on respiration rate (a), total soluble solids (b) and titratable acid (c) of litchi fruit during storage 

at 4°C 
 

 

4  Conclusions 

Dry fog humidification using the Tabor atomizer system 
effectively inhibited water loss and pericarp browning of harvested 
litchi fruit stored at low temperature, which may be associated with 
maintenance of cell membrane integrity and inhibition of PPO 
activity.  It could provide an effective approach to maintain visual 

quality of harvested litchi fruit at low temperature.  
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