Received: 10 October 2018 | Revised: 25 February 2019

Accepted: 2 March 2019

DOI: 10.1002/fsn3.1008

ORIGINAL RESEARCH

WILEY

The effect of desulfurization on the postharvest quality and
sulfite metabolism in pulp of sulfitated “Feizixiao” Litchi (Litchi
chinensis Sonn.) fruits

Tao Luo?
Zhenxian Wu'?

| Shuangshuang Li'" | DongmeiHan? | Xiaomeng Guo! | Liang Shuai* |

1College of Horticulture, South China Agricultural University/Guangdong Provincial Key Laboratory of Postharvest Science of Fruits and Vegetables/
Engineering Research Center for Postharvest Technology of Horticultural Crops in South China, Ministry of Education, Guangzhou, P.R. China

2Institute of Fruit Tree Research, Guangdong Academy of Agricultural Sciences/Key Laboratory of South Subtropical Fruit Biology and Genetic Resource
Utilization, Ministry of Agriculture, Guangzhou, P.R. China

3Guangdong Litchi Engineering Research Center/Key Laboratory of Biology and Genetic Improvement of Horticultural Crops (South China) of Ministry of

Agriculture, Guangzhou, P.R. China

“College of Food and Biological Engineering/Institute of Food Science and Engineering Technology, Hezhou University, Hezhou, P.R. China

Correspondence

Zhenxian Wu, College of Horticulture,
South China Agricultural University/
Guangdong Provincial Key Laboratory

of Postharvest Science of Fruits and
Vegetables/Engineering Research Center
for Postharvest Technology of Horticultural
Crops in South China, Ministry of Education;
Guangdong Litchi Engineering Research
Center, Guangzhou, China.

Email: zhenxwu@scau.edu.cn

Funding information

the China Agricultural Research System,
Grant/Award Number: CARS-33-15; the
National Natural Science Foundation of
China, Grant/Award Number: 31801910;
National Key R&D Program of China, Grant/
Award Number: 2016YFD0400103; Yangfan
innovative & entrepreneurial research

team project, Grant/Award Number:
2014YTO2HO013; Guangxi talent highland

of preservation and deep processing
research in fruit and vegetables, Grant/
Award Number: 2017GSXGDO01; Special
Fund for Agro-scientific Research in the
Public Interest, Grant/Award Number:
nyhyzx07-031

Abstract

The residual sulfite caused by sulfur fumigation (SF) is a hazard to health and influ-
enced the export trade of litchi. Desulfurization (DS) is a valid chemical method to
reduce the residual sulfite. However, the effect of DS on fumigated litchi has not
been studied at physiological and molecular level. This study was aimed to evaluate
the effect of DS (SF plus 3% desulfurizer) on the postharvest quality, sulfite residue,
and the sulfite metabolism in sulfitated “Feizixiao” litchi during the 4°C storage.
Results indicated that the DS promoted the color recovery of sulfitated litchi and
achieved an effect similar to SF on controlling rot and browning. DS recovered the
water content and respiration rate of sulfitated litchi pericarp. Thus, DS improves
commodity properties of sulfitated litchi. Moreover, DS greatly reduced sulfite resi-
due especially in pulp and ensured the edible safety of sulfitated litchi. The activities
of sulfite oxidase, sulfite reductase, serine acetyltransferase, and O-acetylserine(thiol)
lyase in pulp increased after SF but fell down after DS while the expressions of their
encoding genes decreased after SF but then rallied after DS. These results indicated
the key role of these enzymes in sulfite metabolism after SF and DS changed the
sulfite metabolism at both enzymatic and transcriptional level. It could be concluded
that DS used in this study was an effective method for improving the color recovery
and ensuring the edible safety of sulfitated litchi by not only chemical reaction but

also both of enzymatic and transcriptional regulation.
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1 | INTRODUCTION

Litchi (Litchi chinensis Sonn.) fruits were nonclimacteric subtropical
fruits which were originated in China and prized on the world market
for their flavor, semitranslucent white pulp, and attractive red skin
(Yun et al., 2016). However, the short shelf life of litchi fruits under
ambient conditions has greatly restricted the development of litchi
industry and export trade in China (Jiang, Li, & Li, 2004). Decay and
pericarp browning are the main causes of postharvest loss of litchi
fruits. Pathogenic microorganisms such as Peronophythora litchii,
Geotrichum candidum Link, Colletotrichum gloeosporioides Penz., and
Aspergillus niger are the mainly biotic stresses leading to postharvest
rot of litchi fruits (Wu et al., 2017). Postharvest pericarp browning
was mainly caused by the increase in enzymatic activity of laccase,
PPO, and POD induced by abiotic and biotic stresses (Fang et al.,
2015). Many strategies have been developed to inhibit or delay the
postharvest decay and pericarp browning of litchi fruits. Dipping
in fungicides (such as imazalil, prochloraz, and benomyl) combined
with low temperature storage was effective methods to reduce
postharvest loss of litchi fruits. Meanwhile, treatments with ox-
alic acid (Zheng & Tian, 2006), acetic acid, hydrochloric acid (Jiang,
Duan, Joyce, Zhang, & Li, 2004) or other acid solution (Jiang & Fu,
1998), inhibitors of enzymes (NaCl, CaCl,, kojic acid) (Reichel et al.,
2017), hormones (methyl jasmonate) (Yang et al., 2011), salicylic
acid (Kumar, Mishra, Chakraborty, & Kumar, 2011), antioxidants (tea
polyphenols) (Chen, Zhang, Shen, Duan, & Jiang, 2004), apple poly-
phenols (Zhang et al., 2015), tea seed oil (Zhang et al., 2017), ascor-
bic acid, iso-ascorbic acid, L-cysteine, N-acetyl cysteine, kojic acid
(Shah, Khan, & Ali, 2017), glutathione (Jiang & Fu, 1998), acidified
calcium sulfate (Wang, Chen, Jin, & Gao, 2010), and biocontrol bac-
terias (Bacillus subtilis (Jiang, Zhu, & Li, 2001), Lactobacillus plantarum
(Martinez-Castellanos et al., 2011), Bacillus amyloliquefaciens (Wu et
al., 2017)) have been reported to delay or inhibit the development
of litchi pericarp browning. In addition, storage under controlled at-
mosphere (Jiang & Fu, 1999), pure oxygen (Duan et al., 2004), NO
(Duan etal., 2007), or O, (Whangchai, Saengnil, & Uthaibutra, 2006),
treatments with chitosan (Zhang & Quantick, 1997), edible coatings,
plastic film (Scott, Brown, Chaplin, Wilcox, & Bain, 1982), hydrother-
mal dipping (Trevor, Nacey, Wiltshire, & O'Brien, 2003), gamma irra-
diation (Mishra et al., 2012), ultraviolet or ultrasonic have also been
reported to be effective to inhibit pericarp browning. However, over
the past three decades, SO, fumigation (or dipping with sodium me-
tabisulfite or other SO,-donor) was the most effectively and widely
used technology to control the loss the of litchi fruits during long
distance transportation and export.

Sulfur dioxide was used widely as preservative and sanitizing

agent to prevent spoilage by microorganisms in fruit juices, syrups,

wine or vinegar, dehydrated and dried fruits, vegetables, traditional
chinese medicine products, table grapes, kiwifruits, blueberries, li-
tchi fruits, and other fresh fruits due to its strong oxidability, low
cost, volatileness, operability, and excellent sterilization ability.
It was also used as an antioxidant and inhibitor of enzyme-cata-
lyzed oxidative discoloration and of nonenzymatic browning during
preparation, storage, or distribution of many food products (Joslyn
& Braverman, 1954). The utilization of SO, had been applied in
the marketing of grapes since 1920s and succeeded in commercial
preservation of litchi fruits in 1980s (Swarts, 1985). SO, fumigation
caused the red color to be bleached to yellow, which was slowly and
partially restored to pink. SO, interacted with the membranes, mak-
ing the rind pliable and leaky to solutes. In addition, SO, directly
reacted with anthocyanins and inhibits nonenzymatic formation of
colorless quinone-sulfite complexes and enzymatic browning by in-
activation of PPO (Jiang et al., 2006). However, due to its reaction
with water thereby forming sulfite (the main form of sulfur residue),
SO, showed toxicity for organisms (Baillie et al., 2016). The approval
from Europe, Australia, and Japan for SO, was likely to be withdrawn
due to concerns over sulfur residues in fumigated litchi fruits (Jiang
et al., 2006). Therefore, the solution of residual sulfite is the key to
break the export barrier of litchi fruits.

In order to restore the color and reduce the sulfur residue, proper
desulfurization was often carried out after SO, fumigation. In addition
to the chemical desulfurization methods, the enzymatic degradation
of sulfite also plays an important role in reducing sulfur residue. SO,
gas entered the cell apoplast space and formed sulfite (5032') with
water. Sulfite is a toxic metabolite that can break disulfide bridges,
which is termed sulfitolysis; sulfite inhibits numerous enzymes, and
it can attach to aldehydes forming hydroxysulfonates, which are
metabolic inhibitors (Hansch et al., 2006). Therefore, its fast removal
by oxidation to nontoxic sulfate is a means to protect the cell against
excess of sulfite derived from SO,. Plants usually relieve the SO,
stress in three ways: regulating stomatal conductance to control the
amount of SO, entering the cell, oxidizing the 5032’ into 5042’ by
sulfite oxidase (SO) in peroxisome, and then was stored in the vac-
uoles or converting the 5032’ into a thiol or other sulfur-containing
compounds via a reduction pathway (Aghajanzadeh, Hawkesford, &
Kok, 2016; Baillie et al., 2016; Chao et al., 2014). Oxidative detox-
ification produces sulfuric acid (5042') and radicals (such as H,0,)
which were highly reactive and themselves might cause cellular dam-
age by reacting with essential cell constituents. The 5042’ stored in
vacuole together with the 5042’ absorbed by root system might be
transported from the vacuole into the plastids and reduced to 5032'
again by adenosine 5’-phosphosulfate reductase (APR) when the S
source was lacked. Also, the 5032_ could directly enter the plastids,
and this part of 5032’ together with the 5032_ reduced by APR was
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further reduced to S* by sulfite reductase (SiR). The incorporation
of reduced sulfur into serine produces cysteine and which might act
as a substrate for synthesis of glutathione, methionine, proteins, and
other sulfur-containing cellular constituents. This reduction process
involved two enzymatic steps, respectively, conducted by serine
acetyltransferase (SAT) and O-acetylserine (thiol) lyase (OAS-TL).
However, these studies focused on the effects of low concentration
SO, on sulfur metabolism in plant leaves or roots (Aghajanzadeh et
al., 2016; Brychkova, Yarmolinsky, Fluhr, & Sagi, 2012; Randewig et
al., 2014), but few reports on the effects of high concentration of
SO, on sulfur metabolism in sulfitated fruits especially the edible
parts such as pulp. In this study, we performed a desulfurization (DS)
treatment to reduce the residual sulfite and investigated its effect
on the quality and postharvest physiology of sulfitated litchi fruits.
In addition, we explored the key regulation steps of sulfur detoxifi-
cation in litchi pulp by comparing the difference at enzymatic and
transcriptional level of five enzymes related to sulfite degradation
between fumigated and desulfurization litchi fruits.

2 | MATERIALS AND METHODS

2.1 | Plant materials, postharvest treatments, and
samplings

The “Feizixiao” litchi fruits used for the present study were grown
following commercial cultivation practices in the same orchard in
Conghua district, Guangzhou, China. Commercial mature “Feizixiao”
litchi fruits with no damage and no disease were harvested.

Fruits of 15 kg dipped with prochloraz (500 mg/kg) for 2 min
were set as controls (CK). Fruits of 30 kilograms were fumigated with
20 g burning sulfur (placed in a foil box) for 25 minin a 3 m® enclosed
room. After be cooled at ambient temperature, one half of the sul-
fitated fruits were set as sulfur fumigated (SF) samples, while the
other half of the sulfitated fruits were dipped with 3% desulfurizer
solution for 4 min and set as sulfur fumigation plus desulfurization
(SF + DS) samples. All of the fruits were packed into 0.025 mm poly-
ethylene bags (30 fruits/bag) and stored at 4°C. After be separated,
the pulp and peel were immediately frozen in liquid nitrogen, and
kept at -80°C until be used. All samplings at each time point were
performed in three biological repeats. The samplings were respec-
tively conducted at 0, 8, 16, 24, 32, 40, and 48 days after storage
(DAS).

2.2 | Chemicals

ZnSO,, NaOH, H,SO,, sodium borate, formaldehyde, pararosani-
line, sodium tetrachloromercurate, DTT, KCI, EDTA, EGTA, glycerol,
Tris(hydroxymethyl) aminomethane, EDTA-Na,, HCI, K Fe(CN),,
Na,SO,, AMP, cysteine, Triton X-100, PVP40, HEPES, NADPH, 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB), acetyl-CoA, L-serine, MgCl,,
Tween 80, PVP, OAS, ninhydrin hydrate, acetonitrile, and metha-
nol were analytically pure and all provided by Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Deionized water was prepared
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by distilled water through a Milli-Q A10 system (Millipore, Milford,
MA, USA).

2.3 | Color measurement

Fruit color was measured by a color analyzer (KONICA MINOLTA
CR-300, Japan). The red to green was expressed as +a* to -a*, yellow
to blue was expressed as +b* to -b*, brightness was expressed as L*,

and the color index was expressed as Cl.

2.4 | Determination of browning index and
rotting rate

Three bags were randomly selected for examining rotting rate. Ten
fruits were randomly selected from each bag, and totally thirty fruits
were mixed for determination of browning index. All samplings at
each time point were performed in three biological repeats. Skin
appearance was assessed by measuring the extent of the total
browned area on each fruit pericarp of 30 fruit using the follow-
ing scale: browning grade 0: no obvious browning point on the sur-
face; browning grade 1: small browning points, browning area <25%
of total surface area; browning grade 2: obvious browning points
(<0.5 cm?), browning area: 25%-33% of total surface area; brown-
ing grade 3: obvious browning points (0.5-1.0 cm?), browning area:
33%-50% of total surface area; browning grade 4: browning points
(>1.0 cm2), browning area: 50%-75% of total surface area; browning
grade 5: browning area >75% total surface area, obvious mildew or
flowing liquid. The total browning index of each sample was calcu-
lated based on Equation (1):

(Browning index grade x corresponding fruit number)

(1)

Total Browning index = Z Totalfrartramber

2.5 | Peel electroconductibility measurement

The cell membrane permeability of peel was measured according to
a method reported by Duan et al. (2004), with some modifications.
Three peel disks (diameter 0.5 cm) were punched from each fruit,
and peel disks of ten fruits were collected and washed three times
by deionized water. Ten peel disks were transferred intoa 50 ml
tuber containing 25 ml deionized water. 30 min later, the electro-
conductibility (D1) was measured by a conductivity meter (INESA
Instrument DDS-307, Shanghai, China). Then, the tuber was sealed
and subjected to a boiling water bath for 15 min. After be cooled
down by ice, the electroconductibility (D2) of the solution was meas-
ured again. The electroconductibility in another 50 ml tuber contain-
ing 25 ml deionized water with no peel disk (set as control sample)
(DO) was measured. All samplings at each time point were performed
in three biological repeats. Relative peel electroconductibility was

calculated based on Equation (2):

Relative peel electroconductibility (%)= (D1-D0) / (D2-D0) x 100% (2)
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2.6 | Determination of water content in peel

One gram of the peel which was separated from the pulp and
cleaned was added into a rapid moisture meter (Satorious MA150).
The water content in peel of all samplings at each time point was
measured in three biological repeats.

2.7 | Measurement of respiration rate

Twenty fruits were randomly selected and sealed in a hermetically
sealed box for 2 hr at 4°C. The CO, concentration in the gas was
determined by a gas chromatography (Shimadzu, GC-17A) with the
conditions as follows: concentric double layer chromatographic col-
umn (Molecular sieve 5A combined with Poraoak Q), column tem-
perature: 50°C, carrier gas: helium (He), and thermal conductivity
detector (TCD, <150°C). The respiration rate was measured in three

biological repeats and calculated based on Equation (3):

(Ax(V1-V2)xMx273)

Respiration rate(mgkg "t h™1) =
P Bk )= (w224 (273+T))

A: CO, concentration; V1: volume (L) of hermetically sealed box; V2:
total volume (L) of fruits; M: molar mass of CO,; H: sealed time (hr);
W: total fruit weight; T: storage temperature (°C).

2.8 | Determination of sulfite residue

The sulfite residue was determined according to a previously re-
ported method (Luo, Li, Guo, Han, & Wu, 2019), with some modifi-
cations. 1.0 g peel or 5.0 g pulp was grinded into powder by liquid
nitrogen and extracted using 2 ml ZnSO, solution and 5 ml sodium
borate solution. The filtrate of the sample was transferred into a volu-
metric flask (100 ml). Then, 4 ml 0.5 M NaOH solution was added and
shaken. After areaction for 5 min, 4 mlacid solution (H,SO,:deionized
water = 1:71) was added and shaken. After a reaction for 2 min, 20 ml
tetrachloromercurate sodium solution was added and shaken, and
then the volume was made up to 100 ml by deionized water. After be
filtrated, the solution was used for determination of sulfite residue.
5.0 ml tetrachloromercurate sodium solution, 1.0 ml formaldehyde,
and 1.0 ml pararosaniline solution were added into 2.0 ml sample so-
lution, mixed fully, and stood still for 10 min. The absorbance of solu-
tion at 550 nm was measured by a spectrophotometer. The sulfite

residue was calculated based on Equations (4) and (5):

(ODs5—0.0002)

Sulphite residue in peel (pg gt FW) = (0 0338 50)
X X

OD:,—0.0002
Sulphite residue in pulp <pg gt FW) = —( (05(:;36 10) )
X X

2.9 | Determination of activity of SO

Sample powder (400 mg) grinded by liquid nitrogen was added into
1.6 ml precooled extraction buffer (100 mM Tris-acetic acid, pH 7.5,
containing 10 mM DTT, 10 mM KCI, 1 mM EDTA, 1 mM EGTA, and

10% glycerol), fully mixed. After a centrifugation at 15,700 g and 4°C
for 20 min, the supernatant was used as crude enzyme extract for
assaying activity. Activity of SO was assayed according to a previ-
ously reported method (Xia et al., 2012). The absorbance of solution
at 420 nm was recorded every minute from O to 5 min. The concen-
tration of K;Fe(CN), was calculated by a standard curve. The amount
of enzyme required for reduction of 2 pmol K Fe(CN), every minute

was calculated as one activity unit (U).

2.10 | Determination of activity of APR

Sample powder (400 mg) grinded by liquid nitrogen was added into
12 ml precooled extraction buffer (100 mM Tris-HCl, pH 7.7, con-
taining 10 mM Na,SO,, 0.5 mM AMP, 10 mM DTT, 5 mM EDTA-Na,,
10 mM cysteine, 1% Triton X-100, and 2% PVP40), fully mixed. After
a centrifugation at 15,700 g and 4°C for 20 min, the supernatant was
used as crude enzyme extract for assaying activity. Activity of APR
was assayed according to a previously reported method (Scheerer et
al., 2010). The absorbance of solution at 420 nm was recorded every
minute from O to 5 min. The concentration of K;Fe(CN), was calculated
by a standard curve. The amount of enzyme required for reduction of

1 pmol K,Fe(CN), every minute was calculated as one activity unit (U).

2.11 | Determination of activity of SiR

Sample powder (400 mg) grinded by liquid nitrogen was added into
1.6 ml precooled extraction buffer (100 mM Tris-acetic acid, pH 7.5,
containing 10 mM DTT, 10 mM KCI, 1 mM EDTA and 1 mM EGTA
and 10% glycerol), fully mixed. After a centrifugation at 15,700 g and
4°C for 20 min, the supernatant was used as crude enzyme extract
for assaying activity. Activity of SiR was assayed according to a pre-
viously reported method (Ostrowski et al., 1989). The absorbance
of solution at 340 nm was recorded every minute from O to 5 min.
Reaction buffer (2.8 ml) mixed with 200 pL deionized water without
enzyme extract, and NADPH was setted as control. The concentra-
tion of NADPH was calculated by a standard curve. The amount of
enzyme required for oxidation of 1 pmol NADPH per minute was

calculated as one activity unit (U).

2.12 | Determination of activity of SAT

Sample powder (400 mg) grinded by liquid nitrogen was added into
1.6 ml precooled extraction buffer (100 mM Tris-acetic acid, pH 7.5,
containing 10 mM DTT, 10 mM KCI, 1 mM EDTA and 1 mM EGTA
and 10% glycerol), fully mixed. After a centrifugation at 15,700 g and
4°C for 20 min, the supernatant was used as crude enzyme extract
for assaying activity of SAT. Activity of SAT was assayed according
to a method reported by Randewig et al. (2014). The absorbance of
solution at 412 nm was recorded every minute from O to 5 min. The
concentration of DTNB was calculated by a standard curve. Reaction
buffer without -serine was setted as control. The amount of enzyme
required for reduction of 1 pmol DTNB every minute was calculated
as one activity unit (U).



LUO ET AL.

CWILEY-7?

2.13 | Determination of activity of OAS-TL

Sample powder (400 mg) together with 20 mg PVP was grinded by
liquid nitrogen and then was added into 1.26 ml precooled extrac-
tion buffer (100 mM Tris-HCI, pH 8.0, 100 mM KCI, 20 mM MgCl,,
1% Tween 80, and 10 mM DTT), fully mixed. After a centrifugation at
13,400 g and 4°C for 10 min, the supernatant was used as crude en-
zyme extract for assaying activity. Activity of OAS-TL was assayed
according to a method reported by Chronis and Krishnan (2003). The
absorbance of solution at 420 nm was recorded every minute from O
to 5 min. The concentration of K;Fe(CN), was calculated by a stand-
ard curve. The amount of enzyme required for reduction of 1 pmol
K,Fe(CN), every minute was calculated as one activity unit (U).

2.14 | RNA isolation and quantitative real time
PCR analysis

Total RNA was extracted by using a rapid RNA Extraction Kit 3.0
(Huayueyang Biotechnology CO., LTD, Beijing, China), following the
manufacturer's recommendations. Integrity of RNA was electropho-
retically verified, and then its concentration, A,,,/A,gqand A, /A, o
absorption were detected by NanoDrop (Agilent 2,100, USA). One
pg of total RNA from each sample was used to synthesize the first
strand cDNA and eliminate potential DNA contamination using the
PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time;
Takara Biomedical Technology Co., Ltd., Beijing, China), following
the manufacturer's recommendations. The gRT-PCR was carried out
in a Roche Lightcycler® 480 (Roche Applied Science) using SYBR
Green | Master according to the manufacturer's instructions, under
the thermal cycle conditions of an initial denaturation at 95°C for
10 min, followed by 40 cycles of 95°C for 10 s, 60°C for 20 s for an-
nealing, and a final step of extension at 72°C for 20 s. The expression
levels of the selected genes were calculated by the delta-delta-Ct
method (Schmittgen & Livak, 2008). The p-actin gene was used as
reference gene for data normalization. Each biological sample was
examined in duplicate with three technical replicates. Genes and
primers for quantitative reverse transcription-PCR analysis were
listed in Supporting Information Table S1.

2.15 | Statistical analysis

The variance of data was analyzed using SPSS software package re-
lease 16.0 (SPSS Inc. Chicago, IL, USA). Multiple comparisons were per-

formed by one-way ANOVA based on Duncan's multiple range tests.

3 | RESULTS AND DISCUSSION

3.1 | DS accelerated the color recovery of sulfitated
fruits and kept the inhibitory effect of SF on browning
and decay

To investigate the effect of desulfurization on the quality of SF

“Feizixiao” litchi, the pigmentation, browning index, and rotting rate

were compared among CK, SF, and SF + DS groups. The red pigmen-
tation of “Feizixiao” litchi fruits immediately disappeared and turned
to be yellowish green after the sulfur fumigation, but it quickly re-
stored after the desulfurization (0 DAS, AF; Figure 1a). The results of
chromatic value indicated a trend that the lightness of “Feizixiao” li-
tchi was SF > SF + DS > CK (Figure 1b), while the a* value was totally
CK > SF + DS > SF (Figure 1c). During the low temperature storage,
the pericarp browning and decay were effectively inhibited by both
of the sulfur fumigation and desulfurization treatment (Figure 1a,d,e).
Although the pericarp browning of SF fruits showed a significantly
slower increase than that of SF + DS fruits since 16 DAS, the pericarp
browning of SF + DS fruits totally showed a far slower increase than
that of the CK fruits which showed an obvious browning appear-
ance (pericarp browning index >1) since 16 DAS (Figure 1d; p < 0.05).
Moreover, the rotting rate of the CK fruits showed an obvious in-
crease since 32 DAS and reached 21.67% at 48 DAS, while that of
SF and SF + DS fruits showed obvious increase since 40 DAS and
reached only 8.33% and 15% at 48 DAS, respectively (Figure 1e).
These results indicated that desulfurization treatment not only ef-
fectively restored the pigmentation, but also performed a signifi-

cantly inhibitory effect on the pericarp browning and decay.

3.2 | DS totally increased the water content, relative
electroconductibility, and respiration rate of sulfitated
litchi pericarp

The water content of CK litchi pericarp maintained at a relatively
stable level (decreased from 69.08% to 67.71%), while that of the SF
and SF + DS litchi pericarp respectively decreased by 7.14% and 6.4%
after a 48-days storage (Figure 2a). The relative electroconductibil-
ity of the CK litchi pericarp fluctuated from 20.3% to 23.4%. Both
of the SF and SF + DS treatments lead to a higher relative electro-
conductibility of pericarp which fluctuated from 60.7% to 74.22%
during the storage. The relative electroconductibility of the SF + DS
litchi pericarp was higher than that of the SF litchi pericarp at 8-24
DAS and showed no significant difference to that of the SF litchi
pericarp at O DAS (AF) and 24-48 DAS (Figure 2b). The respiration
rate of the CK fruits was 9.14 mg kg™ hr'* at 0 DAS (AF) and rapidly
decreased to 3.99 mg kg'1 hr! at 8 DAS and then gently decreased
to 2.94 mg kgt hr'! at 48 DAS. The respiration rates of the SF and
SF + DS fruits were, respectively, 5.13 and 7.77 mg kg™ hr't at 0 DAS
(AF), and were significantly lower than that of the CK fruits during
the whole storage except 48 DAS. The respiration rate of the SF + DS
fruits was totally higher than that of the SF fruits except 24 DAS and
48 DAS (Figure 2c). These results indicated that desulfurization might
help recovered the water content and respiration rate of SF litchi
pericarp, but totally increased the relative electroconductibility.

3.3 | DS significantly reduced the residual sulfite
in the pericarp and pulp of sulfitated litchi fruits

To examine the effect of desulfurization on the residual SO, of SF
“Feizixiao” litchi fruits, the sulfite content in the pericarp and pulp
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of CK, SF, and SF + DS fruits were investigated during the 48-day
storage. The sulfite content in the CK fruits were almost unde-
tected (the sulfite content in pericarp £3.27 mg/kg FW, the sulfite
content in pulp £0.5 mg/kg FW). The sulfite content in the SF litchi
pericarp was 530.8 mg/kg FW at O DAS (AF), then decreased to
184.8 mg/kg FW at 16 DAS, and smoothly decreased to 117.86 mg/
kg FW at 48 DAS. The sulfite content in the SF + DS litchi pericarp
was 227.2 mg/kg FW at 0 DAS (AF) and then smoothly decreased
to 109.67 mg/kg FW at 48 DAS. It is noteworthy that the sulfite
content in the SF + DS litchi pericarp was totally lower than that in
the SF litchi pericarp except 24 and 48 DAS (Figure 3a). The sulfite
content in the SF litchi pulp was 40.1 mg/kg FW at O DAS (AF), then
quickly decreased to 21.78 mg/kg FW at 8 DAS, and decreased to
7.35 mg/kg FW at 48 DAS. The sulfite content in the SF + DS li-
tchi pulp was only 11.96 mg/kg FW at O DAS (AF), decreased to
3.7 mg/kg FW at 16 DAS, and was much lower at the later stages
(Figure 3b). These results indicated that desulfurization treatment
significantly reduced the residual SO, in the pericarp especially in
the pulp of SF litchi. The concentration of 5032’ in the sulfitated

pulp rapidly decreased after desulfurization, while the activity of
enzymes for the oxidation and reduction of 5032’ decreased si-
multaneously. This result indicated that the litchi fruit can respond
quickly to the SO, stress signal, which is transmitted from pericarp

to pulp.

3.4 | DS significantly reduced the activity of
enzymes responsible for detoxification of sulfite
in the sulfitated litchi pulp

The activity of five enzymes related to metabolically detoxifica-
tion of sulfite in litchi pulp was detected during the storage. The
SO activity in the CK litchi pulp showed a smooth decrease dur-
ing the storage, while that in both of the SF and the SF + DS litchi
pulp showed no significance difference to the CK litchi pulp at
0 DAS (AF), but then increased and reached the peak value at 8
DAS and then decreased. In total, the SO activity in the litchi pulp
was SF > SF + DS > CK (Figure 4a). The APR activity in the CK
litchi pulp fluctuated, decreased, and reached the lowest value
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at 24 DAS and then increased. The APR activity in both of the SF
and the SF + DS litchi pulp was lower than that in the CK pulp by
folds at 0 DAS (AF), but then increased and showed higher level
than that in the CK pulp only at 32 DAS. The APR activity to-
tally showed no significance difference between the SF pulp and
the SF + DS pulp during the storage except 8 DAS (Figure 4b).
The activity of SiR, SAT, and OAS-TL in the litchi pulp was to-
tally SF > SF + DS > CK (Figure 4c-e). The SiR activity in the CK
litchi pulp fluctuated and totally decreased during the storage.
The SiR activity in the SF litchi pulp was higher than that in the
CK pulp by two- to threefold during the storage, while the SiR
activity in the SF + DS litchi pulp was totally significantly lower
than that in the SF pulp but totally significantly higher than that
in the CK litchi pulp (Figure 4c). The SAT activity in the CK li-
tchi pulp showed a smooth fluctuation, while that in the SF litchi
pulp was higher than that in the CK pulp by more than fourfold
at O DAS (AF), increased and reached the peak value at 8 DAS
and then decreased. The SAT activity in the SF + DS litchi pulp
was significantly lower than that in the SF litchi pulp through
the whole storage. It is noteworthy that the SAT activity in the
SF + DS litchi pulp was higher than that in the CK litchi pulp only
at O DAS (AF) to 24 DAS (Figure 4d). Also, the OAS-TL activ-
ity in the SF litchi pulp was parallelly higher than that in the CK
litchi pulp, while the OAS-TL activity in the SF + DS litchi pulp
was totally lower than that in the SF litchi pulp but totally higher
than CK (Figure 4e). The concentration of 5032' in the sulfitated
pulp rapidly decreased after desulfurization, while the activity
of enzymes for the oxidation and reduction of 5032‘ decreased
simultaneously. This result indicated that the litchi fruits were
able to respond quickly to the SO, stress signal, which was trans-
mitted from pericarp to pulp; the upregulated enzyme activity of
SO and SAT played an important role in the sulfite metabolism in

litchi pulp. Besides the chemical reaction with the sulfite, the DS

treatment might also influence the sulfite metabolism by regula-

tion at enzymatic level.

3.5 | DS significantly recovered the
expression of the genes related to detoxification of
sulfite in the sulfitated litchi pulp

The expression of five genes related to metabolically detoxifica-
tion of sulfite in the litchi pulp was detected during the storage.
Interestingly, the expression of all of the five genes in the SF litchi
pulp was totally lower than that in the CK litchi pulp, while the desul-
furization treatment significantly recovered the expression of SO, SiR,
SAT, and OAS-TL in the SF litchi pulp at the later stages (24-48 DAS),
but the expression of all these five genes in the SF + DS litchi pulp
was still totally lower than that in the CK litchi pulp (Figure 5). These
results indicated an inconsistency between the enzyme activity and
expression of sulfite metabolism.

The SO, enters the plant cell through stoma and dissolves
in the aqueous phase of the apoplast. It is hydrated to sulfu-
rous acid (5032’) which was cytotoxicity. The sulfate was mainly
metabolically detoxified by oxidative reaction into sulfate with
increased sulfite oxidase activity or by reductive reaction into
S-metabolites like thiols (Baillie et al., 2016). In this work, our
results showed that the activity of SiR, SAT, and OAS-TL in the
litchi pulp increased by folds rapidly after sulfur fumigation.
Especially, the activity of SAT increased by more than 10 times
after a storage of 8 days and maintained at a relatively stable
level later. However, the activity of SO increased slowly after sul-
fur fumigation. These results were not consistent with the previ-
ously reported result that more than 80% of the injected sulfite
in arabidopsis and 91% in tomato were oxidized to sulfate which
demonstrating the high capacity of the sulfite oxidation mecha-

nisms in plants (Brychkova et al., 2012). Thus, the detoxification
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mechanisms of sulfite actually vary between model plants and
nonmodel plants and between leaves and postharvest fruits. The
5032' in the litchi pulp might be mainly continuously reduced
to S?” by increasing the activity of SiR and SAT, and was further
converted into cysteine and GSH by SAT/OAS-TL complex to re-

lieve its cytotoxicity.

4 | CONCLUSIONS

A comprehensive evaluation of the effect of desulfurization on the
storability and the sulfite metabolism in sulfitated and desulfurized
fruits is still lacking, while controversial results have been reported

in the literature focused on the effects of low concentration SO, on
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sulfur metabolism in plant leaves or roots. In the present study, our
results demonstrate that the optimized desulfurization treatment
accelerated the color recovery of sulfitated litchi fruits, achieved
an effect similar to sulfur fumigation on controlling rot and fresh-
keeping, and reduced the sulfite residue in the sulfitated litchi so

as to ensure its edible safety. The upregulated enzyme activity of

SO and SAT, rather than the expression level, plays a central role in
the sulfite metabolism of sulfitated litchi pulp. More importantly, DS
ensured the edible safety of sulfitated litchi by not only chemical
reaction but also both of enzymatic and transcriptional regulation
of sulfite metabolism. Conclusions from this study will be helpful to

optimize the strategies of sulfur fumigation and desulfurization, and
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provide a theoretical basis for controlling the sulfur residue in the

practices of litchi export.

ACKNOWLEDGMENTS

This work was funded by National Key R&D Program of China (grant
no. 2016YFD0400103), the China Agricultural Research System
(CARS-33-15), Yangfan innovative & entrepreneurial research team
project (2014YTO2HO013), Special Fund for Agro-scientific Research
in the Public Interest (nyhyzx07-031), the National Natural Science
Foundation of China (NSFC, grant no. 31801910), and Guangxi tal-
ent highland of preservation and deep processing research in fruit
and vegetables (2017GSXGDO01).

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

ETHICAL APPROVAL

The article does not contain any studies with human participants or
animals performed by any of the authors.

ORCID
Tao Luo https://orcid.org/0000-0002-7838-1267
REFERENCES

Aghajanzadeh, T., Hawkesford, M. J., & Kok, L. J. D. (2016). Atmospheric
H,S and SO, as sulfur sources for Brassica juncea and Brassica
rapa: Regulation of sulfur uptake and assimilation. Environmental
and Experimental Botany, 124, 1-10. https://doi.org/10.1016/j.
envexpbot.2015.12.001

Baillie, C. K., Kaufholdt, D., Karpinski, L. H., Schreiber, V., Hansch, S.,
Evers, C., ... Hansch, R. (2016). Detoxification of volcanic sulfur sur-
plus in planta: Three different strategies of survival. Environmental
and Experimental Botany, 126, 44-54. https://doi.org/10.1016/j.env-
expbot. 2016.02.007

Brychkova, G., Yarmolinsky, D., Fluhr, R., & Sagi, M. (2012). The determi-
nation of sulfite levels and its oxidation in plant leaves. Plant Science,
190, 123-130. https://doi.org/10.1016/j.plantsci.2012.04.0 04

Chao, D. Y., Baraniecka, P., Danku, J., Koprivova, A., Lahner, B., Luo, H.
B., ... Salt, D. E. (2014). Variation in sulfur and selenium accumulation
is controlled by naturally occurring isoforms of the key sulfur assim-
ilation enzyme adenosine 5-phosphosulfate reductase 2 across the
arabidopsis species range. Plant Physiology, 166, 1593-1608. https://
doi.org/10.1104/pp.11 4.247825

Chen, W. R., Zhang, Z. Z., Shen, Y. W,, Duan, X. W., & Jiang, Y. M. (2004).
Effect of tea polyphenols on lipid peroxidation and antioxidant activ-
ity of litchi (Litchi chinensis Sonn.) fruit during cold storage. Molecules,
19, 16837-16850. https://doi.org/10.3390/molecules191016837

Chronis, D., & Krishnan, H. B. (2003). Sulfur assimilation in soybean:
Molecular cloning and characterization of O-acetylserine (thiol)
lyase (cysteine synthase). Crop Science, 43(5), 1819-1827. https://doi.
org/10.2135/cropsci2003.1819

Duan, X. W,, Jiang, Y. M,, Su, X. G., Liu, H., Li, Y. B., Zhang, Z. Q., ... Jiang,
W. B. (2004). Role of pure oxygen treatment in browning of litchi fruit

CWILEY-7

after harvest. Plant Science, 167, 665-668. https://doi.org/10.1016/j.
plantsci.2004.05.009

Duan, X. W., Su, X. G, You, Y. L., Qu, H. X,, Li, Y. B., & Jiang, Y. M. (2007).
Effect of nitric oxide on pericarp browning of harvested longan fruit
in relation to phenolic metabolism. Food Chemistry, 104, 571-576.
https://doi.org/10.1016/j.foodchem.2006.12.007

Fang, F., Zhang, X. L., Luo, H. H., Zhou, J. J., Gong, Y. H., Li, W. J,,
... Pang, X. Q. (2015). An intracellular laccase is responsible for
epicatechin-mediated anthocyanin degradation in litchi fruit peri-
carp. Plant Physiology, 169, 2391-2408. https://doi.org/10.1104/
pp.15.00359

Hansch,R., Lang, C.,Riebeseel, E., Lindigkeit,R., Gessler, A.,Rennenberg,
H., & Mendel, R. R. (2006). Plant sulfite oxidase as novel producer
of H,0,: Combination of enzyme catalysis with a subsequent non-
enzymatic reaction step. Journal of Biological Chemistry, 281, 6884 -
6888. https://doi.org/10.1074/jbc.M5130 54200

Jiang, Y. M., Li, Y. B., & Li, J. R. (2004). Browning control, shelf life ex-
tension and quality maintenance of frozen litchi fruit by hydrochlo-
ric acid. Journal of Food Engineering, 63(2), 147-151. https://doi.
org/10.1016/50260-8774(03)00293-0

Jiang, Y. M., Duan, X. W.,, Joyce, D., Zhang, Z. Q., & Li, J. R. (2004).
Advances in understanding of enzymatic browning in harvested li-
tchi fruit. Food Chemistry, 88, 443-446. https://doi.org/10.1016/j.
foodchem.2004.02. 004

Jiang, Y. M., & Fu, J.R.(1998). Inhibition of polyphenol oxidase and the brown-
ing control of litchi fruit by glutathione and citric acid. Food Chemistry, 62,
49-52. https://doi.org/10.1016/S0308-8146(97)0014 4-1

Jiang, Y. M., & Fu, J. R. (1999). Postharvest browning of litchi fruit by
water loss and its prevention by controlled atmosphere storage at
high relative humidity. LWT - Food Science and Technology, 32, 278-
283. https://doi.org/10.1006/fstl.1999.0546

Jiang, Y. M., Wang, Y., Song, L., Liu, H., Lichter, A., Kerdchoechuen, O.,
... Shi, J. (2006). Postharvest characteristics and handling of litchi
fruit-an overview. Australian Journal of Experimental Agriculture, 46,
1541-1556. https://doi.org/10.1071/EA05108

Jiang, Y. M., Zhu, X. R,, & Li, Y. B. (2001). Postharvest control of litchi
fruit rot by Bacillus subtilis. LWT - Food Science and Technology, 34,
430-436. https://doi.org/10.1006/fstl.2001.0758

Joslyn, M. A., & Braverman, J. B. S. (1954). The chemistry and technology
of the pretreatment and preservation of fruit and vegetable products
with sulfur dioxide and sulfites. Anvances in Food Research, 5, 97-160.
https://doi.org/10.1016/50065-2628(08)60222-0

Kumar, D., Mishra, D. S., Chakraborty, B., & Kumar, P. (2011). Pericarp
browning and quality management of litchi fruit by antioxi-
dants and salicylic acid during ambient storage. Journal of Food
Science & Technology, 50, 797-802. https://doi.org/10.1007/
s13197-011-0384-2

Luo, T, Li, S. S., Guo, X. M., Han, D. M., & Wu, Z. X. (2019). The Effect
of desulphurization on the postharvest quality and sulfite metab-
olism in aril of sulfitated ‘Heiye’ litchi fruits. Food Science. (in chi-
nese, accepted online). Retrieved from www.cnki.com.cn/Article/
CJFDTotalSPKX2018062200Y.htm

Martinez-Castellanos, G., Pelayo-Zaldivar, C., Pérez-Flores, L. J., Lépez-
Luna, A., Gimeno, M., Barzana, E., & Shirai, K. (2011). Postharvest
litchi (Litchi chinensis Sonn.) quality preservation by Lactobacillus
plantarum. Postharvest Biology and Technology, 59, 172-178. https://
doi.org/10.1016/j.postharvbio.2010. 09.005

Mishra, B. B., Kumar, S., Wadhawan, S., Hajare, S. N., Saxena, S., More, V.,
... Sharma, A. (2012). Browning of litchi fruit pericarp: Role of poly-
phenol oxidase, peroxidase, phenylalanine ammonia lyase and ef-
fect of gamma radiation. Journal of Food Biochemistry, 36, 604-612.
https://doi.org/10.1111/j.1745-4514.2011.00572.x

Ostrowski, J., Wu, J. Y., Rueger, D. C., Miller, B. E., Siegel, L. M., & Kredich,
M. N. (1989). Characterization of the cysJIH regions of Salmonella
typhimurium and Escherichia coli B DNA sequences of cysl and cysH


https://orcid.org/0000-0002-7838-1267
https://orcid.org/0000-0002-7838-1267
https://doi.org/10.1016/j.envexpbot.2015.12.001
https://doi.org/10.1016/j.envexpbot.2015.12.001
https://doi.org/10.1016/j.envexpbot.2016.02.007
https://doi.org/10.1016/j.envexpbot.2016.02.007
https://doi.org/10.1016/j.plantsci.2012.04.004
https://doi.org/10.1104/pp.114.247825
https://doi.org/10.1104/pp.114.247825
https://doi.org/10.3390/molecules191016837
https://doi.org/10.2135/cropsci2003.1819
https://doi.org/10.2135/cropsci2003.1819
https://doi.org/10.1016/j.plantsci.2004.05.009
https://doi.org/10.1016/j.plantsci.2004.05.009
https://doi.org/10.1016/j.foodchem.2006.12.007
https://doi.org/10.1104/pp.15.00359
https://doi.org/10.1104/pp.15.00359
https://doi.org/10.1074/jbc.M513054200
https://doi.org/10.1016/S0260-8774(03)00293-0
https://doi.org/10.1016/S0260-8774(03)00293-0
https://doi.org/10.1016/j.foodchem.2004.02. 004
https://doi.org/10.1016/j.foodchem.2004.02. 004
https://doi.org/10.1016/S0308-8146(97)00144-1
https://doi.org/10.1006/fstl.1999.0546
https://doi.org/10.1071/EA05108
https://doi.org/10.1006/fstl.2001.0758
https://doi.org/10.1016/S0065-2628(08)60222-0
https://doi.org/10.1007/s13197-011-0384-2
https://doi.org/10.1007/s13197-011-0384-2
www.cnki.com.cn/Article/CJFDTotalSPKX2018062200Y.htm
www.cnki.com.cn/Article/CJFDTotalSPKX2018062200Y.htm
https://doi.org/10.1016/j.postharvbio.2010.09.005
https://doi.org/10.1016/j.postharvbio.2010.09.005
https://doi.org/10.1111/j.1745-4514.2011.00572.x

LUOQ ET AL.

2

and a model for the siroheme-Fe,S, active center of sulfite reductase
hemoprotein based on amino acid homology with spinach nitrite re-
ductase. Journal of Biological Chemistry, 264, 15726-15737.

Randewig, D., Hamisch, D., Eiblmeier, M., Boedecker, C., Kreuzwieser,
J., Mendel, R. R, ... Rennenberg, H. (2014). Oxidation and reduc-
tion of sulfite contribute to susceptibility and detoxification of
SO2 in Populus x canescens leaves. Trees, 28, 399-411. https://doi.
org/10.1007/s0 0468-013-0958-x

Reichel, M., Wellhoéfer, J., Triani, R., Sruamsiri, P, Carle, R., & Neidhart, S.
(2017). Postharvest control of litchi (Litchi chinensis Sonn.) pericarp
browning by cold storage at high relative humidity after enzyme-in-
hibiting treatments. Postharvest Biology and Technology, 125, 77-90.
https://doi.org/10.1016/j. postharvbio.2016.10.002

Scheerer, U, Haensch, R., Mendel, R. R., Kopriva, S., Rennenberg, H., &
Herschbach, C. (2010). Sulphur flux through the sulphate assimilation
pathway is differently controlled by adenosine 5-phosphosulphate
reductase under stress and in transgenic poplar plants overexpress-
ing y-ECS, SO, or APR. Journal of Experimental Botany, 61, 609-622.
https://doi.org/10.1093/jxb/erp327

Schmittgen, T. D., & Livak, K. J. (2008). Analyzing real-time PCR data by
the comparative CT method. Nature Protocol, 3, 1101-1108. https://
doi.org/10.1038/nprot.2008.73

Scott, K. J., Brown, B. |, Chaplin, G. R., Wilcox, M. E., & Bain, J. M. (1982).
The control of rotting and browning of litchi fruit by hot benomyl
and plastic film. Scientia Horticulturae, 16(3), 253-262. https://doi.
org/10.1016/0304-4238(82)90073-5

Shah, H. M. S.,Khan, A. S., & Ali, S. (2017). Pre-storage kojic acid applica-
tion delays pericarp browning and maintains antioxidant activities of
litchi fruit. Postharvest Biology and Technology, 132, 154-161. https://
doi.org/10.1016/j.postharvbio.2017.06.004

Swarts, D. H. (1985). Sulphur content of fumigated South African litchi
fruit. Subtropica, 6, 18-20.

Trevor, O., Nacey, L., Wiltshire, N., & O'Brien, S. (2003). Hot water treat-
ments for the control of rots on harvested litchi (Litchi chinensis
Sonn.) fruit. Postharvest Biology and Technology, 32, 135-146. https://
doi.org/10.1016/j.postharvbio.2003.10.009

Wang, C. Y., Chen, H. J,, Jin, P, & Gao, H. Y. (2010). Maintaining qual-
ity of litchi fruit with acidified calcium sulfate. Journal of Agricultural
and Food Chemistry, 58(15), 8658-8666. https://doi.org/10.1021/
jf100607e

Whangchai, K., Saengnil, K., & Uthaibutra, J. (2006). Effect of ozone in
combination with some organic acids on the control of postharvest
decay and pericarp browning of longan fruit. Crop Protection, 25,
821-825. https://doi.org/10.1016/j.cropro.2005.11.003

Wu, Y. J,, Lin, H. T, Lin, Y. F, Shi, J., Xue, S., Huang, Y. C., ... Wang, H.
(2017). Effects of biocontrol bacteria Bacillus amyloliquefaciens LY-1
culture broth on quality attributes and storability of harvested litchi
fruit. Postharvest Biology and Technology, 132, 81-87. https://doi.
org/10.1016/j. postharvbio.2017.05.021

Xia, Z. L., Sun, K. L., Wang, M. P, Wu, K., Zhang, H., & Wu, J. Y. (2012).
Overexpression of a maize sulfite oxidase gene in tobacco enhances
tolerance to sulfite stress via sulfite oxidation and CAT-Mediated
H,0, scavenging. PLoS One, 7(5), e37383. https://doi.org/10.1371/
journal.pone.0037383

Yang,S.Y., Chen,Y.L., Feng, L.VY., Yang, E., Su, X. G., & Jiang, Y. M. (2011).
Effect of methyl jasmonate on pericarp browning of postharvest
lychees. Journal of Food Processing and Preservation, 35, 417-422.
https://doi.org/10.1111/j.1745-4549.2010.00483.x

Yun, Z., Qu, H. X., Wang, H., Zhu, F,, Zhang, Z. K., Duan, X. W,, ... Jiang,
Y. M. (2016). Comparative transcriptome and metabolome provides
new insights into the regulatory mechanisms of accelerated senes-
cence in litchi fruit after cold storage. Scientific Report, 6, 19356.
https://doi.org/10.1038/srep19356

Zhang, D. L., & Quantick, P. C. (1997). Effects of chitosan coating on
enzymatic browning and decay during postharvest storage of litchi
(Litchi chinensis Sonn.) fruit. Postharvest Biology and Technology, 12,
195-202. https://doi.org/10.1016/50925-5214(97)00057-4

Zhang, Z. K., Hu, M. J., Yun, Z., Wang, J. B, Feng, G., Gao, Z.Y,, ... Jiang,
Y. M. (2017). Effect of tea seed oil treatment on browning of li-
tchi fruit in relation to energy status and metabolism. Postharvest
Biology and Technology, 132, 97-104. https://doi.org/10.1016/j.po
stharvbio.2017.05.010

Zhang, Z. K., Huber, D. J,, Qu, H. X., Yun, Z., Wang, H., Huang, Z. H.,
... Jiang, Y. M. (2015). Enzymatic browning and antioxidant activ-
ities in harvested litchi fruit as influenced by apple polyphenols.
Food Chemistry, 171, 191-199. https://doi.org/10.1016/j.food
chem.2014.09.001

Zheng, X. L., & Tian, S. P. (2006). Effect of oxalic acid on control of post-
harvest browning of litchi fruit. Food Chemistry, 96, 519-523. https://
doi.org/10.1016/j.foodchem.2005.02.049

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Luo T, Li S, Han D, Guo X, Shuai L,
Wu Z. The effect of desulfurization on the postharvest
quality and sulfite metabolism in pulp of sulfitated “Feizixiao”
Litchi (Litchi chinensis Sonn.) fruits. Food Sci Nutr.
2019;7:1715-1726. https://doi.org/10.1002/fsn3.1008



https://doi.org/10.1007/s00468-013-0958-x
https://doi.org/10.1007/s00468-013-0958-x
https://doi.org/10.1016/j.postharvbio.2016.10.002
https://doi.org/10.1093/jxb/erp327
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1016/0304-4238(82)90073-5
https://doi.org/10.1016/0304-4238(82)90073-5
https://doi.org/10.1016/j.postharvbio.2017.06.004
https://doi.org/10.1016/j.postharvbio.2017.06.004
https://doi.org/10.1016/j.postharvbio.2003.10.009
https://doi.org/10.1016/j.postharvbio.2003.10.009
https://doi.org/10.1021/jf100607e
https://doi.org/10.1021/jf100607e
https://doi.org/10.1016/j.cropro.2005.11.003
https://doi.org/10.1016/j.postharvbio.2017.05.021
https://doi.org/10.1016/j.postharvbio.2017.05.021
https://doi.org/10.1371/journal.pone.0037383
https://doi.org/10.1371/journal.pone.0037383
https://doi.org/10.1111/j.1745-4549.2010.00483.x
https://doi.org/10.1038/srep19356
https://doi.org/10.1016/S0925-5214(97)00057-4
https://doi.org/10.1016/j.postharvbio.2017.05.010
https://doi.org/10.1016/j.postharvbio.2017.05.010
https://doi.org/10.1016/j.foodchem.2014.09.001
https://doi.org/10.1016/j.foodchem.2014.09.001
https://doi.org/10.1016/j.foodchem.2005.02.049
https://doi.org/10.1016/j.foodchem.2005.02.049
https://doi.org/10.1002/fsn3.1008

