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A B S T R A C T

Enzyme inhibitors were studied as adjuvant treatments in the control of litchi pericarp browning by
protection against desiccation during reefer transport. Various organic acids (acetic, malic, citric, and
oxalic acid) and inorganic salts (NaCl, CaCl2) were investigated for in vitro inhibitory effects on the
peroxidases (POD) and phenol oxidases (including laccase) extracted from litchi pericarp. Promising
inhibitors were tested on ‘Hong Huey’ litchi fruit for their capability to prevent pericarp browning during
cold storage (21 d, 5 �C, 90% relative humidity) with and without foil wrapping. An enzyme assay had
been optimized for measuring the in vitro activities of phenol oxidases toward (�)-epicatechin, being the
natural phenolic key substrate in litchi. Phenol oxidase activities were chiefly pH-dependent and
completely inactivated at pH � 3.5 by the organic acids used for buffering, whereby chelating agents
performed best, especially oxalic acid. POD activity was stable over wider pH and ionic strength ranges,
with inhibition being maximal (84%) in 0.25 M oxalic acid buffer (pH 3.5). CaCl2 (0.25 mol L�1) decreased
POD activity by 68%, while rising doses increased the initial lag phase up to 2.5 min. In contrast to these in
vitro enzyme-inhibiting effects, postharvest fruit treatments with these phenol oxidase and peroxidase
inhibitors did not improve color retention during cold fruit storage, but proved ineffective or even favored
pericarp browning compared to the control fruit. Pericarp color retention was maximal (96–97%)
throughout cold storage of fruit in gas-permeable but moisture-retaining foil bags for at least two weeks,
whether the fruit had been dipped into cold water (control) or into citrate (25 mmol L�1) solution.
Consequently, pericarp color retention only required an intact pericarp at harvest and postharvest
protection against desiccation. Preventing water loss through preservation of cell compartmentation
thus proved to be crucial and sufficient for the control of enzymatic browning under reefer conditions.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

Enzymatic browning of the pericarp is one of the key factors
limiting the marketability of fresh litchi (Litchi chinensis Sonn.)
fruit, because the rapid loss of its attractive red color often creates a
false impression of spoilage (Reichel et al., 2010, 2013). Due to
enzyme inhibition and other protective effects, sulfur dioxide

fumigation is still the current practice to prevent litchi pericarp
browning (Liang et al., 2012), but undesirable effects on fruit
quality and health concerns have led to consumer rejection and
legal restriction (Sivakumar et al., 2010). This has necessitated the
search for alternative processes (Bhushan et al., 2015). Prevention
of pericarp browning has been understood to require measures
that reduce the pericarp pH, but chiefly slow pericarp dehydration
and weight loss (Joas et al., 2005). The aim is to improve pericarp
appearance and freshness during distribution in reefer containers
(Ducamp-Collin et al., 2008; Wang et al., 2010; Shafique et al.,
2016) used for long distance transport. However, according to our
previous study (Reichel et al., 2013), the rather high relative
humidity (RH) of 90% could not prevent the loss of pericarp

* Corresponding author.
E-mail address: sybille.neidhart@uni-hohenheim.de (S. Neidhart).

1 Present address: School of Life Science and Technology, Bandung Institute of
Technology, Jalan Tamansari Nomor 64, Bandung 40116, Indonesia.
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moisture and thickness upon cold storage (5 �C) without additional
measures. Consequently, slow desiccation of fruits lying close
together resulted in dark brownish-red pericarp due to prolonged
oxidation of (�)-epicatechin and co-oxidation of anthocyanins.
More rapid water loss of exposed pericarp favored surface scurf
formation, yielding unattractive light brown fruit that showed
much better anthocyanin retention but greater losses of flavanol
oligomers (Reichel et al., 2013). Notable residual activities of
polyphenol oxidases (PPO) and peroxidases (POD), which were
found in the pericarp of those fruit despite declining enzyme
activities with ongoing desiccation, suggested the additional
application of enzyme inhibitors and/or further measures to
improve moisture retention.

Pericarp browning in litchi has mainly been ascribed to PPO
(Jiang et al.,1997,1999), showing the highest activity in the exocarp
(Underhill and Critchley, 1995). Directly after harvest, PPO gene
expression was induced by pericarp desiccation and rapidly
upregulated until reaching an early maximum, in parallel to PPO
activity (Wang et al., 2014). The greater the water loss or the
storage temperature, the higher these maxima were found to be.
High affinity to (�)-epicatechin, being the natural substrate due to
its prevalence in the pericarp, was shown for litchi PPO (Liu et al.,
2007; Reichel et al., 2011) and a recently described laccase (LAC)
that was mainly found in vacuoles of mesocarp cells in intact litchi
pericarp (Fang et al., 2015). While LAC gene expression was always
notably high, LAC was secreted to the extracellular space after
beginning pericarp browning and significantly contributed to the
overall polyphenol oxidizing activity in litchi pericarp (Fang et al.,
2015). Litchi POD, being specific for H2O2, accept a wide range of
co-substrates and are thus nonspecifically involved in postharvest
browning, chiefly through stress-induced surface scurf formation
(Reichel et al., 2011, 2013). Litchi exocarp has been shown to have a
dense palisade-like layer of elongated suberized cells directly
below the epidermis (Riederer et al., 2015).

Dipping into organic-acid solutions is common to prevent
enzymatic browning of fresh or minimally processed fruits and
vegetables (Buta and Moline, 2001; Son et al., 2001). While acids
inhibit enzyme proteins nonspecifically due to pH effects,
chelating agents among the carboxylic acids additionally block
central or stabilizing ions of their active sites (Yoruk and Marshall,
2003; Jiang et al., 2008). Likewise, effects of buffer concentration
on conformation of the enzyme protein due to the resultant ionic
strengths have to be considered (Laurenti et al., 2000). The latter
also plays a role in the application of salt solutions. Halides being
known to inhibit LAC (Morozova et al., 2007) have also been
discussed as PPO inhibitors (Son et al., 2001; Liu et al., 2007). Their
cations, such as Na+ or Ca2+, may also have an effect on the
structural stability and activity of both PPO and POD (Rasmussen
et al., 1998; Sun et al., 2008). The inhibitory effects of organic acids
and halide salts described for isolated litchi pericarp PPO and POD
(Gong and Tian, 2002; Jiang et al., 1997, 1999; Sun et al., 2008)
should still be verified in vitro for crude enzyme extracts in the
presence of the natural substrate for a deeper understanding of the
potential that these inhibitors can have in view of the coacting
browning enzymes in vivo.

High doses of organic acids in combination with chitosan
coating (Joas et al., 2005) or Ca2+ application (Wang et al., 2010)
were shown to support color retention efficiently, but they could
only slow browning during cold storage for 8–10 d, which might be
too short for long-distance transport. Concurrently, pericarp
integrity was impaired, because acid impregnation required
wetting (Wang et al., 2010) or pretreatments enhancing pericarp
porosity (Caro and Joas, 2005). Inconsistent responses to
treatments, including varietal differences (Ducamp-Collin et al.,
2008), and the viscosity of coating solutions (Caro and Joas, 2005)
have turned out to be other limiting factors. However, for acidic

calcium sulfate (Wang et al., 2010) and CaCl2 dipping (Kou et al.,
2015), the slower activity decline of various oxygen-scavenging
enzymes was found to contribute to browning prevention, thus
suggesting more complex protective mechanisms.

Thus, the aim of this follow-up study of our work (Reichel et al.,
2013) was to improve pericarp color retention upon cold and
humid storage (5 �C, 90% RH), exploring adjuvant fruit treatments
with moderate doses of organic acids and chloride salts alone and
in combination with fruit packaging in gas-permeable but
moisture-retaining foil bags. The inhibitor doses should preferably
not enhance pericarp porosity, but become effective locally, where
cell compartmentation was lost. Concurrent application of
surfactants was thus to be avoided. The in vitro inhibitory effects
of the organic acids and chloride salts on POD and the litchi phenol
oxidases (PPO+LAC) were to be verified for crude enzyme extracts
in the presence of the natural substrate (�)-epicatechin, consider-
ing the impact of pH, inhibitor concentration, and ionic strength.

2. Materials and methods

2.1. Chemicals used

Unless otherwise stated, reagents were from VWR International
(Darmstadt, Germany). (�)-Epicatechin, polyvinylpolypyrrolidone
(PVPP), and tropolone (2-hydroxy-2,4,6-cycloheptatrien-1-one)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). For the in
vivo trials, tripotassium citrate monohydrate and oxalic acid
dihydrate were supplied by Ajax Finechem (Auckland, New
Zealand) and sodium chloride by Lab-Scan (Bangkok, Thailand).
Deionized water was used throughout.

2.2. Fruit material under study

The in vitro tests (cf. 2.3) required a large amount of
homogenous Litchi chinensis Sonn. pericarp powder having high
activities of browning enzymes. It was obtained from ‘Chacapat’
fruit, because this cultivar is known for its large fruit, which can
yield a considerable amount of pericarp per unit due to notable
pericarp thickness, while the pericarp is rather unsusceptible to
browning directly after harvest despite sufficiently high enzyme
activities (Reichel et al., 2010, 2013). Fully ripe ‘Chacapat’ fruit,
which had a mean size of 37.7 � 0.4 g, pericarp color values of
L* = 38.5 � 0.5, a* = 33.0 � 0.6, and b*= 26.2 � 0.4, and a litchi
maturity index of 6.5 according to Reichel et al. (2010) (LMI, cf.
Eq. (3) in 2.4.2), were bought on the local fresh-fruit market in
Chiang Mai, northern Thailand, (02 June 2008) maximally 10 h
after they had been harvested in Fang (�125 km north of Chiang
Mai) and subsequently distributed in traditional baskets, which
were lined with paper to protect the fruit against desiccation. The
fruit were directly brought to the laboratory at Chiang Mai
University in Chiang Mai, debranched, and shock-frozen in liquid
nitrogen. The pericarp removed from 40 fruits was kept at �80 �C
until lyophilization. Afterwards, it was vacuum-packed and sent
deep-frozen (�40 �C) to Hohenheim University, Stuttgart,
Germany. There, it was finely ground, vacuum-packed, and stored
at �80 �C until use.

For the in vivo trials (cf. 2.4) of this follow-up study, fruit of the
commercially most important Thai litchi cultivar ‘Hong Huey’ were
used exemplarily, as before (Reichel et al., 2013). ‘Hong Huey’ and
‘Chacapat’ fruit were shown to be comparable in terms of the PPO
and POD activities directly after harvest, but fruit of the former
cultivar are more prone to rapid browning and surface scurf
formation due to their specific pericarp morphology and polyphe-
nol composition (Reichel et al., 2013). To ensure homogenous fruit
quality, the ‘Hong Huey’ fruit were picked from two adjacent trees
in a research orchard in Mae Sa Mai, northern Thailand (18.8� North
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latitude, 820 m a.s.l.), on two consecutive days (�10 kg/d) in May
2008 (�105 d after anthesis). The fruit bunches were always
instantly precooled by passive air-cooling between ice packs in
styrofoam boxes and transported this way to the laboratory at
Chiang Mai University within 1 h (Reichel et al., 2010). After
debranching and sorting, only sound fruit were selected and
characterized in terms of fruit size (by weight, n = 100), color
(cf. 2.4.2), and maturity (LMI, cf. 2.4.2). The fruit picked on the first
(batch 1) and the next day (batch 2) had mean sizes of 18.3 � 0.3
and 17.0 � 0.3 g, respectively. The pericarp color values were
L* = 38.8 � 2.7, a*= 32.3 � 3.3, and b*= 32.7 � 1.9 for batch 1 with a
LMI of 6.4 � 0.5 (means of 180 fruit) and L*= 38.4 � 2.5,
a*= 33.2 � 2.9, and b*= 24.5 � 5.6 for batch 2 with a LMI of
6.5 � 0.4 (means of 140 fruit). Fruit treatments with browning
inhibitor solutions (cf. 2.4.1) were always performed within a
maximum of 10 h after harvest on the same day.

2.3. In vitro tests

2.3.1. Preparation of crude enzyme extracts from litchi pericarp
Fresh enzyme extracts from ‘Chacapat’ pericarp powder (cf. 2.2)

were produced daily, as described by Reichel et al. (2010). For the
extraction under stirring (2 h, 4 �C), pericarp powder (m1, 2.0 g) was
mixed with 25 g McIlvaine buffer [citric acid (0.1 mmol L�1)/
sodium dihydrogen phosphate (0.2 mmol L�1), 3:7 (v/v), pH 6.5]
that contained 0.7 g PVPP. Centrifugation of the slurry (25,000 � g)
plus isolation of the supernatant through a filter yielded a filtrate
that was brought to 20 g (m2) with the buffer. The density of this
enzyme extract (r4�C, kg L�1) was measured, using a DMA 48
density meter (Anton Paar, Graz, Austria).

2.3.2. Peroxidase activity assay
The enzyme extract was analyzed as detailed by Reichel et al.

(2010) to quantitate enzyme activities of POD (phenolic donor:
hydrogen-peroxide oxidoreductase; EC 1.11.1.7) in duplicate.
Accordingly, an aliquot of the K-times diluted extract (v1, 0.2 mL)
was added to the substrate solution (v2, 1.3 mL) containing
tropolone (12 mmol L�1) and H2O2 (3.3 mmol L�1) in McIlvaine
buffer (pH 6.5). The absorbance at 418 nm (A) was read every 7 s for
10 min (path length d, 0.01 m), using a spectrophotometer Cary 100
(Varian, Mulgrave, Australia). Based on the molar absorption
coefficient e418nm of 207,500 L mol�1m�1 (Baur et al., 2004), the
POD activity of the pericarp powder (POD, kat kg�1) was calculated
according to Eq. (1) from the maximum linear increase in

absorbance ( _A, s�1), which was corrected by subtracting the slopes
of the time–absorbance functions that had been recorded for both
an enzyme blank ( _AE) and a substrate blank ( _AS).

POD ¼ ðv1 þ v2Þ � ð _A � _AE � _ASÞ � K � m2

e418nm � d � v1 � r4�C � m1
ð1Þ

A separate in vitro experiment comprising two approaches was
performed to verify the involvement of (–)-epicatechin in the
POD-catalyzed reduction of H2O2. First, the aforesaid standard POD
activity assay was modified by replacing the phenolic donor
accordingly. As to the use of (�)-epicatechin in McIlvaine buffer of
pH 6.5, the conditions were thus adapted to those of the standard
PPO+LAC assay (cf. 2.3.3). The enzyme activity toward H2O2

(3.3 mmol L-1) plus (–)-epicatechin (1.3 mmol L-1) was quantitated
and compared to the results of the H2O2-free standard PPO+LAC
assay for the same (–)-epicatechin concentration. Second, the
modified POD assay based on (–)-epicatechin and H2O2was altered
once more by changing the pH to acidic conditions (McIlvaine
buffer, pH 3) that inhibited the phenol oxidases (cf. 3.1). For the two
modified POD assays, which were performed in duplicate, the
absorbance was measured at 390 nm directly after adding the H2O2

solution. The reading was corrected by subtracting the respective
enzyme and substrate blanks. The enzyme activities were
calculated, using the molar absorptivity for oxidized (�)-epica-
techin (e390nm; cf. 2.3.3).

2.3.3. Enzyme activity assay for polyphenol oxidases plus laccases
The total activity of the phenol oxidases toward the litchi-

specific main substrate was quantitated in duplicate, using the
previously applied spectrophotometric assay based on
(–)-epicatechin (Reichel et al., 2013). The assay conditions given
below were the result of experiments on (1) the appropriate
substrate and sodium dodecyl sulfate (SDS) concentrations, (2) the
optimal wavelength, and (3) the respective molar absorptivity, as
detailed in the Supporting information (Figs. S1–S4). Due to the use
of crude enzyme extracts and the natural substrate, the assay
cannot differentiate between PPO (1,2-benzenediol:oxygen oxido-
reductase; EC 1.10.3.1) and LAC (benzenediol:oxygen oxidoreduc-
tase; EC 1.10.3.2) enzyme activities, but natural pericarp browning
processes involving both types of phenol oxidases can be
mimicked.

For the standard PPO+LAC assay, a reaction mixture (2 mL)
containing (–)-epicatechin (1.3 mmol L�1), SDS (0.6 mmol L�1), and
the enzyme extract (0.05 L L�1) was incubated for 10 min at 25 �C in
McIlvaine buffer (pH 6.5). According to consecutive absorption
spectra for the enzymatic oxidation of (–)-epicatechin at this pH
(Fig. S2 of the Supporting information), spectrophotometric
analysis was performed at 390 nm in intervals of 7 s for 10 min.
Based on the respective enzyme and substrate blanks and the
molar absorptivity e390nm (702,173 L mol�1m�1; cf. Fig. S3B), the
total activity of the phenol oxidases (PPO+LAC, kat kg�1) was
calculated as described in 2.3.2 for POD, using Eq. (1) by analogy
after adaptation.

2.3.4. Modified enzyme inhibition assays for testing organic acids
Since oxalic and citric acid were reported to serve as chelating

agents and browning inhibitors for fruit (Ducamp-Collin et al.,
2008; Ruíz-Jiménez et al., 2014), they were included in the in vitro
trials. Because malic acid is the major acid in litchi fruit (Reichel
et al., 2010), it was considered as well. For the comparison with a
monocarboxylic acid of low molar mass, acetic acid was chosen.
Except oxalic acid, the substances are commonly used as food
additives and are generally recognized as safe (GRAS).

The standard assays for POD and the phenol oxidases
(cf. 2.3.2–2.3.3) were adapted to study the inhibiting effects that
acetic, citric, malic, and oxalic acid might have on the enzyme
activities, by replacing the previously used McIlvaine buffer (pH
6.5) accordingly. Both the tropolone/H2O2 solution for the POD
assay and the SDS solution for the PPO+LAC assay were thus
prepared in acetic acid/acetate, citric acid/citrate, malic
acid/malate, and oxalic acid/oxalate buffer, respectively. The ionic
strength I, which depends on the concentration ci and the valency
zi of all j kinds of ions i in the buffer solution, was adjusted to
I = 0.98 mol L�1 according to Eq. (2) to equalize any effects of this
type on the enzymes.

I ¼ 1
2

Xj

i¼1
ðci � z2i Þ ð2Þ

To study the pH-induced effects on the POD and the total PPO
+LAC activity in the range of pH �2.5–7, the two assays were
performed in acetic acid/acetate buffer (0.98 mol L�1) at 8 pH levels
between pH 3.5 and 6.9, in citric acid/citrate buffer (0.16 mol L�1) at
6 pH levels between pH 2.5 and 5.5, in malic acid/malate buffer
(0.33 mol L�1) at 7 pH levels between pH 2.4 and 5.3, and in oxalic
acid/oxalate buffer (0.33 mol L�1) at pH 3.5 and 3.9, respectively.
Different phosphate buffers (0.16 mol L-1) of the same ionic
strength were used for assays in the range of pH 6 to 7.5 to
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include neutral to slightly alkaline conditions. For comparison,
McIlvaine buffers were applied, covering the whole range from pH
3 to 7.8.

Furthermore, the influence of the acid concentration on the
enzyme activities was studied by varying the buffer concentration
of the assays (25, 50, 100, 250, and 500 mmol L�1) at two constant
pH levels (pH 3.5 � 0.1; pH 4.9 � 0.1). For these buffers, suitable
solutions of trisodium citrate and citric acid were mixed at ratios
(w/w) of 0.63:1 (pH 3.57 � 0.07) and 2.97:1 (pH 5.00 � 0.17). The
respective ratios (w/w) were 0.17:1 (pH 3.51 �0.06) and 4.82:1 (pH
4.92 � 0.03) for sodium acetate and acetic acid, 0.78:1 (pH
3.56 � 0.07) and 5.80:1 (pH 4.91 �0.11) for disodium malate and
malic acid, and 2.26:1 (pH 3.56 � 0.09) for disodium oxalate and
oxalic acid. Due to low solubility, oxalate buffer at pH 4.9 was
unavailable.

All assay variants were carried out in duplicate, using a fresh
enzyme extract per day. The buffer in question was also applied to
both the enzyme blank and the substrate blank that were needed
for each assay variant. The enzyme activities were calculated as
described in 2.3.2–2.3.3. Residual enzyme activities (in %) were
computed relative to the activities that the standard assays
according to 2.3.2–2.3.3 on the basis of McIlvaine buffer (pH 6.5,
I = 1.02 mol L�1) had yielded on the same day for the same enzyme
extract.

2.3.5. Modified enzyme inhibition assays for testing chloride salts
Likewise, the standard assays of 2.3.2–2.3.3 were modified to

study the effects of sodium chloride and calcium chloride on the
POD and the PPO+LAC activities. Instead of the McIlvaine buffer,
acetate buffer (0.1 mol L�1) of pH 5.5 (pH value according to Fig.1 in
3.1.1) was used to prepare the substrate solution for the POD assay
and the SDS solution for the PPO+LAC assay in order to avoid any
pH-dependent or chelating effects (cf. 3.1.1). The salt type studied

was added to these solutions, with the final concentrations being
10, 25, 50, 100, and 250 mmol L�1 of total assay volume. The
modified assays were carried out in duplicate. The corresponding
enzyme blank and the substrate blank also contained the relevant
salt concentration. Residual enzyme activities (in %) were relative
to the activity found in acetate buffer on the same day for the same
extract, but without salt addition.

2.4. In vivo screenings of browning inhibitors

2.4.1. Treatments of fruit with browning inhibitors plus subsequent
storage

Seven browning inhibitors were tested, each at three concen-
tration levels. Dip solutions for these variants were prepared, using
ultrapure water (Elgastat Optima 30 plus Elgastat Maxima; Elga,
High Wycombe, UK). Solutions of 5, 25, and 50 mmol L�1 were
produced from citric, oxalic, and malic acid, and from potassium
citrate. For sodium chloride, calcium chloride, and hydrochloric
acid, the three dip solutions always covered higher inhibitor
concentrations (50, 100, and 200 mmol L�1). Final pH values were
measured (Professional Meter PP-50; Sartorius, Göttingen,
Germany). All acidic inhibitor solutions were adjusted to pH 2.9
with NaOH (�750 g L�1). Solutions representing the two lower
concentration levels of a browning inhibitor were filled in portions
of 0.3 L into impermeable polyamide/polyethylene (PA/PE) plastic
bags (250 mm � 250 mm), which were sealed with a film welding
machine NT 42 (Boss Verpackungsmaschinen, Bad Homburg,
Germany) and stored at 4 �C, until they were used for the treatment
of one fruit lot (10 fruits) per packaging unit. From solutions
corresponding to the maximal inhibitor concentration level, bags
containing 0.6 L were prepared by analogy for the later treatment
of two lots (2 � 10 fruits) per pouch at the same time.

‘Hong Huey’ fruit of batch 1 (cf. 2.2) were treated with
carboxylic acids or citrate on the first harvest day (16 variants).
Chlorides were applied to ‘Hong Huey’ fruit of batch 2 (cf. 2.2) on
the next day (12 variants). On each day, two fruit lots (controls)
were treated with ultrapure water instead of an inhibitor solution.
For each variant, 10 fruit were chosen randomly. Each fruit was
marked with a number from 1 to 10, before its pericarp color was
recorded (color value of the fresh fruit on day 0 before the
treatment [“day 0f”]; cf. 2.4.2).

In each case, fruit were first washed in drinking water (5–8 �C).
Surplus water was removed by centrifugation in salad spinners.
Mechanical peel damage was prevented by filling the fruit into
textile bags for the spinning action. For the treatment, the 10 fruits
of a lot were completely immersed into the cooled inhibitor
solution in the prepared bag, which was immediately resealed and
kept in a water bath (5 �C) for 15 min. Surplus solution was
removed in the salad spinner, with textile bags protecting the fruit
from mechanical peel damage. After passive drying at room
temperature (�20 min), weight and pericarp color of each fruit
were determined again to characterize the fruit on day 0 directly
after the treatment (“day 0t”).

Subsequently, the ten fruit of a lot (treatments or controls) were
loosely spread on a plastic plate that was packed into a 250
mm � 250 mm polyamide pouch 35 PA 40 (Amcor Flexibles Europe,
Bristol, UK) having a film thickness of 35 mm and a permeability
(5 �C) of 0.025 nmol m�2 s�1 Pa�1 for O2 and 0.030 nmol m�2 s�1

Pa�1 for CO2. This type of foil bag was chosen, because we found in
preliminary experiments that gas permeability was high enough to
afford protection against desiccation without modifying the
atmosphere. The bag was not sealed; its open side was just folded
down and placed under the plate to facilitate frequent sampling.
Fruit were stored for 21 d (5 �C, 90% RH) in a climate simulator CAT
610/620 (Contherm Scientific, Lower Hutt, New Zealand). On day
13, the foil bag was removed to continue fruit storage in the climate

0

20

40

60

80

100

120

140

2 3 4 5 6 7 8

Re
s. 

PP
O+

LA
C 

ac
tiv

ity
 (%

)

pH

McIlvain e
Phosphat e
Acetate
Citrate
Malate
Oxalate

Buffer type:A

0

20

40

60

80

100

120

140

2 3 4 5 6 7 8

Re
s. 

PO
D 

ac
tiv

ity
 (%

)

pH

B

Fig. 1. In vitro inhibition of (A) the phenol oxidases [i.e., polyphenol oxidase plus
laccase (PPO+LAC)] and (B) peroxidases (POD) in crude enzyme extracts from litchi
pericarp by organic acids that were applied in the form of the corresponding buffer
systems replacing the reference buffer: Residual enzyme activities at different pH
values and ionic strengths (I) of 0.98 mol L�1 relative to the respective reference
activities (100%) in McIlvaine buffer of pH 6.5 (I = 1.02 mol L�1). McIlvaine buffers of
pH 3.05–7.76 (I = 0.72–1.17 mol L�1) and phosphate buffers (I = 0.98 mol L�1) were
tested by analogy for comparison.
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simulator without packaging. Pericarp color was monitored
throughout storage (cf. 2.4.2).

In addition, the ten fruit of the second lot, which had resulted
from treatments with an inhibitor at its maximal concentration
level, and those of the other control lot of each harvest day were
stored for 9 d under the same conditions, but without packaging in
foil bags.

2.4.2. Color measurement
The pericarp color of each fruit was determined on day 0 both

before (“day 0f”) and after the treatment (“day 0t”). Initial changes
in pericarp color upon storage were covered by daily monitoring
until day 5, long-term browning effects by further analyses on the
days 9, 13, 17, and 21. CIELab color values were measured on three
fixed points along an equatorial line around the fruit, using a
colorimeter CR 300 (Minolta, Osaka, Japan) set to the D65
illuminant and 2� standard observer angle. The litchi maturity
index (LMI, Eq. (3)) was calculated from the color values of each lot
on the day of harvest before the treatment (“day 0f”) according to
Reichel et al. (2010). The L*, a*, and b* color values that had been
obtained for each fruit lot at a time (n = 10 � 3 = 30 records per
type) were subjected to outlier detection. For this purpose,
nearest-neighbor clustering was applied to these three-dimen-
sional data sets. The CLUSTER procedure of SAS 9.1 (method option
SINGLE) was customized to exclude 5 outliers (�15%; trim = 15) by

means of the density function. The 25 color value sets that had the
closest distance to their 25 nearest neighbors (k = 25) out of 30
were thus identified. These data sets yielded the postharvest litchi
color index (PLCI, Eq. (4); Reichel et al., 2010) per variant and
storage day. PLCI differences revealing pericarp browning during
storage were computed for each lot relative to the PLCI value on day
0 before the treatment of those fruits (“day 0f”).

LMI ¼ 10
a	ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ða	Þ2 þ ðL	Þ2
q ð3Þ

PLCI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða	Þ2 þ ðL	Þ2

q
ð4Þ

2.5. Statistical analyses

Significance (P � 0.05) of treatment effects in vitro and in vivo,
respectively, was detected by means of Tukey’s multiple compari-
son tests, using SAS 9.1 (SAS Institute, Cary, NC). Least significant
differences (Tukey HSD0.05) and Tukey grouping are indicated in
Tables 1–4 for each effect. Replications, repeats, and the numbers
of observations were as detailed in 2.3 for the in vitro tests and in
2.4 for the in vivo trials.

Table 1
Effects of different organic acids on the activities of litchi pericarp phenol oxidases [i.e., polyphenol oxidase plus laccase (PPO+LAC)] and peroxidases (POD) at pH 3.5 and pH
4.9 after in vitro application in the form of buffer solutions of varying concentration (ci) and ionic strength (Ii).

Buffer type ci Ii Residual PPO+LAC activity [%]a Residual POD activity [%]a

[mmol L�1] pH 3.5 � 0.1 pH 4.9 � 0.1 pH 3.5 � 0.1 pH 4.9 � 0.1

Citric acid/citrate 25 150 25.5 bb Bc 111.2 a A 111.7 a B 132.4 a A
50 300 17.4 c B 101.1 b AB 100.8 b BC 127.3 ab A
100 600 9.9 d C 96.6 b A 92.7 c A 117.4 abc A
250 1500 4.3 e B 88.6 c A 66.4 d C 111.5 bc A
500 3000 1.7 f B 77.3 d B 48.7 e B 104.9 c B

HSD0.05
b 2.0 4.6 7.1 17.7

Acetic acid/acetate 25 25 33.1 b A 101.8 a B 124.1 a A 146.3 a A
50 50 24.1 c A 94.0 bc B 110.6 b A 136.6 a A
100 100 15.5 d A 92.7 c B 96.8 c A 120.8 b A
250 250 6.9 e A 88.5 cd A 77.1 d A 110.5 bc A
500 500 5.3 e A 86.4 d A 55.3 e AB 99.7 c B

HSD0.05
b 5.5 6.1 6.9 13.4

Malic acid/malate 25 75 27.2 b AB 103.4 a B 104.8 a B 134.3 ab A
50 150 18.1 c B 104.5 a A 104.8 a AB 136.7 a A
100 300 12.2 d B 93.7 c AB 95.5 b A 118.9 c A
250 750 5.0 e B 89.1 d A 70.8 c B 119.0 c A
500 1500 1.7 f B 79.8 e AB 57.6 d A 129.3 b A

HSD0.05
b 1.8 2.3 5.8 5.6

Oxalic acid/oxalate 25 75 1.8 b C 108.2 a B
50 150 0.2 b C 92.8 c C
100 300 0.03 b D 53.4 d B
250 750 0.02 b C 16.5 e D

HSD0.05
b 3.0 6.5

HSD0.05
c 25 6.9 4.3 9.2 21.6

50 1.6 7.2 8.6 13.1
100 1.3 3.0 7.1 3.6
250 1.3 3.2 3.1 17.0
500 0.8 6.8 6.7 14.7

a Residual enzyme activities (n = 2) are expressed as a percentage of the respective reference activities that were yielded by the standard activity assays for the same crude
enzyme extract in McIlvaine buffer (pH 6.5; ionic strength: 1020 mmol L�1).

b Residual enzyme activities, which differed (P � 0.05) by not less than the honestly significant difference (HSD0.05) from the reference activity (control,100%) and from each
other for a given buffer type, pH value, and enzyme due to the concentration of this buffer, are marked by different lower case letters (a–f) vertically for this buffer type.

c Residual enzyme activities, which differed (P � 0.05) from each other by not less than the honestly significant difference (HSD0.05) due to the buffer type for a given
concentration and pH, are marked by different upper case letters (A–D) vertically for the 3–4 analogous solutions of the four buffer types.
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3. Results and discussion

3.1. In vitro enzyme inhibition by carboxylic acids

3.1.1. The optimum pH levels enabling maximal enzyme activities
The selection of the reference buffer (McIlvaine buffer, pH 6.5)

for enzyme extraction (cf. 2.3.1) was consistent with the reported
long-term stability of PPO in the range of pH 6–8 (Liu et al., 2007).
By its use for the standard activity assays (2.3.2–2.3.3), the
improved stability of the phenolic reaction products under slightly
acidic conditions, which might prevent (–)-epicatechin from
autoxidation (Mochizuki et al., 2002), was considered. Substitution
of the reference buffer at constant ionic strength by a buffer of pH
5.8 � 0.1, on the basis of either acetic acid/acetate or mono- and
dihydrogen phosphate, still increased the total PPO+LAC activity of
pulverized pericarp to the maximal level of 567 � 13 mkat kg�1

(118% of the reference value; Fig. 1A). For litchi LAC, optimum pH
values have not been described yet, but (–)-epicatechin degrada-
tion by LAC from avocado pericarp infected by Colletotrichum
gloeosporioides has been shown to be maximal at similar pH
(Guetsky et al., 2005). In contrast, pericarp PPO of different litchi
cultivars have been reported to be most active between pH 6.5 and
pH 7.5, depending on the substrate and detection method used
(Jiang et al., 1997; Liu et al., 2007; Sun et al., 2008). However, these
authors also described a secondary peak activity between pH 5–6.
Whether the PPO or the LAC activities prevailed in the crude
enzyme extract of the present study is unknown, but enzymatic
(–)-epicatechin oxidation was obviously favored under slightly
acidic rather than neutral conditions (Fig. 1A). For comparison, the
vacuolar pH of pericarp had been concluded to be �pH 4 for fully

ripe litchis harvested 103 d after anthesis (Underhill and Critchley,
1992).

Irrespective of the buffer system, maximum POD activity of the
pulverized pericarp (626 � 21 mkat kg�1) was at pH 5.6 � 0.2. This
peak of activity was 34% higher than the reference value at pH 6.5
(Fig. 1B). Maximum activity of partially purified POD was stated to
be at pH 6.8 (Gong and Tian, 2002) or pH 6.5 (Mizobutsi et al.,
2010). In general, the activities found for crude enzyme extracts
result from different POD isoenzymes that coexist in the plant
tissue, but are active within their specific pH ranges (Gaspar et al.,
1985). Soluble tomato POD, which was reported to play a major
role in wound-induced cell wall rigidification, also had an
optimum around pH 5 (Loukili et al., 1999).

3.1.2. Enzyme inhibition as a function of pH at constant ionic strength
Acidic and slightly alkaline conditions beyond the optimal

range of pH 5.6–5.8 reduced the POD and the PPO+LAC activities
(Fig. 1). Compared to the standard assay at pH 6.5, the residual PPO
+LAC activity was only 31%, when the pH of the McIlvaine buffer
was changed to pH 7.8 or 4.2 (Fig. 1A). Indeed, underestimation of
the activity could not be excluded for the most acidic and the
alkaline conditions due to probably increasing amounts of
undetectable reaction products that chiefly absorb near 280 and
440 nm, respectively (Guyot et al., 1995, 1996; cf. Supporting
information). However, pH changes generally influence the
structural conformation of proteins and thus the catalytic activity
of the enzymes. The first step of PPO catalysis is particularly
sensitive to pH changes, because the unprotonated form of the
enzyme with a bridging hydroxide between the two copper ions of
the active site is needed (Siegbahn, 2004), while the dicopper core

Table 2
Effects of fruit treatments with enzyme inhibitors (maximal doses) on pericarp color (n = 30) during subsequent storage (5 �C, 90% RH) without foil wrapping.

Treatment PLCI []a,b,c,d HSD0.05,PLCI
b

Fresh fruit directly after harveste Storage time (d) after the fruit treatment with inhibitor solution

(day 0f) 0t 1 2 3 4 5

Fruit batch 1 (size: 18.3 � 0.3 g/fruit, litchi maturity index (LMI): 6.4 � 0.5 at harvest)
H2O (control 1a), 51.2 Ab 45.2 B 48.9 A 45.0 B 38.4 C 35.5 D 35.1 D 34.6 D 2.8

pH 5.5 (100) (88) bc ad (96) abc a (88) a a (75) a b (70) a b (69) a b (68) a b
Malic acid, pH 2.9 50.8 A 51.4 A 47.3 B 39.3 C 34.9 D 34.9 D 34.8 D 35.8 D 3.0
(50 mmol L�1) (100) (102) a a (94) bc a (78) b b (69) ab b (69) a b (69) a b (71) a b
Oxalic acid, pH 2.9 50.8 A 50.5 A 46.1 B 39.7 C 34.0 D 33.2 D 33.0 D 33.9 D 2.5

(50 mmol L�1) (100) (99) a a (91) c b (78) b b (67) b b (65) a b (65) a b (67) a b
Citric acid, pH 2.9 50.5 A 51.1 A 49.9 A 44.4 B 36.8 C 35.5 CD 32.9 E 34.3 DE 2.2

(50 mmol L�1) (100) (101) a a (99) a b (88) a b (73) ab b (70) a b (65) a b (68) a b
Citrate, pH 9.1 49.7 A 48.4 A 48.3 A 43.7 B 36.5 C 34.4 D 32.7 D 32.8 D 2.1

(50 mmol L�1) (100) (98) a a (97) ab b (88) a b (74) ab b (70) a b (66) a b (66) a b
HSD0.05,rel.PLCI

c (4.7) (5.5) (7.1) (6.8) (5.1) (4.4) (4.9)

Fruit batch 2 (size: 17.0 � 0.3 g/fruit, LMI: 6.5 � 0.4 at harvest)
H2O (control 2a), 49.7 A 48.3 A 41.8 B 38.8 CD 36.4 E 36.9 DE 37.2 DE 39.7 BC 2.1

pH 5.4 (100) (97) a a (84) c b (78) bc b (73) b b (74) a b (75) a b (80) a b
NaCl, pH 6.1 51.0 A 49.4 A 47.1 B 46.4 B 40.3 C 35.7 D 34.1 D 35.5 D 2.1

(200 mmol L�1) (100) (97) a a (92) a a (91) a b (79) a b (70) a b (67) b b (70) b b
CaCl2, pH 5.6 51.0 A 48.8 A 44.6 B 38.5 C 35.1 D 36.1 D 35.4 D 36.2 CD 2.3

(200 mmol L�1) (100) (96) a a (88) bc b (75) c b (69) c b (71) a b (69) b b (71) b b
HCl, pH 2.5 51.7 A 50.7 A 46.7 B 41.4 C 38.0 D 38.2 D 38.6 CD 39.3 CD 2.9

(200 mmol L�1) (100) (98) a a (90) ab b (80) b b (74) b b (74) a b (75) a b (76) a b
HSD0.05,rel.PLCI

c (3.3) (4.7) (4.6) (4.3) (4.1) (4.0) (4.1)

a Postharvest litchi color index (PLCI, Eq. (4)) of freshly harvested fruit on day 0 both before (0f) and after (0t) immersion into different inhibitor solutions and after 1, 2, 3, 4,
5, and 9 d of storage (in parentheses: this index as a percentage of the PLCI level of the fresh fruit before (0f) the treatment of the respective fruit batch subsample).

b PLCI values, which differed (P � 0.05) from each other by not less than the honestly significant difference (HSD0.05,PLCI) due to the storage time of a given subsample, are
marked by different upper case letters (A–E) horizontally.

c Relative PLCI values, which differed (P � 0.05) from each other between subsamples at a given storage time due to the type of inhibitor solution (treatment) by not less
than the honestly significant difference (HSD0.05,rel.PLCI), are marked by different lower case letters (a–c) vertically (for the variants of the same fruit batch).

d Relative PLCI values, which differed (P � 0.05) from each other by not less than the honestly significant difference (HSD0.05 not shown) for a given treatment and storage
time due to the kind of fruit packaging during storage [i.e., either non-application (this Table 2) or application of a foil pouch (Table 3 for fruit batch 1, Table 4 for fruit batch 2)],
are marked in the present table by different Greek letters in italics (a, b).

e In this column, every PLCI value refers to the fruit of that subsample, which was used per batch for the respective treatment.
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Table 3
Effects of fruit treatments with enzyme inhibitors (various doses of organic acids or their salts) on pericarp color (n =30) during subsequent storage (5 �C, 90% RH) with additional foil wrapping.

Treatment PLCI []a,b,c,d HSD0.05,

PLCI
b

a* []a,b HSD0.05,

a*
b

(fruit batch 1) At
harveste

(day 0f)

Storage time (d) after the fruit treatment with inhibitor solution At
harveste

(day 0f)

Storage time (d) after the fruit treatment

0t 1 2 3 9 13 17 21 (day 0f) 0t 1 2 13 17 21

Malic acid, pH 2.9 0mmol L�1 51.8 Ab 42.6 BC 44.6 B 42.8 BC 42.0 BC 43.0 BC 42.1 BC 36.8 D 30.9 E 2.7 34 Ab 26 B 26 B 27 B 27 B 22 C 17D 2.4
(control 1b:
H2O)f

(100) (82) bc (86) c (83) c (81) c (83) c (81) c (71) a (60) b

5mmol L�1 50.8 A 48.8 AB 49.7 AB 49.0 AB 48.9 AB 48.4 AB 48.1 B 34.0 C 33.7 C 2.7 34 A 33 A 32 A 33 A 32 A 20 B 18 B 2.8
(100) (96) a ad (98) ab a (97) a a (96) a a (95) a a (95) a a (67) a a (66) a a

25mmol L�1 51.1 A 49.9 AB 51.1 A 49.6 ABC 49.1 BCD 47.9 CD 47.4 D 33.7 E 33.1 E 1.9 33 A 32
AB

32 AB 31
ABC

29 D 18 E 16 E 2.3

(100) (98) a a (100) a a (97) a a (96) a ab (94) ab a (93) a
ab

(66) a
ab

(65) a a

50mmol L�1 52.4 A 49.5 B 49.6 AB 48.3 BC 47.5 BC 46.8 BC 45.9 C 34.4 D 32.8 D 2.9 35 A 32 B 31 B 31 B 29 B 20 C 17D 3.0
(100) (94) a b (95) b g (92) b b (91) b b (89) b b (88) b g (66) a

ab
(63) ab g

HSD0.05,rel.PLCI
c (4.5) (4.5) (4.2) (3.9) (4.8) (4.7) (5.8) (4.3)

Oxalic acid, pH
2.9

0mmol L�1 51.8 A 42.6 BC 44.6 B 42.8 BC 42.0 BC 43.0 BC 42.1 BC 36.8 D 30.9 E 2.7 34 A 26 B 26 B 27 B 27 B 22 C 17D 2.4

(control 1b:
H2O)f

(100) (82) b (86) b (83) b (81) b (83) b (81) b (71) a (60) b

5mmol L�1 50.6 A 49.6 ABC 50.4 AB 49.6 ABC 48.8 ABC 47.5 BC 47.4 C 35.9 D 32.3 E 2.9 32 A 32
AB

31
ABC

31
ABC

29
BC

20
D

17 E 2.7

(100) (98) a a (100) a a (98) a a (97) a a (94) a a (94) a a (71) a a (64) ab a
25mmol L�1 51.5 A 50.5 AB 51.3 A 50.3 AB 49.7 AB 48.2 BC 46.6 C 32.3 D 31.1 D 2.8 35 A 35 A 34 AB 34 AB 31 B 19 C 18 C 2.9

(100) (98) a a (100) a a (98) a a (97) a ab (94) a a (91) a b (63) b b (60) b b
50mmol L�1 52.2 AB 52.2 A 51.0 ABC 49.7 BCD 48.5 DE 48.7 CDE 46.4 E 33.1 F 34.1 F 2.5 34 AB 34 A 33

ABC
32
ABC

30 C 19 D 17D 2.8

(100) (101) a a (98) a bg (96) a ab (93) a ab (94) a
ab

(89) abg (64) b b (66) abg

HSD0.05,rel.PLCI
c (3.9) (4.5) (4.5) (5.0) (5.6) (5.2) (6.7) (4.2)

Citric acid, pH 2.9 0mmol L�1 51.8 A 42.6 BC 44.6 B 42.8 BC 42.0 BC 43.0 BC 42.1 BC 36.8 D 30.9 E 2.7 34 A 26 B 26 B 27 B 27 B 22 C 17D 2.4
(control 1b:
H2O)f

(100) (82) b (86) b (83) b (81) b (83) b (81) b (71) a (60) b

5mmol L�1 49.2 A 48.4 AB 49.7 A 48.2 AB 47.4 AB 47.1 AB 46.2 B 34.3 C 32.3 C 2.8 30 A 31 A 31 A 32 A 29 A 19 B 17 C 2.8
(100) (98) a a (101) a a (98) a a (97) a a (96) a a (94) a a (70) a a (66) a a

25mmol L�1 50.7 AB 50.2 ABC 51.2 A 49.4 ABC 49.3 ABC 48.8 ABC 48.1 C 34.8 D 34.9 D 2.5 30 A 31 A 31 A 30 A 29 A 19 B 18 B 2.5
(100) (99) a a (101) a a (97) a a (97) a a (96) a a (95) a

ab
(69) a a (69) a a

50mmol L�1 48.7 ABC 49.2 AB 49.9 A 47.8
ABCD

47.5
BCDE

46.3 DE 45.4 E 34.0 F 33.1 F 2.3 30 ABC 32 A 32 AB 31 AB 28 C 19 D 17D 2.4

(100) (101) a a (103) a a (98) a a (98) a a (95) a a (93) a
ab

(70) a a (68) a
ab

HSD0.05,rel.PLCI
c (4.2) (4.1) (3.9) (4.7) (4.5) (4.7) (6.0) (4.0)

Citrate, pH 8.4–
9.1

0mmol L�1 51.8 A 42.6 BC 44.6 B 42.8 BC 42.0 BC 43.0 BC 42.1 BC 36.8 D 30.9 E 2.7 34 A 26 B 26 B 27 B 27 B 22 C 17D 2.4

(control 1b:
H2O)f

(100) (82) b (86) b (83) b (81) b (83) b (81) b (71) a (60) c

5mmol L�1 50.0 A 48.8 AB 50.0 A 49.4 AB 48.3 AB 47.1 B 47.2 B 33.7 C 31.8 C 2.6 31 A 31 A 31 AB 31 A 28 B 19 C 17 C 2.7
(100) (98) a a (100) a a (99) a a (97) a a (95) a a (95) a a (68) a a (64) bc a

25mmol L�1 49.4 A 47.7 AB 49.1 AB 46.9 AB 46.1 B 46.5 AB 47.3 AB 34.3 C 32.1 C 3.1 32 A 31 A 31 A 30 A 29 A 20 B 17 B 3.4
(100) (97) a a (100) a a (95) a a (93) a b (94) a a (96) a a (69) a a (65) b a
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is stabilized by six histidine ligands (Eicken et al.,1999). LAC, which
contains three different copper centers in its active site, even
requires interaction of four copper ions being stabilized by ten
histidine imidazoles in total (Morozova et al., 2007). When the
imidazole group of the basic amino acid histidine is protonated at
pH << 6, the active sites of these enzymes are destabilized. This
may cause irreversible deactivation at pH � 4.5 (Liu et al., 2007).
The curve described by Jiang et al. (1997) for the cultivar
‘Mauritius’ was similar to those of Fig. 1A, but revealed complete
inactivation already at pH 4.2 in the presence of the substrate 4-
methylcatchol. In contrast, partially purified PPO of Brazilian
‘Bengal’ litchi showed activity toward the same substrate over a
wider range from pH 3 to 9 (Mizobutsi et al., 2010). The residual
activity toward (–)-epicatechin was even 
 60% at pH 4 and pH 8
for partially purified PPO of the Chinese cultivar ‘Guiwei’ (Sun et al.,
2008). However, (–)-epicatechin degradation by LAC extracted
from avocado pericarp after fungal infection was more than halved
already at pH 4.8 (Guetsky et al., 2005). For PPO and LAC from
pericarp of the Thai ‘Chacapat’ litchis, complete inactivation
(insignificant residual activity � 3%) was observed at pH � 3.5 � 0.1
in all buffer systems, except for the oxalate buffer (Fig. 1A). When
the latter was used, inactivation was already found at pH 3.9. All in
all, the type of the buffer – unlike its pH value – hardly had an effect
on the total PPO+LAC activity at constant ionic strength.

As known for horseradish POD (Bovaird et al., 1982), the activity
of litchi pericarp POD was markedly affected by both the pH and
the type of the buffer at constant ionic strength (Fig. 1B). For the
0.33 M malate and the 0.16 M citrate buffers, the pH-dependent
effects were similar. Accordingly, POD might still be active (�34–
43%) around pH 2.5. Unlike the phenol oxidases, POD was not
inactivated completely. The lowest residual activity (16% of the
reference value) occurred in 0.33 M oxalate buffer at pH 3.5
(Fig. 1B). However, a slight increase to pH 3.9 for the same buffer
raised the residual POD activity to 45%, which was already found at
pH 4.5 for 0.98 M acetate buffer. Given constant ionic strengths, the
acetate buffers were the most concentrated solvents. Acetate may
replace water in the active site of POD (Berglund et al., 2002) and
thus interfere with the catalytic cycle. A broad pH profile for litchi
pericarp POD as shown in Fig. 1B was also found by Gong and Tian
(2002), who detected residual activity even at pH 1. In contrast,
Mizobutsi et al. (2010) reported complete inactivation of partially
purified POD at pH values � 2.5 and 
 8.5. The active site of these
class III secretory plant POD consists of a central iron(III) ion that is
coordinated to a porphyrin ring (heme b) and to one proximal
histidine residue (Berglund et al., 2002; Hiner et al., 2002). The
structure depends on an extensive hydrogen bond network, which
maintains the active conformation of the domains above and
below the heme plane and can be perturbed by pH changes
(Welinder,1985). The catalytic cycle is also pH-dependent, because
an acid-base mechanism operates during the formation of the first
intermediate, which is the POD compound I containing an
oxyferryl heme iron center [Fe(IV)=O] and a heme porphyrin
p-cation radical (Hiner et al., 2002). However, the distal histidine
in the active site can act as an acid-base catalyst over a wide pH
range, because it is stabilized and assisted by the arginine of the
distal pocket (Hiner et al., 2002). Consistently, POD was highly
active over a wide acidic pH range in McIlvaine buffer (at pH 3.1
�85% of the reference value), but pH values > 6 caused notable
deactivation until a residual activity of 25% at pH 7.8 (Fig. 1B).
Different activities as a function of the buffer also occurred around
the neutral point, as shown by the findings for malate, acetate, and
phosphate buffer at pH 6.9. Strong inactivating effects of the bulky
hydrogen phosphate ion may be due to distortions in the heme
pocket geometry and binding to cationic sites of the enzyme such
as the distal arginine (Laurenti et al., 2000).
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Table 4
Effects of fruit treatments with enzyme inhibitors (various doses of chloride salts or HCl) on pericarp color (n =30) during subsequent storage (5 �C, 90% RH) with additional foil wrapping.

Treatment PLCI []a,b,c,d HSD0.05,PLCI
b a* []a,b HSD0.05,a*

b

(fruit batch 2) At harveste

(day 0f)
Storage time (d) after the fruit treatment with inhibitor solution At harveste

(day 0f)
Storage time (d) after the fruit treatment

0t 1 2 3 9 13 17 21 (day 0f) 0t 1 2 13 17 21

NaCl, pH 5.7–6.1 0mmol L�1 49.9 Ab 48.9 A 48.6 A 49.8 A 48.6 A 48.2 A 48.3 A 35.5 B 33.7 B 2.6 33 Ab 33 A 32 AB 31 AB 31 AB 20 C 17 C 2.9
(control 2b: H2O)f (100) (98) bc (97) ab (100) ab (98) bc (97) a (97) a (71) ab (68) a
50mmol L�1 50.2 AB 50.3 AB 49.4 ABC 50.9 A 50.0 ABC 48.4 BC 47.8 C 35.6 D 33.2 E 2.3 34 A 34 A 33 A 34 A 32 A 22 B 20 B 2.6

(100) (101) ab ad (99) a a (102) a a (100) ab a (97) a a (95) a a (71) ab b (66) a a
100mmol L�1 49.6 ABC 51.4 A 49.2 ABCD 50.8 AB 50.6 AB 47.8 CD 47.1 D 37.9 E 33.7 F 2.4 32 A 33 A 32 A 32 A 30 A 23 B 18 C 2.4

(100) (104) a a (99) a a (103) a a (102) a a (96) a a (95) a a (77) a a (68) a a
200mmol L�1 52.5 A 50.5 ABC 49.0 BCD 50.9 AB 50.0 ABC 47.0 D 48.8 BCD 35.0 E 35.4 E 2.6 34 AB 35 A 33 ABC 33 ABC 34 AB 21 D 20 D 2.5

(100) (96) b a (93) b a (97) b a (95) c a (90) b a (93) a a (67) b b (67) a a
HSD0.05,rel.PLCI

c (4.7) (4.3) (4.5) (4.3) (3.5) (4.8) (6.1) (4.1)

CaCl2, pH 5.5–5.6 0mmol L�1 49.9 A 48.9 A 48.6 A 49.8 A 48.6 A 48.2 A 48.3 A 35.5 B 33.7 B 2.6 33 A 33 A 32 AB 31 AB 31 AB 20 C 17 C 2.9
(control 2b: H2O)f (100) (98) a (97) a (100) a (98) a (97) a (97) a (71) ab (68) a
50mmol L�1 50.1 A 48.1 AB 47.2 ABC 48.6 AB 47.6 ABC 44.8 C 44.6 C 38.8 D 33.3 E 3.0 31 A 31 A 30 A 30 A 29 A 23 B 18 C 3.6

(100) (96) a b (94) a b (97) a b (95) a b (90) b b (89) b b (78) a a (67) a a
100mmol L�1 51.3 A 49.2 ABC 48.8 ABC 49.9 AB 49.3 ABC 45.8 D 47.7 BCD 34.7 E 32.4 E 2.6 34 A 34 A 33 AB 32 AB 31 B 22 C 19 D 2.9

(100) (96) a b (95) a a (97) a b (96) a b (90) b b (93) ab a (68) b b (64) a ab
200mmol L�1 50.6 A 48.7 ABC 48.4 BCD 49.8 AB 47.7 BCDE 44.6 F 45.9 EF 36.3 G 33.6 H 2.1 33 AB 34 A 33 AB 32 AB 29 D 22 E 19 F 2.5

(100) (96) a a (96) a a (99) a a (94) a ab (88) b a (91) b a (72) ab a (66) a a
HSD0.05,rel.PLCI

c (4.1) (3.5) (3.6) (4.0) (4.7) (4.6) (7.1) (4.3)

HCl, pH 2.5–3.4 0mmol L�1 49.9 A 48.9 A 48.6 A 49.8 A 48.6 A 48.2 A 48.3 A 35.5 B 33.7 B 2.6 33 A 33 A 32 AB 31 AB 31 AB 20 C 17 C 2.9
(control 2b: H2O)f (100) (98) a (97) a (100) a (98) a (97) a (97) a (71) a (68) ab
50mmol L�1 51.6 A 49.9 AB 49.2 ABC 50.1 AB 49.0 ABC 47.1 C 48.6 BC 37.1 D 35.8 D 2.5 32 A 32 A 32 AB 31 AB 30 AB 21 C 18 D 2.9

(100) (97) a ab (95) a ab (97) a b (95) ab b (92) b b (94) ab a (72) a ab (70) a a
100mmol L�1 51.6 A 49.2 ABCD 49.5 ABC 50.1 AB 48.0 BCD 46.4 D 46.8 CD 36.8 E 32.3 F 3.0 34 AB 34 A 34 A 33 ABC 30 C 23 D 19 E 3.1

(100) (95) a b (96) a a (97) a b (93) b g (90) b b (91) b a (71) a ab (63) c b
200mmol L�1 51.6 A 50.0 A 49.2 ABC 49.6 AB 47.3 BCD 46.1 D 46.7 CD 35.4 E 32.9 E 2.7 34 AB 35 A 34 AB 33 ABC 29 D 22 E 18 F 2.7

(100) (97) a a (96) a a (96) a a (92) b b (89) b a (91) b a (69) a ab (64) bc a
HSD0.05,rel.PLCI

c (4.5) (3.8) (4.1) (4.1) (4.8) (5.4) (6.9) (4.6)

HSD0.05,rel.PLCI
d 50mmol L�1 (4.2) (3.4) (3.6) (4.1) (4.0) (3.8) (6.4) (4.1)

100mmol L�1 (4.0) (4.1) (4.2) (3.1) (4.3) (4.8) (6.8) (4.5)
200mmol L�1 (3.4) (3.7) (3.7) (3.0) (3.9) (4.2) (4.3) (3.7)

a Postharvest litchi color index (PLCI) and the CIE color value a* (redness) of freshly harvested fruit (batch 2: 17.0�0.3 g/fruit, LMI =6.5�0.4) on day 0 both before (0f) and after (0t) immersion into different inhibitor solutions and
after 1, 2, 3, 9,13, 17, and 21 d of storage (in parentheses: this index as a percentage of the PLCI level of the fresh fruit before (0f) the treatment of the respective fruit batch subsample). After the fruit analyses on day 13, fruit storagewas
continued until day 21 without foil wrapping.

b Values (PLCI and a*, respectively), which differed (P�0.05) from each other by not less than the honestly significant difference (HSD0.05,PLCI and HSD0.05,a*, respectively) due to the storage time of a given subsample, aremarked
by different upper case letters (A–F) horizontally.

c Relative PLCI values, which differed (P�0.05) from each other between subsamples for a given inhibitor type and storage time due to the concentration of the inhibitor solution by not less than the honestly significant difference
(HSD0.05,rel.PLCI), are marked by different lower case letters (a–c) vertically within an inhibitor group.

d Relative PLCI values, which differed (P�0.05) from each other for a given inhibitor concentration and storage time due to the type of inhibitor by not less than the honestly significant difference (HSD0.05,rel.PLCI), are marked by
different Greek letters (a–g) for the three analogous samples within the same column.

e In this column, every value (PLCI or a*) refers to the fruit of that fruit batch subsample, which was used for the respective treatment.
f Control treatment at pH 5.4 (control 2b).
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3.1.3. Enzyme inhibition at different buffer concentrations
Variation of the buffer concentration between 25 and 500 mmol

L�1 for two pH levels (Table 1) confirmed that inhibition of the
phenol oxidases chiefly depends on the pH value, as illustrated by
Fig. 1A. Increasing ionic strength and the type of the buffer were
less important. Regardless of whether pH 4.9 had been adjusted by
means of acetate, citrate, or malate buffer, even buffer concen-
trations of 500 mmol L�1 reduced the PPO+LAC activity only by
14–23% relative to the reference value. By contrast, only 25 mmol
L�1 was needed for these types of buffer at the lower pH value (pH
3.5) to achieve 67–75% inhibition (Table 1). At each pH level,
increasing buffer concentrations enhanced inhibition of the phenol
oxidases for all three buffer types, as indicated by the lower case
letters in Table 1. Only oxalate buffer (pH 3.5) inhibited these
enzymes completely (insignificant residual activity) already at the
lowest concentration (25 mmol L�1). Otherwise, complete deacti-
vation at pH 3.5 required 20 times higher concentrations
(500 mmol L�1), when citrate or malate buffer was used. The
corresponding acetate buffer still retained a residual activity of
�5% (Table 1). The greater inhibitory potential of malic, citric, and
notably oxalic acid presumably resulted from their chelating
capacity, and thus from the ability to block the di- and multicopper

cores of PPO and LAC, respectively (Guetsky et al., 2005; Jiang et al.,
1999; Yoruk and Marshall, 2003).

POD inhibition was always enhanced, when the buffer
concentration was raised (Table 1). At pH 3.5, the strongest
decrease in POD activity was caused by oxalate buffer, followed by
citrate buffer. However, compared with the standard assay
(McIlvaine buffer at pH 6.5 and the ionic strength of 1.02 mol L�1),
POD was still more active in the pH 3.5-buffers of low
concentration (25 mmol L�1; I = 0.025–0.150 mol L�1). POD inhibi-
tion by 42–51%, attended with (almost) complete deactivation of
the phenol oxidases, required either 100 mM oxalate buffer
(I = 0.3 mol L�1) or a 500 mM buffer based on malate, acetate, or
citrate (I = 0.5–3 mol L�1) for the adjustment to pH 3.5 (Table 1).

3.2. In vitro enzyme inhibition by chloride salts

According to the results of the buffer tests (cf. 3.1, Fig. 1), the
McIlvaine buffer (pH 6.5) of the standard assays was replaced by
0.1 M acetate buffer (pH 5.5) for the in vitro trials concerning the
effects of neutral salts on the enzyme activities (Fig. 2), in order to
minimize chelating effects. With regard to eventual in vivo
applications, only chlorides with GRAS status were tested (NaCl,
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Fig. 2. In vitro inhibition of (A/C/E) the phenol oxidases [i.e., polyphenol oxidase plus laccase (PPO+LAC)] and (B/D/F) peroxidases (POD) in crude enzyme extracts from litchi
pericarp by chloride salts (NaCl, CaCl2). Residual enzyme activities relative to the respective reference activities (100%) in the same buffer (acetate buffer, pH 5.5) without
neutral salt were plotted against (A/B) the salt dose (i.e., the effective concentrations of the halide salt cations), (C/D) the respective concentrations of the chloride anions, and
(E/F) the resultant ionic strength.
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CaCl2). The enzyme activities were plotted against the ionic
strength (Fig. 2E/F), the concentration of the chloride anion
(Fig. 2C/D), and that of the respective cation (Na+, Ca2+) (Fig. 2A/B)
to differentiate between these factors.

When applied in the same doses, CaCl2 always caused greater
reduction of total PPO+LAC activity than NaCl did at equal cation
concentration (Fig. 2A). In terms of the absolute chloride
concentrations in the assay, the differences between the two salts
were less pronounced (Fig. 2C). Cl� anions might interact with the
dicopper center of PPO and replace the solvent ligand bridging the
copper ions (Eicken et al., 1999). Litchi pericarp PPO has also been
reported to be moderately inhibited by other halides such as
fluoride (Liu et al., 2007), while such small inorganic anions are
known to be LAC inhibitors (Morozova et al., 2007). The findings of
Sun et al. (2008), who ascribed slight inhibition rather to Na+ than
to Cl�, was not confirmed. According to the similar curves in Fig. 2E,
however, the inhibiting effects of the two salts were likely to be
caused by the associated ionic strength to a great extent.

In contrast, such an unspecific effect of the ionic strength could
be excluded for POD (Fig. 2F). POD inhibition by chloride anions
was also unlikely (Fig. 2D), because NaCl hardly showed any
inhibitory effect on the activity of this enzyme. According to Gong
and Tian (2002), NaCl did not inhibit litchi pericarp POD, even at
doses >0.5 mol L�1. Tolerance against ionic strength and NaCl was
also reported for horseradish peroxidase (Bovaird et al., 1982),
where Cl� anions can enter the active site, but only bind to the
heme core under acidic conditions (Laurenti et al., 2000). Being
unbound, they were assumed to be too small to exert relevant
constraints on the active-site geometry (Laurenti et al., 2000). Only
CaCl2 seemed to inhibit POD-catalyzed oxidation of tropolone
(Fig. 2B). Being essential to maintain the conformation of active
plant POD, calcium ions also promote the binding of this enzyme to
membranes and play a regulatory role on its secretion and
activation in vivo (Gaspar et al., 1985). According to Rasmussen
et al. (1998), chloride ions are able to bind to the central iron of Ca2
+-activated barley peroxidases, resulting in a six-coordinate heme
iron(III) ion, which decreased the formation rate of POD compound
I with increasing Cl� concentration. Reversible blocking of this first
step of the catalytic cycle may have caused the initial lag phase
found for POD, since rising CaCl2 concentrations increased its
duration by 0.6 s mmol�1 L (R2 = 0.95).

3.3. Involvement of (–)-epicatechin in reactions catalyzed by POD

For the pericarp phenol oxidases of five litchi cultivars
(originally ascribed to PPO only), high affinity to (–)-epicatechin
has previously been demonstrated by 12–77 times higher activities
of crude enzyme extracts toward this natural key phenolic
compound than toward 4-methylcatechol (Reichel et al., 2013).
In view of (–)-epicatechin contents up to 19 g kg�1 (dry weight) in
litchi pericarp (Reichel et al., 2011), involvement of this compound
in the POD-catalyzed reduction of H2O2 may be of interest with
respect to pericarp browning and the microcrack-induced forma-
tion of light brown surface scurf in vivo (Reichel et al., 2013).
Similarly, the crude enzyme extracts used for the in vitro trials
contained PPO, LAC, and POD. However, the substrate of the
standard POD assay (tropolone) concomitantly inhibits phenol
oxidases through copper chelation for quantitation of the sheer
POD activity (Kahn and Andrawis,1985). Conversely, in the absence
of H2O2, the total activity of the oxygen-dependent phenol
oxidases (PPO+LAC) is obtained exclusively.

When tropolone was replaced by (–)-epicatechin for compara-
tive in vitro POD trials (cf. 2.3.2) at the flavanol concentration of the
standard PPO+LAC assay (cf. 2.3.3), the total enzymatic conversion
rate for (–)-epicatechin was 367 � 12 mkat kg�1 of pericarp in the
presence of H2O2. It was only 9% higher than the PPO+LAC activity

(336 � 5 mkat kg�1) found in the absence of H2O2 for the same
buffer (pH 6.5). According to this difference, the POD activity
toward (–)-epicatechin as the phenolic donor was 31 mkat kg�1.
Likewise, the redox reaction of (–)-epicatechin and H2O2 involved a
POD activity of 38 � 2 mkat kg�1, when the phenol oxidases were
completely inhibited by lowering the pH of the McIlvaine buffer to
pH 3 (cf. Fig. 1A in 3.1.2). Thus, (–)-epicatechin having a molar mass
(M) of 290 g mol�1 may act as the phenolic donor in the catalytic
cycle of litchi pericarp POD, but it is a co-substrate of limited
importance for this enzyme. For comparison, the respective POD
activities toward tropolone (M = 122 g mol�1) were 14 and 10 times
higher at pH 6.5 (437 mkat kg�1) and pH 3 (390 mkat kg-1),
respectively. According to Loukili et al. (1999), the co-substrate
provoking the highest activity of neutral tomato POD was coniferyl
alcohol (M = 180 g mol�1), followed by guaiacol (M = 124 g mol�1)
and pyrogallol (M = 126 g mol�1). High affinity to guaiacol, followed
by catechol and pyrogallol, has also been described for litchi POD
(Pang et al., 2004). The preference of simple phenolic donors to C6-
C3-C6 polyphenols, such as (–)-epicatechin, is consistent with the
greater involvement of POD in lignification and wound-induced
cross-linking of cell wall compounds compared to its role in
polyphenol oxidation (Reichel et al., 2013).

3.4. In vivo effects on color

Prevention of pericarp browning in vivo is far more complex
than the direct in vitro interaction of pericarp enzymes, substrates,
and inhibitors. Directly after harvest, mesocarp and aril, the two
water reservoirs of the fruit, are protected against desiccation by
the cuticles on the outer and inner pericarp surfaces (Riederer
et al., 2015). Intact epidermis cells form a natural barrier for every
protective treatment (Underhill and Critchley, 1992). Conditions
have to be chosen in a way that active substances can enter injured
surface tissues or form a depot on the surface for long-term
protection. Concurrently, such treatments must not damage intact
tissue or inhibit other enzymes that are vital for the fruit (Saengnil
et al., 2006). In the in vivo trials, fruit were thus incubated for a
rather long time (15 min) to enable sufficient absorption of active
agents (Ketsa and Leelawatana, 1992), while temperature was only
5 �C to slow the metabolism and respiratory activity of the fruit.
Only moderately concentrated inhibitor solutions, which con-
tained the tested acid at pH 2.9 or the salt at pH 5.5–6.1 (chlorides)
to pH 8.4–9.1 (citrate) (Tables 2–4), were chosen to maintain vital
pericarp functions and to avoid damage of cell wall polymers (Carle
et al., 2001; Saengnil et al., 2006). In this way, pH effects were to be
set apart from more specific impacts by comparing moderately
acidic and non-acidic application forms for one inhibitor type of
each group. The pH of the acidic solutions was just below the
hydration constants (pKH; Stintzing et al., 2002) of the major
pericarp anthocyanins (Reichel et al., 2013). At pH 2.9, the red
flavylium cation of cyanidin 3-O-glucoside (pKH 3.01, Stintzing
et al., 2002) should thus prevail (>56%) compared to its colorless
hemiketal. Acetic acid was not tested in vivo, since its vinegary
smell might create the impression of decay.

3.4.1. Immediate effects of postharvest fruit treatments on pericarp
color

Having mean sizes of 18.3 � 0.3 and 17.0 � 0.3 g/fruit, respec-
tively, the fruit of the ‘Hong Huey’ batches 1 and 2 picked for these
trials on the first and the next day (cf. 2.2) were much smaller than
fruit from the same orchard a year earlier (21.3 g/fruit; Reichel
et al., 2010). For small fruit, the risk of tension-induced pericarp
microcracks provoking browning is lower (Underhill and Critchley,
1992). Consistently, extraordinary pinkish-red pericarp color was
documented by high litchi maturity indices (LMI; Eq. (3)) of
6.4 � 0.5 and 6.5 � 0.4 for batch 1 and 2, respectively. In contrast,
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the mean LMI was only 5.5 at the fully ripe, red stage for the larger
‘Hong Huey’ fruit of the year before (Reichel et al., 2010).

For the control lots 1a (Table 2) and 1b (Table 3), dipping into
water and natural drying caused a PLCI drop by 12–18% on the same
day after this placebo treatment (cf. values for 0t versus 0f).
Accordingly, the fruit of batch 1 suffered early browning, which
was associated (Eq. (4)) with a marked initial decline of the CIE red
value a* (Table 3). This also applied to one of the two lots dipped
into 50 mM malic acid (Table 3). However, all other treatments
with organic acids or citrate did not provoke such initial browning
(Tables 2 and 3). The inhibitors might have directly permeated
through microcracks that existed or developed upon immersion.
Unlike the controls for fruit batch 1, the two control lots 2a
(Table 2) and 2b (Table 4) of batch 2, which were harvested and
treated on the next day, displayed PLCI and a* values being similar
before (day 0f) and directly after the placebo treatment (day 0t). For
fruit batch 2, a very intact pericarp could thus be assumed, in
conformity with the smaller fruit size. Consistently, initial
constancy of PLCI and a* was also found for the other lots of batch
2, which had been treated with chloride salts or HCl.

3.4.2. Impact of browning inhibitors on the pericarp color of unpacked
fruit during cold storage

In concert with earlier studies (Reichel et al., 2010, 2011, 2013),
the declining PLCI of fruit stored without foil bag reflected rapid
and intense browning within the first 3 d despite the cold and
damp climate of the storage chamber (5 �C, 90% RH), as indicated
by upper case letters for the control lots 1a and 2a in Table 2.
Without foil wrapping during storage, fruit dipping into organic
acids was irrelevant for color retention, as denoted per day by
lower case letters in Table 2 for the five lots of fruit batch 1. Citric
acid and citrate retained the color only for one day, but resulted in
higher PLCI levels until day 2 than malic and oxalic acid did. Oxalic
acid, causing a PLCI decline by 9% until day 1 and by 33% until day 3,
even accelerated browning compared to the control. On the
contrary, Saengnil et al. (2006) noted that immersion of ‘Hong
Huey’ fruit into highly concentrated oxalic acid (5–15%, pH � 1)
could improve color stability and reduce PPO and POD activities,
but at the expense of membrane destruction, fruit softening, and
inner browning. In the presence of surfactant, also low doses of
oxalic acid (1–4 mmol L�1) were shown to delay pericarp browning
and to lower the activities of these enzymes (Shafique et al., 2016).
Similarly, oxalic acid was reported to be a more potent browning
inhibitor for apple slices than malic and citric acid (Son et al.,
2001). Conversely, oxalic acid (1 or 5 mmol L�1) applied to peaches
without further manipulation of outer cell layers increased PPO
and POD activities (Zheng et al., 2007). Due to its strong chelating
properties, oxalic acid might remove ions from the pericarp and
solubilize ionically bound POD (Loukili et al., 1999).

Structural (i.e., wall- or membrane-bound) calcium plays a great
role in stabilizing cell walls (Carle et al., 2001) and in retarding
senescence of fresh litchi fruit (Huang et al., 2005). However,
preharvest sprays of CaCl2 on the fruit surface did not increase the
structural calcium of litchi pericarp (Huang et al., 2005). Similarly,
in terms of color retention, dipping into CaCl2 was as ineffective as
the control treatment (Table 2). Nonetheless, almost the same
treatment (2%, 15 min) alleviated brown spot disorder of Japanese
pear (Pyrus pyrifolia (Burm. f.) Nakai) efficiently, while increasing
the contents of soluble and bound calcium in the peel (Kou et al.,
2015). For litchis treated with HCl at pH 0.2, the subjectively rated
color was reported to be superior to the control after 2 d of storage
at room temperature (Ketsa and Leelawatana, 1992). However, the
PLCI differences observed between the control and fruit treated
with HCl at pH 2.5 were insignificant (Table 2). The only treatment
that improved PLCI retention during the first 3 d without foil
wrapping was dipping into 200 mM NaCl. Due to the higher

enzyme-inhibiting potential of CaCl2 in vitro (Fig. 2), these effects
of NaCl may be attributed to causes other than inhibition of POD
and the phenol oxidases.

3.4.3. Impact of browning inhibitors on pericarp color during cold
storage in foil bags

As expected (Sivakumar et al., 2010), color retention was always
better, when the fruit were packed in gas-permeable foil bags (35
PA 40, cf. 2.4.1) for storage (days 0t–13 in Tables 3 and 4). Packed
and unpacked fruit of otherwise equally treated lots differed in PLCI
as from day 1, 2, or 3, as shown in Table 2 by italicized Greek letters
for the unpacked lot. After removal of the foil bags on day 13, the
fruit developed rapid browning upon further storage until day 21,
irrespective of the dip solution (Tables 3 and 4). Thus, protection
against desiccation was the most effective measure to prevent
litchi pericarp browning. In particular, formation of light brown
scurf on the fruit surface (Reichel et al., 2013) was suppressed in
the foil bags, as indicated by consistently high a* values until day 13
(Tables 3 and 4). For the two control lots 1b (Table 3) and 2b
(Table 4) and for 11 of the 21 lots treated with an inhibitor (acid or
salt) of varying concentration, the changes in a* were insignificant
as long as the fruit were in the foil bags.

Unlike a*, PLCI values are more appropriate to indicate PPO- and
LAC-related browning of litchi pericarp (Reichel et al., 2013). Equal
consideration of L* and a* (Eq. (4)) makes this index sensitive to the
associated reduction of brightness, beyond scurf-induced hue
changes. Earlier than a* did, the slight decline of PLCI within the
first 13 d turned out to be significant for the plastic-wrapped fruit
of many variants, as indicated in Tables 3 and 4 by capital letters.
However, the PLCI values were constant until day 13 for the packed
fruit of the control lots 1b (Table 3) and 2b (Table 4). Nonetheless,
due to its exceptional PLCI drop by 18% directly after the placebo
treatment (cf. 3.4.1), the former control always displayed a much
lower PLCI than all other lots of the same fruit batch did after they
had been immersed into an organic acid or citrate (cf. small letters
in Table 3). For fruit batch 1, PLCI retention in foil bags until day 13
was maximal (96%) after dipping into 25 mM citrate (Table 3).
Other citrate doses (5 or 50 mmol L�1), lower pH (5–50 mM citric
acid), and low doses of other acids, such as malic (5–25 mmol L�1)
or oxalic acid (5 mmol L�1), resulted in similarly high PLCI retention
(93–95%) under these conditions. These findings might be seen as
first evidence of retarded pericarp browning in vivo due to
treatments with organic acids in conjunction with foil wrapping. In
contrast to the indistinguishable concentration effects in Table 3,
Jiang et al. (1999) had to increase the citric acid concentration of
the dip solution from 10 to 100 mmol L�1 to reduce PPO activity
and to retard browning during 6 d of storage in PE pouches at room
temperature.

Nonetheless, also for fruit in foil bags, the inhibitor immersion
baths contributed little to the prevention of pericarp browning
during cold storage, since the best PLCI retention until day 13 was
found for the control of fruit batch 2 (97% for control lot 2b,
Table 4). Storage in foil bags for this period after dipping into NaCl
(50–200 mmol L�1), 100 mM CaCl2, or 50 mM HCl led to almost the
same PLCI retention (93–95%). Regardless of the type and
concentration of the active agent and the pH of the dip solution,
PLCI retention until day 13 always ranged at 88–96% for fruit in foil
bags (Tables 3 and 4). Concurrently, retention of pericarp redness
(83–100%) relative to the a* value at harvest was equal or superior
to that found by Wang et al. (2010) after 15 d (5 �C) following
dipping into 1.25–5% acidic calcium sulfate. After further storage
without foil bags, the PLCI values only amounted to 31–36 on day
21 for all lots, including the controls. Thus, none of the immersion
baths created a depot effect on the surface or in the tissue for
sustained efficacy of the inhibitor in dehydrated pericarp. As
shown by the notably good performance of control lot 2b (Table 4),
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fruit quality at harvest (cf. 3.4.1) was essential, in addition to
protection against desiccation.

4. Conclusion

Oxalic acid proved to be the most potent in vitro inhibitor of
POD and the phenol oxidases, as shown for pH < 4. Other organic
acids required much larger concentrations for similar effects at a
given pH in this range, while those that were also complexing
agents performed best, in particular citric acid. Whereas the total
PPO+LAC activity was chiefly pH-dependent, pH tolerance of POD
in the acidic range was greater and more inhibitor-specific. None of
the tested conditions inhibited POD completely, unlike the acid-
labile phenol oxidases. Next to oxalic acid, another efficacious POD
inhibitor was CaCl2, being even superior to citric acid at equal doses
of 250 mmol L�1. In contrast, suppression of the PPO+LAC activities
by CaCl2 and NaCl was largely indistinguishable from associated
ionic strength effects. Unlike the phenol oxidases, litchi pericarp
POD displayed only low affinity to (–)-epicatechin.

Contrary to the in vitro findings, NaCl treatment resulted in the
best color retention (91% of the initial PLCI) after 2 d of cold storage
for unpacked fruit, whereas oxalic acid was least effective (22% PLCI
loss). Hence, unknown effects on pericarp integrity were more
essential in vivo than sheer inhibition of browning enzymes. Even
during cold storage at rather high relative humidity (90% RH),
enhanced protection against desiccation by packaging in gas-
permeable foil bags (35 PA 40) was the only way to avoid
microcracks and surface scurf. This was consistent with high
negative correlation between browning levels and pericarp
moisture content (Yang et al., 2015a) and reported changes of
both PPO gene expression and PPO activity (Wang et al., 2014; Yang
et al., 2015b). Provided that the pericarp is intact (as in case of the
small fruit of control 2), immediate cooling between ice packs for
transport from the orchard and subsequent cold storage in foil bags
creating a microclimate near the dew point without waterlogging
proved sufficient to prevent browning for at least two weeks
through preservation of tissue integrity and cell compartmenta-
tion.

Additional treatments with organic acids or chloride salts for
local inhibition of PPO, LAC, and POD in freshly damaged parts of
the tissue (and, as the case may be, for pigment stabilization at
�pH 3) turned out to be ineffective or even detrimental. Such
negative effects might be ascribed to serious disturbance of plant
defense and repair mechanisms, by which damaged pericarp
surface would otherwise be sealed for protection against water
loss. Color retention merely due to uninterrupted cold chain at
high humidity near the dew point still has to be confirmed for
cultivars of varying susceptibility to microcracking and surface
scurf formation (Reichel et al., 2013) and for the final retail
turnaround times at ambient temperature (Yun et al., 2016).
Antioxidants or radical scavengers (Zhang et al., 2015) may then be
considered as well for improved membrane stability (Bhushan
et al., 2015; Kumari et al., 2015). However, logistic-technical
approaches maintaining the initially high pericarp moisture
content of high-quality, small-sized fruit throughout cold and
humid storage without the risk of handling-induced tissue damage
appear to be most promising.
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