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Abstract: The metabolism of polysaccharides in the Zizania latifolia cell wall helps maintain the
postharvest quality during storage. Fresh Z. latifolia was stored at 4 °C and 25 °C to evaluate the
hardness, cell wall polysaccharide composition, cell wall structure, active ingredients, and cell wall
metabolism-related enzyme activities. The results showed that hardness declined concomitantly with
an increase in water-soluble pectin content during storage, as well as with a decrease in propectin and
cellulose contents. Correlation analysis showed that lower activities of cell wall-degrading enzymes,
such as polygalacturonase, cellulase, and [3-galactosidase in Z. latifolia stored at 4 °C, were associated
with lighter fiberization and greater hardness, compared with those stored at 25 °C. Additionally, the
results of infrared spectroscopy showed that texture softening may be attributed to a decrease in the
degree of esterification of water-soluble polysaccharides at 25 °C compared to that at 4 °C.

Keywords: Zizania latifolia; cell wall polysaccharide; cell wall metabolic enzymes; Pearson’s correlation

1. Introduction

Zizania latifolia is native to Asia and belongs to the Gramineae family. Z. latifolia
contains high amounts of various nutrients such as proteins, polyphenols, vitamins, and
flavonoids [1]. It is a popular aquatic vegetable for consumption. As the main aquatic
vegetable cultivated in China, Z. latifolia is appreciated by consumers for its delicate texture,
refreshing taste, unique flavor, and nutritional value. It has various medicinal applications
and health benefits [2]; however, Z. latifolia is highly perishable and susceptible to water loss,
shrinkage, and lignification during storage [3]. Z. latifolia is highly prone to lignification
after harvesting, which is attributed to the accumulation of lignin and polysaccharides in
the cell wall.

Cell-wall polysaccharides, including pectin, hemicellulose, and cellulose, are impor-
tant structural components and play a key role in maintaining the structure of fruit cells [4].
Studies of fruit textural properties focused on the enzymatic basis of cell wall modifica-
tion, especially on enzymes involved in cell wall disassembly [5]. Previous research has
explored the intrinsic relationship between textural properties and fruit cell wall polysac-
charides by investigating the effects of cell wall modifying enzymes in different fruits,
such as apricot [6], longan [7], kiwifruit [8], and loquat [9]. One of the causes of texture
deterioration could be the metabolism of cell wall components [10], as the composition
of the polysaccharides differs depending on the synergistic effect of multiple enzymes,
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including pectin methylesterase (PME), polygalacturonic acid (PG), and (-glucosidase
(B-gal) [11]. However, only the lignification was evaluated in radiation preservation, while
Z. latifolia was treated with modified atmosphere preservation [12]; there are limited studies
represented in the literature about the cell wall polysaccharides.

Z. latifolia deterioration during storage is a complex process, usually accompanied by
changing of water content and polysaccharide, which serve as the main contents supporting
cell wall structure during the postharvest stage [8]. The purpose of this study was to explore
the effect of cell wall metabolism on the dehulled Z. latifolia during postharvest storage
at 4 °C and 25 °C by measuring the hardness, cell wall polysaccharide composition, and
changes in corresponding enzyme activity. Z. latifolia was monitored at 4 °C and 25 °C to
simulate the postharvest storage in the refrigerator and at room temperature, respectively.

2. Materials and Methods
2.1. Experimental Materials

Z. latifolia was harvested from Jiaxing, Zhejiang Province, China. All samples were of
uniform maturity, color, and were not physically damaged. Two groups were stored at 4 °C
and 25 °C, respectively. Three independent trials (12 samples per replicate) were carried
out. Those stored at 4 °C were sampled five times (on days 0, 8, 16, 24, and 32). To account
for the effects of microbial contamination, Z. latifolia stored at 25 °C was sampled three
times on days 0, 8, and 16. All analyses were sampled once on 0 d. The collected samples
were stored at —40 °C before analysis.

2.2. Hardness and Surface Hardness Measurements

Hardness was determined as described by Qi et al. [13]. Briefly, the direction of the
probe was oriented perpendicular to the axis of the shoots from the equatorial region, where
surface hardness (SH) was determined. A 1 cm thick disk was cut from the equatorial
region of Z. latifolia. With the flat side of the disk horizontal, a3 cm x 1 cm x 1 cm thick
rectangular prism was cut from the disk. The rectangular prism was then cut into three
pieces of 1 cm cubes. The direction of the probe was parallel to the axis of the shoots, where
internal hardness (IH) was determined. Each treatment was compressed to 10 mm at a rate
of 2 mm/s and the results were expressed in Newtons (N).

2.3. Histochemical Localization of Cell Wall Polysaccharides

The periodic acid-Schiff reaction principle was used to specifically determine the
polysaccharide components in the cell, as described by Gbalou et al. [14]. Samples of Z.
latifolia tissues sections were treated with 0.5% periodic acid for approximately 15 min, then
treated with Schiff reagent for 30 min, rinsed with rinsing solution three times, observed,
and photographed under an optical microscope.

2.4. Cell Wall and Polysaccharides Component Preparation

Cell wall polysaccharides were obtained as ethanol-insoluble residues (AIR) using
the methods described by Jelle et al. [15]. Briefly, 100 g Z. latifolia were ground, extracted
with 80% (v/v) ethanol, and boiled for 20 min. The residue was re-extracted twice with 80%
ethanol and continuously washed with 200 mL 1/1 methanol/chloroform (v/v) and 200 mL
acetone. The residue was filtered, washed twice with 80% ethanol, filtered again, and dried
overnight in a 40 °C oven. The residue composition was expressed in g/100 g FW.

The phenol-sulfuric acid method was applied to determine the content of protopectin
and water-soluble pectin, as previously described [8], and calculated using a glucose
standard curve.

The lignin and cellulose content was determined by the Klason method, as previously
described [16], with slight modifications. Briefly, 100 mg AIR was mixed with 3 mL 72%
H,S0y (v/v) for 3 h, and then diluted with 52.2 mL water to 3% H,SOy (v/v). These mixtures
were then boiled for 2.5 h and then filtered, and the residue was oven dried at 80 °C
overnight. After cooling for 1 h at room temperature, Klason lignin was determined
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gravimetrically, and the results were expressed as the content in 100 mg cell wall substance
(mg/100 mg AIR).

2.5. Fourier-Transform in Analysis

Fourier-transform infrared (FT-IR) spectroscopy was used to study the structural
properties of polysaccharides and reveal characteristic functional groups and stereoisomers.
The water extraction—ethanol precipitation method was used to prepare water-extractable
polysaccharides using the methods described by Wang et al. [17]. Briefly, 100 mg of AIR
was extracted 3 times with distilled water at 90 °C for 3.0 h. The supernatants were
combined and concentrated. Then, three times the volume of absolute ethanol was added,
and the polysaccharide was precipitated overnight in a refrigerator at 4 °C. The collected
precipitate was rotary steamed, dialyzed, concentrated, and lyophilized to obtain water-
soluble polysaccharides of Z. latifolia. Water-soluble polysaccharides isolated from Z.
latifolia and stored at different temperatures were characterized via FT-IR spectroscopy. A
Nicolet iS50 FT-IR spectrometer was used to scan the FT-IR spectra between 4000 cm ! and
400 cm ™1,

2.6. Quality Indexes for Z. latifolia after Storage

The weight loss of Z. latifolia was calculated by comparing the weight measured at
days 8, 16, 24, and 32 with the original weight (day 0). The colorimeter was used to measure
the parameters L*, a*, and b*. The whiteness value (WI) was calculated, as described by
Wau et al. [18], using the following formula:

WI =100 — [(100 — L*)? + a* + b*]'/2

The reducing sugar content (RS) was determined, as described previously [19], with
some modifications. Z. latifolia samples (1 g) were ground into powder in liquid nitrogen,
dissolved in 50 mL distilled water, and heated at 80 °C for 30 min. After that, 2 mL
supernatant and 1.5 mL DNS reagent were mixed, heated at 95 °C for 5 min, and 3 mL
distilled water was added to dilute before the absorbance was measured at 760 nm. Glucose
was used to calculate the standard curve, and RS was expressed as a mass fraction (%).
Soluble solids (SSC) were ground and filtered from 2 g isolated from the middle section of
Z. latifolia. A few drops of the filtrate were measured with a digital refractometer to record
the °Brix value of each sample.

The relative conductivity, total phenol, and soluble protein were determined as de-
scribed by Chen et al. [20], with slight modifications. Each group (2 g) of Z. latifolia slices
(Imm x 1mm x 1 um) was immersed in deionized water for 2 h with shaking. The ini-
tial electrolyte leakage (C1) conductivity was measured using a conductivity meter, and
then, the solution was boiled for 20 min before the electrolyte leakage (C2) conductivity
was measured. The following formula was used to calculate the relative conductivity:
(C1/C2) x 100%.

The total phenol content was determined as described by Silva et al. [21], measured
using standard gallic acid, and expressed as mg-g~! DW. The soluble protein extract and
Coomassie Brilliant Blue were mixed for 2 min, and then the absorbance was recorded at
595 nm. This value was expressed as the mass of soluble protein per gram of fresh weight
Z. latifolia (mg/g).

2.7. Enzyme Activities Related to Cell Wall Polysaccharide Metabolism

An acetic acid-sodium acetate buffer solution (50 mM, pH 5.5) containing 100 mM
NaCl, 5% (w/v) polyvinylpyrrolidone (PVP), and 2% (v/v) mercaptoethanol (50 mM, pH 5.5)
was used for enzyme extraction, and was mixed with Z. latifolia disrupted into a powder in
liquid nitrogen. This mixture was centrifuged, and the supernatant was used to determine
the cell wall polysaccharide-metabolizing corresponding enzyme activity. This enzyme
activity measurement was slightly modified according to Chen et al. [6].
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Pectin methyl esterase (PME) was assayed in a reaction mixture containing 0.5% (w/v)
pectin, bromothymol blue (0.01%), and crude enzyme solution and recorded at 620 nm.
PME activity was defined as the change in absorbance at 0.01/min, and was expressed as
U kg~ ! FW. PG activity was assayed according to Chen et al. [22]. An aliquot of 0.1 mL
crude enzyme solution was mixed with 0.4 mL 1% polygalacturonic acid (w/v) and mixed
at 37 °C for 30 min. After cooling, it was mixed with 2.5 mL 3,5-dinitrosalicylic acid reagent,
the absorbance was measured at 540 nm.

Polygalacturonase (PG) activity was expressed as the ability to produce 1 mg galactur-
onic acid per minute. 3- Galactosidase (3-Gal) activity was assayed using the method de-
scribed by Lin et al. [11]. The mixture containing 16 M p-nitrophenyl-f-d-galactopyranoside
and the crude enzyme solution was shaken in a 37 °C water bath for 90 min before the reac-
tion was stopped with 2 mL 1 M NayCOs. The absorbance of this solution was measured at
400 nm. The -Gal activity was the ability to produce 1 mg PNP per minute and expressed
as U kg~ ! FW.

Cellulase (Cx) activity was determined as described by Chen et al. [22]. The reaction
mixture contained 0.1 mL crude enzyme solution and 1.5 mL sodium carboxymethyl
cellulose (CMC) (1%, w/v). An enzyme solution inactivated in a boiling water bath was
used as a control. The enzyme mixtures were incubated at 37 °C for 1 h. Following rapid
cooling, the absorbance was measured at 540 nm. One unit of the enzyme was defined as
the amount of enzyme required to produce 1 umol of glucose in 1 h.

2.8. Enzyme Activities Related to Lignin Metabolism

Polyphenol oxidase (PPO) was assayed in a reaction mixture containing a crude
enzyme solution, 100 mM sodium acetate buffer, and 50 mM catechol. A unit of PPO
activity was defined as the change in absorbance of 0.01 at 420 nm per gram of fresh
weight of Z. latifolia per minute. Peroxidase (POD) was assayed in a reaction mixture of
25 mM guaiacol, 0.5 M hydrogen peroxide, and crude enzyme. One POD activity unit
was defined as the 0.01 absorbance change at 470 nm per gram of fresh weight Z. latifolia
per minute. Laccase (LAC) was assayed in a reaction mixture containing ABTS, a crude
enzyme solution, and 100 mM PBS. One unit of laccase activity was defined as the amount
of enzyme that produced a 0.01/min change in absorbance at 436 nm.

2.9. Data Statistics and Analysis

All experiments were repeated three times. One-way ANOVA with Duncan’s multiple
comparisons was analyzed. Excel 2016 was used to collate and analyze the collected data.
SPSS Statistics 20 was used to perform Duncan’s analysis of variance, and Pearson’s chi-
square test. Illustrations were constructed with Prism v8.0.2, and R software was used to
generate the correlation matrix and principal component analysis (PCA) graphs.

3. Results and Discussion
3.1. Change of Appearance and Hardness of Harvested Z. latifolia

We first analyzed the characteristics of harvested Z. latifolia. The visual appearance
of the samples at 0, 8, and 16 days at 25 °C and 0, 8, 16, 24, and 32 days at 4 °C is shown
in Figure 1la. When stored at 25 °C for 16 days, the skin of Z. Iatifolia shoots partially
browned and the appearance turned green, while low temperature inhibited the increase in
greenness incidence and maintained the whiteness of Z. latifolia. When stored at 4 °C for
32 days, the wilting and skin browning in the shoots were less than those stored at room
temperature.

For Z. latifolia stored at 25 °C, the surface hardness (SH) did not change significantly
between days 0 and 16 (Figure 1b). Further comparison showed that there was no significant
change in the surface hardness after storage at 4 °C (0-24 days), and then gradually
decreased (p < 0.05). As shown in Figure 1c, compared with storage at 4 °C, the internal
hardness (IH) of Z. latifolia stored at 25 °C was lower on the 0 day-8 days. Statistical
analysis showed (Figure 1c) that the internal hardness of Z. latifolia at 4 °C changed little



Foods 2022, 11, 392

50f15

from day 0 to day 16, and increased gradually from storage day 16 and day 24, followed by
a gradual decrease.
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Figure 1. Changes in the hardness of Z. latifolia during storage at different temperatures. (a) Images
of Z. latifolia shoots stored at 4 °C and 25 °C over time indicates changes in physical traits. (b) Mea-
surement of surface hardness and (c) internal hardness of Z. latifolia shoots stored at 4 °C and 25 °C.
Each treatment was repeated 12 times. The bars showed the standard deviations of the mean and the
letters indicated statistically different for each group by Duncan’s multiple ranges (p < 0.05) (n = 12).
Different letters in (b,c) indicate the significance of differences between groups over time.

3.2. Cell Wall Polysaccharide Staining Results

Periodic acid-schiff stain (PAS) was used to stain the cellulosic cell walls purple-red,
and lignin in the cell walls was dyed blue-green. For Z. latifolia stored at 25 °C, cell wall
lignification appeared at 16 days, and local cell wall polysaccharides were depolymerized
and solubilized. For Z. latifolia stored at 4 °C, less lignified Z. latifolia cell walls were
observed (Figure 2, red arrows), polysaccharides were unevenly distributed, and cellulose
cell walls were locally accumulated. There was low lignification and high degradation of
polysaccharides at 4 °C, indicating that low-temperature storage delayed the lignification
process of Z. latifolia shoots.

Extracellular polysaccharides (EP) are one of the main components of biofilm matrices.
The black arrows in Figure 2 indicate where exopolysaccharide production was observed in
the stored Z. latifolia shoots. The cell wall is mainly composed of structural polysaccharides
such as cellulose and pectin, as well as lignin, and cell wall components play an important
role in fruit texture [23]. Our results showed that the cell wall was prone to be lignified un-

der 25 °C storage conditions (lignin accumulation), while more cellulose was accumulated
at4°C.
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Figure 2. Polysaccharide staining of Z. latifolia cell walls using PAS during storage at different
temperatures. D, polysaccharide degradation; L, lignification; IP, intracellular polysaccharide; EP,
extracellular polysaccharide.

3.3. Cell Wall Preparation and Polysaccharide Components

The content and structure of cell wall polysaccharides play vital roles in fruit tex-
ture [24]. The depolymerization, solubilization, desertification, and loss of side chains
of pectin molecules make the fruit soft [25]. We found that the composition of the
Z. latifolia cell wall changed under different temperature storage conditions (Figure 3).
When stored at 25 °C, alcohol-insoluble residues (AIR) showed less pronounced changes
over time (Figure 3a). During storage at 4 °C, the AIR reached its maximum on day 24
(7.40 g/100 g FW), and then decreased. Comparisons of the relative contribution of the
four major components to the overall cell wall compositions (Figure 3b—e) suggested that
they may help to distinguish between accelerated deposition of a certain component and
coordinated cell wall metabolism. During storage at 25 °C, the lignin (LIG) content of
Z. latifolia was significantly increased (p < 0.01), while the cellulose (CEL) content was
decreased (p < 0.01); the content was 21.04 mg/100 mg AIR and 21.35 mg/100 mg AIR
on day 16, which increased by 1.02 times and decreased by 2.38 times, respectively, from
the day 0 measurements (Figure 3b,c). We also found that 4 °C storage partially inhibited
lignification, at least during the early storage period, and then slightly increased from
storage day 16 to day 32. Cellulose decreased rapidly during the first eight days of 4 °C
storage, then slightly increased from day 8 to day 24, and then gradually increased.
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Figure 3. Changes of cell wall polysaccharide composition in Z. latifolia during storage at different
temperatures. (a) Alcohol insoluble matter (AIR), (b) lignin content (LIG), (c) cellulose content (CEL),
(d) soluble pectin content (SPC), and (e) propectin content (PROP) were measured from samples
stored at either 4 °C or 25 °C. Each value was expressed as mean =+ standard error (n = 3). Different
letters indicate a significant difference between the different storage times (p < 0.01).

When stored at 4 °C, Z. latifolia had higher levels of cellulose than those stored at 25 °C
(Figure 3c). When stored at 4 °C, cellulose increased during the storage period of 8-14 days,
while protopectin content (PROP) decreased; the internal hardness of Z. latifolia initially
increased before 24 days, then decrease thereafter (p < 0.01), which may be attributed
to the increase in cellulose content during storage (8-14 days). During the later storage
period (24-32 days), the hardness decreased due to a reduction of protopectin and cellulose
contents. When stored at 25 °C, the contents of lignin and protopectin increased during
the storage period 8 days to 16 days (p < 0.01), which was accompanied by an increase in
hardness.

Further detection of cell wall polysaccharide composition and correlation analysis
(Figure 5) showed that the internal hardness was highly correlated with changes in pro-
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topectin content (r?> = 0.95; p < 0.01). This was attributed to the hydrolysis of protopectin
into soluble pectin, as the cell wall became thinner and separated from each other, which
led to changes in its texture [11]. However, protopectin and water-soluble pectin do not
necessarily have a trade-off relationship. Ren et al. [26] found that protopectin and soluble
pectin increased in the process of softening after harvest, which was consistent with the
change in water glutinous pectin polysaccharide at 25 °C in this study. Moreover, the
cellulose content of the cell wall was closely related to the texture change. Bunsiri et al. [27]
studied the significant changes in the cellulose content and moisture content of mangosteen
peel, while the increase in peel hardness was mainly due to the cell wall cellulose and
woodiness. In our study, cellulose, and lignin content were positively correlated (r> = 0.95;
p < 0.01), and surface hardness was highly positively correlated (r* = 0.69; p < 0.01) with
cellulose and lignin content, indicating that as the important components of cell wall
components, cellulose and lignin exert various effects in the postharvest texture changes.

3.4. Infrared Spectroscopy of Water-Soluble Polysaccharides in Z. latifolia Stored at
Different Temperatures

Fourier transform infrared (FT-IR) spectra of the water-soluble polysaccharides in
Z. latifolia stored at different temperatures (Figure 4a,b) were typical for polysaccharides,
and within the range of 4000400 cm 1. The abscissa is the transmittance (T%). The FT-
IR spectra showed a broad hydroxyl peak around 3400 cm~! and weak peaks of single
bonds around 2920 cm~! and 1420 cm~!, which were characteristic absorption peaks of
polysaccharides [28]. The peak at 1320 cm ! was related to aromatic compounds [29],
while the peaks representing esterified carboxyl groups and free carboxyl groups in pectin
were observed at 1745 cm ! and 1605 cm~!, which indicated that the degree of methyl
esterification of water-soluble polysaccharides was reduced and that aromatic compounds
may be produced during storage. These results indicated that lowering in the esterification
of water-soluble polysaccharides occurred more at 25 °C, compared to that at 4 °C storage.
The carboxylic groups of de-esterified pectins were cross-linked by Ca?* in the middle
lamella of the cell wall, which strengthened the cell wall structure of Z. latifolia stored
at 25 °C. The weak peak at 1250 cm ! was due to the stretching vibration of S-O, which
indicated that the polysaccharide contained sulfate [17]. The absorption at 1000~1200 cm !
was attributed to the overlap of the ring vibration with the stretching vibration of the C-OH
side group and the vibration of the C-O-C glycoside band, which indicated the presence of
sugar in the form of pyranose [17]. The absorption at 951 cm ! indicated the presence of
B-type glycosidic bonds [28,30]. The Z. latifolia stored at different temperatures produced
polysaccharides with reduced peak intensities at 926 cm~! and 850 cm™~!, which were
characteristic of 3,6-anhydrogalactose and x-glycosidic bonds, respectively [31].

—32d
—16d
24d 8 d
— 164 — od
°
— 8d e
-
— o0d
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm'l) Wavelength (cm"l)
(@ (b)

Figure 4. FT-IR spectra of water-soluble polysaccharides isolated from Z. latifolia at different storage
periods. (a) Storage at 4 °C, (b) storage at 25 °C.
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3.5. Quality Changes of Z. latifolia during Storage

The changes in the quality index of Z. latifolin during storage at 4 °C and 25 °C are
shown in Table 1. During storage at 4 °C, the reducing sugar (RS), soluble solid (SST), and
whiteness values (WI) of Z. latifolia continued to decrease. After 32 days of storage, these
factors decreased 0.77, 0.52, and 0.15 times, respectively, when compared with fresh Z.
latifolia. The reducing sugar content, soluble solid content, and whiteness value of Z. latifolia
stored at 25 °C were significantly reduced after 8 days of storage (p < 0.05). Z. latifolia is rich
in a variety of polyphenols, and their oxidation products are the precursors of synthetic
lignin, which is the main substrate for enzymatic browning [32]. Phenolic compounds are
bound via ester and ether linkages to the structural components of the cell walls [33]. Our
previous study analyzed the detailed profiles of phenolics in Z. latifolia, which including
butyl isobutyl phthalate vanillin, ferulic acid methyl ester, chlorogenic acid methyl ester,
1-O-Feruloylquinic acid, and p-Coumaric acid [34]. Wang et al. found that chlorogenic acid,
neochlorogenic acid, and protocatechuic acid were the dominating phenolic compounds
in loquat pulp, and these three compounds increased in the early stage of storage, and
then decreased in the middle stage [33]. In the present study, the total phenol content (TP)
increased from 0 day to 16 days, which was followed by a slight decrease during storage at
4 °C. When stored for 16 days, the maximum total phenol content reached 2.63 mg/g FW.
The total phenol content of Z. latifolia stored at 25 °C increased from 0 day to 8 days and
then sharply decreased. Soluble protein (SP) and TP showed the same trend. When stored
for 8 d at 25 °C, the highest total phenol content was 3.40 mg/g. Both weight loss (WL)
and relative conductivity (RC) continued to increase. The whiteness value dropped below
74, and microorganisms began to appear on the surface. These results may be reflected by
the postharvest physiological metabolism of Z. Iatifolia.

Table 1. Changes in quality of Z. latifolia at different storage temperatures.

Temperature S;(;ll;;:ge Reducing Total Phenol Soluble Solid Whiteness Weightlessness Colr{:éllljzlt‘i,:it Soluble

Q) (days) Sugar (%) (mg/100 g) Content (%) Value (%) Rate (%) (%) y Protein (mg/g)
0 22.47 +0.64 2 212+ 0.07° 6.10 £0.202 87.00 £ 0.53 2 0.004 14.37 +1.40° 3.03+041°
8 17.55 +0.712 242 40.123 5.50 4 0.612 86.90 4+ 0.912 1.72 +0.38 ¢ 16.16 + 0.43° 3.15+0.072

4°C 16 10.06 + 0.37° 2.63+£0.19° 3.83 +0.15° 85.99 + 0.67 20 272 +£1.22¢ 15.41 +0.27° 3.11+£0.02°
24 6.37 & 0.45 bc 2.47 4 0.05 2 2.87 4 0.50 b* 81.59 4 1.60 5.1142.27° 20.74 +0.192 2.6140.10¢
32 4794 0.51°¢ 2.19 4 0.07 @ 23340.12¢ 76.89 +£2.23°¢ 8.00 +3.422 19.40 + 0.952 295+021°
0 2247 4+ 0.642 2.12 £ 0.07° 6.10 £ 0.202 87.00 & 0.53 2 0.00¢ 1437 £1.40° 3.04 £0412

25°C 8 10.28 £ 0.36° 340 £0.27° 2.67 +0.42° 81.89 +£1.15° 235+1.05P 17.71 £ 0.36° 322 +0.02°2
16 5.45 4 0.42°¢ 215+ 0.01" 293+ 081" 7440 +£2.19 ¢ 7.70 £2.802 20.91 4 0.86 2 3.00 £0.152

Values are expressed as mean & SD (n = 3). One-way ANOVA was analyzed (p < 0.05). Lowercase letters
among different stages within each group indicate significantly different values according to Duncan’s multiple
comparison test. Different letters above groups represent significant differences, shared letters represent no
significant differences.

3.6. Changes in Cell Wall Metabolism Corresponding Enzyme Activity in Z. latifolia
during Storage

As shown in Table 2, during the storage period, the Cx activity of Z. latifolia continued
to increase overall when stored at 4 °C. However, when stored at 25 °C, Cx activity increased
rapidly during days 0-8 and then decreased during days 8-16. On day 16, the Cx, PG and
[-gal activity of Z. latifolia stored at 25 °C was significantly lower than that of the 4 °C
storage group (p < 0.01). PG and PME activities were linked to ethylene production and
softening [26]. The activities of PG and PME gradually increased with increasing storage
time. The activity of PG increased quickly in storage during days 0-16 and then dropped
rapidly after 16 d of storage, and the activity of PME reached its peak at a relatively late
storage time (24 days). Similar to PME, the 3-gal activity of Z. latifolia increased throughout
the storage process and increased rapidly on days 8, when stored at 25 °C.
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Table 2. Changes in enzymes related to cell wall metabolism of Z. latifolia during storage.

Temperature Storage Cx (Ulg) B-gal (Ulg) PG (Ulg) PME (Ulg) Lac (Ulg) PPO (Ulg) POD (Ulg)

(°Q) Time (d)
0 29.59 +0.86 9.79 £ 027" 5.49 4 0.15¢ 6.26 £1.52°¢ 1292 +£1212 7.98 £0.352 12.27 £327¢
8 4290 +2.83P 9.74 + 0.17" 5.0140.13¢ 6.47 + 0.96 b¢ 11.42 + 0472 1.89 +0.12°¢ 13.65 +2.83 ¢

4°C 16 79.00 £2.02 23.73 +0.06 2 10.5+0.21° 7.14 + 0.43 abe 521 +£052P 1.46 +£0.31°¢ 17.95 +1.90"
24 41.79 +1.09° 23824 1.5942 1331+ 0.262 10.06 + 0.752 5.57 4+ 1.27° 2.08 £ 1.03°¢ 40.99 4+ 3.772
32 10.83 +1.69 4 22.6140.83° 10.26 4 0.54 ° 9.39 4 2.09 @ 476 +£0.51° 3.90 + 048" 32.44 + 5102
0 29.59 + 0.86 P 9.79 £ 0.27 ¢ 5.49 + 0.15° 6.26 = 1.522 1292 +£1212 7.98 +0.352 12.27 +£3.27¢

25°C 8 88.73 +1.292 2377 +0.16° 6.35+0.71¢ 6.20 £ 0212 19.19 + 0.41 2 6.71 +0.96 2 21.32 4+ 3.96°
16 59.83 4 1.55 P 22.54 + 0.69 P 15.35 4 0.90 2 744 +1.132 12.18 £ 0.98® 6.39 +0.262 4341 + 49472

Values are expressed as mean & SD (1 = 3) within each column. Lowercase letters represent significant differences
within groups according to Duncan’s multiple rage tests (p < 0.01). Cx, cellulase activity; 3-gal, f-galactosidase ac-
tivity; PG, polygalacturonase actnivity; PME, pectin methylesterase; PPO, polyphenol oxidase; POD, peroxidase.

The postharvest Z. latifolia hardening was related to lignification, which was mainly
attributed to the decreased activities of lignin biosynthesis-related enzymes, and induced
activation of antioxidant-corresponding enzymes [3]. POD catalyzes the oxidation of
polyphenols and is closely related to lignin synthesis [35]. During the storage process, the
activity of POD continued to increase, whereas the activity of PPO remained decreased. The
PPO activity of Z. latifolia stored at 25 °C was significantly higher than that stored at 4 °C
(p < 0.01). Laccase (LAC) catalyzes the oxidation of a wide range of phenolic substrates,
which is related to the synthesis of lignin [36]. The laccase activity of Z. latifolia stored at
4 °C showed a downward trend during the storage process and increased rapidly during
days 0-8 at 4 °C.

3.7. Correlation Analysis

The depolymerization or deposition of polysaccharides in the cell wall can reduce the
texture characteristics of Z. latifolia, for example, an increase in the lignocellulosic thickens
the cell wall and increases the hardness [37]. Correlation analysis showed that hardness
was related to cell wall metabolic corresponding enzyme activity (3-gal, PG, Cx, and PE)
and cell wall composition (prop, SPC, SP) (p < 0.01), with the strongest correlation being
between protopectin and pectin methylesterase. Therefore, the texture of Z. latifolia was
related to the content of pectin methylesterase and protopectin. IH and CEL contents were
significantly positive correlated (r? = 0.93; p < 0.01). Other studies have reported similar
results on the effects of cell wall composition on fruit hardness during the postharvest
ripening process [10,38]. Weight loss rate and hardness were negatively correlated, with
a correlation coefficient of —0.4 (p < 0.01). A previous study reported that the moisture
content in the pericarp of Annona squamosa gradually decreased during the storage process.
Besides, the freedom degree of moisture was associated with a softer texture and cell
wall degradation [39]. As shown in Figure 5, prop and SPC content were significantly
negatively correlated, with a correlation coefficient of —0.72 (p < 0.01). In addition, there
was a significant positive correlation between SPC and cell wall metabolic enzymes (3-gal,
PG, Cx, and PE) and CW (p < 0.01), which indicated that changes in the texture of Z. latifolia
were accompanied by an increase in soluble pectin and cell wall enzymatic degradation
of polysaccharides. The RS, SSC, WI, SP, TP, LAC, and PPO were negatively correlated
with the rate of weight loss, while CW, RC, SPC, and POD were positively correlated with
it. These results indicated that laccase and POD play important roles in the postharvest
water loss and shrinkage in Z. latifolia. POD catalyzed the oxidation of phenols to quinones,
and there was a certain negative correlation between them (12 = —0.59; p < 0.01). PPO was
related to tissue browning; however, it showed little correlation with whiteness values in
Z. latifolia during storage. Wen et al. reported that all chlorophyll contents of Z. latifolia
increased throughout the storage period, which reduced the whiteness value [3]. In our
study, we also found that Z. latifolia stored at 25 °C tended to be green in color (Figure 1a).
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Figure 5. Pearson’s correlation matrix between texture index, cell wall components and relative
enzymes. The correlation coefficients are proportional to the magnitude of the value and the intensity
of the color. Blue indicates positive correlation, and negative correlation is shown in red (p < 0.01).
(n = 3). RS, reducing sugar content; TTS, soluble solid content; SPC, soluble pectin; SP, soluble protein;
PPO, polyphenol oxidase; PROP; protopectin; 3-gal, 3-half lactosidase; SH, surface hardness; IH,
internal hardness; WL, weight loss rate; RC, relative conductivity; POD, peroxidase; LAC, laccase
activity; WI, whiteness value; CEL, cellulose content; LIG, lignin content; Cx, cellulase; CW, cell wall
content; PME, pectin methyl esterase; PG, polygalacturonase; TP, total polyphenol content.

3.8. Relevance Analysis

PCA was used to evaluate changes in Z. latifolia quality indicators, cell wall compo-
nents, and metabolic enzyme activities during storage at 4 °C and 25 °C. As shown in
Figure 6, three principal components were identified. Principal component 1 (Dim1) had
the strongest correlation, which included quality indicators (hardness, SSC, and WL), SP,
TP, LAC, Prop, Cx, 3-gal, PE, PG, and SPC. Principal component 2 (Dim2) included LIG,
WI, and CEL. Principal component 3 (Dim3) included only CW (1 = 3). Dim1 indicated the
direction of the greatest change in the dataset. Dim1 and Dim2 accounted for 82.6% of the
total variability of the original data, which was used to assess postharvest metamorphism.
The dispersion of Dim1 and Dim2 and the load of each variable are shown in Figure 4.
Negatively correlated variables are positioned on opposite sides of the plot origin, while
positively correlated variables are grouped together. During storage, cell wall metabolic
enzymes that contributed to the changes in cell wall composition included Cx, 3-gal PE,
PG, POD, PPO, and laccase. Through PCA analysis, variables that were positioned farther
from the center of the plot were more important for the first components (Dim1). The cos2
values were used to estimate the quality of the representation. The closer a variable was
to the circle of correlations, the better its representation on the factor map (and the more
important it is to interpret these components). A high cos2 is displayed in red and a low
cos2 in blue (Figure 6b). These results indicate that cell wall metabolic enzymes (Cx, PE,
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Figure 6. Principal component analysis of the quality parameters, chemical composition, and
metabolic enzyme activities in Z. latifolia stored at 4 °C and 25 °C. (a) Principal component analysis
scree plot (n = 3), (b) factor loading plots (1 = 3). The X-axis and Y-axis correspond to Principal
component 1 (Dim1) and Principal component 2 (Dim?2), respectively. RS, reducing sugar content;
TTS, soluble solid content; SPC, soluble pectin; SP, soluble protein; PPO, polyphenol oxidase; PROP;
protopectin; 3-gal, 3-half lactosidase; SH, surface hardness; IH, internal hardness; WL, weight loss
rate; RC, relative conductivity; POD, peroxidase; LAC, laccase activity; WI, whiteness value; CEL,
cellulose content; LIG, lignin content; Cx, cellulase; CW, cell wall content; PME, pectin methyl esterase;
PG, polygalacturonase; TP, total polyphenol content.
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Lin et al. found that the activity of Cx and 3-gal played important roles in the degrada-
tion of pectic polymers during softening, especially in the late stage of softening, which was
consistent with our results [11]. In previous studies, the combined effect of PE and PG was
reported to degrade pectin substances, and before PG was activated, the pectin chain must
be demethylated and esterified by PME, which makes it more susceptible to the effect of PG.
The highest activity of PE appeared earlier than that of PG [35]. An early increase in PME
activity and a delayed but significant increase in PG activity was observed in winter jujube
fruit during storage [5]. In our study, the increase in Z. latifolia hardness could be attributed
to the highest activity of PG appearing earlier than that of PE. In addition, there was a
significant negative correlation between PE and Z. latifolia internal hardness (r? = —0.81;
p < 0.01), which may be due to the low activity of PE in the early storage period that limited
the hydrolysis of PG on pectin and the hydrolysis rate of protopectin changes [40]. The
hardness continued to increase in the early stages of storage. PPO-oxidized polyphenols,
PPO, and laccase are responsible for the polymerization and decomposition of lignin [41].
Low-temperature storage delayed the lignification process by inhibiting the activity of lignin
synthase, which was consistent with the results of Qi et al. [13]. Enzymes (Cx, PE, PG, and
[-gal) and SPC were grouped with CW, away from the center of the plot, which indicated
that the first latent variable (Dim1) was related to changes in SPC and cell wall metabolic
corresponding enzyme activity (Figure 6a). Similarly, CEL, Prop, and LIG were far away
from the center of the plot, in addition to hardness, which indicated that the change in cell
wall composition contributed to the change in Z. latifolia texture during storage.

Different enzymes are involved in CW degradation, such as PME, PG, Cx, and 3-gal,
which all act in an interdependent manner. PME and PG are key enzymes associated with
the demethylation of pectin and hydrolysis of pectate by cleaving the «-(1,4)-glycosidic
bonds, respectively [8]. Besides, cellulose is widely regarded to cause the degradation of
cellulose matrix in the cell walls. Ali et al. found that tragacanth gum application suppressed
PG, PME, and Cx enzymes activities, thereby suppressing the softening of apricot fruits [42].
Our results showed that low-temperature storage delayed degrading enzyme activities,
leading to an increase in cell wall components and polysaccharide production which, in
turn, led to the promotion of fibrosis, delayed lignification, increased hardness in the early
storage stage, and accelerated decomposition of pectin polymers in the later stage of storage.

These results indicate that the deterioration process of Z. latifolia was regulated by
cell wall polysaccharide metabolism. However, the molecular mechanism underlying the
changes in the texture of Z. latifolia, caused by storage at different temperatures, was still
unclear. Lin et al. found that the expression levels of cell wall polysaccharides degradation-
related genes (DIXET, DIPE, DIPG, DIB-Gal, and DICx) played important roles in accelerating
the decomposition of longan pulp cell wall polysaccharides [11]. Therefore, it is necessary
to combine metabolomics and transcriptomics analysis results for elucidating the molecular
mechanism behind polysaccharide metabolism in the cell wall of Z. latifolia.

4. Conclusions

In this study, postharvest metamorphism in Z. latifolia was monitored at 4 °C and 25 °C.
The quality indicators, cell wall components, and cell wall metabolic enzyme activities of Z.
latifolia were evaluated. Statistical analysis showed that hardness was related to cell wall
composition (prop, SPC, and SP) and corresponding enzyme activity, while water loss and
shrinkage were accelerated by the increase in corresponding enzyme activity (LAC and
PPO) and reducing sugars. The degradation of cell wall polysaccharides, especially pectin
polysaccharides, destroys the network structure of the cell wall, which results in changes in
the texture of postharvest Z. latifolia. During storage, cell-wall-modifying enzymes, such as
PG, PME, and Cx, played important roles in the degradation of cell wall polysaccharides,
and protopectin was degraded by coordinated PME enzyme pathways (r? = —0.81; p < 0.01).
PCA analysis showed that the first latent variable was related to changes in SPC and cell
wall metabolic corresponding enzyme activity, while the change in cell wall composition
contributed to the change in texture. These results improve our understanding of the
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underlying mechanism of Z. latifolia deterioration during storage, and may provide new
insights for the development of new methods for its preservation.
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