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Abstract: Aroma is a crucial quality attribute of apple fruit, which significantly impacts its commer-
cial value and consumer choice. Despite its importance the volatile aroma substances produced by
the new variety ‘Ruixue’ after harvest remain unclear. In this study, we utilized headspace solid
phase microextraction-gas chromatography-mass spectrometry (HS-SPME-GC-MS) to investigate
the changes in volatile substances, fruit hardness, crispness, and related aroma synthase activity of
commercially mature ‘Ruixue” apples during cold storage. Our findings revealed a gradual decline
in fruit firmness and brittleness of ‘Ruixue’ apples during cold storage, with hexyl acetate, hexyl
caproate, and hexyl thiocyanate being the main hexyl esters detected. To gain a better understanding
of the metabolic pathway of esters, we identified 42 MdCXE gene members that are associated
with ester degradation. Through RT-qPCR analysis, we discovered that carboxylesterase MdCXE20
exhibited higher expression levels compared to other MACXE genes during cold storage. To confirm
the role of MACXE20, we conducted a transient injection of apple fruits and observed that overexpres-
sion of MdACXE20 led to the degradation of esters such as hexyl hexanoate, butyl hexanoate, butyl
2-methylbutyrate, hexyl butyrate, and hexyl 2-methylbutyrate. The results of the study showed that
the virus-induced gene silencing of MACXE20 found the opposite results. Additionally, the esters
of OE-MdCXE20 callus showed a lower content of ester VOC than the control callus, according to
the homologous stable transformation of “Wanglin’ callus. Overall, these findings suggest that the
MdACXE20 gene plays a crucial role in the decrease of esters in ‘Ruixue’ apples, which ultimately
affects their flavor.
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1. Introduction

Apple (Malus x domseica Borkh.) is one of the four major fruits in the world. It is
widely planted and loved by people because of its important edible value, economic value,
social value and ecological benefits [1]. With the rapid development of economy, consumers
are not only satisfied with external qualities such as appearance, color and mechanical
damage, but also pay more attention to the internal quality of fruit nutrition and flavor. It is
widely recognized that flavor is determined by a complex mixture of sugars, organic acids
and volatile compounds (VOC). Among these, VOCs play a key role in determining fruit
quality and consumer preference [2,3]. Presently, there are more than 2000 volatile aroma
substances in plants, and more than 350 volatile aroma substances have been identified
in mature apple fruits [3,4], including esters, alcohols, ketones, aldehydes and terpenes.
The content of these volatiles is very low (ng/g), which is 1/1000 of the level of sugar acid
(mg/g). Therefore, small changes in their components will greatly impact the flavor quality
of apples. Among them, volatile esters are represent one of the important characteristics
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of apple fruit flavor [5,6]. For example, among the volatile compounds, methyl butyrate,
ethyl butyrate, butyl butyrate, methyl caproate, ethyl caproate, butyl acetate, and hexyl
acetate play an important role [7]. The synthesis of volatile substances in apple fruit is
a dynamic process. During storage, the content and diversity of volatile substances in
apples increased first and then decreased [8]. In order to prolong the fruit quality and
preservation period and prevent decay after harvest, low temperature storage is usually
used to inhibit the respiration, ethylene synthesis and pectin dissolution of apple fruit.
However, it is found that the volatile substances of apple after cold storage have a certain
impact, which seriously affects the commodity quality of apple [8]. Therefore, studying
the aroma changes of chilled apples has important theoretical and practical significance for
improving apple quality.

Esters are dominant in the aromatic substances of mature fruits such as apples, bananas,
strawberries, peaches, and pears. As the fruit matures, esters increase significantly [9].
The specific components of ester aroma vary depending on the type of fruit. Apples are
mainly composed of two types of esters, namely branched chain esters, like 2-methylhexyl
butyrate and 2-methylbutyl acetate, and linear esters such as hexyl butyrate and hexyl
acetate [10,11]; Ripe peach flavors are dominated by hexyl acetate, with linear esters such
as vinyl ester E-2, being the most important [12]. Strawberry fruit is mainly composed of
linear esters such as ethyl acetate and butyl acetate [13]. Ethyl acetate and butyl acetate
are the main aromatic substances in Nanguo pears. Ester volatile substances have unique
aroma, such as: butyl hexanoate has apple flavor, amyl acetate has banana, apple flavors;
butyl butyrate has a fresh sweet fruit flavor [14].

Carboxylesterase (CXE, EC 3.1.1.1) is a metabolic enzyme found in a variety of organ-
isms. It has the ability to catalyze the hydrolysis of carboxylic acid esters into corresponding
alcohols and carboxylic acids. The function of this enzyme has been extensively studied in
mammals, insects, and microorganisms [15,16]. Relatively speaking, there are relatively few
studies on the CXE function of plants. The majority of these proteins are categorized under
the o/ 3 hydrolase folding superfamily. This particular superfamily shares a common core
structure consisting of eight {3 chains that are interspersed with a-helixes and loops [17].
CXEs, in particular, have a catalytic triad that consists of serine (which is contained in
the conserved common sequence GXSXG), an acidic amino acid, and histidine. This triad
constitutes the active site of CXEs [17-19]. CXE enzymes exhibit a diverse range of substrate
catalytic activity that is closely linked to various biochemical and physiological processes.
These processes include the breakdown of exogenous substances and the conversion of
volatiles, which play a crucial role in determining the aroma of mature fruits. Additionally,
CXE enzymes are actively involved in plant secondary metabolism and plant defense
responses [20,21]. Several studies have identified 20 CXE genes in the genome of Ara-
bidopsis thaliana, which are found in various tissues [19]. Among these genes, AtCXE8
overexpression in Arabidopsis thaliana has been shown to enhance plant resistance to gray
mold invasion, while knockout of this gene renders plants susceptible to gray mold [22].
Additionally, tobacco hsr203] is involved in the detoxification of pathogen-derived com-
pounds [23]. In a study conducted by [24], overexpression of PepEST in transgenic pepper
fruits resulted in increased resistance to anthracnose. Fruit aroma and flavor are largely
dependent on volatile esters, such as butyl acetate and hexyl acetate. MdCXE1 in apple fruit
was found to indirectly impact the hydrolysis of these esters, which are key components of
mature fruit aroma [25]. Similarly, SICXE1 was identified as a regulator of tomato volatile
acetate content [26]; functional analysis of 33 CXEs in peach fruit showed that 13 were
expressed in fruit. The expression of six members (PpCXE1, PpCXE2, PpCXE3, PpCXE®6,
PpCXE27 and PpCXE32) was related to ripening, and the transcription products of PpCXE1,
PpCXE2 and PpCXE3 were the most abundant in mature fruits [27].

‘Ruixue’ is a significant apple variety in Shaanxi Province, and its quality is measured
by its aroma. The aroma plays a crucial role in determining its economic prospects in
the market. However, there is a lack of research on the aroma volatile substances of the
new variety ‘Ruixue” apple during cold storage. This study investigates the contribution
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of ester aromatic substances, including butyl acetate, hexyl acetate, and 2-methylbutyl
acetate, to the aromatic quality of apple fruits. The hydrolysis of esters is facilitated by the
carboxylesterase CXEs gene, which is known to play a crucial role in this process. However,
there is a lack of experimental evidence regarding the function of this gene. To address
this gap, the experimental material used in this study is ‘Ruixue” apple fruit. This study
investigated the changes in fruit hardness, brittleness, aroma key synthase activity, and
volatile aroma substances in apples during cold storage. Additionally, the study screened
the key gene MdCXE20, which is related to the hydrolysis of esters in apple fruits. This
study provides a preliminary analysis of the changes in aroma and degradation of esters
during cold storage. These findings serve as a basis for promoting a better understanding
of these changes and their impact on molecular breeding in the future.

2. Materials and Methods
2.1. Plant Materials

The apple variety ‘Ruixue’ was collected in October 2020 at the Baishui Apple Exper-
imental Station of Northwest A&F University (35°21' N, 109°55" E). A total of 150 fruits
with the uniform size, uniform coloring, consistent maturity, no pests and diseases, and
no mechanical damage were selected and bagged. After harvesting, they were placed in
a room temperature (25 °C) environment for 12-24 h to dissipate the field heat. The next
day, the plastic turnover box with single-layer paper and net belt filled with surrounding
bedding newspapers (lined with fresh-keeping bags) was immediately transported back to
the laboratory for processing. The fruits were stored at 1 &= 0.5 °C with relative humidity of
80-90% for 5 months, and sampled every other month for a total of 5 times. Each treatment
had three biological replicates, and each biological replicate consisted of 10 fruits. After
sampling, it was immediately frozen in liquid nitrogen and stored in a refrigerator at
—80 °C for later use.

2.2. Determination of Fruit Physiological Characteristics
2.2.1. Firmness Measurement by Texture Analyzer

The texture analyzer (FTC, Washington, DC, USA) was utilized to measure the firmness
and brittleness of the fruit. The measurement parameters included a 10 mm depth, a P/2
probe of 2 mm, and a measurement speed of 2 mm/s. From each treatment fruit, five fruits
were randomly selected, and the skin was measured five times on the equatorial line of the
central yin and yang surfaces of each fruit. The maximum peak force value measured each
time was firmness, and finally the average value was taken as kg/cm?. The ratio of the first
peak force value to the movement distance was fruit brittleness, and the unit was Kg.sec.

2.2.2. Determination of Lipoxygenase (LOX)

The method of Chen [28] is improved. Extraction of LOX crude enzyme solution: 5.0 g
of liquid nitrogen fully ground fruit sample tissue was added to 10 mL 100 mM phosphate
buffer solution (pH 7.5, containing 2 mM DTT, 0.1% (v/v) Triton X-100, 1% (w/v) PVPP)
under ice bath conditions, and fully shocked and mixed. The mixed homogenate was
centrifuged at 25,000 g for 15 min at 4 °C after passing through 4 layers of gauze, and the
supernatant was taken as crude enzyme solution.

The reaction substrate used in the experiment was 10 mM sodium linoleate. Config-
uration method: 70 mg of sodium linoleate, 70 pL Triton X-100, and 4 mL of anaerobic
water were mixed (to avoid bubbles), and then titrated with 0.5 mol/L sodium hydroxide
to clarify the solutio. The solution was diluted to 25 mL, packed into a 1.5 mL centrifuge
tube, and stored at —20 °C.

Determination of lipoxygenase activity. In the 3 mL reaction system containing 25 uL
of sodium linoleate mother liquor, 0.1 mM (pH 6.0) citric acid-phosphate buffer 2.775 mL,
reaction temperature 30 °C (keep 10 min), 0.2 mL of crude enzyme solution was added and
mixed. After 15 s of reaction, the lipoxygenase activity was measured at 234 nm. The data
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of at least 3 points were obtained every 30 s, and the changes of OD value within 1 min
were recorded and repeated three times.

2.2.3. Determination of Hydroperoxide Lyase (HPL)

The method for extracting HPL crude enzyme solution was improved following
Zhang [29]. 3.0 g of frozen fruit tissue was ground into powder in a mortar using liquid
nitrogen. Then, 6 mL of pre-cooled extract at 4 °C containing 150 mM HEPES-KOH buffer
(pH 8.0), 250 mM sorbitol, 10 mM EDTA, 10 mM MgCl,, 1% v/v glycerol, and 4% PVPP was
added. The homogenate was fully mixed and extracted, and then centrifuged at 25,000 x g
(4 °C) for 30 min. The supernatant was collected as the crude enzyme solution.

The reaction substrate was sodium hydroperoxylinoleate. The configuration method:
10 mL distilled water, 200 pL 10 mM sodium linoleate, 400 uL. LOX enzyme solution
(1 mg/10 mL boric acid buffer, pH 9.0), with substrate at 30 °C in a water bath 2 h.

The activity of HPL was determined through a reaction system of 3.5 mL. The system
contained 2 mL of analytical buffer consisting of 150 mM HEPES-KOH pH 8.0, 250 mM
sorbitol, 10 mM EDTA, and 10 mM MgCl,. Additionally, the system contained 0.75 mL of
substrate solution, 0.15 mL of 1.6 mM NADH, 0.1 mL of ADH enzyme solution (containing
1.5 mg/3 mL boric acid buffer, pH 8.6), and 0.5 mL of crude enzyme solution. The HPL
activity was measured at 344 nm and 30 °C. The reaction was initiated 15 s after the addition
of enzyme solution, and the change in OD value within 1 min was recorded and repeated
three times.

2.2.4. The Activities of Keto Acid Decarboxylase (PDC) and Aldehyde Dehydrogenase
(ADH) Were Determined

The method of Ke [30] is improved. Extraction of crude enzyme solution: 5 mL
100 mM MES buffer solution (containing 1% (w/v) PVPP, 2 mM DTT, pH 6.5) was added to
the tissue of 3.0 g fruit samples fully ground in liquid nitrogen under ice bath conditions,
and fully shaken and mixed. The mixed homogenate underwent centrifugation at 4 °C and
25,000 g for 15 min after passing through 4 layers of gauze. The resulting supernatant
was collected as the crude enzyme solution.

Determination of PDC enzyme activity: 0.45 mL 100 mM pH 6.5 MES buffer, 0.1 mL
5 mM TPP, 0.1 mL 50 mM MgCl,, 0.05 mL 1.6 mM NADH, 0.1 mL 50 mM pyruvate, 0.1 mL
enzyme extract.

Determination of ADH activity: 0.8 mL 100 mM pH 6.5 MES buffer, 0.05 mL 1.6 mM
NADH, 0.1 mL enzyme extract, 0.05 mL 80 mM acetaldehyde.

The absorbance change was measured at 340 nm for 2 min, starting 15 s after the
enzyme solution was added, at a reaction temperature of 25 °C. The OD value change was
recorded for each sample, which was repeated three times. The reaction solution without
enzyme extract was used as a blank.

2.3. VOC Extraction and GC-MS Analysis

The determination was performed using Yang’s modified SPME-GC-MS method [31].
To prepare the sample, fresh fruits were ground into powder using liquid nitrogen. 4.0 g
of this powder was weighed and added to a 50 mL screw-cap vial containing 10 mL of
saturated NaCl and 10 pL of 0.4 mg/mL 3-nonanone, which was used as an internal
standard. The headspace vials were equilibrated for 10 min at 55 °C on a metal heating and
stirring platform. A divinylbenzene/carboxy/polydimethylsiloxane (DVB/CAR/PDMS)
coated SPME fiber with a thickness of 50/30 um (Supelco, Bellefonte, PA, USA) was
inserted into the headspace for 30 min under continuous heating and stirring (200 rpm)
to adsorb VOC. The fiber was then inserted into the heating inlet of the chromatograph
and desorbed at 250 °C for 2.5 min. VOCs were analyzed using a Thermo Trace GCU
ultra gas chromatograph (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an
HP-INNO Wax 60 m x 0.25 mm x 0.25 mm capillary column.
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GC conditions: Helium was used as the carrier gas and circulated in splitless mode at
a flow rate of 1.0 mL/min. The initial oven temperature was 40 °C, held for 3 min, then
ramped to 150 °C at a rate of 5 °C/min, then ramped to 220 °C at a rate of 10 °C/min and
held for 5 min.

MS conditions: mass spectrometry ion source, transfer line temperature 240 °C. Mass
spectrometry was performed in electron ionization mode at 70 eV with a scan range of
35450 m/z.

The volatile aroma substances were analyzed by GC-MS. The mass spectrometry data
were automatically retrieved and matched with the NIST 2014 standard spectrum. The
data with a matching degree of more than 60% and a matching value of more than 800 were
retained to determine the chemical composition.

Quantitative analysis: The relative content of volatile substances [32] was obtained by
peak area normalization method. The calculation formula was as follows: the content of
each component (ug/kg) = (component peak area/internal standard peak area) x internal
standard concentration (g/L) x 10 uL/sample mass (g).

2.4. RNA Extraction, Gene Expression Analysis by RT-gPCR

According to previous studies [33], the modified CTAB method was used to isolate
and purify RNA from ‘Ruixue’ fruits at different storage periods under different treat-
ments. After RNA extraction, cDNA was synthesized using the EasyScript One-Step gDNA
Removal and cDNA Synthesis Kit according to the manufacturer’s instructions. The ex-
pression level of the candidate gene carboxylesterase, which is involved in the degradation
of aroma esters, was analyzed using fluorescent quantitative real-time PCR (RT-qPCR) with
cDNA as the template. Gene-specific primers were designed using Origin 2018 64 bit and
NCBI. MdActin was selected as the reference gene for constitutive expression. All primer
sequences are listed in Table 1.

Table 1. Lists of all the primer sequences used for RT-qPCR.

Name Apple ID Primers (F) Primer (R)
MACXE3 MD02G1275900 TGATGGCTCTGTCGACCGG AAATATATTCGGACACGATGG
MdACXE5 MD02G1276600 TGGATTCGTTCGATCAGT TAAAGACGGTGCTCTGGA
MdACXE6 MD03G1273300 CTCGTTTGATCACGTCGACAC CTGCTCAAGATCCGAAATGCC
MdACXE9 MD05G1076400 AAGAACCAGCATTGTCCGT AATGCAGTTTCAACCACGAA
MdACXE10 MD05G1078900 TGCCTACAATCTCCATACTCG ATGAAACGCTCAATTGTACCA
MdACXE12 MDO05G1191100 CAACCCGAAACCGGAGTCC GTGGGGGAGGAAGCGCTTTC
MdACXE17 MD08G1226300 ATCATTCGAGTTCCCGACCCT CTTTGGATTGGACCCCGGTT
GAGGAGGTACTACCA TCACACGGAAGCA
MdCXE20 MD10G1068500 GTGGTTGAAG ATGAAATCTTTG
MdACXE23 MD10G1091200 ATGGATTCAGCCTTGAGCAAC ACATTCGACGCCTGTTTGTG
MdACXE25 MD10G1091900 ATGACAAACGAAGTAGCCCAT CCTTGGATTGGACACCGATT
. GATATCTCCACTGAC AGGGTCAGCTTGCCG

MdActin MD01G1001600 GTAAGGGATG TAGGTGGCA

2.5. Bioinformatic Sequence Analysis

The members of the MACXE gene family all contain a conserved core structure, which
is composed of eight 3 chains interspersed with «-helices and rings [17], and contains a
catalytic triad composed of serine (contained in the conserved common sequence GXSXG),
acidic amino acids and histidine, constituting its active site. Using this sequence, we
searched the GDR apple genome database (https://www.rosaceae.org/, accessed on
5 March 2022) using BLASTP, and used Arabidopsis CXEs with 107> as the cut-off value
to screen apple MdCXE gene family members. A total of 42 members of the MdCXE
family were retrieved, and CDD belonged to Abhydrolase-3, Pfam07859. The GXSXG
conserved sequence of the MACXE gene family was analyzed by MEME online software
(http:/ /meme-suite.org/tools/meme, accessed on 5 March 2022). In this study, we em-
ployed several bioinformatics tools to analyze amino acid sequences, predict domain and
function using MEME 6.0 and InterPro, respectively. To determine the physicochemical
properties of some genes, we used the pI/Mw tool in ExXPASy Compute. We also utilized
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Wolfpsort to predict subcellular location and calculated pl and Mw using the ExPASy
Compute tool. Additional details can be found in Table S2. The phylogenetic tree was
constructed using MEGA 6.0. The maximum likelihood tree was tested and analyzed
1000 times for accuracy.

2.6. Transient Injection of the MACXE20 in Apple Fruit

The apple fruit was infected by injection, method reference by Wu [34]. The full-
length CDS of MdCXE20 gene was amplified by PCR using the cDNA of ‘Ruixue’ fruit
as a template and the primers in Table 2. The BamHI and Kpnl restriction sites were
selected and the pCAMBIA2300-OE-MdCXE20 overexpression vector was constructed by
homologous recombination. The 400 bp fragment of MdCXE20 was cloned into TRV2 as a
virus-induced silencing vector, and Kpnl and EcoRI were selected as restriction sites. The
TRV1 + TRV2-MdCXE20 silencing vector was constructed by homologous recombination.
The recombinant vector confirmed by sequencing was transformed into EHA105 Agrobac-
terium competent. Positive single colonies were selected and activated by YEP liquid
culture containing kanamycin sulfate (50 pg/mL) and rifampicin (50 ng/mL). Based on
28 °C culture to ODggp = 1.2~1.5, the bacteria were collected by centrifugation, and the equal
volume of sterile MS culture medium (10 mM MgCl,, 10 mM MES, 100 mM acetosyringone,
pH 5.8) was added to re-suspend the bacteria. The empty pCAMBIA2300 and TRV1 + TRV2
vectors were used as controls, and the dark treatment was performed for 3 h. Choose the
fruit with the same size and no mechanical damage, wipe the fruit surface with a wet
cloth and wait for use. The apple fruit was divided into four parts by injecting the treated
bacterial solution into the central axis epidermis of the fruit with a 1 mL syringe. Half of
the fruits were injected with Agrobacterium containing pCAMBIA2300-OE-MdCXE20, and
half were used for Agrobacterium infection containing pCAMBIA2300-OE, the silencing
vector was the same as above. After labeling, it was placed in dark for 7 days, sampled,
frozen in liquid nitrogen, and stored at —80 °C for VOC and gene analysis (15 fruits in
each group).

Table 2. Construction of pPCAMBIA2300 and TRV2 primers by MdCXE20.

Gene Vector Primers Sequences
MACXE20 pCAMBIA2300-OE-Primers (F) acgggggacgagcteggtacc ATGACGACGTCGTTGGACTCC
pCAMBIA2300-OE-Primer (R) ggtgtcgactctagaggatccCACGGAAGCAATGAAATCIT
MACXE20 TRV2-Primers (F) gtgagtaaggttaccgaattc TTTTTCGGGGGAGAGGAGC
TRV2-Primer (R) gagacgcgtgagetcggtaccCACGGAAGCAATGAAATCTT

2.7. Overexpression of ‘Wanglin” Callus Transgenic

The Agrobacterium-mediated transformation method of ‘Wanglin’ callus is refer-
enced [35]. The full-length CDS of MdCXE20 gene was amplified by PCR using the cDNA
of ‘Ruixue” apple fruit as a template, combined with the primers in Table 2, and the CDS of
MdACXE20 gene were constructed by homologous recombination. The recombinant vector
was introduced into Agrobacterium EHA105 through electroporation while the empty
vector was utilized as a control. Positive single colonies were then chosen and grown
in YEP liquid culture supplemented with kanamycin sulfate (50 pg/mL) and rifampicin
(50 pg/mL). Based on the culture at 28 °C to ODg,, = 0.6~0.7, the bacteria were collected
by centrifugation, and the equal volume of sterile sterilized water containing 50 mg/L
acetosyringone was added to re-suspend the bacteria, and placed in darkness for 3 h.

The callus of “Wanglin’, which grew for 20 days under sterile conditions, was infected
with Agrobacterium containing pCAMBIA2300-OE-MdCXE20 vector for 25 min. During the
period of continuous shaking, the excess bacterial liquid was sucked with filter paper and
placed on the subculture solid medium. After 3 days of dark culture, it was transferred to
the screening medium containing 200 mg/L carbenicillin and 50 mg/L kanamycin sulfate,
and cultured at 25 °C, 16 h/8 h in darkness. Observe their growth every 1 week until
there is a small callus growth. Subculture medium components: 4.43 g/L MS, 7 g/L agar,
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30 g/L sucrose, 0.5 mg/L 2,4-D, 1 mg/L 6-BA, pH 6.0. The differentiated callus was
transferred to a new screening medium and subcultured every 2 weeks. DNA was extracted
from the T8 generation of six lines for positive plant detection, and three lines were selected.
The identified T8 transgenic “Wanglin’ callus was frozen in liquid nitrogen and stored at
—80 °C for ester content and gene expression analysis. Three plants were selected from
each line as three biological replicates, each containing five calluses. The callus actin gene
was used as an internal reference gene to analyze the gene expression of MdCXE?20.

2.8. Subcellular Localization Analysis

The analysis method is slightly modified based on [36]. The complete CDS sequence of
MdCXE20 was fused into the green fluorescent protein GFP to obtain the 355-GFP-MdCXE20
recombinant plasmid. The primer information is shown in Table 2. According to the
method of described in Section 2.6, the fusion protein 355-GFP-MdCXE20 was transiently
overexpressed in a Nicotiana benthamiana plant with MCherry nuclear localization marker
by Agrobacterium infection. After 3 days of dark culture after injection, the laser confocal
fluorescence microscope was used to observe and photograph.

2.9. Statistical Analysis and Data Processing

Excel 2010 software was used for data analysis, and IBM SPSS Statistics 26.0 software
was used for one-way analysis of variance and significance analysis.

3. Results
3.1. Changes of Fruit Firmness and Brittleness of ‘Ruixue’ at Different Cold Storage Stages

Firmness is one of the important factors to evaluate apple quality [37]. As shown in
Figure 1A, the firmness of apple fruit showed a decreasing trend with the increase of frozen
days. The decrease of firmness of refrigerated fruit mainly occurred in the first 4 months
of storage period, and the decrease was larger. The firmness of fruit decreased from
10.25 kg/cm? to 7.67 kg/cm? at 150 days of cold storage, which was 25.17% lower than that
of harvest period. As shown in Figure 1B, the fruit brittleness showed a slow downward
trend with the prolongation of storage time, indicating that refrigeration was beneficial to
the fruit. It shows that cold storage can maintain fruit firmness quality attributes well.

B 5
. b b b b c
————3
o
€ 3 1
2
= 2
82
=
21 4
T T T T 0 T T T T
30 60 90 120 150 0 30 60 90 120 150
Forzen days(d) Forzen days(d)

Figure 1. Changes of firmness and brittleness of apple fruit during storage. (A) Fruit firmness;
(B) Fruit brittleness. Error bars show =+ SE from three biological replicates. Different lowercase letters
in columns denote significant differences between sampling dates for ‘RuiXue’ fruit by Duncan’s
multiple range test (p < 0.05).

3.2. Changes of Aroma Synthase Enzyme Activity in ‘Ruixue’ at Different Cold Storage Stages

C6 substances, such as 2-hexenal, are synthesized through the LOX-HPL pathway to
produce hexyl esters. The content of 2-hexenal was the highest at 60 days of storage, the
content of esters reached the maximum peak at 60 days of storage, and the ester substance
2-methyl hexyl butyrate also reached the maximum release amount, but the LOX and HPL
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activity reached the peak at 90 days (Figure 2A,B). It is speculated that this may be related
to the content of linolenic acid and linoleic acid. It can be seen that the activity of PDC
and ADH showed an overall upward trend in each storage stage during the whole storage
period, and the rate of increase of enzyme activity was the fastest between 90 d and 120 d.
The difference of PDC activity between 150 d and 1-30 d was the most obvious, and the
difference of ADH activity between 120 d and harvest was the most obvious. (Figure 2C,D,
p <0.05).
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Figure 2. Changes of aroma synthase during apple cold storage. (A) Lipoxygenase (LOX);
(B) Hydroperoxide lyase (HPL); (C) Keto acid decarboxylase (PDC); (D) Acetaldehyde dehydro-
genase (ADH). Error bars show £ SE from three biological replicates. Different lowercase letters
in columns denote significant differences between sampling dates for ‘RuiXue’ fruit by Duncan’s
multiple range test (p < 0.05).

3.3. VOC in Apple Fruits during Different Cold Storage Periods

In ‘Ruixue’ apple, the concentration of total aroma substances was a dynamic process
during storage, which increased from 4839.45 pg/kg at harvest to 18,733.17 ug/kg at
60 days of cold storage (Figure 3A), and reached the maximum peak. A total of 51 volatile
substances were detected during cold storage, and 36, 38, 48, 42, 43 and 40 aroma substances
were detected respectively (Supplementary Table S1). With the prolongation of storage time,
the types of aroma substances increased first and then decreased, among which the changes
of esters were the most obvious. The types of esters during cold storage period were 19, 21,
24,22, 21 and 20 respectively (Figure 3C). During the whole cold storage period, esters were
the most abundant, followed by aldehydes, and were the least ketones, (Figure 2B) and
contributed the most to the aroma of apple during cold storage, mainly hexyl esters and
acetate esters. Some of the main compounds were hexyl 2-methylbutyrate, hexyl butyrate,
hexyl hexanoate, butyl butyrate, 2-hexenal, hexanal, and 1-Hexanol (Table S1).
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of VOC in each component; (C) Number of VOC. Different colors represent different types of
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3.4. Bioinformatics and Phylogenetic Analysis of MACXE Gene Family Proteins

We identified 42 members of the apple CXE family from the GDR based on the
published genome of ‘Golden Delicious” apple, and found that all 42 MdACXE CDS contain
complete predicted coding regions. Furthermore, the amino acid sequences of these
proteins exhibit similar characteristics to those of the previously reported 20 AtCXE gene
family members in A. thaliana. (AtCXE1-20, [19]), including the transmembrane region
of the «/ 3 hydrolase fold in the transmembrane region of the superfamily. As well as,
oxygen anion pore and catalytic triad residues (Ser, acid, and His) predicted with conserved
HGG sequence motifs, including the pentapeptide sequence around the nucleophilic serine
(GXSXG) (Figure S1)

According to the location of the selected genes on the chromosome, we systematically
named them as MACXE1-MdCXE42 (Table S3). We performed phylogenetic analysis on the
predicted 42 apple CXE genes, 4 tomato CXE genes with known functions, 3 peach CXE
genes and 20 AtCXEs genes previously reported (Figure 4). According to the classification
of Arabidopsis [19], 42 members were divided into 7 clades (Group 1-7). In addition, as
revealed by Blastp search, MACXE has close similarities with carboxylesterases in other
higher plants, ranging from 50% to 100%.

3.5. MACXE Gene Expression Analysis

To identify additional genes associated with carboxylesterase hydrolysis, we con-
ducted a blast alignment analysis using CXE genes from various plants and identified
10 genes with 100% homology to them. The genes involved in MdCXE3, MACXE5, MdCXE®,
MdACXE9, MdCXE10, MACXE12, MACXE17, MACXE20, MACXE23, and MdCXE25. During
cold storage, the expression of these 10 candidate genes was analyzed by RT-qPCR using
‘Ruixue’ fruit as material, and a family member with high expression was selected as a
candidate gene.
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Figure 4. Phylogenetic analysis of CXE families. The full-length amino acid sequences were aligned
to construct the phylogenetic tree. The accession members are AtCXE1-20 from Arabidopsis thaliana,
SICXE1, SIASH1-2 and Lehsr203] from tomato, PpCXE1-3 from peach fruit and Nthsr203] from tobacco.
Different colors represent different groups.

The results showed that MACXE10 was not expressed during refrigeration. However,
MdCXE20 had a significant high transcription level during fruit cold storage (Figure 5B);
In addition, the phylogenetic tree (Figure 4) shows that MdCXE20, like other plant car-
boxylesterases, belongs to the Group3 group and is the largest branch. Previous studies
have shown that the Group3 group contains the volatile ester SICXE1 involved in tomato
and the volatile ester PpCXE1 involved in peach fruit (Figure 4). Based on the above
analysis, it is speculated that MdACXE20 may be involved in the degradation of apple
volatile esters.

Esters account for the highest proportion in ‘Ruixue” apple varieties (Figure 3B). In
order to further explore the degradation of volatile esters during storage, the contents of
main characteristic esters, butyl butyrate, hexyl hexanoate, hexyl 2-methylbutyrate, and
hexyl butyrate, C4 and C6 alcohols as precursors of ester synthesis and the expression
of carboxylesterase MdACXE20 gene involved in ester degradation were further analyzed.
The results showed that the peak of hexyl caproate appeared at 120 d, and the peak of the
corresponding substrate 1-Hexanol content was delayed. Similarly, the content of butanol
peaked at 90 d, and the corresponding butyl ester peaked at 60 d. However, there was no
significant correlation between hexyl 2-methylbutyrate, hexyl butyrate content and hexanol
content. It was observed that the expression of MdCXE20 gene in fruit decreased with the
increase of esters, and it was speculated that the carboxylesterase MACXE20 may degrade
some hexyl ester and butyl ester.



Foods 2023, 12,1977

110f18

Content (ng/kg)

Relative expression

Content (ng/
v
°
8

®butyl butyrate

| " hexyl hexanoate B
4 ®hexyl 2-methylbutyrate
J ®"hexyl butyrate

= 1-Hexanol
= 1-Butanol 2-methvi-
1-Butanol

—a—MAICXE3  —a—MdCXES MACXE6
—8—MAICXE9 —@—MdCXEI2 MACXE17
—8—MAICXE17 —@—MdCXE20 MACXE25
L] = 8
= 7
3
26
w
£ 5
&
< 4
4
& 3
£
E 2
1
0

0 30 60 90 120 150
Forzen days (d)

{Mmacxe20

© =W WA ;e 9 ®O

C 7
6 - y =-0.0007x+ 7.969
g R*=0.9389
251 P<0.05
I
24
i
v
@ 3 1
R
=2 -
&
1 L 2
0 v ' . v
30 60 9% 120 150 500 2,500 4,500 6,500 8,500

Forzen days (d) Ester content (ng/kg)
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expression of MdCXE20 gene during apple cold storage. Error bars represent SE (1 = 3); (B) Expression
pattern of apple CXE gene during cold storage; (C) Transcript levels of CXEs during fruit cold storage
which showed significant negative correlation to volatile esters (p < 0.05).

In order to explore the correlation between the candidate gene MdCXE20 and the
content of volatile esters, the correlation between the expression level and the content of
volatile esters in ‘Ruixue’ fruit during cold storage was analyzed by RT-qPCR. Correlation
analysis revealed that the transcription level of MdCXE20 was negatively correlated with
the content of esters (Figure 3C), and the correlation coefficient R? of volatile ester content
of MdCXE20 gene expression was 0.9389 (p < 0.05).

3.6. Transient Overexpression and Silencing of MACXE20 Changed the Content of Esters in
Apple Fruit

Homologous transient overexpression was used [35] and virus-induced gene silencing
(VIGS) system to verify the function of MdACXE20 in volatile substances in apple fruits. In
this study, we created pGreen-OE-MdCXE20 and TRV1 + TRV2-MdCXE20 vectors, with
pGreen-OE and TRV1 + TRV2 vectors as controls. These vectors were then injected into
mature apple fruits for further analysis (Figure 6A). The expression of MdACXE20 gene
and the changes of VOC were detected 7 days after injection. As shown in Figure 6B,
after overexpression of MdACXE20 gene, the expression level increased significantly by
about 2.5 times, the corresponding total volatile substances decreased by 2 times, and
the esters decreased by about 1.5 times, while silencing MdCXE20, the gene expression
decreased significantly. It decreased by about 0.8 times, and the esters increased by about
1.5 times. The contents of butyl butyrate, hexyl hexanoate, hexyl 2-methylbutyrate and
hexyl butyrate in apple fruits of MdCXE20 overexpression decreased significantly, and the
opposite results were observed after silencing MdCXE20 (Figure 6C). The above results
indicated that MACXE20 gene was involved in the degradation of esters in apple fruit.
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Figure 6. Instantaneous injection of MdCXE20 ‘Ruixue’ fruit. (A) ‘Ruixue’ apple transient injection;
(B) ‘Ruixue’ fruit MdCXE20 gene expression and ester content change; (C) Instantaneous expression
of MdCXE20 ‘Ruixue’ apple 4 ester content; (D) Chiral GC-MS analysis of four esters in transiently
silenced apple fruit, Red was virus-induced gene silencing, and black was blank control. Single and
double asterisks (*), (**) represent significant differences (* t-test, p < 0.05; ** t-test, p < 0.01).

3.7. MACXE20 Transgenic Reduced the Content of Ester Volatile Substances in “‘Wanglin’ Callus

In order to further confirm the function of MdCXE20 on ester volatiles, we performed
homologous stable transformation experiments in ‘Wanglin’ callus. Agrobacterium contain-
ing pGreen-OE-MdCXE20 construct was used to infect ‘Wanglin” callus, and wild ‘Wanglin’
callus was used as control (Figure 7A). Three independent lines, MdACXE20-#OE1, Md-
CXE20-#OE2 and MdCXE20-#OE3, were obtained. Subsequently, the DNA detection and
Western Blot detection of the three transgenic lines could detect the target band, while the
control could not detect the target band (Figure 7C,D). The gene expression level in the
three transgenic lines of overexpression MdCXE20 was significantly higher than that in
the wild-type “Wanglin’ callus (Figure 7B), the most significant was the MdCXE20-#OE3
line, the transcription level was about 18 times that of the control group, and SPEA-GC-MS
analysis was performed. After overexpression of MdACXE20, the content of esters decreased
by 78% (Figure 7E). In summary, these results indicate that overexpression of MdCXE20 is
involved in the degradation of ester volatiles in plants.
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Figure 7. Changes in transcription level and ester content of MdCXE20 transgenic ‘Wang Lin” callus.
(A) Schematic diagram of “Wang Lin’ callus; (B) Transcription level of MdCXE20 transgenic ‘Wang Lin’
callus; (C,D,F) RNA, DNA, protein level identification of transgenic materials; (E) Change of ester
content of MACXE20-#OE3 transgenic ‘Wang Lin’ callus. WT: wild-type; MdCXE20-#OE1, MdCXE20-
#OE2, MdCXE20-#OE3 a transgenic lines. Double asterisks (*) represent significant differences

between wild-type and transgenic callus (t-test, p < 0.01).

3.8. Subcellular Localization Analysis

In order to determine the subcellular location of MdCXE20 in apple, we verified the
hypothesis that MdCXE20 protein is located on the plasma membrane of plants by the ex-
pression of MACXE20 and GFP fusion protein. We transiently transformed Agrobacterium
tumefaciens carrying pCAMBIA2300-GFP-MdCXE20 and control construct pPCAMBIA2300-
GFP into tobacco leaf epidermal cells containing transgenic Mcherry. After injection, the
leaf slices around the injection site were observed by laser scanning confocal microscopy
after dark culture for 3 days. As shown in Figure 8, the control pCAMBIA2300-GFP con-
structs were distributed throughout the cell, while the GFP-MdCXE20 protein fluorescence
was targeted to the plasma membrane. These results indicate that MdCXE20 is located in
the cytoplasm where the hydrolysis of aromatic esters is likely to ocuur, thereby exerting
its biological function.
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Figure 8. Subcellular localization of MdACXE20. GFP signals were observed in Nicotiana benthamiana
plants. The pPCAMBIA2300-GFP empty vector was used as a control. Scale bar = 10 um.

4. Discussion

In China, apple is widely recognized as a key economic fruit tree. It serves as a major
source of income for fruit farmers and has significantly contributed to the promotion of
rural revitalization [38]. After harvesting, fruits are susceptible to rot and quality decline
due to high water content and inadequate storage measures. This can result in significant
economic losses. To address this issue and ensure year-round supply, refrigeration has
become the most popular fruit storage method worldwide. Cold storage is a widely used
and simple method for preserving fruits and vegetables. By lowering the temperature, the
respiration rate and ethylene release rate of fruits are inhibited, which helps to maintain
fruit firmness and achieve optimal preservation [39]. ‘Ruixue’ apple is a late-maturing
variety that exhibits greater resistance to storage. Our study found that fruit firmness
and crispness exhibited a significant decrease during storage, which is consistent with
previous research.

Texture and volatile aroma compounds are both important factors in determining
fruit quality and affecting final consumer acceptance of goods. These traits are crucial
in quality, disease resistance breeding [40], and post-harvest processing and storage [41].
Metabolic pathways for volatile aroma substances are extensive and intricate, with numer-
ous precursors and enzymes involved in the process. In plants, fatty acids and amino acids
are typically the metabolic precursors. Key enzymes responsible for aroma metabolism
include LOX, HPL, PDC, ADH, and CXE, among others. Studies have revealed a significant
increase in hexyl esters and butyl esters in apple volatiles after treatment with hexanal and
hexanoic acid [42]. The synthesis of aroma in melon fruit was significantly impacted by
the cloning of CmADH1 and CmADH?2, as reported in [43]; Similarly, the production of
VOC in ‘Pink Lady’ apples was stimulated by treatment with n-butanol during the early
stages of development [44]; Exogenous fatty acid treatment of apple fruits resulted in a
significant increase in hexyl esters and butyl esters, indicating that fatty acids are precursors
of aroma synthesis. Additionally, the activity of LOX was found to be related to aroma
synthesis, as it increased in response to the fatty acid treatment [42]. Although the activity
of alcohol dehydrogenase involved in ethanol formation was not found to be related to
ethylene regulation [45], a study showed that the content of total and monools in apples
was induced by ethylene and inhibited by ethylene receptor inhibitor 1-MCP [10]. This
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suggests that volatile aroma compounds in apples are typically associated with substrate
utilization and related enzyme activity [42]. This study examined the impact of aroma
synthesis-related enzymes, including LOX, HPL, ADH, and PDC, on the quality of stored
produce. Results indicated that the LOX-HPL enzyme activity remained consistent, with
a significant increase observed before 90 days of cold storage. The production of volatile
esters showed a gradual increase, peaking at 60 days, which was 30 days later than the
peak in enzyme activity. It is speculated that it may be related to substrate content and
availability of other compounds, and further research is needed.

The structure of volatile aroma substances in apples is complex and their quantity and
distribution are influenced by various factors such as varieties, environment, cultivation,
postharvest storage, and other conditions [46], particularly postharvest factors. Among
the VOCs, only a few have a significant impact on fruit aroma, mainly esters, aldehydes,
alcohols, and terpenes. Esters are considered the most important volatile substances in
apple aroma [47,48]. During the cold storage of ‘Ruixue’ apple fruit, the content and types
of volatile aroma substances underwent a dynamic change. As storage time increased,
the aroma substances showed a trend of initially increasing and then decreasing, with the
peak being reached at 60 days of storage. The esters constituted the largest proportion
of the volatile substances, accounting for approximately 50% of the total. The study
detected several main esters, including butyl butyrate, hexyl acetate, 2-methylbutyrate,
hexyl hexanoate, hexyl thiocyanate, and isoamyl 2-methylbutyrate. The dominant esters
were found to be hexyl esters, which is in line with previous research [4]. In the ‘Ruixue’
variety, compounds such as ethyl butyrate, butyl propionate, and propyl hexanoate were
not detected until after 30 days of storage, indicating significant variations in the content
and types of aromatic substances during different storage periods following cold storage.

Esters are significant volatile aroma compounds found in many mature fruits and are
derived from amino acids and fatty acids. LOX-HPL catalyzes fatty acids to produce C6
and C9 aldehydes, which are then converted to alcohols through the dehydrogenation of
ADH [42,49,50]. Finally, esters are produced through the action of AAT [51]. Tomato SIAAT1
and peach PpAAT1 are examples of enzymes related to the production of volatile esters
during fruit ripening [52]. The synthesis of esters has been extensively studied in relation
to the quality of apple fruit. However, there is a lack of research on the metabolic processes
of esters during storage. This area presents an opportunity for further investigation and
could provide valuable insights into the factors that influence the quality of stored apples.

CXEs, as a member of the o/ 3 hydrolase superfamily, are known to catalyze various
hydrolysis reactions and are typical ester bond hydrolases. However, there have been few
studies on the hydrolysis of ester volatiles in fruits by carboxylesterase. The functions of
some CXEs in plants, such as tomato, peach, and strawberry, have been identified [26].
The role of CXE protein in regulating the content of volatile esters in tomato has been
widely studied, where SICXE1 has been found to hydrolyze volatile esters [26]; PpCXE1 is
known to be involved in the hydrolysis of volatile esters [25]. In this study, comparative
analysis identified 42 members of the apple MACXE gene family, and it was suggested
that 10 of these genes may be responsible for the hydrolysis of volatile esters during the
storage of ‘Ruixue’ fruit. The study confirmed that the gene MdCXE20, which exhibited the
highest transcription level, plays a crucial role in the hydrolysis of volatile esters. Through
homologous transient and stable transformation of ‘Wanglin’ callus, it was established
that MdCXE20 is involved in the decomposition and metabolism of volatile esters that are
related to the flavor of apple fruit. Similar studies on tomato and peach fruits have revealed
that acyltransferases AATs and CXEs work together to regulate the content of volatile
esters in fruits [25,26,52]. During fruit storage, the level of CXE transcriptional metabolites
significantly increased. Subcellular localization analysis revealed that MdCXE20 and
MdAAAT1 gene were both located in the cytoplasm [53]. The co-localization of these enzymes
can create a cycle that regulates the balance of ester synthesis and hydrolysis in fruits
through synergistic action [52]. The study revealed that the MdCXE20 gene is capable of
hydrolyzing esters. However, due to the current limitations in gene silencing or knockout
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transgenes in apple fruits for functional verification, it is difficult to determine whether
other CXE gene members also play a role in regulating ester content.

Our research has identified MdCXE20 as a crucial gene in the synthesis pathway of
ester volatiles in apple fruit. The significant expression of MdACXE20 in apple fruit has been
found to cause a decline in hexyl ester content. This alteration in volatile substances has a
direct impact on the aroma of the fruit, ultimately affecting its overall sensory profile. In
summary, this study offers a comprehensive understanding of the formation and regulation
of fruit aroma quality. It achieves this by exploring the regulation mechanism of ester
aromatic substances in apple fruit. The findings provide an important theoretical basis for
improving fruit aroma quality through molecular breeding and other methods.

5. Conclusions

During cold storage, ‘Ruixue’ apples are mainly composed of hexyl esters such as
hexyl acetate, hexyl caproate, and hexyl thiocyanate which are the most important volatile
substances after harvest. Carboxylesterases (CXEs) is a diverse and complex enzyme
group that is capable of hydrolyzing esters. However, their natural substrates are not
well understood. In this study, 42 MdCXE family members in apples were identified
through phylogenetic analysis. The results of RT-qPCR revealed that MACXE20 had a high
expression level in apple. The results from the transient overexpression of MdACXE20 in
apple fruitin E. coli and the stable overexpression of ‘Wanglin’ callus indicate that MdCXE20
functions in the degradation of esters. These findings suggest that MACXE20 plays a crucial
role in ester metabolism in mature apples, providing valuable insights into the potential
role of CXE family members in apples and enhancing our comprehension of the molecular
basis of fruit volatiles.
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Author Contributions: Conceptualization, D.L. and H.G.; methodology, D.L. and ].G.; software, D.L.;
validation, H.M., L.P,, X.L., HW. and R.C.; formal analysis, D.L.; investigation, H.M.; resources,
L.P; data curation, X.L., H.W. and R.C.; writing-original draft preparation, D.L.; writing-review and
editing, Z.Z. and H.G.; funding acquisition, H.G. All authors have read and agreed to the published
version of the manuscript.

Funding: The work was supported by the Shaanxi Provincial Key Research and Development (R&D)
Program (2020zdzx03-06-02-02) and the Earmarked Fund for China Agriculture Research System
(CARS-27).

Data Availability Statement: The datasets generated for this study are available on request to the
corresponding author.

Acknowledgments: We would like to thank Jing Wei and Zhifeng Li for assisting with the data
analysis, and thank all editors and reviewers for their comments on this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

1. Chen, Y.D,; Meng, X.X.; Zhao, R.X.; Dou, Y.T,; Xian, G.J.; Xu, Q. A preliminary exploration on the construction of a scientific data
resource system for apple industry in China. J. Fruit Sci. 2016, 33, 719-726.

2. Kondo, S; Setha, S.; Rudell, D.R.; Buchanan, D.A.; Mattheis, ].P. Aroma volatile biosynthesis in apples affected by 1-MCP and
methyl jasmonate. Postharvest Biol. Technol. 2005, 36, 61-68. [CrossRef]

3.  Echeverria, G.; Graell, J.; Lépez, M.L.; Lara, I. Volatile production, quality and aroma-related enzyme activities during maturation
of ‘Fuji’ apples. Postharvest Biol. Technol. 2004, 31, 217-227. [CrossRef]

4. Young, H.; Gilbert, ] M.; Murray, S.H.; Ball, R.D. Causal Effects of Aroma Compounds on Royal Gala Apple Flavours.
J. Sci. Food Agric. 1996, 71, 329-336. [CrossRef]


https://www.mdpi.com/article/10.3390/foods12101977/s1
https://doi.org/10.1016/j.postharvbio.2004.11.005
https://doi.org/10.1016/j.postharvbio.2003.09.003
https://doi.org/10.1002/(SICI)1097-0010(199607)71:3&lt;329::AID-JSFA588&gt;3.0.CO;2-8

Foods 2023, 12,1977 17 of 18

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Young, H.; Stec, M.; Paterson, V.J.; McMath, K.; Ball, R. Volatile Compounds Affecting Kiwifruit Flavor. Am. Chem. Soc. 1995,
596, 59-67.

Goodenough, PW.; Entwistle, T.G. The hydrodynamic properties and kinetic constants with natural substrates of the esterase
from Malus pumila fruit. Eur. J. Biochem. 1982, 127, 145-149. [CrossRef]

Ma, Y.Y; Li, LN.; Liu, Q.; Ding, Q.N.; Li, K,; Liu, P. Composition, Influencing Factors and Regulation Strategies of Aroma
Substances in Apple. North. Hortic. 2023, 520, 119-127.

Liu, J.L. Analysis of Volatile Flavor Compounds and Their Genetic Characteristics in Malus Domestica ‘Ruixue’. Northwest AF Univ.
2019, 36, 590-602.

Echeverria, G.; Graell, J.; Lopez, M.L. Effect of Harvest Date and Storage Conditions on Quality and Aroma Production of “Fuji
Apples. Food Sci. Technol. Int. 2002, 8, 351-360.

Yang, X.; Song, J.; Du, L.; Charles, F.; Campbell-Palmer, L.; Fillmore, S.; Paul, W.; Zhang, Z.Q. Ethylene and 1-MCP regulate major
volatile biosynthetic pathways in apple fruit. Food Chem. 2016, 194, 325-336. [CrossRef]

Li, D.; Xu, Y.F; Xu, GM,; Gu, LK;; Li, D.; Shu, H. Molecular cloning and expression of a gene encoding alcohol acyltransferase
(MdAAT?2) from apple (cv. Golden Delicious). Phytochemistry 2006, 67, 658—-667. [CrossRef]

Zhong, R.; Lee, C.; Ye, Z. Global analysis of direct targets of secondary wall NAC master switches in Arabidopsis. Mol. Plant 2010,
3, 1087-1103. [CrossRef]

Cumplido-Laso, G.; Medina-Puche, L.; Moyano, E.; Hoffmann, T.; Sinz, Q.; Ring, L.; Studart-Wittkowski, C.; Caballero, J.L.;
Schwab, W.; Munoz-Blaoco, ]. The fruit ripening-related gene FIAAT2 encodes an acyl transferase involved in strawberry aroma
biogenesis. J. Exp. Bot. 2012, 63, 4275-4290. [CrossRef]

Williams, A.A.; Knee, M. The flavour of Cox’s Orange Pippin apples and its variation with storage. Ann. Appl. Biol. 1977,
87,127-131. [CrossRef]

Levisson, M.; Oost, ].V.D.; Kengen, S.W.M. Carboxylic ester hydrolases from hyperthermophiles. Extremophiles 2009, 13, 567-581.
[CrossRef]

Wang, X.; Shi, J.; Zhu, H.J. Functional Study of Carboxylesterase 1 Protein Isoforms. Proteomics 2019, 19, 800288. [CrossRef]
Ollis, D.L.; Cheah, E.; Cygler, M.; Dijkstra, B.; Frolow, F.; Franken, S.M.; Harel, M.; Remington, S.J.; Silman, I.; Schrag, J. The
alpha/beta hydrolase fold. Protein Eng. 1992, 5, 197-211. [CrossRef]

Ileperuma, N.R.; Marshall, S.D.; Squire, C.J.; Baker, HM.; Oakeshott, J.G.; Russell, R.J.; Plummer, KM.; Newcomb, R.D;
Baker, E.N. High-resolution crystal structure of plant carboxylesterase AeCXE1, from Actinidia eriantha, and its complex with a
high-affinity inhibitor paraoxon. Biochemistry 2007, 46, 1851-1859. [CrossRef]

Marshall, S.D.G.; Putterill, J.J.; Plummer, K.M.; Richard, D.; Newcomb, R.D. The carboxylesterase gene family from Arabidopsis
thaliana. J. Mol. Evol. 2003, 57, 487-500.

Schilmiller, A.L.; Gilgallon, K.; Ghosh, B.; Jones, A.D.; Last, R.L. Acylsugar Acylhydrolases: Carboxylesterase-Catalyzed
Hydrolysis of Acylsugars in Tomato Trichomes. Plant Physiol. 2016, 170, 1331-1344. [CrossRef]

Nomura, T.; Murase, T.; Ogita, S.; Kato, Y. Molecular identification of tuliposide B-converting enzyme: A lactone-forming
carboxylesterase from the pollen of tulip. Plant |. 2015, 83, 252-262. [CrossRef]

Lee, S.; Hwang, S.; Seo, Y.; Jeon, W. Molecular characterization of the AtCXES8 gene, which promotes resistance to Botrytis cinerea
infection. Plant Biotechnol. Rep. 2013, 7, 109-119. [CrossRef]

Pontier, D.; Godiard, L.; Marco, Y.; Roby, D. hsr203], a tobacco gene whose activation is rapid, highly localized and specific for
incompatible plant/pathogen interactions. Plant J. 1994, 5, 507-521. [CrossRef]

Ko, M.; Cho, J.H.; Seo, H.H.; Lee, H.H.; Kang, H.Y.; Nguyen, T.S.; Soh, H.C.; Kim, Y.S.; Kim, J.I. Constitutive expression of a
fungus-inducible carboxylesterase improves disease resistance in transgenic pepper plants. Planta 2016, 244, 379-392. [CrossRef]
Souleyre, E.J.F; Marshall, S.D.G.; Oakeshott, J.G.; Russell, R.J.; Plummer, K.M.; Newcomb, R.D. Show more Biochemical
characterisation of MACXE1, a carboxylesterase from apple that is expressed during fruit ripening. Phytochemistry 2011,
mboxemph?72, 564-571. [CrossRef]

Goulet, C.; Mageroy, M.H.; Lam, N.B.; Floystad, A.; Tieman, D.M.; Klee, H.J. Role of an esterase in flavor volatile variation within
the tomato clade. Proc. Natl. Acad. Sci. USA 2012, 109, 19009-19014. [CrossRef]

Cao, X.; Xie, K.; Wenyi, D.; Zhu, Y. Peach Carboxylesterase PpCXE1 Is Associated with Catabolism of Volatile Esters.
J. Agric. Food Chem. 2019, 67, 5189-5196. [CrossRef]

Chen, K.S.; Xu, C.J.; Xu, W.P; Wu, M.; Zhang, S.L. Establishment of a method for determining the activity of lipooxygenase in
kiwi fruit and peach fruit. J. Fruit Sci. 2003, 20, 436—438.

Zhang, X.M. Physiological Studies on Aroma Volatile Formation in Peach Fruit. Dep. Hortic. Zhejiang Univ. 2005. Available online:
https:/ /kns.cnki.net/kems?2/article /abstract?v=1UV6IUEUW658kDSswtdDD6HhzncyebpjLexctGAXWtVwW_7hfELsP1ddfk3
Ny9ubzplLnUBQhLbOcjevA3xDQIcjlqRwPjPe9XW2kU1W0zrKH_YLWfayfyVa8931d2s9&uniplatform=NZKPT&language=
CHS (accessed on 6 May 2023).

Ke, D.; Zhou, L.; Kader, A.A. Mode of Oxygen and Carbon Dioxide Action on Strawberry Ester Biosynthesis. . Am. Soc. Hortic. Sci.
1994, 119, 971-975.

Yang, S.; Li, D.M,; Li, S.S; Yang, H.].; Zhao, Z.Y. GC-MS Metabolite and Transcriptome Analyses Reveal the Differences of Volatile
Synthesis and Gene Expression Profiling between Two Apple Varieties. Int. ]. Mol. Sci. 2022, 23, 2939. [CrossRef]

Meng, Z.P. Study on Genetic Characteristics of Volatile Compounds in Apple Fruit. Northwest AF Univ. 2022. [CrossRef]

’


https://doi.org/10.1111/j.1432-1033.1982.tb06848.x
https://doi.org/10.1016/j.foodchem.2015.08.018
https://doi.org/10.1016/j.phytochem.2006.01.027
https://doi.org/10.1093/mp/ssq062
https://doi.org/10.1093/jxb/ers120
https://doi.org/10.1111/j.1744-7348.1977.tb00670.x
https://doi.org/10.1007/s00792-009-0260-4
https://doi.org/10.1002/pmic.201800288
https://doi.org/10.1093/protein/5.3.197
https://doi.org/10.1021/bi062046w
https://doi.org/10.1104/pp.15.01348
https://doi.org/10.1111/tpj.12883
https://doi.org/10.1007/s11816-012-0253-0
https://doi.org/10.1046/j.1365-313X.1994.5040507.x
https://doi.org/10.1007/s00425-016-2514-6
https://doi.org/10.1016/j.phytochem.2011.01.020
https://doi.org/10.1073/pnas.1216515109
https://doi.org/10.1021/acs.jafc.9b01166
https://kns.cnki.net/kcms2/article/abstract?v=1UV6lUEUW658kDSswtdDD6HhzncyebpjLexctGdXWtVwW_7hfELsP1ddfk3Ny9ubzplLnUBQhLbOcjevA3xDQIcjlqRwPjPe9XW2kU1W0zrKH_YLWfayfyVa893Id2s9&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=1UV6lUEUW658kDSswtdDD6HhzncyebpjLexctGdXWtVwW_7hfELsP1ddfk3Ny9ubzplLnUBQhLbOcjevA3xDQIcjlqRwPjPe9XW2kU1W0zrKH_YLWfayfyVa893Id2s9&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=1UV6lUEUW658kDSswtdDD6HhzncyebpjLexctGdXWtVwW_7hfELsP1ddfk3Ny9ubzplLnUBQhLbOcjevA3xDQIcjlqRwPjPe9XW2kU1W0zrKH_YLWfayfyVa893Id2s9&uniplatform=NZKPT&language=CHS
https://doi.org/10.3390/ijms23062939
https://doi.org/10.27409/d.cnki.gxbnu.2022.001540

Foods 2023, 12,1977 18 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Gambino, G.; Perrone, I.; Gribaudo, I. A Rapid and effective method for RNA extraction from different tissues of grapevine and
other woody plants. Phytochem. Anal. 2008, 19, 520-525. [CrossRef]

Wu, D.; Hao, J.E; Zhang, L.Q.; Zhao, A.Q.; Ha, A. Analysis of Function of a-mannosidase Gene in Promoting Melon Fruit
Ripening by Transient Expression. Acta Hortic. Sin. 2014, 41, 1601-1608.

Liu, X,; Li, DM.; Li, YJ.; Li, S.S.; Zhao, Z.Y. Brassinosteroids are involved in volatile compounds biosynthesis related to MdBZR1
in ‘Ruixue’ (Malus x domestica Borkh.) fruit. Postharvest Biol. Technol. 2022, 189, 111931. [CrossRef]

He, Y.; Liu, H,; Li, H;; Jin, M.; Wang, X.L.; Yin, X.R.; Zhu, Q.J.; Rao, J.P. Transcription factors DkBZR1/2 regulate cell wall
degradation genes and ethylene biosynthesis genes during persimmon fruit ripening. J. Exp. Bot. 2021, 72, 6437-6446. [CrossRef]
Jia, C.S,; Sun, S.M.; Bao, A.M.; Wang, Z.H. Comparison of postharvest physiology and storage tolerance of four characteristic
small apples. Trans. Chin. Soc. Agric. Eng. 2022, 38, 308-316.

Liu, YW,; Song, Z.B.; Chen, G.J.; Wang, B.].; Yang, G.H.; Yuan, D.H. Chengde City develops cold apple industry to help rural
revitalization. Mod. Rural. Sci. Technol. 2022, 11, 7-8.

Zhang, F.; Gong, X.M.; Ma, S.S.; Zhang, ].E; Guan, ].F. Effect of 1-MCP storage and temperature on the quality and postharvest
physiology of Qinyang Apple. J. Northwest AF Univ. (Nat. Sci. Ed.) 2009, 37, 115-119.

Fan, X.G. Cytological Studies on Texture Differ Ences in Fruit Development of ‘Ruiyang’, ‘Ruixue” and Theie Parents. Northwest
AF Univ. 2017. Available online: https://kns.cnkinet/kems2/article/abstract?v=1UV6IUEUWG65E8nc7eaVi9OMyDQAEe8
6Wgwy9lccURYHLIdat8wPLUhPbELp4qg QISJgbwYfm8uoStjf_afRqYyIF9_Do3xpH2CIN5c7TBq9A27_V3nb4SaupScZTm4

gtrwxjBV2u3Q=&uniplatform=NZKPT&language=CHS (accessed on 6 May 2023).

Lewinsohn, E.; Schalechet, F.; Wilkinson, J.; Matsui, K.; Tadmor, Y.; Nam, K.H.; Amar, O.; Lastochkin, E.; Larkov, O.; Ravid, U.;
et al. Enhanced Levels of the Aroma and Flavor Compound S-Linalool by Metabolic Engineering of the Terpenoid Pathway in
Tomato Fruits. Plant Physiol. 2001, 127, 1256-1265. [CrossRef]

Dixon, J.; Hewett, E.W. Factors affecting apple aroma/flavour volatile concentration: A Review. N. Z. J. Crop Hortic. Sci. 2000,
28,155-173. [CrossRef]

El-Sharkawy, I.; Manriquez, D.; Flores, EB.; Regad, F.; Bouzayen, M.; Latche, A.; Pech, ]J.C. Functional characterization of a melon
alcohol acyl-transferase gene family involved in the biosynthesis of ester volatiles. Identification of the crucial role of a threonine
residue for enzyme activity. Plant Mol. Biol. 2005, 59, 345-362.

Tian, L.P; Zhang, Q.; Li, R;; Ren, X.L. Effects of n-Butanol Treatment on Volatile Compounds of ‘Pink Lady’ Apple during Storage.
Sci. Technol. Food Ind. 2022, 43, 337-345.

Defilippi, B.G.; Kader, A.A.; Dandekar, A.M. Apple aroma: Alcohol acyltransferase, a rate limiting step for ester biosynthesis, is
regulated by ethylene. Plant Sci. 2005, 168, 1199-1210. [CrossRef]

Yan, D.; Shi, J.; Ren, X.L.; Tao, Y.S.; Ma, EW,; Li, R.; Liu, X.R,; Liu, C.H. Insights into the aroma profiles and characteristic aroma of
‘Honeycrisp” apple (Malus x domestica). Food Chem. 2020, 327, 127074. [CrossRef]

Rowan, D.D.; Allen, ].M.; Fielder, S.; Hunt, M.B. Biosynthesis of straight-chain ester volatiles in red delicious and granny smith
apples using deuterium-labeled precursors. J. Agric. Food Chem. 1999, 47, 2553-2562. [CrossRef]

Fellman, ].K.; Rudell, D.R; Mattinson, D.S.; Mattheis, J.P. Relationship of harvest maturity to flavor regeneration after CA storage
of ‘Delicious’ apples. Postharvest Biol. Technol. 2003, 27, 39-51. [CrossRef]

Beekwilder, J.; Alvarez-Huerta, M.; Neef, E.; Verstappen, EW.A.; Bouwmeester, H.J.; Aharoni, A. Functional Characterization of
Enzymes Forming Volatile Esters from Strawberry and Banana. Plant Physiol. 2004, 135, 1865-1878. [CrossRef]

Aharoni, A.; Keizer, L.C.; Bouwmeester, H.]J.; Sun, Z.; Alvarez-Huerta, M.; Verhoeven, H.A ; Blaas, J.; van Houwelingen, AM.M.L,;
De Vos, R.C.H.; Voet, H.V.D,; et al. Identification of the SAAT Gene Involved in Strawberry Flavor Biogenesis by Use of DNA
Microarrays. Plant Cell 2000, 12, 647-661. [CrossRef]

Li, G; Jia, HJ; Li, J.H; Wang, Q.; Zhang, M.J.; Teng, Y.W. Emission of volatile esters and transcription of ethylene- and
aroma-related genes during ripening of ‘Pingxiangli” pear fruit (Pyrus ussuriensis Maxim). Sci. Hortic. 2014, 170, 17-23. [CrossRef]
Goulet, C.; Kamiyoshihara, Y.; Lam, N.B.; Richard, T.; Taylor, M.G.; Tieman, D.M.; Klee, H.]. Divergence in the enzy-matic
activities of a tomato and Solanum pennellii alcohol acyltransferase impacts fruit volatile ester composition. Mol. Plant 2015,
8, 153-162. [CrossRef]

Li, D.P. Expression Characterization of the MAAAT?2 gene and Its Regulation Mechanism of Volatile Ester Biosynthesis in Apple
(cv. Golden Delicious). Shandong Agric. Univ. 2005. Available online: https:/ /kns.cnki.net/kems/detail / detail.aspx?FileName=
2006100793.nh&DbName=CDFD2006 (accessed on 6 May 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/pca.1078
https://doi.org/10.1016/j.postharvbio.2022.111931
https://doi.org/10.1093/jxb/erab312
https://kns.cnki.net/kcms2/article/abstract?v=1UV6lUEUW65E8nc7eaVi9OMyDQAEe86Wgwy9lccUR9HLIdat8wPLUhPbELp4qg_QlSJqbwYfm8uoStjf_afRqYyIF9_Do3xpH2CIN5c7TBq9A27_V3nb4SaupScZTm4gtrwxjBV2u3Q=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=1UV6lUEUW65E8nc7eaVi9OMyDQAEe86Wgwy9lccUR9HLIdat8wPLUhPbELp4qg_QlSJqbwYfm8uoStjf_afRqYyIF9_Do3xpH2CIN5c7TBq9A27_V3nb4SaupScZTm4gtrwxjBV2u3Q=&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=1UV6lUEUW65E8nc7eaVi9OMyDQAEe86Wgwy9lccUR9HLIdat8wPLUhPbELp4qg_QlSJqbwYfm8uoStjf_afRqYyIF9_Do3xpH2CIN5c7TBq9A27_V3nb4SaupScZTm4gtrwxjBV2u3Q=&uniplatform=NZKPT&language=CHS
https://doi.org/10.1104/pp.010293
https://doi.org/10.1080/01140671.2000.9514136
https://doi.org/10.1016/j.plantsci.2004.12.018
https://doi.org/10.1016/j.foodchem.2020.127074
https://doi.org/10.1021/jf9809028
https://doi.org/10.1016/S0925-5214(02)00193-X
https://doi.org/10.1104/pp.104.042580
https://doi.org/10.1105/tpc.12.5.647
https://doi.org/10.1016/j.scienta.2014.03.004
https://doi.org/10.1016/j.molp.2014.11.007
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=2006100793.nh&DbName=CDFD2006
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=2006100793.nh&DbName=CDFD2006

	Introduction 
	Materials and Methods 
	Plant Materials 
	Determination of Fruit Physiological Characteristics 
	Firmness Measurement by Texture Analyzer 
	Determination of Lipoxygenase (LOX) 
	Determination of Hydroperoxide Lyase (HPL) 
	The Activities of Keto Acid Decarboxylase (PDC) and Aldehyde Dehydrogenase (ADH) Were Determined 

	VOC Extraction and GC-MS Analysis 
	RNA Extraction, Gene Expression Analysis by RT-qPCR 
	Bioinformatic Sequence Analysis 
	Transient Injection of the MdCXE20 in Apple Fruit 
	Overexpression of ‘Wanglin’ Callus Transgenic 
	Subcellular Localization Analysis 
	Statistical Analysis and Data Processing 

	Results 
	Changes of Fruit Firmness and Brittleness of ‘Ruixue’ at Different Cold Storage Stages 
	Changes of Aroma Synthase Enzyme Activity in ‘Ruixue’ at Different Cold Storage Stages 
	VOC in Apple Fruits during Different Cold Storage Periods 
	Bioinformatics and Phylogenetic Analysis of MdCXE Gene Family Proteins 
	MdCXE Gene Expression Analysis 
	Transient Overexpression and Silencing of MdCXE20 Changed the Content of Esters in Apple Fruit 
	MdCXE20 Transgenic Reduced the Content of Ester Volatile Substances in ‘Wanglin’ Callus 
	Subcellular Localization Analysis 

	Discussion 
	Conclusions 
	References

