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Volatile aromatic substances
analysis of different temperature
stored '‘Docteur Jules Guyot’
pear (Pyrus communis L.)
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Fudong Jiang? Qingyu Li? Aidi Zhang?® and Jianzhao Li*

tSchool of Horticulture, Ludong University, Yantai, China, ?Yantai Academy of Agricultural Sciences,
Yantai, China, *School of Food Engineering, Ludong University, Yantai, China

During the post-ripening process of ‘Docteur Jules Guyot' pear, the aroma of the
fruit gradually becomes richer with increasing maturity. In this study, the volatile
substances in ‘Docteur Jules Guyot' pear fruits stored at room temperature (RT),
low temperature (LT), and low temperature to room temperature (LT-RT) were
identified and analyzed using solid-phase microextraction (SPME) with gas
chromatography—mass spectrometry (GC-MS) at different ripening stages. The
results showed that the volatile substances were mainly alcohols, aldehydes,
esters, acids, ketones, alkanes, and terpenes. Esters are the main substances of
fruit aroma; with an increase in fruit maturity, the ester content increases
gradually. Ethyl acetate, hexyl acetate, heptyl acetate, and amyl acetate were
the main volatile components of the fruit. The aroma content under LT was lower
than that under RT, and after transferring from LT-RT, the ripening of the fruit was
accelerated, and the aroma content increased rapidly. Among the genes involved
in the lox pathway, the expression of PcHPL1, PcADH1, PcGLIP1, PcGLIP-like,
PcLOX2, PcLIP2, and PcFAD2 were the most contributing to the changes of
esters in ‘Docteur Jules Guyot' pear. These results are helpful to provide basic
data for the study of volatile in ‘Docteur Jules Guyot’' pear fruit under LT and
RT storage.

KEYWORDS
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1 Introduction

The ‘Docteur Jules Guyot™ pear (Pyrus communis L.) is one of the primary European
pear varieties. Currently, it is mainly cultivated in the Liaodong Peninsula and the Yantai
area of China. This kind of fruit undergoes ripening and softening when stored at room
temperature after harvest and is extremely prone to spoilage. In order to extend the shelf life
of European pears and maintain their quality, refrigeration has become the most common
and effective storage method. Merchants usually choose to transport and store European
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pear at low temperatures. When European pears reach the sales
location, they are sold at room temperature. During the post-
ripening process of ‘Docteur Jules Guyot’ pear, the aroma of the
fruit will become gradually rich with the increase of maturity.
Aromas are composed various complex volatile aromatic
compounds. While consumers choose fruit, in addition to looking
at the peel color of the fruit, aroma is also an important factor
affecting their choice (Villatoro et al., 2007).

The aroma is an important feature for measuring fruit ripeness
and has also been well studied in various fruits. During ripening, the
characteristic aroma of fruits such as apples, bananas, and other
climacteric fruits is gradually produced, with the peak of volatile
compounds occurring during the climacteric spike (Dixon and
Hewett, 2000; Watharkar et al, 2020). During ripening, esters,
terpenes, aldehydes, and alcohols were the main volatile
compounds identified in feijoa fruit. Before fruit ripening, they
have a rich grassy aroma, which is mainly attributed to alcohols and
aldehydes. As the fruit matures, the ester and terpene content
gradually increases, and the fruit aroma becomes increasingly
intense (Song et al, 2023). Similarly, volatile compounds in
tomatoes also accumulate at the beginning of fruit ripening, with
the highest concentration of esters occurring at full ripeness or in
the period just before (Karlova et al., 2014). Research has indicated
that hexyl acetate, 2-methylpropyl acetate, butyl acetate, butyl
butyrate, and pentyl acetate enhance the aroma of pears (Lu et al,
2012). In ‘Nanguo’ pear, esters are the most abundant aroma
components (Zhou et al, 2015). After storage for a period of
time, ‘Nanguo’ pear fruit reached the best taste period, and the
content of ester substances peaked, among which the highest
content ester substances were butyl acetate, ethyl acetate, and
hexyl acetate (Luo et al., 2021). Similarly, esters are also crucial in
strawberries, accounting for up to 90% of the total volatile content,
and compounds such as hexanal, trans-2-hexenal, and cis-3-hexen-
1-ol are the major components imparting a grassy taste to the fruit
(Liu et al., 2023). However, the levels of esters and aldehydes are not
only influenced by ripeness but are also closely related to the variety
of strawberry (Jetti et al., 2007).

In addition to the genetic composition of the fruit, there are many
other factors that affect aroma composition, including ripening
conditions, storage environment, and post-harvest treatment (EI
Hadi et al., 2013; Lee et al., 2018; Zhao et al., 2019). Most volatile
organic compounds are produced by metabolic processes during fruit
ripening, such as fatty acid, carotenoid, and amino acid metabolism
(Tobaruela et al., 2021). The analysis of volatile substances in various
fruits revealed that esters are the primary contributors to fruit aroma.
Among the biosynthetic pathways of fruit volatile esters, the
lipoxygenase (LOX) pathway is the most important for the
physiological metabolism of fruits (Wang et al., 2018). Linoleic acid
is converted to hydroperoxides by oxygenation, transformed into
aldehydes via the lyase (HPL) pathway (Contreras and Beaudry,
2013), reduced to alcohols by alcohol dehydrogenase (ADH), and
finally converted to esters by the alcohol acyltransferase (AAT)
pathway (Xi et al, 2012). By studying the post-harvest quality of
strawberries stored at room temperature (5°C and 10°C) and low
temperature (0°C), it was observed that the production of aroma
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compounds was influenced by storage time and temperature, and the
levels of strawberry volatile substances stored at room temperature
were higher than those stored at low temperatures (Ayala-Zavala
et al,, 2004). Melting flesh peaches were stored at 0°C, 5°C, and 8°C
for 21 days, revealing that the production of volatile substances was
inhibited by low temperatures, and the relative expression levels of
genes involved in the LOX pathway were also inhibited (Zhang
et al., 2011).

In previous research, it was found that low-temperature storage
is one of the most commonly used methods to extend the shelf life
of European pear (P. communis L.) (Li et al, 2023). Although
European pears can be stored for a longer period at low
temperatures, they tend to soften rapidly when transferred to
room temperature (Dai et al., 2023). Different storage
temperatures and rapid temperature changes not only affect the
texture of the fruit but are also likely to affect the aroma of the fruit,
thereby affecting consumer preference. However, in the case of the
‘Docteur Jules Guyot’ pear, research on the influence of temperature
changes on aroma is still limited. Therefore, we analyzed the volatile
organic compounds of ‘Docteur Jules Guyot’ pears stored at room
temperature (RT), low temperature (LT), and low to room
temperature (LT-RT) on different storage days by GC-MS and
classified these volatile organic compounds. The results of this study
will help provide valuable information on the characteristic aromas
of ‘Docteur Jules Guyot’ pear fruit.

2 Materials and methods
2.1 Plant materials

‘Docteur Jules Guyot’ pear was picked and transported to the
laboratory from Yantai Academy of Agricultural Sciences, Yantai
City, Shandong Province, on 21 July 2022, and fruit of uniform size,
with no mechanical damage to the peel, no diseases and pests, and
in good condition were selected as experimental materials.

2.2 Treatment

The selected fruit were stored at room temperature (RT, 23 + 2°C)
and low temperature (LT, 2 + 2°C) respectively, after 10 days of storage
at low temperature, the fruit was transferred to room temperature
(LT-RT) for further storage. During storage, ensure that the light
GRAPH (12-hour light cycle) and humidity (80%) in the storage room
are consistent. Nine pears were removed to determine the physiological
index. The fruit was cut into pieces, poured into liquid nitrogen, and
frozen in an ultra-low-temperature freezer for preservation.

2.3 Firmness determination
Fruit firmness was measured using a fruit durometer, the unit

was Newton (N), the middle parts of the fruit were selected, the peel
of the fruit was cut to a thickness of approximately 1 ¢cm, and the
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probe of the durometer was pressed into the flesh after being
flattened, the line on the probe prevailed, and then the probe was
lifted to read the number on the durometer.

2.4 Determination of ethylene content

Nine randomly selected pear fruits were placed in a sealed
container for 1 h, and then the gas was aspirated from the top of the
containers using a 10 mL syringe and repeated three times, which
was preserved in a syringe bottle by the drainage method. To
determine the ethylene content, a Shimadzu GC-2014 gas
chromatography (GC) system (Shimadzu Co., Ltd., Kyoto, Japan)
was used with injector, detector, and oven temperatures of 110°C,
150°C, and 70°C, respectively.

2.5 L*, a*, b* analysis

L*, a*, and b* values were detected using a CR-400 Color Chroma
Meter (Hangzhou Ke Sheng Instrument Co., Ltd.), and a whiteboard
was used to calibrate the color before measurement. Nine pear fruits
were measured to obtain the L*, a*, and b* values for each fruit, which
were expressed as positive and negative numbers.

2.6 Determination of TSS and acid of fruit

Two slices of pulp of a certain thickness were cut in the middle
part of the fruit, the ends were squeezed, the pear juice was dropped
onto an ATAGO hand-held saccharimeter to measure the soluble
solids (TSS), aspirate 200 pL of pear juice, add 5 mL of sterile water,
shake well, and drop it onto the saccharimeter again to determine
the titratable acid (acid) content.

2.7 Determination of volatile aromatic
substances

The content of volatile compounds in fruit was determined
using solid-phase microextraction-gas chromatography-mass
spectrometry (SPME-GC-MS), and the determination method
was slightly modified based on previous studies (Zhang et al,
2020). Approximately 2.0 g of fruit sample was weighed and
placed in a headspace vial. Then, 3 mL of saturated sodium
chloride solution was added. 2-octanol was selected as the
internal standard, and 5 pL of 2-octanol solution (0.8 mg/mL)
was added simultaneously. The mixed solution was vortexed and
balanced for 30 min using a magnetic stirrer at 45°C and 260 rpm.
Solid-phase microextraction (SPME) fibers [50/30 um DVB/CAR/
PDMS (USA)] were used to collect volatile compounds. The volatile
compounds were analyzed using a gas chromatography-mass
spectrometry (GC-MS, 7890A + 5975C, Agilent, USA). The gas
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chromatograph was equipped with a DB-WAX chromatographic
column (30 m, 0.32 mm, 0.25 um). The temperature program began
at 40°C, increased to 100°C at 3°C/min, and then to 245°C at 5°C/
min. Helium was used as the carrier gas at a flow rate of 1.0 ml/min.
The mass spectrometry source was set to 230°C, the column effluent
was ionized with an electron energy of 70 eV, and the transfer
interface zone was set to 250°C. Qualitative scanning was performed
in the range of 35 m/z-350 m/z. Preliminary identification of
volatile compounds was accomplished by comparing the
measured electron ionization mass spectra with the standard
spectra in the NIST-2017 mass spectral library.

2.8 RNA extraction, cDNA synthesis, and
gRT-PCR

The total RNA of the samples was extracted using the RNAprep
Pure Polysaccharide Polyphenol Plant Total RNA Extraction Kit
(Tiangen, Beijing, China), was used according to the manufacturer’s
instructions. After determining the concentration of RNA, gel
electrophoresis was performed to verify the presence of the correct
bands, and the extracted RNA was reverse transcribed according to the
instruction manual of HIScript I Q RT SuperMIX for qPCR (+gDNA
wiper) (Vazyme, Nanjing, China) to obtain cDNA. A mixed RT-qPCR
system was added to a 0.1 mL 96-well PCR plate (CELLPRO, Suzhou,
China) and placed into a Bio-Rad CFX Real-time Connection System
for gene expression analysis.

2.9 Data statistics

Data were analyzed using one-way ANOVA in Microsoft Excel
2019. All figures were generated using TBtools, GraphPad Prism 9,
and Origin 2022 software (USA). *P indicates significance of t-test
with a p-value of <0.05, and three biological replicates were
performed independently for each sample.

3 Results
3.1 Fruit quality analysis

The ‘Docteur Jules Guyot’ pear fruit were stored at room
temperature (RT), low temperature (LT) and low temperature to
room temperature (LT-RT). The fruit stored at RT showed a
greenish coloration before 8 days, and a transition from green to
yellow was observed between 8 and 10 days of storage. After 14
days, brown spots began to appear on the surface of the fruit, which
also indicated that the quality of the fruit gradually deteriorated. In
contrast, the fruit stored at low temperature remained green until
the 10th day and showed no signs of fading, but after transferring
the fruit to RT, it could be seen that the fruit turned yellow rapidly
(Figure 1A). The firmness of the RT stored fruit decreased rapidly
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Phenotype and physiological changes of ‘Docteur Jules Guyot' pear at different temperature. (A) The appearance of '‘Docteur Jules Guyot' pear

(B) The firmness of ‘Docteur Jules Guyot' pear. (C) The ethylene content of

‘Docteur Jules Guyot’ pear. (D—F) The L*, a*, and b* values of ‘Docteur

Jules Guyot' pear. L*, brightness; a*, reddish green degree (+: red, —: green); b*, yellowish-blue degree (+: yellow, —: blue). (G-I1) Total soluble solid
(TSS), total acid, and TSS/acid contents. Error bars represent three repeated SEs. The observed LSD values suggested the presence of LSD with a
significance level of p = 0.05. RT, room temperature (23 + 2°C); LT, low temperature (2 + 2°C); and LT-RT, low temperature to room temperature

between 8 days and 10 days, from 61.8 N to 17.9 N, which means
that the fruits began to ripen rapidly in this period of time. In the
case of the fruit at LT, the firmness remained at 71 N. The firmness
decreased rapidly, from 71.6 N to 12.4 N, after transfer from LT to
RT (Figure 1B). The ethylene content of the fruit at RT was
significantly higher than that of the fruit stored at LT; however,
on the 4 days of the transfer from LT to RT, the ethylene content
was significantly higher than that of fruit stored at RT (Figure 1C).
The values of L* and b* were consistently higher in RT than in the
fruit stored at LT, indicating that the color of the fruit in RT was
brighter and changed to yellow more quickly. The trend in a* was
the opposite, indicating that the fruits at LT were greener
(Figures 1D-F). The TSS content of fruit stored at RT was
significantly higher than that of fruit stored at LT, while the acid
content of fruit stored at LT was higher than that of fruit stored at
RT, and the ratio of TSS/acid was somewhat higher in fruit at RT,
with the difference that after the transfer from LT to RT, it was
higher than that of fruit stored at RT (Figures 1G-I).

Frontiers in Plant Science 04

3.2 Total volatile compounds of different
temperature stored fruit

The detection and analysis of all volatile compounds in the fruit
stored at RT, LT and LT-RT revealed that the main volatile
compounds in the ‘Docteur Jules Guyot’ pear were alcohols,
aldehydes, esters, acids, ketones, alkanes, terpenes and others
(Supplementary Table SI). The total alcohol substance content of
fruit stored at RT gradually increased with storage time, and the
content of total alcoholic substances changed little at LT, being lower
than that in fruit stored at RT, and then increased rapidly after
transferring to RT, being higher than that in fruit stored at RT during
the same time period (Figure 2A). Regarding the substances
representative of the immature period of the fruit, the total aldehyde
content gradually decreased with the ripening of the fruit, which
showed the opposite trend to that of total alcohols (Figure 2B). The
trends of total alcohol substances and total ester substances were
consistent with those of ethylene production: the total ester content of

frontiersin.org


https://doi.org/10.3389/fpls.2025.1572093
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shi et al.

>

D 1500- LSDoos=117.67 O RT
= = LT
Z LT-RT
‘E 1000
2
c
38
o 5007
<]
<
<]
L o
< 0 4 8101214 0 4 8 101214
B Days in storage
= O RT
o LSDg 05=232.61
X 1500 005
> B LT
2 LT-RT
=
S 1000
2
c
<]
o
@ 500+
T
>
S
T o0-
< 04 8101214 0 4 8 101214
C Days in storage
O RT
5 30000+ LSDg 05=3594.88 = LT
3 LT-RT
=
— 20000
c
[
i}
S
O 10000
[
1o
3
@ o
0 4 8101214 0 4 8 101214
D Days in storage
200 LSDo05=25.39 0O RT
= LT
LT-RT

100

Acids Content (ug/kg)
o 8 3
1 1 1

04 8101214 0 4 8 101214
Days in storage

FIGURE 2

10.3389/fpls.2025.1572093

D 150 LSDoos=20.87 O RT
> | LT
2 T LT-RT
£ 100
[
2
c
o
O 50
(2]
Q
c
o
2
@ -
x 048101214 0 4 8 101214
F Days in storage

D 800- LSDoos=114.78 O RT
ic‘” B LT
Z 600- LT-RT
-

c

[
‘© 400+

o
o

¢ 200

c

©
4
=

0 48101214 0 4 8 101214
Days in storage
~ J RT
LSDg 05=18.90

g’ 80— 0.05 = LT
2 LT-RT
~ 60

-

c

[

€ 404

o

(8]

3 20

c

[

2

Q 0 L L L T

= 0 4 8101214 0 4 8 101214

H Days in storage

S 200- LSDy 05=50.02 J RT
< | LT
[=) i

3 150+ LT-RT
-

c

£ 100+

o

o

4 50+

[

£

o 0-

0 4 811214 0 4 8 101214
Days in storage

The total volatile compounds composition of ‘Docteur Jules Guyot’ pear stored at RT, LT, and LT-RT. (A) Content of Alcohols (B) Content of
Aldehydes (C) Content of Esters (D) Content of Acids (E) Content of Ketones (F) Content of Alkanes (G) Content of Terpenes (H) Content of Others.

the fruit in RT increased from 120.3 ug/kg on day 0 to 14,754.6 ug/kg
on day 14, the total ester substance content did not change much in
LT, and the content increased after transferring to RT, from 1,116.4
ug/kg to 23,705.2 pg/kg, which was more than the total ester content
produced by fruit stored at RT, and the odor of the fruit was more
intense as a result (Figure 2C). The acid content of the fruit at RT
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gradually increased, while the acid content of the fruit at LT remained
lower than that at RT; however, after transfer to RT, the acid content
increased rapidly (Figure 2D). There was no significant difference in
the trend of ketones stored at RT and LT (Figure 2E). The change
trend of alkanes in fruit stored at room temperature was not obvious,
increasing for 4 days at low temperatures, then decreasing and
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remaining stable (Figure 2F). The content of terpenes in fruits stored
at RT increased gradually, which improved the aroma of the fruit, with
no significant change at low temperatures (Figure 2G). In addition to
the main substances, such as alcohols, aldehydes, esters, acids, ketones,
alkanes, and terpenes, very low amounts of other substances were
present (Figure 2H). In the aroma of ‘Docteur Jules Guyot’ pear, esters
are the most important substances, and the proportion of other
substances in the total volatile compound content is much smaller
than that of esters.

3.3 Representative volatile compounds in
‘Docteur Jules Guyot’ pear fruit

Through statistical analysis of all the volatile compounds detected
in ‘Docteur Jules Guyot’ pear (Supplementary Table S1), according to
the volatile compounds produced on different days, a substance
content of more than 20 pg/kg was screened, and these compounds
were analyzed using a heat map. To obtain the main characteristic
aroma in ‘Docteur Jules Guyot’ pear, we continued to screen these
data, under the condition that this substance must be produced at both
RT and LT, and the content is more than 200 pg/kg (Figure 3). It can
be seen that with the continuous ripening of fruit, the hexanal content
gradually decreases, which reduces the grassy aroma of fruits during

&
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the immature stage. Among these, the substances with the greatest
variation were esters. Butyl acetate, hexyl acetate, heptyl acetate, pentyl
acetate, and alcohols increased significantly with fruit storage. Under
RT storage, from day 0 to day 14, 1-heptanol increased from 8.8 pg/kg
to 34.6 ng/kg (Figure 4A), 1-octanol from 5.6 pg/kg to 53.8 ng/kg
(Figure 4B), 1-hexanol increased from 2.9 ug/kg to 237.6 ug/kg
(Figure 4C), butyl acetate increased from 19.6 pg/kg to 2,627.9 g/
kg (Figure 4D), hexyl acetate increased from 102.7 ug/kg to 9,526.2
ug/kg (Figure 4E), heptyl acetate increased from 2.0 pug/kg to 223.3 pg/
kg (Figure 4F), and pentyl acetate increased from 3.2 pg/kg to 642.6
ug/kg (Figure 4G). The contents of different substances in fruit stored
at RT began to increase from day 8, which was significantly higher
than that of fruit stored at LT. In the case of fruit stored at LT, the
content remained at a low level until the 10 days, and increased rapidly
after transfer to RT (Figure 4). It was shown that the production of
aroma was inhibited by LT, and after transfer from LT to RT, the same
number of esters was released as in samples stored at RT.

3.4 Expression of genes involved in ester
synthesis

In order to verify the key genes associated with ester production
in ‘Docteur Jules Guyot’ pear, based on the preliminary
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Characteristic volatile substance analysis of ‘Docteur Jules Guyot' pear fruit. (A—C) Changes in the alcohol content at RT, LT, and LT-RT.
(D-G) Changes in the ester content at RT, LT, and LT-RT. Error bars come from three repeated SE. The observed LSD values suggest the presence
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transcriptome data analysis of our research group (Dai et al., 2023),
we screened 12 candidate ester biosynthesis pathway genes with
significant differential expression during postharvest softening (log2
fold change (FC)| >1, FPKM >20). The expression levels of
hydroperoxide lyase (HPL), alcohol dehydrogenase (ADH), GDSL
lipase (GLIP), lipase (LIP), lipoxygenase (LOX), and fatty acid
desaturase (FAD) genes in ‘Docteur Jules Guyot’ pear were
examined by qRT-PCR (Figure 5). The expression levels of
PcHPL1, PcADHI, PcGLIP1, PcGLIP-like, and PcLOX2 in RT-
stored pear fruit gradually increased after 4 days of storage; on
day 12 at RT, the expression levels of these genes peaked after 2 days
of conversion from LT to RT. Overall, the expression at RT was
significantly higher than that at LT, but after 2 days of LT-RT, it was
higher than that at RT (Figures 5A-D, G). The expression levels of
PcGLIP2 and PcLOX1 were gradually decreased in fruit, and the
expression levels at RT were higher than LT, after the transition
from LT to RT, the expression of PcGLIP2 and PcLOXI increased
rapidly and was higher than that in RT (Figures 5E, F). The
expression of PcLIP1 showed little change before 8 days of
storage at RT and began to decline gradually after 8 days.
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Expression changed little after 10 days of storage at LT, increased
rapidly after transfer to RT, and then declined (Figure 5H). The
expression of PcLIP2 showed little change before 8 days of storage at
RT and then increased gradually after 8 days. The expression of
PcLIP1 and PcLIP2 peaked on day 12, showed little change when
stored in LT for 10 days, and then increased rapidly after transfer to
RT (Figures 5H, I). The expression of PcLIP2-like, PcFAD2, and
PcFAD6 genes was induced by LT (Figures 5/-L).

3.5 Relationships between the main
characteristic aroma substances and
related genes in ‘Docteur Jules Guyot’ pear

The main characteristic substances of fruit aroma production
were correlated with the expression of related genes. The results
showed that butyl acetate, heptyl acetate, and pentyl acetate were
positively correlated with PcHPLI, PcGLIP1, PcGLIP-like, PcLOX2,
and PcLIP2 (Figure 6). Butyl acetate, heptyl acetate, and pentyl
acetate positively correlated with PcHPLI, PcLOX2, and PcLIP2,
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with correlation coefficients greater than 0.7 (Figure 6). The gene
with the highest negative correlation with butyl acetate, heptyl
acetate, and pentyl acetate was PcFAD6, with correlation
coefficients of —0.59, —0.71, and —0.71, respectively. The gene
with the highest positive correlation with hexyl acetate was
PcHPLI with a correlation coefficient of 0.57 and the gene with
the highest negative correlation was PcGLIP2 with a correlation
coefficient of —0.37 (Figure 6). Butyl acetate was significantly
positively correlated with PcFAD2 and pentyl acetate was
positively correlated with PcADHI. Similarly, all of these
substances were significantly negatively correlated with PcFADG.
Hexyl acetate was significantly positively associated with PcHPLI.

4 Discussion

The ‘Docteur Jules Guyot’ pear is one of the most representative
varieties of European pears. A notable feature of European pears is
that, after harvest, they undergo a post-ripening process, during
which the fruits gradually soften and release a rich aroma. However,
during the long process of species evolution, there are still certain
differences among different European pear varieties. For example,
existing studies have shown that different European pear varieties
can be classified into fruity and aliphatic aroma types (Chen et al,
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2018). However, regardless of the specific category to which they
belong, all European pear varieties share one common point: their
volatile compounds are mainly concentrated in chemicals such as
esters, alcohols, alkanes, acids, ketones, terpenes, and aldehydes.
This is highly consistent with our research results, further verifying
the reliability of the experimental data. Although the research
conclusion of the ‘Docteur Jules Guyot’ pear cannot be simply
applied directly to other varieties, however, through in-depth
analysis of the ‘Docteur Jules Guyot’ pear, we can better
understand the aroma formation mechanism of European pears
as a whole and the scientific principles behind it, thus laying a solid
foundation for future research on other varieties.

Physiological and internal changes in European pears during
postharvest ripening and softening are accompanied by a decrease
in firmness, color differences, and changes in sugar and acid content.
The aroma is also an important characteristic of fruit ripening,
providing greater perceived value for the fruit itself and promoting
consumption (Song and Forney, 2008). Banana is a typical respiratory
fruit that undergoes changes in respiration, color, texture, and volatile
production during ripening (Yang et al,, 2011). In the green stage of
banana ripening, the total volatiles were mainly aldehydes, with
significant amounts of esters detected in the ripening stage, and the
ethanol content increased at the over-ripening stage (Zhu et al., 2010).
Fruit preservation has always been an important aspect to affect fruit
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The correlation between esters and expression levels of ester synthesis genes in ‘Docteur Jules Guyot’ pear fruit. Positive and negative correlations

are shown in red and blue, respectively (*p <0.05, **p <0.01, ***p <0.001).

aroma, and the most commonly used fruit preservation method is
low-temperature storage (Brosnan and Sun, 2001; Zhang et al., 2017).
With the development of aroma research, it was found that the
content of total volatile substances decreased during low-
temperature storage (Infante et al, 2008). In the study of ‘Nanguo’
pear aroma content at low temperatures, the longer the storage time,
the lower the volatile content, and the more pronounced the tendency
to fade. This phenomenon also occurs in other fruits, including
tomatoes, peaches, citrus, and mangoes (de Leon-Sanchez et al,
2009; Zhang et al, 2011; Giinther et al., 2015). These results indicate
that low temperatures affect the production of fruit aromas. The
volatile content of ‘Docteur Jules Guyot’ pear fruit at low temperatures
was also significantly lower than that at room temperature (Figure 2).
Furthermore, during postharvest storage of fruits, environmental
factors can affect the generation of volatile substances. In grapes,
insufficient light can lead to a significant reduction in the content and
type of volatile compounds (Ma et al, 2021). In our study, an
environmental control system was used to ensure that temperature
was the only variable, thereby improving the reliability of the results.
In ‘Nanguo’ pear, ethyl caproate accounted for the largest
proportion of aroma components, while ethyl acetate, ethyl butyrate
and hexyl acetate were identified as the main volatile components in
the fruit (Zhou et al, 2015). The high content of aldehydes highlights
the apple-like aroma, and ester substances highlight the fruit aroma,
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such as some alcohol esters, including ethyl acetate, which contribute
flavor compounds to the fruit aroma (Gan et al,, 2014). From the
heatmap, it can be seen that the greatest change in substance content in
‘Docteur Jules Guyot’ pear was also ester (Figure 3). In ‘Nanguo’ pear,
ester was also a key volatile compound that determine the typical
aroma of the fruit (Li et al,, 2022). When stored at room temperature,
the changes in the content of butyl acetate, hexyl acetate, heptyl acetate,
and amyl acetate were the most significant (Figure 4). These ester
compounds are the main components that form the fruit aroma, and
their concentrations directly affect the flavor of the fruit. Meanwhile,
the contents of these substances showed a reverse exceeding
phenomenon after 10 days at low temperatures for 4 days at room
temperature. This means that compared with 14 days of storage at
room temperature, the treatment of low temperature followed by room
temperature can prompt the fruits to produce more aroma substances.
However, this treatment method did not have a significant effect on the
hardness and sugar-acid ratio of the fruits (Figure 1). By adopting the
storage strategy of alternating “low temperature-room temperature,”
merchants can effectively enhance the aroma level of the fruits without
sacrificing fruit quality, thereby strengthening the market
competitiveness of the products.

Fatty acids are the precursors for the formation of most fruit
aromas, and the content of the derived volatile compounds, such as
alcohols, aldehydes, esters, acids, and ketones, affects the fruit flavor
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(El Hadi et al, 2013). In ‘Nanguo’ pear, high LOX activity and
expression of PuLOX1 in fruit stored at low temperatures promoted
the production of ethyl hexanoate and hexyl acetate substances
(Leon et al., 2002; Zhang and Tian, 2010). Studies have shown that
the production of ethyl acetate and hexyl acetate occurs via the fatty
acid metabolic pathway (Schwab et al, 2008). In ‘Docteur Jules
Guyot’ pear, PcLOX1 was downregulated and PcLOX2 was
upregulated during postharvest ripening (Figure 5). Under the
action of ADH, aldehydes can be converted into hexenol and
hexanol, and the level of ADH expression may be correlated with
the amount of aroma (Buttery et al., 1971). In our study, we found
that PcADHI was upregulated during RT storage (Figure 5).
Linoleic acid is an important precursor for the biosynthesis of
flavor volatiles and is catalyzed by fatty acid desaturase (FAD)
(Dehghan Nayeri and Yarizade, 2014; Jin et al., 2022). Studies on
peaches revealed that the production of flavor volatiles such as
hexenal and hexenol within the fruit was promoted by the catalysis
of PpFAD3-1 (Jin et al,, 2022). By overexpressing FAD3 and FAD7
in transgenic tomato plants, the tolerance of transgenic tomato
plants to cold storage treatment was improved (Dominguez et al,
2010). Similarly in our experimental results, it can be seen that the
expression of PcFAD2 and PcFAD6 were much higher under low
temperature storage than in room temperature (Figure 5).

In the results of principal component analysis and correlation
analysis of ‘Nanguo’ pear, PuLOX3 and PuAAT were positively
correlated with ester formation (Luo et al, 2021). Analysis of
volatile substances in ‘Docteur Jules Guyot’ pear with related genes
revealed that the PcHPLI1, PcLOX2, and PcLIP2 genes were highly
correlated with the synthesis of ester substances (Figure 6). Similarly,
the LOX pathway is involved in ester biosynthesis in melting peaches
(Zhang et al., 2011). The transcript levels of PuFAD2.1, PuLOX2-1,
PuLOX5, PuADHI, and PuAAT in ‘Nanguo’ pear were significantly
positive correlated with the contents of oleic, linoleic and linolenic
acids in fruit at 10 DAH, and the trends of their contents were
consistent with esters (Li et al., 2022).

5 Conclusion

By analyzing the volatiles of ‘Docteur Jules Guyot’ pear stored at
low temperature, room temperature and low temperature to room
temperature at different stages of ripening using solid-phase
microextraction (SPME) with gas chromatography-mass
spectrometry (GC-MS). The identified volatile substances were
classified as alcohols, aldehydes, esters, acids, ketones, alkanes,
and terpenes. The ester, alcohol, and acid contents gradually
increased with storage time at room temperature. Under low-
temperature conditions, the content of these three types of
volatile substances either increased or decreased slightly.
However, after returning to room temperature, their contents
rapidly rebound over a short period. Butyl hexanoate, hexyl
acetate, heptyl acetate, and amyl acetate may be the main esters
affecting the aroma characteristics of ‘Docteur Jules Guyot’ pear.

Frontiers in Plant Science

10

10.3389/fpls.2025.1572093

Correlation analysis showed that the expression levels of PcHPLI,
PcADH1, PcGLIP1, PcGLIP-like, PcLOX2, PcLIP2, and PcFAD2
were positively correlated with the content of major esters.
Therefore, we speculated that these genes may play key roles in
the synthesis of esters in ‘Docteur Jules Guyot’ pear.
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