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fruit) of apple and peach trees were investigated throughout the stages of fruit development
(FS, fruit swelling; FC, fruit coloration; FM, fruit maturity; and FP, fruit postharvest) using a
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proton-transfer-reaction mass spectrometer. Results indicated that methanol was the most
abundant compound emitted by the leaf (apple tree leaf 492.5 ± 47.9 ng/(g·hr), peach tree

compounds (BVOCs)

leaf 938.8 ± 154.5 ng/(g·hr)), followed by acetic acid and green leaf volatiles. Beside the above

Oxygenated VOCs (OVOCs)

three compounds, acetaldehyde had an important contribution to the emissions from the

Fruit trees

fruit. Overall, the total BVOCs (sum of eight compounds studied in this paper) emitted by
both leaf and fruit gradually decreased along the fruit development, although the effect was
significant only for the leaf. The leaf (2020.8 ± 258.8 ng/(g·hr)) was a stronger BVOC emitter
than the fruit (146.0 ± 45.7 ng/(g·hr)) (P = 0.006), and there were no significant differences
in total BVOC emission rates between apple and peach trees. These findings contribute to
our understanding on BVOC emissions from different plant organs and provide important
insights into the variation of BVOC emissions across different fruit developmental stages.
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Introduction
Biogenic volatile organic compound (BVOC) emissions from
plants are a significant component of volatile organic compounds (VOCs), with annual emissions accounting for up to
90% of global total VOC emissions (Guenther et al., 1993;
Sindelarova et al., 2014). Besides affecting the formation of tropospheric ozone (O3 ) (Papiez et al., 2009) and secondary organic aerosol (SOA) (Hodzic et al., 2016; Kirkby et al., 2016),
BVOCs also indirectly lead to increase in methane (CH4 ) lifetime by reacting with hydroxyl radicals (OH• ) (Young et al.,
2009). Thus, enhancing our understanding of BVOC emissions
is vital for studying the tropospheric chemistry associated
with climate change.
Nearly all plant parts and organs such as leaves, fruits,
flowers, and roots emit BVOCs (Loreto and Schnitzler, 2010).
In general, the leaves are major emitters of methanol derived
from cell wall synthesis, or isoprenoids (including isoprene,
monoterpenes and sesquiterpenes) originating in chloroplasts or reservoir structures (e.g., resin ducts and glandular
cells) (Loreto and Schnitzler, 2010; Sharkey et al., 2017). For
the fruits, alcohols and esters are important compounds that
constitute the aroma profile of the flesh (Farneti et al., 2015;
Iqbal et al., 2014). The composition of plant organ-specific
BVOCs has been extensively studied (Adeosun et al., 2015;
Bandeira et al., 2017; Giacomuzzi et al., 2017), but a comparison of BVOC emissions from different organs is less common
(Rapparini et al., 2001).
The developmental stages of plants are closely linked with
the morphogenesis and development of different organs, and
may affect BVOC emissions (Fares et al., 2011; El et al., 2019;
Wiß et al., 2017). Based on four greenhouse-grown citrus
species, Fares et al. (2011) found that flowering led to a dramatic increase in monoterpene emission. Studies in orange
orchards showed that BVOC emissions have obvious seasonal
changes in addition to the increase at flowering (Gentner et al.,
2014). A recent study showed that the temperature dependence of terpene emissions from maize leaves distinctively
decreased during the plant development (Wiß et al., 2017). To
date, however, comparative studies on BVOCs emitted by multiple organs over different developmental stages are limited
(Rapparini et al., 2001; Vallat et al., 2005), although it is normal
for multiple organs to coexist in the process of plant development.
Over the past few decades, researchers have conducted
a large number of studies on BVOC emissions from tree
species in urban and forest ecosystems (Aydin et al., 2014;
Calfapietra et al., 2013; Šimpraga et al., 2019; Xu et al., 2015).
By contrast, studies on agroecosystem vegetation still remain
limited. Fruit trees are an important component of agroecosystems and exhibit obvious developmental stages and organ differentiation (Guo et al., 2013). Apple tree (Malus domestica Borkh.) and peach tree (Prunus persica Batsch.) are widely
cultivated in 98 countries worldwide, among which China is
the world’s largest planter and producer country (Li et al.,
2020; Royan et al., 2012). China produced over 39 Mt of apples and 15 Mt of peaches in 2018, accounting for 46% and
62% of the total world production, respectively (FAOstat, 2018).
Thus, studying the BVOCs emitted by apple and peach trees is
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particularly valuable. The sensory quality of fruits is an important attribute of apple and peach trees as cash crops, and
previous studies focused either on the BVOCs associated with
the characteristic aroma and flavor of ripe fruits (Hadi et al.,
2013; Ting et al., 2015), or BVOCs that have attractant (or repellent) effects on pests (Il’Ichev et al., 2009; Llusià and Penuelas, 2001). Some studies reported BVOC emission from apple and peach trees by using either fruit-bearing branches
with leaves (Vallat et al., 2005) or flower-bearing branches with
leaves (Rapparini et al., 2001), thus mixing the emissions from
different organs.
Here, BVOC emissions from leaves and fruits of apple and
peach trees were investigated in situ over the fruit development. We hypothesized that leaves are stronger BVOC emitters than fruits, and that emissions vary during the fruit development. To test these hypotheses, we aimed to: (1) detect the
dominant compounds emitted by leaves and fruits, and assess whether there is a significant difference in the emission
rates between the two organs; and (2) evaluate how the BVOC
emission changes at different fruit developmental stages, and
whether such changes affect both the leaves and the fruits.

1.

Materials and methods

1.1.

Study site and experimental design

The study was performed from early July to early September
at an orchard located in Tangjiapu (40°47 N, 116°34 E), Northwest Beijing, China, where the growing season usually begins
in May and ends in September. The climate is a continental
monsoon climate, with mean annual temperature and precipitation of 8°C and 467 mm, respectively. Both early-maturing
apple (Malus domestica Borkh. cv Fuji) and peach (Prunus persica Batsch. cv White peach) trees planted in two 100 m × 20 m
sub-areas of the commercial orchard were selected to collect
BVOCs. Trees were planted with a row spacing and plant spacing of 2.0 m. The selected trees were five years old and were
raised from seedlings. They were manually irrigated and fertilized with tap water and urea once a month before the bud
swell, but such management activities were not implemented
throughout the experiment.
During the experiment, the developmental status of the
tested fruit trees was constantly monitored and divided into
four developmental stages (FS, fruit swelling; FC, fruit coloration; FM, fruit maturity; and FP, fruit postharvest) based on
the extended Biologische Bundesantalt, Bundessortenam and
Chemische Industrie (BBCH) code (Meier, 2001). Their developmental stages resulted to be synchronous. Finally, BVOC emissions were measured in situ according to the details in Table 1.

1.2.

Enclosure system and sampling

Three trees of each species per each developmental stage were
randomly selected for BVOC sampling. Six healthy branches,
i.e. three for leaves and three for fruits, were sampled from
each tree. Each branch consisted of either 5–10 leaves or both
5–10 leaves and 1–2 fruits. The branches with leaves were used
for direct BVOC sampling. Similar to Giacomuzzi et al. (2017),
however, the branches that were composed of both leaves and
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Table 1 – Developmental stages of the fruit tree species and description of the sampling campaigns.

Species
Apple tree
Peach tree

∗

Sampling
organ

Date

Leaf and fruit

July 1–2

Leaf and fruit

Developmental
stage

BBCH code∗

Identification key points

FS (fruit
swelling)

71–75

August 1–2

FC (fruit
coloration)

81–85

Leaf and fruit

August 19–21

87–89

Leaf

September
3–4

FM (fruit
maturity)
FP (fruit
postharvest)

Fruit expanded rapidly, and the diameters of
apple and peach fruits reached about 40 and
20 mm, respectively
More than 50% of fruits showed the
cultivar-specific color, such as the top of peach
fruits beginning to turn dark red, and the middle
peel of apple fruits turning pink or red.
The fruit was ripe and displayed a typical taste

91

The fruits were harvested at same time, but the
leaf was still fully green

Biologische Bundesantalt, Bundessortenamt and Chemische Industrie (BBCH) code derives from Meier (2001).

fruits were pre-treated by manually removing the leaves two
days prior to each sampling stage and the tiny wounds generated during the leaf removal process were tightly wrapped
with tin foil, in order to ensure the collection of only BVOC
emission from the fruits. Eventually, three samples per organ
were obtained at each of two sampling days, as the sampling
was repeated on either the next or the third day. Thus, six samples in total for each organ were collected at each developmental stage.
Sampling was performed between 9:30 a.m. and 11:30
a.m. on sunny and windless days using a static enclosure
system similar to that described by Tsui et al. (2009) and
Zhao et al. (2004). Briefly, three identical enclosures, each one
supported by a tripod, were installed on different branches
and the open end was closed by using external rubber bands.
Each enclosure consisted in a 19.7-L polytetrafluoroethylene
(PTFE) cylinder wrapped in 50-μm-thick PTFE film with a photosynthetically active radiation (PAR) transmittance of 86%,
and outfitted with a temperate-light integrated sensor (Hobo
Pendant data logger, MX2202, Onset Computer Corporation,
USA), a PTFE coated fan (AFB0812M, Delta electronics, Inc.,
China), a relative humidity (RH, %) sensor (Hobo data loggers,
U12–012, Onset Computers, USA), and a 6.4 mm PTFE valve.
The fan was installed on the bottom of each enclosure, while
the RH and temperature-light sensors were horizontally installed on the middle position of each enclosure. During the
sampling, the air was evenly mixed by the fan, temperature
(T), PAR and RH were recorded at intervals of 1 min. RH in
the enclosure was post-calibrated by the simultaneous measurement of both the m/z = 39 signal of the Proton Transfer
Reaction-Mass Spectrometry (PTR-QMS) and the RH sensor, as
described in Ammann et al. (2006). The variations of RH, T and
PAR inside the sampling enclosure were similar over time and
resulted in average RH, T and PAR ranging from 64.3 to 94.9%,
27.1 to 34.8°C and 876.6 to 1287.4 μmol/ (m2 ·sec), respectively
(Appendix A Table S1).
When sampling, the PTFE enclosures were installed on
the selected branches, and filled up with charcoal-filtered air
mixed by the fan to a steady state for 15 min. Then the fan
was turned off, and a 2 L PTFE sampling bag (Hedetech Instrument Co., Ltd., China, Teflon FEP, 0.07 mm film thickness, hereinafter referred to as bag samples) was connected to the en-

closure by the 6.4-mm valve and immediately filled with the
air from the enclosure at a flow rate of 2 L/min via an external battery-operated pump (VUY6002A, Hilintec Instrument
Co., Ltd., China). To improve the qualitative identification of
BVOCs, 5 L from the enclosure on one of the three branches
per tree were collected in each sampling day via another pump
(flow rate of 500 mL/min) through pre-conditioned stainless
steel adsorption tubes (Markes International, Ltd., UK) containing Tenax TA (150 mg) and Carbopack 1 TD (200 mg) connected to the 6.4-mm valve. Before each sampling day, a blank
sample was collected following exactly the same procedure in
the absence of plant material. The difference between sample
and blank was used as net BVOC emission. The BVOC emission
rates were expressed on a mass basis, and thus the leaves and
fruits on the enclosed branch were removed after sampling
and oven-dried at 80°C until constant weight.

1.3.

BVOCs analysis

Bag samples were analyzed by PTR-MS (PTR-QMS, Ionicon Analytik GmbH, Austria) immediately after being back to the laboratory. More details on this instrument are described elsewhere (Gouw and Warneke, 2007). Briefly, the PTR-QMS was
operated with an inlet flow rate of 50 mL/min, a drift tube
voltage of 600 V, and a drift tube pressure of 2.20 mbar, resulting in an E/N (i.e., the ratio of electric field strength to
the gas number density in drift tube) value stable at 135
Townsend (Td). To avoid BVOC condensation, the temperature of the sampling tube was set at 60°C. During the analyses, the PTR-QMS worked in multiple ion detection mode.
According to the molecular weight range of common BVOCs
(Loreto and Schnitzler, 2010), the ions with high signal values
and good reproducibility were preliminarily screened through
pre-experiments, and then the ion species were further determined by referring to previous studies (Bachy et al., 2016,
2020; Kleist et al., 2012; Mozaffar et al., 2018; Wiß et al., 2017).
Finally, 14 ion species were detected, among which 12 ions
related to eight compounds, except for the primary hydronium ion and water vapor signal (Appendix A Table S2). The
mass to charge ratio (m/z) 45 is considered to be acetaldehyde as it almost did not show fragmentation during the
protonation process (Schwarz et al., 2009). The m/z 59 and
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61 are generally considered to represent acetone and acetic
acid, respectively (Bachy et al., 2016). In addition, the signal of
m/z = 137 was used to represent monoterpene (MT). However,
Hexanal and Z-3-Hexenol representing green leaf volatiles
(GLVs) could not be distinguished by PTR-QMS, consequently
the results only showed the total emissions of the above two
compounds. The adsorption tubes were stored at 4°C, and
analyzed within three days by thermo-desorption (TD-100,
Marks International, Ltd., UK) coupled to gas chromatographymass spectrometry (GC-MS, GC type: 7980B, MSD type: 5977A,
Agilent Technologies, Palo Alto, USA). Firstly, the samples
was desorbed to 250°C for 5 min. The BVOCs were enriched
on cold trap at −25°C then desorbed to 280°C for 3 min.
BVOC samples were injected into GC in the splitless mode
when the injection port was operated at 200°C. Separation
of BVOCs was performed using a non-polar HP-5MS column
(30 m × 250 μm × 0.25 μm) with a flow of carrier gas (helium) of 1.1 mL/min. The starting GC-oven temperature was
programed from 35°C for 2 min, followed by an increase of
5°C/min until 160°C, then increasing to 270°C at 20°C/min and
holding isothermally for 3 min. MS source and quadrupole
temperature were operated at 230°C and 150°C, respectively.
The MS information was obtained by scanning in the mass
ranging from m/z 20 to 300 atomic mass unit (amu). Identification of BVOCs was achieved by comparing their mass spectra with the National Institute Standard and Technology (NIST,
2011) database, and then a further identification was achieved
by comparing their retention times with authentic standards.
The quantitative analysis of BVOCs was achieved by PTRQMS. Specifically, the measurement time of each bag sample was approximately 35 sec, including a total of 12 scanning cycles. In order to avoid retention time effect and signal
peaks caused by sampling bag switching, the data from two
cycles were excluded at the beginning and end of each bag
sample, respectively, and the remaining eight middle cycles of
each bag sample were used as effective cycles, with the mean
value representing the signal of each compound. The PTRQMS states were initially checked by switching the sampling
flow to ambient air in each sampling day. The gravimetrically
prepared gas standard cylinders (Wuhan Newradar Special
Gas Co., Ltd., Wuhan, China) containing the above-mentioned
eight compounds were measured once a day to calibrate the
sensitivity of the instrument and calculate the concentration
of the emissions. Finally, a five-point standard curve, based on
dilutions of authentic standards, was conducted between the
signal of PTR-QMS and authentic concentration.

1.4.

Calculation of BVOC emission rate

The emission rate (E, ng/(g·hr)) of each compound was calculated using the measured sample concentration of the PTFE
bag, blank sample concentration, sampling enclosure volume,
accumulated time and the enclosed leaf (or fruit) dry weight
as given in Eq. (1).
E=

(Cs − Cb ) × V
W ×t

(1)

where, E (ng/(g·hr)) is the emission rate at the current sampling temperature (T, K) and photosynthetically active radiation (PAR, μmol/(m2 ·sec)); Cs (ng/m3 ) and Cb (ng/m3 ) are the
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concentration in the samples and blank samples of the enclosure, respectively; V (m3 ) is sampling enclosure volume; W (g)
is enclosed leaf (or fruit) dry weight; t (hr) is the accumulated
time.
To allow comparisons among all samples, we obtained standard emission rate (Es , ng/(g·hr)) of BVOCs
under normalized environmental conditions (T = 30°C
and PAR = 1000 μmol/(m2 ·sec)) based on the methods proposed by Guenther et al. (1993). The emission of monoterpene
is temperature-dependent, and according to the description
of Wiß et al. (2017) and Gomez et al. (2019), we also classified the emission pattern of the methanol, acetaldehyde,
acetone, acetic acid, MEK, toluene and GLVs as temperaturedependent. Specifically, the Es was calculated as follows:
E = Es × exp(β × (T − Ts ))

(2)

where, T (K) is current temperature, Ts (303 K) is standard temperature, β = 0.09 K is an empirical parameter. It was assumed
that the air temperature inside the sampling enclosure was
equal to the leaf and fruit epidermis temperature.

1.5.

Statistical analysis

The single tree was considered as a statistical unit (N = 3
plants) after averaging the data from the two sampling days
of the same tree species at each developmental stage. Before the analyses, Shapiro−Wilk and Levene’s tests were performed to assess normality and homogeneity of all the data,
respectively. When necessary, log-transformation was conducted to conform to the assumptions of the statistical models. A p ≤ 0.05 was considered significant in all of the statistical
analyses. Each compound was subjected to one way analysis
of variance (ANOVA) to test the effect of developmental stage
using SPSS statistics 25.0 (IBM Inc., Armonk, NY, USA). Twoway ANOVA with mixed linear model was applied to test the
effects of tree species, organ and their interaction on total and
individual BVOCs using JMP software (SAS Institute, Cary, NC,
USA). The Tukey’s Honestly Significant Difference (HSD) test
was employed to identify significant differences. Data shown
in tables and figures are mean ± standard error.

2.

Results

2.1.

BVOC composition in the leaf and fruit

Methanol was the most dominant compound emitted by the
leaves of the two tree species, followed by acetic acid and GLVs
(Fig. 1a and b). The sum of their emissions accounted for 72.6%
and 80.1% of the total BVOCs in apple and peach tree leaves,
respectively. The fourth most important compound in the leaf
was acetone, contributing up to 13.1% for apple tree and 8.0%
for peach tree of the total BVOC emissions (Fig. 1a and b). Other
compounds emitted from the leaves included acetaldehyde,
MEK, toluene, and MT, and accounted for 0.0% to 21.7% of the
total BVOC emissions. The MT emitted by the apple and peach
tree leaves accounted for only 1.2% and 2.4% of the total BVOC
emissions, respectively, which was much lower than the OVOC
emissions (including methanol, acetaldehyde, acetone, acetic
acid, GLVs and MEK in this study).
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Fig. 1 – Contribution of the eight compounds emitted by apple tree leaves (a), peach tree leaves (b), apple tree fruits (c), and
peach tree fruits (d) to total BVOC emissions across the entire sampling stage. MEK, GLVs, and MT: methyl ethyl ketone,
green leaf volatiles, and monoterpene, respectively. In the figure, each sector represents the mean of all samples (leaf, four
developmental stages; fruit, three developmental stages).

Based on the average BVOC emission rates of the fruit, acetaldehyde was the most abundant compound for apple fruit,
contributing up to 37.9% of the total BVOC emissions, whereas
methanol was the most dominant compound for peach fruit,
contributing about 27.1% of the total BVOC emissions over the
whole sampling stages (Fig. 1c and d). Acetic acid was the second most dominant compound from the fruits of the two tree
species. The MT of apple and peach fruits only accounted for
0.1% and 2.2% of total BVOC emissions, and the emission in
single stages never exceed 6.1% (Appendix A Table S3). Overall, fruit emissions were dominated by OVOCs, accounting for
99.9% and 97.8% of the total BVOC emissions in apple and
peach fruits, respectively.

2.2.
Variation of BVOC emission in different
developmental stages
The eight compounds emitted by the leaves demonstrated
similar temporal variations in the two tree species (Fig. 2a and
b). Specifically, (1) methanol, toluene and MT from apple tree,

and toluene emission from peach tree did not change significantly during the developmental stages (p > 0.05); (2) acetaldehyde, acetone, and MEK were significantly higher in the FS
stage than in the other developmental stages, acetic acid was
significantly lower in the FP stage, and GLVs were lower in the
FM stage.
The emission rates of all compounds from apple fruit
did not differ significantly among the developmental stages
(Fig. 2c). The emission rates of four of the eight compounds
(methanol, acetaldehyde, toluene and MT) emitted by the
peach fruit did not change significantly, while the remaining
four compounds (acetone, acetic acid, MEK, and GLVs) were
significantly higher in the FS stage than in the other stages
(Fig. 2d).
Overall, the emission rates of total BVOCs from the leaves
and fruits of the two tree species gradually decreased over
time, although the differences were significant only for the
leaves (Table 2). The average emission rates for the total
BVOCs of apple and peach tree leaves were (1852.9 ± 427.3)
and (2284.4 ± 357.2) ng/(g·hr), respectively, which were sig-
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Fig. 2 – Standardized emission rates of eight compounds from apple tree leaves (a), peach tree leaves (b), apple tree fruits (c)
and peach tree fruits (d) during four sampling stages (fruit swelling (FS), fruit coloration (FC), fruit maturity (FM), and fruit
postharvest (FP)). Compounds: 1 Methanol, 2 Acetaldehyde, 3 Acetone, 4 Acetic acid; 5 Methyl ethyl ketone (MEK), 6 Toluene,
7 Green leaf volatiles (GLVs), and 8 Monoterpene (MT). Values are means ± SE; N = 3 plants. The compounds marked with ∗
differ significantly in different developmental stages, and significant differences among bars within each compound are
labeled by different letters (p < 0.05, Tukey HSD).

nificantly higher than the apple fruits (110.8 ± 12.7 ng/(g·hr))
and peach fruits (65.5 ± 15.1 ng/(g·hr)) (Fig. 3). In addition, the
emission rates of methanol of apple tree were significantly
higher than peach tree, by contrast, MT emitted by peach
tree was significantly higher than apple tree (Table 3). However, there were no significant differences of total BVOC emissions between apple tree and peach tree for either leaf or
fruit.

3.

Discussion

3.1.

BVOC emissions from leaves and fruits

Field measurements of BVOC emissions revealed that OVOCs
dominated the emissions from the leaves, with methanol as
the most predominant compound in both tree species, consistently with observations in maize (Wiß et al., 2017), winter

wheat (Bachy et al., 2020), Sorghum bicolor (Manco et al., 2019),
ryegrass (Custer and Schade, 2007), and grasslands (Brilli et al.,
2012). In this study, the average emission rates of methanol
from apple and peach tree leaves were (492.54 ± 47.87) and
(938.81 ± 154.50) ng/(g·hr), respectively (Fig. 2), which were the
same order of magnitude as leaf-level measurements from
maize (Bachy et al., 2016; Mozaffar et al., 2017) and winter
wheat (Gomez et al., 2019). Nevertheless, large discrepancies
in methanol emission rates among different species may occur, e.g. soybean (MacDonald et al., 1993), poplar, cotton and
beech (Hüve et al., 2007) emissions were at least an order
of magnitude higher than our results, which further confirms the importance of conducting species-specific studies
on methanol emission (Hüve et al., 2007). Acetic acid was the
second and third most important compound emitted by the
leaves of peach and apple trees, respectively, over the sampling stages, which confirms that trees are a source of volatile
acetic acid (Kesselmeier et al., 1998). Acetic acid emissions
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Table 2 – Emission rates of total BVOCs and one-way ANOVA results in the four developmental stages.
Total BVOCs (ng/(g ·hr))

Apple tree leaf
Peach tree leaf
Apple tree fruit
Peach tree fruit

P value

FS

FC

FM

FP

3067.3 ± 599.9a∗
2976.4 ± 332.2a
132.5 ± 20.6a
95.0 ± 15.7a

1556.2 ± 176.2b
2683.1 ± 82.4ab
111.3 ± 44.7a
55.9 ± 5.3a

1598.3 ± 178.6b
1907.5 ± 266.8bc
88.7 ± 33.2a
45.6 ± 18.3a

1104.5 ± 190.3b
1379.2 ± 219.7c
/
/

0.02
0.01
0.68
0.10

FS, FC, FM and FP represent fruit swelling, fruit coloration, fruit maturity and fruit postharvest, respectively. The / indicates no sample was
taken in FP stage.
∗
Different letters indicate significant differences among developmental stages, and statistically significant effects are marked in bold (mean
± SE, ANOVA, HSD, p < 0.05, N = 3 plants).

Fig. 3 – Standardized emission rates of total BVOCs from the different organs (leaf and fruit) of two tree species (apple tree
and peach tree). Different letters indicate significant differences between the bars. Four developmental stages for leaf, three
developmental stages for fruit, N = 3 plants, mean ± SE, two-way ANOVA, p < 0.05.

Table 3 – Two way ANOVA results (p values) for main effects and interactions of species (apple tree, peach tree) and organs
(leaf and fruit) on the emission rates of different compounds.

Species
Organ
Species × organ
∗

Methanol

Acetaldehyde

Acetone

Acetic acid

MEK

Toluene

GLVs

MT

0.001∗
0.001
0.001

0.254
0.04
0.517

0.524
0.001
0.531

0.301
0.001
0.282

0.374
0.001
0.3429

0.658
0.001
0.552

0.342
0.001
0.451

0.038
0.001
0.085

Statistically significant effects are marked in bold (p < 0.05).

were also observed from orange tree leaves (Staudt et al., 2000),
willow canopies (Copeland et al., 2012) and temperate forest
ecosystems (Ramasamy et al., 2016). The MT emitted by apple
and peach leaves were negligible, accounting for only 1.2% and
2.4% of total BVOC emissions, respectively, confirming previous results for apple and grape leaves (Giacomuzzi et al.,
2017). In addition, we detected acetaldehyde, acetone, and
GLVs emissions from the leaves in accordance with previous
studies on orange (Ciccioli et al., 1999), wheat, maize and rapeseed leaves (Gomez et al., 2019).
Similar to leaves, also the fruit emissions were dominated
by OVOCs. In contrast to our findings, however, previous results indicated that esters and lactones were the most abundant compounds emitted by fruits of pear, strawberry, banana,
and even apple (El et al., 2013; Fellman and Mattheis, 1995).

However, a large number of the previous studies on fruit focused on the aromatic BVOC composition and flavor of the
fruit (Farneti et al., 2015; Holland et al., 2005; Mayr et al., 2003;
Ting et al., 2016). Most of them either performed homogenization pre-treatment for fruits such as peeling (Holland et al.,
2005), cutting (Ting et al., 2015) and chewing (Farneti, 2018)
prior to BVOCs determination, or the fruits were subjected to
long-term low-temperature and hypoxic storage (Dixon and
Hewett, 2000; Soukoulis et al., 2013) prior to BVOCs determination. Thus, these measures may have affected the type of
volatiles (Arvisenet et al., 2008; El et al., 2013; Roos, 2003). In
addition, such compounds (like esters and lactones) may be
trapped by skin waxes in intact fruits when sampling under field conditions (Paillard, 1990). A limited number of in
situ observations (Baghi et al., 2012; Rapparini et al., 2001;
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Staudt et al., 2010; Vallat et al., 2005) found that the emissions from fruits of apple, grape and peach, mainly consisted
of aldehydes and terpenes rather than esters or lactones. Consistent with our results, a significant amount of methanol was
also observed in apple fruit emissions by Farneti et al. (2015).
Acetaldehyde emissions were also detected in citrus (Shi et al.,
2007), avocado (Obenland et al., 2012) and persimmon fruits
(Pesis and Ben-Arie, 2006). Apart from MEK, compounds such
as acetone, acetic acid, toluene, MT, and GLVs were also mentioned in previous studies on orange (Kelebek and Selli, 2011)
and apple fruit emissions (Wang et al., 2007).
Overall, the leaf was a stronger BVOCs emitter than
the fruit, no matter whether the emissions of individual compounds or total BVOCs were analyzed. Differences in the BVOC emissions from different plant organs
were mentioned in previous studies (Adeosun et al., 2015;
Rapparini et al., 2001; Mecherara-Idjeri et al., 2008). Most
studies, however, were limited to a qualitative or semiquantitative description (Adeosun et al., 2015; Andrade et al.,
2004; Mecherara-Idjeri et al., 2008). For instance, MecheraraIdjeri et al. (2008) detected obvious discrepancies in the percentage composition of sesquiterpene emissions from Algerian pistacia (Pistacia atlantica) between fruits and leaves.
In the few quantitative studies, the difference of MT emission rates between organs was over two orders of magnitude (Rapparini et al., 2001). In our study, the emission rate
of methanol, acetone and GLVs from the leaves was 20 times
higher than the emission from the fruits. MT emitted by the
apple tree leaves were more than 100 times higher than MT
emissions from the apple fruits. FAO (2018) statistics showed
that the annual yield of apple and peach fruits in China alone
was up to 54 Mt. Therefore, even though the BVOC emission
rates of fruits were lower than those of leaves, the total BVOC
emission from fruits and its potential effect cannot be neglected.

3.2.
Comparison of BVOC emissions from the two fruit
tree species
In this study, eight compounds were observed in both apple
and peach trees. However, it was consistent that methanol
was the most dominant compound for both species. Previous
studies suggested that plant BVOC emissions exhibit certain
genus-and family-level patterns (Klinger et al., 1998, 2002). For
instance, isoprene is usually the BVOC with most dominant
emission from Salicaceae species (Harley et al., 1999), while
MT are usually the most dominant BVOCs emission from
Pinaceae species (Martin et al., 2003). Apple and peach tree
species are both Rosaceae, and showed that identical BVOC
compositions may also potentially associated with the intrinsic properties of Rosaceae (Niederbacher et al., 2015). However,
methanol emission rate was higher in peach than in apple,
from both leaves and fruits (Table 3). In accordance with the
results of Baraldi et al. (1999) on six agriculturally important
fruit species (including apple, pear, apricot, cherry, plum and
peach trees), we detected significant difference in MT emission from apple tree and peach tree. However, there were no
significant differences in other compounds and total BVOC
emissions between the two tree species. These different responses between individual compounds and total BVOCs may
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be caused by the differences in synthesis and metabolic patterns of different compounds (Loreto and Schnitzler, 2010).

3.3.
Variation and effect of developmental stage on BVOC
emissions
To date, numerous studies have shown that the emissions of
BVOC from plants have obvious seasonal or inter-annual variation patterns (Bai et al., 2015; Gulden et al., 2007; Mäki et al.,
2019; Otter et al., 2002). The difference of leaf age among
leaves is one of the most common plant development phenomena. Previous studies indicated that BVOC emission capacity varied with different leaf ages (Matsunaga et al., 2013;
Rapparini et al., 2001). Our result confirmed such previous studies as the emission rates of the majority of compounds (at least five of the eight compounds) for the two
tree species leaves changed significantly over time. Specifically, for methanol emissions from the leaf, NemecekMarshall et al. (1995) proposed that the emission rates dramatically declined with increasing leaf age after full leaf expansion. Our results are consistent with this hypothesis, as
the maximum emission rate of methanol was observed in
the FS stage, and the minimum emission rate was obtained
in the FP stage. There were lower acetic acid emissions in
both FC and FP stages, and even null emissions for apple tree
leaves in the FP stage (Fig. 2a and b). These fluctuations may
be partly attributed to the high water solubility of acetic acid
(Rottenberger et al., 2008). Acetic acid may dissolve into water vapour due to the high relative humidity within the sampling enclosure in FC stage (Appendix A Table S1), resulting in a decrease in the observed emission rate. Moreover,
Staudt et al. (2000) proposed that the acetic acid emission
rate was determined by the cell growth and expansion rates.
This could also explain the decrease of acetic acid emission
rate in FP stage, which corresponds to the maximum leaf age
in our experiment. Similarly, the emission rate of acetaldehyde in FS stage was significant higher than in other stages,
which may be related to the potential senescence of leaves
caused by the increase of leaf age (Bachy et al., 2020). Our study
showed that the total BVOC emissions from leaves gradually
decreased over the entire experiment. Taken together, we suggest that developmental stage is an important effect factor for
long-term BVOC emissions from fruit tree leaves.
Similarly, the total BVOC emissions from the fruit gradually
decreased as the fruit ripened, but the differences over time
were not significant, possibly because of a very large variability in the values. These observations are in contrast to some
previous research that the emissions of most compounds increase with fruit ripening (Barboni et al., 2010; Do et al., 1969;
Horvat et al., 1990). In these studies, however, the fruit was
crushed before BVOC determination. The BVOCs produced by
the intact fruit must be emitted into the atmosphere through
epidermal tissue. Actually, the surface area of the fruit epidermis (approximately spherical) increases as the fruit expands as a function of the fruit diameter squared, while the
mass of the fruit increases as a function of the fruit diameter cubed. So, the specific surface area of apple and peach
fruits (i.e., the fruit epidermis area per unit mass of fruit)
changes as fruits mature, which can potentially change the
mass-based BVOC emission rate (ng/(g·hr)) during the devel-
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opment of fruits. Thus, the decrease in BVOC emission rates
over time may not necessarily imply a decrease of fruit emission capacity, but could also be a result of mass increase.
Also, the variation pattern of individual compounds emitted by fruits at different developmental stages was different
from that of leaves. Our study indicated that all eight compounds emitted by apple fruits and four of the eight compounds emitted by peach fruits did not change significantly
over time. However, there were significant differences in the
emission rates of the four compounds (acetone, acetic acid,
MEK, GLVs) emitted by apple fruits at different developmental
stages. These compound-specific responses suggest that the
effect of developmental stage on fruit BVOC emissions in different fruit tree species requires further in situ research.

2016VBA057), and the National Natural Science Foundation of
China (No. 41907383).

Appendix A Supplementary data
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2021.02.013.
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