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Abstract: Gibberellin (GA) is an important plant hormone that is involved in various physiological
processes during plant development. Sweet cherries planted in southern China have always encoun-
tered difficulty in bearing fruit. In recent years, gibberellin has successfully solved this problem,
but there has also been an increase in malformed fruits. This study mainly explores the mechanism
of malformed fruit formation in sweet cherries. By analyzing the synthesis pathway of gibberellin
using metabolomics and transcriptomics, the relationship between gibberellin and the formation
mechanism of deformed fruit was preliminarily determined. The results showed that the content of
GA3 in malformed fruits was significantly higher than in normal fruits. The differentially expressed
genes in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were mainly enriched in
pathways such as “plant hormone signal transduction”, “diterpenoid biosynthesis”, and “carotenoid
biosynthesis”. Using Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) analysis, the
gibberellin hydrolase gene GA2ox and gibberellin synthase genes GA20ox and GA3ox were found to
be significantly up-regulated. Therefore, we speculate that the formation of malformed fruits in sweet
cherries may be related to the accumulation of GA3. This lays the foundation for further research on
the mechanism of malformed sweet cherry fruits.

Keywords: sweet cherry; gibberellin; deformed fruit; UPLC-MS/MS; transcriptome data

1. Introduce

The sweet cherry (Prunus avium L.), belonging to the Rosaceae family, is native to
Europe and Western Asia [1]. Sweet cherries are rich in nutrients, such as anthocyanins and
flavonoids, and because of their bright color, rich taste, and other characteristics, they are
widely enjoyed [2]. Sweet cherries in China are generally grown in the north because the
unique climate and environmental factors in the south make it difficult for sweet cherries
to bear fruit. In response to this phenomenon, farmers have started spraying GAs, and
while the fruit-setting rate of the sweet cherry has been significantly improved [3], there has
been an increase in the prevalence of malformed fruit. The formation of malformed fruits
has adversely affected the economic benefits of fruit sales, but the molecular mechanism
behind this phenomenon is still unclear.

GA is an important plant hormone and signaling pathway factor that plays an impor-
tant role in plant growth and development and stress resistance environment [4]. Studies
have shown that GA treatment can induce parthenogenesis to increase the fruit-setting
rate and thus increase fruit yield. The treatment of citrus with GA3 during flowering
can stimulate the division of ovary wall cells and increase the size of the ovary, thereby
improving the fruit-setting rate, while paclobutrazol (GA3 biosynthesis inhibitor) inhibits
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ovary wall cell division and reduces fruit setting [5]. Spraying grape ear with 30 mg/L
GA3 10 days before flowering can increase the sugar content in the ovary and the activity of
acid invertase, especially the activity of vacuole invertase, so as to improve the fruit-setting
rate [6]. Spraying 500 mg/L GA3 at the flowering stage of loquat can help promote fruit
setting by increasing auxin synthesis [7]. In sweet cherry, GA3 improves the fruit-setting
rate by inducing parthenocarpy and promotes the expression of cytoskeleton and cell-wall-
related genes to increase fruit size [8]. Similarly, applying GA3 to apples before flowering
can induce parthenogenesis and increase fruit setting [9]. In addition, the application of
GAs on cucumbers, tomatoes, lemons, etc., can also induce parthenocarpy [8].

GAs can also affect fruit quality. Spraying with GA3 at flowering time increased the
fruit weight and thickened the waxy layer of the fruit, effectively prolonging the storage
period of the apple fruit [10]. The fruit quality, juice yield, titratable acidity (TA), and
soluble solid content (TSS) of lemons after GA treatment were improved [11]. When 50 and
100 mg·L−1 GA3 were applied to sweet cherry at the flowering stage, the soluble solids
in the fruit increased by 7% and 12%, the hardness increased by 15% and 20%, and the
weight increased by 7% and 14%, respectively, compared with the untreated group [12].
Einhorn et al.’s study showed that applying a low concentration (10–25 mg·L−1) of GA3
could continuously improve the fruit firmness of sweet cherry by 10–43% [13]. Kuhn et al.’s
study found that GAs can delay the maturation of sweet cherry fruit by inhibiting the
accumulation of abscisic acid (ABA) through PavSnRK2s and Pavpp2c, which are negative
regulators of the ABA pathway [14]. In addition, the results of Ozturk et al.’s study showed
that preharvest gibberellin (GA3) and calcium chloride (CaCl2) and postharvest modified
atmosphere packaging (MAP) treatments could maintain a higher vitamin C content and
stronger antioxidant activity of sweet cherry fruits during storage [15]. However, Correia
et al. showed that the vitamin C content of sweet cherry fruit decreased after GA3 treatment,
mainly caused by changes in local climate conditions and spraying time [16].

Recently, the effect of GAs on the fruit-setting rate and fruit quality of sweet cherries
has been studied more intensively, but the effect of GAs on the formation mechanism of
malformed sweet cherry fruit has not been reported in detail. In this study, the content
of phytohormones in malformed and normal sweet cherry fruits after spraying GAs at
the flowering stage was determined, and the differentially expressed genes were analyzed
using transcriptome data and qRT-PCR. The results of this study will lay a foundation for
research on the formation mechanism of malformed sweet cherry fruit.

2. Results
2.1. Metabolomics Analysis of Sweet Cherry

In order to detect the phytohormones of two different sweet cherry fruits, the multiple
reaction monitoring (MRM) model was used to analyze the extracts of malformed fruit
(T) and normal fruit (CK) (Figures 1 and S1), in which a total of 20 phytohormones were
detected (Table 1). The hormone content in malformed fruits was higher than that in normal
fruit, except for abscisic acid (ABA) and indole-3-carboxaldehyde (ICAld). Among them,
the most abundant are L-tryptophan (TRP), 1-aminocyclopropenecarboxylic acid (ACC),
and gibberellin A3 (GA3), which belong to auxin, ethylene, and gibberellin, respectively.
The TRP content of T increased by 7.7% compared with CK. The ACC content of T was
18% higher than that of CK. The most significant difference in plant hormone content was
GA3. The GA3 content of T was seven times that of CK. The results showed that more
plant hormones regulated malformed fruit growth and development, and GA3 played an
important role in malformed fruits.
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Figure 1. Normal fruit and malformed fruit of southern sweet cherry.

Table 1. Type and content of plant hormones in normal fruit (CK) and malformed fruit (T).

Class Index Compounds CK (ng/g) T (ng/g)

ABA ABA Abscisic acid 12.97 ± 2.15 12.23 ± 0.19
ABA ABA-GE ABA-glucosyl ester 42.20 ± 6.31 49.68 ± 1.23

Auxin IAA-Glu Indole-3-acetyl glutamic acid UD 0.30 ± 0.04
Auxin IAA-Asp Indole-3-acetyl-L-aspartic acid UD 2.88 ± 0.52
Auxin TRA Tryptamine 0.09 ± 0.04 1.81 ± 1.65
Auxin IPA 3-Indolepropionic acid 0.09 ± 0.01 0.15 ± 0.02
Auxin ICA Indole-3-carboxylic acid 8.13 ± 2.68 10.01 ± 1.65
Auxin TRP L-tryptophan 3297.76 ± 81.85 3552.37 ± 97.42
Auxin MEIAA Methyl indole-3-acetate 0.27 ± 0.05 4.37 ± 0.34
Auxin ICAld Indole-3-carboxaldehyde 12.94 ± 2.25 12.73 ± 0.34
Auxin IAN 3-Indoleacetonitrile 0.19 ± 0.02 0.27 ± 0.02
Auxin IAA-Val-Me Indole-3-acetyl-L-valine methyl ester 0.01 ± 0.00 0.01 ± 0.00
Auxin IAA Indole-3-acetic acid 1.84 ± 0.24 9.25 ± 7.15
ETH ACC 1-Aminocyclopropanecarboxylic acid 177.57 ± 11.87 210.49 ± 3.47
GA GA20 Gibberellin A20 0.57 ± 0.06 1.75 ± 0.54
GA GA4 Gibberellin A4 0.18 ± 0.02 0.98 ± 0.03
GA GA7 Gibberellin A7 0.04 ± 0.01 0.24 ± 0.01
GA GA3 Gibberellin A3 55.49 ± 2.57 378.21 ± 32.27
GA GA1 Gibberellin A1 34.91 ± 4.54 35.02 ± 4.25
GA GA19 Gibberellin A19 0.69 ± 0.01 1.71 ± 0.12

Note: UD means that the substance was under-detected.

The principal component analysis (PCA) results of the metabolome profiles are shown
in Figure 2. Six samples can be separated from the first two principal components, account-
ing for 59.82% and 21.69% of the total variation rate, respectively. In the PCA analysis chart,
the two groups showed a separation trend, and each repeated cluster of the two groups
showed good experimental data. The clustering results of group T were more concentrated
than those of group CK, indicating that the repeatability of group T in the experiment was
better than that of group CK. Significant differences existed between the two sweet cherry
samples; the T group was distributed on the positive end of PC1, while the CK group was
distributed on the negative end of PC1. In addition, in PC2, the T group was distributed on
the positive end, and the CK group was distributed on the negative end.
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Figure 2. Differential hormone metabolite analysis based on principal component analysis (PCA).
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2.2. Transcriptome Analysis of Sweet Cherry Fruit

Six RNA libraries (CK1, CK2, and CK3 for the normal fruit, and T1, T2, and T3
for malformed fruits) were prepared and analyzed. In total, 268.19 (M) raw reads were
obtained from the six libraries. The raw reads in this study were deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database
(PRJNA1036423). For further analysis, after raw read quality filtering, 126.99 (M) and
125.80 (M) clean reads were obtained from the CK and T libraries, respectively, among
which the average Total Clean Bases content was 6.32 Gb (Table 2). In addition, the Q30
percentages of all six libraries were above 85%, indicating that the sequencing and RNA
qualities were high, and the data obtained were reliable enough for further profile studies
on gene expression.

Table 2. Summary of the sequencing quality of six RNA libraries of sweet cherry.

Sample Total Raw
Reads (M)

Total Clean
Reads (M)

Total Clean
Bases (Gb)

Clean Reads
Q20 (%)

Clean Reads
Q30 (%)

Clean Reads
Ratio (%)

CK1 43.82 42.45 6.37 97.84 93.62 96.87
CK2 43.82 42.43 6.36 97.78 93.39 96.82
CK3 45.44 42.11 6.32 96.45 89.48 92.67
T1 45.44 42.49 6.37 96.62 89.86 93.50
T2 45.44 42.45 6.37 96.34 89.04 93.43
T3 44.23 40.86 6.13 96.45 89.51 92.38

The expression of transcript samples was analyzed using PCA, and the results are
shown in Figure 3A. This figure shows that each sample can be clearly distinguished on the
score map, and the resets are closely focused, indicating that the transcripts of the two fruits
are different. Similar to metabolomics, the CK group was located at the negative end of PC2,
while the T group was located at the positive end of PC2. Interestingly, the score map shows
that the difference between group CK and group T on PC1 is very weak, indicating that the
two samples are similar. Moreover, the sample gene expression correlation between the
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replicates of each sample was the highest, indicating that the samples had good repeatability
(Figure 3B). Differential gene screening was performed with a threshold of p-value < 0.05
and |log2FoldChange| > 2, and a total of 3573 different expression genes (DEGs) were
identified, as shown in Figure 3C. Subsequently, we compared the differential expression
of genes between normal fruit (CK) and malformed fruit (T) in sweet cherry. The volcanic
map showed that 2137 genes were up-regulated and 1400 genes were down-regulated in
3573 DEGs (Figure 3D). In addition, hierarchical clustering heat maps of the two kinds of
fruits were drawn (Figure 3E), and the changes in expression levels were represented by
red, white, or blue gradients, respectively. Red represents a high expression level, and blue
represents a low expression level. The results showed that the repeatability of each group
was good, and the transcription differences between groups were large.
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(E) Hierarchical clustering of DEGs in sweet cherry fruit.
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2.3. Combined Metabolome and Transcriptome Analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis provides informa-
tion and further understanding of how sweet cherry regulates its biological functions and
the biosynthesis of secondary metabolites at the transcriptome and molecular level. It has
been shown that the DEGs are enriched in the 130 KEGG pathways, among which the
most significantly enriched pathways were plant hormone signal transduction, tryptophan
metabolism, indole alkaloid biosynthesis, diterpenoid biosynthesis, and carotenoid biosyn-
thesis. These pathways are mainly composed of up-regulated DEGs (Figure 4). Among the
130 KEGG pathways, there is 1 pathway related to fruit shape—namely, the diterpenoid
biosynthesis pathway (ko00904), with 14 unigenes. The pathways annotated by these DEGs
were closely related to the abundance of metabolites of CK and T.
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In the KEGG enrichment analysis, we found that the genes related to “diterpenoid
biosynthesis” were significantly highly expressed, and the “GA biosynthesis process”
pathway was a branch of the “diterpenoid biosynthesis” pathway (Figure 5A). In the
“GA biosynthesis process” pathway, gibberellin-44 dioxygenase (EC: 1.14.11.12, GA20ox),
gibberellin 2beta dioxygenase (EC: 1.14.11.13, GA2ox), and gibberellin 3beta dioxygenase
(EC: 1.14.11.15, GA3ox) were up-regulated and down-regulated, respectively. Among
them, the GA20ox1 (LOC110745003), GA20ox2 (LOC110762932), GA20ox3 (LOC110762934),
GA20ox4 (LOC110765963), and GA20ox5 (LOC110765965) genes were up-regulated in
gibberellin-44 dioxygenase (EC: 1.14.11.12, GA20ox). In gibberellin 2beta dioxygenase
(EC: 1.14.11.13, GA2ox), GA2ox1 (LOC110754555) and GA2ox2 (LOC110772934) were up-
regulated, and GA2ox3 (LOC110773997) was down-regulated. Finally, in gibberellin 3beta
dioxygenase (EC: 1.14.11.15, GA3ox), GA3ox (LOC110750486) was up-regulated (Figure 5B,
Table S1). In this study, we observed that the regulation of GA biosynthesis-related genes
may be related to the formation of malformed sweet cherry fruit. On the other hand, the
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metabolomic data showed that 20 different metabolites were enriched in 130 metabolic
pathways. The differential genes and metabolites in the diterpenoid biosynthesis pathway
were analyzed using metabolomics and transcriptomics. The results showed that the
expression of gibberellin-related enzyme genes in malformed fruits was higher than in
normal fruits.
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degrading enzyme.

2.4. Expression of Gibberellin-Related Synthase Gene

The transcriptional regulation revealed by RNA-seq was confirmed in the biologi-
cal independent experiments of qRT-PCR, and the results of both were consistent. The
positive correlation coefficient (R2) between the RNA-seq data and the qRT-PCR was 0.86
(Figure S2). In the process of GAs biosynthesis, we selected nine differentially expressed
genes (GA20ox1, GA20ox2, GA20ox3, GA20ox4, GA20ox5, GA2ox1, GA2ox2, GA2ox3, and
GA3ox) of three key metabolic enzymes (GA20ox, GA2ox, and GA3ox) in normal (CK) and
malformed fruits (T) (Figure 6). Except for GA2ox3, the expression of all other genes showed
much higher gene expression levels in T than in CK. Among them, the expression of all
genes of GA20ox and GA3ox in T was significantly higher than that in CK. Among the genes
involved in regulating the expression of gibberellin 2-dioxygenase (GA2ox), compared
with CK, GA2ox3 had no significant changes in T, while GA2ox1 and GA2ox2 were signif-
icantly expressed in T. The results showed that the genes of gibberellin-related enzymes
were significantly expressed in malformed fruits, especially the up-regulated expression of
gibberellin-related synthase (GA20oxs and GA3oxs), which led to the accumulation of GA3
in fruits. The increased expression level of gibberellin-degrading enzyme (GA2oxs) may be
caused by the accumulation of GA content in fruit.
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3. Discussion

Plant hormones are involved in a variety of metabolic activities. In order to explore
the relationship between plant hormones and malformed fruits, we measured the hormone
differences between normal fruits and malformed fruits and analyzed the transcriptome
data. In our study (Table 1), sweet cherry fruit contained more plant hormones such as
auxin (TRP, ICA, etc.), abscisic acid (ABA and ABA-GE), ethylene (ACC), and GAs (GA3,
GA1, etc.). The auxin content in sweet cherry fruit was the highest, followed by ethylene,
GAs, and abscisic acid. Auxin is a multifunctional plant hormone that is involved in almost
all activities in the plant life cycle, especially in fruit development and fruit setting [17].
The exogenous application of auxin can delay the maturation of tomato fruit. Li et al. [18]
showed that exogenous auxin can up-regulate the expression of genes related to stress
resistance; down-regulate the genes related to carotenoid metabolism, cell degradation, and
energy metabolism; maintain the high methylation level in the nucleus; and thus inhibit
the ripening process of tomato. In addition, other studies have shown that the expression
patterns of transcription factor genes related to maturation in tomatoes after auxin treatment
are also affected by exogenous auxin [19]. Auxin/indole-3-acetic acid (Aux/IAA) and auxin
response factor (ARF), which encode the transcriptional repressor and transcription factor,
respectively, are key components of the auxin signaling pathway [20]. In Brassica napus
L., the BnARF18 mutant restricted cell expansion in the cell wall, resulting in a decrease
in seed size [21]. Arf106 is expressed during cell division and cell expansion, which is
an indirect factor controlling apple fruit size [22]. Ethylene regulation of fruit ripening
involves multiple ethylene receptor proteins, transcription factors, and downstream target
genes, forming a complex network [23]. The ethylene response factor is an important
transcription factor in the ethylene signaling pathway, which regulates the transcription of
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fruit-ripening genes by binding to the AP2 site in the promoter [24]. In addition, auxin and
ethylene interact to regulate fruit maturation through various physiological processes. In
this study, sweet cherry contains a large amount of auxin and ethylene at the maturity stage,
which verifies that fruit maturation requires the joint action of auxin and ethylene [25].
GAs are an important plant growth and development hormone, which is necessary for
seed development and can induce seedless fruit and promote fruit development [26]. In
GA signal transduction, the GA signal is sensed by GA intrinsic Dwarfs (GIDS) to form
a ga-gid1-della complex, which changes the structure of the DELLA protein and causes
downstream gene expression [27]. It is well known that auxin and GAs jointly regulate fruit
development in the primary stage of fruit development. Auxin can induce the synthesis
and activity of GAs, and GA accumulation can act on the DELLA protein and GA inhibitor,
triggering the GA signal to start fruit growth [28,29]. In this study, the GA content of
malformed fruit was much higher than that of normal fruit, and the main difference was
the GA3 content, which may be the key factor in the malformed fruit of sweet cherry.

In this study, the candidate genes of malformed fruit were obtained using RNA-seq
technology (Table 2, Figure 3). Among the KEGG enrichment pathways (Figure 4), we
focused on five key pathways, namely, “plant hormone signal transduction”, “tryptophan
metabolism”, “indole alkaloid biosynthesis”, “dieterpenoid biosynthesis”, and “carotenoid
biosynthesis”. Plant hormones are involved in various physiological processes of plants,
including growth, development and aging. Therefore, in order to ensure the normal growth
process of plants, plant hormone signal transduction is very important [30]. The main
plant hormones are auxin, GAs, cytokinin, abscisic acid, ethylene, and salicylic acid. In
this study, 111 differential unigenes were enriched in phytohormone signaling pathways
between malformed and normal fruits. It was further proved that many hormones regulate
the maturation and development of malformed fruits, and the hormone content differs
from that of normal fruits. Tryptophan metabolism and indole alkaloid biosynthesis are
both related to auxin. Tryptophan is a common and important amino acid in root exudates.
It is the main precursor of indole-3-acetic acid (IAA) biosynthesis in bacteria and higher
plants [31], and IAA is one of the auxins we have studied most and used most widely.
Studies have shown that plant-related bacteria use L-tryptophan as a substrate to synthesize
IAA and promote the growth of various plants [32,33]. In our hormone content study, auxin
content was the highest, indicating that auxin plays an important role in the development
and maturation of sweet cherry fruit, which is consistent with previous results. In our
study, the GA synthesis pathway was a part of the diterpene metabolism pathway, which
is similar to the results of Sun and Kamiya [34]. Moreover, GAs can not only play a role
in plant stress resistance and growth but also regulate fruit size. Therefore, we focused
on the genes in the GA biosynthesis pathway. The precursor of GA synthesis in plants is
geranylgeranyl diphosphate (GGPP), which forms two pathways of GA12 and GA53 under
the action of a series of enzymes. Finally, GA20oxs, GA3oxs, and GA2oxs were oxidized in
the cytoplasmic matrix to form different forms of GAs, of which only a few GAs (GA1, GA3,
GA4, and GA7) had biological activity [35]. GA2oxs is a key enzyme in GA metabolism,
which can inactivate the bioactive GA in plants, thus maintaining the balance of bioactive
GA content in plants [36]. GA20oxs and GA3oxs are synthases in GA metabolism. The
loss of function of GA20ox and GA3ox leads to the dwarfing phenotype [37,38]. In this
study, the gene expression levels of GA20oxs, GA3oxs, and GA2oxs in malformed fruits
were higher than those in normal fruits (Figures 5B and 6), leading to the accumulation
of bioactive GA3, and the GA3 content in malformed fruits was significantly higher than
that in normal fruits. GA plays an important role in flower bud differentiation, and GA
metabolism during flower bud differentiation depends on temperature [39]. In determining
endogenous GA in Phalaenopsis, GA3 could be detected only in the early stage of flower
bud differentiation [40], and the same result was also found in tomatoes. In this study,
there is still a large amount of GA3 in the mature fruit of sweet cherry, and the content
of malformed fruit is seven times higher than that of normal fruit. We speculate that the
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formation of malformed fruit may be related to the existence of GA3. However, how GA3
regulates the formation of malformed fruits needs further study.

4. Materials and Methods
4.1. Plant Materials

In this study, sweet cherry was selected as the experimental material, and the experi-
mental site was located at the Tiangong Manor sweet cherry experimental base of Yinzhou
district, Ningbo City, Zhejiang Province, China (E 121.58172◦, N 29.80472◦). Ten sweet
cherry fruit trees with good growing conditions and the same developmental period were
selected for testing. The entire tree was sprayed with GA3 (25 mg/L) meticulously in the
early flowering period and 10 days after full bloom. A control group of normal fruit (CK)
and a test group of malformed fruit (T) were set up in the experiment (Figures 1 and S1).
After 32 days of the second GA3 treatment, 3 normal fruits and 3 malformed fruits were
picked from 10 experimental sweet cherry trees, respectively. After picking, the fruits were
brought back to the laboratory immediately, then frozen in liquid nitrogen, and stored in a
−80 ◦C refrigerator for subsequent experiments. Three biological replicates were prepared
for each sample.

4.2. Metabolite Extraction and Profiling

The sample was pulverized, and a 50 µL sample was mixed with 1 mL methanol/water/
formic acid (15:4:1, v/v/v). A total of 10 µL of internal standard mixed solution (100 ng/mL)
was added into the extract as an internal standard (IS) for the quantification. The mixture
was vortexed for 10 min, and then centrifuged for 5 min (12,000 r/min, 4 ◦C). The super-
natant was then transferred to clean plastic microtubes, followed by evaporation to dryness,
dissolved in 100 µL of 80% methanol (v/v), and filtered through a 0.22 µm membrane filter
for further UPLC-MS/MS analysis [41,42].

The sample extracts were analyzed using a UPLC-ESI-MS/MS system (UPLC, Ex-
ionLC™ AD, Sciex, Framingham, MA, USA, https://sciex.com.cn/ (accessed on 13 April
2022); MS, Applied Biosystems 6500 Triple Quadrupole, Sciex, Framingham, MA, USA,
https://sciex.com.cn/ (accessed on 13 April 2022)). The analytical conditions were as fol-
lows: chromatographic column: Waters ACQUITY UPLC HSS T3 C18 (100 mm × 2.1 mm
i.d., 1.8 µm); solvent system: water with 0.04% acetic acid (A), acetonitrile with 0.04% acetic
acid (B); gradient program: started at 5% B (0–1 min), increased to 95% B (1–8 min), 95% B
(8–9 min), and finally ramped back to 5% B (9.1–12 min); flow rate: 0.35 mL/min; temper-
ature: 40 ◦C; injection volume: 2 µL [43–45]. Linear ion trap (LIT) and triple quadrupole
(QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer
(QTRAP), QTRAP® 6500+ LC-MS/MS System, equipped with an ESI Turbo IonSpray inter-
face, operating in both positive and negative ion mode and controlled using Analyst 1.6.3
software (Sciex). The ESI source operation parameters were as follows: ion source, ESI+/−;
source temperature 550 ◦C; ion spray voltage (IS) 5500 V (Positive), −4500 V (Negative);
and curtain gas (CUR) was set at 35 psi, respectively. Phytohormones were analyzed using
scheduled multiple reaction monitoring (MRM). Data acquisitions were performed using
Analyst 1.6.3 software (Sciex). Multiquant 3.0.3 software (Sciex) was used to quantify all
metabolites. Mass spectrometer parameters, including the declustering potentials (DP)
and collision energies (CE) for individual MRM transitions, were created with further DP
and CE optimization. A specific set of MRM transitions was monitored for each period
according to the metabolites eluted within this period [46–48].

4.3. RNA Extraction and RNA-Sequencing

After 32 days of the second GA3 treatment, 3 normal fruits and 3 malformed fruits
were picked from 10 experimental sweet cherry trees. The RNA was extracted from the
fruit after mixed samples were ground into powder. Ethanol precipitation protocol and
CTAB-PBIOZOL reagent were used to purify total RNA from the plant tissue according to
the manual instructions. The ground fruit powder sample was put into 1.5 mL of CTAB-

https://sciex.com.cn/
https://sciex.com.cn/
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pBIOZOL reagent preheated at 65 ◦C. The samples were incubated by Thermo mixer for
15 min at 65 ◦C to permit the complete dissociation of nucleoprotein complexes. After
centrifuging at 12,000× g for 5 min at 4 ◦C, 400 µL of chloroform per 1.5 mL of CTAB-
pBIOZOL reagent was added to the supernatant, and it was centrifuged at 12,000× g for
10 min at 4 ◦C. The supernatant was transferred to a new 2.0 mL tube to which 700 µL of
acidic phenol and 200 µL of chloroform were added, followed by centrifuging 12,000× g
for 10 min at 4 ◦C. A total of 400 µL of chloroform was added to the supernatant and it
was centrifuged at 12,000× g for 10 min at 4 ◦C. An equal volume of isopropyl alcohol was
added to the supernatant, and it was kept steady at −20 ◦C for 2 h for precipitation. After
that, the mix was centrifuged at 12,000× g for 20 min at 4 ◦C, and then the supernatant
was removed. After being washed with 1 mL of 75% ethanol, the RNA pellet was air-
dried in the biosafety cabinet and was dissolved by adding 50 µL of DEPC-treated water.
Subsequently, the total RNA was qualified and quantified using a Nano Drop and Agilent
2100 bioanalyzer (Thermo Fisher Scientific, Waltham, MA, USA) [49].

The library was established and sequenced via BGI (BGI Genomics Co., Ltd., Shenzhen,
China) using the BGIseq500 platform (BGI-Shenzhen, Shenzhen, China) [50]. The sequenc-
ing data were filtered with SOAPnuke [51] by (1) removing reads containing sequencing
adapter, (2) removing reads whose low-quality base ratio (base quality less than or equal
to 15) was more than 20%, and (3) removing reads whose unknown base (“N” base) ratio
was more than 5%. Afterward, clean reads were obtained and stored in FASTQ format. The
subsequent analysis and data mining were performed on the Dr. Tom Multi-omics Data
mining system (https://biosys.bgi.com, (accessed on 4 December 2021)).

4.4. Combined Metabolome and Transcriptome Analysis

Significantly regulated metabolites between groups were determined by absolute Log2FC
(fold change). The identified metabolites were annotated using the KEGG compound database
(http://www.kegg.jp/kegg/compound/, (accessed on 13 April 2022)), and the annotated
metabolites were then mapped to the KEGG Pathway database (http://www.kegg.jp/kegg/
pathway.html, (accessed on 13 April 2022)). Pathways with significantly regulated metabo-
lites mapped were then fed into MSEA (metabolite sets enrichment analysis), and their
significance was determined via the hypergeometric test’s p-values.

4.5. Different Expression Gene (DEG), KEGG, and Gene Ontology (GO) Enrichment Analysis

HISAT2 (v2.1.0) [52] and Bowtie2 (v2.3.4.3) [53] were applied to align the clean reads
to the gene set, in which known and novel and coding and noncoding transcripts were
included. The expression level of genes was calculated using RSEM (v1.3.1) [54]. The
heatmap was drawn using pheatmap (v1.0.8) according to the gene expression difference
in different samples. Essentially, a differential expression analysis was performed using
the DESeq2 (v1.4.5) [55] (or DEGseq [56] or PoissonDis [57]) with Q value ≤ 0.05 (or false
discovery rate (FDR) ≤ 0.001).

To gain insight into the change of phenotype, GO (http://www.geneontology.org/,
(accessed on 28 January 2022)) and KEGG (https://www.kegg.jp/, (accessed on 28 January
2022)) enrichment analysis of annotated differentially expressed genes was performed
using Phyper (https://en.wikipedia.org/wiki/Hypergeometric_distribution, (accessed on
28 January 2022)) based on the hypergeometric test. The significant levels of terms and
pathways were corrected by Q value with a rigorous threshold (Q value ≤ 0.05).

4.6. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) Analysis

The total RNA of experimental materials was extracted using the Polysaccharide/
Polyphenol Plant RNA Rapid Extraction Kit (gDNA Clearance Column) (HLingene,
Shanghai, China), and fluorescent cDNA was synthesized according to the instructions
for the NovoScript®Plus All-in-one 1st Strand cDNA Synthesis SuperMix (gDNA purge)
(Novoprotrin, Shanghai, China). The qRT-PCR analysis was performed according to the
instructions for the Novostart® SYBR qPCR SuperMix Plus (Novoprotrin, Shanghai, China)

https://biosys.bgi.com
http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/pathway.html
http://www.kegg.jp/kegg/pathway.html
http://www.geneontology.org/
https://www.kegg.jp/
https://en.wikipedia.org/wiki/Hypergeometric_distribution
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kit. The reaction system included 35 µL of 2 × Novostart® SYBR qPCR Supermix plus,
1.4 µL each of the forwards and reverse primers, 1.4 µL of fluorescent cDNA, 30.8 µL of
ddH2O, and a total volume of 70 µL. The reaction procedure was as follows: predenat-
uration at 95 ◦C for 5 min, followed by 30 cycles of 95 ◦C for 1 min, 95 ◦C for 20 s, and
60 ◦C for 1 min. The relative expression level of the genes was determined using the 2−∆∆CT

method, using β-actin as the respective reference gene. The primers used for qRT-PCR are
listed in the Supplementary Material (Table S2).

4.7. Statistical Analysis

Each result needs to be repeated three times to reduce experimental error. Metabolome
data statistics and transcriptome sequencing were prepared on BGI (Wuhan, China), re-
spectively. For the statistical evaluation of the metabolome and transcriptome, the mean
value and standard deviation of the three replicates were calculated, and the significant
differences between groups were evaluated via a one-way analysis of variance (ANOVA) at
p < 0.05 using SPSS 25.0 software version. The graphs were plotted using Graphpad prism
8.0 and Origin 2023.

5. Conclusions

In this study, UPLC-MS, RNA-seq, and qRT-PCR were used to preliminarily explore
the causes of the formation of malformed sweet cherry fruit. There was a significant differ-
ence in GA3 content between malformed and normal fruit. The RNA-seq sequencing results
of malformed fruits showed that the differentially expressed genes were significantly en-
riched in the KEGG pathway, including “plant hormone signal transduction”, “diterpenoid
biosynthesis”, and “carotenoid biosynthesis”. The further analysis of the expression levels
of GA-related synthesis and metabolism genes showed that GA hydrolase gene GA2oxs and
GA synthase genes GA20oxs and GA3oxs were significantly up-regulated. In conclusion, we
speculate that the expression of GA20oxs, GA3oxs, and GA2oxs is significantly up-regulated
after exogenous GA3 spraying, leading to the existence of a large amount of GA3 in the fruit
from flowering to fruit maturity, which leads to malformed sweet cherry fruit. However, it
is unclear whether GA3 interacts with other plant hormones to regulate the formation of
malformed fruits and which transcription factors are involved, and these questions require
further research.
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https://www.mdpi.com/article/10.3390/ijms25010153/s1.

Author Contributions: W.Z. designed this work and substantively revised the manuscript. Y.X.
drafted the manuscript and contributed to the data curation. L.J., B.J. and Q.W. performed the
experiments and analyzed the data. Y.W. contributed to the technical support. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Ningbo Science and Technology Planning project
(2019B10024).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in
the Supplementary Information files. The raw RNA-seq data are freely available at https://www.
ncbi.nlm.nih.gov/sra/PRJNA1036423 (accessed on 16 November 2023). There are no ethical issues
involved in this work. There was no experimentation with living animals in this work.

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

https://www.mdpi.com/article/10.3390/ijms25010153/s1
https://www.ncbi.nlm.nih.gov/sra/PRJNA1036423
https://www.ncbi.nlm.nih.gov/sra/PRJNA1036423


Int. J. Mol. Sci. 2024, 25, 153 13 of 15

References
1. Papapetros, S.; Louppis, A.; Kosma, I.; Kontakos, S.; Badeka, A.; Kontominas, M.G. Characterization and differentiation of

botanical and geographical origin of selected popular sweet cherry cultivars grown in Greece. J. Food Compos. Anal. 2018, 72,
48–56. [CrossRef]

2. Faienza, M.F.; Corbo, F.; Carocci, A.; Catalano, A.; Clodoveo, M.L.; Grano, M.; Wang, D.Q.; Amato, G.; Muraglia, M.; Franchini,
C.; et al. Novel insights in health-promoting properties of sweet cherries. J. Funct. Foods 2020, 69, 103945. [CrossRef] [PubMed]

3. Askarieh, A.; Suleiman, S.; Tawakalna, M. Sweet cherry (Prunus avium L.) fruit drop reduction by plant growth regulators
(Naphthalene acetic acid NAA and gibberellic acid GA3). Am. J. Plant Sci. 2021, 12, 1338–1346. [CrossRef]

4. Chen, C.Q.; Chen, H.X.; Chen, Y.F.; Yang, W.L.; Li, M.Y.; Sun, B.; Song, H.Y.; Tang, W.J.; Zhang, Y.; Gong, R.G. Joint metabolome
and transcriptome analysis of the effects of exogenous GA3 on endogenous hormones in sweet cherry and mining of potential
regulatory genes. Front. Plant Sci. 2022, 13, 1041068. [CrossRef] [PubMed]

5. Mesejo, C.; Yuste, R.; Reig, C.; Martínez-Fuentes, A.; Iglesias, D.J.; Muñoz-Fambuena, N.; Bermejo, A.; Germanà, M.A.; Primo-
Millo, E.; Agustí, M. Gibberellin reactivates and maintains ovary-wall cell division causing fruit set in parthenocarpic Citrus
species. Plant Sci. 2016, 247, 13–24. [CrossRef] [PubMed]

6. Lu, L.; Liang, J.J.; Chang, X.; Yang, H.T.; Li, T.Z.; Hu, J.F. Enhanced vacuolar invertase activity and capability for carbohydrate
import in GA-treated inflorescence correlate with increased fruit set in grapevine. Tree Genet. Genomes 2017, 13, 21–33. [CrossRef]

7. Jiang, S.; Luo, J.; Xu, F.J.; Zhang, X.Y. Transcriptome Analysis Reveals Candidate Genes Involved in Gibberellin-Induced Fruit
Setting in Triploid Loquat (Eriobotrya japonica). Front. Plant Sci. 2016, 7, 1924. [CrossRef]

8. Wen, B.B.; Song, W.L.; Sun, M.Y.; Chen, M.; Mu, Q.; Zhang, X.H.; Wu, Q.J.; Chen, X.D.; Gao, D.S.; Wu, H.Y. Identification
and characterization of cherry (Cerasus pseudocerasus G. Don) genes responding to parthenocarpy induced by GA3 through
transcriptome analysis. BMC Genet. 2019, 20, 65. [CrossRef]

9. Watanabe, M.; Segawa, H.; Murakami, M.; Sagawa, S.; Komori, S. Effects of plant growth regulators on fruit set and fruit shape of
parthenocarpic apple fruits. J. Jpn. Soc. Hortic. Sci. 2008, 77, 350–357. [CrossRef]

10. Liu, C.S.; Xiao, P.S.; Jiang, F.; Wang, S.Y.; Liu, Z.; Song, G.Z.; Li, W.; Lv, T.X.; Li, J.; Wang, D.M.; et al. Exogenous gibberellin
treatment improves fruit quality in self-pollinated apple. Plant Physiol. Biochem. 2022, 174, 11–21. [CrossRef]

11. Du, Y.X.; Li, J.X.; Dong, J.M.; Hu, C.X.; Li, D.P.; Tan, Q.L.; Zhang, J.Z.; Li, J.; Zhou, X.Y.; Zhu, C.H.; et al. Effects of Different
Regulating Measures on the Floral and Nutritional Physiology of Lemon. Agronomy 2022, 12, 2381. [CrossRef]

12. Elfving, D.C.; Whiting, M.D.; Lenahan, O.M. Gibberellic acid inhibits floral bud induction and improves ‘Bing’ sweet cherry fruit
quality. HortScience 2006, 41, 654–659.

13. Einhorn, T.C.; Wang, Y.; Turner, J. Sweet Cherry Fruit Firmness and Postharvest Quality of Late-maturing Cultivars Are Improved
with Low-rate, Single Applications of Gibberellic Acid. HortScience 2013, 48, 1010–1017. [CrossRef]

14. Kuhn, N.; Ponce, C.; Arellano, M.; Time, A.; Sagredo, B.; Donoso, J.M.; Meisel, L.A. Gibberellic acid modifies the transcript
abundance of ABA pathway orthologs and modulates sweet cherry (Prunus avium) fruit ripening in early- and mid-season
varieties. Plants 2020, 9, 1796. [CrossRef] [PubMed]

15. Ozturk, B.; Aglar, E.; Saracoglu, O.; Karakaya, O.; Gun, S. Effects of GA3, CACl2 and Modified Atmosphere Packaging (MAP)
Applications on Fruit Quality of Sweet Cherry at Cold Storage. Int. J. Fruit Sci. 2022, 22, 696–710. [CrossRef]

16. Correia, S.; Aires, A.; Queirós, F.; Carvalho, R.; Schouten, R.; Silva, A.P.; Gonçalves, B. Climate conditions and spray treatments
induce shifts in health promoting compounds in cherry (Prunus avium L.) fruits. Sci. Hortic. 2020, 263, 109147. [CrossRef]

17. Chen, J.; Pan, B.Q.; Li, Z.X.; Xu, Y.; Cao, X.M.; Jia, J.J.; Shen, H.L.; Sun, L. Fruit shape loci sun, ovate, fs8.1 and their interactions
affect seed size and shape in tomato. Front. Plant Sci. 2022, 13, 1091639. [CrossRef]

18. Li, J.Y.; Tao, X.Y.; Li, L.; Mao, L.C.; Luo, Z.S.; Khan, Z.U.; Ying, T.J. Comprehensive RNA-Seq Analysis on the Regulation of
Tomato Ripening by Exogenous Auxin. PLoS ONE 2016, 11, e0156453. [CrossRef]

19. Li, J.Y.; Khan, Z.U.; Tao, X.Y.; Mao, L.C.; Luo, Z.S.; Ying, T.J. Effects of exogenous auxin on pigments and primary metabolite
profile of postharvest tomato fruit during ripening. Sci. Hortic. 2017, 219, 90–97. [CrossRef]

20. Ren, Z.; Liu, R.; Gu, W.; Dong, X. The Solanum lycopersicum auxin response factor SlARF2 participates in regulating lateral root
formation and flower organ senescence. Plant Sci. 2017, 256, 103–111. [CrossRef]

21. Liu, J.; Hua, W.; Hu, Z.Y.; Yang, H.L.; Zhang, L.; Li, R.J.; Deng, L.B.; Sun, X.C.; Wang, X.F.; Wang, H.Z. Natural variation in
ARF18 gene simultaneously affects seed weight and silique length in polyploid rapeseed. Proc. Natl. Acad. Sci. USA 2015, 112,
E5123–E5132. [CrossRef] [PubMed]

22. Devoghalaere, F.; Doucen, T.; Guitton, B.; Keeling, J.; Payne, W.; Ling, T.J.; Ross, J.J.; Hallett, I.C.; Gunaseelan, K.; Dayatilake,
G.A.; et al. A genomics approach to understanding the role of auxin in apple (Malus × domestica) fruit size contro. BMC Plant Biol.
2012, 12, 7. [CrossRef] [PubMed]

23. Wang, K.; Li, H.; Ecker, J.R. Ethylene Biosynthesis and Signaling Networks. Plant Cell 2002, 1, S131–S151. [CrossRef] [PubMed]
24. Li, T.; Xu, Y.X.; Zhang, L.C.; Ji, Y.L.; Tan, D.M.; Yuan, H.; Wang, A.D. The Jasmonate-Activated Transcription Factor MdMYC2

Regulates ETHYLENE RESPONSE FACTOR and Ethylene Biosynthetic Genes to Promote Ethylene Biosynthesis during Apple
Fruit Ripening. Plant Cell 2017, 29, 1316–1334. [CrossRef]

25. Muday, G.K.; Rahman, A.; Binder, B.M. Auxin and ethylene: Collaborators or competitors? Trends Plant Sci. 2012, 17, 181–195.
[CrossRef]

https://doi.org/10.1016/j.jfca.2018.06.006
https://doi.org/10.1016/j.jff.2020.103945
https://www.ncbi.nlm.nih.gov/pubmed/34422115
https://doi.org/10.4236/ajps.2021.129094
https://doi.org/10.3389/fpls.2022.1041068
https://www.ncbi.nlm.nih.gov/pubmed/36330269
https://doi.org/10.1016/j.plantsci.2016.02.018
https://www.ncbi.nlm.nih.gov/pubmed/27095396
https://doi.org/10.1007/s11295-017-1109-0
https://doi.org/10.3389/fpls.2016.01924
https://doi.org/10.1186/s12863-019-0746-8
https://doi.org/10.2503/jjshs1.77.350
https://doi.org/10.1016/j.plaphy.2022.01.029
https://doi.org/10.3390/agronomy12102381
https://doi.org/10.21273/HORTSCI.48.8.1010
https://doi.org/10.3390/plants9121796
https://www.ncbi.nlm.nih.gov/pubmed/33352825
https://doi.org/10.1080/15538362.2022.2113597
https://doi.org/10.1016/j.scienta.2019.109147
https://doi.org/10.3389/fpls.2022.1091639
https://doi.org/10.1371/journal.pone.0156453
https://doi.org/10.1016/j.scienta.2017.03.011
https://doi.org/10.1016/j.plantsci.2016.12.008
https://doi.org/10.1073/pnas.1502160112
https://www.ncbi.nlm.nih.gov/pubmed/26324896
https://doi.org/10.1186/1471-2229-12-7
https://www.ncbi.nlm.nih.gov/pubmed/22243694
https://doi.org/10.1105/tpc.001768
https://www.ncbi.nlm.nih.gov/pubmed/12045274
https://doi.org/10.1105/tpc.17.00349
https://doi.org/10.1016/j.tplants.2012.02.001


Int. J. Mol. Sci. 2024, 25, 153 14 of 15

26. Cheng, C.X.; Xu, X.Z.; Singer, S.D.; Li, J.; Zhang, H.J.; Gao, M.; Wang, L.; Song, J.Y.; Wang, X.P. Effect of GA3 Treatment on Seed
Development and Seed-Related Gene Expression in Grape. PLoS ONE 2013, 8, e80044. [CrossRef]

27. Bouré, N.; Arnaud, N. Molecular GA pathways as conserved integrators for adaptive responses. Plant Biol. 2023, 25, 647–660.
[CrossRef]

28. Tang, N.; Deng, W.; Hu, G.J.; Hu, N.; Li, Z.G. Transcriptome Profiling Reveals the Regulatory Mechanism Underlying Pollination
Dependent and Parthenocarpic Fruit Set Mainly Mediated by Auxin and Gibberellin. PLoS ONE 2015, 10, e0125355. [CrossRef]

29. Mignolli, F.; Vidoz, M.L.; Picciarelli, P.; Mariotti, L. Gibberellins modulate auxin responses during tomato (Solanum lycopersicum
L.) fruit development. Physiol. Plant. 2019, 165, 768–779. [CrossRef]

30. Blanco-Ulate, B.; Vincenti, E.; Powell, A.L.T.; Cantu, D. Tomato transcriptome and mutant analyses suggest a role for plant stress
hormones in the interaction between fruit and Botrytis cinerea . Front. Plant Sci. 2013, 4, 142–158. [CrossRef]

31. Etesami, H.; Alikhani, H.A.; Akbari, A.A. Evaluation of Plant Growth Hormones Production (IAA) Ability by Iranian Soils
Rhizobial Strains and Effects of Superior Strains Application on Wheat Growth Indexes. World Appl. Sci. J. 2009, 6, 1576–1584.

32. Zahir, Z.A.; Asghar, H.N.; Akhtar, M.J.; Arshad, M. Precursor (L-tryptophan)-Inoculum (Azotobacter) Interaction for Improving
Yields and Nitrogen Uptake of Maize. J. Plant Nutr. 2005, 28, 805–817. [CrossRef]

33. Naveed, M.; Qureshi, M.A.; Zahir, Z.A.; Hussain, M.B.; Sessitsch, A.; Mitter, B. L-Tryptophan-dependent biosynthesis of indole-3-
acetic acid (IAA) improves plant growth and colonization of maize by Burkholderia phytofirmans PsJN. Ann. Microbiol. 2015, 65,
1381–1389. [CrossRef]

34. Sun, T.P.; Kamiya, Y.J. The Arabidopsis GA1 locus encodes the cyclase ent-kaurene synthetase A of gibberellin biosynthesis. Plant
Cell 1994, 6, 1509–1518. [PubMed]

35. Hedden, P.; Thomas, S.G. Gibberellin biosynthesis and its regulation. Biochem. J. 2012, 444, 11–25. [CrossRef] [PubMed]
36. Wuddineh, W.A.; Mazarei, M.; Zhang, J.Y.; Poovaiah, C.R.; Mann, D.G.J.; Ziebell, A.; Sykes, R.W.; Davis, M.F.; Udvardi, M.K.;

Stewart, C.N. Identification and overexpression of gibberellin 2-oxidase (GA2ox) in switchgrass (Panicum virgatum L.) for improved
plant architecture and reduced biomass recalcitrance. Plant Biotechnol. J. 2014, 13, 636–647. [CrossRef]

37. Lee, D.H.; Lee, I.C.; Kim, K.J.; Kim, D.S.; Na, H.J.; Lee, I.J.; Kang, S.M.; Jeon, H.W.; Le, P.Y.; Ko, J.H. Expression of gibberellin
2-oxidase 4 from Arabidopsis under the control of a senescence-associated promoter results in a dominant semi-dwarf plant with
normal flowering. J. Plant Biol. 2014, 57, 106–116. [CrossRef]

38. Fukazawa, J.; Mori, M.; Watanabe, S.; Miyamoto, C.; Ito, T.; Takahashi, Y. DELLA-GAF1 Complex Is a Main Component in
Gibberellin Feedback Regulation of GA20 Oxidase 2. Plant Physiol. 2017, 175, 1395–1406. [CrossRef]

39. Shang, M.Y.; Wang, X.T.; Zhang, J.; Qi, X.H.; Ping, A.; Hou, L.P.; Xing, G.M.; Li, G.Z.; Li, M.L. Genetic Regulation of GA
Metabolism during Vernalization, Floral Bud Initiation and Development in Pak Choi (Brassica rapa ssp. chinensis Makino). Front.
Plant Sci. 2017, 8, 1533. [CrossRef]

40. Zhang, Y.J.; Li, A.; Liu, X.Q.; Sun, J.X.; Guo, W.J.; Zhang, J.W.; Lyu, Y.M. Changes in the morphology of the bud meristem and
the levels of endogenous hormones after low temperature treatment of different Phalaenopsis cultivars. S. Afr. J. Bot. 2019, 125,
499–504. [CrossRef]

41. Li, Y.; Zhou, C.X.; Yan, X.J.; Zhang, J.R.; Xu, J.L. Simultaneous analysis of ten phytohormones in Sargassum horneri by high-
performance liquid chromatography with electrospray ionization tandem mass spectrometry. J. Sep. Sci. 2016, 39, 1804–1813.
[CrossRef] [PubMed]

42. Floková, K.; Tarkowská, D.; Miersch, O.; Strnad, M.; Wasternack, C.; Novák, O. UHPLC-MS/MS based target profiling of
stress-induced phytohormones. Phytochemistry 2014, 105, 147–157. [CrossRef] [PubMed]

43. Cai, B.D.; Zhu, J.X.; Gao, Q.; Luo, D.; Yuan, B.F.; Feng, Y.Q. Rapid and high-throughput determination of endogenous cytokinins in
Oryza sativa by bare Fe3O4 nanoparticles-based magnetic solid-phase extraction. J. Chromatogr. A 2014, 1340, 146–150. [CrossRef]
[PubMed]

44. Niu, Q.F.; Zong, Y.; Qian, M.J.; Yang, F.X.; Teng, Y.W. Simultaneous quantitative determination of major plant hormones in pear
flowers and fruit by UPLC/ESI-MS/MS. Anal. Methods 2014, 6, 1766–1773. [CrossRef]

45. Xiao, H.M.; Cai, W.J.; Ye, T.T.; Ding, J.; Feng, Y.Q. Spatio-temporal profiling of abscisic acid, indoleacetic acid and jasmonic acid in
single rice seed during seed germination. Anal. Chim. Acta 2018, 1031, 119–127. [CrossRef]

46. Pan, X.; Welti, R.; Wang, X. Quantitative analysis of major plant hormones in crude plant extracts by high-performance liquid
chromatography-mass spectrometry. Nat. Protoc. 2010, 5, 986–992. [CrossRef] [PubMed]

47. Simura, J.; Antoniadi, I.; Siroká, J.; Tarkowská, D.; Strnad, M.; Ljung, K.; Novák, O. Plant Hormonomics: Multiple Phytohormone
Profiling by Targeted Metabolomics. Plant Physiol. 2018, 177, 476–489. [CrossRef] [PubMed]

48. Cui, K.Y.; Lin, Y.Y.; Zhou, X.; Li, S.C.; Liu, H.; Zeng, F.; Zhu, F.; Ouyang, G.F.; Zeng, Z.X. Comparison of sample pretreatment
methods for the determination of multiple phytohormones in plant samples by liquid chromatography-electrospray ionization-
tandem mass spectrometry. Microchem. J. 2015, 121, 25–31. [CrossRef]

49. Tang, S.; Chen, N.M.; Song, B.; He, J.Q.; Zhou, Y.J.; Jenks, M.A.; Xu, X.J. Compositional and transcriptomic analysis associated
with cuticle lipid production on rosette and inflorescence stem leaves in the extremophyte Thellungiella salsuginea . Physiol. Plant.
2019, 165, 584–603. [CrossRef]

50. Min, T.; Bao, Y.Q.; Zhou, B.X.; Yi, Y.; Wang, L.M.; Hou, W.F.; Ai, Y.W.; Wang, H.X. Transcription Profiles Reveal the Regulatory
Synthesis of Phenols during the Development of Lotus Rhizome (Nelumbo nucifera Gaertn). Int. J. Mol. Sci. 2019, 20, 2735.
[CrossRef]

https://doi.org/10.1371/journal.pone.0080044
https://doi.org/10.1111/plb.13549
https://doi.org/10.1371/journal.pone.0125355
https://doi.org/10.1111/ppl.12770
https://doi.org/10.3389/fpls.2013.00142
https://doi.org/10.1081/PLN-200055543
https://doi.org/10.1007/s13213-014-0976-y
https://www.ncbi.nlm.nih.gov/pubmed/7994182
https://doi.org/10.1042/BJ20120245
https://www.ncbi.nlm.nih.gov/pubmed/22533671
https://doi.org/10.1111/pbi.12287
https://doi.org/10.1007/s12374-013-0528-1
https://doi.org/10.1104/pp.17.00282
https://doi.org/10.3389/fpls.2017.01533
https://doi.org/10.1016/j.sajb.2019.08.016
https://doi.org/10.1002/jssc.201501239
https://www.ncbi.nlm.nih.gov/pubmed/26990813
https://doi.org/10.1016/j.phytochem.2014.05.015
https://www.ncbi.nlm.nih.gov/pubmed/24947339
https://doi.org/10.1016/j.chroma.2014.03.030
https://www.ncbi.nlm.nih.gov/pubmed/24685168
https://doi.org/10.1039/C3AY41885E
https://doi.org/10.1016/j.aca.2018.05.055
https://doi.org/10.1038/nprot.2010.37
https://www.ncbi.nlm.nih.gov/pubmed/20448544
https://doi.org/10.1104/pp.18.00293
https://www.ncbi.nlm.nih.gov/pubmed/29703867
https://doi.org/10.1016/j.microc.2015.02.004
https://doi.org/10.1111/ppl.12753
https://doi.org/10.3390/ijms20112735


Int. J. Mol. Sci. 2024, 25, 153 15 of 15

51. Li, R.; Li, Y.; Kristiansen, K.; Wang, J. SOAP: Short oligonucleotide alignment program. Bioinformatics 2008, 24, 713–714. [CrossRef]
[PubMed]

52. Kim, D.; Landmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

53. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
54. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC

Bioinform. 2011, 12, 323. [CrossRef]
55. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef]
56. Wang, L.; Feng, Z.; Wang, X.; Wang, X.; Zhang, X. DEGseq: An R package for identifying differentially expressed genes from

RNA-seq data. Bioinformatics 2010, 26, 136–138. [CrossRef]
57. Audic, S.; Claverie, J.M. The significance of digital gene expression profile. Genome Res. 1997, 7, 986–995. [CrossRef]

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/10.1093/bioinformatics/btn025
https://www.ncbi.nlm.nih.gov/pubmed/18227114
https://doi.org/10.1038/nmeth.3317
https://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1038/nmeth.1923
https://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btp612
https://doi.org/10.1101/gr.7.10.986

	Introduce 
	Results 
	Metabolomics Analysis of Sweet Cherry 
	Transcriptome Analysis of Sweet Cherry Fruit 
	Combined Metabolome and Transcriptome Analysis 
	Expression of Gibberellin-Related Synthase Gene 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Metabolite Extraction and Profiling 
	RNA Extraction and RNA-Sequencing 
	Combined Metabolome and Transcriptome Analysis 
	Different Expression Gene (DEG), KEGG, and Gene Ontology (GO) Enrichment Analysis 
	Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) Analysis 
	Statistical Analysis 

	Conclusions 
	References

