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Abstract 

Background  Mango is a tropical fruit with high economic value. The selection of suitable dwarf mango varieties 
is an important aspect of mango breeding. However, the mechanisms that regulate mango dwarfing remain unclear.

Results  In this study, we compared the transcriptomes and metabolomes of mango varieties Guiqi (a dwarfed 
variety) and Jinhuang (an arborized variety). A total of 4,954 differentially expressed genes and 317 differentially 
abundant metabolites were identified between the two varieties, revealing the molecular mechanism of the gibberel-
lin 3β-hydroxylase gene GA3ox in regulating dwarfing traits in mangoes using joint transcriptome and metabolome 
analyses. The results showed that differentially expressed genes were enriched in the diterpenoid biosynthesis path-
way and that differentially abundant metabolites were annotated to their upstream pathway, the terpenoid backbone 
biosynthesis. A gene regulation network based on these two pathways was constructed, indicating the upregulation 
of the GA3ox gene and the accumulation of gibberellin in dwarfed mangoes. We then transferred the GA3ox gene 
to tobacco plants following the application of gibberellin, and the morphology and height of the transgenic tobacco 
plants largely recovered the phenotype.

Conclusions  These results demonstrated that GA3ox plays a role in the regulation of dwarf traits. Our study provides 
an important theoretical basis for studying the regulatory mechanisms underlying mango dwarfism to facilitate 
mango breeding.
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Background
Mango (Mangifera indica L.) is a tropical fruit belonging 
to the family Anacardiaceae. Mango is known as the king 
of fruits because of its fresh fragrance and unique flavor. 
Mango has high nutritional value and is rich in various 
nutrients, such as proteins, fats, minerals, sugars, and 
nutrients that lower cholesterol and prevent cardiovas-
cular diseases [1]. Mangoes are healthy tropical fruits 
that quench the thirst [2]. China is a major mango-pro-
ducing country [3]. Mango plants can grow to more than 
ten meters tall, making the selection of suitable dwarf 
mango varieties an important aspect of mango breeding. 
Mangoes can be dwarfed through appropriate pruning, 
hormone control, and other cultivation techniques. How-
ever, the regulatory mechanisms that underlie mango 
dwarfing remain largely unknown.

Studies have shown that plant height is closely related 
to the synthesis of plant hormones, such as gibberellins 
(GAs). Gibberellin is present throughout the plant life 
cycle [4, 5] and regulate plant morphogenesis, promote 
flower bud differentiation, and induce the synthesis of 
long fibers and tubular molecules [6]. Reduced levels and 
activities of endogenous gibberellins in plants have been 
shown to affect plant height [7]. Mutations in the struc-
ture or altered expression levels of key enzyme genes in 
the gibberellin biosynthesis signaling pathway can affect 
plant height [8, 9]. Gibberellin 3β-hydroxylase (GA3ox) 
is a key enzyme that regulates gibberellin synthesis in 
plants [10]. Mutations in GA3ox or changes in its expres-
sion levels can alter the amount of active gibberellic acid 
(GA3) synthesis in plants, thereby affecting plant traits 
such as height. The GA3ox gene controlling dwarf archi-
tecture was identified in watermelon (Citrullus lanatus 
L.). Moreover, the functional loss of GA3ox leads to GA3 
reduction and a consequent dwarfism phenotype [10]. 
GA3ox has been reported to contribute to regulation of 
the dwarf phenotype through Lacd1 in sponge gourds 
(Luffa acutangular) [11]. Gibberellin 3β-hydroxylase 
performs key functions in gibberellin biosynthesis and 
promotes root elongation in Arabidopsis [12]. Compared 
with average height phenotype, GA3ox was expressed 
significantly differently in GA-sensitive maize dwarf-
ism (Zea mays L.). This suggests that GA3ox may be 
involved in the regulation of dwarfing traits [13]. Gibber-
ellin 3β-hydroxylase is also involved in the modulation of 
GA metabolism, which regulates cell elongation in rice 
(Oryza sativa) [14]. However, whether GA and GA3ox 
influence mango dwarfing remains unknown.

In this study, we compared the transcriptomes and 
metabolomes of the leaves of dwarfed (Guiqi; Variety 
A) and the arborized (Jinhuang; Variety Q) varieties 
of mango. The dwarfed variety is the largest cultivated 
mango variety among domestic self-breeding varieties, 

with remarkable market application value. Its dwarf 
habit, disease-, and insect-resistant characteristics 
make it suitable for intensive cultivation in large-scale 
production orchards. Guiqi mangoes have moder-
ate tree vigor with an open stance and an oval-shaped 
canopy. These serve as ideal characteristics for dwarf-
oriented breeding, with a phenotype where the main 
stem and tree height are approximately 0.2 and 2.0 m, 
respectively. The arborized variety exhibited strong 
growth potential with an open, round-headed canopy 
and long, upright, and sturdy branches. Guiqi man-
goes form a distinct contrast to the widely cultivated 
cypress-type Jinhuang mangoes. By comparing the 
transcriptomes and metabolomes of these two varie-
ties, we found that the gene regulation network was 
directed toward GA biosynthesis and GA3ox. Then, 
the GA3ox function was studied by transferring it to 
tobacco plants. Our study aimed to identify the key 
genes involved in the regulatory mechanisms of mango 
dwarfism and provide potential gene resources for 
mango dwarfism breeding. In the present study, we 
demonstrated for the first time that GA3ox is involved 
in the regulation of dwarfism in mangoes. These 
results provided a theoretical basis for constructing a 
mango dwarfing gene regulatory network. This pro-
vides a solution for studying the mechanisms of mango 
dwarfing.

Results
Morphological characteristics
Variety A exhibited an expansive tree structure with 
an oval-shaped crown and moderately short stature 
(2 ± 0.16  m on average) (Fig.  1A). The inflorescence was 
sizable, forming a conical shape, with an average single 
fruit weight of 271 ± 59  g (Fig.  1A). In contrast, Vari-
ety Q reached a height of 4 ± 0.23 m and featured larger 
fruits, with individual weights ranging from 1 to 2.5 kg. 
It had a strong tendency to bear fruit, resulting in high 
yield (Fig. 1B). Leaves of Variety A were narrow and elon-
gated, whereas those of Variety Q were large and thick 
(Fig.  1). The branches of Variety A were upright with 
small branching angles, whereas those of Variety Q had 
dispersed branches with large branching angles (Fig. 1).

Analysis of transcriptome between arborized and dwarfed 
mango
Transcriptome sequencing generated an average of 
46,855,952 reads per sample with 45,907,199 clean 
reads per sample (Table S2). The proportion of uniquely 
mapped reads ranged from 81.63 to 83.61% (Table  S2). 
Principal component analysis (PCA) results indicated 
that samples within each group clustered together and 
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samples between groups exhibited considerable sepa-
ration, suggesting good consistency within the groups 
and significant differences between the two varieties 
(Fig. 2A).

A total of 4,954 differentially expressed genes (DEGs) 
between the two varieties were identified (Table  S3). 
Among these, the number of upregulated DEGs in Vari-
ety Q was slightly higher than that of the downregu-
lated DEGs when compared to Variety A (Fig. 2B). Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis revealed that the DEGs were pri-
marily enriched in pathways related to plant-pathogen 
interactions; alpha-linolenic acid metabolism; mitogen-
activated protein kinase (MAPK) signaling; linoleic 
acid metabolism; valine, leucine, and isoleucine degra-
dation; arginine and proline metabolism; cyanoamino 
acid metabolism; 2-oxocarboxylic acid metabolism; 
glucosinolate biosynthesis; biosynthesis of secondary 
metabolites; valine, leucine and isoleucine biosynthesis; 
butanoate metabolism; pantothenate and CoA biosynthe-
sis; diterpenoid biosynthesis, sesquiterpenoid and triter-
penoid biosynthesis; Limonene and pinene degradation; 
and plant hormone signal transduction (Fig. 2C).

Analysis of metabolome between arborized and dwarfed 
mango varieties
The metabolome analysis identified 1,004 differentially 
available metabolites (DAMs) (Table  S4). Distinct clus-
tering of samples from Varieties A and Q was revealed 
through PCA, as well as quality control samples with 
substantial inter-group separation, indicating good intra-
group sample reproducibility (Fig.  3A). The identified 
metabolites were predominantly phenolic acids, flavo-
noids, lipids, amino acids and their derivatives, organic 
acids, and alkaloids (Fig. 3B).

Compared to Variety Q, Variety A showed upregula-
tion of 171 and downregulation of 146 DAMs (Table S5). 
Among these, a substantial number belonged to the 
phenolic acid and flavonoid categories (Fig.  3C). The 
DAMs were predominantly enriched in pathways such as 
C5-branched dibasic acid metabolism; tyrosine metabo-
lism; alanine, aspartate, and glutamate metabolism; and 
plant hormone signal transduction (Fig. 3D).

Detection of gibberellin between arborized and dwarfed 
mango varieties
The transcriptomic results showed the enrichment of 
DEGs in the diterpenoid biosynthesis pathway, and 
the DAMs in the metabolome were annotated to their 
upstream pathway, terpenoid backbone biosynthesis. 
Therefore, we constructed a gene regulatory network 
that included the DEGs and DAMs in these two path-
ways. Significant changes were observed in the terpe-
noid backbone biosynthesis pathway in Variety A, with 
the downregulation of LOC123213049 (3-hydroxy-
3-methylglutaryl-coenzyme A reductase 1-like) and 
LOC123230346 (diphosphomevalonate decarboxylase 
MVD2, peroxisomal-like) genes, as well as mevalonate 
(Fig.  4). However, most of the other related genes were 
up-regulated, including LOC123200179 (probable 
1-deoxy-D-xylulose-5-phosphate synthase 2, chloroplas-
tic), LOC123193579 (uncharacterized), LOC123204717 
(2-C-methyl-D-erythritol 2,4-cyclodiphosphate syn-
thase, chloroplastic-like), LOC123199589 (geranylgera-
nyl pyrophosphate synthase, chloroplastic-like), and in 
the diterpenoid biosynthesis pathway, LOC123229342 
(ent-kaurene oxidase, chloroplastic-like), LOC123209939 
(ent-kaurenoic acid oxidase 1-like), and LOC123207275 
(GA3ox) (Fig. 4). Additionally, the levels of GA3 and GA4 
were significantly downregulated, whereas those of GA1 
were significantly upregulated (Fig.  4). The expression 

Fig. 1  Comparison of two mango varieties. Photos of the dwarf mango variety Guiqi (A) and the tall mango variety Jinhuang (B)
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levels of GA3ox were confirmed by quantitative reverse 
transcription polymerase chain reaction (qRT-PCR). The 
results indicated that the expression level of the GA3ox 
gene in Variety A was significantly higher than that in 

Variety Q at all five growth stages (p < 0.05), including 
the germination, flowering, and maturation stages and 
at four and eight weeks of fruit development (Fig.  5), 

Fig. 2  Transcriptome data analysis: (A) PCA scatter plot displaying separation of sample groups, B heatmap of differentially expressed genes (DEGs), 
and C bubble chart showing KEGG enrichment of DEGs, where the size of the points represents the number of DEGs within each pathway
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indicating the potential importance of GA3ox upregula-
tion in dwarf mangoes.

Expression of GA3ox in tobacco
To further investigate the functionality of GA3ox, the 
gene was introduced into N. benthamiana and the 
transformation was validated using qPCR (Fig.  6A). 
Both wild-type and transgenic tobacco plants flowered; 
however, only the transgenic tobacco plants exhib-
ited a pronounced dwarf phenotype (Fig.  6B). Follow-
ing the application of GA3, the morphology and height 
of the transgenic tobacco plants largely recovered to the 
wild phenotype (Fig.  6C). Significant differences were 
observed among wild-type, transgenic, and transgenic 

tobacco after GA3 application in terms of plant height, 
stem diameter, leaf length, leaf width, and leaf thickness 
(p < 0.05) (Fig. 6D).

To further investigate the molecular basis of the dwarf 
phenotype induced by GA3ox in transgenic tobacco, we 
measured the levels of plant hormones involved in the 
regulation of growth and development, including GA1, 
GA3, indole-3-acetic acid (auxin), jasmonic acid, jas-
monoyl isoleucine, and abscisic acid. Compared to that 
in the wild type, the levels of GA1 and GA3 were sig-
nificantly upregulated in transgenic tobacco, confirming 
that the expression of the GA3ox gene led to increased 
gibberellin levels (p < 0.05) (Fig.  6E). Correspondingly, 
the auxin level also exhibited upregulation (p < 0.05) 

Fig. 3  Metabolomic data analysis: (A) PCA scatter plot, B heatmap of abundance for all metabolites identified in the two varieties, C heatmap 
of metabolite abundance for differential metabolites in the two varieties, and (D) KEGG pathway enrichment analysis for the differential metabolites 
in (C)
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Fig. 4  Schematic representation of the pathways involved in gibberellin synthesis which is associated with dwarfism, including terpenoid 
backbone biosynthesis and diterpenoid biosynthesis. The squares and circles represent genes and metabolites, respectively, and the inset bar plots 
represent the expression/abundance of the corresponding genes and metabolites. Q indicates the Jinhuang mango variety, and A indicates 
the Guiqi mango variety
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(Fig. 6E), suggesting a potential positive regulatory rela-
tionship between auxin and gibberellins. Conversely, the 
levels of jasmonic acid, jasmonoyl isoleucine, and abscisic 
acid were significantly downregulated (p < 0.05) (Fig. 6E), 
implying a potential antagonistic interaction with gib-
berellins. Plant hormones play a crucial role in regulat-
ing antioxidant enzyme activity, thereby influencing 
plant stress tolerance. The results showed that peroxidase 
(POD) activity was significantly upregulated in trans-
genic tobacco plants, whereas catalase (CAT) activity was 
significantly downregulated (p < 0.05) (Fig. 6E).

Discussion
Plant height is a crucial agronomic trait for crop growth 
and high-yield cultivation. Several studies have been 
conducted to understand the molecular and genetic 
basis of plant height in model plants and crops [15]. 
However, the regulatory mechanisms underlying dwarf-
ing traits in mango remain unelucidated. In the present 
study, transcriptome analysis of arborized and dwarfed 
mangoes showed that 4,954 DEGs were enriched in the 
alpha-linolenic acid metabolism and MAPK signaling 
pathways. Alpha-linolenic acid is a precursor of jas-
monic acid [16], a phytohormone that regulates plant 
growth. Several studies have shown that jasmonates 
are involved in many plant expansion events such as 
primary root growth, leaf senescence, and reproduc-
tive development [17, 18]. Our results indicated that 

alpha − linolenic acid is involved in the regulation of the 
dwarfing phenotype in mangoes through the synthesis 
of jasmonic acid. Consistent with our results, alpha-
linolenic acid metabolism is related to peanut dwarf 
mutants and may be a key factor in the dwarf pheno-
type [19]. Additionally, alpha-linolenic acid metabolism 
has been reported to play a crucial role in maize dwarf 
habit [20].

Melatonin (MT) also regulates plant growth. Alpha-
linolenic acid metabolism is related to the composition 
and metabolism of MT in cotton, and participates in the 
regulation of dwarfing traits [21]. MAPK mutations cause 
dwarfing phenotypes in Arabidopsis [22] and tobacco 
[23]. Compared to traditional bread fruit (Artocarpus 
altilis), DEGs of the dwarf phenotype after grafting were 
enriched in the MAPK signaling pathway [24]. Research-
ers have found that the MAPK signaling pathway par-
ticipates in the regulation of dwarfing in bananas [25]. 
However, previous studies have focused only on pulp 
color regulation in mangoes [26], and the regulatory 
mechanism of the mango dwarfing phenotype via the 
MAPK signaling pathway remains unelucidated. Mito-
gen-activated protein kinase cascades were elucidated as 
unified signaling modules downstream of receptor-like 
proteins in plant growth [27]. Our research indicates that 
the MAPK signaling pathway is involved in the regulation 
of dwarf traits in mangoes. These results could be due to 
the participation of the MAPK signaling pathway in polar 

Fig. 5  qRT-PCR detection of GA3ox gene expression at the germination stage, flowering stage, four weeks of fruit development, eight weeks of fruit 
development, and maturation stage, respectively. Q indicates the Jinhuang mango variety, and A indicates the Guiqi mango variety. Note. * p < 
0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001

(See figure on next page.)
Fig. 6  Expression of GA3ox in tobacco. A qPCR validation of positive transformation of GA3ox. B Photos of wild-type and GA3ox transgenic tobacco 
with the three biological replicates of wild-type on the left and those of the transgenic on the right. C Photos of wild-type and GA3ox transgenic 
tobacco applied with GA3, with the three biological replicates of wild-type on the left and those of the transgenic on the right. D The comparison 
of plant height, stem diameter, leaf length, leaf width, and leaf thickness between the wild-type, transgenic, and transgenic tobacco subjected 
to gibberellic acid (GA3) application. E The levels of salicylic acid, gibberellic A3, gibberellic A1, indole-3-acetic acid, abscisic acid, jasmonic acid, 
jasmonic acid-isoleucine, H2O2, catalase (CAT) activity, malondialdehyde (MDA) content, peroxidase (POD) activity, superoxide dismutase (SOD) 
activity, and chlorophyll in wild type and transgenic tobacco. Note. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001
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Fig. 6  (See legend on previous page.)
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transport, biosynthesis, and signaling of auxin, which can 
regulate plant growth [28].

Gibberellins are a major determinant of plant height 
[29, 30]. We focused on the upstream pathways of GA 
synthesis by analyzing the metabolomes of arborized 
and dwarfed mangoes. Gibberellic acid is a plant hor-
mone with a tetracyclic diterpenoid structure that 
is involved in various important developmental pro-
cesses, including plant growth, seed germination, stem 
elongation, and leaf expansion [31]. Gibberellins pro-
mote plant growth via cell expansion and division [32]. 
OsNac120 regulates plant growth via GA signaling in 
rice [33]. Strigolactone–gibbberellin crosstalk mediated 
by a distant silencer fine-tunes plant height in upland 
cotton [34]. Genome-wide analysis of the GA oxidase 
family members in four Purnus species showed that 
GAs play a dominant role in plant height [35]. This gene 
module regulates vegetative growth via GA biosyn-
thesis in tomato [36]. Regulation of GA3 was applied 
to grape (Vitis vinifera L.) berry size [37]. Mutations 
in GA metabolism and signaling pathways have led 
to the development of semi-dwarf varieties [38]. Ben-
eficial semi-dwarfism is conferred in wheat and rice by 
the mutant reduced height-1 (Rht-1) and semi-dwarf1 
(sd1) alleles [39]. The sd1 allele reduces the abundance 
of bioactive GA [40], whereas Rht-B1b and Rht-D1b 
proteins resist GA-stimulated destruction [41]. In 2023, 
researchers discovered that GA synthesis inhibitors 
could stably repress wheat growth, leading to a semi-
dwarf phenotype [42]. In chrysanthemum (Chrysan-
themum morifolium), plant height was regulated by 
modulating GA biosynthesis [43]. The dwarf-type win-
tersweet (Chimonanthus praecox) can be recovered by 
exogenous GA application. Further studies have shown 
that GA synthesis-related genes regulate dwarfing 
mechanisms in C. praecox [44]. Transcriptome analy-
sis has shown that GA functions as a regulator of the 
maize dwarfing phenotype [45]. Gibberellic acid pro-
motes the degradation of DELLA proteins, which are 
negative regulators [46]. CRISPR/Cas9 genome editing 
in tomatoes creates a gibberellin-responsive dominant 
dwarf DELLA allele [47]. Gibberellins include the func-
tionally active molecules GA1, GA3, GA4, and GA7 [4]. 
In the present study, we identified DEGs in the GA syn-
thesis signaling pathway in both arborized and dwarfed 
mangoes. The levels of gibberellins, including GA3 and 
GA4, were also significantly downregulated. In agree-
ment with our findings, higher GA4 content was also 
found in watermelon dwarf plants belonging to the 
phylum Magnoliaceae [10]. These results indicate that 
GA synthesis is closely related to the development of 
dwarf mango plants. These results suggest that various 
feedback, feed-forward, and cross-regulatory loops are 

involved in the maintenance of GA homeostasis. GA 
has been reported to block flavonoid biosynthesis [48], 
leading to the dwarfing phenotype in plants [49–51]. 
Regulation of the dwarfing phenotype may be related to 
these mechanisms.

Jasmonic acid is a lipid-derived plant hormone essen-
tial for plant development and an important endogenous 
signal that regulates the plant dwarf phenotype [52]. In 
the present study, jasmonic acid and GA were found to 
be jointly involved in the regulation of mango dwarf-
ism (Fig. 6E). This is consistent with previous results for 
peaches (Prunus persica) [53]. In maize, jasmonic acid 
and GAs exhibit interactive relationships that lead to 
plant dwarfism [54]. Antioxidant enzyme activity plays a 
crucial role in stress tolerance in tobacco [55]. This result 
is consistent with the findings of the present study. Perox-
idase regulates growth and development in rice [56]. Per-
oxidase genes are associated with cell wall remodeling, 
which can regulate wheat height decline [57]. In the pre-
sent study, CAT activity was significantly downregulated 
(p < 0.05) in transgenic tobacco plants. This may lead to 
increased levels of reactive oxygen species [58]. Reactive 
oxygen species promote pollen and seed development by 
triggering programmed cell death and tapetal cell degra-
dation, resulting in the dwarf phenotype in plants [59].

Gibberellin 3β-hydroxylase (GA3ox) is important for 
the production of biologically active GAs [8]. In mono-
cots, mutations in GA3ox, such as Dwarf1 (D1) in maize 
[60] and OsGA3ox1 and OsGA3ox2 (Dwarf18 or D18) 
in rice, result in dwarfism [61]. OsGA3ox genes regulate 
rice plant height by synthesizing diverse active GAs [62]. 
Moreover, some GA3ox genes have been characterized 
as growth regulators in cucurbit crops, such as water-
melon [63], cucumber [64], and pumpkin [65]. Muta-
tions in GA3ox that cause dwarf phenotypes have been 
identified in Arabidopsis [66] and Medicago sativa [67]. 
In a previous study, GA3ox was cloned into mangoes. 
Compared with arborized mangoes, GA3ox-transfected 
mangoes showed a dwarf phenotype-biased expression 
pattern [68]. In this study, to further investigate its func-
tion, GA3ox was transferred to tobacco. The transgenic 
plants showed a distinct dwarfing phenotype. Significant 
differences in plant height, stem diameter, leaf length, 
leaf width, and leaf thickness were observed among the 
wild-type, transgenic, and transgenic tobacco plants after 
GA3 application. Translocated GA3ox catalyzes the final 
step of bioactive GA synthesis, which converts GA20 to 
GA1 and GA5 to GA3 [60], leading to the upregulation 
of GA1 and GA3 levels. Furthermore, auxin was sig-
nificantly upregulated in the transgenic tobacco plants. 
Auxin overaccumulation is insensitive to gravitropic 
stimuli and results in dwarfism in plants [69]. Consist-
ent with our findings, auxin overexpression leads to the 
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dwarf phenotype in Arabidopsis [66], rice [70], apples 
[71], and maize [72]. In contrast, stunted plant growth 
led to markedly down-regulated levels of jasmonic acid, 
jasmonic acid-isoleucine and abscisic acid in transgenic 
tobacco.

Conclusions
Selection of dwarf mango varieties can improve mango 
quality and increase economic benefits. Regulation of 
dwarfism in mango varieties is closely related to hor-
mones and genes. In the present study, we used transcrip-
tomics and metabolomics to reveal the key differences 
between arborized and dwarf mango varieties. Transcrip-
tome analysis identified 4,954 DEGs in the two varieties. 
KEGG pathway enrichment analysis revealed that the 
DEGs were primarily enriched in alpha-linolenic acid 
metabolism, the plant MAPK signaling pathway, and lin-
oleic acid metabolism. In total, 1,004 DAMs were charac-
terized using metabolomic analysis. Next, we focused on 
pathways upstream of GA synthesis. GA3ox is crucial for 
the biological synthesis of GA and was introduced into 
N. tabacum resulting in a dwarf tobacco phenotype. Our 
study revealed that GA3ox regulates dwarfing traits in 
mangoes, which may contribute to the elucidation of the 
molecular mechanisms of dwarfing regulation.

Materials and methods
Plant material and sampling
Guiqi (dwarfed) and Jinhuang (arborized) mango varie-
ties were selected as the study species and labeled Varie-
ties A and Q, respectively. Leaves from three individuals 
of each variety were collected for transcriptomic and 
metabolomic analyses. Samples were collected from the 
Mango Germplasm Repository at the Subtropical Crops 
Research Institute of Guangxi Zhuang Autonomous 
Region. Tender leaves, freshly sprouted and free from 
diseases and pests, were collected from each variety after 
four weeks of fruit development, with three biological 
replicates per variety. The collected samples were imme-
diately frozen in liquid nitrogen and stored at -80 °C for 
subsequent analyses, including transcriptomic profiling, 
metabolomic assessments, and GA quantification. Leaves 
were collected during the germination, flowering, and 
maturation stages, and after four and eight weeks of fruit 
development. These samples were specifically designated 
for qRT-PCR analysis of the GA3ox gene (Gene Bank 
Number: PP378951).

RNA extraction and RNA‑seq analysis
The RNAprep Pure Plant Plus kit (Tiangen Biotech, 
Shanghai, China) was used for RNA extraction, and a 
total amount of 1 μg RNA per sample was used to purify 
the mRNA using poly-T oligo attached magnetic beads. 

Sequencing libraries were generated using the NEB-
Next® Ultra™ II RNA Library Prep Kit for Illumina® 
(New England Biolabs, Ipswich, MA, USA) following the 
manufacturer’s recommendations. RNA degradation and 
contamination were assessed using 1% agarose gel elec-
trophoresis. RNA purity was verified using a NanoPho-
tometer spectrophotometer (NanoPhotometer, Implen 
Inc., Westlake Village, CA, USA). The RNA concentra-
tion was quantified with the Qubit® RNA Assay Kit on 
the Qubit®2.0 Fluorometer (Life Technologies, Carlsbad, 
CA, USA). The RNA integrity was evaluated using a Bio-
analyzer 2100 system (Agilent Technologies, Santa Clara, 
CA, USA) and an RNA Nano 6000 Assay Kit (Agilent 
Technologies).

Transcriptome analysis
Raw data were subjected to quality control using fastp 
v0.19.3 to obtain clean reads [73]. Clean reads were 
aligned with the reference genome (NCBI accession num-
ber: GCF_011075055.1) using HISAT v2.1.0 [74]. Gene 
expression was quantified using featureCounts v1.6.2 
[75]. Differential expression analysis between varieties 
was conducted using DESeq2 v1.22.1 [76]. The Benjamini 
& Hochberg method was employed to adjust p-values, 
with a threshold of corrected p < 0.05 and |Log2FC|≥ 1 
considered as significant differential expression.

Sample preparation and LC–MS
The leaves were freeze-dried using a vacuum freeze 
dryer (Scientz-100F; Ningbo, China) and ground in a 
mixer mill (Retsch MM 400; Haan, Germany). Approxi-
mately 50 mg of the freeze-dried powder was mixed with 
1.2  mL of 70% methanol solution and vortexed for 30  s 
every 30  min for six vortexing cycles. After centrifuga-
tion at 12,000 rpm for 3 min, the supernatant was filtered 
through a SCAA-104 (0.22 μm pore size; ANPEL, Shang-
hai, China) and subjected to metabolite profiling using 
a UPLC-ESI–MS/MS system (UPLC, Shimadzu Nex-
era X2, Tokyo, Japan; MS, Applied Biosystems 6500 Q 
TRAP, Carlsbad, CA, USA). The conditions were as fol-
lows: Agilent SB-C18 column (1.8 µm, 2.1 mm * 100 mm) 
for UPLC; mobile phase consisting of solvent A (pure 
water with 0.1% formic acid) and solvent B (acetonitrile 
with 0.1% formic acid). Sample measurements were per-
formed using a gradient program, starting with 95% A 
and 5% B. Within 9 min, the linear gradient was adjusted 
to 5% A and 95% B and maintained for 1  min. Subse-
quently, within 1.1 min, the composition was reverted to 
95% A and 5.0% B and maintained for 2.9 min. The flow 
rate was set at 0.35 mL/min, column temperature was set 
at 40 °C, and the injection volume was 2 μL. The eluent 
was alternately connected to an ESI-triple quadrupole-
linear ion trap (QTRAP)-MS. The ESI source operation 
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parameters were as follows: source temperature 500  °C; 
ion spray voltage (IS) in positive mode 5500  V/negative 
mode -4500 V; ion source gas I (GSI), gas II (GSII), and 
curtain gas (CUR) were set at 50, 60, and 25 psi, respec-
tively; collision-activated dissociation (CAD) was set to 
high [77].

Metabolome analysis
Principal component analysis was performed using 
PrComp (v3.5.1) [78]. Differential metabolites were 
identified based on variable importance in projection 
(VIP ≥ 1) and absolute Log2FC (|Log2FC|≥ 1.0) criteria. 
VIP values were obtained from the OPLS-DA results 
using the R package MetaboAnalystR (v1.0.1) [79]. Prior 
to OPLS-DA, the data underwent log transformation 
(log2) and mean centering. To prevent overfitting, a per-
mutation test was conducted using 200 permutations 
[80].

qRT‑PCR detection of GA3ox gene
As described previously, qRT-PCR was performed to 
quantify the expression of the GA3ox gene [81]. Puri-
fied RNA was reverse transcribed to cDNA using All-in-
One™ First-Strand cDNA Synthesis Kit (GeneCopoeia, 
Guangzhou, China), and 1 μg total RNA was included in 
each reverse transcriptase reaction. The 2−ΔΔCT method 
was employed for the analysis of qRT-PCR data to deter-
mine relative quantification [82]. Gene expression lev-
els were normalized to the geometric mean of β-actin 
(ACTB). Three biological replicates were used for each 
variety at each stage. The primers used are listed in Sup-
plementary Table S1.

Detection of gibberellin content of mango
Gibberellins A1, A3, and A4 were detected using targeted 
metabolomics. Approximately 100 mg of each plant sam-
ple was extracted in 1  ml of ice-cold 50% aqueous ace-
tonitrile (v/v). The samples were sonicated for 3  min at 
4  °C and subsequently extracted using a benchtop labo-
ratory rotator (IKA®-Werke GmbH & Co. KG, Staufen, 
Germany) for 30 min at 4 °C. After centrifugation at 12, 
000  rpm for 10  min, the supernatant was collected and 
purified using C18 reverse-phase polymer-based solid-
phase extraction (RP-SPE) cartridges. A UPLC-Orbitrap-
MS system (UPLC, Vanquish, Thermo Fisher Scientific, 
Waltham, MA, UDSA; MS, QE) was used to analyze the 
sample extracts. The analytical conditions were as fol-
lows: UPLC column, Waters ACQUITY UPLC HSS T3 
(1.8  μm, 2.1  mm*50  mm); column temperature, 40  °C; 
flow rate, 0.3  mL/min; injection volume, 2 μL; solvent 
system, water (0.1% acetic acid): acetonitrile (0.1% ace-
tic acid); gradient program at 0  min, 1.0  min, 5.0  min, 
7.0  min, 7.1  min, and 9.0  min, at 90:10  V/V, 90:10  V/V, 

10:90 V/V, 10:90 V/V, 90:10 V/V, and 90:10 V/V, respec-
tively. High-resolution mass spectrometry data were 
recorded on a Q-Exactive hybrid Q-Orbitrap mass spec-
trometer (Thermo Fisher Scientific) equipped with a 
heated ESI source. The ESI source parameters were set 
as follows: spray voltage, -2.8 kV; sheath gas pressure, 40 
arb; auxiliary gas pressure, 10 arb; sweep gas pressure, 
0 arb; capillary temperature, 320  °C; and auxiliary gas 
heater temperature, 350  °C. Data were acquired on the 
Q-Exactive using Xcalibur 4.1 (Thermo Fisher Scientific) 
and processed using TraceFinder™ 4.1 Clinical (Thermo 
Fisher Scientific).

Transgenic expression of GA3ox in tobacco
Tobacco (Nicotiana benthamiana) seeds were provided 
by Jiangsu Sanshu Biotechnology Co. (Nantong, China). 
Seeds were sown on MS medium and left to grow for 
approximately five weeks before subsequent genetic 
transformation. The full-length coding sequence of the 
GA3ox gene from tobacco was amplified by PCR using 
two gene-specific primers: GA3ox Kpnl F (atttggagag-
gacagggtaccATG​TCT​TCA​ATT​CCT​GAA​ACT​TCC​
A) and GA3ox Xbal R (tgcctgcaggtcgactctagaCTA​AGC​
CAC​TTC​TGC​ATT​ACT​ATC​ATC). The GA3ox gene was 
cloned into the pCAMBIA1301S vector to construct the 
recombinant plasmids. The resulting plasmid vectors 
were used to transform Agrobacterium tumefaciens strain 
LBA4404. Subsequently, A. tumefaciens was used to 
introduce the GA3ox expression cassette into the young 
leaves of sterile tobacco seedlings. The young leaves were 
exposed to inoculation for 20  min with agitation every 
2–3 min, and cultivated under weak light at 22  °C for 3 
d. The calli obtained were sub-cultured on MS medium 
supplemented with BA (1  mg/L), NAA (0.2  mg/L), Cb 
(500 mg/L), and Hgy (15 mg/L) for shoot differentiation, 
and the regenerated shoots were transferred to rooting 
medium. Positive transformation was verified by qPCR.

Following transformation, wild-type and transgenic 
GA3ox tobacco plants were subjected to GA3 spray treat-
ment at a concentration of 100 mg/L (applied every 3 d 
for a continuous period of 30 d). Simultaneously, an equal 
volume of clean water was used for spray treatment in 
the control group (applied every 3 d for a continuous 
period of 30 d). On day 50 after spray application, the 
plant height, stem diameter, leaf length, leaf width, and 
leaf thickness of both wild-type and transgenic GA3ox 
tobacco plants, as well as those treated with GA3, were 
measured using a ruler for comparative analysis. Three 
biological replicates were used for each treatment group.

Physiological measurement of transgenic tobacco
Plant hormones, including salicylic acid, GA3, GA1, 
auxin, abscisic acid, jasmonic acid, and jasmonic acid 
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isoleucine, were detected using targeted metabolomics 
[83]. Levels of H2O2, malondialdehyde, and chlorophyll 
were measured using previously published methods [84]. 
Mango pulp tissues (3  g) were homogenized with 10% 
trichloroacetic acid (15 mL) and centrifuged at 15,000 × g 
for 20  min. A mixture of 1  ml of supernatant and 0.5% 
2-thiobarbituric acid of 3  mL was made, followed by 
warming for 20 min at 95 ℃, and immediate cooling in 
a cold water bath. Absorbance was spectrophotometri-
cally measured at 532 nm (UV 1600 PC, Shimadzu) after 
centrifugation at 3000 × g for 10  min, along with the 
subtraction of nonspecific absorbance values at 600 nm. 
The estimation of the quantity of malondialdehyde 
was calculated using the equation: (μM/gFW) = [6.45 
(OD532 − OD600) − 0.56 OD450] × 5 mL /0.25 g.

Catalase, POD, and superoxide dismutase activities 
were measured as previously described [85]. A total of 
0.1  M sodium phosphate buffer (pH 7.0) of 2.5  mL was 
used to draw mango pulp tissues (1 g) for 10 min at 4 ℃, 
with extracting liquid being centrifuged for 15  min at 
12,000 × g. The enzymatic activities of CAT, POD, and 
superoxide dismutase were determined by collecting the 
supernatant and recording the absorbance at 240  nm 
for 3 min at 25 ℃, at 470 nm for 3 min at 25 ℃, and at 
560 nm, respectively.

Statistical analysis
Comparison of GA3ox expression between the two 
mango varieties, plant height, stem diameter, leaf length, 
leaf width, and leaf thickness, and changes in physiologi-
cal indicators between the two control and transgenic 
tobacco plants were performed using Student’s t-test.
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