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ABSTRACT
Rationale: Meta-topolin riboside (mTR) has shown superior effects over benzyladenine (BA) in promoting root and shoot devel-
opment in passion fruit tissue culture, yet its underlying mechanisms remain unclear. Understanding the metabolic differences 
between mTR and BA treatments can inform optimized propagation strategies for high-quality planting material in this econom-
ically important crop.
Methods: Nodal buds of Passiflora edulis “Tainung No. 1” were cultured on BA- or mTR-supplemented medium, then ana-
lyzed using ultra-high-performance liquid chromatography coupled to quadrupole time-of-flight mass spectrometry (UHPLC-
QTOF-MS) in SWATH acquisition mode. Metabolite features were extracted, statistically filtered (VIP > 1, FC > 1.5 or < 0.667, 
p < 0.05), identified via multiple databases, and subjected to enrichment and pathway analysis.
Results: SWATH-MS detected 2823 ions in positive and 1637 in negative mode, with 21 significant metabolites identified in 
each mode. mTR treatment upregulated metabolites linked to root development (e.g., 5,10-methylenetetrahydrofolate, daidzin, 
and hesperidin) and stem elongation (amygdalin), while BA treatment had higher levels of kinetin, gibberellin A4, and lignans. 
Pathway analysis highlighted folate metabolism as significantly enriched in mTR samples.
Conclusions: mTR treatment altered phytohormone, flavonoid and phenolic profiles in ways that likely promote rooting, shoot 
elongation and oxidative stress resilience, explaining its superior growth performance over BA. These insights can guide refined 
cytokinin use in micropropagation and broader applications in horticultural biotechnology.
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1   |   Introduction

Cytokinins are a group of plant growth-regulating substances 
that play essential functions in the micropropagation system. 
Benzyladenine (BA), one of the aromatic cytokinins, is the most 
commonly used type and is often combined with other growth 
regulators, such as auxin and gibberellin, to regulate its mor-
phogenetic pathways [1, 2]. Although BA is widely used in plant 
tissue culture to stimulate bud proliferation and morphogenesis, 
its application is often associated with several physiological dis-
orders. These include vitrification, shoot-tip necrosis, premature 
senescence, inhibited in vitro rooting, low survival rates during 
acclimatization and increased somaclonal variation in regen-
erated plants [3]. Such adverse effects have been reported in 
various species, including Aloe vera [4], sugar beet [5], Barleria 
greenii [6], barley [7], magnolias [8], petunias [9] and bananas 
[10]. Besides, Aremu et  al. studied the regulation of auxin-
cytokinin interactions on the organogenesis of leaf-derived 
adventitious buds in Bromeliads and analyzed the metabolites 
using UHPLC–MS/MS. They found that most of the metabolites 
of adventitious buds produced by BA treatment are N9-glucosides 
[11], which have been proven to be detrimental to the rooting of 
in vitro seedlings in various crop tissue culture systems, includ-
ing Asteria [12], Harpagophytum procumbens [13], and Merwilla 
plumbea [14]. Meta-topolin riboside (mTR) is a ribosylated de-
rivative of meta-topolin (mT), a hydroxylated benzyladenine 
analog belonging to the class of aromatic cytokinins known as 
topolins. Topolins are increasingly favored in plant tissue cul-
ture due to their superior physiological responses compared to 
traditional cytokinins like BA. They can effectively replace BA 
to promote bud proliferation and regeneration, as demonstrated 
in various species including crane lily [15], turmeric [16], ba-
nana [17], Pelargonium sidoides [18], avocado [19], cannabis [20], 
Eriocephalus africanus [21], and Syzygium cumini [22]. Among 
topolin derivatives, mTR has attracted attention for its enhanced 
shoot induction ability, reduced incidence of hyperhydricity, and 
improved rooting and acclimatization [23, 24]. While substitut-
ing meta-topolin or meta-topolin tetrahydropyran-2-yl (mTTHP) 
for BA in the bud-proliferation culture medium of Amelanchier 
alnifolia, the maximum number of roots was induced, and the 
highest content of endogenous active cytokinin metabolites and 
a high amount of free state indole-3-acetic acid were qualita-
tively and quantitatively analyzed by UHPLC–MS/MS [25]. A 
recent study elucidated mTR's metabolism in woody species, 
such as Handroanthus guayacan, Tabebuia rosea, and Tectona 
grandis, revealing that N9-glucosylation is a major deactivation 
pathway, with notable species-specific differences in hydroxyl 
repositioning and cytokinin conjugation dynamics [26].

Passion fruit is an economically important commercial crop 
with growing global demand for high-quality planting material. 
“Tainung No. 1” is the predominant passion fruit (⁠Passiflora 
edulis × P. edulis f. flavicarpa) cultivar in Taiwan, which is one 
of the most economically important varieties cultivated across 
Southeast Asia, as well as Central and South America. This hy-
brid produces dark purple fruit with yellow, aromatic flesh, high 
juice content, and moderate acidity, making it suitable for both 
fresh consumption and juice processing [27]. Although tradi-
tionally propagated through grafting, this method often fails to 
meet the growing demand for healthy and high-quality planting 
material. In 2020, Chen et al. were the first to apply mTR in the 

“Tainung No. 1” passion fruit tissue culture system, achieving 
better effects on in vitro seedling growth and rooting than BA 
[28]. However, the molecular mechanism remains unclear.

Metabolomics generally refers to the study of the composition, 
dynamics, interactions, and changes in small organic or inor-
ganic molecules, typically less than 1000 Da, under various en-
vironmental disturbances in biological systems. In 2016, Farag 
et al. employed UPLC-MS and NMR to investigate the metabolite 
profiles of 17 passion fruit leaf samples, aiming to elucidate their 
chemical composition and pharmacological potential for drug 
development. A total of 78 metabolites were identified, includ-
ing 20 types of C-flavonoids, 8 types of O-flavonoids, 21 types 
of C, O-flavonoids, 2 types of cyanogenic glycosides, 23 types of 
fatty acid conjugates, and several newly discovered compounds 
[29]. SWATH (Sequential Window Acquisition of All Theoretical 
Fragment Ion Spectra), a type of data-independent acquisition 
mode, was first proposed by the Aebersold team in 2012. It offers 
better sensitivity and quantification performance than the tradi-
tional data-dependent acquisition (DDA) mode, as it can detect 
all fragment ions of precursor ions, even if the signal is weak [30]. 
The standard SWATH method uses a fixed isolation window of 
25 m/z to acquire data. In 2015, an advanced SWATH method 
was developed using a variable isolation window, which pro-
vides improved quantification capabilities [31, 32]. SWATH-MS 
is not only useful in proteomics but can also be applied to me-
tabolomics studies [33]. Therefore, this study aims to investigate 
the metabolome of “Tainung No. 1” passion fruit after treatment 
with BA and mTR, using SWATH-MS to gain insights into the 
metabolic pathways involved in the nodal bud culture system.

2   |   Experimental Section

The experimental workflow is illustrated in Scheme 1. Briefly, 
nodal buds were individually isolated and cultured on either 
BA- or mTR-supplemented medium, then subcultured without 
a plant growth regulator. The samples were extracted and ana-
lyzed using SWATH-MS technology. After data processing and 
multivariate analysis, significant features were identified using 
software. Subsequently, the pathways involving these metabo-
lites were analyzed and discussed.

2.1   |   Plant Materials

The official cultivar page of “Tainung No. 1” states that the 
scientific name is Passiflora edulis × P. edulis f. flavicarpa. It 
was developed in the 1980s through hybridization between 
purple and yellow passion fruit. The page also summarizes 
key traits such as self-compatibility, sugar–acid ratio, and 
adaptability to cultivation environments (https://​kmweb.​
moa.​gov.​tw/​subje​ct/​subje​ct.​php?​id=​40131​). The passion fruit 
variety “Tainung No. 1” was cultivated in the isolated net 
house of the Horticultural Experiment Station, Department 
of Horticulture, National Chung Hsing University (Taichung, 
Taiwan). Nodal buds excised from mature plants were em-
ployed as explants for tissue culture. Each nodal bud was in-
dividually cultured on induction medium supplemented with 
either 1 mg·L−1 BA or 1 mg·L−1 mTR for a period of 4 weeks, 
followed by subculture on PA2L medium without growth 

https://kmweb.moa.gov.tw/subject/subject.php?id=40131
https://kmweb.moa.gov.tw/subject/subject.php?id=40131
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regulators for an additional 8 weeks. The PA2L medium con-
tains MS [34], salts and vitamins, 100 mg·L−1 myo-inositol, 
170 mg·L−1 NaH2PO4, 20 g·L−1 sucrose, 1 g·L−1 peptone, 1 g·L−1 
activated charcoal, 150 mL·L−1 coconut water (KOH, BABI 
Corp International, Thailand), and 6 g·L−1 potato powder 
(PhytoTechnology Labs, USA) and was solidified using 0.86% 
agar. The pH was adjusted to 5.2 before autoclaving [28]. The 
entire in  vitro plant sample, including callus tissue, was re-
moved, washed, and gently wiped with a paper towel to absorb 
the water. The samples were then weighed. The appearance of 
the sampled materials is shown in Figure 1. Each treatment 
consisted of three samples.

2.2   |   Sample Preparation

The extraction procedure was modified from the previous study 
[35]. The three samples of the same treatment were pooled 
and placed in a 7-mL homogenizer containing ceramic beads 
and ground using a Precellys evolution homogenizer (Bertin 
Technologies, France) at 6800 rpm for 10 s before being cooled 
on ice for 60 s. This step was repeated once. Next, 0.1 g of the 
ground sample was weighed into a 2-mL centrifuge tube. The 
sample was mixed with 1 mL of extraction solvent (methanol: 
formic acid: deionized water = 15:1:4, v/v/v), vortexed evenly, 
and left to stand overnight at −20°C. Afterward, the samples 
were centrifuged at 13 000 g for 20 min at 4°C. The supernatant 
was transferred to a new Eppendorf tube, and 0.5 mL of the ex-
traction solution was added for a secondary extraction, standing 

for 1 h at −20°C. The supernatant was then filtered through a 
0.22-μm polyvinylidene difluoride (PVDF) filter, dried, concen-
trated using a SpeedVac at 40 °C, and stored at −20°C. Finally, 
the pellet was resuspended in 30 μL of 50% acetonitrile (ACN) 
and 120 μL of deionized water and filtered through a 0.22 μm 
nylon filter before SWATH-MS analysis.

2.3   |   Untargeted Metabolomic Analysis Using 
SWATH-MS

Ultrahigh performance liquid chromatography (UPLC, 
Ultimate 3000RSLCnano system, Dionex, Thermo Fisher 
Scientific, Sunnyvale, CA) coupled with a quadrupole time-of-
flight mass spectrometer (QTOF-MS, TripleTOF 6600, SCIEX, 
Framingham, MA) equipped with an electrospray ionization 
(ESI) source (DuoSpray, SCIEX, Framingham, MA) was used to 
analyze the metabolite profile. A volume of 5 μL from each sam-
ple was injected into a Waters Atlantis T3 C18 column (3 μm, 
2.1 × 100 mm). The column temperature was maintained at 
35°C, and the flow rate was set at 250 μL min−1. Mobile phase 
A contained deionized water with 0.1% formic acid, while mo-
bile phase B contained acetonitrile with 0.1% formic acid. The 
gradient began at 5% B, was maintained for 10 min, increased to 
30% B over the next 10 min, reached 90% B over 7 min, and was 
held for 3 min, then followed by a rapid decrease to 10% B within 
0.1 min, which was then maintained for 5 min. The eluted me-
tabolites were then injected into the QTOF-MS for DDA. The 
MS/MS spectra of precursor ions with a top 20 intensity of more 

SCHEME 1    |    The workflow of this study.
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than 100 cps were acquired using collision-induced dissocia-
tion. The mass range for the full mass scan (MS1) was 100 to 
1000 m/z; for MS/MS, it was 50 to 1000 m/z in positive mode 
and 100 to 1000 m/z in negative mode. The accumulation times 
for MS and MS/MS were set at 250 and 100 ms, respectively, 
with an exclusion time of 6 s, including dynamic background 
subtraction and rolling collision energy. In DDA, extracts from 
each group, BA and mTR treatment groups, were pooled and 
analyzed in triplicate, serving as the DDA library. SWATH-MS 
was performed by UPLC-QTOF-MS with accumulation times 
of 100 ms for MS and 30 ms for MS/MS. The SWATH variable 
window settings are illustrated in Figure S1 and Table S1, with 
40 windows in positive mode and 35 in negative mode, and a 
collision energy spread (CES) of 15. Each sample in SWATH-MS 
was analyzed in triplicate. Both DDA and SWATH-MS operated 
in positive and negative ion modes, applying a voltage of 5500 V 
for positive ESI (ES+) and −4500 V for negative ESI (ES-). The 
temperature (TEM) in the ESI source was set at 350°C, with gas 
1 (GS1) at 20 psi, gas 2 (GS2) at 15 psi, and curtain gas (CUR) 
at 25 psi. The ionization gas, curtain gas, and collision gas were 

nitrogen generated from a nitrogen generator (TJ60–97, Tung Ju 
Electric Co. Ltd., Japan).

2.4   |   Data Processing and Multivariate Analysis

The peak list, which includes retention time, m/z value, and peak 
area in both positive and negative modes from SWATH-MS, was 
generated using MarkerView v1.3 software (Sciex, Concord, 
Canada). The parameters for MarkerView are as follows: in peak 
detection, the noise threshold was set at five counts, the mini-
mum spectra width at ten ppm, and the minimum retention time 
peak width at three scans; in peak alignment, the retention time 
tolerance was set at ±0.5 min, and the mass tolerance at 25 ppm; 
finally, the maximum number of peaks was set at 50000, and the 
total area sum was chosen as the normalization method.

Principal component analysis (PCA) and orthogonal partial least 
squares discriminant analysis (OPLS-DA) were executed using 
SIMCA software (Version 14.0, Umetrics, Sweden). The score 

FIGURE 1    |    “Tainung No. 1” passion fruit nodal buds were cultured in medium containing 1 mg·L−1 BA (a-c) or 1 mg·L−1 mTR (d-f) for 4 weeks, 
then subcultured to growth medium for an additional 8 weeks. These materials were used for extraction and analysis. Scale bars: 3.4 mm (a), 6.1 mm 
(b), 3.6 mm (c), 1.7 cm (d), 1.8 cm (e), 1.1 cm (f).
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plots and loading plots of PCA and OPLS-DA were analyzed to 
illustrate the differences between the BA and mTR treatment 
groups. The variable importance for the projection (VIP) score 
was calculated in OPLS-DA mode. Fold change (FC) and t-test 
analyses were performed using Excel. Before metabolite annota-
tion, significant feature peaks were selected based on the com-
bination of the following criteria: (a) a p-value < 0.05, (b) an FC 
> 1.5 or < 0.667, and (c) a VIP score > 1.

2.5   |   Metabolite Annotation and Pathway Analysis

The significant feature peaks were searched using online da-
tabases, including the Plant Metabolic Pathway database/
PLANTCYC13.0 (PMN; https://​plant​cyc.​org/​), ChemSpider 
(http://​www.​chems​pider.​com/​), the Kyoto Encyclopedia of 
Genes and Genomes (KEGG; http://​www.​genome.​jp/​kegg/​), 
and PubChem (https://​pubch​em.​ncbi.​nlm.​nih.​gov/​). The m/z 
values of precursor ions were submitted to each database. The 
mass tolerance was set at ±20 ppm or ± 0.01 Da, and MW or ion 
types, [M + H]+ or [M-H]−, were used. For metabolite annota-
tion, PeakView v2.0 software (Sciex, Concord, Canada) was 
used. The molecular structure used for comparison was ob-
tained from public databases and imported into PeakView soft-
ware, which automatically generated the predicted fragment list 
and performed the fragment-matching procedure. Accordingly, 
the assigned ions were software-generated and not manually se-
lected by the users. The fragment mass error was set at ±0.01 Da. 
Then, the total intensity of matched peaks (%), the summed in-
tensities of detected fragments in MS/MS spectra, was calcu-
lated in each annotation result, which was used as a reference 
for annotation. In this study, a threshold of 50% matched-peak 
intensity was applied to retain annotations exhibiting sufficient 
spectral concordance.

Enrichment analysis and pathway analysis were conducted 
using MetaboAnalyst 6.0 (https://​www.​metab​oanal​yst.​ca/​
Metab​oAnal​yst/​). In the enrichment analysis, a super-class of 
chemical structures was selected as the metabolite set library. 
The pathway analysis parameters were as follows: Fisher's exact 
test was used for the enrichment method, relative-betweenness 
centrality was used for topology analysis, and Triticum aestivum 
was chosen as the pathway library.

3   |   Results

3.1   |   Appearance of Buds in BA and mTR 
Treatments

In our previous research, buds of “Tainung No. 1” passion fruit 
cultured on medium supplemented with mTR could form com-
plete plants with elongated stems and healthy roots. In contrast, 
buds treated with BA remained in a rosette shape, the base was 
enlarged, and a large amount of callus was produced. Culturing 
with these two cytokinins resulted in very different morphologi-
cal manifestations [28]. The appearance of the buds of “Tainung 
No. 1” passion fruit used in this study is shown in Figure  1. 
After 4 weeks of culture in medium containing either BA or 
mTR, most of the buds in the BA treatment were rosette-shaped 
with delayed growth, and few stems and leaves could elongate 

(Figure 1A–C). In contrast, the buds in the mTR treatment ex-
hibited steady growth, with larger leaves, more stem nodes, and 
better root development (Figure 1D–F).

3.2   |   Metabolite Profiles in BA and mTR 
Treatments of Passion Fruit

In this study, the possible metabolic pathways were explored 
using SWATH-MS. The TIC overlays of the samples were shown 
in Figure  S2 and demonstrate good signal stability. A total of 
2823 ions were obtained in the positive mode and 1637 in the 
negative mode. Among these ions, significant feature ions met 
the criteria of a p-value < 0.05, an FC > 1.5 or < 0.667, and a VIP 
score > 1. In the positive mode, there were 1521 significant fea-
ture ions, with 462 ions upregulated and 1075 down-regulated. 
In the negative mode, a total of 689 feature ions were identified, 
with 257 ions upregulated and 434 downregulated. The results 
showed that most differential feature ions were downregulated 
in the mTR treatment.

In the results of the multivariate analyses, the BA and mTR 
samples in both positive and negative modes could obviously 
be separated in the unsupervised PCA model (Figure 2A); the 
corresponding loading plot is shown in Figure 2B. The values of 
R2X (cum) were 0.925 and that of Q2 (cum) was 0.834, indicating 
that this PCA model was effective. In the OPLS-DA model, the 
score plot showed that there was indeed a tremendous difference 
between the two groups (Figure 3A), and the loading plot is il-
lustrated in Figure 3B. The values of R2X (cum), R2Y (cum), and 

FIGURE 2    |    The PCA results for the stem-buds of “Tainung No. 1” 
passion fruit, which were cultured on medium supplemented with ei-
ther BA or mTR and then subcultured on PA2L medium for 8 weeks, are 
shown in (A) score plot and (B) loading plot.

https://plantcyc.org/
http://www.chemspider.com/
http://www.genome.jp/kegg/
https://pubchem.ncbi.nlm.nih.gov/
https://www.metaboanalyst.ca/MetaboAnalyst/
https://www.metaboanalyst.ca/MetaboAnalyst/
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Q2 (cum) were 0.865, 1, and 0.999, respectively. The plot of the 
VIP score is shown in Figure 3C.

In metabolite annotation, 21 metabolites were annotated in 
positive mode, with 8 upregulated and 13 downregulated 
(Table  1). In negative mode, 21 compounds were identified, 
including 3 upregulated and 18 downregulated metabolites 
(Table 1). The annotation results from the MS/MS spectrum 
are shown in Figure S3. Subsequently, enrichment and path-
way analyses were conducted using MetaboAnalyst. The re-
sults of the enrichment analysis classified these significant 
metabolites into six metabolite sets: (1) phenylpropanoids and 
polyketides, (2) organoheterocyclic compounds, (3) organic 
acids and derivatives, (4) lignans, neolignans, and related com-
pounds, (5) organic oxygen compounds, and (6) benzenoids. 
Among these, lignans, neolignans, and related compounds 
had the highest enrichment ratio (p-value = 2.1E-2), followed 
by phenylpropanoids and polyketides (p-value = 4.5E-8) 

(Figure  4A). Most of these metabolites were from the phen-
ylpropanoids and polyketides and organoheterocyclic com-
pounds (Figure 4B).

3.3   |   Pathway Analysis of Differential Metabolites 
in BA and mTR Treatment

The results of the pathway analysis are illustrated in Figure S4. 
Only the carbon pool by folate pathway, part of tetrahydrofolate 
biosynthesis, had a p-value less than 0.05 (p-value = 3.91E-2). The 
metabolite involved was 5,10-methylenetetrahydropteroyl mono-
L-glutamate, also known as 5,10-methylenetetrahydrofolate 
(5,10-Methylene-THF), and it was 1.93-fold upregulated 
in mTR samples. In a previous study, the folate derivative 
5-formyl-tetrahydrofolate, upstream of 5,10-Methylene-THF, 
was reported to support root meristem maintenance (Lasok 
et  al., 2023). Therefore, we speculate that the upregulation of 
5,10-Methylene-THF might improve root development in mTR 
samples.

4   |   Discussion

4.1   |   Association of Metabolites With Root 
Development

Among these significant metabolites, kinetin and gibberellin A4 
were identified as hormonal compounds. The contents in sam-
ples treated with mTR were lower than those treated with BA, 
with FCs of 0.64 and 0.47, respectively. Although no additional 
growth regulators were added in the experiment, coconut water, 
which was used and added to the medium, contains auxin-IAA, 
cytokinin-kinetin, ortho-topolin, gibberellins (GAs), abscisic 
acid (ABA), salicylic acid (SA), and other plant hormones, thus 
affecting plant growth [36], thus affecting plant growth. Ge 
et al. (2005) analyzed and determined the existence of two cyto-
kinins in coconut water, including kinetin and kinetin riboside 
[37]. Kinetin promotes leaf development and delays senescence. 
However, high cytokinin content is not conducive to rooting, and 
the addition of kinetin can inhibit the induction of adventitious 
roots in Eucalyptus [38]. GA-like phytohormones inhibit the 
formation of adventitious root primordia by controlling the in-
duction and activation mechanisms in Arabidopsis adventitious 
roots. However, appropriate concentrations of GA can promote 
the elongation of roots with root primordia [39]. The transforma-
tion of root tip growth from cell division to cell expansion can be 
regulated by histone deacetylase, which inhibits the transcrip-
tional expression of the GA-inactivator gene GA2ox2. Genetic 
analysis also showed that upregulation of GA2ox2 expression 
in hdt1 and hdt2 led to a decrease in GA concentration, turning 
root meristems into transiently enlarged cells [40, 41]. External 
application of GA inhibited the polar transport of auxin, prevent-
ing the formation of the auxin peak at the base of the hypocotyls 
in poplar and Arabidopsis thaliana and reducing the number of 
adventitious roots [39, 42, 43]. Therefore, the content of kinetin 
and gibberellin A4 in the BA sample, which had a large amount 
of callus accumulated at the base without rooting, was higher 
than in the mTR samples with long hairy roots as intact plants. 
This indicates that lower concentrations of kinetin and GA are 
conducive to the formation of adventitious roots. Additionally, 

FIGURE 3    |    The OPLS-DA results for the stem buds of “Tainung No. 
1” passion fruit, which were cultured on medium supplemented with ei-
ther BA or mTR and then subcultured on PA2L medium for 8 weeks. (A) 
score plot. (B) loading plot. (C) VIP score probability plot.
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trans-zeatin-7-glucoside and iP3GN, cytokinin metabolites, 
were expressed in mTR samples at 0.55 and 0.18-fold lower than 
in BA samples.

Phenolic compounds can be classified into four categories based 
on the structure and quantity of their core skeletons: simple 
phenolics, lignin, flavonoids, and tannins. Tannins, a second-
ary metabolite, are mainly synthesized via the shikimic acid 
pathway and the malonic acid pathway [44]. Flavonoid com-
pounds are essential components of plant root exudates and 
interact with hormones to participate in the root phototropic 
response [44]. Previous studies have confirmed that methyl 
gallate inhibits the root growth of eucalyptus cuttings, and 
the conversion between the metabolic pathways of gallic acid, 
shikimic acid, and other flavonoid precursors is a critical fac-
tor in the formation of adventitious roots in eucalyptus [45]. 
Similarly, ellagic acid and its derivatives, which have a struc-
ture similar to methyl gallate, also show a lack of rooting abil-
ity in chestnut cuttings [46]. The content and distribution of 
flavonol compounds in the roots of Arabidopsis thaliana affect 
its root system growth. When exposed to light, the roots accu-
mulate flavonols in the phototropic cells, promoting cell elon-
gation and leading to asymmetric growth towards darkness. 
High flavonol content enhances auxin signaling, PLETHORA 
(PLT) gradients, and reduces superoxide radical levels, thereby 
decreasing cell proliferation. Flavonols that accumulate in the 
root transition zone can reduce taproot growth and promote 
the formation of new developmental zones. Quercetin, kae-
mpferol, and their glycosyl derivatives play significant roles in 
Arabidopsis root growth by inhibiting auxin migration and root 
growth in the dark [47]. Kaempferol and its derivatives also act 
as IAA-oxidase inhibitors to maintain the dominance of grape 
buds [48]. In this study, the significant metabolites identified 
included a variety of phenolic compounds, with the largest 
number being flavonoid compounds. These included five upreg-
ulated metabolites: daidzin with a 3.69-fold increase, apigenin 
7-O-neohesperidoside with a 2.63-fold increase, hesperidin with 
a 1.67-fold increase, biochanin-A with a 2.50-fold increase, and 
kaempferol 3 -O-(6”-O-p-coumaroyl)-glucoside with a 4.02-fold 
increase. Three compounds were downregulated: sophoraflava-
none B with a 0.54-fold decrease, xanthohumol with a 0.49-fold 
decrease, and leachianone G with a 0.60-fold decrease. All these 
compounds belong to the categories of flavones, flavonols, and 
isoflavones. Most exhibited higher expression in mTR samples 
than in BA samples, indicating that these flavonoid compounds 
also play a vital role in the root development of passion fruit.

As for CDP-N-dimethylethanolamine, it showed a 0.17-fold 
down-regulation in mTR samples compared to BA samples. This 
metabolite is involved in phosphatidylcholine (PC) biosynthesis, 
suggesting that the synthesis of PC might be decreased in mTR 
samples. A previous study found that PC levels were reduced 
in both the cotyledon and plumule of mung bean seeds during 
germination, likely because PC was broken down into raw ma-
terials such as fatty acids for new membrane synthesis [49]. In 
this study, the development of both roots and stems was better 
in mTR samples than in BA samples. Therefore, it is speculated 
that mTR samples of passion fruit might exhibit a more signifi-
cant decrease in PC during the bud sprout and growth processes 
compared to BA samples, thereby affecting the expression of 
CDP-N-dimethylethanolamine.Po
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4.2   |   Association of Metabolites With Elongated 
Stems and Leaves

Cyanogenic glycoside is a nontoxic organic compound that can 
be decomposed by enzymes to form toxic hydrogen cyanide. The 
types and contents of cyanogenic glycosides in the passion fruit 
peel and pulp are significantly different. Prunoside is detected 
only in the peel, where it is the main type of cyanogenic glycoside. 
The primary and unique cyanogenic glycosides in the pulp are 
amygdalin and mandelonitrile rhamnosyl β-D-glucopyranoside 
[50]. Amygdalin is present in the leaves and stems of Passiflora 
edulis and seven other kinds of passion fruit [51]. In this study, 
the mTR samples, which have elongated stems and more leaves, 
may contain higher levels of cyanogenic glycosides, such as 
amygdalin, showing a 1.79-fold increase in expression.

4.3   |   Association of Metabolites With Plant 
Defense

Justicidin B, (−)-yatein, (−)-5′-demethylyatein, (+)-sesamin, 
Nyasol (an cis-hinokiresinol) all belong to lignan compounds, 
which are often classified as phytoestrogens [52]. The expres-
sions of these compounds in mTR samples were significantly 
lower than those in BA samples, with FCs of 0.16, 0.47, 0.37, 
0.64, and 0.31, respectively. Lignans are considered plant de-
fense substances against fungal and viral infections [53]. 
Meanwhile, 3,5-dihydroxyanisole exhibited a significant 6.76-
fold increase in expression in mTR samples. This compound be-
longs to phenolic compounds, which are related to the defense 
response and possess antibacterial and antifungal activities [54]. 
A previous study reported that 3,5-dihydroxyanisole is involved 

in the oxidative stress response, and its expression was higher in 
Mg deficiency-susceptible grapevine rootstock compared to Mg 
deficiency-tolerant one. [55]. Here, mTR samples had a higher 
content of 3,5-dihydroxyanisole than BA samples, indicating 
that mTR samples exhibited a greater ability to overcome oxida-
tive stress, potentially resulting in better growth.

4.4   |   Guiding Significance of Metabolic Changes 
for Passion Fruit Cultivation and Quality

In passion fruit tissue culture, explants cultured on BA-
supplemented medium frequently exhibited shoot clustering 
and failed to initiate proper root development, thereby hindering 
the establishment of a stable tissue culture system. Substitution 
of BA with mTR at an equivalent concentration markedly im-
proved morphogenesis, resulting in well-developed root sys-
tems, elongated stems, expanded leaves, and ultimately the 
regeneration of complete plantlets. These regenerated plantlets 
were successfully acclimatized, cultivated, and produced fruits 
[28]. Metabolomic analyses further demonstrated that mTR 
treatment upregulated metabolites associated with root devel-
opment, such as 5,10-methylene-THF, as well as flavones, fla-
vonols, and isoflavones, while reducing the accumulation of 
inhibitory compounds, including trans-zeatin-7-glucoside and 
iP3GN. Moreover, elevated levels of 3,5-dihydroxyanisole were 
detected, suggesting enhanced antioxidant capacity, which 
likely contributed to improved growth and vigor.

These metabolic responses indicate that mTR, compared to 
BA, promotes a more favorable hormonal and redox envi-
ronment for morphogenesis and acclimatization. Therefore, 

FIGURE 4    |    The enrichment analysis results for differentially expressed metabolites include (A) the enrichment ratio plot and (B) the pie chart of 
metabolite sets classification.
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the metabolomic evidence not only supports the mechanistic 
basis of improved regeneration but also guides the refinement 
of culture media formulations. Ultimately, these findings may 
translate into practical benefits for large-scale propagation, 
survival rate during transplantation, and possibly the phyto-
chemical quality of passion fruit plants cultivated from tissue 
culture.

5   |   Conclusion

This study is the first to investigate the metabolite profiles of 
buds cultured on mTR or BA medium using SWATH-MS. The 
appearances of mTR samples and BA samples showed signif-
icant differences, indicating substantial changes in metabo-
lomes following mTR and BA treatments. Several differentially 
expressed metabolites related to root development, elongated 
stems, and leaves, and plant defense were identified. Kinetin, 
gibberellin A4, and some phenolic compounds were found to 
potentially aid root development, while amygdalin might play a 
vital role in stem elongation and leaf development. The high ex-
pression of these metabolites contributed to the better develop-
ment of mTR samples. Regarding plant defense, although many 
metabolites decreased in mTR samples, 3,5-dihydroxyanisole 
exhibited much higher expression, with antioxidative ability. 
Thus, we speculated that this may be one of the reasons for the 
superior growth observed in mTR samples compared to BA sam-
ples. Overall, these differences in metabolite expression may 
contribute to the improved growth of roots and stems in mTR-
treated passion fruit.
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