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Integrated transcriptomic and metabolomic
analyses reveal the mechanism of shoot
growth in grafted Camellia oleifera seedlings

Yayan Zhu'", Chaoran Xu'", Feng Xiao? Fang Li', Qinmeng Zeng', Yingying Wei' and Jie Xu'"

Abstract

Shoot flushing is a critical determinant of grafted seedling quality in Camellia oleifera, with key evaluation metrics
including flushing timing, new shoot number and growth rate, and seedling height uniformity. To elucidate

the molecular mechanisms governing shoot development, we conducted integrated analyses of endogenous
hormones, metabolomics, and transcriptomics across three Camellia species (C. oleifera, C. meiocarpa, and C.
weiningensis). Hormonal profiling revealed that shoot-flushing plants exhibited elevated levels of GA24, GA9,
salicylic acid, IAA, 1AAla, IPA, and abscisic acid compared to non-flushing plants, while DZ, tZ, and tZR levels were
reduced. Metabolomic analysis identified 89 commonly differentially abundant metabolites among the three
species. KEGG enrichment and correlation analyses demonstrated significant enrichment of these differentially
abundant metabolites and differentially expressed genes in phenylpropanoid biosynthesis, plant hormone

signal transduction, and flavonoid biosynthesis pathways. Collectively, our findings indicate that shoot flushing

is coordinately regulated by multiple metabolic pathways—including plant hormone signal transduction,
phenylalanine metabolism, nitrogen metabolism, phenylpropanoid biosynthesis, and flavonoid biosynthesis—along
with expression modulation of key genes such as PAL6, CYP73A4, PER42, GH3.6, and LAX2. These results provide
novel insights into the molecular basis of shoot development and offer potential targets for improving grafted
seedling quality in C. oleifera.
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Introduction

Camellia oleifera, endemic to China, is a woody edible
oil tree species with high unsaturated fatty acid content
in its seed oil. Apart from the oil, the seed cake and fruit
shells of C. oleifera have significant utilization value [1,
2]. Cotyledonary-stage rootstock grafting is the primary
method for clonal propagation of C. oleifera, with numer-
ous studies conducted on key techniques for seedling
cultivation through this method [3, 4]. Current research

*Yayan Zhu and Chaoran Xu contributed equally to this work and
should be considered as co-first authors.

*Correspondence: T . . .

Jie Xu P indicates that the growth of C. oleifera seedlings is influ-
404715698@qq.com enced by the interaction between scion and rootstock,
‘Guizhou Acadermy of Forestry, Guiyang, Guizhou 550005, China with self-rootstock grafting showing higher survival rates

?|nstitute for Forest Resources and Environment of Guizhou, Guizhou
University, Guiyang 550025, China

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.

[5]. Heterografting suppresses the growth vigor of C.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12864-026-12702-1
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-026-12702-1&domain=pdf&date_stamp=2026-3-3

Zhu et al. BMC Genomics (2026) 27:360

oleifera, and multi-omics analyses have revealed that het-
erografting significantly affects the differential expression
of key genes (aroD, aroE, aroK, pheA, tyrB) involved in
shikimate and phenylethylamine biosynthesis. Addition-
ally, AP2/ERF, MYB, and GRAS transcription factors are
involved in regulating the expression of these key genes
[6]. Different combinations of scions and rootstocks have
significant impacts on graft survival rates, shoot flushing
rates, seedling height, ground diameter, new shoot length,
and the growth and morphology of stems, leaves, and
roots of grafted plants [7, 8]. The degree of lignification of
scion branches and the grafting method have extremely
significant or significant effects on the shoot flushing and
non-emergence rates of grafted C. oleifera seedlings, with
shoot flushing rates of 92.00% and 79.33% for recently
lignified and semi-lignified branches, respectively [9].
Grafting with medium-sized seeds as rootstocks results
in the highest survival rate of 79.9%, while later grafting
times lead to lower survival rates; however, the size of the
leaf area retained on scion branches has little impact on
survival rates and growth factors. Scion branches taken
from the upper part of mother trees exhibit significantly
different survival rates, shoot lengths, and shoot thick-
ness compared to those from the middle and lower parts
[10]. Seedlings grafted with apical, middle, and basal buds
show differences in height, with the height order being
apical > middle > basal, although the reduction in bud
position does not significantly affect plant growth; vari-
ety is a critical factor influencing growth [11, 12]. Auxins,
cytokinins and strigolactones are three classes of hor-
mones that regulate bud activation and thereby regulate
shoot branching [13]. Plant regeneration involves com-
plex transcriptional regulatory networks, among which
WINDI has been identified as a key regulatory gene for
wound-induced cell reprogramming in plants. In Ara-
bidopsis, WINDI1 promotes callus formation and shoot
regeneration by directly upregulating the expression of
ESRI, which in turn regulates genes such as CUCI1/2,
ESR2, AHP6, CLV3, WUS, STM, and SAM [14, 15]. Dif-
ferentially expressed genes (DEGs) related to phenylpro-
panoid biosynthesis, plant hormone biosynthesis and
signal transduction, sucrose and starch metabolism, and
MAPK signaling pathways are involved in the healing
process of lychee grafting [16].

Preliminary field surveys conducted by our research
team in C. oleifera nurseries across YuPing, LiPing,
CeHeng, GuiYang, and other regions of Guizhou Prov-
ince revealed substantial variation in shoot flushing
rates among different C. oleifera varieties grafted onto
cotyledonary-stage rootstocks. The shoot flushing rate
ranged widely from 6.25% to 100%, and significant dif-
ferences were observed in the height and collar diam-
eter of two-year-old seedlings. Low shoot flushing rates
result in high variability in seedling height, inconsistent
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seedling quality, and substantially increased nursery
production costs and management difficulties. In recent
years, integrated metabolomic and transcriptomic analy-
ses have flushing as a powerful approach in multi-omics
research, widely applied to studies on plant physiologi-
cal and biochemical mechanisms, flower coloration and
nutrient biosynthesis, and responses to abiotic and biotic
stresses [17-20]. By identifying differentially accumu-
lated metabolites and differentially expressed genes, this
integrative strategy enables comprehensive and system-
atic characterization of metabolic accumulation and gene
expression patterns, thereby uncovering underlying gene
regulatory networks and metabolic pathways [6]. In this
study, we performed endogenous hormone profiling,
transcriptomic, and metabolomic analyses on grafted
plants of C.oleifera, C.meiocarpa, and C.weiningensis—
comparing shoot-flushing (branch) and non-flushing
(bud) plants—to investigate key physiological factors
governing shoot flushing. We aimed to identify critical
DEGs and metabolites associated with shoot flushing in
grafted C. oleifera seedlings and to provide initial insights
into the molecular regulatory mechanisms underlying
shoot flushing in cotyledonary-stage rootstock grafting.

Results

Analysis of endogenous hormone content

Endogenous hormone analyses of bud and branch
revealed that the concentrations of GA24 and GA9, SA,
IAA, IAAla, IPA, and ABA were all higher in shoot-flush-
ing plants (branch) than in non-flushing plants (bud)
(Fig. 1a to g). Specifically, the average IAA content was
0.0308 ng/mg in Cm branch, 0.0168 ng/mg in Co branch,
and 0.0228 ng/mg in Cw branch, while IAA levels in buds
were 0.0047 ng/mg (Cm bud), 0.0055 ng/mg (Co bud),
and 0.0076 ng/mg (Cw bud), respectively (Fig. 1e). In all
cases, IAA concentrations in shoot-flushing plants were
significantly higher than those in non-flushing plants.
Furthermore, the average GA24 content in shoot-flush-
ing plants was 27.142-fold higher than in non-flushing
plants; ABA levels were 4.127-fold higher, and salicylic
acid concentrations were 1.940-fold higher. Analysis of
cytokinins, including DZ, tZ and tZR, revealed that the
concentrations in branch were higher than those in bud
(Fig. 1h to j). Specifically, the average tZ content in Cw
bud was 0.0022 ng/mg, whereas it was 0.0009 ng/mg in
Cw branch (Fig. 1i).Traits within the same group exhib-
ited similar distributions, with the Cm branch group
showing a closer correlation to GA9 and IAA (Fig. 1k).

Non-targeted metabolomics analysis

Metabolomics analysis of the samples based on KEGG
annotation revealed that Amino acids and Oligosaccha-
rides had more annotations (Fig. 2a). Compound anno-
tations based on HMDB showed that Phenylpropanoids
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1 Changes in endogenous hormone levels in bud and branch of different Camellial species. a: ABA content; b: GA24 content; ¢: GA9 content; d: SA
content; e: IAA content; f: IAAla content; g: IPA content; h: DZ content; i: tZ content; j: tZR content; k: PCA analysis of different grafting combinations. Co:

Camellia oleifera; Cm Camellia meiocarpa; Cw: Camellia weiningensis

Fig.
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Fig. 2 Trends of non-targeted metabolites in different Camellia species. (a): Annotation information based on KEGG Compound level-2 classification; (b):
HMDB compound classification; (c): Principal component analysis (PCA); (d1-d10): Cluster submodules from mfuzz clustering. Notes: In panel (a), com-
pound categories with counts exceeding 10 are labeled; in panel (b), categories with more than 100 compounds are labeled. In panel (c), different back-
ground colors represent different sample groups. In panels (d1-d10), mfuzz clustering was used with the cluster number set to 10; the red line indicates
the mean expression trend for each cluster, and each gray line represents an individual metabolite. Co: C. oleifera; Cm: C. meiocarpa; Cw: C. weiningensis

and polyketides (473) and Lipids and lipid-like molecules
(445) were the most diverse categories (Fig. 2b). The first
principal component (PC1) and the second principal
component (PC2) of PCA accounted for 57.2% and 18.9%
of the total variance, respectively (Fig. 2c). A total of 2,131
metabolites were annotated across all samples. Using
P _value<0.05, VIP>1, and Fold Change>15 as thresh-
olds to screen differential metabolites in tested samples,
it was found that in Co branch_vs_Co bud, 315 differen-
tial metabolites were up-regulated (51.64%) and 295 were
down-regulated (48.36%). In Cm branch_vs_Cm bud, 259
differential metabolites were up-regulated (39.78%) and
392 were down-regulated (60.22%). In Cw branch_vs_
Cw bud, 248 differential metabolites were up-regulated
(40.59%) and 363 were down-regulated (59.41%). Venn
diagram analysis revealed that there were 89 common
differential metabolites among the three groups. KEGG

enrichment analysis of differential metabolites showed
that in Co branch_vs_Co bud, mainly including flavone
and flavonol biosynthesis (p=9.31751678798e-07, Cor-
rected P-Value=5.31098456915e-05), plant hormone
signal transduction (map04075) (p=0.0007340579757,
Corrected P-Value=0.0209206523074). Salicylic acid
and GA3 were significantly up-regulated in flushed sam-
ples, with 4-hydroxycinnamic acid being up-regulated
by 2.660-fold. Trend analysis of inter-group differential
metabolites between buds and branches revealed specific
substances with relatively high expression levels among
species, such as 1,188 metabolites in cluster 2 show-
ing relatively high expression in Cm and Co (Fig.2d_2),
and 645 metabolites in cluster 8 showing relatively high
expression in Co (Fig. 2d_8).
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Transcriptome analysis

Transcriptome analysis was performed on 18 samples.
All samples yielded clean data exceeding 5.98 Gb, with
Q30 bases above 95.18% and GC content ranging from
44.82% to 52.03%. Clean reads from each sample were
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aligned to the reference genome, achieving alignment
rates between 74.09% and 88.45%. A sample correla-
tion heatmap (Fig. 3a) indicated high within-group cor-
relations and good reproducibility. Principal component
analysis (PCA) revealed that PCA1 and PCA2 explained
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Fig. 3 Transcriptional expression trends in different Camellia species. (a) Inter-sample correlation analysis; (b) Principal component analysis (PCA) of
samples; (c) Number of differentially expressed genes (DEGs) among different comparisons; (d1-d10) Cluster submodules from mfuzz clustering. Note: In
panels (d1-d10), mfuzz clustering was used with the cluster number set to 10; the red line represents the average expression trend for each cluster, and
each gray line corresponds to an individual gene. Co: C. oleifera; Cm: C. meiocarpa; Cw: C. weiningensis
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35.5% and 18.7% of the total variance, respectively
(Fig. 3b). Differentially expressed genes (DEGs) between
groups were identified based on gene expression quan-
tification, using the criteria |log,FC| > 1 and adjusted
p-value (p adjust) <0.05. In Co branch_vs_Co bud, 662
DEGs were identified, including 507 up-regulated and
155 down-regulated genes. In Cm branch_vs_Cm bud,
1,288 genes were up-regulated and 884 were down-reg-
ulated. In Cw branch_vs_Cw bud, 1,154 genes were up-
regulated and 247 were down-regulated. Venn diagram
analysis of DEGs across the three comparisons revealed
156 common DEGs shared among all groups. Cluster
analysis of DEGs from different comparisons (Fig. 3d)
further showed transcriptional expression patterns with
species-specific or tissue-specific high expression trends.

WGCNA analysis

WGCNA co-expression network analysis identified 10
modules significantly associated with traits: the dark-
turquoise module was significantly positively correlated
with salicylic acid (SA) (r=0.75, p=0.00033), and its
associated genes were relatively highly expressed in Co;
the brown module showed a significant positive cor-
relation with N-(3-Indolylacetyl)-L-alanine (IAAla)
(r=0.80, p=6.2x107°), with its related genes relatively
highly expressed in Cw; and the greenyellow module
was significantly positively correlated with IAA (r=0.76,
p=0.00027) (Fig. 4a-k), with its associated genes rela-
tively highly expressed in Cm. Genes with high intramod-
ular connectivity included SLC2, EREBP, and AOC in the
darkturquoise module (Fig. 41); E5.2.1.8 and E3.3.1.1 in
the brown module (Fig. 4m); and CYP73A in the greeny-
ellow module(Fig. 4n).

Integrated transcriptomic and metabolomic analysis

Venn analysis was performed on the differentially abun-
dant metabolites and differentially expressed genes from
three combinations based on KEGG annotation. Both
gene sets and transcript sets were jointly annotated
to 15 pathways, including Phenylalanine metabolism
(map00360), Nitrogen metabolism (map00910), Phenyl-
propanoid biosynthesis (map00940), Flavonoid biosyn-
thesis (map00941), and ABC transporters (map02010).
Among these, significant enrichment was observed in
pathways such as Phenylpropanoid biosynthesis, Plant
hormone signal transduction (map04075), and Flavonoid
biosynthesis.

Measurements of endogenous hormone levels showed
that concentrations of GA24, GA9, SA, IAA, IAAla, IPA,
and ABA were all significantly higher in shoot-flushing
plants than in non-flushing plants.In the metabolome, SA
levels were upregulated by 1.298-fold, JA by 1.969-fold,
and jasmonoyl-L-isoleucine by 1.426-fold. Additionally,
transcriptome sequencing revealed varying degrees of
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upregulation of several key genes: auxin-amido synthe-
tase genes GH3.1 and GH3.6, auxin influx carrier genes
LAX2 and LAX4, and cyclin-encoding genes CYCD3-1
and CYCD3-3. CYCD3 genes are critical regulators of
cell cycle progression, and their upregulated expression
may promote cell division and rapid shoot growth. The
xyloglucan endotransglucosylase/hydrolase-related gene
XTH23 was also markedly upregulated. Furthermore,
pathogenesis-related proteins PRIBI and CAP PR-1 were
upregulated, with CAP PR-1 showing a dramatic 26.437-
fold increase.

In the flavonoid biosynthesis pathway, a comparison
between shoot-flushing and non-flushing plants of C.
oleifera revealed significant upregulation in the levels of
isosakuranetin, leucocyanidin, vitexin, taxifolin, and epi-
gallocatechin. In contrast, eriodictyol content was down-
regulated, and quercetin was significantly decreased by
0.713 fold. Concurrently, genes encoding key enzymes in
this pathway-including shikimate O-hydroxycinnamoyl-
transferase (HST), shikimate O-acetyltransferase (SAT),
and leucoanthocyanidin dioxygenase (LDOX)-were
upregulated to varying degrees.

In the phenylpropanoid biosynthetic pathway, L-tyro-
sine, L-phenylalanine, and 4-hydroxycinnamic acid
(upregulated by 2.660-fold) were differentially upreg-
ulated in flushing shoots. Transcriptomic analysis
revealed that genes encoding phenylalanine ammonia-
lyase (PAL6), peroxidases (PER42, PER43, and PER72),
as well as cytochrome P450 family members CYP98A2,
CYP75A1, and CYP73A4 were significantly upregulated
in flushing shoots. Notably, CYP73A4 exhibited a 3.613-
fold increase in expression. These findings suggest that
the phenylpropanoid biosynthetic pathway may influence
shoot growth and development during flushing by coor-
dinately regulating the synthesis of relevant metabolites
and the expression of associated genes (Fig. 5).

RT-gPCR validation

To validate the reliability of the transcriptome sequencing
data, eight genes associated with shoot flushing in C. ole-
ifera were selected from the RNA-seq dataset for quan-
titative real-time PCR analysis. The expression trends
of these eight genes were largely consistent between the
transcriptome data and the qRT-PCR results (Fig. S1),
indicating high reliability of the RNA-seq data.

Discussion

Shoot flushing is a crucial component of plant growth,
closely related to the plant’s growth and development as
well as its adaptation to the environment. The regulation
mechanism of plant growth is complex, involving the
coordinated actions of various hormones such as auxins,
gibberellins, jasmonic acid, and cytokinins, all of which
play roles in regulating axillary bud growth and secondary
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gree. The top 20 KO names based on degree are annotated

stem growth [21]. Studies on new shoot growth in C.
sinensis have found that exogenous application of GA
and IAA increases new shoot growth, with the flavonoid
biosynthesis pathway being significantly enriched among
differentially expressed genes following IAA treatment
[22]. Endogenous hormone measurements in branch
and bud of C. oleifera revealed that levels of GA24 and
GA9, SA, IAA, T1AAla, and IPA were higher in branch

compared to bud. Exogenous hormone treatments of
scions indicated that applying appropriate concentra-
tions of IAA, GA3, and NAA before grafting effectively
increased graft survival rates and flushing rates, pro-
moting shoot growth [23]. ABA plays an important role
in plant growth, development, and stress responses; it is
generally considered an inhibitor of axillary bud growth
[24]. In Arabidopsis, ABA may inhibit bud growth by
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suppressing the cell cycle machinery and bud-autono-
mous IAA accumulation [24]. However, measurements of
endogenous hormones found that average ABA contents
in banch of C. oleifera, C. meiocarpa, and C. weiningen-
sis were 0.1224 ng/mg, 0.1282 ng/mg, and 0.1274 ng/mg
respectively, all higher than those in bud (0.0311 ng/mg,
0.0384 ng/mg, and 0.0221 ng/mg respectively).This sug-
gests that the increased ABA content may be associated
with the larger number of axillary buds in flushing plants,
where ABA inhibits the germination of axillary buds
rather than the sole bud in non-flushing plants. Addition-
ally, ABA has been shown to regulate adaptive responses

to abiotic environmental stresses by activating defense
genes within the plant and enhancing disease resistance.
Research indicates that exogenous application of ABA
can effectively reduce early blight in tomato plants [25].
Integrated analysis with transcriptomic data revealed
that defense-related regulatory genes, such as PRIBI and
CAP PR-1, were up-regulated, with CAP PR-1 showing a
26.437-fold increase. Given that the SA signaling pathway
plays a crucial role in regulating PRIBI expression, it is
hypothesized that the elevated levels of ABA and SA are
associated with stress resistance. It has been known that
auxin inhibits the activation of axillary buds, and hence
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shoot branching, while cytokinin has the opposite effect
[26]. Cytokinins are widely recognized as one of the most
effective hormones for promoting axillary bud activa-
tion, playing a pivotal role in breaking bud dormancy and
activating the shoot apical meristem, which is crucial for
plant morphogenesis and yield formation [27, 28]. How-
ever, quantitative analysis of cytokinins—including DZ,
tZ, and tZR-revealed that their concentrations in flush-
ing shoots were lower than those in non-flushing buds,
exhibiting a trend opposite to that of [AA.

The phenylpropanoid pathway influences many impor-
tant traits in plants by synthesizing various secondary
metabolites such as lignin and flavonoids. Many natu-
ral metabolic products in plants, including phenylpro-
panoids, terpenoids, alkaloids, fatty acids, and precursors
of phytohormones, involve cytochrome P450 mono-
oxygenases in their biosynthesis [29]. P450 enzymes are
widely present in various organs and cells of plants, play-
ing a crucial role in plant growth, development, physio-
logical and ecological functions, and stress resistance [30,
31]. Transcriptomic results from shoot-flushing plants
and non-flushing plants of C. oleifera, C. meiocarpa,
and C. weiningensis indicated that genes from the P450
family, including CYP77A2, CYP716A44, CYP73A4, and
CYP78A9, were upregulated to varying degrees. Specifi-
cally, CYP73A4 and CYP78A9 were upregulated by 3.613-
fold and 3.842-fold, respectively, with CYP78A49 showing
significant upregulation. Enzymes of the CYP98A family
play a vital role in phenylpropanoid and lignin biosynthe-
sis pathways; their function is not limited to the direct
synthesis of caffeoyl ester derivatives but has a significant
impact on plant growth and development [32]. A previ-
ous study revealed that overexpression of CYP98A22
positively affects the concentration of furanocoumarins
in Ruta graveolens [33]. Cinnamate 4-hydroxylase (C4H;
CYP73A), associated with the endoplasmic reticulum of
plant cells, hydroxylates cinnamic acid to form 4-cou-
maric acid in phenylpropanoid metabolism [34]. Metabo-
lomic results showed that 4-hydroxycinnamic acid was
significantly upregulated, likely regulated by CYP73A4.
Further research into the role of plant P450 enzymes in
shoot flushing could uncover the regulatory mechanisms
of P450-related genes.

Conclusions

Metabolic pathways—including phenylalanine metabo-
lism, nitrogen metabolism, phenylpropanoid biosynthe-
sis, and flavonoid biosynthesis—along with expression
changes in related genes such as PAL6, CYP73A4, and
PER42, collectively regulate the process of shoot growth.
Plant hormone signal transduction plays a central role in
this regulation: genes such as GH3.1, GH3.6, LAX2, and
LAX4 modulate the levels and signaling of hormones
including auxin, gibberellins, cytokinin, salicylic acid,
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and jasmonic acid, thereby influencing multiple physi-
ological processes—such as cell cycle progression, cell
wall remodeling, and lignin biosynthesis—and ultimately
orchestrating shoot flushing and growth in C. oleifera.

Materials and methods

Materials

The experimental materials were obtained from the nurs-
ery of the Guizhou Academy of Forestry Sciences. At 16
weeks after grafting, healthy plants of C. oleifera, C. meio-
carpa, and C. weiningensis with identical scion—rootstock
combinations were selected, including shoot-flushing
(branch) and non-flushing (bud) plants (Fig. 6). Stem seg-
ments were excised, rinsed thoroughly with deionized
water, immediately frozen in liquid nitrogen, and stored
at — 80 °C for subsequent analysis. Three biological repli-
cates were prepared for each sample type.

Targeted measurement and analysis of endogenous
hormones

Weigh 100 mg of the aforementioned sample, place it in
a 2 mL grinding tube, add 498 pL of 80% methanol and 2
uL of SA-D4 internal standard solution (2 pg/mL), grind
at low temperature, then add EN15662 (which includes
magnesium sulfate 4 g, sodium chloride 1 g, sodium
citrate dihydrate 1 g, disodium hydrogen citrate sesqui-
hydrate 0.5 g) for extraction. Qualitative and quantita-
tive detection of the target substances in the samples is
performed using LC-ESI-MS/MS (UHPLC-Qtrap). The
specific parameters are as follows: Waters BEH C18 (2.1
* 100 mm, 1.7 um) HPLC column, column temperature
40 °C, injection volume 5 uL. Mobile phase A (2 mM
ammonium formate +0.05% formic acid water), mobile
phase B (2 mM ammonium formate + 0.05% formic acid
methanol), acquisition time 15 min. Mass spectrometry
conditions: AB SCIEX QTRAP 7500, detection in posi-
tive/negative mode, Curtain Gas (CUR) 45, Collision
Gas (CAD) Medium, IonSpray Voltage (IS) +4500/-4500,
Temperature (TEM) 550, Ion Source Gas 1 (GS1) 50, Ion
Source Gas 2 (GS2) 50. Draw a linear regression standard
curve with the mass spectrometric peak area of the ana-
lyte on the y-axis and the concentration of the analyte on
the x-axis to calculate the concentration results.

Non-targeted measurement and analysis of metabolites

Approximately 100 mg of each sample was placed into a 2
mL centrifuge tube, and metabolites were extracted using
800 pL of extraction solvent (methanol: water=4:1, v/v)
containing four internal standards, including L-2-chloro-
phenylalanine (0.02 mg/mL). Samples were homogenized
in a cryogenic tissue grinder for 6 min (- 10 °C, 50 Hz),
followed by cold ultrasonic extraction for 30 min (5 °C,
40 kHz). The extracts were then incubated at —20 °C for
30 min and centrifuged at 13,000 x g for 15 min at 4 °C.
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Fig. 6 Grafted seedlings of C. oleifera on shoot-flushing (branch) and non-flushing (bud) plants

The supernatant was transferred into an autosampler
vial with an insert for LC-MS analysis. A quality control
(QC) sample was prepared by pooling equal volumes of
all sample extracts to assess the reproducibility of the
entire analytical process. LC-MS analysis was performed
on a Thermo Fisher Scientific UHPLC-Q Exactive system
(ultra-high-performance liquid chromatography coupled
with quadrupole—Orbitrap high-resolution mass spec-
trometry). Chromatographic separation was carried out
on a BEH C18 column (100 mm x 2.1 mm i.d., 1.7 um)
with an injection volume of 3 pL. Mobile phase A con-
sisted of 2% acetonitrile in water (with 0.1% formic acid),
and mobile phase B was acetonitrile (with 0.1% formic
acid). Raw data were processed using Progenesis QI
(Waters Corporation, Milford, USA) to generate a data
matrix. Principal component analysis (PCA) was per-
formed using the ropls package (version 1.6.2). Signifi-
cantly differentially abundant metabolites were defined
based on the OPLS-DA model with VIP>1, p<0.05, and
|fold change|> 1. Pathway enrichment analysis was con-
ducted using the Python package scipy.stats via Fisher’s
exact test. Metabolomics pathway enrichment analysis
was performed, and p-values were adjusted for multiple
testing using the Benjamini—Hochberg false discovery
rate (FDR) method.

Library construction and transcriptome analysis

Total RNA was extracted from tissue samples using the
TRIzol reagent kit. RNA concentration and purity were
assessed with a NanoDrop 2000 spectrophotometer,

RNA integrity was verified by agarose gel electropho-
resis, and the RNA Integrity Number (RIN) was deter-
mined using an Agilent 2100 Bioanalyzer. Only samples
with RIN > 6.5 and OD260/280 ratios between 1.8 and
2.2 were used for subsequent analyses. Stranded mRNA
libraries were constructed using the Illumina® Stranded
mRNA Prep, Ligation method. Sequencing of the cDNA
libraries was performed on the NovaSeq X Plus plat-
form. The raw sequencing data have been deposited in
the National Genomics Data Center under the BIG Sub
database (BioProject accession: PRJCA040565, ). Quality
control of raw reads was conducted using fastp software
[35]. High-quality clean reads were aligned to the refer-
ence genome [36] using HiSat2 [37], and gene expression
levels were quantified using RSEM [38]. Differentially
expressed genes (DEGs) were identified with DESeq2
[39] using thresholds of |log,FC| > 1 and adjusted p-value
< 0.05. Functional enrichment analyses, including Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment, were performed
using the clusterProfiler v4.8.1 R package [40]. Weighted
Gene Co-expression Network Analysis (WGCNA
v1.72.1) [41] was applied to construct co-expression
modules using all DEGs that had an FPKM > 5 in at least
one sample. Other WGCNA parameters were set as fol-
lows: minModuleSize = 30 and MEDissThres = 0.25.
Based on the identified DEGs and differentially abundant
metabolites, shared metabolic pathways were determined
through KEGG enrichment analysis. Pearson correla-
tion coefficients were calculated between DEGs and
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metabolites, and gene—metabolite pairs with |correla-
tion coefficient| = 0.6 and p-value < 0.05 were selected for
downstream integrative analysis.

RT-qPCR validation

Eight differentially expressed genes were selected, and
RT-qPCR was performed using GAPDH as the refer-
ence gene to validate the reliability of the transcriptome
data. PCR primers were designed using Primer 5.0. The
RT-qPCR reaction mixture (20.0 uL total volume) con-
tained 2.0 uL cDNA template, 0.4 uL each of forward and
reverse primers, 10 puL of 2x PerfectStart Green qPCR
SuperMix, and RNase-free water to bring the final vol-
ume to 20 pL. The thermal cycling conditions were as fol-
lows: an initial denaturation at 95 °C for 1 min, followed
by 40 cycles of 94 °C for 5 s (denaturation) and 60 °C for
15 s (annealing/extension). Relative expression levels
were calculated using the 2722t method.
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