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Abstract

Background Grafting with dwarf rootstock is an efficient method to control plant height in fruit production. How-
ever, the molecular mechanism remains unclear. Our previous study showed that plants with Prunus mume (mume)
rootstock exhibited a considerable reduction in plant height, internode length, and number of nodes compared
with Prunus persica (peach) rootstock. The present study aimed to investigate the mechanism behind the regulation
of plant height by mume rootstocks through transcriptomic and metabolomic analyses with two grafting combina-
tions, Longyan/Mume’and ‘Longyan/Peach’

Results There was a significant decrease in brassinolide levels in plants that were grafted onto mume rootstocks.
Plant hormone signal transduction and brassinolide production metabolism gene expression also changed signifi-
cantly. Flavonoid levels, amino acid and fatty acid metabolites, and energy metabolism in dwarf plants decreased.
There was a notable upregulation of PmLBD3 gene expression in plant specimens that were subjected to grafting
onto mume rootstocks. Auxin signalling cues promoted PmARF3 transcription, which directly controlled this upregula-
tion. Through its binding to PmBAST and PmSAUR36a gene promoters, PmLBD3 promoted endogenous brassinolide
inactivation and inhibited cell proliferation.

Conclusions Auxin signalling and brassinolide levels are linked by PmLBD3. Our findings showed that PmLBD3
is a key transcription factor that regulates the balance of hormones through the auxin and brassinolide signalling
pathways and causes dwarf plants in stone fruits.
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Background

The height of plants is a significant characteristic of fruit
tree cultivation, and the cultivation of dwarf crops is
generally associated with more condensed plant struc-
tures, as well as increased yield and improved qual-
ity. Consequently, dwarf plants play a crucial role in
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and the selection of varieties. Prunus mume (mume) is an
important crop of stone fruit originating from China. In
contrast to fruit trees, such as apples and peaches, mume
exhibits a diminished stature and is more suited for con-
temporary orchard cultivation practices that emphasise
compact planting arrangements. Previous research has
demonstrated that scions grafted onto mume rootstocks
exhibit notable dwarfing characteristics, with a shorter
length and reduced plant height compared to those
grafted onto Prunus persica (peach) rootstocks [2]. How-
ever, the precise molecular mechanism by which mume
rootstocks exert control over plant dwarfing remains elu-
sive and requires further investigation.

Plant hormones, known as signalling molecules, play a
crucial role in the regulation of plant growth. They can
control several aspects of vegetative and reproductive
growth in grafted plants, both in terms of timing and
spatial distribution. The effect of dwarfing rootstocks on
scions is often reflected in changes in the scion hormone
content [3-6]. In addition, rootstocks can affect gene
expression levels in scions, indicating that related genes
may be involved in the molecular mechanism of root-
stock dwarfing [3, 6-9]. The expression patterns of genes
involved in hormone metabolism and transduction in the
rootstock may induce stunted growth of the scion and
alter the concentrations of certain endogenous hormones
in the scion [10, 11].

Auxin, a vital endogenous hormone in plants, plays a
direct role in various physiological processes, including
cell elongation and embryogenesis [12]. The regulation
of indole-3-acetic acid (IAA) on plant height is accom-
plished by the synergistic interaction of many variables.
In early research, Michalczuk found that the IAA con-
tent in apple dwarfing rootstocks was significantly lower
than that in tree rootstocks [13]. Subsequent investiga-
tions have also demonstrated a significant reduction in
the expression level of auxin production genes in dwarfed
rootstocks compared to arborescent rootstocks [14].
Plants overexpressing auxin response factor OsARFI9
exhibit dwarfing, narrow leaves, and increased leaf angle
[15]. Small auxin-up RNA (SAUR) is a crucial gene fam-
ily involved in the early response to auxin. While SAUR
is known to play a significant role in auxin-induced plant
growth, it can also be regulated by different hormone
pathways and transcription factors that are independ-
ent of auxin [16]. In Arabidopsis, the majority of SAUR
genes are believed to facilitate plant growth by stimu-
lating cell elongation, particularly in leaves, stems, and
flower organs [17-22]. Brassinosteroids (BRs) are well
recognised as crucial hormones in the regulation of
plant height. To date, extensive research has been con-
ducted on the biosynthesis, catabolism, and signalling
pathways of BRs in plants, leading to a comprehensive
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understanding of these processes [23-25]. Moreover, the
mechanisms by which genes involved in these pathways
influence plant height have been elucidated to a consid-
erable extent. In a general sense, mutation genes respon-
sible for the biosynthesis of BRs or overexpression of
genes involved in the catabolism of BRs can result in a
reduction in plant height [26, 27]. In addition, mutations
in regulatory factors that govern BRs signalling pathways
can give rise to dwarf phenotypes characterised by BRs
insensitivity [28—30]. In general, the regulatory effect
of BRs on plant height is frequently contingent on their
interplay with other plant hormones, governing cell elon-
gation and plant growth through an intricate network
of hormonal interactions [15, 24, 31, 32]. However, the
mechanisms by which other plant hormones, such as
auxin signalling, regulate the synthesis and metabolism
of BRs remain unclear.

Lateral organ boundaries domains (LBDs) are spe-
cific transcription factors in plants characterised by the
presence of the lateral organ boundaries (LOB) domain.
The LBD gene family is comprised of a substantial num-
ber of members and mainly functions in the regulation
of growth, development, and stress response [33, 34].
In Arabidopsis thaliana (Arabidopsis), LBD6 positively
regulates gibberellin production, while LBD40 inhibits it
[35, 36]. AtLOB regulates the BRs metabolic genes, ena-
bling AtBAS1 to exert an inhibitory effect, thereby reduc-
ing BRs accumulation and lateral organ growth [37].
Abscisic acid inhibited the expression of 3-glucuronidase
(GUS) induced by LBD14 in Arabidopsis, altering the
transcriptional activity of LBD14 in roots [38]. LBD18
affects the transcriptional activity of auxin response fac-
tor (ARF) genes, such ARF7 and ARF19, by binding the
Phonx and Beml domains [39]. These findings demon-
strate the existence of a comprehensive and intricate
regulatory association between the LBD protein and
plant hormones. Overexpression of the LBD gene leads
to dwarfism in plants [40, 41], but the regulatory mecha-
nism is not clear.

This study examined the growth of the scion vari-
ety ‘Longan’ grafted onto mume and peach rootstocks.
Mume rootstocks reduced the plant height, inter-
node length, and node number. The transcriptome and
metabolome of plants from two grafting combinations
were analysed. The changes in gene transcription levels
and metabolites in dwarfed plants produced by mume
rootstock grafting helped explain plant dwarfing caused
by rootstock scion contact. Among the 13 differen-
tially expressed genes (DEGs) of the LBD family identi-
fied in the transcriptome, PmLBD3 stood out as being
significantly differentially expressed in multiple tissues
simultaneously, with higher expression levels observed
throughout the entire plant. This suggests that PmLBD3
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may play a crucial role among the homologous genes of
the LBD family in inducing dwarfing in mume rootstock.
Plant height, internode length, and cell size decreased
significantly when PmLBD3 was overexpressed. PmLBD3
overexpression increased gibberellic acid (GAj;) and
decreased IAA and brassinolide (BL). The binding of
PmARF3 to the PmLBD3 promoter increased its expres-
sion, according to subsequent research. In turn, PmLBD3
triggered the subsequent production of PmBASI and
negatively regulated the activity of PmSAUR36a genes,
which govern plant height by modulating the quantity of
endogenous hormones and cell expansion. We concluded
that PmLBD3 controlled plant height by integrating the
auxin and BL metabolic pathways via the ARF-LBD-
BAS1 and SAUR36 cascade regulation mechanisms.
The findings support a comprehensive understanding of
auxin and BL interactions and identify the PmLBD3 gene
as a key regulator of endogenous plant hormone levels
and plant stature.

Results

Prunus mume rootstocks cause scion dwarfing by altering
growth hormones

In contrast to peach rootstock ‘Zhongtaokangzhen
No.l’ (ZTKZ), mume rootstock ‘Lve’ (LVE) exerted a
substantial influence on the vertical stature of mume
scion ‘Longyan’ plants that were grafted (Fig. 1a). Fol-
lowing the process of grafting, notable variations in
the length, diameter, internode length, and number
of primary stems could be observed across distinct
rootstocks as the plant undergoes growth. The scion
of ‘Lonyan’ grafted onto mume rootstocks exhibited
reduced plant height, a lower number of nodes, and a
shorter internode length compared to those grafted
onto peach rootstocks (Fig. 1b—e). To further clarify
the dwarfing effect of mume rootstocks on scions,
we grafted peach scion ‘Hujingmilu’ onto mume and
peach rootstocks and compared their growth condi-
tions (Additional file 1: Fig. S1a—d). The results showed

(See figure on next page.)
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that the mume rootstock had the same inhibitory effect
on the growth of peach scions, indicating that it could
be used as a dwarfing rootstock for further research.
Subsequent studies have used the grafted plants of the
scion ‘Lonyan’ as materials.

The BL content in the stems and leaves of the mume
rootstock plant was notably lower than that of the peach
rootstock (Fig. 1f). Furthermore, there was no statisti-
cally significant difference in the levels of IAA and GA,
between the two groups (Additional file 1: Fig. S2a, b).
These findings suggest that the difference in BL con-
tent may potentially account for the occurrence of scion
dwarfing. This study revealed that the roots of grafted
mume rootstocks had higher levels of BL compared to
peach rootstocks. After comparing the root hormone
content of non-grafted rootstocks with grafted plants
under similar growth conditions, grafting did not impact
the BL content in rootstock roots. However, there was a
reduction in the gibberellin content in both mume and
peach rootstocks after grafting (Additional file 1: Fig.
S2¢, d). To ascertain the potential correlation between
scion dwarfing and the absence of growth hormones,
we conducted measurements on the length of scions
after BL application on the mume and peach rootstock
plants that were grafted. The application of hormone
treatment effectively reversed the stunted growth of the
mume rootstock plants (Fig. 1g, h). However, the same
hormone concentration did not have a significant effect
on the growth of scions on peach rootstocks (Fig. 1g). In
comparison to the peach rootstocks that were not sub-
jected to treatment, the group that received treatment
with mume rootstocks had phenotypic characteristics
that were comparable to those observed in peach root-
stock plants (Fig. 1g, h). Treatment with BL at the same
concentration did not significantly enhance the growth
of peach rootstock plants. This suggests that the endog-
enous hormone levels in peach rootstock plants were in
an optimal state, with no apparent hormone deficiency.

Fig. 1 ‘Longan’grafted on mume and peach rootstocks demonstrates distinct growth states. a Different ‘Longyan/Peach’ (LP) and ‘Longyan/
Mume’ (LM) grafting phenotypes. Scale bars=25 cm. b-e The growth level of plants after grafting was monitored by measuring at 10-day intervals,
starting from 75 days after grafting. The data presented in this study represent the average + standard error (SE) of eight biological replicates

(n=8). b Primary shoot length. c Internodal length. d Trunk diameter of the scion. e Number of nodes. f Amount of BL in the two grafting pairs

was measured. The BL values are the average standard error of three biological replicates (n=3). g The effects of BL treatments on the growth

of mume and peach rootstocks. Anova was used to identify significance tests between datasets: *P <0.05, **P<0.01, **P<0.0001. Following

a grafting period of 75 days, mume rootstock plants were subjected to treatments of 0.5 mg/L BL and water at 10-day intervals. The treated plants
were then compared to both untreated mume and peach rootstock plants. h Grafted plants treated with BL and without hormones were measured
for primary shoot length, internodal length, and number of nodes. The data presented reflects the average value + SE obtained from 8 independent
biological replicates (n=8). The presence of an asterisk in the datasets signifies a statistically significant difference, as determined by the Student’s
t-test (*P<0.05, **P<0.01, ***P<0.0001).'ns'denotes the absence of a statistically significant difference. Supporting data for individual data values

in the figure legend are shown in Additional file 3
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Fig. 1 (See legend on previous page.)

These findings also suggest that grafting with mume
rootstock may suppress BL levels in plants.

Cytological investigations were performed on the
stem tissue sections of scions subjected to grafting using
mume and peach rootstocks. Mume rootstocks exhib-
ited a thinner phloem in the stem compared to peach

LP

rootstocks. This was attributed to the presence of fewer
layers of phloem cells and a more compact arrangement
of these cells, resulting in smaller intercellular gaps.
Additionally, the xylem ducts in mume rootstocks were
relatively narrower, with a reduced number of cells sur-
rounding the ducts and a smaller overall volume. These
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observations are supported by Additional file 1: Fig. Sle,
f (depicting the phloem) and g, h (depicting the xylem
ducts). Xylem ducts are responsible for transporting
water and inorganic salts absorbed by the roots to the
upper part of the plant. Narrower ducts affect the trans-
port efficiency of water and inorganic substances in the
plant, thus affecting the plant development process [42].
Opverall, the results indicate that the mume rootstock may
induce plant dwarfing by reducing the endogenous BL
content in the scion through material exchange between
the rootstock and the scion.

Changes in transcriptome and metabolome patterns

between scions after grafting on different rootstocks

To gain insights into the alterations in gene expression
patterns among scions grafted onto distinct rootstocks,
we conducted transcriptome sequencing analyses on sev-
eral plant tissues, including leaves (L), stems (S), graft-
ing interfaces (G), and roots (R), of plants grafted onto
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rootstocks of peach and mume varieties. In this study,
we examined the variations in gene expression between
various tissues in peach (‘Longyan/Peach; LP) and mume
rootstock scion plants (‘Longyan/Mume, LM).

employed a significance threshold of P<0.05 and |log,
EC (fold change)|>1 as the criteria for identifying DEGs.
A total of 3500, 4156, 3450, 4749, and 191 DEGs were
discovered across the five comparable groups, namely
LM-G/LM-S, LM-G/LP-G, LM-L/LP-L, LP-G/LP-S, and
LM-S/LP-S, respectively, following the grafting proce-
dure (Fig. 2a). To assess the validity of the transcriptome
data, six differentially expressed genes were chosen at
random for quantitative real-time polymerase chain reac-
tion (qQRT-PCR) analysis. The findings from this analy-
sis demonstrated consistent gene expression patterns,
confirming the dependability of the transcriptome data
(Additional file 1: Fig. S3). Upset results of DEGs between
different tissues showed that most of the DEGs in the
stem and grafting interface were the same between the
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two grafting combinations, and only a small part of these
DEGs were significantly different in leaves (Fig. 2b). This
suggests that the expression patterns regulated by graft-
ing in the leaves differed from those observed between
the stems and grafting interfaces. The statistical analy-
sis of differentially expressed transcription factors also
revealed a consistent pattern. When comparing LM-G/
LM-S and LP-G/LP-S, certain genes showed differen-
tial expression in the grafting interface and stem of the
mume rootstock scion, while no significant difference
was observed in the tissues of the peach rootstock scion.
This suggests that these genes are strongly influenced by
the mume rootstock and may play a role in the mecha-
nism of rootstock—scion interaction (Fig. 2c).

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) equipment was employed to quantify
metabolite concentrations in various regions of the
grafted plants. Additionally, metabolomics analysis was
carried out. In the leaves, stems, and roots, 4159, 5582,
and 3682 metabolites, respectively, were detected. The
screening process for identifying significant differential
accumulated metabolites (DAMs) involved using a set
of criteria: VIP>1, FC>1.2 or<0.83, and g value <0.05.
Orthogonal partial least squares discriminant analysis
(OPLS-DA) revealed a notable distinction among the
samples belonging to the various comparison groups.
Moreover, all samples fell within the 95% confidence
interval (Additional file 1: Fig. S4). Venn analysis was
conducted on the DAMs annotated within the metabolic
pathway across various groups. Only a few metabolite
species in the leaves and roots were consistent with the
differential profile observed in stems (Fig. 2d). This sug-
gests notable disparities in the metabolic profiles of plant
roots and leaves compared to stems. The scion leaves of
mume rootstocks exhibited a predominance of upregu-
lated DAMs, whereas in other tissues, the DAMs in the
stem, root, and grafting interfaces of mume rootstock
plants were predominantly downregulated compared to
peach rootstock-grafted plants (Fig. 2e). The potential
cause for this phenomenon could be attributed to the
grafting procedure impeding the movement and transfer
of substances inside the roots, stems, and leaves, thereby
exerting an influence on the overall plant growth.

The auxin and BL pathways are important for controlling
the size of scions

To gain a deeper comprehension of the impact of mume
rootstocks on hormone equilibrium in scions through-
out the grafting process, additional examination was
undertaken on DEGs identified through transcriptome
screening. The gene function of DEGs caused by the
interaction between rootstocks and scions was deter-
mined by Gene Ontology (GO) enrichment analysis.
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Significant enrichment of GO pathways associated with
photosynthesis, including photosystem I and photosyn-
thesis, was observed in the three control groups: LM-G/
LM-S, LP-G/LP-S, and LM-L/LP-L. The investigation
of the interaction between rootstocks and scions on the
functioning of leaf genes, hormone response, auxin-
activated signalling pathway, cellular response to auxin
stimulation, transporter activity, naringenin chalcone
synthesis activity, flavonoid biosynthesis and metabo-
lism, and auxin efflux revealed a significant enrichment
of these processes in the GO terms. This implies that the
modulation of hormones and metabolites, such as auxin
and flavonoids, could potentially play a role in the devel-
opment of dwarfing during the leaf response mechanism.
Furthermore, within the comparison group between
grafting interfaces, a greater number of DEGs were asso-
ciated with the process of membrane construction. The
auxin-activated signalling route and the cellular response
to auxin signalling exhibited considerable enrichment in
all comparison groups. This suggests that the main DEGs
involved in controlling graft dwarfing may be associ-
ated with hormone-signalling pathways, including auxin
(Fig. 3a).

To have a deeper understanding of the molecular
mechanism behind the interaction between rootstock
and scions, and its impact on plant growth, we per-
formed Kyoto Encyclopedia of Genes and Genomes
(KEGG) annotation and enrichment analysis on DEGs
identified from the transcriptome data. Metabolic path-
ways associated with plant hormones exhibited signifi-
cant enrichment in various comparison groups, including
plant hormone signal transduction, BL biosynthesis,
and flavonoid biosynthesis. This observation suggests
that alterations in these genes potentially govern physi-
ological changes in plants during the interaction between
rootstocks and scions (Fig. 3b). Through the examina-
tion of the interconnectedness among enrichment path-
ways and the construction of a network diagram (Fig. 3c),
it was evident that the BL production pathway was
linked to many KEGG pathways related to metabolism
and hormones. These associations have a notable influ-
ence on the growth process of the scion. The observed
decline in BL levels in mume rootstock scions (Fig. 1f)
and the findings from transcriptome differential expres-
sion gene analysis suggest that auxin signal transduc-
tion and BL biosynthesis pathways play a crucial role
in determining the height of scions following grafting.
KEGG gene function annotation revealed DEGs in the
BL biosynthesis pathway, which were then statistically
analysed and heat-mapped. More DEGs were annotated
as CYP734A1/BAS1, and their expression levels were
increased in mume rootstock plants (Fig. 3d). Among the
available reports, the BAS1 gene is responsible for the
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direct inactivation of BL in plants [37], which may affect
scion growth and development. This indicates that the
use of mume rootstock grafting has a greater effect on BL
metabolism. Among the DEGs annotated as CYP734A1/
BASI1, the gene with the highest gene expression level
was named PmBAS1 (Additional file 2: Table S1). Based
on these results, PmBASI may be the key gene affecting
BL content in dwarfing scions.

Combined metabolomic and transcriptomic analysis

Based on data from the KEGG database, the metabolic
pathways of DAMs in various plant tissue parts were
analysed to observe changes in metabolites in stunted
plants after grafting. Enrichment analysis indicated that
DAMs in scion leaves grafted onto mume rootstock,
compared to peach rootstock, were notably enriched in
linoleic acid metabolism, biosynthesis of unsaturated
fatty acids, biosynthesis of amino acids, carbon fixation
in photosynthetic organisms, and alanine, aspartate, and
glutamate metabolism. Metabolites, such as linoleic acid,
palmitic acid, citric acid, and succinic acid, increased,
while fructose and sucrose decreased. In the stem, DAMs
were significantly enriched in oxidative phosphoryla-
tion, biosynthesis of amino acids, biosynthesis of sec-
ondary metabolites, and the pentose phosphate pathway,
with most DAMs showing decreased content, suggest-
ing restricted energy metabolism in dwarf scion stems.
DAMs in the grafting interface and root were enriched
in flavonoid biosynthesis and secondary metabolite bio-
synthesis pathways, with flavonoid DAMs downregulated
in plants using a mume rootstock (Fig. 4a, Additional
file 2: Table S2). The flavonoid content in the roots of
mume rootstock was lower, impacting the metabolic sub-
stance content at the grafting interface and subsequently
influencing the growth and metabolism of the scion in
the upper part of the plant. This suggests that inhibiting
flavonoid synthesis could be a method for dwarfing the
scions of mume rootstock. By combining the findings of
previous transcriptome analysis and hormone assays, the
insufficiency of BL and flavonoid metabolites in plants
utilising mume as rootstock might be a crucial factor
restricting plant growth.

In our previous transcriptome analysis, significant
changes were observed in the expression patterns of
BASI1 genes in the scions of mume rootstocks, which
may explain the decrease in the endogenous BL content
in plants (Fig. 3d). Research on Arabidopsis suggests that
the AtBASI gene is directly regulated by the LBD fam-
ily transcription factor A¢LOB [37]. Within transcriptome
analysis, 29 genes with LOB domains were identified,
with 13 LBDs showing differential expression. These
genes were labelled based on their chromosomal locali-
sation sequence (Additional file 1: Fig. S5a), and a Venn
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diagram was constructed. PmLBD3 exhibited differential
expression in the leaves, grafting interfaces, and roots
of both graft combinations simultaneously (Additional
file 1: Fig. S5b). Specifically, PmLBD3 expression was
notably increased in mume rootstock plants after graft-
ing (Additional file 2: Table S3). It is hypothesised that
PmLBD3 plays a role in regulating BL metabolism in
mume rootstock scions, potentially serving as a key gene
in facilitating this process. To investigate this hypothesis,
the expression abundance of PmLBD3 in the transcrip-
tome was analysed alongside metabolome data. The find-
ings revealed a significant correlation between PmLBD3
and the DAMs in important metabolic pathways, such
as flavonoid biosynthesis and carbohydrate metabolism,
across various tissues (Fig. 4b—d). The involvement of
PmLBD3 in regulating metabolic substance content in
grafted dwarfed plants suggests a potential link to the
scion stunting process induced by the mume rootstock. It
is possible that PmLBD3 influences the hormone content
to contribute to the stunting process.

PmLBD3 is involved in the auxin signal transduction
pathway and reduces the active BL content
To establish the regulatory association between PmLBD3
and PmBAS1, we conducted yeast one-hybrid (Y1H)
assays. The experimental findings indicate that PmLBD3
exhibits a direct binding affinity towards the promoters
of PmBASI (Fig. 5a). A double luciferase reporter gene
assay was conducted in tobacco plants to investigate their
regulatory capacity. The interaction between PmLBD3
and the PmBASI promoter enhanced its transcriptional
regulation (Fig. 5b). Furthermore, the JASPAR website
was utilised to predict the binding site of PmLBD3 to the
promoter. Subsequently, electrophoretic mobility shift
assay (EMSA) was employed to ascertain the physical
binding of the recombinant protein His-PmLBD3 to the
predicted binding motif within the deoxyribonucleic acid
(DNA) probe’s PmBASI promoter regions. The mobility
of the His-PmLBD3 protein experienced modification
when it interacted with the probe. Moreover, the gradual
increase in the concentration of the cold probe led to a
decline in the interaction between the labelled probe
and the His-PmLBD3 protein (Fig. 5c). The experimen-
tal results suggest that PmLBD3 can engage directly and
specifically with the promoters of PmBAS]I in an in vitro
environment. The aforementioned findings suggest that
PmLBD3 has the ability to directly enhance PmBASI
expression through its binding to the promoter region.
To verify whether changes in the expression level
of the PmLBD3 gene were related to the transmission
of plant hormone signals, qRT-PCR was employed to
assess the expression level of PmLBD3 in mume-grafted
plants following hormone treatment. The findings of



Ma et al. BMC Biology ~ (2024) 22:184 Page 9 of 21

3 2288 2 ¢
s A
P Classification
5 | LU
LMR/LPR
b \ u LMSILPS &
> < LMGILPG e K 2
A0 u é\b o“‘Q v\\'z}
g A b & & R
N 3 NP &
10 & 2 SIS R
. & Fe o N S
o 100 ‘9@ @((\ S Q\(\ © &\\ @\\ \&@ v\\@.{\\b@ Q(-}b 0090
- 777 Logto_auaue «\’{\\(\ & “\S\b &Qq'&é\ q;‘\oq‘og& e?& ,K&o S S Env-cor
A o r CTEFNL P LIS o
= -10 8 ! Pruni '1
1) Rich factor (0~4) Lo runin 05
3
o & A ;’000 Isosakuranin 00
4 05
° f\fo Dihydromyricetin I71
d 2
% @ A Naringenin
s . p @ K & %, 7, o . ~Positive relative
2 2 e @ p ) Galangin ~Negative relative
% P
’%7330 16 ) o %, Naringin Mantel R
¥ 2 map0orgo  [Tapo0th |\ |\ ‘»%7’ Hesperetin 7-glucoside ™ -0.7714
§e°gg”® ® Hesperetin ~0.0000
-
D-fructose-1,6-diphosphate 0.8857
& PmLBD3 D-erythronic acid
& N Succinic acid
C © o"’o & ) _ &s
NI CAFCNIPN o A L& & Citric acid
& & Q,@Q@&-&\(@\é\z&}\eﬁ\ s \\o?\(\\;x\‘\ \Q'o(‘\
W PPN E LRI &P N I Env-cor - D-glucose 6-phosphate
! 1
Narirutin -05
Isosakuranin 0

0.5
Eicosapentaenoic acid .71

.DDDDDDD (repigatlocatechin ~ Positive relative

.DDDDDDD Naringeninchalcone _ Negative relative

A I << Mantel R
DDDDDD Phloridzin =_0.9429

J
Hesperidin ~—0.0000 ?}\é‘

I:‘DDD Vitexin == 0.9429 . é@
D . .

PmLBD3

Diffutin
Env-cor
1
.o 5
0

-0.5
[ B

~Positive relative

- Dalpanin

~Negative relative
Mantel R
==-0.7714
~—0.0000
09429
PmLBD3
Phloridzin
Chrysin

- Hesperetin 7-glucoside

Fig. 4 Analysis of both the metabolome and the transcripts. a Enrichment analysis of the KEGG pathway for differentially expressed metabolites

in different comparison groups after grafting. The enrichment of divergent metabolites in the leaves, roots, stems, and grafting interfaces of the two
rootstock plants is shown by four distinct hues. The initial circle visually represents the five most prominent KEGG pathways. The second circle

in the visual representation signifies the quantity of metabolites within the metabolic family, as well as the P value denoting the level of enrichment
of metabolites in the KEGG pathway. The third circle illustrates the regulation of metabolites that have been enriched, with the colour yellow
representing downregulation and green representing upregulation. The fourth circle symbolises the enrichment variables associated with each
KEGG pathway. To obtain comprehensive information regarding the KEGG pathways, please consult Additional file 2: Table S2. b Correlation analysis
between the abundance of PmLBD3 transcriptome genes and differentially expressed metabolites in the leaves of different grafted plants (n=6).

c Correlation analysis between the abundance of PmLBD3 transcriptome genes and differentially expressed metabolites in the roots of different
grafted plants (n=6). d Correlation analysis between the abundance of PmLBD3 transcriptome genes and differentially expressed metabolites

in the stems of different grafted plants (n=6)



Ma et al. BMC Biology (2024) 22:184

pGADT?

_—— E—

‘Leu
PmBAS 1-promoter

- - _LeUIAmo

PmLBD3-pGADT7

b
Reporter
—] { REN SRR /S promoier 4 LUC 3
Effector
Control —] —
PmLBD3 — —
S
g Control 4
Zz
w *
g *
% PmLBD3 —
! = . control# . = 1"y PmLBD3+
0 1 2 410800-proPmBAS ... 4/0800-proPmBAS1 | |
(o}
-1019 -980

PmBAS1

probe TTGCCTCCACCACCACCACCACCACCACTTGCTCCTCCT

Probe(-1019-980) +
Nuclear Protein - + + + + + + +
Cold Probe - - - - -

e + + +

Complex m=— At N -

Free Probe

Page 10 of 21

d PmLBD3
54 ns
g
3 41 | ok
8
c
o ns
2 4]
w
e
g
3 27
[
2
B 14
Q
©
0 T T T
LM  LM-GA; LM-IAA LM-BL
e

pGADT7 PmARF3-pGADT7

PmLBD3-promoter

- - -Le U//\zon

Reporter

—] { REN SNBSS PriGD3promoier 4 LUC MBI
Effector

Control —] —
PmARF3 — | Pmarrs NS
o

g Control g

P4

L *

u H

% PmARF3 —

I T T T T 1
0.000 0.005 0.010 0.015 0.020 0.025 COntrOH’

0800-proPmLBD3 §

PmARF3+
0800-proPmLBD3

Fig.5 PmLBD3 is requlated by PmARF3 and regulates the PmBAST transcript levels. a Interactions of PmLBD3 with PmBAST promoters were
detected in Y1H. -Leu stands for a culture medium without leucine, while -Leu.?® stands for a culture medium without leucine with 200 ng/

mL of AbA. PGADTY7 represents the negative control. b A double luciferase assay was used to detect the regulation of PmLBD3 on the PmBAS]1
promoter. ¢ His-Pm[BD3 recombinant protein can bind to specific DNA fragments in the PmBAST promoter regions. DNA probes labelled with 5
FAM. Use identical but unlabelled DNA fragments (cold probes) as competitors. d After treatment with water, IAA, GA;, and BL, the expression

of the PmLBD3 gene in leaves was detected by gRT-PCR. The gRT-PCR experiment analysed three biological replicates (n=3). The primer sequences
used for gRT-PCR are shown in Additional file 2: Table S4. The presence of an asterisk in the datasets signifies a statistically significant difference,

as determined by the Student’s t-test (*P < 0.05, **P < 0.01). e Interactions of PmARF3 with PmLBD3 promoters were detected in Y1H. f A double
luciferase assay was used to detect the regulation of PmARF3 on the PmLBD3 promoter. b, f The negative control is the empty vector, and the data
are shown as the mean + SE (n=3). Student's test identified significant differences from the control (**P<0.01). A CCD imaging system collected
the luminescence photos, and the pseudo colour bar indicates the intensity range. Supporting data for individual data values in the figure legend

are shown in Additional file 3

this study indicate that PmLBD3 upregulation can be
achieved by auxin application (Fig. 5d). Analysis of the
PmLBD3 promoter revealed that it contained a TGT
CTC AuxRE motif related to the auxin-responsive fac-
tor ARF gene. It was hypothesised that genes involved
in auxin signal transduction could control PmLBD3
transcription.

A set of five ARF family transcription factors exhibiting
differential expression in the transcriptome were cloned
and submitted to a Y1H test. The purpose of this experi-
ment was to determine whether these ARF transcription
factors possessed the ability to bind to ARF-respon-
sive sites present in the PmLBD3 promoter. PmARF3
exhibited direct binding affinity towards the AuxRE
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motif (TGTCTC) present in the PmLBD3 promoter
(Fig. 5e, Additional file 1: Fig. S6a). The findings from
the dual luciferase reporter gene experiment showed
that PmARF3 exerted a positive regulatory effect on the
transcription of PmLBD3, leading to an elevation in its
expression level (Fig. 5f).

PmLBD3 overexpression reduces plant height and affects
the plant hormone balance and cell expansion

With the goal of having a deeper understanding of the
role of PmLBD3 in the regulation of plant growth and
development, we created transgenic tobacco plants over-
expressing PmLBD3 under the control of the 35S CaMV
promoter. Subsequently, we identified three overex-
pressing lines (OE29, OE30, OE5S5) and used empty vec-
tor plants as controls for subsequent analysis (Fig. 6a).
Tobacco overexpression resulted in notable stunting
throughout its entire growth cycle, characterised by a
substantial decrease in internode length and an increase
in stem thickness (Fig. 6b). The plant heights of the OE29,
OE30, and OESS5 strains exhibited a reduction of 85.35,
84.85, and 87.63%, respectively, in comparison to the
plant heights of empty vectors. Additionally, the stem
thickness of these strains demonstrated an increase of
75.01, 19.56, and 12.75%, respectively (Fig. 6c, d). Fur-
thermore, the overexpressing strain demonstrated a
reduction in leaf size accompanied by the presence of
surface wrinkles on the leaves (Additional file 1: Fig. S7).
To ascertain the impact of PmLBD3 on plant hormone
equilibrium, we conducted additional assessments of
the concentrations of auxin, gibberellin, and BL in both
empty vector (EV) and overexpressing (OE) transgenic
plant leaves. The levels of BL and auxin in the over-
expressing plants exhibited a considerable reduction,
measuring 0.29 and 0.37 times greater than that in the
control group, respectively. The concentration of gib-
berellin exhibited a substantial rise, reaching 1.69 times
that of the control group (Fig. 6e). We detected and com-
pared the expression levels of ToDWF4 involved in BR
biosynthesis between the plants of empty-vector and
over-expression line tobacco. Results showed that expres-
sion levels of the ToDWF4 in over-expression line were
significantly higher than that in empty-vector tobacco
(Additional file 1: Fig. S8c). All these results suggested
that PmLBD3 over-expression line is BR-deficiency.
At the same time, the expression of ToBASI gene was
significantly increased, indicating that PmLBD3 over-
expression line can accelerate brassinolide metabolism,
rather than inhibiting brassinolide biosynthesis (Addi-
tional file 1: Fig. S8a). These results showed that PmLBD3
affected the hormone balance in plants, decreased the
content of active brassinolide, regulated the growth and
development of plants, and caused dwarfing of plants.
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Cytological investigations revealed notable reduc-
tions in the dimensions of internode cells in OE plants
characterised by lower cell lengths and widths. These
cells exhibited a more compact arrangement, leading to
an enhanced cell count inside the internodes. Conse-
quently, these alterations contributed to the shortened
length of internodes and augmented stem thickness
(Fig. 6f, Additional file 1: Fig. S9a—c). According to the
available study findings, the primary mechanism govern-
ing cell growth through the auxin pathway involves the
induction of a SAUR protein by auxin [43]. To further
elucidate the impact of the PmLBD3 gene on plant cell
expansion, this study examined the expression levels of
PmLBD3 in the transcriptome in relation to the signifi-
cantly differentially expressed SAUR family genes (Addi-
tional file 1: Fig. S10). The findings revealed a significant
negative correlation between the expression levels of the
PmLBD3 and PmSAUR36a genes, suggesting a poten-
tial interaction between the two. The results of Y1H and
EMSA experiments showed that PmLBD3 could bind
to the PmSAUR36a promoter, and the double luciferase
reporter gene assay results showed that PmLBD3 inhib-
ited PmSAUR36a expression. PmSAUR36a shared struc-
tural similarities with the AtSAUR36 protein found in
Arabidopsis (Additional file 1: Fig. S11a). Previous studies
in Arabidopsis have demonstrated that AtSAUR36 inhib-
its cell enlargement [18]. Based on this knowledge, we
hypothesised that PmSAUR36a may also influence cell
size. To test this hypothesis, we transiently overexpressed
PmSAUR36a in tobacco leaves and observed morpholog-
ical changes in cell size under a microscope after 7 days.
A total of 100 cell areas were measured. The cell area of
tobacco leaves decreased following PmSAUR36a overex-
pression, supporting the notion that PmSAUR36a plays
a role in regulating cell size (Additional file 1: Fig. S11b,
). In summary, PmLBD3 downregulated PmSAUR36a
expression and affected cell expansion by binding to
the PmSAUR36a promoter region (Fig. 6g—i). However,
PmARF3 did not demonstrate a binding capability to the
PmSAUR36a promoter (Additional file 1: Fig. S6b).

Discussion

The phenomenon of dwarfing resulting from the interac-
tion between the rootstock and scion holds significant
research implications in the fields of fruit tree breeding
and production. The utilisation of dwarfing rootstocks
has the potential to decrease cultivation density, improve
productivity, and streamline cultivation procedures effec-
tively [4]. Mume rootstock ‘Lve, which was used in this
study, showed a notable dwarfing ability compared to
peach rootstock ‘“Zhongtaokangzhen No.1, effectively
controlling the development of the scions. Compared
with the control group, the scions were more significantly
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inhibited by growth, with a shorter scion length, shorter
internode length, thinner cork layer cells in the stem,
and a decrease in the number of cells near the xylem ves-
sels (Fig. 1, Additional file 1: Fig. S1). This indicates that
the mume rootstock is a good material for studying the
mechanism of scion dwarfing.

To explore the precise mechanisms by which mume
rootstocks regulate scion vigour, we conducted tran-
scriptomic and metabolomic analyses of different tis-
sue components in grafted plants grown on both mume
and peach rootstocks. During transcriptional regulation,
DEGs generated by the scion following grafting onto
the mume rootstock were notably enriched in processes
related to hormone response, auxin signalling, and flavo-
noid synthesis within the GO pathway. This enrichment
included pathways, such as the auxin-activated signal-
ling pathway, cellular response to auxin stimulus, trans-
porter activity, naringenin-chalcone synthase activity,
and flavonoid biosynthetic process (Fig. 3a). Similarly,
KEGG enrichment analysis revealed a similar trend of
enrichment, with significant enrichment observed in
plant hormone signal transduction, BL biosynthesis, and
flavonoid biosynthesis. The possible reason is that the
control of scion vitality by mume rootstocks is mainly
achieved by affecting hormone balance (Fig. 3b). Many
research teams have also reported the regulatory effect
of rootstocks on endogenous plant hormones in scions.
Dwarfing rootstocks often affect the content of growth
hormones in scions, thereby affecting the plant growth
process [3, 6, 44]. Our hormone analysis results indicate
that the BL content in the scion leaves and stems grafted
on mume rootstocks was significantly reduced. The sig-
nificant enrichment of auxin signalling pathway DEGs in
the transcriptional analysis results suggests that mume
rootstocks may affect the signal transduction of auxin
in scions, thereby affecting the BL content. By compar-
ing the DEGs in the stem and graft union of mume root-
stock (LM-G/LM-S) with the DEGs in the stem and graft
interface of peach rootstock (LP-G/LP-S), certain tran-
scription factors were shown to be uniquely expressed
in mume rootstock plants. This suggests that these tran-
scription factors may be specifically controlled by the
mume rootstock and play a crucial role in regulating
scion dwarfing in the mume rootstock (Additional file 1:
Fig. S12).

Previous studies have suggested that the polar trans-
port of auxin is influenced by flavonoids and flavonol
compounds, which interfere with plant development
[45]. Multiple studies have consistently supported the
notion that flavonoids function as endogenous nega-
tive regulators of auxin transport [45-49]. An investiga-
tion on peanut stems exhibiting varying plant heights
revealed a notable drop in the concentrations of flavonoid
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metabolites, including L-epicatechin, quercetin, and nar-
ingin C-hexoside, in dwarf plants [50]. Similar research
results have been validated in pears [51]. This discovery
is consistent with the changes in metabolic substances
in mume rootstock plants in this study. Our metabo-
lomic analysis results showed that DAM:s are significantly
enriched in the flavonoid biosynthesis pathway (Fig. 4a).
Furthermore, a notable reduction in flavonoid metabo-
lites was observed in the mume rootstocks in compari-
son to the peach rootstocks (Additional file 1: Fig. S13).
This change is also reflected in the binding site between
the two rootstocks and scions, indicating that flavonoid
metabolites may also play a role in the healing process
of grafting wounds. Hence, it is speculated that the obvi-
ous decrease in metabolites within the flavonoid syn-
thesis pathway in mume rootstocks, compared to peach
rootstocks, could potentially impact the transportation
and signalling of auxin between scions and rootstocks.
This change may potentially affect the efficiency of auxin
response and the expression levels of downstream tran-
scription factors, thus regulating the plant growth pro-
cess. Consequently, this imbalance in hormone levels
may have repercussions on plant height. However, fur-
ther investigation on the mechanisms via which mume
rootstocks impede flavonoid production and their
impacts on auxin transportation is required.

Plant hormones are widely involved in the regulation
of plant growth and development. Many studies have
documented that the manifestation of plant dwarfism
can be attributed to the differential expression of genes
involved in plant hormone metabolism and signal trans-
mission [52-58]. The validation of the regulation of plant
height by BL has been confirmed in various species, and
the absence of genes associated with BL production or
signal transduction can result in a reduction in plant
height [59-61]. BASI is a key gene in the BL synthesis
pathway and is mainly responsible for inactivating BL
[27, 62]. The homologous gene of BAS1 has been shown
to inactivate brassinolide in carrot [59], cotton [63], and
tomato [64], so we hypothesised that PmBASI also has
a similar function. In this study, the expression level of
PmBASI was significantly upregulated (Fig. 3d), consist-
ent with the decrease in BL content in mume rootstock
plants (Fig. 1f). In previous studies, the AtBAS1 gene was
affected downstream of the LBD family transcription
factor AtLOB [37]. Consistent with previous findings,
the expression level of PmLBD3 in the LBD gene family
was significantly upregulated in mume rootstock plants
(Additional file 2: Table S3), and direct binding to the
PmBAS1 promoter promoted its expression. This con-
clusion was supported by Y1H, dual luciferase detection,
and EMSA experimental results (Fig. 5a—c). Meanwhile,
there was a significant correlation between PmLBD3
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and DAMs in different key metabolic pathways after
transplantation, such as flavonoid biosynthesis and car-
bohydrate metabolism (Fig. 4b—d). Based on the above
analysis results, we believe that PmLBD3 may be a key
gene affecting BL metabolism processes to control plant
dwarfing. This hypothesis was supported by the obser-
vation of reduced plant height and shorter internodes
in transgenic tobacco plants overexpressing PmLBD3
(Fig. 6a—d). The hormone analysis findings of transgenic
tobacco provide additional evidence to support the inhib-
itory impact of PmLBD3 on BL (Fig. 6e). In transgenic
PmLBD3 plants, the expression of the homologous BAS1
gene in tobacco was significantly increased (Additional
file 1: Fig. S8a), demonstrating the role of the BAS1 gene
in inhibiting the BL content in overexpressing plants.

The impact of auxin on plant height has a high degree
of complexity. The stunted growth observed in plants
in the absence of auxin can be attributed to significant
developmental impairments [65-67]. Additionally, sev-
eral investigations have revealed that elevated amounts
of auxin can hinder plant height [65, 68, 69]. There was
an auxin-responsive AuxRE motif (TGTCTC) in the
PmLBD3 promoter. After experimental verification, the
ARF family transcription factor PmARF3 was shown to
bind to the PmLBD3 promoter and upregulate its expres-
sion (Fig. 5d—f). Prior studies in Arabidopsis have sug-
gested that LBD genes AtLBDI16, AtLBD17, AtLBDIS,
and AtLBD29 play a role downstream of AtARF7 and
AtARFI19 in auxin signalling transduction, mainly regu-
lating lateral root formation, callus induction, or adven-
titious root formation [39, 60, 70-72]. However, in this
study, PmLBD3 further regulated the expression of
PmBASI after being influenced by auxin signalling,
affecting the inactivation process of BL and forming a
joint regulatory network of ARF-LBD-BASI. Research in
apples has found that MdARF3 is located at the main site
of rootstock-induced dwarfing, which may have a poten-
tial role in dwarfing rootstocks [73]. This finding supports
our conjecture that PmLBD3 is involved in the process of
plant dwarfing and that PmLBD3 may be a downstream
gene involved in the role of ARF3 in dwarfing rootstocks,
linking growth hormone and oleoresin lactone content
in the regulation of plant height in plants. Consequently,
these molecular interactions have a profound influence
on the growth and development of plants. Interestingly,
a notable reduction in BL and IAA levels was seen in
tobacco plants overexpressing PmLBD3. Conversely, the
GA; content increased (Fig. 6e). Given the deficiency of
IAA and BL content in the plant, it is hypothesised that
an increase in GA; content is necessary for the plant to
maintain normal physiological functions. This process
may involve a feedback mechanism within the phyto-
hormone network. This indicates that there is still an
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unknown regulatory relationship between PmLBD3 and
the balance of growth hormones in plants.

In contrast, earlier research has postulated a cor-
relation between the dwarfing process of plants and
alterations in stem elongation and associated cellu-
lar mechanisms [12, 74]. In this study, scions on mume
rootstocks exhibited smaller cell volumes and thinner
phloem compared to peach rootstocks (Additional file 1:
Fig. S1). This change may be related to DEGs regulating
cellular processes. SAURs are one of the main effector
factors of auxin-mediated cell expansion, which can pro-
mote cell expansion. Studies have suggested that some
SAURs negatively regulate cell expansion [18, 75-77],
but the mechanism of action is not yet clear. In the tran-
scriptome, we found a significant negative correlation
between PmSAUR36a and PmLBD3 expression (Addi-
tional file 1: Fig. S10). It is postulated that a potential
regulatory link exists between these two genes. The sub-
sequent experimental results confirmed this hypothesis,
as PmLBD3 bound to the PmSAUR36a promoter and
inhibited its expression in plants (Fig. 6g—i). Transient
overexpression of PmSAUR36a in tobacco leaves affected
the cell area of the tobacco leaves (Additional file 1: Fig.
S11b, c). The suppression of PmSAUR36a expression by
PmLBD3 also explained why stem cell size was altered in
tobacco plants overexpressing PmLBD3 (Fig. of, Addi-
tional file 1: Figs. S8b and S9a—c). In addition, after exog-
enous IAA treatment of mume leaves, we detected that
the expression levels of the PmARF3 and PmLBD3 genes
were significantly upregulated, while the expression lev-
els of PmSAUR36a were significantly downregulated
(Additional file 1: Fig. S11d), which was consistent with
the previous experimental results. These results suggest
that PmLBD3 is involved in the auxin signalling pathway
by inhibiting PmSAUR36a and affecting cell size.

Conclusions

The research findings reported in this study elucidate
the participation of PmLBD3 in the complex hormonal
network of auxin signalling that regulates the BL metab-
olism pathway (Fig. 7). The involvement of PmLBD3
in the auxin signalling pathway occurred in a down-
stream capacity, with its regulation directly influenced
by PmARF3. Overexpression of this gene enhanced BL
metabolism, resulting in a decrease in endogenous BL
levels. This alteration in brassinolide levels has significant
effects on cell size and morphology. At the same time,
PmLBD3 interferes with the normal regulatory mecha-
nism of cell expansion by inhibiting the expression of
PmSAUR36a. PmLBD3 overexpression promotes rapid
cell division and proliferation, but also leads to a reduc-
tion in the size of each cell due to rapid division. Further-
more, PmLBD3 upregulation led to an increase in GA,
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Fig. 7 PmLBD3, a key transcription factor, coordinates hormone balance through the auxin and brassinolide pathways, leading to the molecular
mechanism of mume dwarfism. The direct interaction is represented by a solid line, while the indirect effect is represented by a dashed line

production and a decrease in IAA production. This sug-
gests the existence of a feedback regulatory mechanism
involving TAA in the control of PmLBD3. Additional
investigation into the regulatory mechanisms governing
hormone networks in plants is necessary. The research
conducted significantly enhanced our comprehension of
the regulatory network that exists between auxin and BL.
Specifically, it has provided insights into the molecular
mechanism through which PmLBD3, a crucial transcrip-
tion factor, orchestrates the equilibrium of hormones
by interacting with the auxin and BL pathways. Conse-
quently, this coordination ultimately results in the mani-
festation of mume dwarfism.

Methods

Plant materials and growth conditions

This study was performed at the National Field Genebank
for Prunus mume and Waxberry at Nanjing Agricultural

University in China from March to September 2022 and
2023. As test material, commercial mume scion ‘Long-
yan (L), peach scion ‘Hujingmilu (H), and mume (M)
rootstock ‘Lve (LVE)" and peach (P) rootstocks “Zhong-
taokangzhen No.l (ZTKZ) were used. ‘Longyan’ was
grafted onto mume (LM), and ‘Longyan’ was grafted onto
peach (LP). The mume rootstock ‘Lve’ was obtained from
the commercial production of 1-year cuttings purchased
from Xinyi Green Golden Flower and Wood Profes-
sional Cooperative (Xuzhou, China). The peach rootstock
“Zhongtaokangzhen No.1’ was obtained from the Zheng-
zhou Institute of Fruit Trees, Chinese Academy of Agri-
cultural Sciences (Zhengzhou, China), as an annual
cutting seedling.

The rootstock was planted in a 25-cm diameter plastic
basin and grown in a substrate mixture of peat, sand, and
soil in a 1:1:3 (v:v:v) ratio. The plants were nurtured in a
standard greenhouse environment for 3 months prior to
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grafting, with the rootstock being pruned to a height of
30 cm above ground level. In January, scions from ‘Long-
yan' and ‘Hujingmilu’ trees were taken and grafted at a
height of 30 cm onto 1-year-old mume and peach root-
stocks. On the 125th day post-grafting, 6 plants were ran-
domly chosen from the LM and LP combinations. The
leaves, stems, grafting interfaces, and roots were then
frozen in liquid nitrogen for metabolome analysis sam-
ples, with three of them also being used for transcrip-
tome analysis. After the samples were collected, they
were kept at — 80 °C until they were used in other studies.

Hormone treatments

At 75 days after grafting, peach rootstock and mume
rootstock plants were sprayed with water or BL
(0.5 mg/L) and treated every 10 days. Following a series
of six successive treatments, the lengths of the newly
emerged plant shoots were quantified, and leaf samples
were collected for further analysis. Following the quick
freezing process using liquid nitrogen, the plants were
then stored at—80 °C in preparation for future experi-
mental procedures. Mume rootstock plant leaves were
treated with a solution containing 50 mg/L IAA, 50 mg/L
GA;, and 0.5 mg/L BL. Samples were collected 24 h after
treatment for quantitative real-time polymerase chain
reaction (QRT-PCR). IAA (B21810), GA; (B20187), and
BL (B21633) hormone standards from Shanghai yuanye
Bio-Technology Co., Ltd. (Shanghai, China).

Phenotypic analysis

After 75 days after grafting, the primary shoot length
(cm), number of nodes, and intermediate length (mm) of
two grafting combinations were measured every 10 days.
Vernier callipers were used to measure scion diameter.
Internode slices from peach and mume scion plants were
fixed using formalin-aceto-alcohol (FAA) solution. The
sample was dehydrated in an ethanol gradient, stained
with safranine solid green, and photographed at the lon-
gitudinal section of the internodes under a microscope.

RNA extraction and library preparation

The isolation of total RNA was carried out using the
Foregene Nuclear Acid Extraction Kit (Shenzhen, China),
followed by purification using RNase-free DNase I as per
the instructions provided by the manufacturer (TaKaRa,
Japan). Additionally, gel electrophoresis was utilised to
evaluate the quality of the RNA samples. Following that,
the RNA underwent treatment with oligo (dT) and was
combined with fragment buffer to facilitate the synthe-
sis of the first-strand cDNA. Following the purification
process, the fragment underwent purification using sin-
gle-nucleotide addition and EB end repair. The linking
products were amplified using polymerase chain reaction
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(PCR) technology, and sequencing was performed using
the Illumina HiSeq 4000 platform (BGI, Beijing, China).

Analysis of transcriptome sequencing

Following the sequencing process, the quality of the ini-
tial reads was assessed using FastQC (version 0.11.9).
Subsequently, the command line employed SOAPnuke
(version 1.4.0) software to remove reads of inferior qual-
ity, adaptor sequences, and bases of unknown origin.
We employed HISAT version 2.1.0 to align high-quality
sequencing reads against the P. mume reference genome,
accessed from the National Center for Biotechnology
Information (NCBI) website (https://www.ncbi.nlm.nih.
gov/genome/?term=prunus%20mume) [78]. The gene
expression levels were calculated using RSEM version
1.2.8, and the expression values were reported in frag-
ments per kilobase of transcript per million mapped
reads (FPKM) [79]. The DESeq R software tool was
employed [80] to detect DEGs across several datasets.

Gene ontology and KEGG pathway analysis

The phyper package in R software was utilised to conduct
an enrichment study on graphene oxide. The genes under
investigation were categorised into three distinct groups:
molecular function, biological processes, and cellular
components [81]. GO analysis is a common method used
to assess the functional enrichment of DEGs. In this anal-
ysis, a false discovery rate (FDR) threshold of less than
or equal to 0.05 was considered statistically significant
enrichment of DEGs. Additionally, enrichment pathways
were obtained by conducting KEGG pathway analysis.

Metabolome profiling

Following a grafting period of 125 days, samples were
collected from several plant components, including the
roots, stems, leaves, and grafting interfaces. Six biological
replicates were collected from each location for the pur-
pose of isolating and detecting metabolites. The Waters
2777C UPLC (Waters, Milford, USA) was employed in
conjunction with the Q Active HF high-resolution mass
spectrometry (Thermo Fisher Scientific, MA, USA) for
this analysis. The offline data obtained from mass spec-
trometry were imported into Compound Discoverer 3.2
software, developed by Thermo Fisher Scientific (USA).
This programme was utilised in conjunction with the
BMDB (BGI Metabolome Database), mzCloud database,
and ChemSpider online database to conduct a compre-
hensive analysis of the mass spectrometry data.

This study analysed the functions of the pathways using
the KEGGPATHWAY database to identify the primary
biochemical metabolic and signal transduction pathways
associated with metabolites. The variable importance
in projection (VIP) of variables was computed to assess
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the magnitude of influence and explanatory capacity of
individual metabolite expression patterns on the classi-
fication and discrimination of sample groups. This aided
in the identification of metabolic markers during the
screening process. A sevenfold cross-validation tech-
nique was used during the model construction process.
The methodology known as OPLS-DA is a fusion of the
orthogonal signal correction (OSC) and partial least
squares discriminant analysis (PLS-DA) techniques. By
eliminating the information that is irrelevant to clas-
sification, this approach effectively reduces the model’s
complexity and enhances its explanatory capacity while
preserving its predictive accuracy.

Quantitative analysis of endogenous hormones in plants
To measure the changes in endogenous hormone con-
tent in grafted plant leaves, on the 125th day after graft-
ing, complete leaves from three directions in the middle
of each scion of the plant were collected and frozen with
liquid nitrogen. Every two plant samples from the same
grafting combination were mixed in liquid nitrogen and
ground into powder. They were considered one biologi-
cal replicate, and three independent biological replicates
were conducted. BL was extracted at 4 °C with 80% meth-
anol and 20% water, and subsequent extraction meth-
ods followed Zhao and Huo [82]. IAA and GAj; were
extracted from transgenic and blank tobacco leaf samples
in isopropanol at 4 °C.

A quantitative investigation was conducted on endoge-
nous hormones using LC-MS/MS with the Agilent 1290
high-performance liquid chromatography system (Agi-
lent, Santa Clara, CA, USA) and the AB Scienx QTRAP
6500 tandem mass spectrometry instrument (Applied
Biosystems, Foster City, CA, USA).

Transformation and characterisation of transgenic plants
To create transgenic plants with enhanced PmLBD3
expression, PCR amplified the entire coding region using
the primers listed in Additional file 2: Table S4. We next
introduced the amplified sequence into the CaMV35S-
promoted pCambial301 vector. The vector was trans-
located into Agrobacterium tumefaciens EHA105 and
transmitted to tobacco plants via leaf discs. After trans-
genic plant T1 generation and empty vector plant matu-
rity, the morphological characteristics were examined.
Paraffin sections of transgenic tobacco stem tissues were
observed afterwards. The cell count was determined
by quantifying the number of cells inside a given area
while concurrently utilising Image] software to measure
the length and width of the cells. Measurements were
recorded on a minimum of 100 cells within each longitu-
dinal section of the stem.
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Transient overexpression assays

Three-week-old tobacco plants were employed for
transient overexpression. To create the overexpres-
sion constructs, the full-length CDSs of PmSAUR36a
were amplified by PCR and inserted into the pCam-
bial301 vector. The recombinant plasmids or empty vec-
tors were transformed into Agrobacterium tumefaciens
EHA105 cells, subsequently resuspended in infiltra-
tion buffer (10 mm MES, 10 mm MgCl2, 100 mm ace-
tosyringone, pH 5.7), and allowed to grow to an OD600
of 0.6. After incubation at room temperature for 2-3 h,
they were injected into tobacco leaves and cultured for
7 days. Three independent lines were generated for both
PmSAUR36a. To ensure the reliability of the experi-
mental results, we injected the treatment group and
the empty vector on the left and right ends of the same
leaf, and each leaf was used as a biological replicate. At
the end of the experiment, the leaves were collected for
microscopic observation.

RNA extraction and quantitative real-time polymerase
chain reaction

The samples were subjected to RNA extraction using the
Trelief® RNAprep Pure Plant Plus Kit (TSINGKE, Bei-
jing China). Subsequently, the extracted RNA was reverse
transcribed into cDNA using the PrimeScript’" RT rea-
gent kit from Takara (Kusatsu, Japan). SYBR Green Pro
TaqHS Premium (ACCURATE BIOLOGY, Hunan China)
was used for the qRT-PCR reaction. The fluorescence
quantitative PCR instrument employed in this study was
QuantStudio 5 Flex (Applied Biosystems, MA, USA). The
internal references utilised in this study were the RPII
and TUBS genes. The analysis of relative expression levels
was conducted using the 2724¢* methodology. The qRT-
PCR experiment involved the analysis of three independ-
ent biological replicates. The primer sequences employed
for qRT-PCR are listed in Additional file 2: Table S4.

Yeast one-hybrid assay

PmLBD3-pGADT7 and PmARF3-pGADT7 prey vec-
tors were created by amplifying and cloning their cDNA
into the pGADT?7 vector. Amplification of DNA seg-
ments containing the predicted binding sites in PmBASI,
PmSAUR36a, and PmLBD3 promoters was done using
primers developed for this purpose (Additional file 2:
Table S4). The amplified promoter was combined with
pADbAi to create bait vectors pAbAi-PmBASI1, pAbAi-
PmSAUR36a, and pAbAi-PmLBD3. Nutrient-deficient
SD-Ura medium was inoculated with bait vector-derived
yeast strain Y1H Gold. Following this, the prey vector
was introduced into yeast strain Y1H Gold harbouring
the bait vector and cultivated on SD-Leu medium. The
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diluted solution was placed on SD-Leu medium with or
without AbA (aureobasidin A) after diluting the yeast
culture containing positive clones with SD-Leu liquid
media to an OD600 of 0.2.

Dual-luciferase transcriptional activity assay

The 2000-bp promoter regions of PmLBD3, PmBASI,
and PmSAUR36a were inserted into the pGREENII
0800-LUC reporting vector. We employed pCam-
bial301-PmLBD3 and pCambial301-PmARF3 as effec-
tor vectors, while pCambial301 served as the control. All
vectors were transferred into Agrobacterium tumefaciens
GV3101 (pSoup) competent cells. The experimental pro-
cedure involved the combination of Agrobacterium cells
harbouring both reporting and effector components at a
ratio of 9:1. Transient expression in Nicotiana benthami-
ana was performed according to the method described
by Hellens [83]. The Dual-Luciferase Reporter Assay Sys-
tem (Promega, WI, USA) was employed to detect lucif-
erase activity, and an Infinite200 Pro microplate reader
(Tecan, Minnedorf, Switzerland) was used for the meas-
urements. Expression was quantified by calculating the
ratio of LUC to REN activity and then normalising it to
the negative control infiltration.

Electrophoretic Mobility Shift Assay (EMSA)

The pCold-PmLBD3 recombinant protein lacking a ter-
mination codon was produced and purified with the addi-
tion of a histidine tag for the purpose of conducting an
EMSA. We also synthesised 40-bp 5’ Fam-labelled probes
that covered the predicted binding areas of the PmBAS1
and PmSAUR36a promoters. In this experimental setup,
comparable DNA fragments lacking any specific labelling
(referred to as ‘cold probes’) were employed as competi-
tive agents. The EMSA binding process was performed
in accordance with the guidelines provided by the man-
ufacturer (Chemiluminescent EMSA Kit; Beyotime,
Shanghai, China). An ample surplus of competitor DNA,
specifically of a cold nature, was incorporated at a mini-
mum of a 20-fold excess compared to the quantity of the
labelled probe. The protein—-DNA complex was resolved
using a 6% polyacrylamide gel [84]. The Tanon5200
chemiluminescence imaging system was used for SDS-
PAGE imaging, while the ChemiDocTMXRS + system
(Bio Rad, CA, USA) was used for scanning.

Data analysis

GraphPad Prism7.0, SPSS 20, and Excel were used to
analyse the experimental data, and PS and Al were used
for image processing. The gene names used in the paper
correspond to the gene IDs provided in Additional file 2:
Table S5.
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Abbreviations

IAA Indole-3-acetic acid

SAUR Small auxin-up RNA

BRs Brassinosteroids

LBDs Lateral organ boundaries domains
LOB The lateral organ boundaries

GUS B-Glucuronidase

ARF Auxin response factor

DEGs Differentially expressed genes
GA; Gibberellic acid

BL Brassinolide

ZTKZ Zhongtaokangzhen No.1

LVE Lve

LP ‘Longyan/Peach’

LM ‘Longyan/Mume’

L Leaves

S Stems

G Grafting interfaces

R Roots

SE Standard error

gRT-PCR Quantitative real-time polymerase chain reaction

LC-MS/MS  Liquid chromatography-tandem mass spectrometry
OPLS-DA Orthogonal partial least squares discriminant analysis
DAMs Differential accumulated metabolites

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

Y1H Yeast one-hybrid

EMSA Electrophoretic mobility shift assay

DNA Deoxyribonucleic acid

EV Empty vector

OE Overexpressing

FAA Formalin-aceto-alcohol

FPKM Fragments per kilobase of transcript per million mapped reads
FDR False discovery rate

VIP Variable importance in projection

0sC The orthogonal signal correction

PLS-DA Partial least squares discriminant analysis
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