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Abstract

Adventitious root (AR) formation is a crucial process for the clonal propagation of horticultural crops. Phosphorus (P), a key macronutrient, plays an essential
role in various physiological and molecular processes involved in AR formation, including cell division and development. However, its role in apple rootstock
remains underexplored. This study investigates the effects of three P treatments—low P (LP), medium P (MP), and high P (HP)—along with a control group
(CK, containing the basal P level of standard MS medium)—on AR formation in K2 apple rootstock stem cuttings. The results demonstrated that LP
treatment significantly increased both rooting percentage and the number of ARs per cutting compared to CK, whereas HP treatment inhibited both.
Anatomical analysis revealed that LP-treated cuttings exhibited enhanced AR primordia formation, accompanied by increased endogenous levels of indole-
3-acetic acid (IAA), while levels of zeatin riboside (ZR), abscisic acid (ABA), and brassinosteroid (BR) were reduced. Transcriptome analysis identified 1,009
differentially expressed genes (DEGs), including 383 upregulated and 626 downregulated, enriched in metabolic and hormone signaling pathways. LP
altered the expression of key hormone-related genes—ARF1 and GH3.1 (auxin signaling), B-ARRT (cytokinin signaling), PYR/PYL1 (ABA signaling), and BAK7a
(BR signaling)—which may synergistically promote AR initiation and development. These results reveal the physiological and molecular basis of LP-
enhanced AR formation and provide insights into nutrient-hormone interactions in root development.
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Introduction

Apple (Malus domestica) is a globally significant commercial fruit,
with China leading the world in cultivation area, total output, per
capita share, and export volume. Despite this dominance, China's
fruiting rate lags behind that of developed countries, primarily due
to the limited adoption of high-density cultivation systems. Modern
apple industries in China are increasingly transitioning to high-den-
sity cultivation, which relies heavily on dwarf rootstocks. Asexual
propagation through stem cuttings is a preferred method for apple
cultivation due to its efficiency and ability to produce genetically
uniform plants. However, the formation of adventitious roots (ARs)
from stem cuttings—a critical step for reestablishing water and nutri-
ent uptake—remains a major bottleneck for mass propagation('l.
Grafting apple scions onto desirable rootstocks can enhance adapt-
ability to diverse soil conditions and resistance to soilborne pests
and diseases. Unfortunately, many apple rootstocks with favorable
traits exhibit poor rooting ability from stem cuttings, underscoring
the need to improve rooting efficiency to advance China's apple
industry.

AR formation is a complex process involving three distinct stages:
(1) induction (0-3 d), characterized by molecular reprogramming;
(2) initiation (3-8 d), marked by AR primordia formation; and (3)
emergence (after 8 d), when ARs break through the tissuel?. In
Arabidopsis, AR primordia originate from pericycle cells, while in
apple, they arise from interfascicular cambium cells adjacent to
phloem tissuel3-51, This process is tightly regulated by a multitude of
factors, including endogenous hormones, nutritional status, wound-
ing, and environmental conditions. Previous studies have demon-
strated that macronutrient availability—particularly nitrate and
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potassium—positively influences AR formation in apple rootstocks.
Nitrate promotes AR initiation by enhancing cell division and differ-
entiation, increasing indole-3-acetic acid (IAA) accumulation, reduc-
ing abscisic acid (ABA) and zeatin riboside (ZR) levels, and upregu-
lating auxin transport and signaling genes (MdAUXT and MdIAA23)
as well as root development regulators (MdWOX11, MdLBD16, and
MdLBD29)12, Potassium accelerates AR formation by stimulating
auxin transport (MdPIN1, MdPIN2, and MdAUXT) and activating
cell cycle and root regulatory genes (MdWOX11, MdLBD16, and
MdLBD29), thereby promoting both initiation and emergence
phasesl®l. However, the role of phosphorus (P)—another essential
macronutrient—remains largely unexplored.

P is vital for numerous physiological processes in plants, includ-
ing energy transfer, root development, and hormone regulation!”8.
As a key component of ATP (adenosine triphosphate), P ensures the
energy required for cell division and elongation, which are critical
for root initiation and growth. During AR formation, P supports the
metabolic processes necessary for the development of root primor-
dia and their subsequent®'9, Although direct reports on the effects
of P on AR formation are limited, studies in other plant systems
demonstrate that P availability modulates root initiation capacity,
root elongation, and overall root system architecture through both
hormonal and metabolic regulation. For example, P deficiency alters
carbohydrate allocation and disrupts auxin-related transport or
sensitivity, which can lead to impaired AR development!''-"3l, Phos-
phate stress also induces root architectural changes via auxin-
dependent and auxin-independent signaling pathways, with media-
tors like BIG activating pericycle cell division''5, While auxin
promotes early stages of AR formation, it can inhibit later stages('cl.
This biphasic role of auxin is critical for regulating the timing
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and progression of AR development!'7l. Other hormones, such
as cytokinin (CK)['8191 and ABA[2%, generally inhibit AR formation,
whereas brassinosteroids (BRs) have been shown to negatively
affect rooting[2'l. Thus, integrating current knowledge on P-hormone
interactions and root development helps establish the physiologi-
cal framework for understanding how P availability shapes AR for-
mation in apple rootstocks.

This study aims to investigate the influence of P availability on AR
formation in K2 apple rootstocks. In a preliminary experiment, the
effects of low P (LP), medium P (MP), and high P (HP) levels were
assessed, compared with a control (CK; containing the basal P level
of standard MS medium), by measuring rooting percentage and
number of ARs. Based on these results, LP was selected for detailed
physiological and transcriptomic analyses due to its pronounced
promotive effect on AR formation. It is hypothesized that LP condi-
tions enhance AR formation by modulating hormonal pathways and
regulating genes associated with hormone signaling. By elucidating
the molecular and physiological mechanisms underlying LP's role in
AR formation, this study provides valuable insights for improving
the efficiency of apple asexual reproduction and supporting the
sustainable development of China's apple industry.

Material and methods

Plant material and treatments

In this study, stem cuttings of the K2 apple rootstock were used.
The 'K2 apple' is a novel hybrid cultivar derived from a controlled
cross between G.41 (a dwarfing Malus domestica rootstock from the
Geneva® series) and Qiu Zi (Malus prunifolia [Willd.] Borkh.). Plant
materials were obtained from Northwest A&F University, China. The
preliminary experiment involved 144 four-week-old, morphologi-
cally homogeneous K2 apple rootstock stem cuttings grown on half-
strength Murashige and Skoog (MS) medium containing sucrose
(30 g/L), agar (7 g/L), IBA (1.2 mg/L), and pH adjusted to 5.8. The
basal MS medium, containing approximately 0.04 g/L P derived
from KH,PO,4, was used as the CK and served as the true baseline.

To assess the effect of P availability on AR formation, three addi-
tional P treatments were prepared by supplementing the basal
MS medium with 0.08 g/L (Low P, LP), 0.16 g/L (Medium P, MP), and
0.32 g/L (High P, HP) KH,PO,. These additions resulted in total P
concentrations of 0.12 g/L (LP), 0.20 g/L (MP), and 0.36 g/L (HP),
respectively. Although the LP treatment contains more P than the
basal CK, it is referred to as 'Low P' relative to MP and HP to indicate
the lowest supplemented level in the experimental gradient. This
dose-response design allowed us to identify the optimal P concen-
tration for promoting AR induction. A total of 36 stem cuttings were
used per treatment. After 30 d of treatment, AR parameters—includ-
ing rooting percentage and the number of ARs per cutting—were
measured manually.

For the subsequent experiment, 420 cuttings were used, with 60
cuttings assigned to each LP and CK treatment at each time point.
The study aimed to assess the effect of LP during AR formation,
which is divided into three distinct stages in apple: 0-3 d (induc-
tion), 3-8 d (initiation), and post-8 d (emergence). The basal 0.5 cm
segment of each stem cutting was designated as the rooting zone.
Samples were collected at 0, 3, 8, and 16 d, rapidly frozen in liquid
nitrogen, and preserved at —80 °C for subsequent analysis.

Anatomical and hormonal analyses
The harvested samples (0, 3, 8, and 16 d) were processed for fixa-
tion, paraffin embedding, and sectioning, following the previous
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method™. Additionally, endogenous hormones such as IAA, ABA,
BR, ZR, gibberellic acid 3 (GA;), and methyl jasmonate (MeJA) were
extracted and purified using an enzyme-linked immunosorbent
assay (ELISA) at the Center for Plant Growth Regulators, China Agri-
cultural University. Detailed methodology can be found in Dobrev &
Kaminek!22],

RNA extraction and quality examination

Total RNA was isolated from the basal stem sections of LP- and
CK-treated cuttings at 3 d using the RNAprep Pure Plant Kit (Tian-
gen, Beijing, China) in accordance with the manufacturer's instruc-
tions. RNA purity was evaluated using the Kaiao K5500® Spec-
trophotometer (Kaiao, Beijing, China). The RNA's integrity and con-
centration were determined using the RNA Nano 6000 Assay Kit on
the Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

Construction of cDNA and RNA-seq libraries and
sequencing

mRNA was purified using oligo(dT)-attached magnetic beads,
eliminating rRNA and tRNA, with 2 ug of RNA per sample. The mRNA
was fragmented into small pieces using a fragmentation buffer.
First-strand cDNA was synthesized by random hexamer priming,
followed by second-strand cDNA synthesis. RNA Index Adapters and
A-Tailing Mix were added for end repair. The cDNA fragments were
amplified by PCR, purified using Ampure XP beads, and resolved in
an EB solution. The integrity of the PCR products was validated
using an Agilent Technologies 2100 Bioanalyzer. These double-
stranded PCR products were denatured and circularized using a
splint oligo sequence, generating single-stranded circular DNA
(ssCir DNA) as the final library. The libraries were amplified with
phi29 to produce DNA nanoballs (DNBs), which were loaded onto a
patterned nanoarray. Paired-end 150 bp base reads were generated
on the T7 platform by Wuhan Benagen Technology Co., Ltd.
(Wuhan, China).

RNA sequencing

The raw sequencing data were processed using FastQC (www.
bioinformatics.babraham.ac.uk/projects/fastqc) to remove adapters
and low-quality sequences. Clean reads were aligned to the Malus
domestica reference genome (www.rosaceae.org/species/malus/
malus_x_domestica) using HISAT. Gene expression levels were
quantified using the RSEM package and expressed as fragments per
kilobase of transcript per million fragments mapped (FPKM). Differ-
entially expressed genes (DEGs) were identified by comparing treat-
ment samples with control samples using fold-change > 2.00 and
probability = 0.8, with a false discovery rate (FDR) adjusted p-value
< 0.05 based on three biological replicates. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed using the clusterProfiler (version 3.8).

RT-qPCR expression analysis

RT-gPCR validation of the selected DEGs involved in hormone
signaling pathways was performed as described previously?3], using
the apple actin gene as an internal control. Expression levels were
calculated using the 224CT method24. Primer sequences are listed in
Supplementary Table S1.

Statistical analysis
Graphical representations, heatmaps, and statistical analyses were
performed using GraphPad Prism version 10.00. Data were analyzed
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by two-way ANOVA followed by Sidak's multiple comparisons test,
with statistical significance set at p < 0.05. Results are presented
as mean + SD and denoted as follows: ns (p > 0.05), * p < 0.05,
** p <0.01,and *** p < 0.001.

Results

Effect of P treatments on AR morphology

In the preliminary experiment, three P concentrations were tested
against the CK to identify the most effective concentration for
enhancing AR formation and development in K2 apple rootstock
stem cuttings (Fig. 1a). The results showed that LP treatment signifi-
cantly increased the rooting percentage compared to the CK, while
HP treatment decreased the rooting percentage (Fig. 1). Further-
more, LP-treated cuttings also exhibited a 60% increase in AR num-
bers per cutting, while HP-treated cuttings showed a 70% reduction
compared to the CK. These findings suggest that LP promotes AR
formation, while HP inhibits it, likely due to P toxicity.

Morphological and anatomical observation

Based on the preliminary results, LP was selected for further
experiments to investigate its effect on AR formation at different
stages, such as 0, 3, 8, and 16 d (Fig. 2). No significant phenotypic
differences were observed between CK- and LP-treated cuttings at
0, 3, and 8 d. However, by 16 d, both groups exhibited AR outbreak,
with LP-treated cuttings showing a more pronounced AR outbreak
(Fig. 2). Anatomical analysis of the stem basal region at 0 d revealed
the presence of component cells in both groups. By 3 d, mitotic
activity was noticed in the cambial cells, and cell division started in
the agminated differentiated cells. However, AR primordia appeared
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in both CK- and LP-treated cuttings, but LP-treated cuttings had a
higher number of primordia, contributing to the higher AR numbers
(Fig. 2). These findings suggest that LP enhances AR primordia
formation, thereby promoting greater AR development, indicating a
positive correlation between LP treatment and AR formation in K2
apple rootstock.

Analysis of RNA-sequencing data

To gain deeper insights into the molecular mechanisms underly-
ing the response to LP treatment during AR formation, messenger
RNA (mRNA) analysis was performed at the crucial 3 d time point,
which marks the initiation of molecular reprogramming required for
adventitious rooting. Between 40,003,138 and 40,056,966 raw reads
were generated across all libraries, with clean reads ranging from
40,003,064 to 40,056,926, indicating high-quality sequencing. Qual-
ity assessments showed that the Q20 and Q30 rates exceeded
98.247% and 95.173%, respectively, while the GC content consis-
tently remained above 46.143% (Supplementary Table S2). Mapping
analysis revealed that between 97.17% and 97.41% of total reads
were successfully mapped, with 93.43% to 93.64% uniquely mapped
and 3.68% to 3.77% showing multiple mappings. The percentage of
unmapped reads ranged from 2.59% to 2.83% (Supplementary
Table S3).

To further analyze gene expression, boxplots and density plots
were generated to estimate the log,, FPKM values and assess the
distribution of data for both sample groups, as shown in Supple-
mentary Fig. S1a, S1b. Principal component analysis (PCA) revealed
distinct separation between CK- and LP-treated K2 apple rootstock
stem cuttings. The findings highlight notable variations in gene
expression patterns, demonstrating substantial differences in the
transcriptional profiles between the two treatment conditions
(Supplementary Fig. S1c). In total, 39,249 genes were identified,
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Fig. 1 Effect of graded phosphorus (P) concentrations on adventitious root (AR) formation in K2 apple rootstock stem cuttings. Stem cuttings were grown
on half-strength MS medium with the basal P level (CK, 0.04 g/L) or supplemented with 0.08 g/L (Low P, LP; total P 0.12 g/L), 0.16 g/L (Medium P, MP; total
P 0.20 g/L), or 0.32 g/L (High P, HP; total P 0.36 g/L) KH,PO,. Although the LP treatment contained more P than CK, it is termed 'Low P’ relative to MP and
HP in this dose-response design. Scale bar = 1 cm. AR morphological parameters, including rooting percentage and AR numbers per cutting, were
measured after 30 d of treatment. Error bars indicate mean + SD from three biological replicates. Different asterisks denote significance levels: ns, p > 0.05;

* p < 0.05; ** p < 0.01.
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Fig. 2 Morphological and anatomical observations of adventitious root (AR) formation in K2 apple rootstock stem cuttings at different time points (0, 3, 8,
and 16 d). Cuttings were grown on half-strength MS medium with the basal P level (CK, 0.04 g/L) or supplemented with 0.08 g/L KH,PO, (Low P, LP; total P
0.12 g/L). Scale bars: 1 cm for morphological images and 500 um for microscopic images.

including 1,184 genes uniquely found in CK-treated cuttings, 1,125
genes uniquely found in LP-treated cuttings, and 36,940 shared
genes (Fig. 3a). To assess differential gene expression, a volcano
plot, which revealed expression changes, identifying 1,009 DEGs,
was generated. Among these, 383 genes were upregulated, and 626
genes were downregulated (Fig. 3b).

Functional annotation of DEGs
GO enrichment analysis of DEGs revealed significant enrichment
in various biological processes and functions. The highest number

cK U Lp

} 1,184

of DEGs were observed in categories such as carbohydrate meta-
bolic processes, integral components of the membrane, cation bind-
ing, and oxidoreductase activity (Fig. 4a). Additionally, KEGG enrich-
ment analysis highlighted several key pathways with a large propor-
tion of enriched DEGs, including the biosynthesis of secondary
metabolites, metabolic pathways, and plant hormone signal trans-
duction (Fig. 4b). Furthermore, the KEGG pathway circle diagram
identified five major categories, such as cellular processes, environ-
mental information processing, genetic information processing,
metabolism, and organismal systems. Notably, the metabolism and
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Fig. 3 Transcriptomic analysis of K2 apple rootstock stem cuttings on the 3d day of adventitious root (AR) formation under low-phosphorus (LP, 0.08 g/L;
total P 0.12 g/L) treatment compared with the control (CK, basal P level of standard MS medium, 0.04 g/L). (a) Venn diagram showing unique and shared
genes between CK and LP-treated groups. (b) Volcano plot of differentially expressed genes (DEGs), with each dot representing a specific DEG: red dots
indicate upregulated genes, blue dots indicate downregulated genes, and gray dots indicate non-significant genes.
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Fig. 4 Transcriptomic analysis of K2 apple rootstock stem cuttings on the 3 day of adventitious root (AR) formation under low-phosphorus (LP, 0.08 g/L;
total P 0.12 g/L) treatment compared with the control (CK, basal P level of standard MS medium, 0.04 g/L). (a) Gene Ontology (GO) enrichment analysis of
differentially expressed genes (DEGs). (b) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of DEGs. The vertical axis shows the
pathway names and GO terms, the horizontal axis represents the rich factor, the size of each point indicates the number of DEGs, and the color of the

points corresponds to the p-value.

organismal systems categories contained the largest proportion of
DEGs (Fig. 5).

Quantification of endogenous hormones and
analysis of hormone signaling pathway-related
DEGs

Previous studies have shown that endogenous hormones and
DEGs associated with hormone signaling pathways play a signifi-
cant role in AR formation in apples(23.. Therefore, this study analyzed
the levels of endogenous hormones (at 0, 3, 8, and 16 d) and DEGs
related to various hormone signaling pathways (at 3 d, a crucial time
point for molecular reprogramming) to investigate the physiologi-
cal and molecular responses induced by LP treatment.

The results showed that IAA levels were significantly improved at
3 d and decreased at 8 and 16 d in both CK- and LP-treated cuttings.
At 3 and 8 d, LP-treated cuttings showed higher IAA levels than CK-
treated cuttings. However, at 16 d, this trend reversed, with 1AA
levels being lower in LP-treated cuttings compared to CK-treated
cuttings. Key DEGs involved in the auxin signaling pathway include
auxin response factors (ARFs), auxin-responsive GH3 family proteins
(GH3), small auxin upregulated RNAs (SAUR), and transmembrane
kinase 1/4 (TMK 1/4). The expression of ARF1, GH3.1, SAURT, and
SAUR2 was downregulated, while the expression of SAUR3, TMK1/4a,
and TMK1/4b was upregulated (Fig. 6a). For ZR, the content was
consistently higher in CK-treated cuttings at all time points. DEGs
related to CK signaling, including histidine-containing phospho-
transmitter (APH) and type-B response regulators (B-ARR), were
examined. The expression of APHT was upregulated, while the
expression of both B-ARR1 and B-ARR2 was downregulated (Fig. 6b).
Similar to ZR, ABA levels were also higher in CK cuttings at all time
points, although ABA content increased at 3 d but decreased at
subsequent time points. In the ABA signaling pathway, key DEGs

Tahir et al. Fruit Research 2026, 6: €008

include abscisic acid receptors (PYR/PYL), where both PYR/PYLT and
PYR/PYL2 were downregulated (Fig. 6¢).

BR exhibited a similar pattern to ABA, being higher in CK-treated
cuttings at all time points. BR content improved at 3 d and
decreased at 8 and 16 d. Key DEGs involved in the BR signaling path-
way, such as brassinosteroid-associated kinase 1 (BAK1), brassinos-
teroid insensitive 1 (BRI1), and xyloglucan endotransglucosylase/
hydrolase family protein 4, were analyzed. Among these, BAKTa
expression was upregulated, while the expression of all other genes
was downregulated (Fig. 6d). Furthermore, MeJA was found to be
higher at 3 d in response to LP treatment. DEGs involved in the JA
signaling pathway, particularly MYC2-targeted component 2
(MYC2), showed that MYC2a expression was downregulated, while
MYC2b and MYC2c were upregulated (Fig. 6e). No significant differ-
ence was found in GA; contents in both cuttings at any time points.
Key DEGs associated with GA signaling, gibberellin receptor (GID1),
and DELLA family members, analysis showed the downregulation of
GID1a, DELLAT, and DELLA2 (Fig. 6f). Finally, DEGs involved in the
ethylene (ET) and salicylic acid (SA) signaling pathways were also
analyzed. Key DEGs studied include nonexpressor of pathogenesis-
related genes 1 (NPR1), pathogenesis-related protein 1 (PR-1), and
ethylene response factor (ERF1/2). The expression of NPR1a, PR-1aq,
PR-1b, and ERF1/2a was downregulated (Supplementary Fig. S2). In
addition, to provide a more intuitive overview of hormone-related
DEGs under LP treatment, all identified DEGs within the major
hormone signaling pathways were mapped onto the KEGG plant
hormone signal transduction pathways, which are presented in
Supplementary Fig. S3.

Validation of RNA-seq data using RT-qPCR

To validate the accuracy of the RNA-seq results, nine DEGs associ-
ated with various hormones and involved in key pathways related to
AR formation were selected for RT-qPCR analysis. The RT-qPCR
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Fig. 5 Transcriptomic analysis of K2 apple rootstock stem cuttings on the 3" day of adventitious root (AR) formation under low-phosphorus (LP, 0.08 g/L;
total P 0.12 g/L) treatment compared with the control (CK, basal P level of standard MS medium, 0.04 g/L). The Kyoto Encyclopedia of Genes and Genomes
(KEGQG) circle illustrates different pathway types and their associated differentially expressed genes (DEGs) across the classifications.

results showed that the expression patterns of most DEGs were
consistent with the RNA-seq data, although the expression of B-
ARR2 did not fully match the RNA-seq results (Fig. 7). Overall, these
findings support the reliability of the RNA-seq dataset.

Discussion

AR formation was significantly affected by LP
treatment

AR formation is a complex physiological and biological process
influenced by multiple factors, many of which remain poorly under-
stood, including the role of P. In the context of excision-induced AR
formation, two key factors play a critical role: the physical wounding
at the stem base and the absence of resources and signals typically
provided by the mother planti2>26l, Wounding activates a special-
ized developmental program in specific responsive cells, initiating
de novo root formationl'l. In apples, this process occurs in three well-
defined phases: the induction phase (0-3 d), the initiation phase
(3-8 d), and the emergence phase (8-16 d)2l. P availability has been
shown to significantly influence root system architecture and AR
formation across various plant species. For instance, in Arabidopsis,
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low P availability promotes the development of a highly branched
root system, characterized by the stimulation of lateral roots (LRs)
and root hairs, while inhibiting primary root (PR) growth(:27-301,
Similarly, in species such as maize, rice, and common bean, AR
development is enhanced under low P conditions!”:3'l. Despite the
significant importance of P in LR and PR development, its effects on
AR formation in apples remained unexplored prior to this study.

The results of this study demonstrate that P availability plays a
critical role in AR formation in K2 apple rootstock stem cuttings. LP
treatment significantly enhanced AR formation, as evidenced by
increased rooting percentage and AR numbers per cutting, while HP
treatment had an inhibitory effect, likely due to P toxicity. These
findings align with previous studies showing that low P availability
promotes root branching and AR development in other plant
speciesl’311, Anatomical analysis revealed that LP treatment stimu-
lated cell division and primordia formation in the cambial and
agminated differentiated cells, contributing to the increased AR
formation observed in LP-treated cuttings. To further explore the
physiological and molecular mechanisms underlying these pheno-
types, endogenous hormone levels were assessed, and mRNA analy-
sis was conducted. These analyses aim to provide a comprehensive
understanding of the genetic and biochemical pathways involved in
LP-mediated AR formation in apple rootstocks.

Tahir et al. Fruit Research 2026, 6: 008
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Fig. 6 Effect of low-phosphorus (LP, 0.08 g/L; total P 0.12 g/L) treatment compared with the control (CK, basal P level of standard MS medium, 0.04 g/L)
on endogenous hormone levels in K2 apple rootstock stem cuttings during adventitious root (AR) formation at 0, 3, 8, and 16 d. Hormones measured
include (a) indole-3-acetic acid (IAA), (b) zeatin riboside (ZR), (c) abscisic acid (ABA), (d) brassinosteroid (BR), (e) methyl jasmonate (MelJA), and (f)
gibberellic acid 3 (GA;). Error bars refer to the average value + SD from three biological replicates. Different asterisks indicate significant differences at ns
p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001. Below each hormone level graph, the corresponding heatmap displays the expression of selected
differentially expressed genes (DEGs) related to different hormone metabolisms and signaling pathways obtained from RNA-seq data (at 3 d, which is
crucial for the initiation of molecular reprogramming required for AR formation). The heatmaps show the log,FC values for genes across the pairwise
comparison of CK_vs_LP, with the color gradient representing the gene expression levels.

Hormones that promote AR formation under LP

P availability interacts with plant hormones, particularly auxins,
which play a central role in AR formation. In this study, IAA content
was significantly higher at 3 and 8 d in LP-treated cuttings com-
pared to CK cuttings, but decreased at 16 d. This pattern aligns with

Tahir et al. Fruit Research 2026, 6: €008

the observed rooting phenotypes, where LP treatment promoted
AR formation, consistent with the role of auxin as a stimulant in early
AR stages (induction and initiation) and its reduced requirement
during later emergencel'%16321, The decline in IAA at 16d likely
reflects the stage-specific demand: once root primordia have
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significance levels: ns, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

formed and ARs begin to emerge, auxin-mediated stimulation of cell
division and differentiation is largely complete. Reduced IAA levels
at this stage may help balance other hormones, which regulate the
maturation and elongation of emerging roots. RNA-seq data
revealed seven DEGs related to auxin signaling: four (ARF1, GH3.1,
SAUR1, and SAUR2) were downregulated, and three (SAUR3,
TMK1/4a, and TMK1/4b) were upregulated. While this pattern may
seem inconsistent with the observed IAA levels and rooting pheno-
types, the specific roles of these genes provide a plausible explana-
tion. ARF1 and GH3.1, both negative regulators of auxin signaling,
were expressed at lower levels in LP-treated cuttings. ARF1 represses
auxin signaling by binding to auxin response elements (AuxREs)
without activating transcription, inhibiting genes involved in cell

Page8of11

division and differentiation(3334, Its downregulation likely enhanced
AR formation by reducing repression of auxin-mediated processes.
Similarly, GH3.7 conjugates free IAA to amino acids, reducing
active auxin levels. Its lower expression in LP-treated cuttings likely
allowed higher free auxin levels, promoting AR initiation3536l, |n
contrast, the upregulation of SAUR3 and TMK1/4 genes suggests a
positive role in AR formation. SAUR3, which responds rapidly to
auxin, likely facilitated cell elongation and division during early root-
ing stagesB7l. TMK1/4 genes mediate non-canonical auxin signaling,
regulating cell wall loosening, pH, and cytoskeletal reorganization—
processes critical for cell division and primordia formationt38l. Their
upregulation aligns with the observed rooting phenotypes, suggest-
ing compensatory roles in AR development.

Tahir et al. Fruit Research 2026, 6: €008
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Hormones that inhibit AR formation under LP

CKs, like auxins, play a crucial role in the regulation of AR forma-
tion, particularly during the early stages, where cell division is essen-
tial. However, CKs often exhibit an antagonistic relationship with
auxin, which can influence the establishment of AR founder cells!’:25]
and negatively affect AR formationl'8l, In this study, ZR levels were
consistently higher in CK-treated cuttings at all time points, aligning
with its role as a negative regulator of AR formation. This is consis-
tent with previous findings in cucumber, where ZR was shown to
inhibit AR formation in the root xylemB° as well as in applesi.
Elevated CK levels are known to restrict root growth by limiting the
root meristem region through CRET/AHK3/B-ARR signaling“®-42l, In
Arabidopsis, exogenous CK application inhibited root initiation, and
this effect could not be reversed by auxin application, highlighting
the strong inhibitory role of CKs in AR formation*344l, CKs act
directly on root founder cells to inhibit root initiation, and this inhi-
bition is regulated independently of auxin signaling pathwaysl#145.461,
In LP-treated cuttings, the expression of CK signaling genes revealed
a pattern that supports the observed rooting phenotypes. The
upregulation of APH1, a gene involved in CK biosynthesis, and the
downregulation of B-ARR1 and B-ARR2, which are positive regula-
tors of CK signaling, suggest a reduction in CK responsiveness in LP-
treated cuttings. This modulation likely contributed to the enhanced
AR formation by maintaining an optimal auxin-to-CK ratio, which is
critical for root initiation!'8l. B-ARRs are known to promote CK signal-
ing, driving cell division and differentiation, while A-ARRs act as
feedback inhibitors to prevent overactivation of CK pathways! 7481,
The downregulation of B-ARRT and B-ARR2 in LP-treated cuttings
may have reduced CK signaling, thereby alleviating its inhibitory
effects on AR formation. The elevated ZR levels in CK-treated
cuttings and the modulation of CK signaling genes in LP-treated
cuttings highlight the antagonistic role of CKs in AR formation. The
downregulation of B-ARRT and B-ARR2, along with the upregulation
of APH1, likely reduced CK signaling in LP-treated cuttings, promot-
ing AR formation by maintaining an optimal auxin-CK balance.

ABA is a stress-responsive hormone that generally inhibits root-
ing by suppressing cell division and elongation, which is crucial for
root initiation and development!204950] |n this study, ABA levels
were consistently higher in CK-treated cuttings at all time points,
while LP-treated cuttings exhibited significantly lower ABA content.
This observation is consistent with previous studies demonstrating
that elevated ABA levels restrict root formation, whereas reduced
ABA accumulation in LP-treated cuttings likely facilitated enhanced
AR development, reinforcing the role of ABA as a negative regulator
of rooting!?. High ABA levels inhibit AR formation by disrupting
auxin transport and signaling, reducing auxin accumulation at sites
of root initiation, which is essential for AR development. The antago-
nistic interaction between ABA and auxin leads to decreased auxin
availability, thereby inhibiting rooting®®'->3 In this study, the
observed increase in IAA levels at 3 and 8 d in LP-treated cuttings,
which correlated with enhanced AR initiation, further supports this
mechanism. In the ABA signaling pathway, the downregulation of
PYR/PYLT and PYR/PYL2 suggests reduced ABA signaling, which may
have alleviated ABA-mediated inhibition of AR formation. This is
consistent with the known role of ABA in root development, where
it negatively regulates cell division and elongation in the root meris-
tem, thereby restricting root growth5'54, By reducing ABA signal-
ing, LP-treated cuttings likely promoted cell division and elongation,
facilitating the enhanced AR formation observed in this group.

BR plays a dual role in AR formation: they promote root develop-
ment at low concentrations but inhibit it at high levels. In this study,
BR levels were consistently higher in CK-treated cuttings at all time
points, while LP-treated cuttings exhibited lower BR content. This
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aligns with previous findings that high BR levels inhibit AR forma-
tion in apple rootstocks!?. BRs are known to interact with other
hormonal pathways, particularly auxin signaling, which is critical for
AR initiation. Excessive BRs can disrupt auxin transport and signal-
ing, leading to reduced AR formation. Additionally, high BR levels
can suppress cell division in root-forming tissues, further inhibiting
AR development(2155561, BRs and auxin often interact antagonisti-
cally during root development. High BR levels can interfere with
auxin transport and signaling, which are critical for AR initiation. In
this study, the lower BR levels in LP-treated cuttings likely alleviated
this inhibitory effect, allowing auxin signaling to promote AR forma-
tion. This is supported by the observed increase in IAA levels at 3
and 8 d in LP-treated cuttings, which correlated with enhanced AR
initiation. The expression of BR signaling genes further supports this
mechanism, where only BAK71a was upregulated, while all other
genes were downregulated in LP-treated cuttings. The downregula-
tion of BRIT and other BR signaling components suggests reduced
BR responsiveness in LP-treated cuttings, which may have con-
tributed to the enhanced AR formation by alleviating BR-mediated
inhibition of auxin signaling and cell division.

Conclusions

LP treatment significantly enhanced AR formation in K2 apple
rootstocks, as evidenced by increased rooting percentage and
AR numbers. At the physiological and molecular level, LP promoted
AR primordia formation by modulating endogenous hormone
levels—increasing IAA while decreasing ZR, ABA, and BR—and alter-
ing the expression of key hormone-related genes, including ARF1
and GH3.7 (auxin signaling), B-ARRT (CK signaling), PYR/PYLT (ABA
signaling), and BAK7a (BR signaling). These results provide impor-
tant insights into the molecular and physiological processes under-
lying P-induced AR formation and offer potential strategies for
improving adventitious rooting in apple rootstocks.
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