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Abstract
Adventitious root (AR) formation is a major limiting factor for the cutting propagation of peach
rootstocks, and IBA-induced rooting is a complex biological process orchestrated by the crosstalk
between exogenous and endogenous signaling pathways. In this study, three continuous-cropping
tolerant peach clonal rootstocks, including ‘GF677’, ‘Cadaman’, and ‘Zhongtao Kangzhen No.1’, were
used to explore the physiological and molecular regulatory mechanisms of exogenous IBA on ARs
development. The results showed that the optimal IBA concentration varied among rootstocks: 300
mg·L− 1 for ‘GF677’ (91% rooting rate), 800 mg·L− 1 for ‘Cadaman’ (81% rooting rate), and 500 mg·L− 1 for
‘Zhongtao Kangzhen No.1’ with the highest rooting rate of 95%. Exogenous IBA significantly enhanced
the activities of POD and IAAO in cuttings. The maximum IAA/CTK ratio was observed at 21 d in ‘GF677’,
28 d in ‘Cadaman’, and 35 d in ‘Zhongtao Kangzhen No.1’. The MDA accumulation dynamics differed
distinctly among rootstocks, indicating diverse temporal responses of membrane lipid peroxidation and
oxidative stress during rooting. Correlation analysis revealed a significantly negative correlation between
TN and TK, while IAA was extremely positively correlated with CTK, and MDA was positively correlated
with both hormones. A total of 9,170 DEGs were identified via transcriptome sequencing at the key
rooting stages, with ‘Zhongtao Kangzhen No.1’ exhibiting the most prominent transcriptional response.
GO and KEGG analyses demonstrated significant enrichment of plant hormone signal transduction
pathways, in which the auxin signaling pathway played a dominant role. Numerous hormone-related
transcription factor families, including RLK-Pelle_DLSV, MYB, and NAC, were identified. This study
systematically clarifies the regulatory mechanism of IBA-induced adventitious rooting in peach
rootstocks and provides a theoretical basis for the genetic improvement of peach cutting propagation.

1. Introduction
The shortage of self-rooted peach rootstocks in China is mainly caused by imperfect seedling
propagation techniques for rootstock seedlings [1]. Solving the bottlenecks in clonal propagation of
peach rootstocks and optimizing the improved variety breeding system are essential for the
development of modern peach industry, and will also advance the research on fruit tree developmental
biology. Traditional clonal propagation methods for fruit trees, including grafting, division, tissue culture
and layering, are restricted by complicated operations, high costs, long propagation cycles or poor
genetic stability [2, 3]. By contrast, cutting propagation features simple operation and low cost. It can
fully retain the superior genetic traits of mother plants with high genetic purity, and is more suitable for
large-scale seedling production, thus serving as an ideal approach for clonal propagation of fruit trees [4,
5]. Adventitious root (AR) formation is a prerequisite for the successful propagation of peach cuttings
[6]. After years of exploration, the green cutting technology for peach has been well developed [7].
Nevertheless, hardwood cutting using dormant branches exhibits markedly lower rooting capacity than
green cutting [8]. At present, systematic researches on the endogenous and exogenous regulatory
mechanisms, physiological response patterns and molecular regulatory networks underlying AR
formation in peach hardwood cuttings are still inadequate.
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Numerous studies have demonstrated that phytohormones exert remarkable effects on the formation
and development of ARs. Among them, auxin, especially indole-3-acetic acid (IAA), plays the most
prominent role [9]. The elevation of endogenous IAA content is critical for root primordium differentiation
at the early stage of AR induction [10]. As the major native auxin in plants, IAA functions importantly in
rooting regulation. However, the synthetic auxin indole-3-butyric acid (IBA) shows better performance in
improving root quality. Exogenous application of IBA is widely adopted to induce AR initiation in hard-to-
root plant species including peach [6]. Previous research has revealed that IBA treatment can trigger
dynamic changes in endogenous hormone homeostasis during AR formation in five Prunus rootstocks
[11]. In addition, ethylene is also involved in AR formation, and it can promote adventitious rooting in
Rheum rhabarbarum and petunia [12, 13]. Auxin and ethylene jointly regulate and facilitate AR formation
in apple rootstocks [14]. Genes of the ethylene-responsive AP2/ERF transcription factor family are
significantly upregulated during AR induction in poplar [15]. Moreover, a relatively high ratio of IAA to
cytokinin (CTK) is conducive to AR formation [6].

Benefiting from the development and application of RNA sequencing (RNA-seq) technology, the research
on AR formation has shifted from anatomical and physiological analysis to molecular exploration [16].
Transcriptomic analyses have verified that plant hormone signaling pathways dominate the regulatory
network of AR development. As reported by An Haishan et al. [17], exogenous IBA regulates AR formation
by disturbing endogenous hormone balance and modulating the expression of genes related to plant
hormone signal transduction. Another RNA-seq study on adventitious rooting of mung bean seedlings
indicated that IBA promoted AR regeneration and development in tea plants via regulating differentially
expressed genes (DEGs) associated with hormone signaling and 345 transcription factor (TF) genes
[18]. Currently, most studies on the molecular mechanisms of AR formation focus on model plants such
as Arabidopsis thaliana and rice[19, 20], while relevant researches on fruit trees remain limited.

In this study, hardwood cuttings of three continuous-cropping tolerant peach clonal rootstocks, namely
‘GF677’, ‘Cadaman’ and ‘Zhongtao Kangzhen No.1’, were used as experimental materials. The basal
parts of cuttings were treated with IBA at different concentrations to screen the optimal concentration
for each rootstock. We systematically analyzed the dynamic changes of physiological and biochemical
characteristics, nutrient accumulation and endogenous hormones during AR formation, and identified
the key rooting stages mediated by the IAA/CTK ratio. Furthermore, transcriptome sequencing was
performed to screen DEGs related to AR formation in different rootstocks. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses were conducted, and
hormone-related genes as well as transcription factors were further investigated. The results of this
study will provide theoretical support and practical reference for clonal propagation of peach rootstocks,
and also benefit the cultivation and research of other fruit tree species.

2. Materials and methods
Plant material and sample preparation
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The experiment was conducted in mid-December 2024 at Gansu Academy of Agricultural Sciences. The
hardwood cuttings (dormant branches) of three peach clonal rootstocks, namely ‘GF677’, ‘Zhongtao
Kangzhen No.1’ and ‘Cadaman’, were used as plant materials. ‘GF677’ (Prunus amygdalus × P. persica) is
a peach rootstock hybrid developed in France in the 1960s, which is a widely used peach rootstock with
resistance to chlorosis and continuous-cropping disease [21]. The virus-free clonal seedlings of ‘GF677’
adopted in this research were originally introduced from Italy to the Sichuan Academy of Agricultural
Sciences in 2003 and preserved by vegetative propagation in the experimental orchard of the Gansu
Academy of Agricultural Sciences. This rootstock presents strong grafting compatibility with peach and
nectarine cultivars, and possesses excellent tolerances to iron chlorosis in calcareous alkaline soil,
continuous cropping stress and drought. Its superior genetic traits can only be maintained via vegetative
propagation. Currently, large-scale vegetative propagation of ‘GF677’ has been widely applied for the
renovation of aged and continuous-cropping peach orchards in France, Italy, Spain, Turkey and other
countries. ‘Zhongtao Kangzhen No.1’ is a clonal peach rootstock with vigorous tree growth and semi-
open canopy. It exhibits strong resistance to peach replant disease and southern root-knot nematode, as
well as high tolerance to drought and poor soil conditions. This rootstock has good grafting affinity with
various peach cultivars and can produce uniform and robust seedlings. The virus-free clonal seedlings of
‘Zhongtao Kangzhen No.1’ used in this study were introduced from the germplasm nursery of Zhengzhou
Fruit Research Institute, CAAS, and preserved via vegetative propagation in the experimental orchard of
the Gansu Academy of Agricultural Sciences. ‘Cadaman’ (Prunus davidiana × P. persica) is another clonal
resistant rootstock with prominent resistance to continuous cropping stress and drought. ‘Cadaman’
was selected in Hungary and distributed under license from INRA-France.

Healthy and disease-free segments collected from the middle part of current-year branches with a
diameter of 0.45–0.75 cm were selected as cuttings. The basal 5 cm of each cutting was treated with
IBA at different concentrations, and then the cuttings were inserted into pre-disinfected seedbeds with a
size of 1.5 m × 20 m. The growth medium was composed of perlite, vermiculite and peat at a volume
ratio of 2:1:1, with a thickness of 20 cm. The cuttings were planted at a spacing of 5 cm × 5 cm, and the
cutting depth accounted for two-thirds of the total length of each cutting. Electric heating wires with a
diameter of 14 mm and a spacing of 9 cm were laid beneath the growth medium. One temperature
controller was configured for every 100 m heating wire, which operated at 220 V voltage and 35 W
power. Continuous heating was applied to keep the medium temperature at 25 ± 1 ℃. Ventilation and
cooling measures were implemented timely to ensure the air temperature in the greenhouse did not
exceed 20 ℃ during the whole experimental period. A 24-hour automatic atomization system was
equipped to maintain humidity during rooting. The atomization frequency was adjusted according to
ambient weather conditions: on sunny and hot days, atomization was performed for 6 seconds every 20
minutes; at night, atomization lasted for 10 seconds every 50 minutes. The relative humidity of the
medium was maintained above 80% throughout the experiment. Decayed and diseased cuttings were
removed promptly, and disinfection treatment was carried out every 7 days. Daily management
measures were adjusted appropriately according to actual growth conditions during the rooting stage.

Experimental Design
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Screening of optimal Hormone concentration

A total of 11 treatments were established in this experiment, including a water control (CK) and ten IBA
concentration groups: 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, 500 mg/L, 600 mg/L, 700 mg/L, 800
mg/L, 900 mg/L and 1000 mg/L. The cuttings were divided into 11 groups with 100 cuttings per group,
and each treatment was set up with three biological replicates. Prior to hormone treatment, the basal
portion of cuttings was immersed in 800-fold diluted carbendazim solution for 3 min. Afterwards, the
cuttings were rinsed with running water and dried with gauze. Subsequently, the basal 5 cm of each
cutting was soaked in the corresponding IBA solution for 20 s, and all cuttings were planted on the same
day. At 50 days after cutting, the rooting rate was investigated, and root length was measured using a
vernier caliper. The optimal IBA concentration for hardwood cutting of each rootstock was screened out
for subsequent cutting experiments. When the IAA/CTK ratio reached the maximum value, phloem
tissues were collected from the basal 2 cm of cuttings for transcriptome analysis.

Analysis of physiological and biochemical changes during cutting rooting

A new cutting experiment was carried out using the optimal exogenous IBA concentration screened
above, with the same plant materials and cultivation management as described previously. The sample
label was designated in the format of ‘Cultivar-Treatment Day-Treatment Group’. For instance, the control
sample of ‘GF677’ collected on day 0 was marked as GF677-0 d-CK. The analytical-grade IBA used in this
study was purchased from Sigma Company.

Determination of indicators and methods

Sample preparation and determination procedures

Selected branches were cut into cuttings with a length of 20–25 cm. The base of each cutting was
trimmed into a 40–45° oblique cut, and the phloem within 2 cm above the oblique surface was peeled
off. The top end of each cutting was cut flat and daubed with medical petrolatum to prevent water loss.
After cuttage, the growth status of cuttings was observed regularly. Samples were collected every 7 days
for the determination of enzyme activities, endogenous hormone contents and nutrient components until
day 35 post-cutting. For each sampling, the phloem tissues within the basal 2 cm of cuttings were
rapidly stripped, fully mixed and divided into three groups. All samples were frozen in liquid nitrogen and
subsequently stored in an ultra-low temperature refrigerator at -80 ℃. The activities of indoleacetic acid
oxidase (IAAO) and peroxidase (POD) were determined according to previously described methods [22].
The contents of total nitrogen (TN), total phosphorus (TP) and total potassium (TK) were measured
following the methods reported in relevant studies [23]. Endogenous IAA and CTK were measured using
established protocols [6].

RNA-seq

In this experiment, cuttings of ‘GF677’, ‘Cadaman’ and ‘Zhongtao Kangzhen No.1’ were treated with the
optimal IBA concentration. Samples were collected at 21 days, 28 days and 35 days after treatment for
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the three rootstocks respectively, and then delivered to Biomarker Technologies Corporation for
transcriptome sequencing and bioinformatics analysis. Each treatment group contained three biological
replicates.

Total RNA was extracted using the CTAB-PBIOZOL method combined with ethanol precipitation. After
the purity, concentration and integrity of extracted total RNA were verified to meet the requirements,
cDNA libraries were constructed. Eukaryotic mRNA was enriched using magnetic beads coupled with
Oligo (dT). The captured mRNA was randomly fragmented with Fragmentation Buffer. Taking the
fragmented mRNA as templates, the first-strand and second-strand cDNA were synthesized sequentially,
followed by cDNA purification. The purified double-stranded cDNA was subjected to end repair, 3'-
adenylation and sequencing adapter ligation. AMPure XP beads were used for fragment size selection,
and the final cDNA libraries were obtained via PCR amplification. Upon completion of library
construction, the concentration of each library was preliminarily quantified using a Qubit 3.0 Fluorometer,
and the insert size was detected with a Qsep400 High-Resolution Fragment Analyzer. Qualified libraries
were subjected to paired-end 150 bp (PE150) sequencing on a high-throughput sequencing platform.
Raw sequencing data were analyzed using the bioinformatics pipelines integrated on BMK Cloud
(www.biocloud.net) developed by Biomarker Technologies. DEGs were screened based on gene read
counts of all samples. For groups with biological replicates, DEG analysis was performed using DESeq2
[24]. Genes with Fold Change ≥ 2 and FDR < 0.01 were defined as differentially expressed genes. Finally,
functional annotation of the identified DEGs was conducted against multiple public databases.

3. Results
Effects of exogenous hormone (IBA) concentrations on adventitious rooting of continuous-cropping
tolerant clonal rootstock cuttings

As shown in Fig. 1, exogenous IBA treatments at varying concentrations significantly regulated the
rooting percentage and adventitious root elongation of cuttings from three rootstock genotypes, which
exhibited differential responses to IBA concentration gradients (Fig. 1a). The highest rooting percentage
of ‘GF677’ reached 91% under 300 mg·L− 1 IBA treatment. For ‘Cadaman’, the maximum rooting rate of
81% was observed at an IBA concentration of 800 mg·L− 1. Notably, ‘Zhongtao Kangzhen No.1’ exhibited
the optimal rooting performance among the three rootstocks, with a maximum rooting percentage of
95% at 500 mg·L− 1 IBA. The variation tendency of average adventitious root length was consistent with
that of rooting percentage across three rootstocks (Fig. 1b). Specifically, the average adventitious root
length of ‘GF677’ peaked at 15.2 cm with 300 mg·L− 1 IBA application. ‘Cadaman’ attained an average
root length of 13.2 cm when treated with 800 mg·L− 1 IBA. Treatment with 500 mg·L− 1 IBA yielded the
maximum average root length of 18.5 cm in ‘Zhongtao Kangzhen No.1’, exceeding the values recorded
for the other two rootstock cultivars.

Changes in major nutrients of cuttings during adventitious root formation
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Endogenous nutrients are crucial for adventitious root formation in cuttings. The contents of TN, TP, and
TK varied across three rootstock genotypes, IBA treatment (CT) and control (CK) groups during the
rooting process. The N content of ‘GF677’ CT gradually decreased in the first 21 days and peaked at
23.12 mg·g− 1 on day 28, and its CK group always had lower N levels. ‘Cadaman’ CT showed a fluctuating
upward trend in N content, while its CK exhibited higher N accumulation before 14 d and lower levels
thereafter. For ‘Zhongtao Kangzhen No.1’, CT and CK groups presented “up-down-up-down” and “up-
down-up” N variation patterns, respectively, with both reaching the maximum values at 21 d (29.13
mg·g− 1 and 28.61 mg·g− 1) (Fig. 2a). ‘GF677’ CT showed an up-down-up trend with a peak of 3.10 mg·g− 1

at 28 d, whereas its CK increased first and then decreased, peaking at 2.61 mg·g− 1 on day 14. Both
‘Cadaman’ and ‘Zhongtao Kangzhen No.1’ showed a unimodal TP variation. For ‘Cadaman’, CT reached
the maximum TP (2.57 mg·g− 1) at 14 d, and CK peaked at 2.40 mg·g− 1 at 21 d. For ‘Zhongtao Kangzhen
No.1’, the highest TP content of CT (2.61 mg·g− 1) appeared at 28 d, while CK peaked at 21 d (2.40 mg·g− 

1) (Fig. 2b). ‘GF677’ TK increased before 21 d and then decreased in the CT group, while the CK group
showed an up-down-up fluctuation. ‘Cadaman’ CT had a steadily rising TK level that peaked at 32.89
mg·g− 1 on day 28 and then declined, whereas its CK showed irregular fluctuations throughout the
experiment. For ‘Zhongtao Kangzhen No.1’, TK contents of both groups slightly decreased at the initial
stage and remained stable in the later rooting period (Fig. 2c).

Changes in endogenous hormone contents of cuttings during adventitious root formation

Endogenous hormone levels significantly regulate adventitious root formation. The contents of IAA and
CTK, as well as the IAA/CTK ratio, varied among three peach rootstock genotypes and between different
treatments over the cutting period (Fig. 3). The IAA contents of all CT groups increased first and then
decreased (Fig. 3a). The IAA content of ‘GF677’ CT peaked at 94.73 ng·g− 1 on day 21, and its CK group
maintained a lower IAA level throughout the experiment. Similarly, the maximum IAA content of
‘Cadaman’ CT was 91.39 ng·g− 1 at 21 d, with its CK value consistently lower than that of the CT group.
For ‘Zhongtao Kangzhen No.1’, CT treatment reached the highest IAA content of 86.35 ng·g− 1 at 21 d,
while its CK group showed an up-down-up fluctuation and obtained a maximum value of 60.48 ng·g− 1 at
14 d. The CTK contents of the three rootstocks under CT treatment exhibited a unimodal trend, all
peaking at 21 d. The maximum CTK values of ‘GF677’, ‘Cadaman’, and ‘Zhongtao Kangzhen No.1’ were
403.11 ng·g− 1, 396.09 ng·g− 1, and 470.18 ng·g− 1, respectively. The CK groups of ‘GF677’ and ‘Cadaman’
showed a fluctuating down-up-down-up pattern and reached their highest CTK contents at 28 d (283.29
ng·g− 1 and 290.45 ng·g− 1). The CK group of ‘Zhongtao Kangzhen No.1’ presented a down-up-down trend
and peaked at 304.76 ng·g− 1 on day 14. In general, CTK contents in CT groups increased before 21 d and
declined thereafter, with distinct differences among treatments (Fig. 3b). Hormone ratio analysis showed
that the IAA/CTK values of all treatments were lower than 1 during the entire rooting process. The
IAA/CTK ratio of ‘GF677’ fluctuated irregularly under both CK and CT treatments. The CT groups of
‘Cadaman’ and ‘Zhongtao Kangzhen No.1’ shared an up-down-up ratio trend and peaked at day 28 and
day 35, respectively. The IAA/CTK ratio of ‘GF677’ CT peaked at 21 d, while that of ‘Zhongtao Kangzhen
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No.1’ CK achieved the highest level at 35 d (Fig. 3c). According to these peak dates, phloem tissues at
the basal 2 cm of cuttings were sampled for transcriptome analysis: sampling was conducted on day 21
for ‘GF677’, day 28 for ‘Cadaman’, and day 35 for ‘Zhongtao Kangzhen No.1’.

Changes in Oxidase Activities, MDA and Soluble Sugar Contents of Cuttings during Adventitious Root
Formation

Dynamic variations in POD, IAAO activities, malondialdehyde (MDA) and soluble sugar contents differed
across three peach rootstock cultivars and between CK and CT with prolonged cutting culture. The POD
activity of ‘GF677’ CT fluctuated throughout the experiment and peaked at 4655 U·g− 1 on day 7, while its
CK declined firstly and then increased. For ‘Cadaman’, CT showed fluctuating POD levels: POD was lower
than CK before day 28, rose afterwards and reached the maximum of 5041.95 U·g− 1 at day 35. POD
activity of ‘Zhongtao Kangzhen No.1’ CT was consistently lower than CK, and CK achieved its highest
value (4177.09 U·g− 1) on day 35 (Fig. 4a). For IAAO activity, both CT and CK of ‘GF677’ decreased initially
and increased later, with peak values of 266.70 U·g− 1 and 842.62 U·g− 1 at day 35, respectively.
‘Cadaman’ CT presented a down-up-down pattern and peaked at 525.46 U·g− 1 on day 28, whereas its CK

reached the maximum IAAO of 919.30 U·g− 1 at day 35. The IAAO activities of ‘Zhongtao Kangzhen No.1’
(CT and CK) increased gradually and both arrived at 920.30 U·g− 1 on day 35 (Fig. 4b).

MDA contents varied with cultivars and treatments. MDA of ‘GF677’ CK remained higher than CT before
day 28; CT increased thereafter and obtained the peak of 74.07 nmol·g− 1 at day 35. MDA of ‘Cadaman’
(CK and CT) changed in a down-up-down trend: CK had higher MDA before day 7, while CT exceeded CK
after that. ‘Zhongtao Kangzhen No.1’ CT displayed an up-down-up MDA fluctuation with the peak of
107.79 nmol·g⁻¹ on day 14, and its CK reached the highest MDA (97.05 nmol·g− 1) at day 35 (Fig. 4c).
Soluble sugar of ‘GF677’ (CT and CK) decreased first then increased, and the maximum content (26.45
mg·g− 1) occurred at day 0. Both CT and CK of ‘Cadaman’ followed an up-down-up tendency and peaked
on day 35 at 27.78 mg·g− 1 and 30.12 mg·g− 1 separately. Soluble sugar of ‘Zhongtao Kangzhen No.1’
also varied as up-down-up; CK contained more soluble sugar than CT before day 21 and was surpassed
later, with respective peaks of 23.32 mg·g− 1 (CT) and 28.63 mg·g− 1 (CK) on day 7 (Fig. 4d).

Correlations of nutrients, hormones and physiological traits of peach cuttings

As shown in Fig. 5, linear correlations existed among various physiological and rooting-related indexes
of three peach rootstock cuttings. TN was positively correlated with TP, IAA and IAAO, and negatively
correlated with TK at significant or extremely significant levels. TP displayed positive correlations with
TK, IAA, CTK and IAAO. An extremely significant positive correlation was detected between IAA and CTK,
whereas IAA was negatively correlated with most other detected parameters. In addition, MDA was
significantly positively correlated with both IAA and CTK. The above findings suggested that the
extremely positive association between IAA and CTK served as the core driving factor facilitating
adventitious root initiation. Positive correlations of TN and TP with IAA indicated that nitrogen and
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phosphorus metabolism provided essential material basis for root primordium formation. Furthermore,
significant positive correlations between MDA and two key hormones revealed that mild oxidative stress
at the early rooting stage was not a destructive injury; instead, it coordinated with endogenous hormonal
signals to activate root primordium development.

Sequencing data quality control of reference genomes and evaluation of transcriptome sequencing
samples

The phloem tissues of cuttings from three peach rootstock cultivars (‘GF677’, ‘Cadaman’ and ‘Zhongtao
Kangzhen No.1’) were used as experimental materials. Two experimental groups were established for
each cultivar: an optimal-concentration IBA treatment group and a blank control without exogenous
hormone application. Tissue sampling for transcriptome sequencing was performed at 21 d post-
treatment for ‘GF677’, 28 d post-treatment for ‘Cadaman’, and 35 d post-treatment for ‘Zhongtao
Kangzhen No.1’, respectively.

In total, 18 independent cDNA libraries derived from control and IBA-treated samples were sequenced on
the Illumina HiSeq2000 platform. After rigorous quality filtering of raw sequencing reads, a total of
122.44 Gb of high-quality clean data was obtained. The Q30 ratio across all samples ranged from
97.57% to 98.13%, and the GC content varied between 45.36% and 45.80%. Both sequencing quality and
base composition were qualified for subsequent bioinformatic analyses, with detailed sequencing
statistics summarized in Table S1.

Venn analysis, principal component analysis (PCA) and pairwise Pearson correlation analysis were
performed on genome-wide expression data to characterize the transcriptional composition and
experimental repeatability of phloem samples from three peach rootstocks under control and exogenous
IBA treatments. Venn analysis identified a total of 14,634 ubiquitously expressed genes across all six
sample groups, which constituted the core constitutive transcriptional repertoire under different
experimental conditions. The number of cultivar- and treatment-specific genes ranged from 130 to 272;
Z-35d-T possessed the maximum unique transcripts (272), while Z-35d-C contained the fewest (130).
Such variation indicated that exogenous IBA induced abundant genotype-specific transcriptional
activation in ‘Zhongtao Kangzhen No.1’ at 35 days post-treatment, conferring a more pronounced
transcriptional response to auxin stimulation (Figure S1a). PCA partitioned global transcriptional
variance into two primary axes: PC1 and PC2 accounted for 25.74% and 20.25% of total expression
variation, respectively, with a cumulative explanatory rate of 45.99%. Obvious spatial separation was
observed among samples derived from distinct rootstock genotypes and IBA treatments, demonstrating
that both cultivar genotype and exogenous IBA application substantially remodeled the genome-wide
transcriptional landscape of cutting phloem tissues (Figure S1b). All pairwise Pearson correlation
coefficients ranged from 0.8 to 1.0 (Figure S1c). Near-perfect correlation among biological replicates
guaranteed favorable intra-group repeatability. Despite slight reduction of correlation across distinct
groups, all samples maintained generally high relatedness, which verified robust library construction and
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high-quality sequencing data for subsequent identification of differentially expressed genes and
functional enrichment.

Analysis of DEGs between treatment and control groups

Comparative transcriptome screening was performed between IBA-treated and untreated control
samples, and DEGs were obtained from all three peach rootstock groups. For G-21d-C_vs_G-21d-T, 1025
genes were significantly up-regulated and 1235 genes were down-regulated. The comparison K-28d-
C_vs_K-28d-T yielded 1644 up-regulated and 1737 down-regulated DEGs, while Z-35d-C_vs_Z-35d-T had
2164 up-regulated and 1365 down-regulated transcripts. Among all tested cultivars, ‘Zhongtao Kangzhen
No.1’ displayed the most intensive transcriptional upregulation upon exogenous IBA induction. A total of
523 common DEGs were shared across the three pairwise comparison sets, implying that these
conserved genes underwent persistent and significant transcriptional fluctuation during IBA-triggered
adventitious root formation.

GO and KEGG enrichment analysis of DEGs

To elucidate the molecular mechanisms underlying the IBA-induced adventitious rooting of three peach
rootstocks, GO and KEGG enrichment analyses were performed on DEGs from the three comparative
groups. GO enrichment analysis categorized the DEGs into three main domains: biological process (BP),
cellular component (CC), and molecular function (MF) (Fig. 7). Within the BP category, terms related to
cellular process, metabolic process, stress response, multicellular organism development, and
interspecies interaction were prominently enriched across all groups. In the CC domain, cellular
anatomical entity, intracellular region, and protein-containing complex were the most significantly
enriched components. Within the MF category, binding and catalytic activity exhibited the highest
enrichment levels. Notably, the Z-35d comparison group showed significantly higher overall abundance
of enriched genes across all three GO classifications than the G-21d and K-28d groups.

Unlike GO annotation, KEGG pathway enrichment displayed distinct patterns among the three
comparisons. For G-21d-C_vs_G-21d-T, enriched pathways included terpenoid biosynthesis, glutathione
metabolism, and carbohydrate secondary metabolism. In the K-28d-C_vs_K-28d-T comparison, rooting-
related pathways, the plant MAPK signaling pathway, and phenylpropanoid biosynthesis were
significantly enriched. For Z-35d-C_vs_Z-35d-T, flavonoid biosynthesis, photosynthesis-antenna proteins,
and plant hormone signal transduction were among the most significantly enriched pathways (Fig. 8).
Collectively, these results indicate that the majority of DEGs under IBA treatment were associated with
secondary metabolite biosynthesis pathways, suggesting their strong involvement in organic matter
metabolism. Importantly, after comparing the number of enriched genes in each pathway, plant hormone
signal transduction contained the highest number of DEGs, further demonstrating that hormone
signaling cascades were strongly activated by IBA application. This finding is consistent with previous
studies on adventitious root formation, reinforcing that plant hormone signal transduction represents a
key focus for future mechanistic investigations.
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Analysis of hormone signaling pathways among differentially expressed genes

As described above, genes associated with plant hormone signaling pathways were significantly
enriched in three peach rootstocks after IBA treatment. Further analysis revealed that exogenous IBA
mediated adventitious root formation of peach rootstock cuttings by regulating multiple plant hormone
signaling pathways, and obvious differences in gene expression responses were observed among
different genotypes (Fig. 9). The auxin pathway acted as the core responsive pathway. The auxin
transporter gene AUX1 (Prupe.1G503100) was up-regulated to 2.11-fold in IBA-treated ‘Zhongtao
Kangzhen No.1’. Most members of the auxin repressor AUX/IAA family were induced, and
Prupe.3G074800 was increased to 1.49-fold, 1.50-fold and 2.49-fold in ‘GF677’, ‘Cadaman’ and ‘Zhongtao
Kangzhen No.1’, respectively. The GH3 gene responsible for auxin homeostasis exhibited the strongest
response; the expression of its representative gene Prupe.8G137900 was elevated by 4.99-fold, 7.79-fold
and 30.80-fold in the three rootstocks (Fig. 9a). The gibberellin pathway showed a distinct expression
pattern. The receptor gene GID1 was down-regulated in partial rootstocks, while most negative regulator
DELLA genes were up-regulated, resulting in remarkable changes in overall pathway activity (Fig. 9b). Key
genes in the ethylene pathway were only slightly up-regulated, with a much weaker response than the
auxin pathway (Fig. 9c). Genes encoding receptors, kinases and cell cycle regulators in the
brassinosteroid pathway were markedly up-regulated under IBA induction, which promoted cell division
and root primordium differentiation (Fig. 9d). Genes of the salicylic acid pathway, including TGA and PR-
1, showed negligible expression changes, indicating that this pathway did not play a major role in IBA-
induced adventitious rooting (Fig. 9e). In conclusion, the auxin signaling pathway is central to
adventitious root formation, and gibberellin, ethylene and brassinosteroid pathways participate in this
biological process synergistically. Moreover, ‘Zhongtao Kangzhen No.1’ displayed a significantly stronger
transcriptional response to IBA than the other two rootstocks.

Transcription factor analysis of DEGs

Transcription factor annotation was performed on differentially expressed genes (DEGs) of three peach
rootstocks before and after IBA treatment, and a total of 3096 valid annotation entries were obtained.
The statistical results revealed that these DEGs belonged to diverse families of transcription factors,
transcriptional regulators and protein kinases. The RLK-Pelle_DLSV family had the largest number of
genes (158), followed by the MYB (122) and NAC (115) transcription factor families (Fig. 10). Typical
hormone-related transcriptional regulatory families including FAR1, C2H2, bHLH, AP2/ERF and WRKY
were also significantly enriched (Fig. 10). Previous studies have demonstrated that most transcription
factors and regulatory factors identified in this study are involved in plant hormone signaling pathways,
which is consistent with former researches. This result verifies that DEGs play vital roles in the regulatory
network of plant hormones.

4. Discussion
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As one of the most effective auxin-type plant growth regulators for promoting cutting rooting, IBA exerts
concentration-dependent effects on adventitious root formation. Low concentrations of IBA present a
weak rooting-promoting capacity, while excessive high concentrations inhibit rooting and impair root
quality [25]. Adventitious root formation and growth consume large quantities of nutrients and energy,
among which carbohydrates and nitrogen are indispensable substances for root regeneration [26]. In this
study, the dynamic changes of TN, TP and TK contents in cuttings of three peach rootstocks were
investigated during adventitious root formation under IBA treatment. The results showed that the
optimal IBA concentration significantly regulated the metabolism and translocation of TN, TP and TK in
cuttings, thereby providing essential nutritional support for the initiation and development of
adventitious roots. Distinct strategies of nutrient metabolism among different cultivars were one of the
internal causes leading to differential rooting capacity. Under the optimal IBA concentration, obvious
nitrogen accumulation was observed at the basal part of cuttings of all three peach rootstocks during
the late rooting stage (21–28 d). The TN content of ‘Zhongtao Kangzhen No.1’ was significantly higher
than that of the other two rootstocks at 21 d after treatment. It indicated that exogenous IBA acted as a
signal to activate nitrogen mobilization and redistribution in cuttings, which was consistent with previous
findings [27]. From 21 d to 35 d post-treatment, TP and TK contents increased to peak values and then
decreased markedly. For ‘GF677’, TP and TK contents reached the maximum levels at 21–28 d, and a
positive correlation was detected between the two indicators. These results were in agreement with
previously reported conclusions [28]. The differential responses of the three peach rootstocks to the
same IBA concentration fully demonstrated that their nutrient metabolism patterns were determined by
inherent genetic characteristics.

Adventitious root formation of cuttings is a complex biological process synergistically regulated by
multiple endogenous phytohormones [29, 30]. The regulatory effect of exogenous auxin is achieved by
breaking the original endogenous hormone balance and establishing a new hormone profile favorable for
root primordium initiation and development. IBA bidirectionally modulates the biosynthesis of
endogenous IAA to match the hormone demand at different rooting stages, so as to optimize rooting
performance [31]. The accumulation and redistribution of IAA serve as the primary signal for rooting
initiation [32]. Study had shown that plant growth regulators could effectively promote endogenous IAA
synthesis in cuttings and exert a distinct positive effect on root primordium induction and adventitious
root formation [33]. In this study, IAA contents in both treatment and control groups of the three peach
rootstocks increased within the first 21 days. The ‘GF677’ cuttings treated with IBA had the highest IAA
level at 21 d. It is speculated that exogenous IBA may enhance endogenous IAA signaling by inhibiting
IAA degradation or accelerating its synthesis, and further activate the expression of downstream genes
related to cell dedifferentiation and cell cycle reinitiation, which lays a molecular foundation for root
primordium formation. IAA contents declined significantly in the late stage, which was probably because
IAA was gradually oxidized during callus and root primordium development, and its content further
decreased after adventitious roots fully formed. Low concentration of CTK facilitates the differentiation
of adventitious roots [34]. In this study, CTK contents increased gradually at the early rooting stage (0–
21 d) and showed a positive correlation with IAA content, which might be associated with their
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synergistic effect on promoting cell division. After 21 d, CTK contents of all three rootstocks decreased
generally, which relieved the inhibitory effect of CTK on root differentiation and elongation. Consequently,
the IAA/CTK ratio shifted toward a state conducive to root differentiation.

Oxidases play important roles in regulating adventitious root formation of cuttings [35]. BRITO et al. [36]
reported that POD activity was closely linked to adventitious root formation, with two distinct activity
peaks appearing at the root induction and expression stages, respectively. In this study, POD activity in
‘Cadaman’ and ‘Zhongtao Kangzhen No.1’ decreased firstly from 0 d to 7 d, then fluctuated and finally
peaked at the late rooting stage. The dynamic variation and peak value of POD activity at the late stage
were highly synchronized with the breakthrough and elongation of root primordia. At this stage, high POD
activity mainly functions in catalyzing cell wall lignification and strengthening, providing mechanical
support and defense barriers for newly formed roots. By contrast, POD activity of ‘GF677’ reached the
maximum at the early induction stage (7 d) and then declined in a fluctuating manner, which was
consistent with previous research results. Plant growth regulators can increase the activities of key
rooting-related enzymes such as POD and indoleacetic acid oxidase (IAAO), and thereby promote
adventitious root formation in cuttings [37]. In this study, IAAO activity of the three rootstocks presented
a trend of initial decrease followed by continuous increase, and reached the peak during 28–35 d. The
reduction of IAAO activity in the early stage reduced IAA catabolism, maintaining a high IAA
concentration at the cutting base. The subsequent rise of IAAO activity during 28–35 d occurred when
root primordia had fully formed and were ready to break through the cortex. Apart from the dynamic
changes of key enzyme activities, the synergism of carbon source supply and oxidative stress signals is
also a crucial prerequisite for adventitious root formation [38–40]. As the core substance for carbon
skeleton construction and energy supply, soluble sugar in ‘GF677’ peaked at 7 d during the early rooting
induction stage, while that in ‘Cadaman’ and ‘Zhongtao Kangzhen No.1’ reached the maximum at 35 d
when root primordia broke through the cortex. Such genotypic differences reflected diverse strategies of
carbon source mobilization and utilization among rootstocks, though all of them could satisfy the energy
demand for root primordium initiation and elongation. MDA is a typical marker of membrane lipid
peroxidation [41]. The peak time of MDA content also exhibited obvious genotypic specificity: MDA
content of ‘GF677’ peaked at the late rooting stage (35 d), while that of ‘Cadaman’ and ‘Zhongtao
Kangzhen No.1’ reached the maximum at the early stage (14 d). Combined with its significant positive
correlation with IAA and CTK, MDA accumulation should not be simply regarded as a sign of cell
damage. Instead, it is more likely a constructive oxidative signal derived from vigorous metabolic
activities. Moderate oxidative stress can activate specific signaling pathways and cooperate with the
hormone regulatory network to jointly drive root primordium breakthrough and morphogenesis.

Transcriptome sequencing at key rooting stages further revealed the molecular regulatory network of
IBA-induced adventitious rooting in peach rootstocks. High-quality sequencing data and excellent
biological repeatability confirmed the reliability of transcriptome results. A total of 9,170 DEGs were
identified in the three comparison groups, and ‘Zhongtao Kangzhen No.1’ had the largest number of
DEGs and the most intense transcriptional response, which was consistent with its superior rooting
performance at the physiological level. GO functional annotation showed that DEGs were mainly
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enriched in cellular metabolism, stress response, and catalytic activity, indicating that IBA induced
widespread reprogramming of physiological metabolism and stress adaptation in cuttings [42]. KEGG
enrichment analysis further proved that plant hormone signal transduction was the most dominant
pathway during rooting, which has been verified in multiple woody plant rooting studies [42, 43].
Transcriptomic analysis of hormone-related genes in peach rootstock cuttings identified differentially
expressed genes associated with five phytohormone signaling pathways, including auxin, gibberellin,
ethylene, brassinosteroid, and salicylic acid. This finding indicates that these phytohormones participate
in this complex rooting process through distinct regulatory mechanisms and at different magnitudes.
Auxin signaling pathway played a core regulatory role: key genes such as AUX1, AUX/IAA, and GH3 were
significantly up-regulated, especially the auxin homeostasis gene Prupe.8G137900 showed ultra-high fold
change expression in the three rootstocks, demonstrating that exogenous IBA mainly relies on activating
auxin signal transduction and reconstructing endogenous auxin homeostasis to promote rooting [44].
This finding is consistent with previous studies confirming that IAA acts as a core regulator of
adventitious root formation in cuttings [45]. Meanwhile, gibberellin, ethylene, and brassinosteroid
signaling pathways synergistically participated in the rooting process.

Transcription factor annotation further enriched the molecular regulatory mechanism of peach rooting.
Within the same species, the MYB family gene MYB77 may modulate lateral root quantity via interaction
with ARF7 [46]. In Arabidopsis thaliana, the transcription factor NAC1 is specifically induced by wounding
in leaf explants and facilitates root tip regeneration [47]. AP2/ERF family genes mediate ethylene-auxin
crosstalk to regulate adventitious root initiation [48]. The massive enrichment of these transcription
factors in this study further illustrated that IBA regulates the complex transcriptional network of
hormone signal transduction and stress adaptation through multiple transcription factor families,
thereby controlling the rooting difference of different peach rootstocks. Combined with physiological and
transcriptomic results, this study confirmed that genotypic differences in peach rootstock rooting are
determined by the comprehensive effect of nutrient metabolism, hormone homeostasis, antioxidant
response, and hormone signal transcriptional regulation.

5. Conclusion
In conclusion, this study systematically clarified the physiological and molecular mechanism of
exogenous IBA regulating hardwood cutting rooting of three anti-replanting peach rootstocks, and
determined the optimal IBA concentration and key rooting time nodes for each rootstock. It also revealed
that auxin signal pathway dominates the rooting regulation, and multi-hormone synergism and
transcription factor-mediated transcriptional reprogramming jointly drive adventitious root formation. In
future research, key candidate genes and core transcription factors screened in this study can be
functionally verified, which will further improve the molecular regulatory model of peach rootstock
rooting and provide valuable genetic resources and theoretical basis for the breeding and efficient clonal
propagation of high-quality peach rootstocks.
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Figure 1

Effects of exogenous IBA concentrations on rooting percentage (a) and average adventitious root length
(b) of cuttings from three peach rootstock cultivars (‘GF677’, ‘Cadaman’ and ‘Zhongtao Kangzhen No.1’).
CK represents the control treatment without IBA application; the gradient concentrations of IBA ranged
from 100 mg·L-1 to 1000 mg·L-1. Vertical error bars denote the standard error of the mean.

Figure 2
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Dynamic changes in total nitrogen (a), total phosphorus (b), and total potassium (c) contents of three
peach rootstock cuttings under control (CK) and IBA treatment (CT) during adventitious root formation.
Data represent the measured nutrient contents at different treatment time points (0, 7, 14, 21, 28, 35d).

Figure 3

Dynamic changes in IAA (a), CTK (b) contents and IAA/CTK ratio (c) of three peach rootstock cuttings
under control (CK) and IBA treatment (CT) at different treatment time points (0, 7, 14, 21, 28, 35d) during
adventitious root formation.
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Figure 4

Dynamic variations in peroxidase (POD) activity (a), indoleacetic acid oxidase (IAAO) activity (b),
malondialdehyde (MDA) content (c) and soluble sugar content (d) of cuttings from three peach
rootstock cultivars (‘GF677’, ‘Cadaman’ and ‘Zhongtao Kangzhen No.1’) under the blank control (CK) and
exogenous hormone treatment (CT). Samples were collected at successive treatment days of 0, 7, 14,
21, 28 and 35 throughout the whole adventitious root formation period; vertical error bars represent
standard error of the mean.
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Figure 5

Pearson correlation heatmap of nutritional, hormonal and physiological parameters in cuttings of three
peach rootstock cultivars during adventitious root formation. TN, total nitrogen; TP, total phosphorus; TK,
total potassium; IAA, indole-3-acetic acid; CTK, cytokinin; POD, peroxidase; IAAO, indoleacetic acid
oxidase; Soluble sugar, soluble sugar content; MDA, malondialdehyde content. Blue color represents
positive correlation, red color represents negative correlation, and numerical values in each cell stand for
corresponding correlation coefficients between paired indicators.
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Figure 6

Statistics of differentially expressed genes from three comparative groups. (a) Bar chart quantifying the
numbers of up- and down-regulated DEGs in each comparison; (b) Venn diagram illustrating shared and
unique DEGs among three cultivar comparison sets. G: ‘GF677’, K: ‘Cadaman’, Z: ‘Zhongtao Kangzhen
No.1’; C = control, T = IBA treatment.
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Figure 7

Gene Ontology (GO) functional classification of differentially expressed genes (DEGs) in three peach
rootstock cuttings under IBA treatment. (a) GO classification of DEGs in G-21d-C_vs_G-21d-T. (b) GO
classification of DEGs in K-28d-C_vs_K-28d-T. (c) GO classification of DEGs in Z-35d-C_vs_Z-35d-T. The
bar charts display the number of genes assigned to three main GO categories: biological process,
cellular component, and molecular function. G: ‘GF677’, K: ‘Cadaman’, Z: ‘Zhongtao Kangzhen No.1’; C =
untreated control, T = IBA treatment.
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Figure 8

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of differentially
expressed genes (DEGs) in three peach rootstock cuttings under IBA treatment. (a) KEGG enrichment
bubble plot of DEGs in G-21d-C_vs_G-21d-T. (b) KEGG enrichment bubble plot of DEGs in K-28d-C_vs_K-
28d-T. (c) KEGG enrichment bubble plot of DEGs in Z-35d-C_vs_Z-35d-T. The horizontal axis represents
the enrichment factor (Rich factor), and the vertical axis lists the enriched pathway names. The color
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gradient of the bubbles indicates the q-value (corrected P-value), where redder colors represent higher
statistical significance (smaller q-value). The size of each bubble corresponds to the number of DEGs
enriched in the pathway. Symbols (triangles or circles) denote the regulatory patterns of genes within
each pathway (up-regulated, down-regulated, or both). G: ‘GF677’, K: ‘Cadaman’, Z: ‘Zhongtao Kangzhen
No.1’; C = untreated control, T = IBA treatment.

Figure 9

Expression patterns of key differentially expressed genes involved in plant hormone signaling pathways
in three peach rootstock cuttings under IBA treatment. (a) Auxin signaling pathway; (b) Gibberellin
signaling pathway; (c) Ethylene signaling pathway; (d) Brassinosteroid signaling pathway; (e) Salicylic
acid signaling pathway. The color gradient of heatmap blocks represents the fold change of gene
expression (red indicates up-regulation, blue indicates down-regulation, with more intense colors
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representing greater magnitude of change). Columns correspond to control and IBA-treated samples of
the three rootstocks (G-21d-C/T: ‘GF677’; K-28d-C/T: ‘Cadaman’; Z-35d-C/T: ‘Zhongtao Kangzhen No.1’),
and rows represent key genes with their gene IDs in each pathway.

Figure 10

Distribution of transcription factor families of differentially expressed genes in peach rootstocks before
and after IBA treatment. The x-axis represents different transcription factor families, and the y-axis
represents the number of genes annotated to each family.
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