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Highlights

What are the main findings?

e  We optimized novel IBA-melatonin (MLT) and IBA—citric acid (CA) compound rooting
formulas for hardwood cuttings of seven grape rootstocks, with 400 mg/L IBA + 1.2 mM
MLT screened as the optimal universal formula.

e  The optimal MLT combination significantly improved root morphology, root activity
and soluble substance accumulation, and balanced endogenous hormone levels in
grape rootstock cuttings.

e Transcriptome analysis revealed that MLT promotes adventitious rooting mainly
by regulating plant hormone signal transduction and MAPK signaling pathways in
grape rootstocks.

What are the implications of the main findings?

e  The optimized formulas provide practical technical support for large-scale and stan-
dardized propagation of grape rootstocks.

e  The clarified physiological and molecular mechanisms advance the theoretical research
on rooting regulation of woody plant cuttings.

e  This work provides a new reference for the application of MLT and CA as efficient
rooting promoters in horticultural cutting propagation.

Abstract

Efficient rooting is essential for the propagation of grape rootstocks. This study aimed to
identify an effective rooting formulation for hardwood cuttings and to investigate its under-
lying physiological and molecular mechanisms. Seven grape rootstocks were treated with
indole-3-butyric acid (IBA) combined with melatonin (MLT) or citric acid (CA), with IBA
plus naphthaleneacetic acid (NAA) and water serving as controls. Rooting performance
was comprehensively evaluated using morphological traits, physiological characteris-
tics, endogenous hormone contents, and transcriptome analysis. Among all treatments,
400 mg/L IBA combined with 1.2 mM MLT exhibited the best rooting performance. This
treatment significantly enhanced root activity, soluble sugar, and soluble protein contents.
It also increased IAA and GAj levels and improved the IAA/ABA and GAj3/ABA ratios
compared with the controls. Transcriptome analysis of ‘110R’ revealed that MLT-responsive
genes were mainly enriched in plant-pathogen interaction, hormone signal transduction,
and MAPK signaling pathways. Transcription factor families including MYB, ERF, and
NAC were identified as potential regulators. Collectively, these findings demonstrate that
IBA-MLT combined application promotes rooting by regulating physiological metabolism,
hormone balance, and gene expression, providing a theoretical basis for improving grape
propagation efficiency.
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1. Introduction

Grape (Vitis vinifera L.) is one of the most important fruit tree species in China, charac-
terized by a long cultivation history and abundant germplasm resources. It plays a vital
role in optimizing agricultural industrial structure and increasing farmers’ income. China
ranks first globally in both grape cultivation area and production, highlighting the enor-
mous scale of its grape industry [1]. However, grape production is frequently constrained
by diseases and pests, soil-related stresses, and various abiotic stresses. Grafting onto
resistant rootstocks has therefore become a core strategy for addressing these challenges
and achieving high-quality and efficient grape cultivation. Excellent rootstocks can not
only significantly enhance plant resistance to drought, salinity, soil-borne diseases, and
other adverse conditions, but also regulate vine vigor and improve fruit quality [2-4]. At
present, several resistant grape rootstocks, such as ‘Beta’ (Vitis berlandieri x Vitis riparia)
and ‘5BB’(V. berlandieri x V. riparia), have been introduced and widely utilized in China [5].

The selection of grapevine rootstocks is a crucial factor influencing adventitious root
formation and subsequent vineyard performance, as different rootstocks exhibit substantial
genetic and physiological variability in rooting capacity, stress tolerance, and nutrient
uptake efficiency [6,7]. In this study, seven widely used grapevine rootstocks, includ-
ing ‘101-14’, ‘SO4’, ‘Beta’, “1103P’, “3309’, “110R’, and ‘5BB’, were selected to represent
diverse genetic backgrounds derived from Vitis riparia, Vitis berlandieri, and Vitis rupestris
hybridization systems [8]. These rootstocks have been extensively documented to differ
in vigor, drought resistance, and rooting performance, making them ideal materials for
comparative studies on adventitious root formation. For instance, “101-14 Mgt’ (V. riparia
x V. rupestris) is known for its high rooting ability and adaptability to calcareous soils,
whereas ‘1103P" (V. berlandieri x V. rupestris) exhibits strong drought tolerance but relatively
slower rooting initiation [9,10]. Similarly, ‘SO4” and ‘3309C” show contrasting responses in
carbohydrate allocation and auxin sensitivity during root induction [11,12]. Overall, these
genotype-dependent differences are closely associated with endogenous auxin metabolism,
carbohydrate availability, and antioxidant capacity, which jointly determine rooting effi-
ciency and root system architecture.

Vegetative propagation through cuttings is the primary approach for preserving the
desirable traits of rootstocks and realizing large-scale nursery production. However, signifi-
cant differences exist in the rooting ability among grape rootstock genotypes, and some elite
genotypes exhibit poor adventitious root formation, which has become a major bottleneck
limiting their commercial application. Therefore, improving rooting efficiency is crucial
for grape rootstock propagation [13,14]. Among exogenous regulators, indole-3-butyric
acid (IBA) remains the most widely used auxin for promoting rooting in hardwood cut-
tings due to its high stability and strong ability to induce root primordia formation. In
commercial and experimental systems, IBA is often combined with naphthaleneacetic acid
(NAA) to enhance rooting efficiency; however, the response is highly genotype-dependent
and sometimes leads to inconsistent root quality or abnormal shoot development. Given
these limitations, researchers have increasingly explored alternatives to conventional auxin
mixtures. In recent years, increasing attention has been given to combining IBA with
emerging plant growth regulators such as melatonin (MT) and citric acid (CA) as potential
alternatives to conventional auxin mixtures. Melatonin, a multifunctional indoleamine
molecule, has been widely reported to regulate plant growth and stress adaptation through
antioxidant defense, redox homeostasis, and hormonal signaling modulation. Recent
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studies have demonstrated that exogenous melatonin significantly enhances adventitious
root formation in woody and horticultural plants by promoting auxin accumulation and
activating auxin-responsive genes, thereby improving root initiation and elongation capac-
ity [15,16]. Importantly, accumulating evidence suggests a strong functional interaction
between melatonin and auxin signaling pathways, where melatonin can regulate endoge-
nous indole-3-acetic acid (IAA) biosynthesis, polar auxin transport, and the expression of
key auxin-responsive genes involved in root development [17,18]. For example, melatonin
has been shown to enhance adventitious rooting by increasing endogenous IAA levels
and modulating ROS-scavenging systems in grapevine and other species [19]. In addition,
citric acid, a central intermediate of the tricarboxylic acid (TCA) cycle, has been reported
to improve root system architecture by enhancing energy metabolism, nutrient uptake
efficiency, and stress tolerance, although its role in adventitious rooting regulation remains
relatively underexplored compared with phytohormones [20,21]. Despite these advances,
most existing studies focus on single-factor treatments, and limited information is available
regarding the synergistic or comparative effects of IBA combined with melatonin or citric
acid on woody plant cutting propagation.

Although IBA-based rooting systems have been widely applied, several critical knowl-
edge gaps remain. First, systematic comparisons between conventional IBA-NAA formula-
tions and emerging IBA-melatonin or IBA—citric acid combinations are still scarce, particu-
larly in economically important woody crops such as grapevine rootstocks. Second, most
studies primarily focus on morphological rooting parameters, while the integrated regula-
tory mechanisms involving physiological metabolism, endogenous hormone balance, and
transcriptional regulation remain insufficiently characterized. Third, genotype-dependent
responses to exogenous regulators are often reported but rarely linked to molecular mecha-
nisms, limiting the development of universally effective rooting strategies. Furthermore,
although melatonin—auxin crosstalk has been suggested to play a central role in root devel-
opment, the precise regulatory networks underlying this interaction, especially in woody
cutting systems, are still poorly understood. Therefore, a comprehensive analysis integrat-
ing rooting morphology, physiological traits, hormone profiling, and transcriptome data is
urgently needed to clarify the regulatory mechanisms of exogenous hormone combinations
in adventitious root formation.

Based on these gaps, the present study aims to evaluate the effects of IBA combined
with melatonin or citric acid on adventitious root formation in multiple grape rootstocks,
compare their performance with the conventional IBA-NAA treatment, and elucidate the
physiological and molecular mechanisms underlying rooting regulation through integrated
morphological, physiological, hormonal, and transcriptomic analyses. We hypothesize
that melatonin or citric acid, when combined with IBA, can more effectively enhance
Adventitious root formation is a complex developn than traditional IBA-NAA treatments
by regulating endogenous auxin homeostasis, improving energy metabolism, and activating
key signaling pathways such as plant hormone signal transduction and MAPK cascades,
thereby leading to improved rooting efficiency and genotype adaptability.

In the present study, seven grape rootstocks ('101-14", ‘SO4’, ‘Beta’, “1103P”’, ‘3309’,
‘110R’, and ‘5BB’) were used as experimental materials. Hardwood cuttings were treated
with IBA combined with different concentrations of MLT or CA to evaluate their effects
on rooting performance. We hypothesized that these novel formulations would promote
adventitious root formation by regulating endogenous hormone balance and activating
key physiological and molecular pathways. To test this, we measured root morphological
traits, physiological indices, hormone contents, and transcriptomic profiles. The aim was
to identify efficient and stable rooting formulations and to provide a theoretical basis for
large-scale grape rootstock propagation.
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2. Materials and Method
2.1. Experimental Materials

This study was conducted from 2024 to 2025 at the Grape Experimental Base of
Northwest A&F University and the Grape Stress Physiology Laboratory of the College
of Enology. The experimental vineyard is located in Caoxin Village, Yangling District,
Xianyang City, Shaanxi Province, China (108°4’52.1” E, 34°16'21.8" N). The region is
characterized by a warm temperate, semi-humid, and semi-arid climate. During the
summer experimental period, the average temperature ranged from 15 °C to 27 °C, with a
historical extreme maximum temperature of 41.9 °C.

The experimental materials were collected from a vineyard with sandy loam and cinna-
mon soil. Standard vineyard management practices were followed throughout the growing
season. Fertilization consisted of organic fertilizer combined with N-P-K compound fertilizer
according to local production recommendations. The vineyard was equipped with a drip
irrigation system, and irrigation was applied as required. Pest and disease management was
conducted following local viticultural practices, and thiamethoxam and spinetoram were
applied when necessary to control insect pests and maintain healthy vine growth.

Seven grape rootstock cultivars, namely “101-14", ‘SO4’, ‘Beta’, “1103P’, ‘3309’, “110R’, and
‘5BB’, were used as plant materials in this study. To ensure the reliability and comparability
of the experimental data, one-year-old healthy grapevines with uniform growth vigor and
consistent cultivation conditions were selected for each cultivar as experimental materials.

2.2. Experimental Methods

The study consisted of two sequential experiments. The first experiment (air layering,
Section 2.2.1) was a preliminary screening designed to identify the optimal auxin formula-
tion from a range of IBA and NAA concentrations. Air layering was selected for this initial
step because it enables rapid rooting assessment while minimizing carbohydrate and water
stress confounders. Meanwhile s (Section 3.1) identified 400 mg/L IBA + 200 mg/L NAA
as the optimal auxin combination. The second experiment (hardwood cutting, Section 2.2.2)
was subsequently conducted to test whether MLT or CA could further enhance rooting
when added to this auxin baseline. Hardwood cuttings were used in this confirmatory
phase because they reflect the actual commercial propagation system. Thus, the first ex-
periment established the auxin foundation, and the second evaluated the supplementary
effects of MLT and CA against this baseline.

2.2.1. Experiment on Combined Rooting Formulations of NAA and IBA

The experiment was conducted from July to August 2024 at the Caoxinzhuang Experi-
mental Base of Northwest A&F University. The grape air-layering method described by
Zhang Ning and Liu Shuang (2012) was adopted with slight modifications [22]. Vigorous
and uniformly growing fruiting shoots from the middle and upper portions of the vines
were selected as experimental materials. Two to three leaves near the fruiting mother
branch were removed, and a girdling treatment was performed on the shoot bark. The
wounding length was approximately 1 cm, with the depth reaching the cambium layer
without damaging the xylem tissue.

Subsequently, the prepared rooting formulations were evenly applied to the girdled
area. An air-layering rooting box was then installed and filled with a substrate consisting
of peat, vermiculite, and perlite mixed at a volume ratio of 1:1:1 (v/v/v), followed by
sealing and fixation. During the layering period, watering was carried out every 3—4 days
to maintain adequate substrate moisture. Samples were collected and investigated 28 days
after treatment.
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The experiment employed a completely randomized design with a total of nine treat-
ments. Different combinations of indole-3-butyric acid (IBA) (Sigma-Aldrich, St. Louis,
MO, USA) and naphthaleneacetic acid (NAA) (Sigma-Aldrich, St. Louis, MO, USA) at
varying concentrations were used as experimental treatments. A treatment containing
400 mg/L ABT No.2 rooting powder (Beijing Aoboxing Biotech Co., Ltd., Beijing, China)
served as the positive control, while distilled water treatment was used as the blank control
(CK). Detailed treatment formulations are shown in Table 1.

Table 1. Orthogonal experimental design for air layering.

Treatment No./Hormone Composition IBA (mg/L) NAA (mg/L)

CK 0 0
I1 200 0

N1 0 200
2 400 0

N2 0 400

I1IN1 200 200

I2N1 400 200

I1IN2 200 400

I2N2 400 400

CK, control (distilled water); IBA, indole-3-butyric acid; MLT, melatonin; CA, citric acid; NAA, naphthaleneacetic
acid; ABT, a commercial rooting powder (active auxin components); IAA, indole-3-acetic acid; GA3, gibberellic acid;
ABA, abscisic acid; JA, jasmonic acid; SA, salicylic acid; DEGs, differentially expressed genes; GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes; qRT-PCR, quantitative real-time polymerase chain reaction.

For each treatment, nine healthy shoots with uniform thickness and vigorous growth
were selected for air-layering, and three biological replicates were established.

2.2.2. Preparation of Cuttings and Cutting Conditions

The hardwood cutting procedure described by Zhang Dan et al. (2022) was adopted
with slight modifications [23]. During the winter pruning season, healthy one-year-old
canes exhibiting full maturation, plump buds, and free from visible diseases and pests were
selected as experimental materials. The shoots were cut into segments measuring 5-8 cm in
length, each retaining two buds. The upper end of each cutting was trimmed horizontally
at 1.5-2.0 cm above the bud, while the lower end was cut obliquely approximately 1.0 cm
below the bud to facilitate rooting.

Following preparation, the cuttings were surface-sterilized by immersion in 800-fold
diluted 50% carbendazim solution for 30 min. After sterilization, the basal portions of the
cuttings were soaked in the respective rooting agent solutions for 2 h prior to planting.

The rooting substrate consisted of peat, vermiculite, and perlite mixed at a volume ratio of
1:1:1 (v/v/v). The substrate was disinfected by spraying with 800-fold diluted 50% carbendazim
solution (Jiangsu Pesticide Co., Ltd., Nanjing, China) and subsequently air-dried under natural
conditions before being transferred into foam seedling trays for use.

The cutting experiment was conducted in January 2025 in a greenhouse under semi-
natural light conditions. The greenhouse air temperature was maintained at 20 & 2 °C,
while plastic film covering was applied to maintain relative air humidity at 70% =+ 5%.
An electrically heated seedbed system was used to regulate the substrate temperature at
28 + 2 °C. For each grape rootstock cultivar and treatment, 30 cuttings were prepared, with
three biological replicates established for each treatment.
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2.2.3. Design of Rooting Agent Treatments

The experiment was conducted using a completely randomized design with a total
of eight treatments. In all treatments, the concentration of indole-3-butyric acid (IBA)
was maintained at 400 mg/L. The previously screened combined formulation of IBA
and naphthaleneacetic acid (NAA) (IN) was used as the hormone control, while distilled
water treatment served as the blank control (CK). Detailed compositions of the different
treatments are presented in Table 2.

Table 2. Compositions and Concentrations of Plant Growth Regulators under Different Treatments.

Treatment Concentrations of Rooting Agent Components
M1 400 mg/L IBA + 1.2 mM MLT
M2 400 mg/L IBA + 1.0 mM MLT
M3 400 mg/L IBA + 0.8 mM MLT
IC1 400 mg/L IBA + 0.5% CA
IC2 400 mg/L IBA + 0.3% CA
1C3 400 mg/L IBA + 0.1% CA
IN 400 mg/L IBA + 200 mg/L NAA
CK ddH,0O

Note: IM1, IM2, and IM3 represent IBA combined with 1.2, 1.0, and 0.8 mM MLT, respectively. IC1, IC2, and
IC3 represent IBA combined with 0.5%, 0.3%, and 0.1% CA, respectively. IN represents the conventional auxin
formulation of 400 mg/L IBA + 200 mg/L NAA.

The concentrations of MLT and CA used in this experiment were selected based on
previous reports and preliminary considerations of concentration-dependent rooting re-
sponses. For MLT, three concentrations, 0.8, 1.0, and 1.2 mM, were chosen to represent a
narrow effective range that has been reported to promote root development, auxin-related
signaling, and stress adaptation in horticultural and woody plants. For CA, concentrations
of 0.1%, 0.3%, and 0.5% were selected as low, medium, and relatively high levels, respec-
tively, because citric acid has been reported to affect root morphology, energy metabolism,
nutrient availability, and stress-related physiological processes. All MLT and CA treatments
were combined with a fixed basal concentration of 400 mg/L IBA to compare their supple-
mentary effects under the same auxin background. The IBA + NAA treatment, previously
screened in the air-layering experiment, was used as the conventional auxin control.

2.2.4. Determination of Rooting Morphological Traits

At 28 days after cutting, the numbers of rooted and sprouted cuttings in each treatment
were recorded, and the rooting rate and sprouting rate were calculated according to the
following formulas:

Rooting rate (%) = Number of rooted cuttings/Total number of cuttings x 100%

Sprouting rate (%) = Number of sprouted cuttings/Total number of cuttings x 100%

Root morphological characteristics of the cuttings were determined using a root
scanning analysis system (Wanshen, Hangzhou, China), including average root number,
average root length, and average root diameter.

2.2.5. Comprehensive Evaluation of Rooting Performance

A membership function method was employed to comprehensively evaluate the
rooting performance of different treatments. The membership function was calculated
using the following formula:

Xi — Xin

X;) = L mn_
U( l) Ximax — Xmin
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where U(X;) represents the membership function value of the i-th index, X; represents the
measured value of the corresponding index, and X;sx and X,,,;;, represent the maximum
and minimum values of that index among all treatments, respectively.

The average value of the membership function values for all evaluated indices was
used as the comprehensive evaluation index. A higher value indicated a better overall
rooting performance.

2.2.6. Determination of Root Physiological Indices

Based on the comprehensive evaluation results obtained from the membership func-
tion analysis, the treatments IM1, IC2, IN, and CK, which exhibited relatively superior
overall rooting performance, were selected for the determination of root physiological
indices. Newly formed root samples were collected at 28 days after cutting, immediately
frozen in liquid nitrogen, and stored at —80 °C for subsequent analyses.

Root soluble sugar content was determined using the anthrone colorimetric method
(anthrone from Sigma-Aldrich, St. Louis, MO, USA) [24]. Briefly, 0.20 g of fresh root tissue
was ground thoroughly in liquid nitrogen, followed by the addition of 10 mL distilled
water. The mixture was extracted in a boiling water bath for 30 min and subsequently
cooled to room temperature. After centrifugation at 8000x g for 10 min, the supernatant
was collected for analysis. A 0.5 mL aliquot of the extract was transferred into a test
tube, followed by the addition of 5 mL freshly prepared anthrone-sulfuric acid reagent.
The mixture was thoroughly mixed and reacted in a boiling water bath for 10 min, then
rapidly cooled to room temperature. Distilled water was used as the blank control, and
absorbance was measured at 620 nm. A standard curve was established using glucose
standard solutions, and soluble sugar content was calculated accordingly. The results were
expressed as mg/g fresh weight (FW).

Root soluble protein content was determined using the Coomassie Brilliant Blue G-250
method (Bio-Rad, Hercules, CA, USA) [25]. Approximately 0.20 g of fresh root tissue was
homogenized in 5 mL phosphate buffer solution (pH 7.0) under ice-bath conditions. The
homogenate was centrifuged at 12,000x g and 4 °C for 15 min, and the supernatant was
collected as the crude enzyme extract. Subsequently, 0.1 mL of the extract was mixed with
5 mL Coomassie Brilliant Blue G-250 reagent and incubated at room temperature for 2 min.
Phosphate buffer solution was used as the blank control, and absorbance was measured
at 595 nm. A standard curve was generated using bovine serum albumin (BSA) standard
solutions, and soluble protein content was calculated based on the standard curve. The
results were expressed as mg/g FW.

Root activity was determined using a modified triphenyl tetrazolium chloride (TTC)
method [26]. Briefly, 0.50 g of fresh root tissue was incubated with 5 mL of 0.4% TTC
solution and 5 mL phosphate buffer solution (pH 7.0) in the dark at 37 °C for 2 h. After
incubation, the reaction was terminated by adding 2 mL of 1 mol/L sulfuric acid. The
root samples were then removed, gently blotted dry with filter paper, and cut into small
pieces. Subsequently, 10 mL ethyl acetate was added to extract the red triphenyl formazan
(TTF) pigment in a boiling water bath until the root tissues were completely decolorized.
After cooling, the extract volume was adjusted to a constant volume, and absorbance was
measured at 485 nm. Root activity was calculated according to the TTF standard curve, and
the results were expressed as ug/(g-h).

2.2.7. Determination of Endogenous Hormone Contents in Roots

For hormone analysis, root samples were collected from each treatment, immedi-
ately frozen in liquid nitrogen, and stored at —80 °C until analysis. Approximately
0.2 g of frozen tissue was ground into a fine powder in liquid nitrogen and extracted
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with methanol/water/formic acid (79:20:1, v/v/v) at 4 °C for 12 h. The extract was cen-
trifuged at 12,000x g for 15 min at 4 °C, and the supernatant was collected and filtered
through a 0.22 pm membrane filter prior to instrumental analysis. The endogenous contents
of indole-3-acetic acid (IAA), gibberellic acid (GA3), abscisic acid (ABA), jasmonic acid (JA),
and salicylic acid (SA) in root tissues were quantified using liquid chromatography—tandem
mass spectrometry (LC-MS/MS) [27].

Chromatographic separation was on a Shim-pack XR-ODS III column (2.0 mm X 75 mm,
1.6 um) (Shimadzu, Kyoto, Japan). The mobile phase consisted of 5 mmol/L ammonium
formate containing 0.05% formic acid and methanol. The flow rate was maintained at
0.3 mL/min, the column temperature was set at 40 °C, and the injection volume was
5 uL. External standards of IAA, GA3, ABA, JA, and SA were used for identification
and quantification; calibration curves were prepared using different concentrations of the
standards, and hormone contents were calculated according to the corresponding standard
curves. Three biological replicates were included for each treatment to ensure the reliability
and reproducibility of the experimental data.

2.3. Transcriptome Sequencing and Bioinformatics Analysis
2.3.1. Sample Collection, RNA Extraction, Library Construction, and Sequencing

To further elucidate the molecular mechanisms underlying melatonin-mediated reg-
ulation of adventitious root formation in grape rootstocks, the grape rootstock cultivar
“110R’, which exhibited a representative rooting response, was selected for transcriptome
sequencing analysis.

Cuttings treated with 1.0 mM melatonin (MLT) (Aladdin, Shanghai, China) and
distilled water (CK) were sampled, and newly formed root tip tissues were collected
at 21 days after treatment. Three independent biological replicates were established for
each treatment. Immediately after collection, all samples were rapidly frozen in liquid
nitrogen and subsequently stored at —80 °C until further analysis.

Total RNA extraction, RNA quality assessment, cDNA library construction, and
[lumina-based high-throughput sequencing were performed by Shanghai Majorbio Bio-
pharm Technology Co., Ltd. (Shanghai, China). Only RNA samples that satisfied the
quality requirements for integrity, purity, and concentration were used for subsequent
library preparation and sequencing. The raw sequencing data generated were subsequently
subjected to quality control, reference genome alignment, identification of differentially
expressed genes (DEGs), and downstream functional enrichment analyses.

2.3.2. Sequencing Data Quality Control and Reference Genome Alignment

Raw sequencing reads were subjected to stringent quality control procedures to remove
adapter sequences, low-quality reads, and reads containing a high proportion of ambiguous
nucleotides (N bases), thereby obtaining high-quality Clean reads for subsequent analyses.

The filtered Clean reads were subsequently aligned to the grape reference genome
for transcriptomic analysis. Differential gene expression profiles among samples were
statistically analyzed and summarized using the cloud-based bioinformatics platform
provided by Shanghai Majorbio Bio-pharm Technology Co., Ltd.

2.3.3. Identification of Differentially Expressed Genes and Functional Enrichment Analysis

Gene expression levels among different treatment groups were normalized and analyzed
for differential expression using the DESeq2 software package (version 1.40.0). Genes with
llogo,FC | > 1 and padj < 0.05 were identified as differentially expressed genes (DEGs). The
numbers of upregulated and downregulated DEGs were subsequently statistically summarized.
Functional enrichment analysis of the identified DEGs was conducted using the cloud-
based bioinformatics platform provided by Shanghai Majorbio Bio-pharm Technology Co.,
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Ltd. Gene Ontology (GO) enrichment analysis was performed to classify DEG functions
into three major categories: biological process (BP), cellular component (CC), and molecular
function (MF), thereby revealing the functional distribution characteristics of the DEGs.
In addition, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis was carried out to identify significantly enriched metabolic pathways and signal
transduction pathways.

Through these analyses, the molecular mechanisms underlying the regulation of
adventitious root formation in the grape rootstock ‘110R” under different treatments were
further elucidated.

2.3.4. Analysis of Transcription Factors and Key Pathway-Related Genes

Based on the annotation results of differentially expressed genes (DEGs), transcription
factors were identified from the DEG dataset and subsequently classified into their corre-
sponding families. Particular emphasis was placed on transcription factor families closely
associated with plant hormone signal transduction, cell division and differentiation, stress
responses, and adventitious root formation, including ERF, MYB, NAC, bHLH, WRKY,
GRAS, AUX/IAA, and ARF.

Combined with the KEGG enrichment results, pathways specifically enriched under
melatonin treatment and closely related to adventitious root development were further
screened and analyzed. These pathways mainly included the plant-pathogen interac-
tion pathway, plant hormone signal transduction pathway, and plant MAPK signaling
pathway. Furthermore, heatmaps of key gene expression profiles were generated to compar-
atively analyze the expression patterns of core regulatory genes among different treatments,
thereby providing deeper insight into the molecular regulatory mechanisms underlying
melatonin-mediated adventitious root formation in grape rootstocks.

2.4. Data Analysis

All statistical analyses were performed using SPSS 20.0, and figures were generated
using GraphPad Prism 10. Although the experimental design comprises two factors
(7 rootstock cultivars x 8 treatments), the primary objective of this study was not to quantify
the abstract interaction effects between genotype and treatment—which are expected to be
significant given the high genetic variability in rooting capacity—but rather to screen the
optimal rooting formulation within the context of each genotype, a standard and practical
strategy in rootstock cutting propagation research.

Accordingly, our analytical strategy specifically employed one-way analysis of vari-
ance (one-way ANOVA) to evaluate differences among treatments within each rootstock
cultivar, followed by Duncan’s multiple range test (p < 0.05) for post hoc comparisons. This
approach was chosen for three principal reasons. First, due to the substantial inherent
differences in rooting ability among grape rootstocks (e.g., vigorous ‘101-14" vs. slow-
rooting ‘5BB’), pooling all data into a two-way ANOVA model would severely violate the
assumption of homogeneity of variances (as verified by Levene’s test), potentially yielding
unreliable interaction p-values and diluting the significant treatment effects observable
within specific cultivars. Second, the key evaluation metric in this study—the compre-
hensive membership function value—is a non-parametric, rank-based index constructed
specifically to handle multi-dimensional heterogeneous traits within each cultivar. This
index is inherently incompatible with the parametric assumptions of a two-way general
linear model. Third, our experimental design prioritized sufficient replication (30 cuttings
per treatment per cultivar) to ensure robust within-cultivar comparisons rather than a
balanced factorial decomposition aimed at testing global interaction terms.
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Therefore, the combination of cultivar-specific one-way ANOVA and membership
function-based comprehensive evaluation provides a straightforward, statistically defen-
sible, and practically relevant framework that directly addresses the core objective of
formulation screening. We acknowledge that a two-way ANOVA could offer global main
effects and interaction estimates; however, such an approach would not effectively answer
the specific formulation-selection questions central to this study. All reported differences
were considered statistically significant at p < 0.05.

3. Results and Analysis

3.1. Experiment on Combined Rooting Formulations of IBA and NAA
3.1.1. Effects of Combined IBA and NAA Formulations on the Rooting Rate of
Grape Rootstocks

Significant differences in rooting rate were observed among treatments across the seven
rootstocks (Figure 1, Table 3). Among all formulations, I2N1 (400 mg/L IBA + 200 mg/L NAA)
exhibited the best overall performance, with an average rooting rate of 77.23%, exceeding ABT
(63.99%) and CK (21.76%) by 20.69 and 55.47 percentage points, respectively. I2N1 achieved
the highest rooting rates in “101-14" (91.67%), ‘Beta’ (68.33%), ‘3309 (83.33%), and ‘1103P’
(82.83%). However, genotype-specific responses were observed: ‘SO4’ performed best under
I1N1 (83.33%), while ‘5BB’ responded most favorably to ABT (74.07%), indicating that the
optimal auxin combination is partially genotype-dependent although I2N1 demonstrated

broad applicability.

Figure 1. Rooting status of “101-14’ rootstock at 28 days under different rooting agent formulation treatments
(air layering). Note: (A): 400 mg-L.~! NAA + 400 mg-L~! IBA; (B): 400 mg-L.~! NAA + 200 mg-L~! IBA;
(0): 200 mg-L~! NAA +400 mg-L~! IBA; (D): 200 mg-L~! NAA +200 mg-L~! IBA; (E): 400 mg-L~! NAA;
(F): 400 mg-L 1 IBA; (G): 200 mg- L~ NAA; (H): 200 mg-L~! IBA; (I): 400 mg-L~! ABT; (J): CK (ddH,0).
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Table 3. Air layering rooting rate.
Treatment/ 0114 () S04 (%) BETA (%) 3309 (%) 1103P (%) 110R (%) 5BB (%)
Cultivar
CK 2778 +£5.56 g 2917 £4.17f 16.67 =556 g 25.00 £ 8.33 f 22224+1111g 1296 £321¢g 1852 +12.83 f
11 45.83 £ 12.50 f 3750+ 417 e 3375+375e 50.00 + 16.67 cd 2929 +£0.71 ¢ 16.67 £ 0.00 f 2481 +449e
N1 50.00 £ 16.67 ef 25.00 £8.33¢g 1944 £2.78 £ 25.00 £8.33 f 27.78 + 16.67 fg 2778 +£9.62 e 18.52 + 6.42 f
12 6250 +4.17d 33.33 £ 0.00 ef 4524 +£11.90d 3333 +£0.00e 4278 £ 12.78 e 3333 £ 16.67de  37.04 £642d
N2 50.00 £ 16.67 ef 62.50 +20.83d 27.78 £ 5.56 ef 25.00 £8.33 f 33.33 £ 0.00 ef 4444 £9.62d 37.04 +6.42d
TIN1 75.00 £8.33 ¢ 83.33 £ 16.67 a 50.00 &= 5.56 ¢ 41.67 £8.33 de 55.05+0.51d 88.89 £ 19.25a 70.37 + 6.42 ab
12N1 91.67 £ 833 a 66.67 £ 33.33 cd 68.33 = 1.67 a 83.33 £ 16.67 a 82.83 +£5.62a 81.48 £16.97ab 6667 £ 3333 abc
I1IN2 87.50 +4.17 b 83.33 = 16.67 a 56.06 +10.61 b 66.67 +0.00 b 7222 £5.56b 73.74 £2354bc  62.96 £ 6.42 bc
12N2 66.67 + 33.33 cd 83.33 £ 16.67 a 4949 £5.05¢ 66.67 + 33.33 b 68.33 £1.67 ¢ 70.96 +25.22bc  70.37 + 6.42 ab
ABT 58.33 £25.00de  66.67 £ 0.00 bc 63.33+3.33ab  50.00 = 0.00 cd 6515+ 1.52 ¢ 70.37 = 642 c 74.07 +12.83 a
Note: Data in the table are presented as mean + standard deviation. Different lowercase letters after different
treatments in the same column indicate significant differences between the two groups (p < 0.05). I2N2: 400 mg-L~!
NAA + 400 mg-L~! IBA; TIN2: 400 mg-L~! NAA + 200 mg-L~! IBA; I2N1: 200 mg-L~! NAA + 400 mg-L~! IBA; IINL:
200 mg-L~! NAA +200 mg-L~! IBA; N2: 400 mg-L~! NAA; I2: 400 mg-L~! IBA; N1: 200 mg-L~! NAA; I1: 200 mg-L~!
IBA; ABT: 400 mg-L~! ABT; CK: ddH,O.
3.1.2. Effects of Combined IBA and NAA Formulations on the Rooting Performance Index
of Grape Rootstocks
The rooting performance index, integrating rooting rate, root number, root length,
and root diameter, showed that I2N1 consistently outperformed other treatments across
most cultivars, with an average inter-cultivar index of 6.32 (Table 4). This value was
substantially higher than those of [2N2 (4.19) and ABT (3.95), confirming the synergistic
effect of combined IBA and NAA application.
Table 4. Air layering rooting effect index.
Treatment/
. 101-14 S04 BETA 3309 1103P 110R 5BB
Cultivar
CK 380£150¢g 019 £0.07 g 027 £012¢g 1.23 +£0.11de 221£029¢g 050 £0.06¢g 091£029¢g
11 554+032e 0.26 £ 0.07 f 0.61 £0.23f 0.96 £ 0.09 f 435+1.13cd 1.11+0.62f 143+0.18f
N1 525+227f 031£017e 0.47 £0.14 1.26 £ 0.53d 450+121c¢ 1.04 £025f 1.09 +0.17 fg
12 6.70 £2.20d 097 £0.14c 094 +0.18e 1.31 £0.08 cd 511£3.75b 0.75 +0.19 fg 299 +£0.28d
N2 253+120h 041 +0.14d 0.74 + 0.06 ef 077+020g 3.38 £ 1.10 ef 232+127e 132 £022f
I1IN1 561 +276e 0.62£0.15d 194 +£0.72 ¢ 1.34 £ 0.06 ¢ 432 +1.07 cd 2.80 +£0.88d 232+056e
12N1 14.67 £1.76 a 328+042a 249 £0.37 a 1.39 £+ 0.46 bc 6.56 £2.77 a 895 +£3.18a 692 +442a
I1IN2 541 +240e 0.69 = 0.06 ¢ 1.81 £ 0.36 cd 094 +0.23 f 3.98 £ 1.54 de 1.72 £ 0.70 ef 536 +147b
12N2 12.58 £1.83b 1.07 £0.10b 231+0.28Db 289+024a 223+111g 3.96 £0.88 ¢ 427 +1.14c
ABT 11.61 £1.23 ¢ 1.02 £+ 0.26 bc 249 +040a 1.57 £0.33b 3.14 £0.05 f 454 +159b 327 +£0.21 cd

Note: Rooting effect index = rooting rate X average root number x average root length; data in the table are presented
as mean =+ standard deviation. Different lowercase letters after different treatments in the same column indicate
significant differences between the two groups (p < 0.05). I2N2: 400 mg-L~1 NAA + 400 mg-L~! IBA; IIN2: 400 mg-L~!
NAA + 200 mg-L 1 IBA; I2N1: 200 mg-L~! NAA + 400 mg-L~! IBA; IIN1: 200 mg-L ! NAA + 200 mg-L~! IBA; N2:
400 mg-L~! NAA; I2: 400 mg-L~! IBA; N1: 200 mg-L~! NAA; I1: 200 mg-L~! IBA; ABT: 400 mg-L~! ABT; CK: ddH,0.

3.2. Effects of Rooting Agents on Rooting Traits of Grape Rootstock Cuttings
3.2.1. Rooting and Sprouting Rates

The results indicated that different rooting agent formulations significantly enhanced
the rooting rates of hardwood cuttings in the seven grape rootstocks after 28 days of
cultivation, while the rooting-promoting effects of the same formulation exhibited clear
rootstock-specific characteristics among different genotypes (Table 5). As illustrated in
Figure 2, different rooting agent treatments markedly affected the root morphological
characteristics of ‘5BB’ cuttings. Compared with the CK treatment, the combined treatment
groups produced a greater number of adventitious roots with more uniform root distribu-
tion, accompanied by significant increases in root length and root biomass. These results
indicate that the combined application of exogenous hormones effectively promoted root
system development and improved the overall rooting quality of ‘5BB’ cuttings.
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Table 5. Rooting Rates of Seven Grape Rootstocks after 28 Days of Hardwood Cutting under Different

Rooting Agent Treatments.

Treatment/ 101-14 (%) S04 (%) BETA (%) 3309 (%) 1103P (%) 110R (%) 5BB (%)
Cultivar
M1 86.67 £ 11.55b  26.67 £20.82d  46.67 £ 11.55¢ 2333 +577e 1444 +£385¢ 90.00 +10.00 a 68.97 +£7.25b
M2 4000+17.32e  4431+830a 4000 +2646c  3000+1868d  73.65+11.83a 84.85+2624a 5710 +4.00d
M3 96.67 = 5.77 a 16.16 £3.74 e 50.00 +17.32b 1413 +3.77 g 70.00 £ 20.00 a 7593 £5.25¢ 7797 £ 6.61a
IC1 4000+£000e 3875+1267b 4333+1155c  2000+10.00f  40.00+000d  80.00+0.00b 6054+ 1137 ¢
) (@] 80.00 + 34.64 b 13.39 £ 5.85f 46.67 = 1528 c 40.00 £ 10.00 b 2232+ 1286 f 7222 +694d 61.62 £9.36¢
1C3 4333+577de  475+095g  2658+725e  2333+1155e  40.00+17.32d 7000+ 10.00d  54.05+4.46d
IN 5328 £599d 1580 £7.27e 7333 £5.77 a 4148 £17.72a 64.27 +1446b  85.00 +13.23 a 4737 £235e
CK 20.00 £ 0.00 £ 1240 +£1.38 f 2820+ 7.66de  27.01 + 15.64 de 16.67 £ 6.67 e 26.67 £5.77 e 3646 £7.71f

Note: Data are presented as mean =+ standard deviation (SD). Different lowercase letters within the same column
indicate significant differences among treatments at (p < 0.05).

Figure 2. Rooting Performance of ‘5BB’ Rootstock after 28 Days under Different Rooting Agent
Treatments. Note: (A): 400 mg-L_1 IBA + 1.2 mM melatonin (MLT); (B): 400 mg-L_1 IBA + 1.0 mM
melatonin (MLT); (C): 400 mg-L*1 IBA + 0.8 mM melatonin (MLT); (D): 400 mg~L*1 IBA + 0.5% citric
acid (CA); (E): 400 1rng~L‘1 IBA + 0.3% citric acid (CA); (F): 400 mg-L‘1 IBA + 0.1% citric acid (CA);
(G): 400 mg~L*1 IBA + 200 mg/L NAA; (H): CK (ddH,0).

Among all treatments, the IM3 treatment (400 mg/L IBA + 0.8 mM MLT) exhibited the
best overall rooting-promoting effect, achieving an average rooting rate of 57.26% across the
seven rootstock cultivars. This value was 2.9 percentage points higher than that obtained
with the previously screened optimal rooting formulation IN (400 mg/L IBA + 200 mg/L
NAA, 54.36%) and 2.39-fold higher than that of the control treatment (CK, 23.92%). The
IM3 treatment increased the rooting rate of ‘101-14’ to 96.67%, which was significantly
higher than those observed under the other treatments for the same cultivar. In addition,
the IM3 treatment also resulted in rooting rates exceeding 70% in ‘1103P’, “110R’, and ‘5BB’,
indicating that this formulation possessed relatively broad applicability among different
grape rootstocks.

The IM2 treatment (400 mg/L IBA + 1.0 mM MLT) produced a significantly higher
rooting rate than the IN treatment in the ‘SO4’ rootstock. This finding further supports the
conclusion that the rooting-promoting effects of identical treatments may exhibit genotype-
specific responses among different grape rootstocks. Overall, the combined exogenous
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application of IBA with CA or MLT demonstrated rooting-promoting effects comparable to
those achieved by the conventional IBA-NAA combined formulation.

Sprouting rate reflects cutting physiological activity and formulation safety, and
determines whether rooted cuttings can develop into healthy seedlings. Different rooting
formulations significantly enhanced sprouting rates across the seven rootstocks (Table 6).
The IM2 treatment (400 mg/L IBA + 1.0 mM MLT) achieved the highest average sprouting
rate (42.56%), exceeding IN (39.25%) and IM3 (31.77%) by 8.43% and 33.96%, respectively.
This may be attributed to melatonin’s role in promoting axillary bud sprouting through
oxidative stress alleviation and cell division stimulation. In contrast, IBA-NAA and IBA-
CA combinations primarily facilitate root primordium differentiation, resulting in distinct
regulatory effects on root-shoot coordination.

Table 6. Sprouting Rates of Seven Grape Rootstocks under Different Rooting Treatments.

Treatment/ 101-14 (%) S04 (%) BETA (%) 3309 (%) 1103P (%) 110R (%) 5BB (%)
Cultivar
M1 36.67 £25.17¢c  16.67 £ 11.55 f 0.00 +£0.00 g 2333 +£5.77c 16.67 £ 6.67g  40.00 £20.00 e 57.10 £4.00 ¢
M2 13.33 £11.55 f 38.97 +5.56 a 36.67 £20.82 a 19.00 £8.54d 72.06 £2032a 61.82+33.18b 56.09 £9.19 c
M3 30.00 & 20.00 ¢ 2317 +4.18e 6.67 £ 11.55e 17.03 =823 e 40.00 £20.00c 48.15+1050d 57.37+10.32c¢
IC1 26.67 £5.77 d 36.15+ 7.66 a 333+577f 10.00 £ 10.00 f 26.67 £5.77 e 53.33 £20.82¢ 69.35£4.35a
1C2 33.33+£1528c 3549 £17.07b 6.67 £5.77 e 2333 £11.55¢  19.68 £10.02f  57.78 +27.04c 54.05+4.46c
1C3 16.67 1528 e 2833 +15.04d 13.33+5.77d 10.00 £ 0.00 £ 26.67 £577e  46.67 £2517d 59.89 £10.87b
IN 49.67 £2.08 a 15.84 £ 4.05 f 13.33 £11.55d  28.89 £5.09b 47.85+1.87b 85.00 £13.23a  3420+594d
CK 0.00+0.00g 12.87 +10.63g  26.67 =15.28b 13.33 £5.77 e 2232+ 1286e 10.00 = 0.00 £ 26.65 +591e
Note: Data are presented as mean =+ standard deviation (SD). Different lowercase letters within the same column
indicate significant differences among treatments at (p < 0.05).
3.2.2. Effects on Root Growth Parameters
Tables 7 and 8 presents the measurements of average root number (AN), average
root length (AL), and average root diameter (AD) of the seven grape rootstock cultivars
after 28 days of hardwood cutting propagation. Different rooting agent formulations
exhibited significant regulatory effects on the root morphological parameters of all tested
grape rootstocks, and pronounced interactions between treatment specificity and rootstock
genotype were observed.
Table 7. Average Root Number, Root Length, and Root Diameter of Four Grape Rootstocks (101-14,
S04, Beta, and 1103P) after 28 Days of Hardwood Cutting under Different Rooting Agent Treatments.
Treatment/ 101-14 SO4 BETA 1103P
Cultivar N AL AD AN AL AD AN AL AD AN AL AD
M1 3.80 + 6.62 + 0.30 & 430 + 296 + 0.37 + 5.16 + 3.61 + 031 £ 8.13 &+ 457 + 1.03 &+
0.80 f 0.99 a 0.01b 1.81a ll6g 003 g 218 a 0.16 e 0.07 de 220b 1.00 e 0.08 b
IM2 7.30 £ 3.34 £ 0.26 &+ 3.10 + 444 £+ 0.98 + 2.70 £ 742 £ 0.34 + 493 + 449 + 0.32 £
6.06 d 0.24d 0.01e 0.68 b 1.25e 0.12¢ 1.13c¢ 0.91 ab 0.03 ¢ 0.32d 147 e 0.06 £
IM3 6.27 + 439 £ 0.28 + 3.07 £ 593 + 0.73 + 1.80 + 5.63 + 032+ 418 £ 7.87 + 0.34 +
0.86 e 0.71b 0.02 cd 0.83b 0.52a 0.04e 0.17d 1.60 c 0.06 cd 095d 2.00b 0.03 e
Ic1 6.27 + 334+ 0.28 + 311+ 6.06 + 1.24 + 296 + 5.01 + 031 + 749 + 10.38 0.42 +
2.05e 0.24d 0.03 cd 0.80b 1.39a 0.20 a 0.56 b 1.09d 0.07 de 454D 238 a 0.02d
1c2 6.13 + 3.86 + 0.25 + 351+ 517 £ 092 + 297 + 745 + 041 + 10.90 + 743 + 0.52 +
449e 0.07 ¢ 0.02e 1.04b 2.24 bc 0.09d 1.31b 2.92 ab 0.03 a 1.57 a 1.50 bc 0.01c
1C3 9.97 3.60 + 0.28 + 1.33 & 531+ 0.52 + 1.98 + 3.89 + 0.38 + 3.60 £ 392+ 0.29 +
174 a 0.11 cd 0.02 cd 0.58d 1.57b 0.07 0.58cd  0.23de 0.06 b 0.69 e 1.77 £ 0.06 g
IN 6.23 + 341+ 0.31 &+ 3.61 £ 4.84 + 1.13 + 2.55 + 7.52 & 033 £ 253 £ 6.31 &+ 0.43 +
291e 0.15d 0.03b 141D 2.16d 0.17b 2.12bc 443a 0.06 cd 0.50 f 2.16 cd 0.03d
CK 2.87 + 235+ 0.36 &= 229 + 220 + 0.77 + 1.70 & 297 + 0.24 + 1.73 £ 3.26 1.22 +
057 ¢g 0.78 e 0.10a 0.92 ¢ 0.89h 02le 0.60d 111f 0.06 f 016 g 0.66 g 0.12a

Different lowercase letters after different treatments in the same column indicate significant differences between

the two groups (p < 0.05).
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Table 8. Average Root Number, Root Length, and Root Diameter of Three Grape Rootstocks (110R,
5BB, and 3309) after 28 Days of Hardwood Cutting under Different Rooting Agent Treatments.

Treatment/ 110R 5BB 3309
Cultivar AN AL AD AN AL AD AN AL AD
M1 627+1.18bc  7.96+£224bc  035+005cd 320+099de 811+279d  0.82+006a 217+126d 242+031d 118+0.17a
M2 667+035ab 747+083cd 034+003cd 393+078c  881+353cd  0.72+003b  222+122d  268+099c  041+0.12b
IM3 680 +106ab  695+223d  033+£004d 320+£108de 19094+1005b 051+£0.03c  3.15+059a  3.06+095b  0.71+0.18b
IC1 865+377b  041+£006a 334+:082de 836+179d 0434+0.15e 257+£040c  35540.19a 533+247cd  0.33%0.11c
IC2 533+190cd 9.74+280a 040+007ab 357+110cd 2070+1254a  053+0.04c  270+0.66bc  212+0.88e  031+009cd
IC3 690+555a 754+075cd 034+£006cd 390+156c  1021+556c 045+008de 193+£047e  1.65+038f 028+ 008de
IN 303+12le  6274+082e 030+00le 973+474a  1208+7.66c 048+008cd 094+034f 1414031g  029+003de
CK 317+126e  218+1.04f  022+004f 222+048f 373+179e¢ 044+010de 033+015g 186+119e¢f 027+0.12e

Note: AN, average root number; AL, average root length; AD, average root diameter. Data are presented as
mean =+ standard deviation (SD). Different lowercase letters within the same column indicate significant differences
among treatments at p < 0.05.

Regarding average root number, the IC2 treatment (400 mg/L IBA + 0.3% CA) ex-
hibited the highest average value across the seven rootstock cultivars, reaching 5.02 roots
per cutting. This represented increases of 22.74% and 146.08% compared with the IN
treatment (400 mg/L IBA + 200 mg/L NAA, 4.09 roots) and the distilled water control (CK,
2.04 roots), respectively, indicating that IC2 was the most effective formulation for promot-
ing adventitious root formation in the tested rootstocks. The IM1 treatment (400 mg/L IBA
+ 0.8 mM MLT) ranked second, with an average root number of 4.72 roots, and similarly
exhibited a strong promotive effect on root formation.

In terms of average root length, the IC2 treatment (400 mg/L IBA + 0.3% CA) also
showed the best performance, with an average root length of 8.07 cm across cultivars,
which was significantly higher than those of the other treatment groups. Compared with
the IN treatment (400 mg/L IBA + 200 mg/L NAA, 5.98 cm) and the distilled water
control (CK, 2.65 cm), the average root length under IC2 increased by 34.95% and 204.53%,
respectively. The IC1 treatment ranked second, with an average root length of 6.48 cm,
also demonstrating a strong promotive effect on root elongation. Among the combined
IBA-melatonin treatments, the IM3 treatment (400 mg/L IBA + 0.8 mM MLT) exhibited
the greatest average root length, reaching 7.56 cm, suggesting that melatonin-mediated
regulation of root elongation exhibited a clear concentration-dependent effect.

Regarding average root diameter, the IM1 treatment (400 mg/L IBA + 0.8 mM MLT)
achieved the highest average root diameter across cultivars, reaching 0.62 mm, which
represented a 24.00% increase compared with the CK treatment (0.50 mm).

3.2.3. Effects on Rooting Performance Index

As presented in Table 8, the IC2 treatment (400 mg/L IBA + 0.4% CA) demonstrated
superior overall rooting performance across most tested grape rootstock cultivars, with an
average inter-cultivar rooting performance index of 2.14. The IM2 treatment (400 mg/L
IBA + 1.0 mM MLT) achieved a comparable average index of 2.13, indicating overall
performance closely aligned with that of the IC2 treatment. The IM1 treatment (400 mg/L
IBA + 0.8 mM MLT) yielded an average rooting performance index of 2.09, reflecting a
consistently favorable effect on comprehensive root development.

When the rooting performance index was considered separately, the treatment show-
ing the highest value varied among rootstock cultivars. For example, IM3, corresponding
to 400 mg/L IBA + 0.8 mM MLT, produced the highest rooting performance index in ‘3309,
whereas IN, corresponding to 400 mg/L IBA + 200 mg/L NAA, produced the highest
rooting performance index in ‘5BB’. These results highlight the importance of genotype-
specific optimization of rooting hormone combinations to achieve maximal adventitious
root formation (Table 9).
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Table 9. Rooting Performance Index of Seven Grape Rootstocks under Different Rooting Treatments.

Treatment/ 101-14 S04 BETA 3309 1103P 110R 5BB
Cultivar
M1 248 +044c 0.38 £0.06 e 1.84 £0.71c 0.55+0.37d 122+ 031c 570+ 149b 0.80 =0.01e
M2 331+3.61b 0.45+0.12d 2.03 £0.99 b 0.57 £ 0.26 cd 073 £0.21d 5.08 £0.33 cd 116 £049d
M3 277 £0.70 ¢ 0.60 £0.12b 1.03 +0.38e 096 £0.35a 1.07 £0.23 ¢ 573 £0.86b 1.80 £0.21 ¢
IC1 210+ 0.75d 0.62+£0.18b 144 +£0.14d 091+0.18b 262+178a 596 £297 a 0.95+0.38d
1c2 235+ 1.68c 0.65+0.48a 237+ 176a 0.59 £0.36 ¢ 2.65+0.23a 418 £1.12d 218+ 0.81b
1C3 3.60+0.71b 025+ 0.17 £ 0.76 £0.19 f 033£0.14e 046 £0.21e 558 £4.79b 1.14+0.17d
IN 4.05+4.27a 0.63 £0.50 a 1.63 £1.00 ¢ 0.13 +0.04 £ 0.52 £ 0.17 de 219+ 110e 313+119a
CK 0.57 £ 033 e 017£0.09¢g 053+036g 0.06 =0.03 g 019 £0.05f 0.54 £0.37 f 029 £0.17 f
Note: Rooting performance index = rooting rate x average root number x average root length. Data are presented
as mean =+ standard deviation (SD). Different lowercase letters within the same column indicate significant
differences among treatments at (p < 0.05).
3.3. Comprehensive Evaluation of Rooting Performance Based on the Membership Function Method
The rooting-promoting effects of eight formulations were evaluated based on seven param-
eters: overall rooting rate, sprouting rate, average root number, average root length, average root
diameter, and rooting performance index. As shown in Table 10, 400 mg/L IBA + 1.2 mM MLT
obtained the highest average membership function value, Av(R) = 0.49, ranking first among all
treatments. The treatments 400 mg/L IBA + 1.0 mM MLT and 400 mg/L IBA + 0.5% CA showed
comparable comprehensive performance, both with Av(R) = 0.47. The treatment 400 mg/L IBA
+ 0.3% CA ranked next, with Av(R) = 0.46. The conventional auxin formulation, 400 mg/L IBA
+ 200 mg/L NAA, obtained an Av(R) of 0.44.
Table 10. Membership Function Values of Seven Grape Rootstocks after 28 Days of Hardwood
Cutting under Different Rooting Treatments.
Treatment/ 10114  SO4 BETA 3309 1103P  110R 5BB AV(R)  Ranking
Cultivar
400 mg/LIBA + 1.2 mM MLT 0.38 0.54 0.51 0.51 0.42 0.58 0.52 0.49 1
400 mg/L IBA + 0.3% CA 0.49 0.36 0.39 0.57 0.33 0.57 0.48 0.46 2
400 mg/LIBA + 1.0 mM MLT 0.27 0.6 0.5 0.48 0.39 0.58 0.45 0.47 3
400 mg/L IBA + 0.5% CA 0.46 0.46 0.31 0.58 0.37 0.54 0.54 0.47 4
400 mg/L IBA + 0.8 mM MLT 0.28 0.68 0.31 0.5 0.45 0.61 0.41 0.46 5
400 mg/L IBA + 200 mg/L NAA 0.44 0.49 0.49 0.35 0.32 0.48 0.48 0.44 6
400 mg/LIBA +0.1% CA 0.35 0.27 0.22 0.29 0.18 0.53 0.39 0.32 7
CK 0.12 0.22 0.1 0.21 0.21 0.08 0.11 0.15 8

Note: For each cultivar and treatment, the membership function value represents the mean of the membership
function values of X1 (rooting rate), X2 (sprouting rate), X3 (average root number), X4 (average root length),
X5 (average root diameter), and X6 (rooting performance index).

This evaluation highlights the genotype-specific optimization of hormone combina-
tions, demonstrating that certain IBA-CA and IBA-MLT formulations can achieve maximal
rooting efficiency in grape rootstock cuttings.

3.4. Effects of Selected Formulations on Root Physiological Traits and Endogenous Hormones
of Cuttings
3.4.1. Effects on Root Physiological Metabolism

Based on the measured rooting morphological parameters of grape rootstock cuttings
under different rooting agent treatments, two superior rooting formulations, namely IC2
(400 mg/L IBA + 0.3% CA) and IM1 (400 mg/L IBA + 1.2 mM melatonin), were selected
for further investigation. Their effects on soluble sugar content, soluble protein content,
root activity, and endogenous hormone levels in hardwood cuttings of grape rootstocks
were subsequently evaluated.

Root soluble sugars serve as the primary energy source and osmotic regulatory sub-
stances during the rooting process of grape hardwood cuttings. Their content levels
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reflect the nutritional reserves and rooting potential of cuttings from the perspective of
physiological metabolism (Figure 3A). As the two top-ranked formulations based on the
comprehensive evaluation in this study, the IM1 treatment (400 mg/L IBA + 1.2 mM MLT)
and the IC2 treatment (400 mg/L IBA + 0.3% CA) generally exhibited superior regulatory
effects on root soluble sugar content in the seven grape rootstocks compared with the
distilled water control (CK), while also showing clear rootstock-specific responses.
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Figure 3. Soluble Sugar, Soluble Protein and Root Activity of Roots in Seven Grape Rootstocks
after 28 Days of Hardwood Cutting with Different Rooting Treatments. Note: (A): Soluble Sugar
Content in Seven Grape Rootstocks after 28 Days of Hardwood Cutting under Different Rooting
Treatments. (B): Soluble Protein Content in Seven Grape Rootstocks after 28 Days of Hardwood
Cutting under Different Rooting Treatments. (C): Root Activity of Seven Grape Rootstocks after
28 Days of Hardwood Cutting under Different Rooting Treatments. * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

Among the tested rootstocks, the ‘Beta’ rootstock exhibited the highest soluble sugar
content under the IM1 treatment, reaching 4.23%, which was significantly higher than those
under the IC2 treatment (3.21%) and the CK treatment (0.99%). In the “1103P’ rootstock, both
the IM1 and IC1 treatments significantly increased soluble sugar content compared with the CK
treatment, whereas only minor differences were observed between the two treatments.

Root soluble protein serves as a fundamental substance for enzyme synthesis and structural
protein construction during the rooting process of grape hardwood cuttings. Its content reflects
the activity of rooting-related physiological metabolism (Figure 3B). Both the IM1 treatment
(400 mg/L IBA + 1.2 mM MLT) and the IC2 treatment (400 mg/L IBA + 0.3% CA) significantly
increased root soluble protein content across the seven grape rootstocks.

Specifically, in the ‘Beta” rootstock, the IM2 treatment produced the highest root
soluble protein content at 30.45 mg/g, which was significantly higher than that under
the IC1 treatment (24.47 mg/g) and the CK treatment (11.57 mg/g). In the ‘5BB’ root-
stock, there was no significant difference between the IC1 treatment (14.08 mg/g) and CK
(12.27 mg/g). Additionally, both the MLT and IC1 treatments had no significant effect on
the soluble protein content in the “1103P” rootstock.
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Root activity is a key indicator for evaluating the physiological function and absorptive
metabolic capacity of roots in grape hardwood cuttings, and its level is directly associated with
the post-rooting growth potential of cuttings (Figure 3C). As the two top-ranked formulations
based on the comprehensive evaluation, the MLT treatment (400 mg/L IBA + 1.2 mM melatonin)
and the CA treatment (400 mg/L IBA + 0.3% citric acid) both significantly enhanced root activity
in the seven grape rootstocks and generally exhibited superior effects compared with the water
control (CK).

Among the tested rootstocks, the ‘Beta’ rootstock showed the highest root activity
under the MLT treatment, reaching 106.92 ug/(g-h), which was significantly higher than
those under the CA treatment 82.78 ng/(g-h) and the CK treatment 71.97 ug/(g-h). Sim-
ilarly, in the ‘5BB’ rootstock, root activity under the MLT treatment 128.26 pug/(g-h) was
markedly higher than that under the CA treatment 87.32 ug/(g-h) and the CK treatment
58.60 pg/(g-h). In other rootstocks, including ‘101-14" and ‘SO4’, both the MLT and CA treat-
ments also significantly increased root activity compared with the CK treatment, although
certain treatment effects exhibited rootstock-specific differences among cultivars.

3.4.2. Regulation of Endogenous Hormone Homeostasis

Endogenous hormones, including IAA, ABA, GAj, SA, and JA, are key signaling
substances regulating the rooting process of grape hardwood cuttings, and the balance
among these hormones directly influences the physiological responses associated with
adventitious root formation. The two optimal formulations identified in this study, namely
the MLT treatment (400 mg/L IBA + 1.2 mM melatonin) and the CA treatment (400 mg/L
IBA + 0.3% citric acid), both exhibited significant regulatory effects on the levels of the five
endogenous hormones in the roots of the seven grape rootstocks (Figure 4).
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Figure 4. Root Hormone Contents in Seven Grape Rootstocks after 28 Days of Hardwood Cutting
under Different Rooting Treatments. (A): Root IAA content in seven grape rootstocks after 28 days
of hardwood cutting under different rooting treatments. (B): Root GAj3 content in seven grape
rootstocks after 28 days of hardwood cutting under different rooting treatments. (C): Root ABA
content in seven grape rootstocks after 28 days of hardwood cutting under different rooting treatments.
(D): Root JA content in seven grape rootstocks after 28 days of hardwood cutting under different
rooting treatments. (E): Root SA content in seven grape rootstocks after 28 days of hardwood cutting
under different rooting treatments. * p < 0.05, ** p < 0.01, and ** p < 0.001.
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Among these hormones, IAA content was generally significantly higher under both the
MLT and CA treatments than under the water control (CK). For example, the IAA content
in the ‘5BB’ rootstock reached 54.75 ng/mL following the MLT treatment, which was more
than three times higher than that of the CK treatment, indicating that these formulations
effectively enhanced the accumulation of rooting-promoting hormones. In contrast, ABA
content exhibited differential responses to the MLT and CA treatments. Under the CA
treatment, ABA levels in all seven rootstocks were lower than those in the CK treatment,
with the most pronounced reduction observed in the ‘5BB’ rootstock. Conversely, ABA
content under the MLT treatment was generally higher than that under the CK treatment,
although no significant differences were observed in “101-14" and ‘Beta’. These results
suggest that the regulation of ABA by MLT and CA may be inversely associated with stress
adaptation responses in different rootstocks.

GAj; content was also generally higher under the MLT treatment than under the
CK treatment. For instance, the GA3 content in the ‘SO4’ rootstock reached 0.74 ng/mL
following the MLT treatment, which was significantly higher than those under the CA and
CK treatments. Similarly, the JA content in the ‘5BB’ rootstock under the MLT treatment
reached 60.56 ng/mL, significantly exceeding those under the other treatments. In contrast,
the CA treatment generally reduced GAj; levels in the roots of cuttings compared with the
CK treatment, although these differences were not statistically significant. The variation
trend of JA content was similar to that of IAA, with both the MLT and CA treatments
significantly increasing JA accumulation, whereas no significant difference was observed
between the CA treatment and CK in the ‘3309 rootstock.

Both the MLT and CA treatments also increased SA content in the roots of cuttings,
although the promotive effect of the CA treatment on SA accumulation was generally
greater than that of the MLT treatment. Collectively, these results indicate that MLT and
CA exert distinct regulatory effects on GAz and ABA metabolism. Specifically, the CA
treatment tended to reduce GA3 content, whereas the melatonin treatment promoted ABA
accumulation, suggesting that the two formulations may enhance rooting through different
physiological and regulatory mechanisms.

3.5. Mechanisms of Melatonin-Mediated Rooting Promotion
3.5.1. Identification of Differentially Expressed Genes (DEGs)

Under different rooting agent treatments, adventitious root formation in “110R” grape
rootstock cuttings involved complex molecular regulatory mechanisms. Analysis of differ-
entially expressed genes (DEGs) enables a comprehensive and in-depth characterization
of the molecular response patterns underlying melatonin (MLT)-mediated regulation of
adventitious root formation in the “110R’ rootstock. Based on the sequencing and alignment
results, DEGs between the MLT-treated group and the CK group were identified using
the screening criteria of (1log_2FC| > 1) and (p-value < 0.05). The results revealed sub-
stantial differences in transcriptomic regulation between treatments. Specifically, a total of
2301 DEGs were identified in the comparison between the MLT and CK groups, including
1097 upregulated genes and 1204 downregulated genes.

3.5.2. Sample Correlation and PCA Analyses of CK and MLT-Treated Samples

To ensure the reliability of the RNA-seq data and to visualize the overall transcrip-
tional reprogramming induced by MLT, principal component analysis (PCA) and sample
correlation analysis were performed on the transcriptomic datasets.

As shown in the sample correlation heatmap, the biological replicates within the
CK and MLT treatment groups generally exhibited high correlations, indicating good
reproducibility and reliability of the sequencing or expression data (Figure 5).
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Figure 5. Volcano Plot of Differentially Expressed Genes under MLT Treatment.

Within the CK group, the three replicates showed high correlation coefficients among
themselves. Specifically, the correlation coefficient between CK_1 and CK_2 reached 0.991,
while those between CK_1 and CK_3, and between CK_2 and CK_3, were 0.966 and 0.967,
respectively. This indicates good consistency among the CK group replicates (Figure 6).
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Figure 6. Correlation heatmap of CK and MLT treatment groups.
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Within the MLT treatment group, T1_1, T1_2, and T1_3 also showed high inter-replicate
correlations, with coefficients ranging from 0.958 to 0.982. The highest correlation was
observed between T1_1 and T1_2 (0.982), followed by T1_2 vs. T1_3 (0.969) and T1_1 vs.
T1_3 (0.958), confirming overall stability among the MLT treatment replicates.

In contrast, correlations between CK and MLT treatment groups were relatively lower,
with some inter-group coefficients dropping to 0.766-0.900. For example, the correlation
coefficients between T1_3 and CK_1, and between T1_3 and CK_2, were 0.766 and 0.784,
respectively, markedly lower than the intra-group correlations. This suggests that MLT
treatment induced substantial changes in the overall expression patterns or physiological
responses of the samples.

Hierarchical clustering results also showed that CK and MLT treatment samples could
be generally distinguished into two major branches, further indicating that MLT treatment
exerted a pronounced global regulatory effect on grape rootstock cuttings.

3.5.3. GO Enrichment Analysis of Differentially Expressed Genes (DEGs)

The GO enrichment analysis results for the MLT vs. CK comparison are presented in
Figure 7. Differentially expressed genes (DEGs) showed significant enrichment across the
three major Gene Ontology (GO) categories: molecular function (MF), cellular component
(CC), and biological process (BP).

GO enrichment analysis(MLT_vs_CK_G)
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Figure 7. GO enrichment bar plot of differentially expressed genes of “110R” grape rootstock under
different rooting agent treatments.
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Within the MF category, DEGs were primarily enriched in terms such as DNA binding,
structural constituent of chromatin, microtubule binding, and DNA-binding transcription
factor activity. These enrichments suggest that MLT treatment may influence transcriptional
regulation, chromatin structural dynamics, and cytoskeletal organization in root tip cells.

In the CC category, DEGs were mainly enriched in extracellular region, apoplast, and
nucleosome. Nucleosome-related terms are closely associated with chromatin assembly,
DNA replication, and transcriptional regulation, whereas extracellular region and apoplast
are involved in cell wall formation, intercellular signaling, and cell expansion. These
findings indicate that MLT treatment may participate in root tip growth and development
through modulation of nuclear architecture and extracellular functional processes.

Within the BP category, DEGs were predominantly enriched in cell cycle process,
mitotic cell cycle process, DNA replication initiation, cell cycle, cell cycle phase transition,
mitotic cell cycle phase transition, phenylpropanoid metabolic process, phenylpropanoid
biosynthetic process, secondary metabolic process, cell wall biogenesis, lignin metabolic
process, and cell wall organization or biogenesis. These enriched pathways are mainly
associated with cell cycle regulation, DNA replication, mitosis, cell wall construction, and
phenylpropanoid and lignin metabolism. Enrichment of cell cycle- and mitosis-related
terms suggests that MLT treatment may enhance the division activity of root apical meris-
tem cells, thereby providing a cytological basis for adventitious root primordium formation
and root tip elongation. Meanwhile, the enrichment of pathways related to cell wall bio-
genesis, lignin metabolism, and phenylpropanoid metabolism indicates that MLT may
contribute to root morphogenesis through regulation of cell wall synthesis, remodeling,
and secondary metabolic processes.

Overall, these results suggest that MLT treatment may promote root tip develop-
ment and adventitious root formation in grape rootstocks by coordinately regulating cell
proliferation and cell wall remodeling processes.

3.5.4. KEGG Pathway Analysis of Differentially Expressed Genes (DEGs)

The KEGG pathway enrichment analysis of DEGs in the MLT vs. CK comparison is
presented in Figure 8. Overall, the DEGs were primarily enriched in pathways related to
genetic information processing (GIP), metabolism (M), and signal transduction, suggesting
that melatonin treatment may influence grape rootstock root tip growth and adventitious
root formation by regulating DNA replication and repair, protein synthesis, metabolic
processes, cell wall remodeling, and hormone signaling.

Within the genetic information processing pathways, DEGs were predominantly
enriched in DNA replication, homologous recombination, and ribosome-related pathways.
These pathways are closely associated with genetic material replication, DNA damage
repair, and protein translation, indicating that MLT treatment may enhance DNA replication
and protein synthesis in root tip cells, thereby maintaining the division and proliferation
activity of root apical meristem cells and providing a molecular basis for adventitious root
primordium formation and root tip elongation.

Within metabolism-related pathways, pyrimidine metabolism and nucleotide metabolism
were prominently enriched, suggesting that MLT treatment may provide sufficient precursors
for DNA and RNA synthesis, thereby supporting cell cycle progression. Additionally, secondary
metabolic pathways, including phenylpropanoid biosynthesis and the biosynthesis of various
plant secondary metabolites, were significantly enriched. Phenylpropanoid metabolism is
closely associated with the synthesis of lignin, flavonoids, and phenolic compounds, which may
contribute to cell wall formation, vascular tissue differentiation, mechanical support of roots,
and enhanced antioxidant capacity in root tip tissues.
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Figure 8. KEGG Enrichment Bubble Plot of Differentially Expressed Genes under Different Rooting
Treatments in “110R” Grape Rootstock.

Furthermore, DEGs were enriched in starch and sucrose metabolism, pentose and
glucuronate interconversions, glyoxylate and dicarboxylate metabolism, propanoate
metabolism, alpha-linolenic acid metabolism, and cyanoamino acid metabolism pathways.
These pathways are involved in energy supply, carbon skeleton formation, synthesis of cell
wall polysaccharide precursors, lipid signaling metabolism, and amino acid metabolism, po-
tentially providing the material and energy foundation for root tip cell division, elongation,
and cell wall remodeling.

In signal transduction and environmental adaptation pathways, DEGs were also
enriched in plant hormone signal transduction, plant MAPK signaling pathway, plant—
pathogen interaction, and circadian rhythm pathways. These pathways are closely related
to endogenous hormone homeostasis, MAPK cascade responses, reactive oxygen species
regulation, and environmental responses, indicating that MLT may coordinate hormone
signaling and stress-response processes to regulate root tip growth and development
(Figure 9).

Overall, following MLT treatment, DEGs were mainly enriched in pathways related
to DNA replication and repair, nucleotide metabolism, protein translation, carbohydrate
metabolism, phenylpropanoid and secondary metabolism, cell wall remodeling, and hor-
mone/MAPK signaling. These results suggest that melatonin may promote root tip de-
velopment and adventitious root formation in grape rootstocks by enhancing root cell
proliferation, improving material and energy supply, regulating cell wall construction, and
coordinating signaling processes.
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Figure 9. Expression trends of ERF, MYB, bHLH, NAC, AUX/IAA, and ARF family genes under
MLT, CA, and IBA treatments. Note: The color gradient represents gene expression levels, with red
indicating upregulation and green indicating downregulation; CK is the blank control group, MLT is
the melatonin treatment group, CA is the citric acid treatment group, and IBA is the indole-3-butyric
acid treatment group.

3.5.5. Expression Patterns of Key Rooting Gene Families

To elucidate the transcriptional regulatory mechanisms by which melatonin (MLT) and
citric acid (CA) promote adventitious root formation, this study systematically analyzed
the distribution of transcription factors (TFs) among differentially expressed genes (DEGs)
derived from transcriptome sequencing data. Based on DEG analysis and prior literature,
six TF/regulatory factor families—ERF, MYB, bHLH, NAC, AUX/IAA, and ARF—closely
associated with plant hormone signaling, stress responses, and root development were
selected. Hierarchical clustering was performed on the DEGs within these families, and
expression heatmaps were generated (Figure 10).
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Figure 10. Expression trends of genes in specific pathways under MLT and IBA treatments. (A): Plant—
pathogen interaction pathway. (B): Plant hormone signal transduction pathway. (C): MAPK signaling
pathway. Note: The color gradient represents gene expression levels, with red indicating upregulation and
green indicating downregulation; MLT is the melatonin treatment group, and IBA is the indole-3-butyric
acid positive control group.

The results revealed clear differential expression patterns of these six core regulatory
families across treatments, with consistent trends among biological replicates, confirming
data reliability. MLT treatment robustly induced the majority of the selected genes, with
over 80% showing upregulation. Notably, ERF109, PIF3, NAC90, ARF19, and IAA1—
genes implicated in adventitious root formation, hormone signaling, and cell division and
elongation—were markedly upregulated, indicating that MLT may enhance adventitious
rooting by activating key transcriptional regulatory networks.

By comparison, CA treatment exhibited more moderate effects, with only a subset of
core genes showing moderate upregulation, suggesting that CA primarily regulates a limited
set of rooting-related genes during adventitious root formation. Gene expression patterns
under IBA treatment differed from those under MLT; some core rooting-promoting genes were
less strongly upregulated, suggesting that MLT and conventional rooting hormone IBA may
influence adventitious rooting via distinct transcriptional regulatory mechanisms.
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Family-specific analysis indicated that ERF genes were highly responsive to MLT
treatment, potentially linked to ethylene signaling, stress response, and root primordium
induction. MYB, bHLH, and NAC families likely act cooperatively in controlling cell differ-
entiation, cell wall remodeling, and root tip elongation. Changes in ARF and AUX/TAA
expression highlight the auxin signaling pathway as a key route for MLT-mediated adven-
titious root induction. Overall, these findings suggest that MLT promotes adventitious
root formation in grape rootstocks by coordinating multiple transcriptional regulatory
modules—including ERE, MYB, bHLH, NAC, ARF, and AUX/IAA—to enhance hormone
signaling, cell division and differentiation, and root development-related gene expression.

3.5.6. Expression Analysis of Key Genes in MLT-Specifically Enriched Pathways

To further elucidate the specific regulatory mechanisms by which melatonin (MLT)
promotes adventitious root formation in grape rootstocks, this study focused on pathways
significantly enriched in the MLT treatment relative to the IBA treatment, including the
plant—pathogen interaction pathway, plant hormone signal transduction pathway, and
plant MAPK signaling pathway.

Within the plant-pathogen interaction pathway, MLT treatment significantly upreg-
ulated genes encoding EIX2 homologs, CML family proteins, CDPK1, MAPK3, RPM]1,
RPP13L4, as well as multiple WRKY transcription factors, including WRKY22, WRKY24,
WRKY26, WRKY31, WRKY41, WRKY46, and WRKY?75. These genes are primarily involved
in pattern recognition, Ca?* signaling, MAPK cascade activation, and defense-related
transcriptional regulation. Since adventitious root formation in cuttings is commonly
accompanied by wound responses and stress signal activation, the induction of these
genes suggests that MLT does not simply activate immune responses; rather, it may facili-
tate crosstalk among defense signaling, wound responses, and developmental pathways,
thereby establishing a physiological environment favorable for adventitious root formation.

In the plant hormone signal transduction pathway, MLT treatment markedly regulated
multiple hormone-responsive genes. Auxin-responsive genes, including IAA17, IAA29,
GH3.1, and SAURB6, were significantly upregulated, indicating that auxin signaling may
represent a central regulatory pathway in MLT-mediated adventitious root formation.
Simultaneously, cell wall remodeling-related genes such as TCH4, XTH1, and XTH22 were
also significantly induced, suggesting that MLT may promote cell wall loosening and
restructuring, thereby facilitating root primordium emergence and root elongation. In
addition, genes associated with multiple hormone signaling pathways, including GID1B,
TIFY, PP2C, CPK1, MK1, and members of the PUB family, were differentially regulated,
implying that MLT may coordinately integrate gibberellin, jasmonic acid, abscisic acid, and
brassinosteroid signaling during adventitious root development.

Within the plant MAPK signaling pathway, MLT treatment significantly upregulated
core MAPK cascade components, including MAPKKK20 and MPK3, while simultane-
ously activating downstream regulatory genes such as WRKY, bHLH, PP2C, and RPK2.
As a central signaling hub linking environmental stimuli, hormone signaling, defense
responses, and developmental regulation, the MAPK pathway likely plays an essential
role in coordinating stress adaptation and root developmental processes. These findings
suggest that MLT may activate MAPK cascade signaling to further regulate downstream
transcription factors and hormone-responsive genes, thereby integrating stress responses
with adventitious root formation.

Collectively, compared with IBA treatment, MLT exhibited a more pronounced signal
integration effect. Its rooting-promoting activity may depend on a coordinated regulatory
network involving “defense/wound response-MAPK signaling-multihormone regulation—
cell wall remodeling.” Within this network, auxin signaling appears to function as the
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central regulatory axis, while CaZt signaling, WRKY-mediated transcriptional regulation,
MAPK cascade activation, and multihormone interactions collectively contribute to the
initiation, emergence, and elongation of adventitious root primordia in grape rootstocks.

4. Discussion

Adventitious root formation in hardwood cuttings is a complex developmental pro-
cess that generally involves several successive stages, including wound perception, callus
or cambial cell activation, cell dedifferentiation, root founder cell specification, root pri-
mordium initiation, primordium emergence through surrounding tissues, and subsequent
root elongation. In grape hardwood cuttings, this process is particularly dependent on the
physiological status of dormant cane tissues, carbohydrate reserves, endogenous auxin
distribution, oxidative stre42ss balance, and the ability of cambial or parenchyma cells
near the basal cutting region to regain meristematic activity. After cutting, mechanical
injury rapidly activates wound-related signaling, reactive oxygen species (ROS) production,
calcium signaling, and hormone redistribution. These early responses interact with auxin
signaling to trigger cell division and root primordium initiation. During later stages, suffi-
cient energy supply, soluble carbohydrate availability, protein synthesis, cell wall loosening,
and vascular reconnection are required for root primordium emergence and root elongation.
Therefore, adventitious rooting should be considered as an integrated developmental and
physiological process rather than a response controlled by a single regulator.

In this context, our experiments using commercial rooting agents and novel compound
formulations provide empirical insights. Commercial rooting agent ABT, one of the most
widely applied rooting stimulants in horticultural and fruit tree propagation, has been
extensively used in grape, apple, citrus, and forest species through cuttings and air-layering.
The primary active components of ABT are auxins, including IBA and NAA [28]. These
compounds promote cell division and differentiation and induce the conversion of cambial
cells into root primordia, thereby accelerating adventitious root formation and enhanc-
ing rooting rate and root system quality [29]. Previous studies have demonstrated that
ABT significantly improves rooting rate, root number, and root vitality in grape cuttings,
while also enhancing seedling adaptability to environmental stresses [30]. Our air-layering
results further indicated that ABT exhibited favorable rooting-promoting effects across
seven grape rootstock genotypes, with average rooting rates markedly higher than the
water-treated control. However, rooting performance in certain rootstocks remained con-
strained by genotype-dependent effects. These findings suggest that although conventional
commercial rooting agents such as ABT have a well-established production basis and
stable application performance, their rooting efficiency still varies among different grape
rootstocks, and their capacity to comprehensively improve root quality remains limited.
Therefore, introducing novel bioactive compounds such as melatonin (MLT) and citric
acid (CA) into formulations represents an important strategy for improving vegetative
propagation efficiency. Our results showed that after combined application of IBA with
MLT or CA, the rooting rate, rooting performance index, and root physiological activity in
certain rootstocks were superior to those observed under ABT treatment, indicating that
newly developed compound rooting agents hold promising potential for large-scale grape
rootstock propagation.

Indole-3-butyric acid (IBA) is a commonly used auxin-type regulator in woody plant
cutting propagation. It induces adventitious root formation by activating auxin signaling
pathways, promoting cell dedifferentiation and redifferentiation, and regulating redox
homeostasis [31,32]. In this study, a concentration of 400 mg/L IBA was used as the
base formulation for compound treatments. The results showed that combining IBA
with either MLT or CA improved rooting performance of hardwood cuttings to varying
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degrees. Among these, 400 mg/L IBA + 1.2 mM MLT exhibited the most favorable overall
performance, suggesting that MLT can serve as an effective auxiliary component to enhance
adventitious root formation capacity.

Melatonin (MLT) is an indole-based compound widely present in plants and is in-
volved in plant growth and development, antioxidant defense, and hormonal signaling
regulation [16,17,33,34]. Recent studies have demonstrated that melatonin can regulate
root architecture by modulating auxin synthesis, transport, and signaling, as well as by af-
fecting ROS homeostasis and the expression of genes involved in cell division and cell wall
modification [17,18,35]. For instance, Mao et al. (2020) [15] showed that melatonin pro-
motes adventitious root formation in apple by enhancing the function of MdWOX11, and
Xu et al. (2025) [36] reported that MLT promotes grape root growth by regulating endoge-
nous hormones, signaling molecules, and secondary metabolism. In the present study, MLT
compound treatments significantly improved rooting rate, root number, and root length
across multiple rootstocks, further confirming its strong potential in promoting rooting
during grape rootstock cutting propagation. Importantly, the observed increase in endoge-
nous IAA content under MLT treatment, together with upregulation of auxin-responsive
genes (IAA17,IAA29, GH3.1, SAURS36) in the transcriptome, supports the view that MLT
enhances auxin signaling, which is a central driver of root primordium initiation [18,35].
Moreover, MLT treatment also affected the levels of ABA, GA3, JA, and SA, indicating that
it may coordinate multiple hormonal pathways to create a favorable hormonal balance for
rooting. This multi-hormone network is consistent with recent reports that melatonin acts
as a master regulator integrating auxin, gibberellin, jasmonate, and abscisic acid signals
during root development [37,38].

It should be noted that all MLT treatments in this study were applied in combination
with a fixed concentration of IBA (400 mg/L), rather than as standalone applications.
Therefore, the observed rooting-promoting effects cannot be solely attributed to MLT;
rather, they likely reflect a synergistic interaction between MLT and IBA. IBA may establish
a foundational auxin signaling environment that primes cambial cells for root primordium
initiation, while MLT may further optimize this process by modulating antioxidant capacity,
carbohydrate metabolism, and stress-responsive gene expression. This interpretation is
supported by the fact that the IBA + NAA (IN) treatment also achieved considerable rooting
rates, indicating that IBA alone is sufficient to induce rooting to a substantial degree. Future
experiments using IBA alone, MLT alone, and inhibitor-based approaches are required to
dissect the causal roles of MLT and its interaction with auxin.

Citric acid (CA), a central intermediate of the tricarboxylic acid (TCA) cycle, may
also contribute to adventitious rooting through several physiological mechanisms. As a
key organic acid in respiratory metabolism, CA is closely associated with energy supply,
ATP production, and carbon skeleton provision for amino acid and cell wall precursor
synthesis [20,21]. In addition, CA can influence rhizosphere pH, metal ion chelation,
nutrient availability, and cellular pH regulation, which may enhance mineral uptake
and maintain metabolic activity under stress conditions during cutting propagation [20].
Recent studies have shown that exogenous CA can alter root morphology and development
through ROS-dependent and ROS-independent pathways [20], and that CA in root exudates
can promote beneficial microbial colonization and plant growth [21]. In our study, CA
combined with IBA (especially IC2, 400 mg/L IBA + 0.3% CA) significantly improved
root number, root length, and root activity in several rootstocks, although its overall
comprehensive performance was slightly lower than the optimal MLT formulation. The CA
treatment tended to reduce ABA content and increase SA content, suggesting that CA may
alleviate stress and promote defense-related signaling, which could facilitate root initiation
under wound-induced conditions. These results indicate that CA acts as a supportive
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supplement to IBA, primarily through enhancing energy metabolism and stress tolerance,
rather than through direct hormonal signaling like MLT.

Adventitious root formation requires sufficient energy and material resources. Soluble
sugars provide substrates for respiration and carbon skeletons for cell division, while
soluble proteins are involved in enzymatic reactions, structural construction, and signal
transduction [39-43]. In this study, MLT and CA compound treatments increased root solu-
ble sugar and soluble protein contents as well as root vigor. These findings are consistent
with Zhang et al. (2022) [23], who reported that MLT increased soluble sugar content and
promoted protein-to-sugar conversion in lily, and with Duan et al. (2022) [44], who demon-
strated that MLT enhanced soluble sugar, protein, and root activity in cotton under salt
stress. The increased root activity indicates enhanced absorptive and metabolic capacity of
newly formed roots, which is beneficial for post-rooting growth and seedling establishment.
These results suggest that compound treatments provide a physiological foundation for
adventitious root initiation and new root growth by improving carbon-nitrogen metabolism
and overall root metabolic activity.

Endogenous hormone balance is a key factor regulating adventitious root formation. IAA
promotes root primordium initiation and cell division, whereas ABA is generally associated
with growth inhibition and stress responses. GAs, JA, and SA may also participate in root
development and wound responses through interactions with auxin signaling [19,45-50]. The
differential ABA responses to MLT and CA reflect distinct modes of action. Under CA
treatment, enhanced TCA-cycle-mediated energy metabolism alleviates metabolic stress
that triggers ABA biosynthesis, while increased soluble sugars may exert feedback inhibi-
tion on NCED activity, a key enzyme in ABA synthesis [20]. The antagonistic [JAA-ABA
interaction, where elevated IAA suppresses ABA accumulation, may also contribute. Con-
versely, maintained or slightly elevated ABA under MLT is consistent with melatonin’s
role as a stress-priming molecule [16,33]. Moderate ABA elevation may facilitate vascular
differentiation and root maturation, while concurrent IAA increase prevents excessive
growth inhibition [47]. This interpretation is supported by differential regulation of PP2C
and other ABA signaling genes in the transcriptome.

The MLT-induced GAj increase underpins improved root elongation. GAz promotes
cell elongation via DELLA degradation, permitting expression of cell wall-loosening genes,
including XTH and expansin families [48]. The synergistic auxin-GAj interaction—auxin stimu-
lates GA biosynthesis via GA200x, while GA signaling enhances auxin responsiveness—likely
amplifies root elongation under MLT. Upregulation of GID1B (GA receptor) further supports
GA signaling activation at the transcriptional level. Together, these results indicate that
MLT promotes a favorable auxin—-GAj balance coordinately supporting root primordium
initiation and subsequent elongation. In this study, MLT treatment increased IAA con-
tent and modulated ABA, GAj3, JA, and SA levels, suggesting that MLT may optimize
multi-hormonal balance to establish an endogenous hormonal environment favorable for
adventitious root formation. Notably, the increase in IAA content was consistent with the
observed improvement in rooting traits, indicating that enhanced auxin signaling is one of
the key mechanisms by which MLT promotes rooting. The reduction in ABA under CA
treatment may reduce stress-induced inhibition, while the elevation of SA could enhance
defense priming, both of which may indirectly support root development. Gokbayrak et al.
(2020) [51] also confirmed that melatonin can induce adventitious root formation in the
grape rootstock 5BB, supporting our findings.

To elucidate the molecular mechanisms of MLT, we performed transcriptome sequencing
on root tips of the “110R’ grape rootstock. It should be noted that this transcriptome primarily
reflects the molecular responses of newly formed root tissues under individual treatments
with MLT, IBA, or CA, and the synergistic mechanisms in combined treatments require further
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validation. The results showed that MLT treatment induced a large number of differentially
expressed genes (2301 DEGs), triggering a broader transcriptional response compared to IBA
or CA alone. Similarly, Wang et al. (2022) [52] reported that MLT promotes adventitious root
formation in cucumber hypocotyls through transcriptional reprogramming.

GO and KEGG enrichment analyses indicated that MLT significantly affects processes
including DNA replication, cell cycle, ribosome function, starch and sucrose metabolism,
phenylpropanoid biosynthesis, plant hormone signal transduction, MAPK signaling, and
plant—pathogen interactions. Specifically, DNA replication, cell cycle, and ribosome path-
ways are associated with cell division and protein synthesis, providing the cellular ma-
chinery for root primordium formation. Starch and sucrose metabolism aligns with the
observed accumulation of soluble sugars, indicating enhanced energy supply. Phenyl-
propanoid metabolism and cell wall-related processes (e.g., TCH4, XTH1, XTH22) may
contribute to cell wall loosening and remodeling, facilitating root primordium emergence
and elongation [53]. Plant hormone signaling enrichment is consistent with the endogenous
hormone changes observed in this study. These findings are in agreement with Xu et al.
(2025) [36], who investigated MLT-regulated transcriptional networks involved in grape
root development.

The transcriptome analysis indicated that IBA-MLT treatment coordinately regulated
multiple biological processes essential for adventitious rooting. The transcriptomic data
directly link gene expression changes to the observed physiological improvements. The in-
crease in soluble sugar content under MLT treatment is supported by upregulation of starch
and sucrose metabolism genes, including a-amylase, B-amylase, and sucrose synthase, which
promote carbohydrate mobilization from storage reserves [54]. The enhanced root activity
(TTC reduction) correlates with transcriptional upregulation of TCA cycle, oxidative phos-
phorylation, and ATP synthesis genes, confirming that improved root vigor has a molecular
basis in enhanced energy metabolism. The improvement in root length is mechanistically
linked to upregulation of cell wall remodeling genes (I'CH4, XTH1, XTH22), which en-
code xyloglucan endotransglucosylase/hydrolases that catalyze cell wall loosening and
expansion [53]. The increased IAA content aligns with activation of auxin-responsive genes
(IAA17,1AA29, GH3.1, SAUR36), while elevated GAj is consistent with upregulation of
GID1B and modulation of DELLA-related transcripts [17,48]. Additionally, enrichment
of phenylpropanoid biosynthesis pathways provides a molecular basis for enhanced an-
tioxidant capacity, as phenylpropanoids mitigate oxidative stress during root primordium
formation [4]. Collectively, these transcriptome-physiology connections confirm that MLT
promotes rooting through a coordinated regulatory network integrating hormone balance,
energy metabolism, cell wall remodeling, and stress signaling. Enrichment of hormone
signal transduction genes, particularly auxin-related ones, suggests roles in founder cell
activation and root primordium initiation, while changes in ABA, JA, SA, and GA signaling
may reflect stress adjustment and developmental transitions. MAPK pathway enrichment
implies transduction of wound and treatment signals via stress perception and ROS signal-
ing. Differential expression of carbohydrate metabolism genes indicates enhanced energy
supply for root development, and cell cycle- and cell wall-related genes suggest activation
of cell division and wall remodeling, which are critical for primordium emergence and root
elongation. Thus, the transcriptome supports a model in which MLT promotes rooting
through integrated regulation of hormone signaling, stress responses, energy metabolism,
and structural remodeling.

Within plant hormone signaling pathways, MLT upregulated auxin-responsive genes
such as [AA17,IAA29, GH3.1, and SAUR36, suggesting that it enhances root sensitivity to
auxin signaling [18,35]. Upregulation of cell wall-modifying genes, including TCH4, XTH]1,
and XTH22, may facilitate root primordium emergence and elongation [53]. Additionally,
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changes in genes such as GID1B (GA signaling), TIFY (JA signaling), and PP2C (ABA
signaling) indicate that MLT may also participate in GAg3, JA, and ABA pathways, thereby
constructing a multi-hormone network with auxin as the central regulator [37,44].

Notably, MLT treatment significantly enriched pathways related to plant-pathogen in-
teractions and MAPK signaling, with upregulation of genes such as CML, CDPK1, MAPK3,
and multiple WRKY transcription factors [55]. The activation of MAPK signaling under
MLT treatment acts as a coordinated hub integrating wound, hormonal, and developmental
signals, rather than a mere stress response. Cutting-induced ROS and DAMPs activate
MAPK cascades, particularly MPK3 and MPK6, which phosphorylate downstream WRKY
transcription factors to regulate wound healing, oxidative stress tolerance, and cell cy-
cle progression [55,56]. MPK3 also modulates auxin responsiveness by phosphorylating
AUX/IAA proteins and influences ethylene production via ACC synthase regulation [57].
Concurrent upregulation of calcium signaling genes (CML, CDPK1) further supports this
integration, as Ca®* fluxes activate MAPK cascades through calcium-dependent kinases,
forming a Ca?* — CDPK — MAPK — WRKY signaling module that coordinates stress
adaptation and root developmental reprogramming [56]. This framework aligns with recent
reports identifying MLT as a modulator of MAPK cascades during plant stress responses
and developmental transitions [38,57]. The cutting process involves mechanical wound-
ing and oxidative stress, and moderate activation of Ca?*, MAPK, and WRKY-mediated
defense/wound responses may help maintain cellular homeostasis and promote adven-
titious root induction [56]. This is consistent with the findings of Wang et al. (2022) [52],
who observed significant enrichment of the plant-pathogen interaction pathway during
MLT-promoted adventitious rooting in cucumber, and aligns with the recent review by
Mansoor et al. (2024) describing MLT as a regulator of MAPK cascades [57]. Khan et al.
(2022) also reported that MLT regulates plant stress responses and growth via MAPK
signaling [38]. Therefore, the MAPK pathway may serve as a key signaling hub linking
wound responses, hormone regulation, and root development under MLT treatment. The
coordinated regulation of defense/wound signaling, MAPK cascades, hormone pathways,
and cell wall remodeling suggests that MLT promotes rooting not by a single linear path-
way but through an integrated network that prepares the cutting for both stress adaptation
and developmental reprogramming.

In summary, combining IBA with either MLT or CA can improve the rooting of
hardwood cuttings in grape rootstocks, with 400 mg/L IBA + 1.2 mM MLT showing the
most favorable effect. The integrated physiological and transcriptomic analyses reveal that
MLT promotes adventitious root formation through three interconnected regulatory layers:
(1) at the metabolic level, by enhancing soluble sugar and protein accumulation and root
respiratory activity, as supported by the upregulation of starch/sucrose metabolism and
TCA cycle genes; (2) at the hormonal level, by increasing IAA and GA3 while modulating
ABA, JA, and SA to create a favorable hormonal balance, as corroborated by the activation of
auxin-responsive and GA signaling genes; and (3) at the transcriptional level, by activating
hormone signaling, MAPK cascades, cell cycle, and cell wall remodeling pathways. The
concordance between physiological measurements and transcriptomic profiles validates
that the observed rooting promotion has a solid molecular basis, while the genotype-
specific responses highlight the importance of cultivar-adapted optimization for practical
propagation applications. MLT may promote adventitious root formation and new root
growth by (1) enhancing nutrient metabolism and root vigor; (2) regulating the balance of
endogenous hormones (IAA, ABA, GA3, JA, SA); and (3) activating pathways related to
the cell cycle, carbohydrate metabolism, phenylpropanoid metabolism, hormone signaling,
MAPK signaling, and wound/defense responses. Citric acid primarily acts through energy
metabolism and stress alleviation, with moderate effects. However, because MLT and CA
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were applied together with IBA, the present results reflect combined treatment effects. Future
studies integrating qRT-PCR, inhibitor treatments, and functional validation of key genes
(e.g., IAA17, MAPK3, WRKY families) are still needed to further elucidate the molecular
mechanisms underlying the synergistic promotion of rooting by MLT and IBA. Additionally,
large-scale nursery validation and cost-benefit analyses are required to assess the practical
applicability of these optimized formulations in commercial grape rootstock production.

A limitation of this study is that selected differentially expressed genes were not
validated by qRT-PCR. Although the RNA-seq data provided useful information on can-
didate genes and pathways associated with adventitious root formation under IBA-MLT
treatment, further qRT-PCR validation and functional analyses are required to confirm the
expression patterns and biological roles of these genes.
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