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Abstract

Graft success depends on coordinated vascular tissue regeneration to restore scion growth. Reactive oxygen species (ROS),
particularly hydrogen peroxide (H20:), are involved in wound signalling, yet their role in controlling intergeneric graft
compatibility remains unclear. This study evaluated early growth, redox metabolism and vascular reconnection in interge-
neric grafts between quince (Cydonia oblonga) and pear (Pyrus spp.). A completely randomised 2 % 8 factorial scheme was
adopted, comprising two rootstocks (Pyrus calleryana and Chaenomeles sinensis) and eight scion genotypes. Sprouting
percentage, shoot length and diameter, hydrogen peroxide (H-02) concentration, malondialdehyde (MDA) content and
anatomical reconnection were assessed up to 120 days after grafting. Compatible combination exhibited markedly higher
sprouting and shoot growth; for instance, ‘Triunfo’ reached 100% sprouting on P. calleryana, whereas P. calleryana on
C. sinensis failed completely (0%), and C. sinensis on P. calleryana showed only about 10% sprouting. Callus formation
was detected as early as 5 days after grafting (DAG), and continuous vascular connections were established by 25 DAG
in compatible grafts, while incompatible combinations developed necrotic barriers at the graft interface. H.O» concentra-
tion in the graft region ranged from approximately 261 to 579 nmol g' FW and was generally higher in scion tissues,
whereas MDA accumulation was greater in rootstocks, reaching up to around 560 pmol MDA g' FW. Although single
point oxidative markers did not strictly discriminate compatible from incompatible combinations, tissue-specific redox
patterns and their timing were consistently associated with the speed of vascular reconnection and early scion growth.
These findings demonstrate that ROS function not only as stress markers but also as developmental signals during graft
healing, and suggest early vascular reconnection together with scion H.O: and rootstock MDA as promising indicators of
graft performance in woody species.
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Introduction

In European regions, pear (Pyrus spp.) propagation is pre-
dominantly performed through grafting onto quince (Cydo-
nia spp.) rootstocks (Oztiirk 2021). However, Cydonia
rootstocks often exhibit poor adaptation to tropical and sub-
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overcoming some limitations associated with traditional
rootstocks (Milagres et al. 2023). This approach could
enable the establishment of higher-density and more resil-
ient orchards (Ozturk and Faizi 2023). Nevertheless, the
compatibility of Pyrus and Chaenomeles graft combinations
remains poorly understood.

The degree of graft compatibility is closely linked to the
genetic proximity between scion and rootstock (Ashraf et al.
2025). While autografts are fully compatible, intergeneric
combinations often show incomplete or delayed vascular
reconnection (Habibi et al. 2022; Loupit et al. 2023). Recent
research has highlighted that graft compatibility involves
not only anatomical alignment but also complex physiologi-
cal and signaling processes that regulate tissue adhesion and
vascular differentiation (Wang et al. 2024). Among these,
the redox signaling network plays a central role during the
healing of graft wounds and the establishment of functional
connections between partners (Nie and Wen 2023).

Reactive oxygen species (ROS) such as hydrogen per-
oxide (H202) are key components of this network. At mod-
erate levels, ROS act as secondary messengers that trigger
defense responses and promote tissue regeneration, whereas
excessive accumulation leads to oxidative stress and pro-
grammed cell death (Anjum et al. 2022). Thus, the bal-
ance between ROS generation and scavenging determines
whether oxidative metabolism contributes to successful sig-
naling and vascular reconnection or to tissue damage and
incompatibility (Tan et al. 2023). Hydrogen peroxide, due to
its relatively long half-life and high membrane permeability,
is considered a primary mediator of redox-dependent sig-
naling in plants (Hong et al. 2024). Conversely, excessive
peroxidation of membrane lipids results in the accumulation
of malondialdehyde (MDA), which reflects oxidative injury
and cell death (Yuan et al. 2024).

Despite growing recognition of ROS as signaling mol-
ecules in graft healing, few studies have explicitly linked
redox signaling to the anatomical reconnection of vascular
tissues in intergeneric combinations of fruit trees. Under-
standing this relationship is crucial for elucidating the
biochemical and signaling mechanisms underlying graft
compatibility. In this context, the present study aimed to
correlate antioxidant metabolism and vascular tissue recon-
nection in intergeneric combinations of quince and pear,
with an emphasis on the role of redox signaling in modulat-
ing graft compatibility.

Here, we hypothesize that temporally regulated redox
signalling at the graft interface not only mediates wound
healing but actively modulates the developmental programs
that govern vascular differentiation and subsequent scion
growth. Demonstrating this link will inform broader models
of growth regulation in woody plants.

Materials and Methods
Experimental Site and Plant Material

The experiment was carried out at the Fruit Growing Sector
of the Department of Agriculture of the Federal University
of Lavras (UFLA), located in Lavras, Minas Gerais, Brazil
(21°14'S, 45°00'W, 918 m altitude). The region has a Cwa
climate (humid subtropical with dry winters), according to
the Koppen classification.

Seeds of the rootstocks Pyrus calleryana and Chae-
nomeles sinensis were extracted from mature fruits col-
lected at the Sdo Bento do Sapucai Seedling Production
Center, managed by the Technical and Integral Assistance
Coordination (CATI) of S@o Paulo State. The seeds were
manually cleaned, dried, and subjected to stratification in
moist sand at 4 °C for 60 days to overcome dormancy. After
stratification, the seeds were sown in 72-cell polypropylene
trays (120 cm? per cell) filled with medium-grade expanded
vermiculite, following the recommendations of Seifert et al.
(2009).

Seedling Growth and Grafting Procedure

After 60 days of emergence, uniform seedlings were trans-
planted into 1.5 dm?® polyethylene bags containing a sub-
strate composed of subsoil, sand, and organic compost in a
2:1:1 (v/v/v) ratio, enriched with 5 g-dm™ of a simple NPK
fertilizer (4—14-8). The seedlings were grown under a 50%
shade structure and trained to maintain a single stem.

Cleft grafting was performed when seedlings reached
approximately 7 mm stem diameter and 15 cm height. Scion
cuttings were collected from quince (Cydonia oblonga) and
pear (Pyrus spp.) collections at UFLA, standardized to
10 cm in length and 7 mm in diameter.

The rootstocks (P. calleryana and C. sinensis) were
grafted with eight scion types: pear cultivars ‘Packham’s Tri-
umph’, ‘William’s’, ‘Triunfo’, ‘Primorosa’, and ‘Shenseri’;
the quince cultivar ‘Mendoza Inta 37°; and the species P.
calleryana and C. sinensis.

The experimental design was completely randomized in
a 2 x 8 factorial scheme (two rootstocks x eight scions), with
three replications and 15 grafts per plot.

After grafting, the unions were wrapped with transpar-
ent polyethylene tape and covered with polyethylene bags
(15%20 cm) to maintain high humidity and prevent desic-
cation. After 30 days, the bags were removed, and 60 days
after grafting, the tapes were carefully detached to avoid
mechanical damage.
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Growth Evaluation

Seedlings were maintained under 50% shade and irrigated
daily to keep the substrate moist. Rootstock suckers and
unwanted shoots were periodically removed to ensure uni-
form growth.

At 120 days after grafting (DAG), the following param-
eters were evaluated:

e Sprouting percentage (%): grafts were considered
sprouted when buds exhibited developed leaves;

e Shoot length (cm): measured from the base of the scion
to the apex;

e Shoot diameter (mm): measured 1 cm above the graft
union using a digital caliper.

Biochemical Analyses and Redox Signaling

To assess the oxidative balance and redox signaling dur-
ing graft union formation, biochemical analyses were con-
ducted at the Laboratory of Biochemistry and Molecular
Physiology, Department of Biology, UFLA.

Samples were collected from the graft interface (1 cm
above and 1 cm below the union) at 5, 15, 25, 35, and 45
days after grafting, using three seedlings per treatment per
time point. Each sample was immediately frozen in liquid
nitrogen and stored at —80 °C until analysis.

For each collection, samples were separated into scion
and rootstock tissues. Considering two rootstocks, eight sci-
ons, five sampling times, three replications, and two tissue
portions per seedling, a total of 480 samples were analyzed
in duplicate.

Approximately 200 mg of tissue were ground in lig-
uid nitrogen with polyvinylpolypyrrolidone (PVPP) and
homogenized in 1.5 mL of 0.1% (w/v) trichloroacetic acid
(TCA). The homogenate was centrifuged at 12,000 g for
15 min at 4 °C, and the supernatant was used for the follow-
ing analyses:

e Hydrogen peroxide (H202): quantified at 390 nm in a
medium containing 10 mM potassium phosphate buffer
(pH 7.0) and 1 M potassium iodide, according to Ve-
likova et al. (2000). Quantification was performed using
a standard curve of known H:0: concentrations.

e Lipid peroxidation (malondialdehyde — MDA): de-
termined via thiobarbituric acid-reactive substances
(TBARS), following Buege and Aust (1978). A 125 uL
aliquot of supernatant was mixed with a reaction solu-
tion containing 0.5% (w/v) thiobarbituric acid (TBA)
and 10% (w/v) TCA. The mixture was heated at 95 °C
for 30 min, cooled on ice, and absorbance was read at
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535 and 600 nm. MDA concentration was calculated us-
ing the equation:

Aszs — A
(MDA] = 535 600
€ X b
where €=1.56x10° cm™*-M™ (extinction coefficient) and
b=1 cm (path length).

Anatomical Characterization and Vascular
Reconnection

Anatomical analyses were performed at the Wood Anatomy
Laboratory, Department of Forest Sciences, UFLA. Sam-
ples were collected from the graft region (1 cm above and
below the union) at 5, 15, 25, 35, and 45 days after grafting,
using one seedling per treatment and time point, totaling 80
samples.

Samples were fixed in FAA 70% (formalin, glacial ace-
tic acid, and 70% ethanol, 0.5:0.5:9, v/v/v) for 48 h and
stored in 70% ethanol (Kraus and Arduin 1997). They were
then dehydrated in an ethanol series (70%, 80%, 90%, and
100%), infiltrated in a 1:1 ethanol: resin mixture for 24 h,
and embedded in Leica Historesin (hydroxyethyl methacry-
late, Heidelberg, Germany).

Transverse Sect. (12 um thick) were obtained using a
Leica Jung SM 2000 rotary microtome, cleared in sodium
hypochlorite (NaOCI) for 2 h, rinsed three times with dis-
tilled water, stained with 1% toluidine blue, and mounted in
Verniz Vitral®.

Images were captured using a Zeiss optical microscope
equipped with a digital camera. Rootstock thickness and
callus mass area at the graft union were measured at four
points per section using ImagelJ software. These measure-
ments were used to assess the extent of vascular reconnec-
tion and callus proliferation at different healing stages.

Statistical Analysis

Data were subjected to analysis of variance (ANOVA), and
means were compared using the Scott-Knott test at a 5%
probability level, employing the SISVAR software (Ferreira
2019).

Results

A significant interaction between rootstocks and cultivars
was observed for sprouting percentage, shoot length, and
shoot diameter (Table 1). In Pyrus calleryana, only C.
sinensis exhibited a low sprouting rate (10%), while the
cultivars ‘Triunfo’ and ‘Primorosa’ reached 100%. In C.
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Table 1 Sprouting average, length and diameter of the cultivars of
pear, Triunfo, Primorosa, packham’s Triumph, william’s and Shenseri
cultivars, of the quince cultivar Mendoza Inta 37 and of the rootstocks
themselves, at 120 days after grafting (DPE)

Table 2 Means of hydrogen peroxide concentration and lipid peroxi-
dation content of the five harvesting times, in the rootstock and the
graft in the grafting region, of the P. calleryana and C.sinensis root-
stocks grafted with the differents Pear cultivars

Cultivars Sprout (%)* Length (cm)
P. C. sinensis P. calleryana C.
calleryana sinensis
Triunfo 100.0 aA  90.0 aA 37.3bA 3.0cB
Primorosa 100.0aA 333 cB 21.8 cA 6.0 cB
Packham’s 89.0 aA 63.3bB 20.3 cA 6.3 cB
Triumph
William’s 90.0 aA 69.0 bA 10.6 dA 3.6cB
Shenseri 50.0 cA 533 bA 26.8 cA 3.1cB
Mendoza Inta 37 90.0 aA 100.0 aA 474 aA 53.6
bA
C. sinensis 10.0dB 90.0 aA 10.3 dB 73.1 aA
P, calleryana 66.6 bA 00 dB 34.1bA 0.0cB
CV (%) 16.74 29.23
Cultivars Diameter (mm)
P. calleryana C. sinensis
Triunfo 4.4bA 2.6 bB
Primorosa 4.1 bA 3.2bA
Packham’s Triumph 4.4 bA 3.3bA
William’s 3.8 bA 3.6 bA
Shenseri 5.7 aA 2.9bB
Mendoza Inta 37 4.1 bA 4.9 aA
C. sinensis 1.3¢cB 5.0aA
P. calleryana 4.1 bA 0.0 bB
CV (%) 20.36

* The averages followed by the same lowercase letter in the column
and uppercase in the row within each variable belong to the same
group by the Scott-Knott test at the 5% probability level

sinensis, the highest means were recorded for ‘Mendoza
Inta 37°, ‘Triunfo’, and the self-graft combination. No
sprouting occurred when C. sinensis was grafted onto P.
calleryana, indicating total graft incompatibility. Compar-
ing rootstocks, ‘Triunfo’ and ‘Primorosa’ showed superior
performance on P. calleryana, whereas ‘Mendoza Inta 37’
performed best on C. sinensis.

A similar interaction pattern was found for shoot length.
‘Mendoza Inta 37’ exhibited the greatest shoot elongation
across both rootstocks, followed by ‘Triunfo’ on P. callery-
ana and the self-graft on C. sinensis (Table 1). Only ‘Men-
doza Inta 37” maintained consistent growth performance on
both rootstocks. No sprouting or growth was observed for
C. sinensis grafted onto P. calleryana.

For shoot diameter, ‘Shenseri’ presented the highest val-
ues on P calleryana, while the self-graft and ‘Mendoza
Inta 37° showed greater diameters on C. sinensis (Table 1).
When comparing rootstocks, C. sinensis produced thicker
shoots among self-grafts, while ‘Triunfo’ and ‘Shenseri’
developed larger diameters on P. calleryana.

Cultivars Hydrogen Peroxide Hydrogen Peroxide
rootstock graft
(nM/g MF)* (nM/g MF)
P. C. sinensis  P. C.
calleryana calleryana  sinensis
Triunfo 98.47 aA 132.40 bA  460.66 aA  441.51 bA
Primorosa 86.53 aB 160.53 aA  509.49 aA  470.78 bA
Packham’s 110.24 aA  119.67bA  340.98 bA 28592 cA
Triumph
William’s 67.24aA  84.78cA  301.95bA 316.19cA
Shenseri 111.04 aA  12829bA 567.34aA  579.79 aA
Mendoza Inta 12227 aA  156.19aA  413.07aA  450.54 bA
37
C. sinensis 121.18 aA  99.57cA  480.26 aA 313.88cB
P calleryana  102.38aB  169.90 aA  261.24bA  362.30 cA
CV (%) 35.44 26.33
Cultivars Lipid peroxidation Lipid peroxidation
rootstock graft
(uM MDA/g MF) (uM MDA/g MF)
P C. sinensis P, C.
calleryana calleryana  sinensis
Triunfo 426.66aB 564.23aA 183.33cA 203.45cA
Primorosa 41833 aA  398.71bA 141.53dA 160.25cA
Packham’s 316.02bA  340.12bA 23243 cA  209.74cA
Triumph
William’s 558.07aA 41435bB 223.84cA 186.15cA
Shenseri 472.18aA  349.22bB  120.89 dA  110.25cA
Mendoza Inta  330.51 bA  353.71bA  360.44bA 263.71 bB
37
C. sinensis 468.97 aA  440.76 bA 514.74aA 540.25aA
P calleryana  380.12bA 42333 bA  350.12bA  298.59 bA

CV (%) 30.2 34.2

* The averages followed by the same lowercase letter in the column
and uppercase in the row within each variable belong to the same
group by the Scott-Knott test at the 5% probability level

A significant interaction between scion and rootstock was
also detected for hydrogen peroxide (H202) and lipid per-
oxidation (MDA) (Table 2).

In the rootstock portion of P. calleryana, no significant
differences were observed among scions. Conversely, in C.
sinensis, the highest H.O: levels occurred in ‘Primorosa’
and ‘Mendoza Inta 37°, while ‘William’s’ and the C. sinen-
sis self-graft showed the lowest values. When comparing
across rootstocks, C. sinensis tended to accumulate more
H20: when grafted with P. calleryana or ‘Primorosa’.

In the scion portion, grafts on P. calleryana exhibited
higher H20: concentrations for ‘Shenseri’, ‘Primorosa’, C.
sinensis, ‘Triunfo’, and ‘Mendoza Inta 37°. On C. sinensis,
‘Shenseri’ showed the highest accumulation. The C. sinen-
sis self-graft consistently presented the lowest H-O- values
among all scions, regardless of the rootstock (Table 2).
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Lipid peroxidation (MDA) in the rootstock was highest
for “William’s’, ‘Shenseri’, C. sinensis, ‘Triunfo’, and ‘Pri-
morosa’ grafted onto P. calleryana, whereas in C. sinensis,
‘Triunfo’ induced the greatest peroxidation. Overall, “Tri-
unfo’ led to stronger lipid peroxidation in C. sinensis, while
‘William’s’” and ‘Shenseri’ did so in P, calleryana.

In the scion portion, C. sinensis grafted onto P. calleryana
displayed the highest lipid peroxidation, while ‘Primorosa’
and ‘Shenseri’ showed the lowest levels. On C. sinensis, the
self-graft had the greatest peroxidation, followed by P. cal-
leryana and ‘Mendoza Inta 37°. Overall, ‘Mendoza Inta 37’
induced increased lipid peroxidation on P. calleryana, with
no significant variation among the remaining scions.

Despite these variations, the hydrogen peroxide and lipid
peroxidation profiles did not clearly distinguish compat-
ible from incompatible combinations. For instance, P. cal-
leryana, which failed to sprout on C. sinensis, exhibited
similar H20: levels to the C. sinensis self-graft. Likewise,
the cultivar ‘Triunfo’ showed high vigor on P. calleryana

Fig. 1 Transverse sections in the graft region. Packham’s Triumph
on Chaenomeles sinensis at 5 days after grafting (A). Primorosa over
Pyrus calleryana at 25 days after grafting (B). Chaenomeles sinensis

@ Springer

compared with C. sinensis, yet without corresponding dif-
ferences in H20: concentration. Only lipid peroxidation in
the C. sinensis rootstock was significantly higher than in P,
calleryana, suggesting that ROS accumulation and oxida-
tive stress intensity were not decisive factors in determining
graft compatibility.

Anatomical analyses revealed that cell proliferation
began as early as 5 days after grafting in ‘Packham’s Tri-
umph’ on C. sinensis (Fig. 1A). At 25 days, a distinct vascu-
lar connection was visible in the ‘Primorosa’/P. calleryana
combination (Fig. 1B). In contrast, the C. sinensis/P. cal-
leryana graft exhibited poor adhesion and a necrotic bar-
rier at the interface (Fig. 1C). The P. calleryana self-graft
(Fig. 1D) displayed full bud sprouting and a continuous vas-
cular bridge between scion and rootstock.

Callus formation initiated within 5 days for most cul-
tivars (Fig. 2A, D and H), becoming measurable after 15
days in ‘Mendoza Inta 37’ (Fig. 2F). In ‘Shenseri’ and P
calleryana (Fig. 2E and G), callus tissue was already visible

on Pyrus calleryana at 45 days after grafting (C). Pyrus calleryana on
Pyrus caleryana at 45 days after grafting (D). Bar =200 pm
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on C. sinensis at 5 days, but quantification on P. calleryana
was only possible after 15 days. Callus proliferation showed
high variability among combinations, progressively filling
the interface region.

For ‘Packham’s Triumph’, callus area did not differ
between rootstocks up to 15 days, but by 45 days, callus
mass was significantly larger on C. sinensis. The cultivar
‘Mendoza Inta 37’ also showed greater callus formation on
C. sinensis across all evaluations.

Regarding bark thickness (Fig. 3), ‘Packham’s Triumph’
displayed the highest values, while ‘Primorosa’, ‘Wil-
liam’s’, ‘Shenseri’, ‘Triunfo’, and P. calleryana did not dif-
fer significantly.

Correlation analyses (Fig. 4) demonstrated that in C.
sinensis, shoot length, diameter, and canopy lipid peroxi-
dation were positively correlated, suggesting that moderate
oxidative activity may accompany vigorous shoot growth.
In P calleryana, however, lipid peroxidation correlated
negatively with bud diameter, consistent with the inhibitory
effect of excessive membrane damage on tissue expansion.
Other variables showed no significant correlations, con-
firming that graft compatibility results from multiple inter-
dependent factors, including biochemical and anatomical
dynamics that are not easily isolated.

Discussion

Graft compatibility emerges from a finely tuned coordina-
tion between intercellular signaling, redox metabolism, and
vascular differentiation at the graft interface. The meth-
odological integration of anatomical observations with
physiological and growth-related variables allowed a direct
association between vascular continuity and redox homeo-
stasis, providing a mechanistic explanation for the differ-
ences observed among graft combinations. The anatomical
patterns observed in the present study align with the notion
that successful grafting depends not only on physical con-
tact but also on effective signaling networks that regulate
cell differentiation and vascular reconnection (Liu et al.
2023a, b; Wang et al. 2024). In a comparative study involv-
ing pear and quince trees grafted onto Pyrus calleryana
and Cydonia sinensis rootstocks, Melo et al. (2017) found
greater compatibility between pear and P. calleryana and
between quince and C. sinensis, a pattern also supported by
Pio et al. (2007). These results reinforce the hypothesis that
interspecific affinity is largely determined by the ability of
graft partners to establish coordinated communication dur-
ing the healing process.

At the cellular level, compatible combinations exhibit
continuous vascular differentiation driven by coordinated
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Fig. 3 Bark thickness in (um) of the Packham’s Triumph, William’s, Triunfo, Primorosa, Shenseri, Mendoza Inta 37, P. caleryana and C. sinensis
and rootstocks P. caleryana (PE — Pyrus) and C. sinensis (PE — Chaenomeles)
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hormonal and redox signaling (Oztiirk 2021; Adhikari et al.
2022). Auxin plays a central role in this process, guiding
cell polarity and xylem formation across the graft interface.
Rapid activation of genes involved in auxin transport, lignin
biosynthesis, and cell wall remodeling has been reported in
compatible grafts, whereas incompatible pairs often show
impaired auxin flow and accumulation of phenolic com-
pounds that disrupt cell-to-cell communication (Habibi et
al. 2022; Ji et al. 2022). This is consistent with the patterns
observed in our study, where compatible grafts displayed
organized callus proliferation and early vascular reconnec-
tion, while incompatible combinations exhibited disconti-
nuities and localized necrosis.

The role of reactive oxygen species (ROS) in graft heal-
ing is dual and tightly regulated. Moderate ROS accu-
mulation serves as a signaling cue for cell wall loosening
and defense activation, whereas excessive ROS leads to
oxidative damage and cellular dysfunction (Amri et al.
2021). Our findings indicate that lipid peroxidation levels,
although variable among combinations, did not consistently
discriminate compatibility status, reinforcing that oxidative
imbalance alone is insufficient to explain graft failure with-
out anatomical context.

Rather than acting as isolated stress indicators, H-O- and
MDA functioned as complementary markers of graft perfor-
mance when interpreted together with anatomical continu-
ity and shoot development. The preferential accumulation
of H20: in scion tissues suggests a dominant role of ROS
as signaling molecules regulating vascular regeneration
and cell differentiation at the graft interface. In contrast, the
higher MDA levels in rootstocks indicate increased lipid
peroxidation and membrane destabilization, reflecting a
greater oxidative burden associated with structural main-
tenance under graft-induced stress. The elevated absolute
values compared with those reported by Nocito et al. (2010)
may reflect the use of differentiated tissues in our study,
which exhibit higher metabolic activity and compartmen-
talized redox regulation (Kapazoglou et al. 2021). ROS are
also known to modulate auxin transport by regulating PIN
protein localization and activity, thereby coordinating redox
status with polar auxin flow and vascular strand formation
at the graft interface.

Callus formation represents one of the earliest and
most visible outcomes of successful signaling between the
graft partners. In our observations, the phloem and corti-
cal regions were the main sources of callogenic tissue, cor-
roborating Balbi et al. (2019). Differences in the timing and
extent of callus proliferation between combination such as
the early callus formation observed in ‘Shenseri’ onto P,
calleryana compared with C. sinensis highlight the species-
specific responses to wound-induced hormonal cues (Wang
et al. 2024; Tung et al. 2025). Auxin gradients, together with
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cytokinin and jasmonate signaling, are thought to coordi-
nate the reprogramming of cells toward a regenerative state,
enabling the establishment of functional vasculares bridges
(Wang et al. 2024). Anatomical evaluation was not merely
descriptive, but functioned as a validation layer for the
physiological results, as combinations that exhibited early
vascular reconnection consistently showed superior growth
and more stable redox profiles.

Anatomical evidence from this and previous studies sug-
gests that graft adhesion and compatibility depend on the
synchronized differentiation of xylem and phloem tissues
(Adhikari et al. 2022). In incompatible combinations, fail-
ure to re-establish this vascular continuity likely results
from disrupted signaling between the cambial regions and
increased accumulation of inhibitory phenolics (Habibi et
al. 2022; Parisi et al. 2023). Such accumulation may inter-
fere with auxin perception and reactive oxygen metabo-
lism, reinforcing a feedback loop of incompatibility. These
processes underscore the importance of biochemical com-
munication in the success or failure of graft formation. In
compatible combinations, anatomical sections revealed the
progressive establishment of cambial continuity, with newly
differentiated xylem and phloem forming continuous vas-
cular bridges across the graft interface. Parenchyma cell
proliferation played a central role in connecting the scion
and rootstock tissues, while gradual reorganization of the
cortical region ensured structural integration. In contrast,
incompatible grafts frequently developed necrotic layers at
the interface, preventing vascular continuity and forming an
isolation barrier that restricted nutrient transport and signal
exchange.

The significant correlations observed between shoot
length, stem diameter, and lipid peroxidation levels further
support the interaction between structural and signaling pro-
cesses. Cellular damage derived from oxidative imbalance
directly limits growth and resource allocation, linking mor-
pho-anatomical traits to molecular stress responses (Loupit
et al. 2023; Feng et al. 2024). These correlations may serve
as indirect indicators of the efficiency of signal transduc-
tion across the graft interface, particularly in combinations
where hormonal or metabolic dialogue is impaired.

Altogether, our findings support the idea that graft
compatibility in Cydonia and Pyrus species results from
integrated hormonal, redox, and metabolic signaling that
orchestrates callus formation and vascular reconnection
(Wang et al. 2024). Future studies should focus on quan-
tifying antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT), and peroxidases (POX), as well
as profiling auxin levels and expression of its transport-
related gene families (PIN and AUX/LAX). In addition, the
investigation of ROS producing enzymes such as respira-
tory burst oxidase homologs (RBOH) and genes associated



Journal of Plant Growth Regulation (2026) 45:3052-3062

3061

with the phenylpropanoid pathway may provide insight into
molecular thresholds that determine graft success or failure
(Aluko et al. 2025). Integrating transcriptomic approaches
with targeted hormone profiling and vascular imaging will
substantially improve early diagnosis of graft compatibility
in woody species.

Our anatomical and biochemical temporal analyses sup-
port a model in which controlled ROS accumulation func-
tions as an upstream regulator of auxin-mediated vascular
differentiation, linking redox homeostasis to developmental
regulation of the graft union (Parveen et al. 2022; Pasternak
et al. 2023). This framework positions oxidative metabo-
lism not merely as a stress response, but as an active physi-
ological process governing tissue integration and functional
reconnection. Future studies combining transcriptomic pro-
filing, hormone quantification, and vascular imaging will be
essential to validate this model and define molecular thresh-
olds that differentiate compatible from incompatible graft
interactions.

Conclusion

The results demonstrate that vascular reconnection and early
shoot growth in pear and quince grafts are closely associ-
ated with regulated oxidative metabolism at the graft inter-
face. Compatible combinations were able to balance ROS
production and cellular protection, ensuring continuous
vascular differentiation and organ development. In contrast,
incompatible pairs exhibited anatomical discontinuity and
stress-associated damage. Therefore, ROS act not simply as
stress agents, but as developmental signals that guide heal-
ing and tissue integration. Future approaches combining
redox markers with hormonal regulation and gene expres-
sion may allow earlier and more accurate prediction of graft
compatibility, with direct applications to the propagation of
woody fruit species.
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