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Introduction
The ‘Dinosaur Egg’(Prunus domestica × P. armeniaca 
‘Konglongdan’) pluot is a fruit tree belonging to the genus Prunus 
in the Rosaceae family [1]. It is a new interspecific hybrid fruit that 
was selected in the 1990s after more than 70 years of research by 
several generations of American breeding specialists, who crossed 
apricot (Prunus armeniaca L.) and plum (Prunus domestica L.) 
[2]. In 2001, the Research Institute of Non - timber Forestry, 
Chinese Academy of Forestry screened out the variety following 
the introduction of the national “948” project. Of these, the genes 
of the plum varieties account for approximately 75%, and the genes 
of the apricot varieties account for approximately 25% [3,4]. The 
‘Dinosaur Egg’ pluot possesses significant nutritional value and is 
highly favored by consumers [4,5]. It has been acclaimed as the 
“fruit prodigy of the 21st century” and demonstrates considerable 
economic potential [6]. As of 2023, the cultivation area of pluot 
in China continues to expand, with Xinjiang Uygur Autonomous 

Region region alone reaching a planting area of 6,670 hectares [7].

Grafting, as an ancient yet pivotal technique in plant propagation 
and improvement, offers significant advantages such as preserving 
superior maternal traits, enhancing plant stress resistance, and 
promoting early and abundant yields [8,9]. The rapid expansion 
of pluot cultivation areas is inextricably linked to the widespread 
application of grafting technology. Research has demonstrated 
that grafting success is largely determined by graft compatibility 
[10]. Highly compatible graft combinations ensure high survival 
rates of grafted seedlings, vigorous growth, and high-quality fruit 
production. In contrast, poor compatibility may result in graft 
failure, growth inhibition, or reduced fruit quality [11]. Structural 
disorders arising from graft incompatibility led to compromised 
mechanical strength at the graft union, which may predispose 
the union to fracture under strong winds or after several years, 
thereby resulting in substantial economic losses [12]. To date, 
issues related to graft incompatibility remain a persistent challenge 
in many agricultural production systems [13,14].

ABSTRACT
‘Dinosaur Egg’ (Prunus domestica × P. armeniaca Konglongdan) pluot grafted onto Siberian apricot (Armeniaca sibirica (L.) Lam.) rootstocks exhibited 
incompatibility symptoms five years post-grafting, including leaf yellowing, abnormal swelling at the graft union, growth retardation, and weakened tree 
vigor. These symptoms led to plant breakage under high winds, causing significant economic losses in agricultural production. However, research on graft 
compatibility in ‘Dinosaur Egg’ remains limited. This study therefore investigates mineral element dynamics by quantifying twelve elements - nitrogen 
(N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), boron (B), molybdenum (Mo), 
and sodium (Na) - in rootstocks and scions of compatible and incompatible graft combinations. Through significance analysis, correlation analysis, and 
principal component analysis, this study investigates the relationship between the mineral element content of rootstock–scion and the graft compatibility 
in ‘Dinosaur Egg’ pluot. Results demonstrated that in compatible ‘Dinosaur Egg’ graft combinations, concentrations of metal cations (K, Ca, Mg) and trace 
elements (Cu, Zn) were significantly higher than in incompatible combinations. Elements exhibited predominantly positive correlations, with only Cu and 
Mo forming an antagonistic pair, collectively establishing a stable “Cu-core + multi-element synergy” network. Conversely, incompatible combinations 
showed abnormal elevations in N, P, Fe, Mo, and Na concentrations, with disordered elemental associations forming a discordant “Mo-Na localized synergy 
+ Na-K antagonistic pair” pattern. Principal component analysis revealed clear separation between compatible and incompatible combinations along 
PC1 and PC2 dimensions. Reduced compatibility likely contributes to excessive N and P accumulation in scions and impaired transport of K, Fe, and Cu.
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Research has demonstrated that grafting significantly influences 
the efficiency of mineral element absorption, translocation, and 
utilization in plants [15]. Mineral elements are essential for plant 
growth, enhancing plant vigor both indirectly-by modulating 
oxidoreductase activity or altering root exudates-and directly 
through regulating microbial community dynamics, soil nutrient 
content and pH fluctuations in the rhizosphere, as well as lignin 
deposition and phytoalexin biosynthesis [16]. Plants exhibit 
specific deficiency symptoms when a particular mineral element 
is lacking [17]. Moreover, requirements for the same element may 
vary across plant species, and deficiency symptoms often differ 
among elements [18,19]. Furthermore, mineral element demand 
fluctuates throughout various developmental stages [20]. However, 
deficiency symptoms for a given element are generally consistent 
across species, and deficiencies in any element tend to suppress 
plant growth and tree vigor to some extent [21,22].

Research on rootstocks for pluot remains limited to date. 
Current studies have primarily focused on a narrow range of 
materials, including Nanking cherry (Prunus tomentosa), peach 
(Prunus persica), and Chinese plum (Prunus salicina), Siberian 
apricot (Armeniaca sibirica (L.) Lam.) and David peach 
(Prunus davidiana), However, these investigations are generally 
characterized by insufficient methodological depth and lack 
systematic evaluation [23-26]. Field investigations indicate that 
the primary rootstocks used for pluot in Xinjiang are David peach 
and Siberian apricot. Graft incompatibility has been observed in 
‘Dinosaur Egg’ scions grafted onto Siberian apricot rootstocks, 
typically beginning five years after grafting. These symptoms have 
resulted in 11.9% incidence of foliar chlorosis and 1.7% mortality 
due to wind-induced breakage at the graft junction, leading to 
substantial economic losses in local agricultural production. In 
grafting systems, rootstocks-typically seedling-grown plants-serve 
as critical regulators of plant responses to diverse abiotic and 
biotic stressors, including pathogens, water/nutrient deficiencies, 
and potentially toxic compounds (e.g., salts or heavy metals)-
rootstocks exhibit significant structural and functional variability 
among different varieties [27-29]. In this study, graft-compatible 
and incompatible combinations were used as reciprocal controls 
to investigate the relationship between graft compatibility of 
‘Dinosaur Egg’ plum on Siberian apricot rootstocks and the 
contents of 12 mineral elements in both rootstocks and scions. 
We analyzed differences in mineral element profiles between 
compatible and incompatible graft unions, with the goal of 
elucidating the synergistic effects of mineral elements and their 
correlation with graft compatibility. These findings are expected 
to provide a scientific basis for rootstock breeding and rational 
fertilization strategies in pluot cultivation.

Materials and Methods
Plant Materials and Treatments
The experimental site is situated in Wensu County, Aksu Region, 
Xinjiang Uygur Autonomous Region, China (80°11′37″N, 
41°24′36″E; elevation: 1301 m), featuring a typical warm-
temperate continental arid climate. The region experiences an 
average annual sunshine duration of 2800-3000 hours, mean 
annual precipitation of 42.4 to 94 mm, mean annual evaporation of 
1948 mm, mean annual temperature of 10.1 °C, extreme minimum 
temperature of -27.6 °C, and a frost-free period of 180-227 days. 
Situated on an alluvial fan plain at the southern foothills of the 
Tianshan Mountains, the terrain is flat and open. The soil is 
classified as Brown Desert Soil with the following characteristics: 
pH 7.33; organic matter 0.39%; available phosphorus 12.87 
mg·kg⁻¹, available potassium 184.82 mg·kg⁻¹, alkali-hydrolyzable 
nitrogen 13.68 mg·kg⁻¹.

This study employed eight-year-old ‘Dinosaur Egg’ pluot trees 
grafted onto Siberian apricot rootstocks as experimental materials. 
Trees were planted at a spacing of 3 m × 5 m. All field management 
practices-including irrigation, fertilization, and pest control-
followed standard commercial orchard protocols.

Sampling was performed on April 11, 2025. Scion samples of 
both compatible and incompatible ‘Dinosaur Egg’ combinations 
were collected by selecting branches of similar age and diameter 
from six individual grafted plants (n = 6) showing compatibility 
or incompatibility traits, with samples taken from each of the 
four cardinal directions (east, south, west, and north). Rootstock 
samples were obtained from root suckers of Siberian apricot 
located at the base of the same six grafted plants (n = 6), again 
selecting basal shoots of comparable age and diameter. Samples 
consisting of approximately 5 cm long rootstock and scion branch 
segments were prepared by pooling 24 branch segments per 
treatment to form one composite sample, with three biological 
replicates per group. Following collection, all samples were 
immediately placed in insulated containers for low-temperature 
preservation. Subsequent processing included rinsing with tap 
water, washing with distilled water, enzyme inactivation at 105 °C, 
drying at 70 °C, grinding, and sieving through a 0.55 mm mesh. 
The final powdered samples were stored in desiccators for further 
analysis.

Main Morphological Character in Graft Combinations with 
Differential Compatibility
Based on methodologies established in apricot, plum, and 
peach grafting studies by, symptoms of “translocated” graft-
incompatibility in the ‘Dinosaur Egg’ were assessed through 
visual diagnosis of leaf characteristics, tree vigor, and graft union 
morphology [30-33]. On August 11, 2024, key morphological traits 
were measured using eight-year-old grafted plants with either 
compatible or incompatible unions. Parameters included plant 
height, crown diameter, shoot growth increment, shoot diameter, 
graft union diameter, and stem diameters at 5 cm above and below 
the graft junction. The relative chlorophyll content per unit leaf 
area was estimated under field conditions using a SPAD-502 Plus 
chlorophyll meter (Beijing Harvesting Science And Technology 
Co., Ltd., China) [34]. For each graft compatibility combination, 
six trees were selected, and 30 mature leaves from the outer canopy 
were randomly sampled for SPAD measurement.

Determination of Mineral Element Content in Plant Tissues
Mineral element quantification was performed from April 22 to 
30, 2025. Pre-treatment of scion and rootstock materials from 
compatible/incompatible ‘Dinosaur Egg’ grafts followed the 
protocols described by and Lou et al. (2008) [35]. Total nitrogen (N) 
and phosphorus (P) contents were determined using a continuous 
flow analyzer (Chem450, AMS, Italy), while total potassium (K), 
calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn), copper 
(Cu), zinc (Zn), boron (B), molybdenum (Mo), and sodium (Na) 
were quantified by inductively coupled plasma mass spectrometry 
(NexION 1000G ICP-MS, PerkinElmer, USA) [36,37]. Three 
biological replicates were analyzed per sample group.

Statistical Analysis
Statistical analyses were conducted using IBM SPSS Statistics 27 
(United States) and Origin 2024 (United States). Data from three 
biological replicates per graft component (scion and rootstock) of 
both compatible and incompatible ‘Dinosaur Egg’ combinations 
were compiled and analyzed. Mean values and standard deviations 
were computed as indicators of mineral content for each 
compatibility group. One-way analysis of variance (ANOVA) 
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was performed in SPSS to compare group means. When ANOVA 
yielded significant F-values (P ≤ 0.05), Duncan’s multiple range 
test was applied for post-hoc mean separation. Pearson correlation 
analyses were performed to assess the relationships among 
mineral elements across compatibility groups using SPSS, with 
the significance level set at p ≤ 0.05. Two-dimensional correlation 
heatmaps based on mean values of biological replicates were 
generated with Origin 2024. Principal component analysis (PCA) 
of the twelve mineral elements was carried out in SPSS, and 
biplots illustrating the integrated scion-rootstock systems were 
visualized using Origin 2024.

Results
Graft Compatibility MO Influence Vegetative Growth in 
‘Dinosaur Egg’
Visual diagnosis and principal tree architecture traits of ‘Dinosaur 
Egg’ pluot grafted onto Siberian apricot rootstocks revealed that 
compatible combinations exhibited normal tree height with healthy 
shoots and leaves (Table 1 and Figure 1A). Crown diameter, 
current-year shoot length, stem diameter (of current-year shoot), 
and relative chlorophyll content all significantly exceeded those 
of incompatible combinations (Table 1). Furthermore, the graft 
unions were well-healed without visible swelling (Figure 1C), 
and no significant differences were detected in diameters at 5 cm 
above the graft union, 5 cm below the graft union, and at the graft 
union (Table 1). In contrast, graft-incompatible ‘Dinosaur Egg’ 
combinations exhibited typical symptoms of the “translocated” 
incompatibility. The overall tree height was approximately 20% 
lower than that of compatible grafts (Table 1). Leaves showed 
mild curling and yellowing/reddening (Figure 1B), while crown 
diameter, current-year shoot length, stem diameter (of current-
year shoot), and relative chlorophyll content were all significantly 
reduced (Table 1). In particular, the current-year shoot length was 
only 36%, and relative chlorophyll content was less than half of 
that in compatible plants (Table 1). Furthermore, pronounced 
swelling and cracking were observed at the graft union (Figure 
1D), where the diameter was significantly larger than at positions 
5 cm above and below the union (Table 1).

Table 1: Main Tree Growth Characteristics of Compatible 
and Incompatible ‘Dinosaur Egg’ Graft Unions
Morphological 
Parameters Measured

Compatible 
Grafts

Incompatible 
Grafts

Tree height (m) 4.16 ± 0.29 3.39 ± 0.50
East-west crown diameter 
(m)

5.02 ± 0.77 3.27 ± 0.59

North-south crown 
diameter (m)

4.39 ± 0.65 2.74 ± 0.39

Current-year shoot length 
(cm)

58.91 ± 4.83 21.23 ± 5.25

Stem diameter (of current-
year shoot) (mm)

8.21 ± 0.90 4.06 ± 0.48

Chlorophyll (a+b) content 36.14 ± 3.24 11.60 ± 1.85
Diameter at 5 cm below 
graft union (cm)

12.89 ± 2.61 a 12.89 ± 1.72 b

Graft union diameter (cm) 13.59 ± 2.21 a 16.18 ± 1.16 a
Diameter at 5 cm above 
graft union (cm)

11.88 ± 3.27 a 13.16 ± 2.93 b

X ± S = Mean ± Standard Deviation of compatible and incompatible 
graft combinations of ‘Dinosaur Egg’ (n = 3 biological replicates). 
According to Duncan’s Multiple Range Test, diameters at 5 cm 
above the graft union, 5 cm below the graft union, and at the graft 
union itself were analyzed separately separately for compatible 
and incompatible ‘Dinosaur Egg’ grafts.. Within each column, 
mean values followed by different lowercase letters (a, b) indicate 
significant differences at the P ≤ 0.05 level.

Figure 1: Visual Diagnosis of Selective Graft Incompatibility in 
‘Dinosaur Egg’ Pluot Grafted onto Siberian Apricot Rootstock 
Eight Years After Grafting: Healthy Shoot and Foliage in a 
Compatible Combination (A); External Symptoms of Translocated 
Incompatibility, including Leaf Curling and Yellowing/Reddening 
(B); Well-Healed Graft union without significant Swelling in a 
Compatible Combination (C); Swelling and Cracking at the Graft 
Union Site in an Incompatible Combination (D).

Comparative Analysis of Mineral Elements in ‘Dinosaur Egg’ 
pluot Branch Tissues with Differential Graft Compatibility
Long-term graft compatibility analysis of ‘Dinosaur Egg’ on 
Siberian Apricot rootstocks revealed differential mineral element 
accumulation between compatible and incompatible grafts (Table 
2). Among twelve elements analyzed (N, P, K, Ca, Mg, Fe, Mn, 
Cu, Zn, B, Mo, Na), compatible grafts exhibited moderately 
higher contents of K, Ca, Mg, Mn, Cu, Zn, and B. In contrast, 
incompatible grafts showed marginally elevated levels of N, P, 
Fe, Mo, and Na compared to compatible combinations.
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Table 2: Mineral Element Contents in ‘Dinosaur Egg’ Branches 
from Compatible and Incompatible Grafts(mg·kg-1)

Mineral Element Compatible Grafts Incompatible 
Grafts

N 7367.35 ± 795.79 9030.65 ± 843.11
P 1165.22 ± 47.99 1251.07 ± 64.77
K 4642.94 ± 216.38 4490.74 ± 239.28
Ca 3041.46 ± 112.59 2462.26 ± 217.30
Mg 1339.53 ± 122.16 1203.87 ± 33.26
Fe 51.49 ± 5.69 55.61 ± 5.76
Mn 23.25 ± 1.57 17.24 ± 0.99
Cu 4.35 ± 0.51 3.08 ± 0.31
Zn 11.59 ± 0.81 8.99 ± 0.62
B 26.30 ± 0.83 23.88 ± 1.23

Mo 0.67 ± 0.07 0.78 ± 0.05
Na 437.00 ± 20.74 483.16 ± 38.77

X ± S = Mean ± Standard Deviation of compatible/incompatible 
graft combinations (n = 3 biological replicates).

Comparative analysis of mineral elements in scions and rootstocks 
revealed significant differences in their distribution between 
compatible and incompatible graft combinations of ‘Dinosaur 
Egg’ (Table 3). In scions, no significant differences were detected 
in Fe, Mo, or Na content between compatibility types. However, 
incompatible scions contained significantly higher N (40.02%), 
P (33.45%), and K (7.21%) compared to compatible scions. 
In contrast, compatible scions exhibited significantly greater 
concentrations of Ca (29.46%), Mg (15.22%), Mn (31.09%), 
Cu (20.27%), Zn (17.49%), and B (21.67%) than incompatible 
scions. In rootstocks, no significant differences were observed 
in N, Ca, Mg, Fe, Mn, B, or Mo content between compatibility 
groups. Compatible rootstocks showed significantly higher content 
of P (33.29%), K (16.52%), Cu (70.85%), and Zn (56.43%) than 
incompatible rootstocks. Conversely, Na content was significantly 
higher (53.00%) in incompatible rootstocks compared to 
compatible ones.

Table 3: Mineral Element Contents in Rootstock–Scion 
Systems of Compatible and Incompatible ‘Dinosaur Egg’ 
Graftsafts(mg·kg-1)

Mineral 
Element

Compatible Grafts Incompatible Grafts
Scion Rootstock Scion Rootstock

N 8344.06 ± 
368.46 b

6413.06 ± 
1216.09 c

11683.02 ± 
2199.70 a

6290.29 ± 
665.84 c

P 1286.67 ± 
84.18 b

1043.64 ± 
112.67 c

1717.09 ± 
218.54 a

782.96 ± 
75.62 d

K 4765.87 ± 
379.58 b

4508.12 ± 
398.35 b

5109.70 ± 
156.12 a

3868.94 ± 
414.50 c

Ca 3852.59 ± 
315.53 a

2215.24 ± 
425.78 c

2975.78 ± 
573.35 b

1947.33 ± 
203.21 c

Mg 1506.25 ± 
222.46 a

1171.72 ± 
199.48 bc

1307.25 ± 
129.81 b

1100.32 ± 
88.22 c

Fe 55.17 ± 
10.08 ab 

46.90 ± 
8.95 b

62.93 ± 
7.64 a

48.27 ± 
8.44 b

Mn 27.32 ± 
4.87 a

17.06 ± 
2.99 c

20.84 ± 
3.77 b

13.63 ± 
2.63 c

Cu 4.45 ± 
0.55 a

4.22 ± 
0.47 a

3.70 ± 
0.56 b

2.47 ± 
0.13 c

Zn 14.71 ± 
0.70 a

8.51± 0.79 
c

12.52 ± 
1.25 b

5.44 ± 
0.19 d

B 31.39 ± 
3.87 a

21.66 ± 
3.67 c

25.80 ± 
2.16 b

21.95 ± 
3.19 c

Mo 0.67 ± 
0.13 a

0.68 ± 
0.08 a

0.73 ± 
0.12 a

0.77 ± 
0.14 a

Na 541.04 ± 
99.97 a

326.23 ± 
130.20 b

467.31 ± 
45.11 a

499.12 ± 
96.56 a

X ± S = Mean ± Standard Deviation of scion/rootstock components 
under compatible/incompatible grafts (n = 3 biological replicates). 
Mean values within the same row followed by different letters 
(a,b,c,d) are significantly different at P ≤ 0.05 according to 
Duncan’s Multiple Range Test.

Analysis of mineral element distribution in rootstock–scion 
combinations of compatible and incompatible ‘Dinosaur Egg’ 
grafts (Table 3) revealed significantly higher concentrations 
of N, P, Ca, Mg, Mn, Zn, and B in scions compared to their 
corresponding rootstocks in both compatibility types. Specifically, 
in compatible combinations, scions exhibited 30.11% higher 
N, 23.29% higher P, and 72.86% higher Zn than rootstocks. In 
incompatible combinations, scion concentrations of N, P, and Zn 
were approximately double those in rootstocks. No significant 
differences were observed between scions and rootstocks in K, 
Fe, Cu, or Mo content in compatible combinations. However, 
in incompatible combinations, only Mo showed no significant 
difference between scions and rootstocks. Scions in incompatible 
combinations demonstrated 32.07% higher K, 30.37% higher 
Fe, and 49.80% higher Cu content compared to their rootstocks. 
Additionally, while Na levels showed no significant difference 
between scions and rootstocks in incompatible combinations, 
compatible scions contained 65.85% higher Na than compatible 
rootstocks.

Correlation Analysis of Mineral Elements in ‘Dinosaur Egg’ 
pluot Branches with Differing Grafting Affinities
Correlation Analysis of Mineral Elements in Grafted Compatible 
‘Dinosaur Egg’ pluot Combinations
The analysis of correlations among 12 mineral elements in graft-
compatible ‘Dinosaur Egg’ combinations revealed significant inter-
element relationships (Figure 2A). N showed highly significant 
positive correlations (p ＜ 0.01) with seven elements including 
P, Ca, and Mn. Phosphorus exhibited highly significant positive 
correlations (p ＜ 0.01) with five elements including Ca and Mn. 
K demonstrated highly significant positive correlations (p ＜ 0.01) 
with Fe, Mn, and B. Both Ca and Mg showed highly significant 
positive correlations (p ＜ 0.01) with multiple elements. Fe, Mn, 
Zn, and B exhibited highly significant positive correlations (p ＜ 
0.01) with various other elements in multiple combinations. B also 
demonstrated a highly significant positive correlation (p ＜ 0.01) 
with Na, while Cu showed an exclusively negative correlation with 
Mo (p ＜ 0.01) that was distinct from the predominant positive 
correlation network. Overall, mineral elements in compatible 
‘Dinosaur Egg’ grafts displayed extensive positive correlations, 
with the Cu-Mo pair constituting the sole antagonistic relationship. 

Correlation analysis of 12 mineral elements in scion-grafted 
‘Dinosaur Egg’ combinations revealed a complex network of 
positive and negative inter-element relationships (Figure 2B). In 
the scions, N exhibited a highly significant negative correlation 
(p ＜ 0.01) with K, Fe, Mn, and Cu, while demonstrating a highly 
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significant positive correlation (p ＜ 0.01) with Mo. P exhibited 
a highly significant negative correlation (p ＜ 0.01) exclusively 
with Ca. K exhibited a highly significant negative correlation (p 
＜ 0.01) with Mo, and a highly significant positive correlation (p 
＜ 0.01) with Fe, Mn, and Cu. Fe exhibited a highly significant 
negative correlation (p ＜ 0.01) with Mo, and a highly significant 
positive correlation (p ＜ 0.01) with Mn, Cu, B, and Na. Both Cu 
and B exhibited highly significant negative correlations (p ＜ 0.01) 
with Mo, while Mo also exhibited a highly significant negative 
correlation (p ＜ 0.01) with Na. Ca exhibited a highly significant 
positive correlation (p ＜ 0.01) solely with Zn. Mg exhibited 
highly significant positive correlations (p ＜ 0.01) with B and Na. 
Mn exhibited a highly significant negative correlation (p ＜ 0.01) 
with Mo, and highly significant positive correlations (p ＜ 0.01) 
with Cu and B. Overall, Mo functioned as an antagonistic hub, 
forming a distinct negative correlation centre independent of the 
primary network, while metal cations (K, Ca, Mg, Fe, Mn, Cu, Zn) 
formed interconnected clusters through positive interconnections.

Correlation analysis of 12 mineral elements in rootstocks of graft-
compatible ‘Dinosaur Egg’ combinations revealed (Figure 2C) 
that N, P, Ca, Fe, Mn, Zn, and Na all exhibited highly significant 
negative correlations (p ＜ 0.01) with Cu. B and Mo showed 
significant negative correlations (p ＜ 0.05) with Cu, forming 
an independent Cu antagonistic centre within the network. N 
and P each exhibited highly significant positive correlations (p 
＜ 0.01) with Ca, Fe, Mn, Zn, B, Mo, and Na, forming a tightly 
interconnected synergistic network. Pairwise combinations 
among Ca, Fe, and Mn each showed highly significant positive 
correlations (p ＜ 0.01) with Zn, B, Mo, and Na. Furthermore, 
Fe and Mn exhibited highly significant positive correlations (p ＜ 
0.01) with each other, as did Zn, B, and Mo among themselves, 
collectively constituting the main synergistic network. Overall, 
the elements formed a complex network characterized by multi-
element synergistic positive correlations cantered on N and P as 
the core, coordinated with elements such as Ca and Fe, while Cu 
functioned as the antagonistic centre.

Correlation analysis of mineral elements between scions and 
rootstocks in compatible ‘Dinosaur Egg’ graft combinations 
revealed (Figure 2D) that N in scions exhibited a highly significant 
negative correlation (p ＜ 0.01) with Cu in rootstocks, but highly 
significant positive correlations (p ＜ 0.01) with N, P, Ca, Fe, 
Mn, Zn, B, Mo, and Na in rootstocks. P in scions exhibited a 
highly significant negative correlation (p ＜ 0.01) exclusively 
with Mg in rootstocks. K in scions exhibited highly significant 
negative correlations (p ＜ 0.01) with N, P, Ca, Fe, Mn, Zn, B, 
Mo, and Na in rootstocks, while exhibiting a highly significant 
positive correlation (p ＜ 0.01) with Cu in rootstocks. Ca in scions 
exhibited a highly significant negative correlation (p ＜ 0.01) with 
Cu in rootstocks and a highly significant positive correlation (p 
＜ 0.01) with Mg in rootstocks. Mg in scions exhibited a highly 
significant negative correlation (p ＜ 0.01) with K in rootstocks 
and a highly significant positive correlation (p ＜ 0.01) with 
Mg in rootstocks. Fe, Mn, and Cu in scions all exhibited highly 
significant negative correlations (p ＜ 0.01) with N, P, Ca, Fe, 
Mn, Zn, B, and Mo in rootstocks, and positive correlations with 
Cu in rootstocks (p ＜ 0.05). Both Zn and Mo in scions exhibited 
negative correlations with Cu in rootstocks; specifically, Mo in 
scions exhibited highly significant positive correlations (p ＜ 
0.01) with N, P, Ca, Fe, Mn, Zn, B, and Mo in rootstocks, while 
Zn in scions exhibited highly significant positive correlations (p 
＜ 0.01) with N, P, Ca, Fe, Mn, and Zn in rootstocks. Both B and 
Na in scions exhibited highly significant negative correlations (p 

＜ 0.01) with K, B, and Mo in rootstocks. The overall analysis 
reveals a network characteristic in which Cu in the rootstock 
serves as a negative regulatory hub, while complex synergistic 
and antagonistic relationships exist between elements such as N 
and K in the scion and multiple elements in the rootstock.

Figure 2:  Pearson’s Correlation Coefficients of Mineral Elements 
in the Graft-Compatible ‘Dinosaur Egg’ Pluot Combination: 
Correlation Matrix of 12 Mineral Elements in Graft-Compatible 
‘Dinosaur Egg’ Combinations (A); Correlation Matrix of 12 
Mineral Elements in Scions of Graft-Compatible ‘Dinosaur Egg’ 
Combinations (B); Correlation Matrix of 12 Mineral Elements in 
Rootstocks of Graft-Compatible ‘Dinosaur Egg’ combinations 
(C); Correlation Matrix of Mineral Elements between Scions and 
Rootstocks in Graft-Compatible ‘Dinosaur Egg’ Combinations 
(D). In (A, B, C, D), Red indicates Positive Correlations and Blue 
Indicates Negative Correlations, * Represented the Significant 
Difference at P < 0.05 level, and ** Represented the Significant 
Difference at P < 0.01 level. (D)The Subscript “1” on the Ordinate 
(Y-axis) Denotes the scion, while the Subscript “2” on the Abscissa 
(X-axis) Represents the Rootstock.

Correlation Analysis of Mineral Elements in Grafted 
Incompatibility ‘Dinosaur Egg’ pluot Combinations Correlation 
analysis of 12 mineral elements in graft-incompatible ‘Dinosaur 
Egg’ assemblages (Figure 3A) revealed that N was highly 
significantly positively correlated with P, K, Mg, Cu, Zn, and B 
(p ＜ 0.01). P exhibited highly significant positive correlations 
with K, Fe, Cu, and Zn (p ＜ 0.01). K showed highly significant 
negative correlation with Na (p ＜ 0.01) but highly significant 
positive correlations with Zn and B (p ＜ 0.01). Furthermore, 
Ca displayed strong positive correlations with Mg and Mn (p ＜ 
0.01); Mg with Mn and Zn (p ＜ 0.01); Fe with Cu and Zn (p ＜ 
0.01); Cu with Zn and B (p ＜ 0.01); Zn with B (p ＜ 0.01); and 
Mo with Na (p ＜ 0.01). The overall structure exhibits a positive 
correlation network centered on N and P, which interconnects K, 
Mg, Fe, Cu, Zn, and B, while a significant antagonistic relationship 
between K and Na is also observed.

Correlation analysis of mineral elements in the scion of 
graft-incompatible ‘Dinosaur Egg’ combinations (Figure 3B) 
demonstrated that N exhibited a highly significant positive 
correlation with K and Na (p ＜ 0.01), forming an N-K-Na 
synergistic network. P showed a highly significant positive 
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correlation with Fe (p ＜ 0.01), but highly significant negative 
correlations with Mg and Mo (p ＜ 0.01), establishing antagonistic 
relationships between P-Fe and Mg-Mo. The positive correlation 
between K and Na further exacerbated ionic imbalance. 
Additionally, Ca displayed highly significant positive correlations 
with Mn and Mo (p ＜ 0.01), while exhibiting a highly significant 
negative correlation with Cu (p ＜ 0.01). Mg demonstrated a 
highly significant positive correlation with Mo (p ＜ 0.01) but a 
highly significant negative correlation with Fe (p ＜ 0.01), which 
in turn showed a highly significant negative correlation with Mo (p 
＜ 0.01), forming a cross-antagonistic network comprising Ca-Mn-
Mo and Mg-Fe. Furthermore, Mn exhibited a highly significant 
negative correlation with Cu (p ＜ 0.01), while Cu displayed 
highly significant positive correlations with Zn and B (p ＜ 0.01). 
Zn also showed a highly significant positive correlation with B (p 
＜ 0.01), constituting a Cu-Zn-B synergistic cluster. Collectively, 
synergistic and antagonistic relationships among elements were 
intricately intertwined, reflecting dysregulation of the mineral 
element network in the graft-incompatible scion.

Correlation analysis of mineral elements in graft-incompatible 
‘Dinosaur Egg’ rootstocks (Figure 3C) demonstrated that N and 
P both exhibited highly significant negative correlations with Mo 
(p ＜ 0.01), while showing highly significant positive correlations 
with Mg, Mn, and Zn (p ＜ 0.01). This formed an interactive 
network where N-P-Mg-Mn-Zn synergistically antagonized Mo. 
K displayed a highly significant positive correlation with Ca (p 
＜ 0.01), but highly significant negative correlations with Fe and 
Na (p ＜ 0.01). Concurrently, Ca showed a negative correlation 
with Fe and a positive correlation with B (p ＜ 0.05), constituting 
a K-Ca-B synergistic chain regulating ionic homeostasis by 
inhibiting Fe and Na. Furthermore, Mg exhibited highly significant 
positive correlations with Mn, Cu, and Zn (p ＜ 0.01). Fe showed 
a highly significant positive correlation with Na (p ＜ 0.01), 
while Mn displayed positive correlations with Cu and Zn (p ＜ 
0.01) but a negative correlation with Mo (p ＜ 0.01). Cu was 
positively correlated with Zn (p ＜ 0.01), and Mo with Na (p ＜ 
0.01). Collectively, synergistic clusters centered on N-P and K-Ca 
coexisted with localized Mo-Na interactions, revealing disordered 
synergistic-antagonistic relationships that reflect dysregulation of 
the mineral element network in graft-incompatible rootstocks.

Correlation analysis between scion and rootstock in graft-
incompatible ‘Dinosaur Egg’ combinations (Figure 3D) 
demonstrated that scion N exhibited highly significant negative 
correlations with rootstock N, P, Mg, and Mn (p ＜ 0.01), but 
highly significant positive correlations with rootstock Mo and 
Na (p ＜ 0.01), a network is formed in which N-Mo-Na interact 
synergistically while N-P-Mg-Mn interact antagonistically. Scion 
P displayed highly significant positive correlations with rootstock 
N, P, Mg, Mn, Cu, and Zn (p ＜ 0.01), this process enhances the 
synergistic accumulation between P and both macronutrients and 
micronutrients.

Scion K showed highly significant negative correlations with 
rootstock N, P, and Mn (p ＜ 0.01), but a highly significant 
positive correlation with rootstock Mo (p ＜ 0.01), suggesting K 
accumulation was inhibited by rootstock N-P-Mn yet promoted by 
Mo. Scion Ca exhibited a highly significant negative correlation with 
rootstock Fe (p ＜ 0.01) and highly significant positive correlations 
with rootstock K, Ca, and B (p ＜ 0.01), an ionic equilibrium 
chain was established with synergistic Ca-K-B interactions and 
antagonistic effects against Fe. Scion Mg demonstrated highly 
significant negative correlations with rootstock N, P, Mg, Mn, 

Cu, and Zn (p ＜ 0.01), reflecting competitive inhibition between 
Mg and multiple elements. Simultaneously, scion Fe showed 
highly significant positive correlations with rootstock N, P, Mg, 
Mn, Cu, and Zn (p ＜ 0.01), while scion Mn exhibited a highly 
significant negative correlation with rootstock Fe (p ＜ 0.01) 
but highly significant positive correlations with rootstock K, Ca, 
and B (p ＜ 0.01), constituting a redox regulatory network where 
Fe synergized with multiple elements and Mn antagonized Fe. 
Scion Cu displayed highly significant negative correlations with 
rootstock K, Ca, and B (p ＜ 0.01) and highly significant positive 
correlations with rootstock Fe and Na (p ＜ 0.01). Both scion 
Zn and B exhibited highly significant negative correlations with 
rootstock K (p ＜ 0.01) and positive correlations with rootstock 
Fe, Mo, and Na (p ＜ 0.01). Scion Mo showed highly significant 
negative correlations with rootstock Cu and Zn (p ＜ 0.01) but 
highly significant positive correlations with rootstock Ca and B 
(p ＜ 0.01). Scion Na demonstrated highly significant negative 
correlations with rootstock N, P, Mg, and Mn (p ＜ 0.01) and a 
highly significant positive correlation with rootstock Mo (p ＜ 
0.01). Thus, an interconnected and mutually antagonistic network 
between Cu-Zn-B and Fe-Na-Mo is collectively established. 
The graft-incompatible scion-rootstock combination exhibits 
a complex interplay of disordered synergistic and antagonistic 
relationships among mineral elements, reflecting a systemic 
dysregulation within the mineral nutrient network between the 
rootstock and scion under incompatible conditions.

Figure 3:  Pearson’s Correlation Coefficients of Mineral Elements 
in the Graft-Incompatible ‘Dinosaur Egg’ Pluot Combination: 
Correlation Matrix of 12 Mineral Elements in Graft-Compatible 
‘Dinosaur Egg’ Combinations (A); Correlation Matrix of 12 
Mineral Elements in Scions of Graft-Compatible ‘Dinosaur Egg’ 
Combinations (B); Correlation Matrix of 12 Mineral Elements in 
Rootstocks of Graft-Compatible ‘Dinosaur Egg’ Combinations 
(C); Correlation Matrix of Mineral Elements Between Scions and 
Rootstocks in Graft-Compatible ‘Dinosaur Egg’ combinations 
(D). In (A, B, C, D), Red indicates Positive Correlations and Blue 
Indicates Negative Correlations, * Represented the Significant 
Difference at P p < 0.05 level, and ** Represented the Significant 
Difference at p< 0.01 level. (D)The Subscript “1” on the Ordinate 
(Y-axis) Denotes the Scion, while the Subscript “2” on the Abscissa 
(X-axis) Represents the Rootstock.
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Principal Component Analysis of Mineral Elements in 
‘Dinosaur Egg’ pluot Combinations with Varying Graft 
Compatibility
Principal component analysis (PCA; Figure 4) of 12 mineral 
elements in graft-compatible and graft-incompatible ‘Dinosaur 
Egg’ combinations, including their scions and rootstocks, revealed 
that the first two principal components (PCs) accounted for 
61.1% and 26.1% of variance, respectively, with a cumulative 
contribution rate of 87.2%, this indicates that these components 
capture the majority of data variability. Consequently, the two 
principal components were extracted as comprehensive evaluation 
indicators for mineral elements in combinations with different graft 
compatibilities and their respective rootstocks/scions. Loading 
distribution analysis demonstrated that in PC1, Zn, Ca, Mg, Mn, 
B, and K exhibited high positive loadings with strong correlations, 
indicating synergistic interactions. Mo was the only variable with 
negative loading in PC1, showing the lowest value. However, 
in PC2, Mo shows the highest loading, followed by N, Fe, and 
Cu, where Mo, N, and Fe display positive loadings, whereas Cu 
exhibits a negative loading.

Analysis of sample distributions (Figure 4) indicated that the 
mineral element profile of compatible ‘Dinosaur Egg’ grafts 
was strongly associated with elements including Cu, Mn, B, 
and Mg. Within compatible combinations, the scion exhibited a 
mineral profile consistent with that of the compatible graft union, 
suggesting that the scion is the primary source of mineral elements 
in these assemblies. In contrast, the rootstock showed a markedly 
divergent mineral profile compared to both the compatible 
graft combination and the scion. The mineral characteristics of 
incompatible ‘Dinosaur Egg’ grafts were strongly linked to Mo 
and displayed oppositional patterns along both PC1 and PC2 
axes relative to compatible combinations. The rootstock of 
incompatible grafts closely aligned with the elemental profile 
of the incompatible combination, indicating that the rootstock 
constitutes the core source of mineral elements in incompatible 
assemblies. Meanwhile, the scion of incompatible grafts was 
strongly associated with N, P, and Fe, and exhibited oppositional 
characteristics along the PC2 axis compared to the scion of 
compatible grafts.

Figure 4: Principal Component Analysis (PCA) of 12 Mineral 
Elements in Grafted Compatible/Incompatible ‘Dinosaur Egg’ 
Combinations and their Rootstocks and Scions, Compatible 
Grafting Combination (A), Compatible Scion (B), Compatible 
Rootstock (C); Incompatible grafting Combination (D), 
Incompatible Scion (E), Incompatible Rootstock (F).

Overall, the graft-compatible ‘Dinosaur Egg’ combinations, 
graft-incompatible ‘Dinosaur Egg’ combinations, as well as their 
respective rootstocks and scions, showed a significantly opposing 
distribution along PC1 and PC2. These combinations further 
formed distinct “compatibility clusters” and “incompatibility 
clusters” respectively. This result indicates a significant correlation 
between the overall differentiation of element characteristics and 
graft compatibility.

Discussion
Mineral nutrient uptake and utilization efficiency constitutes 
a key factor affecting grafting compatibility in plants [38-40]. 
Phenotypic variations associated with mineral elements have been 
documented in wheat, rice, maize, and peach, with applications in 
breeding novel wheat and maize varieties [41-46]. Concurrently, 
mineral elements exhibit synergism and competition during 
absorption and transport processes within plants. In ‘Golden 
Delicious’ apple grafted onto different rootstocks, significant 
positive correlations were identified between Ca and Mg, P and 
Cu, and K and Ca in leaves [47]. This study employed ‘Dinosaur 
Egg’ grafted onto Siberian Apricot rootstocks as experimental 
material. We performed significance analysis, correlation analysis, 
and principal component analysis of 12 mineral elements in scions 
and rootstocks from graft-compatible and graft-incompatible 
combinations. This investigation aimed to the synergistic 
relationships between grafting compatibility and scion-rootstock 
mineral element interactions in apricot-based ‘Dinosaur Egg’ 
grafting systems.

Mineral Profiles and Correlation Analysis in Compatible 
versus Incompatible ‘Dinosaur Egg’ pluot Combinations
Visual diagnostics in this study revealed that the graft-compatible 
combinations exhibited significantly more vigorous overall tree 
growth compared to graft-incompatible combinations. Principal 
component analysis (PCA) revealed significant differentiation in 
overall mineral element characteristics between graft-compatible 
and graft-incompatible ‘Dinosaur Egg’ combinations. In graft-
compatible systems, physiological homeostasis was primarily 
maintained through synergistic interactions of metal cations 
(Ca, Mg) and trace elements (Cu, Zn). Conversely, graft-
incompatible combinations exhibited dysregulated accumulation 
of macronutrients (N, P) and specific trace elements (Fe, Mo). 
In higher plants, Cu and Mo are critically involved in diverse 
physiological processes including mitochondrial respiration, 
nitrogen metabolism, sulfur metabolism, stress responses, and 
enzymatic activities [48]. Correlation analysis revealed highly 
significant positive correlations among most mineral elements 
in both graft-compatible and graft-incompatible ‘Dinosaur Egg’ 
combinations, forming tightly interconnected synergistic networks. 
However, in graft-compatible systems, Cu and Mo exhibited highly 
significant negative correlations, likely due to Cu’s involvement in 
Mo-cofactor biosynthesis, while showing negligible correlations 
with other elements, forming an antagonistic pair independent 
of the main network [49]. Conversely, in graft-incompatible 
combinations, Na and Mo demonstrated negligible correlations 
with other elements, creating a distinct paradoxical correlation 
characterized by a local association cluster (Mo-Na) coupled with 
an antagonistic pair (Na-K). Collectively, while robust synergistic 
interactions predominated in both systems, the distribution patterns 
of all 12 mineral elements in graft-incompatible combinations 
deviated fundamentally from core trends in compatible systems, 
suggesting scion-rootstock mineral imbalance as the primary 
determinant of graft incompatibility.
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Influence of Scion Mineral Characteristics on Graft 
Compatibility of ‘Dinosaur Egg’ pluot
In grafting systems, rootstocks predominantly mediate mineral 
element absorption essential for plants, with efficiency varying 
significantly among rootstock genotypes [50]. Studies demonstrate 
that rootstocks substantially influence mineral composition 
(including Ca, Cu, K, Mg, Mn, Na, P, S, Zn, and Mo) in apple 
scions, where specific rootstocks elevate Cu, K, P, and Na levels 
in scion leaves [47]. However, reported no rootstock-induced 
alterations in absolute contents of K, Na, Fe, Mn, Cu, or Zn in 
lemon leaves [51]. In this study, scions from graft-compatible and 
graft-incompatible ‘Dinosaur Egg’ combinations showed non-
significant differences in four elements: K, Fe, Mo, and Na. This 
indicates intact ion transport channels for these elements and/or 
alternative regulatory networks, rendering their concentrations 
unaffected by grafting compatibility or rootstock variation. These 
observations are consistent with reports by [52-54].

N and P constitute core elements for plant metabolism and 
energy synthesis, where abnormal concentrations may directly 
impair scion physiological function [55]. In this experiment, 
scions from graft-incompatible ‘Dinosaur Egg’ combinations 
exhibited significantly elevated N and P content exclusively 
compared to graft-compatible counterparts. Principal component 
analysis (PCA) revealed that graft-compatible scions aligned with 
overall graft-compatible combination profiles and showed strong 
correlations with six mineral elements including Ca and Mg [56]. 
Excessive N and P disrupt rootstock-scion growth equilibrium, 
causing metabolic hyperactivity and overgrowth in scions [57]. 
However, limited rootstock transport capacity leads to nutrient 
partitioning disorders, ultimately manifesting as anatomical 
compatibility impairments that induce morphological imbalances 
like the “large and small feet” phenomenon [58]. Conversely, 
deficiencies in Ca and Mg compromise cellular structural stability 
and enzymatic activities, adversely affecting chlorophyll synthesis, 
photosynthesis, and energy metabolism, resulting in leaf chlorosis 
and growth impairment [59,60].

Correlation analysis revealed that mineral elements in scions 
from graft-compatible ‘Dinosaur Egg’ combinations exhibited 
a homeostatic metabolic pattern characterized by an “N-Mo 
regulatory axis + K-Ca synergistic cluster,” facilitating substance 
exchange and metabolic coordination between rootstock and 
scion. Conversely, scions in graft-incompatible combinations 
exhibit disrupted associations of core elements alongside chaotic 
distributions of synergistic and antagonistic interactions, which 
may contribute to dysfunctions at the graft union and imbalances 
in growth (Xia et al., 2025).

Influence of Rootstock Mineral Characteristics on Graft 
Compatibility of ‘Dinosaur Egg’ pluot
Rootstocks of graft-compatible and graft-incompatible ‘Dinosaur 
Egg’ combinations showed no significant differences in most 
mineral elements. However, compatible rootstocks accumulated 
higher levels of P, K, and trace elements (Cu, Zn), which are 
essential for energy metabolism, material transport, and enzymatic 
activities [61,62]. The enrichment of these elements in compatible 
rootstocks may facilitate energy supply and help maintain 
physiological homeostasis in scions, consistent with the enhanced 
tree vigor and growth performance observed in graft-compatible 
combinations in this study. Studies indicate functional similarities 
between Na and K enable versatile utilization; while Na cannot 
fully substitute K, it becomes particularly crucial under K-deficient 
conditions [63,64]. Principal Component Analysis (PCA) revealed 
that graft-incompatible rootstocks and graft-incompatible 

combinations share consistent mineral element characteristics-both 
exhibit strong association with molybdenum (Mo) and demonstrate 
a pattern of low potassium (K) and high sodium (Na) levels. This 
phenomenon may be related to physiological activities such as 
osmotic regulation, ion homeostasis, and substance exchange 
between rootstock and scion [65].

Correlation analysis revealed mineral element associations 
in graft-compatible ‘Dinosaur Egg’ rootstocks formed a “Cu-
antagonistic cluster” with Cu as the negative hub. This cluster 
comprised nine elements potentially maintaining homeostasis 
by inhibiting over-accumulation of mutually correlated elements 
like N and P, while K and Mg remained decoupled from the 
network, this correlation is consistent with the findings reported 
[66]. Conversely, graft-incompatible rootstocks exhibited 
fragmented correlations characterized by multiple antagonistic 
pairs and localized synergies without a unifying core, potentially 
disrupting Cu-cluster homeostasis. These results indicate critical 
importance of rootstock-to-scion nutrient transport efficiency. The 
K-depleted/Na-enriched status and insufficient P, Cu, Zn uptake in 
incompatible rootstocks cause scion nutrient deprivation, thereby 
inducing compatibility barriers (ZHANG et al., 2010, but precise 
mechanisms require further elucidation [67].

Mineral Element Distribution and Correlation Between Scion 
and Rootstock Influence Graft Compatibility in ‘Dinosaur 
Egg’ Pluot
Scions in both graft-compatible and graft-incompatible ‘Dinosaur 
Egg’ combinations showed higher concentrations of seven mineral 
elements (including N and P) than their corresponding rootstocks, 
indicating minimal correlation between these distribution patterns 
and grafting compatibility on Siberian Apricot rootstocks. Although 
rootstocks exhibited non-significant differences in most mineral 
elements between compatibility groups, their scions however 
displayed significant variations in eight elements. Most elements 
were elevated in scions from compatible combinations compared 
to incompatible counterparts. Consequently, differential nutrient 
supply in scions may contribute to graft incompatibility [68]. 
In Arabidopsis, excess Fe and Cu significantly altered CalSs 
and PDBG concentrations, ultimately impairing intercellular 
signaling efficiency [69,70]. In graft-incompatible ‘Dinosaur 
Egg’ combinations, K, Fe, and Cu transport efficiencies between 
rootstock and scion were significantly lower than in compatible 
combinations, causing abnormal elemental accumulation in scions 
that may trigger ionic toxicity or metabolic disorders [71-74]. It 
is hypothesized that resultant transport channel dysfunction or 
regulatory mechanism imbalance constitutes a primary factor in 
reduced grafting compatibility. Impaired transport of K, Fe, and 
Cu in graft-incompatible systems may associate with abnormal 
expression/activity of channel proteins (transporters, channel 
enzymes) at rootstock-scion junctions, requiring molecular 
validation. Non-significant Mo content differences between 
graft-compatible and -incompatible ‘Dinosaur Egg’ rootstocks/
scions indicate minimal linkage between Mo uptake/transport and 
grafting compatibility, suggesting the presence of physiological 
mechanisms mediated by networks that operate independently of the 
grafting system [75]. Similarly, Na content showed non-significant 
differences both within rootstock/scion pairs of incompatible 
combinations and between scions across compatibility groups, 
implying Na transport likely occurs via exclusive ion channels 
unaffected by rootstock type or compatibility status [76].

Principal component analysis (PCA) of spatial distribution 
and correlations revealed that graft-compatible ‘Dinosaur Egg’ 
combinations formed tightly clustered affinity groups with Cu 
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as the negative correlation hub in scion-rootstock associations, 
establishing an N-P-K-Cu metabolic-transport regulatory chain 
that maintains synergistic multi-element supply in scions [77, 
78]. Conversely, graft-incompatible combinations exhibited 
incompatibility groups dominated by antagonistic mineral element 
interactions, the P-Fe-Mo-Na toxicity-osmosis conflict chain 
induced localized dysregulation, potentially causing network 
fragmentation, impaired nutrient transport at graft unions, and 
imbalanced rootstock/scion mineral allocation [79,80]. Thus, 
mineral-element associations in graft-compatible ‘Dinosaur Egg’ 
combinations exhibited network configurations centered on key 
elements, with clearly clustered positive/negative correlations. 
Conversely, graft-incompatible combinations displayed fragmented 
associations characterized by disjointed “micro-clusters + multi-
antagonism” patterns in rootstock-scion systems.

Overall, in compatible ‘Dinosaur Egg’ graft combinations, Cu 
functioned as the core negative regulator establishing a multi-
element synergistic network that maintained nutrient homeostasis. 
The orderly interactions between elements enabled Cu to serve 
as a potential “biochemical marker” for graft affinity, providing 
guidance for nutrient regulation. Conversely, in incompatible 
‘Dinosaur Egg’ graft combinations, elemental imbalance 
resulted from “multi-group antagonism coupled with localized 
synergism”, which compromised nutrient supply to scions and 
disrupted elemental associations. Future research should focus on 
mineral element balance regulation by employing bioinformatics 
approaches to validate how channel protein expression affects 
mineral element transport between rootstocks and scions, while 
exploring targeted element application methods to improve grafting 
affinity [81,82]. Utilizing gene editing techniques such as CRISPR/
Cas9 or RNA silencing to screen rootstock varieties with high 
transport efficiency for K, Fe, and Cu could reduce scion element 
accumulation risks and enhance graft compatibility [83-85]. 
Concurrently, Mo and Na may serve as “non-sensitive markers” 
or “stabilizing reference elements” in grafting experiments to 
eliminate transport interference and calibrate experimental data, 
their transport independence could provide control benchmarks 
for such studies [86].

Conclusion
Grafting compatibility of ‘Dinosaur Egg’ (Prunus domestica × P. 
armeniaca ‘Konglongdan’) pluot on Siberian Apricot (Armeniaca 
sibirica (L.) Lam.) rootstocks is regulated by synergistic mineral 
element effects in the rootstock-scion system. Enrichment of P, 
K, Cu, and Zn in rootstocks optimizes scion nutrition. However, 
excessive accumulation of N, P, K, Fe, and Cu in scions reduces 
compatibility. Concurrently, localized Mo-Na associations and 
K-Na imbalance (low K/high Na) in rootstocks further diminish 
compatibility. Compatibility is enhanced when elements exhibit 
ordered synergism and antagonism, whereas the absence of a 
unified regulatory hub causing disorganized elemental interactions 
reduces compatibility. Overall, coordinated interactions among 
Ca, Mg, Mn, Cu, Zn, and B promote compatibility in these graft 
combinations, while aberrant associations involving P, Fe, and Na 
decrease it. Crucially, Cu functions as the core regulatory hub for 
compatibility, with excess N and P combined with deficiencies 
in Ca, Mg, K, Zn, Mn, and B constituting primary drivers of 
incompatibility. Mo, Fe, and Na indirectly modulate compatibility 
through elemental balance regulation, where maintaining “integrity 
of the elemental synergistic network” and “equilibrium of core 
element content” is fundamental [87-91].
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