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Introduction


To explore the changes in agronomic traits, differences in disease resistance, and related enzymatic mechanisms of tobacco grafted progeny after inoculation with root-knot nematodes (RKNs), and to elucidate their defense responses.







Methods


We used the F1 progeny of tobacco grafts ‘Banqiao B (moderately resistant rootstock) + Honghua Dajinyuan (susceptible scion)’ (BHF1) and ‘G278 (resistant rootstock)+ Honghua Dajinyuan’ (GHF1) as experimental materials, with the scion variety Honghua Dajinyuan (HD) as the control. We conducted a systematic comparison of agronomic traits, disease resistance, and enzymatic characteristics among the materials 90 days post-inoculation with RKNs.







Results and discussion


Agronomic traits did not differ significantly between the grafted progeny and HD. The disease index (DI) of HD and BHF1 was 74.07, indicating susceptibility (S), while GHF1 exhibited a DI of 22.22, indicating moderate resistance (MR). The Soil and Plant Analyzer Development (SPAD) value of GHF1 was significantly higher than that in HD and BHF1. Although superoxide dismutase (SOD) and catalase (CAT) activities in the leaves and roots of GHF1 were comparable to those in HD, the activities of peroxidase (POD), phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO), chitinase (CHT), and β-1,3-glucanase (GLU) in the roots were significantly elevated compared to those in the other treatments. Correlation analysis revealed significant negative correlations between the DI and both the SPAD value and the activities of POD, PAL, PPO, CHT, and GLU, suggesting that increased chlorophyll content and enhanced defense-related enzyme activities contributed to the improved resistance of GHF1. GHF1 thus constitutes a valuable germplasm for nematode resistance. These findings provide a foundation for the selection, propagation, and characterization of grafted tobacco progeny and offer new strategies for breeding tobacco cultivars resistant to RKNs.
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1 Introduction


Plant-parasitic nematodes (PPNs) are obligate biotrophic parasites with a wide host range and exhibit strong environmental adaptability, infecting nearly all crops worldwide (Elling, 2013). According to yield and market data from 2010 to 2013, the average loss caused by these nematodes in the world’s 20 most important crops was 12.6%, equivalent to $215.77 billion (Abd-Elgawad and Askary, 2018). Root-knot nematodes (RKNs) are one of the most destructive PPNs, severely damaging crops such as tobacco, vegetables, and ornamental plants, and are considered a globally significant disease (Jones et al., 2013). Nematode infection decreases crop growth, yield, and quality, and suppresses chlorophyll synthesis (Strajnar et al., 2012). In response to RKN infection, plants activate metabolic pathways involving antioxidant enzymes, phenylpropanoid metabolism enzymes, and pathogenesis-related proteins to strengthen defense responses (Liang et al., 2012). Among these, antioxidant enzymes and phenylpropanoid metabolism enzymes play crucial roles in mediating plant defense responses (Vos et al., 2013; Molinari and Leonetti, 2023; Zhang et al., 2024). After RKN infection, reactive oxygen species (ROS) accumulate in plants, and key enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) regulate ROS homeostasis (Shetty et al., 2008). Notably, POD activity has been recognized as a key marker of resistance, with resistant cultivars exhibiting significantly higher root POD activity than susceptible ones (Molinari et al., 2024). The phenylpropanoid pathway biosynthesizes diverse secondary metabolites, including phytoalexins, lignin, and phenolic compounds, contributing to disease resistance (Dixon, 2001). Following RKN infection in Capsicum annuum, the activities of phenylalanine ammonia-lyase (PAL) and polyphenol oxidase (PPO) in roots and leaves increase significantly, particularly in resistant cultivars (Ganapathy et al., 2016). In addition, chitinase (CHT) and β-1,3-glucanase (GLU) are enzymes involved in direct pathogen degradation. After pathogen invasion, the activity of CHT and GLU in the roots of resistant varieties is markedly elevated compared to susceptible ones (Zhang et al., 2016).


Tobacco (Nicotiana tabacum L.) is an important and widely cultivated cash crop in China, extensively utilized in the production of cigarettes, cigars, chewing tobacco, pipe tobacco, and snuff (Sierro et al., 2014). It is also a well-established model organism in molecular biology and is widely used in studies of disease susceptibility in Solanaceae (Xu et al., 2023). Root-knot nematodes are soil-borne pathogens that pose a serious threat to tobacco throughout its life cycle. Four common RKN species have been identified in tobacco, of which Meloidogyne javanica, M. incognita, and M. arenaria are most widespread, while M. hapla is limited to temperate regions (Fortnum et al., 2001). Root-knot nematode disease has escalated in severity across major tobacco-producing regions in China (Huang et al., 2020). In Yunnan Province alone, the disease affects over 26,000 hectares, with yield losses of 30-50% (Tong et al., 2022). While physical, chemical, and biological control methods are partially effective, concerns regarding chemical residues and environmental contamination persist (Ayala-Doñas et al., 2020). Breeding disease-resistant varieties remains the most cost-effective and sustainable strategy (Ayala-Doñas et al., 2020). Grafting, a vegetative propagation technique to improve scion performance, enhances fruit quality, growth, and disease resistance in many Solanaceae and woody species (Albacete et al., 2015), and is increasingly used in plant production and breeding (Song et al., 2016). Theoretically, grafting should not modify genetic information. However, studies show that grafting may induce heritable modifications in plant development, phenotype, and stress responses (Li et al., 2013). Grafting has induced widespread alterations in specific DNA methylation patterns at particular loci, particularly in the scion, and these changes in DNA methylation at specific loci can be inherited by progeny through sexual reproduction (Wu et al., 2018). Soviet fruit breeding expert Michurin, who proposed that rootstocks and scions could exchange genetic material, successfully developed over 300 new fruit varieties using this method (Mudge et al., 2009). More recently, grafting has been shown to facilitate the transfer of genetic material, such as plasmid DNA, potentially bypassing sexual incompatibility and enabling the development of novel species with unique traits (Stegemann and Bock, 2009; Frank and Chitwood, 2016). In cruciferous vegetables, grafting Brassica oleracea var. acephala onto purple cabbage produced selfed-progeny with diverse phenotypes, including altered apical meristems, earlier flowering, and modified leaf morphology (Cao et al., 2016). MSAP analysis has revealed extensive variations in DNA methylation patterns among the self-pollinated progeny, with approximately one-third remaining stable over five generations (Cao et al., 2016).


Currently, whether variable traits can be obtained through interspecies or intergeneric grafting remains a globally debated scientific question, extensively studies worldwide. For instance, grafting Brassica rapa onto purple cabbage resulted in heritable changes in leaf morphology in the progeny (Cao et al., 2016). Similarly, after grafting Arabidopsis with MSH1-induced tomato, the traits of the progeny changed, and these changes were maintained over five generations (Hardik et al., 2020). To date, over one billion vegetable plants (mainly tomatoes, peppers, cucumbers, and watermelons) have been grafted globally to enhance their disease resistance (Lee et al., 2010). While most studies have focused on optimizing grafting techniques, the resistance of grafted progeny to RKNs and the associated defense enzyme responses remain poorly understood. In this study, we used greenhouse pot inoculations to assess resistance, agronomic traits, and defense-related enzyme activities in tobacco grafted progeny 90 days post-RKN infection. The aim was to identify nematode-resistant progeny and evaluate the heritability of graft-induced phenotypic changes for potential application in tobacco production.






2 Materials and methods





2.1 Test materials


Control T0, Scion of ‘Honghua Dajinyuan’ (HD). Tobacco grafting combinations in the progeny: T1, ‘Banqiao B + HD F1’ (BHF1) and T2, ‘G278 + HD F1’ (GHF1). In the parental generation, rootstock ‘Banqiao B’ exhibited moderate resistance, ‘G278’ showed resistance, while scion ‘HD’ was susceptible to the disease. All tested tobacco seedlings were provided by the Kunming branch of Yunnan Tobacco Company.



Meloidogyne incognita used for inoculation was collected from Yuanmou County, Yunnan Province, with tomato (Solanum lycopersicum L.) as the host plant. Before inoculation, tomato roots were thoroughly cleaned, cut into 1–2 cm segments, and carefully crushed to extract nematode eggs from root knots. After observation and counting under a stereo-microscope, a suspension of RKN eggs was prepared at a concentration of 500 eggs/mL (Ruanpanun and Somta, 2021).






2.2 Experimental design


From May to September 2023, a pot-experiment using tobacco grafted progeny was conducted in the greenhouse at Yunnan Agricultural University, Kunming, Yunnan Province, China (25°8′10.95″N, 102°45′14.59″E). The environmental conditions were maintained at a temperature range of approximately 17 - 32 °C and a relative humidity of around 67%. Planting pots measured 25 cm in diameter and 30 cm in height. The potting substrate consisted of red soil, humus, and perlite (4:4:1 ratio), sterilized at high temperature before use. When seedlings reached the 3–4 true-leaf stage, they were transplanted and inoculated. Each pot contained one seedling, with eight pots per variety constituting one replicate. Three independent replicates were maintained per treatment. All tobacco seedlings were inoculated with an RKN egg suspension. During inoculation, 50 mL of suspension (approximately 5,000 eggs; 10 mL egg concentrate + 40 mL distilled water) was applied evenly into a circular trench 1.0-1.5 cm from the stem base. The trench measured approximately 1.5 cm deep and wide. The suspension was uniformly applied along the outer edge of the tobacco roots, and then covered with soil. The pots were arranged randomly in the greenhouse, with uniform plant management to prevent pest interference or secondary infections. The experimental design is shown in 
Figure 1
.


[image: Diagram illustrating a grafting process involving tobacco plants. Top sequence: G278 and Banqiao B rootstocks are grafted with HDa scion, resulting in seedlings that flower and produce seeds. These seeds are used for transplanting. Bottom sequence: Seedlings at stages T0, T1, and T2 are shown in pots, with a focus on leaf and root indices like PH, LN, RL, and MDA. The diagram includes inoculation with M. incognita and depictions of growth indicators.]
Figure 1 | 
Experimental design of tobacco grafted progeny inoculated with root-knot nematodes. PH, Plant height; LN, Leaf number; ST, Stem diameter; LA, Leaf area; AFW, Aboveground fresh weight; LFW, Leaf fresh weight; RFW, Root fresh weight; RL, Root length; PRT, Percentage of root galls; GI, Gall index; EM, Egg masses; DI, Disease index. Same below.








2.3 Determination items and methods





2.3.1 Agronomic traits


At 30, 60, and 90 days post-inoculation, six tobacco plants per treatment were selected for measurement of plant height, stem diameter, number of effective leaves, and length and width of the largest middle leaf, with subsequent leaf area calculation (Equation 1). At 90 days, the fresh weights of the aerial parts, leaves, and roots, as well as root length, were measured for six tobacco plants.
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2.3.2 Disease resistance index


Referring to the method in the literature (Xu et al., 2024), at 90 days post-inoculation, root-knot percentage, number of root-knots, and number of egg masses were recorded for each treatment. The gall index (GI) (Equation 2) and Disease index (DI) (Equation 3) were calculated. DI quantifies plant health and disease severity (Wei et al., 2023) and was used to assess disease resistance (
Table 1
).



Table 1 | 
Grading standards for tobacco root-knot nematode disease and classification criteria for resistance types.





	Grade of disease

	Disease severity

	Disease index

	Resistance type






	0
	No root-knots observed
	0
	Highly resistant or immune(I)



	1
	Root-knots occur on less than 1/4 of the roots
	0.1-20
	Resistant(R)



	3
	Root-knots occur on 1/4-1/3 of the roots
	20.1-40
	Moderately resistant(MR)



	5
	Root-knots occur on 1/3-1/2 of the roots
	40.1-60.0
	Moderately susceptible(MS)



	7
	More than half of the roots exhibited root-knots, with a few secondary roots also forming galls
	60.1-80.0
	Susceptible(S)



	9
	All roots, including secondary roots, exhibited root-knots
	80.1-100
	Highly susceptible(HS)







The assessment of disease severity, disease index, and resistance type primarily refers to two Chinese standards: “Grade and investigation method of tobacco diseases and insect pests” (GB/T 23222-2008) and “Identification of cultivar resistance to tobacco disease” (GB/T 23224-2008) (Website: https://std.samr.gov.cn/).
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In the above equation, Si represents the severity value of disease level i, Mi represents the number of plants with disease level i, i represents the disease severity level, and N represents the total number of plants surveyed.






2.3.3 Physiological and biochemical indicators


Soil and Plant Analyzer Development (SPAD) readings: At 90 days post-inoculation, six tobacco plants per treatment were selected between 8:00 and 10:00. SPAD-502 chlorophyll meter readings were taken at three positions on the main vein of the central leaf: base, middle, and tip (He et al., 2020).


Determination of pathogenesis related enzyme activities: Samples were collected at 90 days post-inoculation, with three pots per treatment. Roots and leaves were washed, dried with absorbent paper, and leaf veins were removed. The tissues were then cut into small pieces, mixed thoroughly, flash-frozen in liquid nitrogen, and stored in an ultralow-temperature freezer. Enzyme activities were measured using a multifunctional microplate reader (Varioskan LUX) and assay kits from Jiangsu Gresbio Biotechnology Co., Ltd. The following kits were employed: Superoxide Dismutase (SOD) Assay Kit (WST-8 method, units: U·g-1 FW), Catalase (CAT) Assay Kit (hydrogen peroxide method, units: umol·min-1·g-1 FW), Peroxidase (POD) Assay Kit (guaiacol method, units: △OD470·min-1·g-1 FW), Malondialdehyde (MDA) Content Assay Kit (Thiobarbituric acid colorimetric method, units: nmol·g-1 FW), Phenylalanine Ammonia-Lyase (PAL) Assay Kit (L-phenylalanine borate buffer method, units: △OD290·h-1·g-1 FW), Polyphenol Oxidase (PPO) Assay Kit (catechol method units: △OD420·min-1·g-1 FW), Chitinase (CHT) Assay Kit (units: ug·h-1·g-1 FW), and β-1,3-Glucanase (GLU) Assay Kit (units: ug·min-1·g-1 FW) (Ge et al., 2014; He et al., 2024). Procedures and calculations were performed following the manufacturer’s instructions.







2.4 Data analysis and statistics


Data analysis was performed using Microsoft Excel 2022 and DPS data analysis software. Duncan’s new multiple range test was employed for significance analysis, and graphs were generated using Origin 2017 software (Tong et al., 2024).







3 Results





3.1 Effects of RKN infection on agronomic traits


Following RKN inoculation, tobacco graft combination progeny exhibited altered agronomic traits (
Figures 2
, 
3
). At 30 days post-inoculation, plant height and leaf number showed no significant differences among T0, T1, and T2. However, stem diameter in T1 and T2 decreased significantly by 16.61% and 19.86%, respectively, compared to T0. Leaf area of T2 was significantly reduced by 45.07% relative to T0, whereas T1 and T0 showed no significant difference. At 60 days post-inoculation, plant height of T2 decreased by 11.72% compared to T0, although not significantly. No significant difference occurred in plant height between T1 and T0, but leaf number of T1 was significantly lower than that of T2 and T0, whereas leaf number of T2 and T0 showed no significant difference. Stem diameter and leaf area exhibited no significant variations among treatments. By 90 days post-inoculation, no significant differences occurred among treatments in stem diameter, leaf area, aboveground fresh weight, or root length. Plant height differences between T0 and T1, as well as between T0 and T2, were not significant, but T1 and T2 differed significantly. Functional leaf number showed no significant difference between T0 and T2 or between T1 and T2, although T0 and T1 differed significantly. Fresh leaf and root weights showed no significant difference between T0 and T2, but T1 exhibited significantly lower values than both T0 and T2. At 90 days, overall growth appeared similar across tobacco graft progeny, with plant height ranking T2< T0< T1. Specifically, T2 exhibited a 7.60% and 13.88% reduction in plant height compared to T0 and T1, respectively. Leaf number of T1 was significantly lower than that of T0. Compared to T0 and T2, T1 showed significant reductions in fresh leaf weight (28.56% and 20.58%, respectively) and fresh root weight (37.29% and 34.99%, respectively).


[image: Bar graphs labeled A to D compare plant height, leaf number, stem thickness, and leaf area over 30, 60, and 90 days of inoculation (30d, 60d, and 90d) under three treatments (T0, T1, and T2). Each graph shows growth trends with error bars and statistical significance indicated by letters above the bars.]
Figure 2 | 
Agronomic traits of tobacco grafted progeny after root-knot nematode infection. (A) Plant height; (B) Leaf number; (C) Stem diameter; (D) Leaf area. Bars with different lowercase letters within the same group indicate significant differences between treatments (P< 0.05). Similar notation applies throughout. Lowercase letters “a” and “b” indicate significant differences between treatments. Identical letters indicate no significant difference between treatments, while different letters indicate a significant difference.




[image: Four bar charts labeled A, B, C, and D, compare plant treatments T0, T1, and T2. A: Aboveground fresh weight, highest in T0, similar in T1 and T2. B: Leaf fresh weight, highest in T0, lowest in T1. C: Root fresh weight, highest in T0, lowest in T1. D: Root length, similar across all treatments. Each chart shows error bars and significance markers.]
Figure 3 | 
Effects of root-knot nematode infection on the fresh weight biomass of the aboveground part and roots of tobacco grafted progeny. (A) Aboveground fresh weight; (B) Leaf fresh weight; (C) Root fresh weight; (D) Root length, with significance set at p< 0.05. Lowercase letters “a” and “b” indicate significant differences between treatments. Identical letters indicate no significant difference between treatments, while different letters indicate a significant difference.




In summary, agronomic traits of the tobacco graft combination progeny showed limited variation compared to T0. Specifically, T2 exhibited significantly reduced plant height, and T1 displayed significantly fewer functional leaves and lower biomass. No significant differences occurred in other measured traits.






3.2 Disease incidence


After 90 days of RKN inoculation, grafted progeny and control exhibited differential RKN-induced damage (
Figure 4
). T0 and T1 showed extensive gall formation, while root growth was inhibited compared to uninfected plants. T2 displayed minimal damage with few visible galls (
Figure 4A
). At 90 days post-inoculation, significant differences occurred among T0, T1, and T2 in root-knot percentage, GI, egg mass count, DI, and incidence rate (
Figure 4B
). Compared to T0, T2 exhibited reductions of 63.88% in root-knot percentage, 81.51% in GI, and 71.82% in egg mass count. Relative to T1, T0 showed significant reductions of 68.19%, 84.58%, and 63.87% in these same parameters, respectively. DI was highest in T0 and T1 (both at 74.07), while T2 had the lowest value (22.22). Based on DI, T2 was classified as moderately resistant (MR), whereas T0 and T1 were susceptible (S). In summary, T2 exhibited the lowest values across all disease indicators, showing a high level of resistance to RKNs.


[image: Three images of plant roots labeled T0, T1, and T2 show variations in root knot severity. T2 has fewer knots with an inset highlighting gall details. Below, a table presents data on root knot percentage, gall index, egg mass, and disease response for each treatment.]
Figure 4 | 
Effects of root-knot nematode infection on disease resistance-related indicators in tobacco grafted progeny. (A) Symptoms of disease in T0, T1, and T2 after RKN infection; (B) Disease resistance indicators in tobacco graft progeny after RKN infection, with significance set at p< 0.05. The red arrow indicates the root knot. Lowercase letters “a” and “b” indicate significant differences between treatments. Identical letters indicate no significant difference between treatments, while different letters indicate a significant difference.








3.3 Effect of RKN infestation on the SPAD values of tobacco leaves


At 90 days post-inoculation with RKN, SPAD values in T1 and T0 showed no significant difference, whereas T2 exhibited significantly higher values than T0 (
Figure 5
). This suggests that SPAD values in tobacco graft progeny responded differently following nematode infection. Overall SPAD ranking was T2 > T0 > T1. SPAD value decreased by 7.12% in T1 relative to T0, but increased by 10.03% in T2 relative to T0 and 18.47% relative to T1. These results demonstrate that nematode-resistant T2 progeny showed the greatest SPAD elevation, reflecting increased chlorophyll content. Resistant progeny (T2) also displayed higher SPAD values than the susceptible scion (HD).


[image: Faceted violin plot with box plots and scatter points for treatments T0, T1, and T2. The x-axis ranges from 20 to 60, while the y-axis labels treatments. T0 and T1 have similar distributions labeled 'b', with median values around 40. T2, labeled 'a', shows a different distribution, median values around 47.]
Figure 5 | 
Effects of root-knot nematode infection on the tobacco grafting combinations on the SPAD value of leaves (P< 0.05). Lowercase letters “a” and “b” indicate significant differences between treatments. Identical letters indicate no significant difference between treatments, while different letters indicate a significant difference.








3.4 Effects of RKN infection on antioxidant enzyme activities and MDA content


At 90 days post-infection with RKN, activities of SOD, CAT, and POD, as well as MDA content in leaves and roots of tobacco graft progeny, varied relative to T0 (
Figure 6
). Leaf SOD activity in T1 and T2 decreased significantly by 39.21% and 26.65%, respectively, compared to T0 (
Figure 6A
), while root SOD showed no significant change (
Figure 6E
). CAT activity in both leaves and roots exhibited no significant differences compared to T0 (
Figures 6B, F
). Leaf POD activity showed no significant differences among treatments, whereas root POD activity in T2 increased significantly by 20.40% relative to T0 and 26.15% relative to T1 (
Figures 6C, G
). MDA content in T2 leaves and roots was significantly lower than T0 (16.58% and 25.92%, respectively) and T1 (23.13% and 23.88%, respectively); no significant difference occurred between T1 and T0 (
Figure 6D, H
).


[image: Bar graphs labeled A to H display the effects of three treatments (T0, T1, T2) on four measures: SOD, CAT, POD, and MDA. Graphs A and E show SOD levels; A indicates T0 as highest, while E shows similar levels across treatments. Graphs B and F display CAT, both showing uniform levels. Graphs C and G illustrate POD, with C showing consistent levels and G showing T1 lower than T0 and T2. Graphs D and H depict MDA, with D showing T2 lower than T0 and T1, H shows that T2 is significantly lower than T0 and T1. Error bars and significance letters are present.]
Figure 6 | 
Effects of root-knot nematode infection on antioxidant enzyme activities and MDA content in grafted tobacco progeny. (A) Leaf SOD activity; (B) Leaf CAT activity; (C) Leaf POD activity; (D) MDA content in leaves; (E) Root SOD activity; (F) Root CAT activity; (G) Root POD activity; (H) MDA content in roots, with significance set at p< 0.05. Lowercase letters “a” and “b” indicate significant differences between treatments. Identical letters indicate no significant difference between treatments, while different letters indicate a significant difference.




Overall, graft progeny exhibited lower root SOD/CAT activities and MDA content but higher root POD activity than corresponding leaves. T2 exhibited enhanced resistance, elevated antioxidant responses, and reduced lipid peroxidation, indicating diminished membrane damage under nematode stress.






3.5 Effects of RKN infection on phenylpropanoid metabolic enzymes and pathogenesis related proteases in tobacco


At 90 days post-inoculation, significant changes occurred in PAL and PPO activities in leaves and roots of tobacco grafted progeny (
Figure 7
). The highest PAL activity was recorded in T2 leaves and roots, increasing significantly by 192.12% and 136.31% compared to T0, and by 123.64% and 48.46% relative to T1 (
Figure 7A, D
). Among grafted progeny, leaf PPO activity in T2 was significantly higher than in T1 (56.14% increase) but not significantly different from T0. No significant differences were observed between T1 and T0 (
Figure 7B
). Root PPO activity in T2 increased significantly by 59.29% relative to T0 and 35.69% relative to T1, with T1 also showing significant increase relative to T0 (
Figure 7E
). CHT and GLU activities in T2 roots were significantly higher than both T0 and T1, whereas T1 and T0 showed no significant differences (
Figure 7C, F
).


[image: Bar charts labeled A to F showing enzyme activity for three treatments (T0, T1, T2). A and D: PAL activity increases with T2 highest. B and E: PPO activity highest in T2, lowest in T1. C: CHT activity highest in T2. F: GLU activity highest in T2. Error bars present; letters indicate statistical groups.]
Figure 7 | 
Effects of root-knot nematode infection on phenylpropanoid metabolic enzymes and pathogenesis-related protease activities in tobacco graft progeny. (A) Represents the PAL activity of the leaves; (B) Represents the PPO activity; (C) CHT activity in roots; (D) Represents the PAL activity of the roots; of the leaves; (E) Represents the PPO activity of the roots; (F) GLU activity in roots, with significance set at p< 0.05. Lowercase letters “a” and “b” indicate significant differences between treatments. Identical letters indicate no significant difference between treatments, while different letters indicate a significant difference.




In summary, phenylpropanoid enzymes and pathogenesis-related proteins showed significantly elevated activities in T2, reflecting enhanced defense responses against RKN infection.






3.6 Correlation analysis


The disease resistance of tobacco grafted progeny is a complex trait resulting from the coordinated response of multiple tissues and physiological pathways, which cannot be reliably assessed through single indicators. Consequently, correlation and principal component analyses (PCA) were performed to evaluate associations among physiological and resistance-related traits. Results (
Figure 8
) revealed that DI exhibited strong negative correlations with LPAL (r=-0.95), LPPO (r=-0.76), RPOD (r=-0.88), RPAL (r=-0.85), RPPO (r=-0.89), RCHT (r=-0.89), and RGLU (r=-0.86), while showing positive correlations with LMDA (r = 0.81), RCAT (r = –0.65), and RMDA (r = –0.88).


[image: Correlation matrix visualizes the relationship between variables DI, LSOD, LCAT, and others using a color gradient from red to blue representing positive to negative coefficients. Circles indicate significance, with larger circles highlighting stronger correlations.]
Figure 8 | 
Correlation between biochemical indicators and disease index in the tobacco grafted progeny. “L” represents the biochemical indicators of leaves, and “R” represents the biochemical indicators of roots. The same applies below. *, **, and *** indicate statistically significant correlations at the levels of p< 0.05, p< 0.01, and p< 0.001, respectively.




PCA (
Figure 9
) revealed that the first two principal components together accounted for 63.1% of the total variance. DI was located in the second quadrant and showed negative correlations with SPAD, LPOD, LPPO, LPAL, RCHT, RGLU, RPOD, RPAL, and RPPO in quadrants one and four. T1 and T2 were distributed in distinct PCA regions from the control T0, with tighter clustering of biological replicates. T0 localized to quadrant two, T1 to quadrant three, and T2 to quadrants one and four, further demonstrating clear phenotypic divergence between T2 and T0. These findings indicate that T2 exhibits increased SPAD values and enhanced activity of key defense enzymes under RKN stress, thereby improving resistance to nematode invasion—confirming its higher resistance phenotype relative to susceptible control T0.


[image: Biplot illustrating principal component analysis (PCA) with PC1 accounting for 43.0% and PC2 for 20.1% of variance. Points are colored by time: black for T0, red for T1, and green for T2. Blue arrows represent variables such as LSOD, LCAT, and RCHT, indicating their contributions to the components.]
Figure 9 | 
Principal component analysis of various indicators under root-knot nematode stress.









4 Discussion


Grafting techniques are widely applied to vegetable crops such as eggplants, tomatoes, cucumbers, and melons to improve propagation efficiency, varietal preservation, yield, stress tolerance, and fruit quality (Sigüenza et al., 2005; Kokalis-Burelle and Rosskopf, 2011; Judy et al., 2013). Research has primarily focused on the effects of rootstocks and scions in grafted plants, with limited attention to heritable genetic effects in grafted progeny (Mudge et al., 2009). Here, we demonstrate that RKN-resistant rootstocks significantly influence progeny phenotypes, suggesting stable inheritance through sexual reproduction. Progeny from tobacco graft combinations with resistant rootstocks retained rootstock disease-resistant traits. Compared to susceptible controls, the progeny exhibited enhanced antioxidant activities, elevated phenylpropanoid pathway enzymes, and increased defense-related proteins, improving resistance against RKNs.


Grafting can induce heritable genetic variation and enhance growth performance in plant progeny (Hardik et al., 2020). Studies have shown that progeny exhibit significantly enhanced vigor and seed yield when using Arabidopsis MSH1 mutants as rootstocks for tomato grafts (Hardik et al., 2020). Similarly, when tomato was used as rootstocks for Solanum americanum, progeny showed markedly increased aboveground biomass (Wang et al., 2021b). When tobacco roots are infected by RKNs, root galls form, cells are damaged, and giant cells develop, ultimately impairing normal tobacco growth (Zhang et al., 2023). Our results show that GHF1 growth traits showed no significant difference from susceptible scion HD, suggesting mitigation of nematode-induced growth suppression. This finding diverges from previous reports, which may reflect limited transgenerational phenotypic variation in GHF1. Notably, GHF1 exhibited a moderately resistant phenotype significantly superior to susceptible HD. This suggests that progeny derived from crosses between resistant rootstock G278 and susceptible scion HD can inherit partial nematode resistance, representing the first documented case of nematode resistance transmission through tobacco grafting progeny.


Under RKN stress, plants exhibit reduced photosynthetic efficiency and stomatal conductance, disrupting nutrient uptake, photosynthate synthesis, and transport regulation in roots (Mujeebur et al., 2022). These physiological disruptions reduce chlorophyll accumulation. Chlorophyll reduction serves as a key physiological stress indicator (Zhu et al., 2023). Given the strong correlation between chlorophyll content and SPAD values, SPAD readings provide a reliable chlorophyll proxy (Ling et al., 2011). Studies have shown that resistant soybean cultivars maintain higher chlorophyll levels than susceptible cultivars under RKN stress (Gontijo et al., 2024). Previous studies have also indicated that grafting can enhance photosynthetic pigments in plants under stress (Du et al., 2024). Consistent with these reports, PCA revealed a negative correlation between SPAD values and DI, and disease-resistant GHF1 showed significantly higher chlorophyll content than susceptible BHF1 and scion HD. This suggests that chlorophyll accumulation is enhanced in resistant progeny compared to susceptible controls, supporting improved photosynthetic performance. Therefore, grafting may promote chlorophyll biosynthesis in graft-derived progeny under nematode stress.


Numerous studies demonstrate that antioxidant enzyme systems crucially maintain ROS homeostasis in plants. Both grafted and self-rooted tomato seedlings exhibited induced antioxidant enzyme activities (Bali et al., 2020). Scion leaves of grafted plants showed significantly higher SOD, POD, and CAT activities than self-rooted plants, with enhanced ROS-scavenging capacity (Liang et al., 2012). Increased POD activity is typically an indicator of enhanced disease resistance in plants (Gontijo et al., 2024). In resistant tomato plants, root and leaf SOD activity decreases post-inoculation, while POD and CAT exhibit minimal initial changes followed by rapid POD increase (Jia and Xu, 2016). Consistent with these reports, GHF1 exhibited significantly elevated root POD activity but SOD and CAT levels comparable to HD in this study. In leaves, SOD activity decreased in GHF1, while CAT and POD remain stable. This pattern may be associated with lower SOD activity during later infection stages, which helps sustain localized ROS accumulation, potentially enhancing the hypersensitive response to RKN infection. Increased POD activity may also promote cell wall lignification, improving resistance to secondary infections (Wang et al., 2009). Under stress, plants often undergo membrane lipid peroxidation, with malondialdehyde (MDA) content reflecting the extent of lipid peroxidation and cellular damage (Guan et al., 2016). Studies have shown that MDA levels in grafted cucumber seedlings are consistently reduced relative to self-rooted controls (Tian et al., 2012). In this study, MDA content in both leaves and roots of GHF1 was significantly reduced compared to HD. The altered antioxidant enzyme profiles in graft-derived progeny suggest a potential heritable shift in antioxidant capacity, although underlying mechanisms require further elucidation (Wang et al., 2021a).


Phenylalanine ammonia-lyase exhibits significantly increased activity in response to pathogen infection and contributes to plant defense by regulating the biosynthesis of lignin and phenolic compounds (Ganapathy et al., 2016). Polyphenol oxidase and peroxidase act synergistically to catalyze the formation of toxic quinones, which in turn inhibit the activity of pathogen-associated enzymes in phytopathogenic microorganisms (Jung et al., 2004). In the grafting system using Solanum torvum as rootstock and Solanum melongena as scion, PAL and PPO activities in scion leaves were significantly higher post-RKN inoculation compared to self-rooted plants (Wang et al., 2008). Enhanced PAL and PPO activities in grafted pepper plants showed a significant correlation with improved cellular-level disease resistance (Naik et al., 2024). Consistent with these reports, PAL and PPO activities showed significant negative correlations with the DI in this study. GHF1 grafted progeny exhibited significantly higher PAL and PPO activities in both leaves and roots than scion HD, aligning with its enhanced RKN resistance observed here and previously reported. Chitinase degrades chitin in nematode eggshells and body walls, while GLU exerts nematocidal effects by inducing phytoalexin synthesis (Ahuja et al., 2012; Li et al., 2020). Resistant eggplant rootstocks showed significantly higher CHT and GLU activities than susceptible varieties post-RKN inoculation (Xu et al., 2008). Here, CHT and GLU activities in GHF1 roots were significantly elevated relative to HD following RKN infection. Principal component analysis further revealed significant positive correlations between these enzyme activities and RKN resistance.






5 Conclusion


Following RKN infection, the grafted progeny GHF1 exhibited markedly enhanced resistance compared to its scion HD, characterized by elevated chlorophyll levels, increased activity of phenylpropanoid metabolic enzymes and disease-related proteins, reduced membrane lipid peroxidation, and stable antioxidant enzyme levels. Among all combinations tested, GHF1 displayed the most robust resistance phenotype, underscoring its potential as a superior germplasm resource. By integrating phenotypic, physiological, and biochemical analyses, this study provides a framework for evaluating the agronomic performance and stress responses of graft-derived tobacco progeny under nematode pressure. These findings not only highlight the promise of grafting in enhancing disease resistance but also raise important questions about the stability and heritability of such traits across generations. Future investigations should aim to unravel the genetic architecture underlying transgenerational resistance conferred by grafting, thereby advancing both fundamental understanding and applied tobacco breeding strategies.









Data availability statement


The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.







Ethics statement


The manuscript presents research on animals that do not require ethical approval for their study.







Author contributions


QL: Writing – original draft, Investigation, Software, Formal Analysis, Validation, Writing – review & editing, Data curation, Methodology, Conceptualization. XX: Methodology, Supervision, Project administration, Funding acquisition, Writing – review & editing, Resources. HY: Data curation, Conceptualization, Methodology, Software, Writing – review & editing, Investigation. YL: Formal Analysis, Methodology, Data curation, Investigation, Writing – review & editing, Conceptualization. DN: Conceptualization, Methodology, Writing – review & editing, Software, Investigation, Data curation. JT: Conceptualization, Methodology, Data curation, Investigation, Writing – review & editing, Software. XH: Writing – review & editing, Funding acquisition, Investigation, Conceptualization, Supervision, Methodology, Formal Analysis, Resources, Project administration. YY: Software, Investigation, Writing – review & editing, Validation, Methodology, Supervision, Conceptualization, Project administration.







Funding


The author(s) declare financial support was received for the research and/or publication of this article. This work was supported by the Science and Technology Programme Project of Kunming City Company of China Yunnan Tobacco Company (KMYC202302).







Conflict of interest


Authors XX, DN, and JT were employed by the company Yunnan Tobacco Company.


The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.







Generative AI statement


The author(s) declare that no Generative AI was used in the creation of this manuscript.


Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.







References

	

 Abd-Elgawad M. M. M., Askary T. H. (2018). Fungal and bacterial nematicides in integrated nematode management strategies. Egyptian J. Biol. Pest Control 28, 1–24. doi: 10.1186/s41938-018-0080-x




	

 Ahuja I., Kissen R., Bones A. M. (2012). Phytoalexins in defense against pathogens. Trends Plant Sci. 17, 73–90. doi: 10.1016/j.tplants.2011.11.002, PMID: 22209038



	

 Albacete A., Martínez-Andújar C., Martínez-Pérez A., Thompson A. J., Dodd I. C., Pérez-Alfocea F. (2015). Unravelling rootstock×scion interactions to improve food security. J. Exp. Bot. 66, 2211–2226. doi: 10.1093/jxb/erv027, PMID: 25754404



	

 Ayala-Doñas A., Cara-García M., Talavera-Rubia M., Verdejo-Lucas S. (2020). Management of soil-borne fungi and root-knot nematodes in cucurbits through breeding for resistance and grafting. Agronomy 10, 1641. doi: 10.3390/agronomy10111641




	

 Bali S., Kaur P., Jamwal V. L., Gandhi S. G., Sharma A., Ohri P., et al. (2020). Seed priming with jasmonic acid counteracts root knot nematode infection in tomato by modulating the activity and expression of antioxidative enzymes. Biomolecules 10, 98. doi: 10.3390/biom10010098, PMID: 31936090



	

 Cao L. W., Yu N. N., Li J. X., Qi Z. Y., Wang D., Chen L. P. (2016). Heritability and reversibility of DNA methylation induced by in vitro grafting between Brassica juncea and B. oleracea
. Sci. Rep. 6, 847–848. doi: 10.1038/srep27233, PMID: 27257143



	

 Dixon R. A. (2001). Natural products and plant disease resistance. Nature 411, 843–847. doi: 10.1038/35081178, PMID: 11459067



	

 Du G. F., Zhu D., He H., Li X. L., Yang Y., Qi Z. Q. (2024). The impact of grafting with different rootstocks on eggplant (Solanum melongena L.) growth and its rhizosphere soil microecology. Agronomy 14, 2616–2616. doi: 10.3390/AGRONOMY14112616




	

 Elling A. A. (2013). Major emerging problems with minor Meloidogyne species. Phytopathology 103, 1092–1102. doi: 10.1094/phyto-01-13-0019-rvw, PMID: 23777404



	

 Fortnum B. A., Lewis S. A., Johnson A. W. (2001). Crop rotation and nematicides for management of mixed populations of Meloidogyne spp. on tobacco. J. Nematol. 33, 318–324., PMID: 19265896



	

 Frank M. H., Chitwood D. H. (2016). Plant chimeras: The good, the bad, and the ‘Bizzaria’. Dev. Biol. 419, 41–53. doi: 10.1101/060715, PMID: 27381079



	

 Ganapathy G., Keerthi D., Nair R. A., Pillai P. (2016). Correlation of Phenylalanine ammonia lyase (PAL) and Tyrosine ammonia lyase (TAL) activities to phenolics and curcuminoid content in ginger and its wild congener, Zingiber zerumbet, following Pythium myriotylum infection. Eur. J. Plant Pathol. 145, 777–785. doi: 10.1007/s10658-016-0865-2




	

 Ge Y. H., Guest D. I., Bi Y. (2014). Differences in the induction of defence responses in resistant and susceptible muskmelon plants infected with Colletotrichum iagenarium. J. Phytopathol. 162, 48–54. doi: 10.1111/jph.12158




	

 Gontijo L. N., Juliatti F. C., Santos M. (2024). Reaction of soybean genotypes to the nematodes Meloidogyne incognita and M. javanica
. Eur. J. Plant Pathol. 170, 25–37. doi: 10.1007/S10658-024-02879-0




	

 Guan T. L., Shen J. H., Fa Y., Su Y. S., Wang X., Li H. M. (2016). Resistance-breaking population of Meloidogyne incognita utilizes plant peroxidase to scavenge reactive oxygen species, thereby promoting parasitism on tomato carrying Mi-1 gene. Biochem. Biophys. Res. Commun. 482, 1–7. doi: 10.1016/j.bbrc.2016.11.040, PMID: 27836538



	

 Hardik K., Yang X. D., Morton K., Sanchez R., Axtell M. J., Hutton S. F., et al. (2020). MSH1-induced heritab le enhanced growth vigor through grafting is associated with the RdDM pathway in plants. Nat. Commun. 11, 5343–5343. doi: 10.1038/s41467-020-19140-x, PMID: 33093443



	

 He X., Liu T. X., Ren K., Chen J., Zhao G. K., Hu B. B., et al. (2020). Salicylic acid effects on flue-cured tobacco quality and curing characteristics during harvesting and curing in cold-stressed fields. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.580597, PMID: 33193524



	

 He P., Rao W. J., Dong Z. K., He X. X., Zhao J. W., Chen Z. X., et al. (2024). Physiological and biochemical responses of tobacco at different growth stages to Alternaria alternata
. J. Phytopathol. 172, e13431. doi: 10.1111/jph.13431




	

 Huang K., Jiang Q. P., Liu L. H., Zhang S., Liu C. L., Chen H. T., et al. (2020). Exploring the key microbial changes in the rhizosphere that affect the occurrence of tobacco root-knot nematodes. AMB Express 10, 72. doi: 10.1186/s13568-020-01006-6, PMID: 32297018



	

 Jia S. S., Xu K. (2016). Reactive oxygen metabolism and response to Meloidogyne incognita infection in tomato ‘Ls-89’ and ‘Banzhen 2’ rootstock seedlings (in Chinese). J. Trop. Subtropical Bot. 24, 63–70. doi: 10.11926/j.issn.1005-3395.2016.01.009




	

 Jones J. T., Haegeman A., Danchin E. G. J., Gaur H. S., Helder J., Jones M. G. K., et al. (2013). Top 10 plant-parasitic nematodes in molecular plant pathology. Mol. Plant Pathol. 14, 946–961. doi: 10.1111/mpp.12057, PMID: 23809086



	

 Judy T., Buckner S., Levi A. (2013). African horned cucumber rootstocks for managing root-knot nematodes in grafted melon. J. Nematol. 45, 320–320.



	

 Jung W. J., Jin Y. L., Kim Y. C., Kim K. Y., Park R. D., Kim T. H. (2004). Inoculation of Paenibacillus illinoisensis alleviates root mortality, activates of lignification-related enzymes, and induction of the isozymes in pepper plants infected by Phytophthora capsici. Biol. Control 30, 645–652. doi: 10.1016/j.biocontrol.2004.03.006




	

 Kokalis-Burelle N., Rosskopf E. N. (2011). Microplot evaluation of rootstocks for control of Meloidogyne incognita on grafted tomato, muskmelon, and watermelon. J. Nematol. 43, 166–171., PMID: 23431109



	

 Lee J. M., Kubota C., Tsao S. J., Bie Z., Echevarria P. H., Morra L., et al. (2010). Current status of vegeta ble grafting: Diffusion, grafting techniques, automation. Scientia Hortic. 127, 93–105. doi: 10.1016/j.scienta.2010.08.003




	

 Li R., Wang L., Li Y. J., Zhao R. R., Zhang Y. L., Sheng J. P., et al. (2020). Knockout of SlNPR1 enhances tomato plants resistance against Botrytis cinerea by modulating ROS homeostasis and JA/ET signaling pathways. Physiologia plantarum 170, 569–579. doi: 10.1111/ppl.13194, PMID: 32840878



	

 Li J. X., Wang Y., Zhang L. L., Liu B., Cao L. W., Qi Z. Y., et al. (2013). Herita ble variation and small RNAs in the progeny of chimeras of Brassica juncea and Brassica oleracea
. J. Exp. Bot. 64, 4851–4862. doi: 10.1093/jxb/ert266, PMID: 24006424



	

 Liang P., Chen Z. D., Luo Q. X. (2012). Effects of Meloidogyne incognitaon scavenging system of reactive oxygen species in tomato seedlings grafted with different rootstocks. Acta Ecologica Sin. 32, 2294–2302. doi: 10.5846/stxb201107221081




	

 Ling Q. H., Huang W. H., Jarvis P. (2011). Use of a SPAD-502 meter to measure leaf chlorophyll concentration in Arabidopsis thaliana
. Photosynthesis Res. 107, 209–214. doi: 10.1007/s11120-010-9606-0, PMID: 21188527



	

 Molinari S., Farano A. C., Leonetti P. (2024). Root-knot nematode early infection suppresses immune response and elicits the antioxidant system in tomato. Int. J. Mol. Sci. 25, 12602–12602. doi: 10.3390/IJMS252312602, PMID: 39684315



	

 Molinari S., Leonetti P. (2023). Inhibition of ROS-scavenging enzyme system is a key event in tomato genetic resistance against root-knot nematodes. Int. J. Mol. Sci. 24, 7324. doi: 10.3390/ijms24087324, PMID: 37108485



	

 Mudge K., Janick J., Scofield S., Goldschmidt E. E. (2009). A history of grafting. Hortic. Rev. 35, 437–493. doi: 10.1002/9780470593776.ch9




	

 Mujeebur R. K., Devki N. S., Irfan A. (2022). Temporal impact of root-knot nematode infection on some important biochemical and physiological characters of tomato. Indian Phytopathol. 75, 749–758. doi: 10.1007/s42360-022-00500-0




	

 Naik S. A. T. S., Hongal S. V., HanChinamani C. N., Manjunath G., Ponnam N., Shanmukhappa M. K., et al. (2024). Grafting bell pepper onto local genotypes of Capsicum spp. as rootstocks to alleviate bacterial wilt and root-knot nematodes under protected cultivation. Agronomy 14, 470. doi: 10.3390/agronomy14030470




	

 Ruanpanun P., Somta P. (2021). Identification and resistant characterization of legume sources against Meloidogyne incognita
. J. Integr. Agric. 20, 168–177. doi: 10.1016/S2095-3119(20)63414-1




	

 Shetty N. P., Jørgensen H. J. L., Jensen J. D., Collinge D. B., Shetty H. S. (2008). Roles of reactive oxygen species in interactions between plants and pathogens. Eur. J. Plant Pathol. 121, 267–280. doi: 10.1007/s10658-008-9302-5




	

 Sierro N., Battey J. N. D., Ouadi S., Bakaher N., Bovet L., Willig A., et al. (2014). The tobacco genome sequence and its comparison with those of tomato and potato. Nat. Commun. 5, 3833. doi: 10.1038/ncomms4833, PMID: 24807620



	

 Sigüenza C., Schochow M., Turini T., Ploeg A. T. (2005). Use of Cucumis metuliferus as a rootstock for melon to manage Meloidogyne incognita
. J. Nematol. 37, 276–280., PMID: 19262873



	

 Song Y., Zhu C., Raza W., Wang D. S., Huang Q. W., Guo S. W., et al. (2016). Coupling of the chemical niche and microbiome in the rhizosphere: implications from watermelon grafting. Front. Agric. Sci. Eng. 3, 249–262. doi: 10.15302/J-FASE-2018234




	

 Stegemann S., Bock R. (2009). Exchange of genetic material between cells in plant tissue grafts. Science 324, 649–651. doi: 10.1126/science.1170397, PMID: 19407205



	

 Strajnar P., Širca S., Urek G., Šircelj H., Železnik P., Vodnik D. (2012). Effect of Meloidogyne ethiopica parasitism on water management and physiological stress in tomato. Eur. J. Plant Pathol. 132, 49–57. doi: 10.1007/s10658-011-9847-6




	

 Tian X. M., Wei M., Liu Q., Dong C. Q., Wang X. F., Shi Q. H., et al. (2012). Physiological responses of cucumber seedlings grafted on different salt-tolerant rootstocks to NaCl stress. J. Appl. Ecol. 23, 147–153. doi: 10.4995/thesis/10251/58767, PMID: 22489492



	

 Tong Z. J., Kamran M., Zhang Q. X., Lin F., Fang D. H., Chen X. J., et al. (2024). Identification of QTLs associated with yield-related traits and superior genotype prediction using recombinant inbred line population in tobacco. Gene 928, 148765. doi: 10.1016/J.GENE.2024.148765, PMID: 39019098



	

 Tong W. J., Li J. Y., Cong W. F., Zhang C. P., Xu Z. L., Chen X. L., et al. (2022). Bacterial community structure and function shift in rhizosphere soil of tobacco plants infected by Meloidogyne incognita
. Plant Pathol. J. 38, 583–592. doi: 10.5423/ppj.oa.08.2022.0105, PMID: 36503187



	

 Vos C., Schouteden N., Tuinen D., Chatagnier O., Elsen A., Waele D. D., et al. (2013). Mycorrhiza-induced resistance against the root–knot nematode Meloidogyne incognita involves priming of defense gene responses in tomato. Soil Biol. Biochem. 60, 45–54. doi: 10.1016/j.soilbio.2013.01.013




	

 Wang S. H., Kong Y., Yang R., Cheng J. H., Si L. S., Zhao J. F. (2008). Studies on rootstock screening and resistance to root-nematodes for grafted tomato. China vegeta bles 12), 24–27. doi: 10.19928/j.cnki.1000-6346.2008.12.010




	

 Wang L. M., Liao J. C., Zhou A. L., Gao X. Y., Li Q. Y., Peng X. M., et al. (2021b). Effects of reciprocal grafting on the growth and cadmium accumulation in post-grafting generations of two cherry tomatoes. Int. J. Environ. Analytical Chem. 103, 5734–5745. doi: 10.1080/03067319.2021.1942863




	

 Wang W., Ruan M. H., Qiu Y. X., Wang W. Y., Ke Y. Q., Pan T. G. (2009). Phenylaprapanoid metabolism of sweet potato against Pseudomonas solanacearum
. Chin. J. Eco-Agriculture 17, 944–948. doi: 10.3724/SP.J.1011.2009.00944




	

 Wang J., Wang X., Lin L. J., Liao M. A., Liu J., Tang Y., et al. (2021a). Effects of different rootstocks on the growth and cadmium-accumulation characteristics of a post-grafting generation of Cyphomandra betacea seedlings. Int. J. Environ. Analytical Chem. 101, 370–378. doi: 10.1080/03067319.2019.1667985




	

 Wei P. Y., Pan S., Peng D. L., Zhang F., Chen Z. J., Zhang S. L., et al. (2023). Effect of low-temperature stress on the survival of Meloidogyne incognita and its application in greenhouse of northern China. Ying Yong Sheng Tai Xue Bao 34, 1981–1987. doi: 10.13287/j.1001-9332.202307.032, PMID: 37694483



	

 Wu R., Wang X. R., Lin Y., Ma Y. Q., Liu G., Yu X. M., et al. (2018). Inter-species grafting caused extensive and herit able alterations of DNA methylation in Solanaceae plants. PloS One 8, e61995. doi: 10.1371/journal.pone.0061995, PMID: 23614002



	

 Xu X. J., Jiang S. Y., Liu C. J., Sun X. J., Zhu Q., Chen X. Z., et al. (2024). Development of a sta ble attenuated double-mutant of tobacco mosaic virus for cross-protection. J. Integr. Agric. 23, 2318–2331. doi: 10.1016/J.JIA.2024.02.019




	

 Xu S. X., Tian P., Jiang Z. M., Chen X. X., Li B., Sun J. T., et al. (2023). Transcriptome analysis of two tobacco varieties with contrast resistance to Meloidogyne incognita in response to PVY MSNR infection. Front. Plant Sci. Volume 14. doi: 10.3389/fpls.2023.1213494, PMID: 37701805



	

 Xu X. M., Xu K., Yu Q., Zhang X. Y. (2008). The relationship between resistance to Meloidogye incognita and phenylpropanes metabolian in roots of eggplant rootstock. J. Plant Prot. 35, 43–46. doi: 10.13802/j




	

 Zhang F. L., Ruan X. L., Wang X., Liu Z. H., Hu L. Z., Li C. W. (2016). Overexpression of a Chitinase gene from Trichoderma asperellum increases disease resistance in Transgenic soybean. Appl. Biochem. Biotechnol. 180, 1542–1558. doi: 10.1007/s12010-016-2186-5, PMID: 27544774



	

 Zhang H., Shen X. Y., Shen W. Q., Zhang D. M., Huang X., Zhu K. J., et al. (2024). Glutathione peroxidase LtGPX3 contributes to oxidative stress tolerance, virulence, and plant defense suppression in the peach gummosis fungus Lasiodiplodia theobromae
. Phytopathol. Res. 6, 6. doi: 10.1186/s42483-024-00224-1




	

 Zhang L. Y., Xu Z. Q., Jiang Z. M., Chen X. X., Li B., Xu L. P., et al. (2023). Cloning and functional analysis of the root-knot nematode resistance gene NTRK1 in tobacco. Physiologia Plantarum 175, 13894–13894. doi: 10.1111/ppl.13894, PMID: 36942459



	

 Zhu K. J., Chen H. Y., Mei X. H., Lu S. W., Xie H. P., Liu J. W., et al. (2023). Transcription factor CsMADS3 coordinately regulates chlorophyll and carotenoid pools in Citrus hesperidium
. Plant Physiol. 193, 519–536. doi: 10.1093/plphys/kiad300, PMID: 37224514











Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Copyright © 2025 Li, Xu, Yao, Li, Ning, Tian, Hu and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/fpls-16-1636579-g008.jpg
Coefficient

n@- 1| 0@ O®o/0 0O OGO O

oo S T T o [@lelele e
Y e s R . K JE )
e K Ny oo e . KN
wown [0 [ e oxi [ [os [oa ose oo o7: (@] @
wauo [ose 7] [ om v ool o [ow[ o7 o7 2 | @

DI LSOD LCAT LPOD LMDALPAL LPPO RSOD RCAT RPODRMDARPAL RPPO RCHTRGLU





OEBPS/Images/cover.jpg
& frontiers | Frontiers in Plant Science

New strategy for controlling
root-knot nematodes: research on
the resistance of tobacco grafting
progenies to root-knot nematodes





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1636579-g001.jpg
Rootstock

Offspring seeds

Grafted
seedlings

Flowering and
seed setting

Seedling

ransplant

Leaf Index
PH

LN SPAD MDA
ST SOD PAL
LA CAT PPO
AFW POD

LFW

Root Index
RFW

RL SOD PAL
PRT CAT PPO
GI POD CHT
EM MDA GLU
DI

Tobacco grafted
progeny





OEBPS/Images/fpls-16-1636579-g007.jpg
(o)
S
(=]

N
(2]
o

(0%}
(=3
S

—_—
w
(e

PAL (AODyyh"-g' FW) »

[*))
S
S

i
W
(e

(O8]
S
(=)

—
W
(e

PAL (AOD,yh g FW) ©

B C
E 1600 - §400 -
™ s
1200 3 —300 !
= b °0 b b
E 800 2200
LS 2
. b o 400 =100
1 d 5
o 0 © 0
TO Tl T2 z TO T1 T2 TO T1 T2
Treatments Treatments Treatments
E F
2 El600 5400
201200 53001
b " a_ |
r [
. ‘,Eg 800 b £ 200
i o &
S 400 2100
< 3
TO Tl S 0 3 0
= TO Tl T2 TO T1 T2
Treatments [

Treatments Treatments





OEBPS/Images/fpls-16-1636579-g003.jpg
[«
O

200

400

S
[\
cn

< 3/MAP

=] = (=]
(@] oo <t

m 3/ MA Jea]

(=3 = )
< O 0

o —
unoi3oA0qy

Tl

TO

o

T1 T2

Treatments

TO

(=)

2
5
£
&
=

(=
F

A

=
S
@)

(] <t O
o ()] —

wo/ YI3ud[ 100y

<t o0 [\
O <t on

3/ md 100y

[ee]

e}

—

T1
Treatments

TO

(=

T1 T2

Treatments

TO

(=]





OEBPS/Images/fpls-16-1636579-g005.jpg
Treatments

25 30 35 40 45 55 60

TO ..' .

=

T2 ...l' '

SPAD value






OEBPS/Images/fpls-16-1636579-g002.jpg
>

Plant height /cm

@]

Stem thick /mm

100

2]
S

[N
(=)

20

30d

30d

60d 90d
Inoculation days

60d 90d
Inoculation days

Leaf number

O
=
S
S

Leaf area /cm?
[\ AN (@) o0
o o () ()
(o) (s} (ame) [«

o

30d 60d 90d
Inoculation days

30d 60d 90d
Inoculation days





OEBPS/Images/fpls-16-1636579-g009.jpg
10

PC2 (20.1%)

e T0
e Tl
e T2
LPOD
3 2 1 0 1 2 4

PCI (43.0%)






OEBPS/Images/fpls-16-1636579-g006.jpg
a
b
b
TO T1 T2
Treatments

M

Iil
TO

a
Tl T2

Treatments

CAT (umol'min'-g"! FW) @

CAT (umol-min™-g"! FW) =

—_—
D W
(= -
o O

1

—
S}
S
S

W N O
(= =
oS O o O

500

w N O
(= e =
S O O O

a a
‘II |i|
TO Tl T2

Treatments

e

Iil a
TO T1

Treatments

T2

POD (AOD,,;min"-g' FW) @ POD (AOD,,, min’!

W N
[
(= - =)

e

W N O D W
o © o o <o
oS O o o o o

a i a
TO T1 T2
Treatments

;
i '
TO T1 T2
Treatments

o

[\
()

e MDA (nmol-g™! FW)

MDA (nmol-g™! FW)

—_ =
\S I

—_ N
N O [ e )

—_
[\

S b~

TO Tl T2
Treatments

i i :
TO T1 T2

Treatments






OEBPS/Images/fpls-16-1636579-g004.jpg


