Differential effects of arbuscular mycorrhizal fungi on growth, root rot-associated foliar symptoms, and transcriptomic responses in Lycium barbarum
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Abstract
To investigate the effects of different arbuscular mycorrhizal fungi (AMF) on Lycium barbarum under root rot-associated disease stress, Funneliformis mosseae and Rhizophagus intraradices were inoculated into L. barbarum cv. ‘Ningqi 1’ under controlled pot conditions, respectively, followed by infection with Fusarium oxysporum. Plant growth traits, antioxidant and defense-related enzyme activities, and transcriptomic profiles were analyzed to characterize the physiological and molecular responses associated with AMF inoculation under disease stress. AMF-inoculated plants exhibited lower root rot-associated foliar symptom severity, with the disease index decreasing from 45.95 in the pathogen-inoculated control to 13.63–18.67 in the AMF treatments; the calculated control efficacy ranged from 59.37% to 70.35%. Compared to the corresponding control treatment, AMF treatments significantly improved plant growth and root architecture, increasing shoot fresh weight by 1.9 to 4.4 fold and total root length by 82%–124%. Additionally, AMF colonization significantly enhanced antioxidant and defense-related enzyme activities under disease stress, with catalase and superoxide dismutase activities increasing by up to 157% and 130%, respectively. Transcriptome analysis further indicated that AMF symbiosis was associated with differential enrichment of pathways related to plant–pathogen interaction and plant hormone signal transduction under F. oxysporum infection. These findings indicate that different AMF species are associated with reduced root rot-associated foliar symptoms and enhanced growth and defense-related responses in L. barbarum under disease stress, possibly through the modulation of host physiological and molecular responses. This study provides a theoretical basis for further investigation of AMF-based strategies for managing diseases of L. barbarum.
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Introduction
Lycium barbarum is a perennial deciduous shrub in the family Solanaceae. It tolerates heat, drought, and saline-alkaline conditions well. Due to these traits, it is widely used in ecological restoration and desertification control in northwestern China.[1]. It is also an important medicinal and edible crop with recognized antioxidant, anti-aging, antitumor, hypoglycemic, hypolipidemic, and immunoregulatory activities[2]. Owing to its ecological and economic value, L. barbarum has become a major crop in Qinghai, Ningxia, and Gansu, where it supports regionally important production systems[3]. However, the expansion of intensive cultivation and prolonged continuous cropping has led to severe soil degradation and the rapid accumulation of soil-borne pathogens. This has drastically increased the incidence of root rot, which directly compromises yield stability through high plant mortality, causes severe quality degradation of the berries, and poses a critical threat to the long-term economic and ecological sustainability of the industry in these primary growing regions[4]. 
Root rot of L. barbarum is a typical soil-borne disease associated with continuous cropping and is often characterized by severe plant mortality and substantial yield loss[5]. The disease is mainly caused by fungal pathogens, although the dominant causal species vary among production regions. In the Qinghai Plateau production area, Fusarium oxysporum has been identified as a major pathogen[6]. Current studies on L. barbarum root rot have mainly focused on pathogen identification, pathogenicity, and disease management. Conventional management strategies include agricultural, chemical, and biological control. Chemical control provides rapid disease suppression but may lead to environmental contamination and fungicide resistance, whereas agricultural practices are environmentally friendly but often show limited short-term efficacy. Biological control is therefore regarded as a promising alternative[7]. Although some progress has been made in breeding resistant germplasm, the development and large-scale application of resistant cultivars remain limited.
In recent years, biological control strategies based on beneficial microorganisms have attracted increasing attention. Beneficial microbes can suppress plant diseases by improving the rhizosphere microenvironment. For example, Bacillus velezensis isolated from healthy legume seeds was shown to form biofilms and enhance plant defense responses by activating defense-related enzymes and promoting the accumulation of secondary metabolites. It also significantly inhibited the growth and spore germination of Botrytis cinerea and effectively controlled gray mold in green bean.[8]. Similarly, Sphingomonas and Rhizobium in the wheat rhizosphere reduced wheat yellow mosaic virus accumulation and promoted wheat growth by activating jasmonic acid- and salicylic acid-mediated signaling pathways, thereby providing a new strategy for the control of soil-borne viral diseases[9].
Arbuscular mycorrhizal fungi (AMF) are widespread beneficial soil fungi that form mutualistic associations with more than 80% of terrestrial plant species. AMF can improve nutrient acquisition, enhance tolerance to abiotic stress, and contribute to soil improvement and vegetation establishment[10]. Their role in disease suppression has also been widely documented. Since AMF were first reported to suppress onion root rot, numerous studies have shown that they can reduce the incidence of soil-borne diseases while improving host growth and resistance. For example, inoculation with R. intraradices significantly reduced pathogen population density and disease severity in wheat root rot caused by Fusarium pseudograminearum[11]. In tomato, R. intraradices has also been reported to activate defense responses, significantly reduce the disease index of Fusarium wilt, and enhance nutrient uptake and plant resistance[12]. These effects are generally attributed to multiple mechanisms, including competition with pathogens, antagonistic interactions, and the induction of host defense responses or systemic resistance[13]. Harley et al.[14]first reported the formation of arbuscular mycorrhizae in L. barbarum. Li et al.[15]further showed that inoculation with R. intraradices established a symbiotic relationship with L. barbarum, promoted plant growth, and enhanced resistance to root rot, indicating its potential for the biological control of soil-borne diseases. 
Although L. barbarum has been shown to benefit from AMF-mediated enhancement of disease resistance, the biocontrol effects of AMF may vary among species. In a pepper root and crown rot system, Bilgili[16] compared F. mosseae, R. intraradices, Claroideoglomus etunicatum, and their co-inoculation for the control of root and crown rot caused by F. solani and a Fusarium pathogen complex. Disease severity and suppression efficiency differed markedly among AMF treatments, and R. intraradices showed stronger disease suppression than F. mosseae in several cases. Regarding L. barbarum, a recent study showed that R. intraradices can enhance resistance by activating phenylpropanoid metabolism. Given that the family Glomeraceae—particularly the genera Funneliformis and Rhizophagus—consistently represents the core dominant rhizospheric taxa in L. barbarum plantations across Northwest China, evaluating these specific groups is of high ecological relevance. However, studies in L. barbarum have focused mainly on individual AMF species, and systematic comparisons of the differential efficacy of distinct AMF species against L. barbarum root rot remain lacking. Whether different AMF species also differ in their ability to suppress L. barbarum root rot, and what distinct physiological and transcriptomic response patterns are induced by individual or mixed inoculations, remain unclear. 
To address these questions, F. mosseae and R. intraradices were selected as ecologically representative models to inoculate L. barbarum cv. 'Ningqi 1' under single or mixed conditions, followed by subsequent challenge with the pathogen. Plant growth traits, antioxidant enzyme activities, and defense-related enzyme activities were assessed, and foliar transcriptome sequencing was conducted to identify key defense pathways and core responsive genes. Specifically, this study aimed to: (1) compare the effects of different AMF species and their mixed inoculation on L. barbarum growth and root rot development, and clarify differences in their growth-promoting and disease-suppressive effects; (2) characterize antioxidant and defense-related physiological responses of L. barbarum inoculated with different AMF species under pathogen stress; (3) identify key responsive pathways and core genes in mycorrhizal L. barbarum under pathogen challenge, thereby revealing the systemic defense response patterns mediated by different AMF species. This study provides a theoretical basis for the sustainable management of L. barbarum root rot and for the efficient application and inoculant selection of AMF in L. barbarum production.
Materials and methods
Experimental materials
The plant material used in this study was L. barbarum cv. ‘Ningqi 1’, obtained from Nuomuhong Agriculture and Forestry Industry Co., Ltd., Qaidam Basin, Qinghai, China. The AMF species used were F. mosseae and R. intraradices, both kindly provided by the Institute of Microbiology, Guangxi Academy of Agricultural Sciences. Both inocula consisted of a mixture of rhizospheric substrate, spores, extraradical mycelia, and colonized root fragments, with a quantified spore density of approximately 50 spores per gram. The pathogenic fungus used was F. oxysporum, which was isolated from diseased L. barbarum plants and kindly provided by Dr. Bailuchao of Qinghai University. The pathogen was reactivated and prepared as a spore suspension at a concentration of 1×106 spores/mL for subsequent inoculation.
The cultivation substrate for L. barbarum consisted of sand and soil mixed at a mass ratio of 1:3. The substrate was passed through a 2-mm sieve to ensure uniformity. Both the sand and soil were purchased from a flower market and sterilized by autoclaving at 121 °C for 2 h before use.
Experimental design and treatments
A greenhouse pot experiment was conducted using a two-factor completely randomized design to investigate the interactions among L. barbarum, AMF, and F. oxysporum.
The first factor was AMF treatment, including four levels: inoculation with F. mosseae (M), inoculation with R. intraradices (R), inoculation with a 1:1 mixture of the two species by mass (H), and a non-inoculated control (C). Surface-sterilized seeds of L. barbarum were sown directly into pots. Before sowing, 20 g of AMF inoculum containing spores was placed into the substrate according to each treatment. Specifically, the H treatment received 10 g of F. mosseae and 10 g of R. intraradices to maintain a total of 20 g of inoculum per pot. The control group (C) received 20 g of the sterilized soil substrate as a substitute. Plants were maintained under greenhouse conditions, and seedlings were thinned to one plant per pot after emergence. Each AMF treatment initially consisted of 35 pots. At 45 days after AMF inoculation, five plants were randomly selected from each AMF treatment for AMF colonization assessment. Approximately 1-cm root segments were collected and stained using the ink–vinegar method for microscopic observation. This sampling was conducted only to verify AMF establishment and was not included in the subsequent pathogen challenge experiment. After this destructive sampling, 30 plants remained in each AMF treatment for the subsequent pathogen experiment.
The second factor was pathogen treatment, with two levels: inoculation with F. oxysporum (G) and a non-inoculated control (N). To prepare the pathogen inoculum, F. oxysporum was reactivated on solid Potato Dextrose Agar (PDA) medium. Mycelial plugs were collected using a sterilized puncher, inoculated into fresh liquid PDB medium, and cultured in a rotary shaker at 120 rpm and 26°C for 7 days to obtain the crude spore suspension. The suspension was then filtered through four layers of sterile cheesecloth to remove mycelial debris. The spore concentration was quantified using a hemocytometer and strictly calibrated with sterile distilled water to a final density of 1×106 spores/mL.  At 90 days after AMF inoculation, the remaining 30 plants in each AMF treatment were randomly assigned to two groups of 15 plants each. One group was inoculated with 20 mL of the F. oxysporum spore suspension applied to the root zone, whereas the other group received an equal volume of sterile water as the non-pathogen control. Root rot -associated foliar symptom severity was recorded at 15 days after pathogen inoculation.
This factorial design generated eight treatment combinations: HG (mixed AMF inoculation with F. oxysporum inoculation), RG (R. intraradices inoculation with F. oxysporum inoculation), MG (F. mosseae inoculation with F. oxysporum inoculation), CG (non-AMF control with F. oxysporum inoculation), HN (mixed AMF inoculation without F. oxysporum inoculation), RN (R. intraradices inoculation without F. oxysporum inoculation), MN (F. mosseae inoculation without F. oxysporum inoculation), and CN (non-AMF control without F. oxysporum inoculation). Each treatment included 15 replicates, giving a total of 120 pots in the pathogen challenge experiment. The entire experiment initially included 140 pots, of which 20 pots were destructively sampled for AMF colonization assessment before the pathogen treatments were imposed. Detailed information on all treatment combinations is summarized in Table 1, and a schematic diagram of the experimental design is presented in Fig 1. 
Table 1. Experimental design and treatment combinations used to investigate the interactions among L. barbarum, AMF, and F. oxysporum.
	AMF treatment
	AMF inoculum
	Pathogen treatment
	Treatment code
	Replicates

	Control
	Sterilized substrate
	Non-pathogen
	CN
	15

	Control
	Sterilized substrate
	F. oxysporum
	CG
	15

	F. mosseae
	F. mosseae
	Non-pathogen
	MN
	15

	F. mosseae
	F. mosseae
	F. oxysporum
	MG
	15

	R. intraradices
	R. intraradices
	Non-pathogen
	RN
	15

	R. intraradices
	R. intraradices
	F. oxysporum
	RG
	15

	Mixed AMF
	F. mosseae + R. intraradices
	Non-pathogen
	HN
	15

	Mixed AMF
	F. mosseae + R. intraradices
	F. oxysporum
	HG
	15
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Fig. 1. Experimental design of AMF inoculation and pathogen challenge.
Sample collection and measurements
Measurement of growth traits and disease severity
At 90 days after AMF inoculation, five pots were randomly selected from each of the four non-F. oxysporum treatments (MN, RN, HN, and CN) for growth measurements. Plant height was measured using a measuring tape with an accuracy of 0.01 cm, and stem diameter was determined using a vernier caliper with an accuracy of 0.01 mm. Shoot fresh weight and root fresh weight were measured using an electronic balance (BSA22021, China) with an accuracy of 0.01 g. After oven drying (DGG-9070A, China), shoot dry weight and root dry weight were determined to an accuracy of 0.01 g. In addition, three pots from each treatment were used for root morphological analysis. Root systems were carefully excavated and washed with running water to remove adhering substrate and obtain intact roots. The roots were then scanned using an Epson root scanner (GXY-A, China), and morphological parameters, including total root length, root surface area, average diameter, and root volume, were analyzed using the WinRHIZO root analysis system. Each parameter was measured in triplicate.
Root rot-associated foliar symptoms in L. barbarum plants inoculated with F. oxysporum were evaluated based on visible leaf symptoms. Foliar symptom incidence was defined as the percentage of symptomatic leaves among the total number of leaves assessed and was calculated as follows:
Foliar symptom incidence (%) = (number of symptomatic leaves / total number of leaves assessed) × 100%.

Foliar symptom severity was scored on a scale of 0 to 5 according to the method of Liu et al.[17]. The leaf-based disease index (DI) was calculated as follows: 
Disease index (DI) = [Σ (disease grade × number of leaves at that grade) / (highest disease grade × total number of leaves investigated)] × 100%
The calculated DI represents the severity of foliar symptoms and does not directly quantify root tissue damage or pathogen abundance.
Control efficacy (%) = [(disease index of control − disease index of treatment) / disease index of control] × 100%
Determination of enzyme activities
At 0, 7, and 15 days after pathogen inoculation, five pots were randomly selected from each of the HG, RG, MG, CG, and CN treatments. Fresh leaves (0.1 g) were collected from each pot for the determination of antioxidant and defense-related enzyme activities. Peroxidase (POD), β-1,3-glucanase, and pectinesterase (PE) activities were measured using visible spectrophotometric assay kits (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China; catalog nos. BC0090, BC0360, and BC2630, respectively). Catalase (CAT) activity was determined by spectrophotometry (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China; catalog no. BC0200). Superoxide dismutase (SOD) activity was determined using the WST-1 method (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China; catalog no. BC5165). Chitinase and polygalacturonase (PG) activities were measured using the microassay method (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China; catalog nos. BC0825 and BC2665, respectively).
Transcriptome sequencing
For RNA-seq analysis, fresh leaf samples were collected at three sampling time points. At day 0, samples were collected from four pre-assigned treatment groups (HG0, RG0, MG0, and CG0) immediately before the application of the F. oxysporum suspension. The “G” designation in these baseline sample names indicates their pre-assigned subsequent pathogen treatment and does not indicate prior exposure to F. oxysporum. Three independent plants were randomly selected from each group as biological replicates, resulting in 12 RNA-seq libraries at day 0. At 7 and 15 days after treatment application, fresh leaves were collected from all eight treatment combinations: HG, RG, MG, CG, HN, RN, MN, and CN. For the F. oxysporum-inoculated treatments (HG, RG, MG, and CG), these samples were collected at 7 and 15 days after pathogen inoculation. For the non-pathogen treatments (HN, RN, MN, and CN), samples were collected at the corresponding sampling time points. Three independent plants were sampled from each treatment at each time point, resulting in 24 libraries at day 7 and 24 libraries at day 15. For each biological replicate, 0.1 g of fresh leaves at a similar developmental stage was collected from one individual plant, immediately frozen in liquid nitrogen, and stored at −80°C until total RNA extraction. Samples from different plants were not pooled. Thus, the RNA-seq experiment comprised 12 baseline libraries, 24 day-7 libraries, and 24 day-15 libraries, resulting in a total of 60 independent sequencing libraries.
Total RNA was extracted using an RNA Purification Kit (Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China). RNA concentration and purity were measured using a NanoDrop 2000 spectrophotometer, and RNA integrity was assessed by 1.0% denaturing agarose gel electrophoresis (Biowest Agarose, Spain). Eukaryotic mRNA sequencing was performed by Shanghai Majorbio Bio-pharm Technology Co., Ltd. Sequencing libraries were constructed using the Illumina Stranded mRNA Prep, Ligation kit and sequenced on the Illumina NovaSeq high-throughput sequencing platform.
Table 2. RNA-seq sample design and number of sequencing libraries used in this study.
	Sampling time
	RNA-seq groups
	Treatment status at sampling
	Tissue
	Biological replicates
	Libraries

	Day 0
	HG0, RG0, MG0, CG0
	Before F. oxysporum inoculation
	Fresh leaves
	3
	12

	Day 7
	HG7, RG7, MG7, CG7
	7 days after F. oxysporum inoculation
	Fresh leaves
	3
	12

	Day 7
	HN7, RN7, MN7, CN7
	Corresponding sampling time point, sterile-water control
	Fresh leaves
	3
	12

	Day 15
	HG15, RG15, MG15, CG15
	15 days after F. oxysporum inoculation
	Fresh leaves
	3
	12

	Day 15
	HN15, RN15, MN15, CN15
	Corresponding sampling time point, sterile-water control
	Fresh leaves
	3
	12

	Total
	—
	—
	—
	—
	60


Statistical analysis
All data are presented as the mean ± standard deviation (SD) of three biological replicates. One-way analysis of variance (ANOVA) was performed using IBM SPSS Statistics 20.0, and multiple comparisons were conducted using Duncan’s multiple range test. Differences were considered statistically significant at P < 0.05. Figures were generated using Origin 2021.
Differential gene expression analysis was performed using DESeq2 (version 1.24.0) to identify differentially expressed genes (DEGs). Functional annotation of DEGs was conducted using Diamond (version 0.9.24) and the ID mapping tool in combination with the Gene Ontology (GO) database (version 2022.09.15). The Kyoto Encyclopedia of Genes and Genomes (KEGG) database (version 2022.10) was used to classify the metabolic pathways and functional categories associated with the DEGs[18]. GO and KEGG pathway enrichment analyses were performed using Fisher’s exact test. To correct for multiple testing, P values were adjusted using the Benjamini–Hochberg method to control the false discovery rate. GO terms and KEGG pathways with BH/FDR-adjusted P < 0.05 were considered significantly enriched and were used for final figure generation and biological interpretation. Based on these analyses, key genes closely associated with L. barbarum growth, development, and defense responses to pathogen infection were further screened and analyzed. 
Predicted protein–protein interaction (PPI) networks were constructed for selected key DEGs using STRING v12.0, with Arabidopsis thaliana (taxid: 3702) as the reference organism. Functionally annotated gene/protein names of L. barbarum DEGs were submitted to STRING and matched to corresponding A. thaliana entries using STRING’s built-in identifier-resolution procedure. No additional sequence-similarity threshold was applied during this step. Interactions with a STRING combined score ≥ 0.400 (medium confidence) were retained. The resulting interaction files were imported into Cytoscape v3.10.4 for visualization and network analysis. The resulting networks were regarded as putative functional association networks for candidate-gene prioritization rather than experimentally validated PPI networks in L. barbarum.
Results
Effects of AMF colonization on growth traits and root rot-associated foliar symptoms in L. barbarum
Microscopic observation showed that typical AMF structures, including intraradical hyphae and vesicles, were present in the roots of L. barbarum under AMF inoculation (Fig. 2A, a-d). Differences in root morphology and whole-plant phenotype were also observed among treatments (Fig. 2A, e-l). Compared with CN, AMF inoculation increased most growth and root morphological traits of L. barbarum seedlings, although the magnitude and statistical significance varied among treatments (Fig. 2B). HN increased plant height, basal diameter, shoot fresh weight, root fresh weight, shoot dry weight, and root dry weight by 92.8% – 1233.3% relative to CN; among these traits, plant height, basal diameter, shoot fresh weight, and root fresh weight were significantly higher than those in CN (P < 0.05). RN showed the strongest effects on root architecture, increasing root number, root tip number, total root length, root projected area, and root surface area by 81.2% – 130.8% compared with CN, and these traits were significantly higher than those in CN (P < 0.05). MN also improved most growth and root traits compared with CN, with increases ranging from 29.5% to 505.1%, although several values were lower than those observed under HN or RN. These results indicate that HN was more closely associated with biomass accumulation, whereas RN had a stronger effect on root architectural development.
As shown in Table 3, AMF-inoculated treatments showed lower foliar symptom incidence and leaf-based disease index values than CG. Foliar symptom incidence was 13.33%, 20.00%, and 30.00% in the HG, RG, and MG treatments, respectively, compared with 66.67% in CG. The leaf-based disease index values, which reflected foliar symptom severity, were 13.63, 14.67, and 18.67 in HG, RG, and MG, respectively, whereas the value in CG was 45.95. The corresponding calculated control efficacies based on the leaf-derived disease index were 70.35%, 68.97%, and 59.37%, respectively. Among the AMF treatments, HG showed the numerically highest calculated control efficacy, followed by RG and MG.
Fig. 2. AMF colonization in L. barbarum roots and growth traits of L. barbarum under different AMF treatments. A, Microscopic AMF structures, root morphology, and whole-plant phenotypes of L. barbarum under different treatments. (a–d) Intraradical hyphae and vesicles observed in the roots of L. barbarum. (e–h) Root morphology of L. barbarum under the HN, RN, MN, and CN treatments. (i–l) Whole-plant phenotypes of L. barbarum under the HN, RN, MN, and CN treatments. B, Growth and root morphological traits of L. barbarum under different AMF inoculation treatments: (a) plant height; (b) basal diameter; (c) shoot fresh weight; (d) root fresh weight; (e) shoot dry weight; (f) root dry weight; (g) root number; (h) root tip number; (i) total root length; (j) root projected area; (k) root surface area; and (l) root volume. Data are presented as mean ± SD. Different lowercase letters indicate significant differences among treatments at P < 0.05 according to Duncan’s multiple range test. 
Table 3. Foliar symptom incidence, leaf-based disease index, and calculated control efficacy in L.barbarum under different AMF and F.oxysporum inoculation treatments.
	Treatment
	Foliar symptom incidence (%)
	Leaf-based disease index
	Calculated control  efficacy (%)

	HG
	13.33
	13.63
	70.35

	RG
	20.00
	14.67
	68.97

	MG
	30
	18.67
	59.37

	CG
	66.67
	45.95
	-


Effects of AMF on antioxidant and defense-related enzyme activities in L. barbarum seedlings under root rot stress
Enzyme activities showed enzyme- and time-dependent responses to AMF inoculation under root rot stress (Fig. 3a–g). CAT activity was significantly enhanced by AMF at 7 d, following the order HG > RG > MG > CG > CN, and RG and HG remained significantly higher than CG at 15 d, corresponding to 2.3- and 2.6-fold increases, respectively (P < 0.05). POD activity varied slightly among pathogen-inoculated treatments at 0 and 7 d, with no significant differences detected; at 15 d, MG, RG, and HG were numerically higher than CG, but they shared the same significance group (P < 0.05). SOD activity showed a significant AMF-induced increase mainly at 15 d, when MG, RG, and HG were significantly higher than CG, with RG showing the highest value.
For defense-related enzymes, PG activity was consistently increased by AMF inoculation. At 7 and 15 d, PG activity followed the order HG > RG > MG > CG > CN (P < 0.05). Compared with CG, HG, RG, and MG increased PG activity by 24.1%, 15.4%, and 5.0% at 7 d, and by 21.5%, 15.3%, and 10.7% at 15 d, respectively. PE activity showed no consistent AMF-induced increase. At 15 d, HG and RG were significantly higher than CG by 88.2% and 65.6%, respectively, whereas MG did not differ significantly from CG. β-1,3-glucanase activity differed mainly at 15 d, with HG significantly higher than CG, while MG and RG showed intermediate values. Chitinase activity was significantly higher in AMF treatments than in CG at 15 d, with MG, RG, and HG increasing by 32.3%, 35.3%, and 40.5%, respectively, compared with CG and showing no significant differences among them. The radar plot (Fig. 3h) further illustrated the comparative enzyme activity profiles among treatments, showing that HG and RG had broader overall activity coverage than MG and the non-AMF treatments, consistent with the enzyme-specific results shown in Fig. 3a–g.


Fig. 3. Effects of different AMF inoculation treatments on antioxidant and defense-related enzyme activities in L. barbarum under root rot stress. (a) catalase (CAT) activity; (b) peroxidase (POD) activity; (c) superoxide dismutase (SOD) activity; (d) polygalacturonase (PG) activity; (e) pectinesterase (PE) activity; (f) β-1,3-glucanase activity; (g) chitinase activity; and (h) radar plot summarizing overall enzyme activity profiles. Data are presented as mean ± SD. Different lowercase letters indicate significant differences among treatments at P < 0.05 according to Duncan’s multiple range test.
Transcriptomic analysis
Quality control and sample relationships
Transcriptome sequencing generated a total of 344.83 Gb of clean data, with more than 6.01 Gb obtained for each sample. The Q30 values were all above 94.09%, and the mapping rates ranged from 93.66% to 96.33%, indicating that the sequencing data were suitable for subsequent analyses. Principal component analysis (PCA) showed separation between F. oxysporum-inoculated and non-inoculated samplesat both time points, and differences among AMF treatments were also observed within each group (Fig. 4a,b). In particular, the HG group at 7 d and the MG group at 15 d were positioned apart from the other pathogen-inoculated treatments, whereas biological replicates within each treatment were closely grouped (Fig. 4a,b). Boxplot analysis showed generally similar expression distributions among samples after normalization (Fig. 4c,d). The sample correlation heatmap further showed higher correlations among biological replicates within the same treatment than among different treatments (Fig. 4e,f). In pathogen-inoculated samples, the RG group at 7 d and the MG group at 15 d showed relatively weaker correlations with other treatments and formed more distinct clustering patterns in the heatmap. This observation was consistent with the PCA results, where these two groups were also clearly separated from the remaining pathogen-inoculated samples (Fig. 4e,f).
Differential expression analysis
Differential expression analysis was performed using DESeq2 with the thresholds of |log2FC| ≥ 1 and padjust < 0.05. As shown in Fig. 5a-d, 3763, 3220, and 6144 differentially expressed genes (DEGs) were identified in HG15 vs. CG15, RG15 vs. CG15, and MG15 vs. CG15, respectively. Among the three comparisons, MG15 vs. CG15 showed the largest numbers of both upregulated and downregulated genes, including 3662 upregulated and 2482 downregulated DEGs (Fig. 5c,d). HG15 vs. CG15 contained 2068 upregulated and 1695 downregulated DEGs, whereas RG15 vs. CG15 contained 1380 upregulated and 1840 downregulated DEGs (Fig. 5a,b,d). UpSet analysis further showed that the three comparisons contained both comparison-specific and shared DEGs at the total, upregulated, and downregulated levels, with a larger comparison-specific component in MG15 vs. CG15 (Fig. 5e-g).
Functional enrichment analysis
GO enrichment analysis of the differentially expressed genes (DEGs) in HG15, RG15, and MG15 relative to the control group CG15 (Padjust < 0.05) showed that the enriched terms in all three comparisons were mainly related to membrane-associated components, transporter activity, and protein kinase activity within the cellular component and molecular function categories (Fig. 6a-c). Within the biological process category, in addition to photosynthesis-related terms, terms related to defense and stress responses were also enriched (Fig. 6a-c). KEGG enrichment analysis further showed that HG15 vs. CG15 and RG15 vs. CG15 shared enrichment in pathways including plant-pathogen interaction and ABC transporter, whereas MG15 vs. CG15 showed enrichment in pathways including plant hormone signal transduction, MAPK signaling pathway-plant, phenylpropanoid biosynthesis, flavonoid biosynthesis, and starch and sucrose metabolism (Fig. 6d-f).

Fig. 4. Sample relationship analysis. (a) PCA plot of samples at 7 d after F. oxysporum inoculation; (b) PCA plot of samples at 15 d after F. oxysporum inoculation; (c) boxplot of gene expression distributions at 7 d after F. oxysporum inoculation; (d) boxplot of gene expression distributions at 15 d after F. oxysporum inoculation; (e) sample clustering heatmap at 7 d after F. oxysporum inoculation; and (f) sample clustering heatmap at 15 d after F. oxysporum inoculation.
Fig. 5. Differentially expressed gene analysis of L. barbarum under different AMF treatments at 15 d after F. oxysporum inoculation. (a–c) Volcano plots showing the distribution of DEGs in HG15 vs. CG15, RG15 vs. CG15, and MG15 vs. CG15, respectively; (d–f) UpSet plots showing the intersections and comparison-specific distributions of total, upregulated and downregulated DEGs among the three comparisons.(f)
(g)
(c)

Fig. 6. GO and KEGG enrichment analyses of differentially expressed genes in L. barbarum under different AMF treatments at 15 d after F. oxysporum inoculation. (a–c) GO enrichment analyses of DEGs in HG15 vs. CG15, RG15 vs. CG15, and MG15 vs. CG15, respectively; (d–f) KEGG enrichment analyses of DEGs in HG15 vs. CG15, RG15 vs. CG15, and MG15 vs. CG15, respectively.
Expression analysis of key differentially expressed genes in the plant-pathogen interaction and plant hormone signal transduction pathways
In the plant-pathogen interaction pathway, the differentially expressed genes (DEGs) in HG15 vs. CG15 and RG15 vs. CG15 were distributed among four functional modules: recognition, signal transduction, transcriptional regulation, and output (Fig. 7a,b). In HG15 vs. CG15, 55 DEGs were identified. Upregulated genes were mainly distributed in the recognition and transcriptional regulation modules, whereas most genes in the signal transduction and output modules were downregulated (Fig. 7a,d). The heatmap further showed that genes annotated as PRR-related receptors and WRKY transcription factors were among the relatively highly expressed genes in HG15, and several calcium signaling-related genes, including CNGC, CML, and CPK family members, also showed relatively high expression in this comparison (Fig. 7g). In RG15 vs. CG15, 47 DEGs were identified, and genes in the recognition, signal transduction, and output modules were mainly downregulated (Fig. 7b,e). The predicted PPI networks contained candidate nodes such as CML10, TPC1, CNGC2, CP1, RIN4, EDS1, and RPM1 in HG15 vs. CG15, and BAK1, BIK1, RBOHD, EDS1, NPR1, RPM1, RIN4, and MPK3 in RG15 vs. CG15 (Fig. 7j,k). These nodes were associated with pathogen recognition, calcium-related signaling, ROS-related responses, MAPK-related signaling, and defense regulation based on homologous annotation and predicted network relationships. 
In the plant hormone signal transduction pathway, 23 DEGs were identified in MG15 vs. CG15, and these genes were distributed among the auxin (IAA), cytokinin (CK), ethylene (ET), abscisic acid (ABA), and gibberellin (GA) branches (Fig. 7c). Among them, the IAA branch showed the widest range of Log2FC values and included both upregulated and downregulated genes, whereas the CK branch contained mainly upregulated genes and the ET, ABA, and GA branches contained mainly downregulated genes (Fig. 7f). The heatmap further showed that the relatively highly expressed genes in MG15 were mainly AUX, SAUR, and CYCD3 family genes (Fig. 7i). The PPI network included nodes such as TIR1, AUX1, and IAA family members (Fig. 7l).
Validation of RNA-seq results by qRT-PCR analysis
To validate the expression patterns identified by RNA-seq analysis, ten representative differentially expressed genes (DEGs), including CML-like, CNGC2-like, WRKY33, RPM1-RPS3, EDS1, RIN4, MPK3, AUX1-LAX, TIR1, and CYCD3, were selected for qRT-PCR analysis (Fig. 9). The qRT-PCR results showed that most selected genes exhibited consistent transcriptional responses under different treatments. Among the tested genes, CNGC2-like, WRKY33, RPM1-RPS3, EDS1, MPK3, and TIR1 were upregulated under HG, RG, and MG treatments, while RIN4 and CYCD3 were consistently downregulated under all treatments compared with the control. The expression patterns of CML-like and AUX1-LAX showed treatment-dependent variations. CML-like was upregulated under HG and MG treatments but downregulated under RG treatment. AUX1-LAX exhibited increased expression under HG and RG treatments, whereas its expression was reduced under MG treatment. Overall, the qRT-PCR results confirmed the expression changes of key genes identified by transcriptomic analysis, with most genes showing similar regulatory trends between RNA-seq and qRT-PCR analyses.
Fig. 7. Expression analysis of key differentially expressed genes in the plant-pathogen interaction and plant hormone signal transduction pathways. (a, b) Numbers of differentially expressed genes (DEGs) in four functional modules of the plant–pathogen interaction pathway (map04626) in HG15 vs. CG15 and RG15 vs. CG15, respectively. (c) Numbers of upregulated and downregulated DEGs in five hormone branches of the plant hormone signal transduction pathway (map04075) in MG15 vs. CG15. (d, e) Boxplots of Log₂FC values for DEGs in the four functional modules of the plant-pathogen interaction pathway in HG15 vs. CG15 and RG15 vs. CG15, respectively. (f) Boxplot of Log₂FC values for DEGs in different hormone branches of the plant hormone signal transduction pathway in MG15 vs. CG15. (g–i) Heatmaps of key DEGs in the plant-pathogen interaction and plant hormone signal transduction pathways. (j–l) Predicted protein–protein interaction networks of key DEGs in HG15 vs. CG15 and RG15 vs. CG15. The node color indicates the degree of connectivity in the network, with darker blue nodes representing proteins with higher connectivity and lighter green nodes representing proteins with lower connectivity. Larger and darker nodes indicate hub proteins with potentially more important roles in the PPI network.
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Fig. 8. Dynamic changes in growth increment of Lycium barbarum seedlings under different AMF inoculation treatments during different growth stages.
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Figure. 9. Validation of RNA-seq-derived differential expression patterns by qRT-PCR analysis of representative genes
Discussion
Microscopic observation showed that both F. mosseae and R. intraradices colonized the roots of L. barbarum cv. ‘Ningqi 1’, with typical mycorrhizal structures observed in inoculated plants. This result is consistent with previous findings in L. barbarum[19]. It should be noted that microscopic observation in this study was used mainly to confirm the presence of AMF colonization and did not provide quantitative information on colonization levels among different AMF treatments. While differences in colonization ability may themselves reflect inherent species- or strain-specific characteristics, the present data do not allow us to distinguish the relative contributions of AMF species identity and colonization intensity to the observed host responses. Therefore, the responses discussed below should be interpreted as AMF treatment-associated responses based on phenotypic, physiological, and transcriptomic measurements rather than as direct evidence of species-specific functional effects. Future studies should include quantitative measurements of AMF colonization, such as mycorrhizal colonization rate, arbuscule abundance, or vesicle abundance, to further clarify the relationship between colonization level and host response. Compared with the non-inoculated control, AMF inoculation significantly improved plant growth performance and root development in L. barbarum seedlings; however, the magnitude and pattern of these effects varied among AMF treatments. Under non-pathogen conditions, HN, RN, and MN treatments exhibited distinct growth-promoting characteristics. Among these treatments, RN showed a stronger association with improvements in root architectural traits, indicating that the R. intraradices treatment was more strongly associated with changes in root system architecture under the conditions examined..In contrast, MN showed relatively stronger effects on biomass accumulation, indicating that the F. mosseae treatment was associated with relatively greater biomass responses. The HN treatment exhibited combined effects on growth and root development, indicating that mixed inoculation was associated with favorable responses in multiple growth-related traits; however, the present data do not establish functional complementarity or synergistic interactions between the two AMF species. Similar treatment-dependent responses to different AMF species or inoculation combinations have also been reported in soybean[20], tomato[21], black locust[22], Salvia miltiorrhiza[23], sweet potato[24], and maize[25]. Differences were also observed among AMF treatments. During experimental monitoring, the MN treatment showed a relatively rapid growth rate at the early stage and exhibited a certain early growth-promoting advantage, This pattern may reflect differences in the timing of plant responses to AMF inoculation; however, its biological basis was not directly examined in the present study[26]. By contrast, HN showed higher values for several growth traits during the middle and late stages, as well as stronger overall growth performance, indicating that the mixed treatment was associated with relatively favorable growth responses for some measured traits. Previous studies have reported that mixed AMF inoculation can produce stronger growth responses than single-species inoculation in some plant systems, although such responses depend on host species, fungal combinations, environmental conditions, and colonization status[27]. Nevertheless, because plant nutrient contents and soil nutrient status were not measured, whether these growth responses were mediated by enhanced nutrient acquisition remains to be further confirmed. RN showed higher values for several root architecture traits, indicating a stronger association between R. intraradices inoculation and changes in root system architecture[28]. These changes in root architecture indicate a potential increase in absorptive capacity; however, actual resource acquisition was not measured in this study and therefore cannot be directly inferred. In terms of disease symptom suppression, the control efficacies of HG and RG were higher than that of MG, indicating differences among AMF treatments in their associations with the reduction of disease symptoms. A similar trend has been reported in lupine root rot, where different AMF treatments differed in their suppressive effects, with R. intraradices showing higher control efficacy than some other AMF treatments[29]. However, because pathogen biomass, pathogen re-isolation, and detailed root rot severity scoring were not assessed in the present study, these findings should be interpreted as differences in measured disease-related phenotypes and calculated control efficacy rather than as direct evidence of enhanced intrinsic host resistance to F. oxysporum.
CAT, POD, and SOD are key enzymes in the plant antioxidant defense system, and changes in their activities can reflect the oxidative stress response of plants to pathogen challenge[30]. Recent studies have shown that prior AMF colonization can enhance host tolerance and defense against soil-borne diseases by regulating intracellular ROS levels and increasing the activities of antioxidant enzymes such as SOD, POD, and CAT[31]. In addition, pathogenesis-related enzymes such as β-1,3-glucanase and chitinase, which are involved in the degradation of fungal cell wall components, as well as indicators associated with cell wall metabolism and regulation, including PG and PE, may participate in the regulation of plant–pathogen interactions through changes in cell wall remodeling and pectin metabolism[32]. In the present study, the activities of antioxidant and defense-related enzymes were generally higher in the AMF-treated groups than in the non-inoculated treatment, and these differences became more pronounced after subsequent F. oxysporum challenge, indicating that prior AMF colonization was associated with altered physiological response of L. barbarum seedlings under pathogen challenge. Specifically, the increased activities of CAT, POD, and SOD were consistent with enhanced antioxidant regulation, while the changes in β-1,3-glucanase and chitinase activities indicated the possible involvement of pathogen-associated defense processes. Meanwhile, the altered activities of PG and PE may indicate modifications in cell wall-related metabolic processes during AMF–plant–pathogen interactions. However, because pathogen biomass, root rot severity scoring, and pathogen re-isolation were not assessed in this study, these results should be interpreted as AMF-associated changes in disease-related phenotypes and physiological responses rather than direct evidence of enhanced host resistance. Xiao Wang et al.[33]reported that AMF increased antioxidant enzyme activities in fruit trees under drought stress. Similarly, a study in S. miltiorrhiza showed that AMF activated defense proteins such as β-1,3-glucanase, leading to a 125% increase in β-1,3-glucanase activity[34]. Moreover, the disease-control efficacy of different AMF inoculants varies, and different AMF species or combinations differ in the strength of their regulation of host defense systems[35]. Consistent with these findings, HG and RG showed higher overall enzyme activities and stronger disease suppression than MG in the present study. These results suggest an association between AMF treatment, antioxidant regulation, pathogen-responsive enzyme activities, cell wall-related metabolic changes, and the observed disease-related phenotype. However, the present data do not establish a causal relationship between these physiological changes and disease suppression.
At 15 days after pathogen inoculation, transcriptomic analysis showed different response patterns among AMF treatments. Based on differential expression analysis, pathway enrichment, and predicted PPI network analysis, the HG treatment exhibited a transcriptomic response tendency characterized by broader signaling-related regulation. In this treatment, differential expression was observed for several genes associated with pathogen perception and defense-related processes, including PRRs, RPM1–RIN4, and EDS1, followed by possible involvement of calcium-related signaling components such as CNGC2 and TPC1. Subsequent transcriptional changes involving CML10, CPK, and other signaling-related components, together with transcriptional regulators such as WRKY, further indicated the possible involvement of multiple signaling-related processes. Meanwhile, its output layer did not show a pattern of sustained high-intensity defense activation, but instead displayed transcriptional features potentially associated with ROS homeostasis and cuticle- and lipid metabolism-related processes involving CER, KCS, FDH, ECR, and PAS2[36-41]. However, these interpretations are derived from transcriptomic patterns and predicted PPI relationships and therefore represent candidate pathway-level associations rather than direct evidence of pathway activation or regulatory interactions. In contrast, the RG treatment showed a transcriptomic response tendency associated with defense-related regulatory processes. The observed expression profiles included changes in several pathogen recognition- and defense-associated genes, including BAK1, BIK1, RPM1, RIN4, and EDS1. Predicted network relationships further indicated possible associations with ROS-related and MAPK-associated components, including RBOHD and MPK3, followed by downstream changes in defense-related transcriptional regulators such as NPR1. These results suggest that RG treatment displayed a distinct defense-associated transcriptional response pattern under pathogen challenge. However, because these PPI relationships were predicted based on database-derived or homology-based information, the identification of RBOHD- and MPK3-related nodes should not be interpreted as direct evidence of RBOHD-mediated ROS bursts or MPK3-activated MAPK cascades in L. barbarum. Rather, these findings indicate that ROS-related processes and MAPK-associated signaling pathways may be associated with AMF-related transcriptional responses during pathogen stress and require further functional validation[42,43]. By comparison, MG showed transcriptomic features potentially associated with hormone-related regulation under pathogen challenge. Its expression profile showed enrichment of genes related to AUX1 and TIR1, suggesting possible involvement of auxin transport and perception, as well as modulation of Aux/IAA–ARF-associated regulatory processes. The altered expression of genes related to cell elongation and division, such as SAUR and CYCD3, together with changes in CK, ET, ABA, and GA-related pathways, may reflect hormone-associated adjustments in stress responses during pathogen exposure[44-47]. However, because growth-related traits were not directly measured under pathogen-inoculated conditions, whether these transcriptional changes contributed to growth maintenance under pathogen stress requires further experimental validation. Taken together, HG, RG, and MG HG, RG, and MG displayed distinct transcriptomic response tendencies, including broader signaling-related transcriptional changes with possible defense-cost adjustment in HG, stronger defense-associated transcriptional responses in RG, and hormone-related stress-response patterns in MG. However, these interpretations are primarily based on differential expression analysis, pathway enrichment, and predicted PPI network analysis, and should therefore be considered treatment-associated pathway-level patterns rather than experimentally validated regulatory mechanisms. 
There are pathway-level differences in host regulation among different AMF species. Recent comparative studies in the same host have shown that F. mosseae and R. intraradices can induce distinct molecular and physiological responses. In tomato, DEGs induced by F. mosseae were mainly enriched in secondary metabolism-related pathways such as flavonoid biosynthesis, whereas those induced by R. intraradices were more enriched in pathways related to DNA replication, photosystem antenna proteins, cutin/suberin/wax biosynthesis, and glycerophospholipid metabolism, suggesting that the former is more associated with secondary metabolic reprogramming, whereas the latter is more involved in the regulation of membrane systems, epidermal barriers, and photosynthesis-related processes[48]. A similar tendency was observed in the present study, in which the two AMF species appeared to be associated with different transcriptional and physiological responses in L. barbarum rather than being demonstrated to act through distinct mechanisms. F. mosseae mainly showed enrichment of hormone-related transcriptional changes, which may be associated with differences in growth- and stress-response regulation. This observation was partially consistent with the faster early growth observed in the MG treatment compared with HG and RG in the present experiment. However, because endogenous hormone levels and key hormone-responsive genes were not directly measured, whether these transcriptional changes resulted from or contributed to altered hormone homeostasis requires further validation. By contrast, R. intraradices showed a transcriptomic response tendency more closely associated with the plant–pathogen interaction pathway than F. mosseae. The enrichment of this pathway suggested potential involvement of pathogen recognition-related, signal transduction-related, and defense-associated transcriptional processes. However, these pathway-level associations do not necessarily indicate enhanced pathway activation, particularly considering that several genes within related modules were downregulated. Therefore, the observed transcriptional pattern may reflect a distinct regulatory response under pathogen challenge rather than direct strengthening of host immune responses. Nevertheless, these conclusions should be interpreted as pathway-level associations rather than direct functional evidence. 
Therefore, combined analysis of the plant-pathogen interaction pathway and the plant hormone signal transduction pathway suggests that different AMF treatments were associated with different pathway-level transcriptional response patterns. One AMF treatment was more strongly associated with hormone-, growth-, and stress-related transcriptional changes, whereas another showed stronger associations with pathogen recognition- and defense-related processes. The mixed treatment showed a broader combination of transcriptional changes involving several of these processes. These observations raise the possibility that the two AMF species may contribute differently to host responses when applied together. However, the present data do not provide direct evidence of functional differentiation, synergistic complementarity, or superiority of mixed inoculation over single-species inoculation. Furthermore, because nutrient acquisition was not directly measured and growth and root traits were not assessed in pathogen-inoculated treatments, the contribution of nutrient-related processes and the simultaneous maintenance of growth during pathogen challenge cannot be determined from the present study. Therefore, the observed differences among single- and mixed-inoculation treatments should be interpreted as treatment-specific phenotypic, physiological, and transcriptional response patterns rather than as evidence for a “functional differentiation–synergistic complementarity” mechanism.
The qRT-PCR results further validated the expression trends of selected genes identified in the transcriptomic analysis and revealed treatment-associated changes in genes related to immune response, signal transduction, hormone regulation, and growth-related processes. The consistent induction of several defense-associated genes was consistent with the possible involvement of defense-related transcriptional responses under the different treatments. Among the validated genes, CNGC2-like, WRKY33, RPM1-RPS3, EDS1, and MPK3 were consistently upregulated under different treatments.These genes have previously been associated with pathogen recognition and plant defense-related processes. Therefore, their increased transcript abundance indicates changes in defense-associated gene expression but does not by itself demonstrate activation of immune signaling pathways or enhancement of plant defense capacity. In contrast, RIN4 showed consistent downregulation under all treatments. As an important negative regulator of plant immunity, RIN4 modulates immune signaling by interacting with immune receptor complexes. However, the functional consequence of reduced RIN4 transcript abundance in L. barbarum cannot be determined from the present expression data alone. The induction of TIR1 and AUX1-LAX further indicated changes in auxin-related transcriptional processes. As key components of auxin perception and transport, these genes may participate in balancing plant growth and adaptive responses under different conditions. Meanwhile, the decreased expression of CYCD3 indicated altered expression of a cell cycle-associated gene, although its physiological consequence remains to be experimentally determined. Overall, the qRT-PCR validation confirmed the expression trends of selected transcriptomic genes and provided additional support for treatment-associated changes in defense-, hormone-, and growth-related transcriptional processes. These results identify candidate molecular processes for further investigation but do not establish the regulatory mechanisms underlying the treatment responses.
It should be noted that growth and root traits were assessed only in the non-pathogen treatments in this study. Therefore, although AMF-mediated growth promotion was supported under non-pathogen conditions and AMF-associated physiological and disease-related responses were observed following pathogen challenge, the present data do not directly demonstrate simultaneous growth maintenance and alteration of disease responses under pathogen stress. In addition, because growth-related traits were not measured under pathogen-inoculated conditions, the coordination between growth maintenance and defense activation under pathogen stress remains speculative in this study. Furthermore, the transcriptomic analysis in this study was performed using leaf tissues, whereas AMF colonization and the primary biological interaction between AMF and plants occur mainly in the root system. Therefore, the observed transcriptional changes should be interpreted as systemic transcriptional response signatures associated with AMF treatment, rather than direct evidence of root-localized defense mechanisms. Future studies should include growth, biomass, and root morphological measurements in pathogen-inoculated AMF treatments to further verify the role of AMF in coordinating growth and defense during pathogen infection. In addition, simultaneous analysis of root and leaf transcriptomes, together with AMF colonization assessment and functional validation, would provide further insight into the spatial regulation of AMF-mediated growth and defense responses.
Conclusions
In this study, Lycium barbarum cv. ‘Ningqi 1’ was used to investigate the effects of different AMF species on plant growth, disease-related responses, physiological responses, and transcriptomic regulation. The results demonstrated that AMF inoculation promoted plant growth under non-pathogen conditions and was associated with altered disease-related phenotypes following Fusarium oxysporum challenge. AMF colonization was associated with improved root development under non-pathogen conditions and differences in disease-related phenotypes after pathogen challenge, although different AMF treatments exhibited distinct response patterns.
Among the tested AMF species, R. intraradices showed stronger associations with root architectural traits and defense-associated transcriptional responses, whereas F. mosseae exhibited relatively greater growth-promoting effects under non-pathogen conditions. AMF inoculation also enhanced antioxidant and defense-related enzyme activities, indicating treatment-associated changes in host physiological responses during pathogen stress. Transcriptomic analysis further revealed that different AMF treatments were associated with distinct gene-expression and pathway-enrichment patterns. F. mosseae was mainly associated with hormone-related and stress-responsive pathways, while R. intraradices was more closely related to plant–pathogen interaction and defense-related pathways. Mixed AMF inoculation induced broader transcriptomic responses involving both hormone regulation and defense-associated pathways. Mixed AMF inoculation showed transcriptional changes involving a relatively broad range of hormone-, stress-, signaling-, and defense-associated processes; however, these patterns should not be interpreted as evidence of synergistic interactions between the two AMF species.
Overall, this study highlights distinct growth, physiological, disease-related, and transcriptomic response patterns associated with different AMF treatments in L. barbarum. These findings provide a basis for further investigation of the biological processes associated with AMF–L. barbarum–F. oxysporum interactions and support the potential application of AMF-based strategies for sustainable management of root rot disease. However, the present findings should not be interpreted as demonstrating species-specific functional mechanisms, activation of specific immune signaling pathways, or synergistic effects of mixed inoculation. Further studies incorporating quantitative AMF colonization assessment, pathogen biomass and disease severity measurements, and functional validation of candidate genes and pathways are required to establish the causal mechanisms underlying these treatment-associated responses.
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