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Abstract 19 

Tobacco (Nicotiana tabacum) leaf spot disease caused by fungal pathogens poses a major threat 20 

to crop yield and quality worldwide. Recently, Nigrospora coryli was identified as a novel causal 21 

agent of tobacco leaf spot in China, yet its biology, ecological interactions, and management 22 

strategies remained largely unexplored. In this study, we systematically characterized N. coryli 23 

through growth physiology, environmental adaptability, phyllosphere microbiome profiling, 24 

microbial interactions, and fungicide sensitivity assays. The pathogen exhibited robust 25 

environmental tolerance, with optimal growth at 28°C and pH 6.0, viability across pH 4–11, and 26 

survival at temperatures up to 57°C, while preferring soluble starch and peptone as nutrient 27 

sources. High-throughput sequencing revealed disease-associated phyllosphere shifts, including 28 

enrichment of Stenotrophomonas and Pseudomonas in symptomatic leaves and the exclusive 29 

detection of Nigrospora and Sarocladium in diseased tissues. Functional screening identified 30 

multiple antagonistic microbes, with Aspergillus niger MGM reducing lesion size by 87.6% in 31 

planta, while Pseudomonas syringae pv. angulata SLB-5-3 exacerbated disease. Among eight 32 

commercial fungicides, fludioxonil was the most potent (EC₅₀ = 0.0057 μg/mL), followed by the 33 

prochloraz-manganese chloride complex, difenoconazole, and fenaminstrobin. Synergistic 34 

interactions were observed in binary mixtures: fludioxonil + difenoconazole (1:4, SR = 1.7360), 35 

fludioxonil + fenaminstrobin (1:1, SR = 1.5365), and difenoconazole + fenaminstrobin (1:2, SR = 36 

2.0219). These findings highlight the potential of integrating potent biocontrol agents with 37 

synergistic fungicide combinations for sustainable management of N. coryli-induced tobacco leaf 38 

spot. This study provides a comprehensive foundation for developing environmentally sound, 39 

multifaceted disease control strategies. 40 

Keywords: Tobacco leaf spot, Nigrospora coryli, biological characterization, phyllosphere 41 

microbial community, biocontrol, fungicide synergy    42 
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Tobacco (Nicotiana tabacum) is a globally important cash crop, with its leaves serving as a primary 43 

raw material for cigarette production (Gui et al. 2024). Beyond its economic significance, tobacco 44 

also possesses pharmacological potential, with applications in pesticides, tranquilizers, and 45 

anesthetics (Le Foll et al. 2022). Globally, approximately 33 million people are involved in tobacco 46 

cultivation, processing, distribution, and retail, contributing to an estimated annual income of $2 47 

trillion (Warner 2000; Martins-da-Silva et al. 2022). 48 

However, tobacco leaves exhibit high susceptibility to fungi pathogens throughout their growth 49 

cycle, resulting in severe foliar diseases and substantial economic losses (Huang et al. 2025). 50 

Several major pathogens, including species from genera Corynespora, Didymella, Fusarium, and 51 

Nigrospora, have been consistently isolated from leaf spot lesions (Huang et al. 2021; Feng et al. 52 

2024; Tao et al. 2024). Among these, Nigrospora species have emerged as significant pathogens, 53 

causing leaf spots, causing twig and shoot blight or rot on a wide range of economically important 54 

crops worldwide (Chen et al. 2022). Nigrospora, a diverse genus of ascomycetous fungi in the 55 

family Apiosporaceae (Xylariales, Sordariomycetes), is notable for its ability to colonize numerous 56 

terrestrial and aquatic plant species (Hao et al. 2020; Xu et al. 2022). The genus was first described 57 

by Zimmerman in 1902  as the endophytic fungus Nigrospora panici from Panicum amphibium 58 

leaves (Wang et al. 2017). Previously, Nigrospora oryzae was the only species reported to cause 59 

disease on legumes in China, including leaf spot  on kidney bean (Phaseolus vulgaris L.) (Luo and 60 

Jiang 2022). In our previous study, Nigrospora coryli was identified as a novel causal agent of 61 

tobacco leaf spot  in China, with field incidences reaching 41–47% in severely affected areas (Zou 62 

et al. 2026). Despite this, the pathogen’s biological characteristics and effective management 63 

strategies remain unknown. 64 
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Understanding the biology and environmental adaptability of a pathogen is essential for predicting 65 

disease outbreaks and developing effective control measures(De Wolf and Isard 2007). The 66 

phyllosphere, the aerial surface of plants, harbors complex microbial communities, including 67 

bacteria and fungi, which play crucial roles in plant health and disease dynamics (Stone et al. 68 

2018). These communities can directly interact with pathogens through competition, antagonism, 69 

or synergism, thereby influencing disease outcomes. Moreover, integrating chemical and 70 

biological control strategies offers promising avenues for sustainable disease management. 71 

Identifying effective fungicides and synergistic combinations can reduce chemical inputs and 72 

delay resistance development (Ons et al. 2020). 73 

In this study, we comprehensively characterized the growth physiology, environmental 74 

adaptability, and nutrient preferences of N. coryli. High-throughput sequencing was used to 75 

analyze the composition and diversity of phyllosphere microbial communities on both 76 

asymptomatic and symptomatic leaves. In vitro plate confrontation assays and in planta co-77 

infection assays were employed to identify dominant phyllosphere microorganisms with 78 

biocontrol potential against N. coryli. Additionally, we evaluated the inhibitory effects of eight 79 

commercial fungicides representing different chemical classes and modes of action. The four most 80 

effective fungicides were further combined in binary mixtures to identify synergistic interactions 81 

that enhance efficacy while minimizing fungicide use. This integrated approach establishes a 82 

foundation for sustainable, multifaceted management strategies against Nigrospora-induced 83 

tobacco leaf spot disease. 84 

2. Materials and Methods 85 

2.1. Strain and culture condition  86 
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N. coryli strain YB13 was originally isolated from symptomatic leaves of tobacco (Nicotiana 87 

tabacum cv. Yunyan 87) at seedling stage (four to five leaves) collected in Zhengan (107.43° N, 88 

28.55° E), Guizhou Province, China, in June 2025. In our previous study, YB13 was molecularly 89 

identified as N. coryli through multilocus phylogenetic analysis and confirmed as pathogenic to 90 

tobacco (Zou et al. 2026). The GenBank accession numbers for the marker genes are ITS: 91 

PX736263, GAPDH: PX556631, TUB2: PX556632, and TEF1-α: PX711191. Based on its 92 

confirmed pathogenicity and taxonomic status, YB13 was selected as the representative strain for 93 

subsequent biological characterization and biocontrol assays in the present study. The bacterial 94 

and fungal strains used in the plate confrontation and co-inoculation assays were isolated from 95 

symptomatic tobacco leaves collected from the same fields and at the same growth stage as YB13. 96 

These phyllosphere microbial strains were kindly provided by the Guizhou Province Tobacco 97 

Research Institute. Detailed information on each strain is listed in Table S1. All strains used in this 98 

study were cultured on various agar media including potato dextrose agar (PDA), alkyl ester agar 99 

(AEA), czapek dox agar (CDA) and oatmeal agar (OA). All reagents were obtained from 100 

commercial biological reagent suppliers and stored at 2–8°C until use.  101 

2.2. Growth characteristics of N. coryli  102 

To characterize the growth of N. coryli, the effects of culture medium and environmental factors 103 

including temperature, pH, carbon source, nitrogen source, and light conditions on the biological 104 

traits of the isolate YB13 were investigated. 105 

Optimal growth medium was determined by inoculating mycelial plugs onto PDA, AEA, and OA. 106 

Plates were sealed with Parafilm® and incubated at 28 °C. Colony diameter was measured after 107 

14 days. To clarify the effect of temperature on mycelial growth, the isolate YB13 was cultured 108 

on PDA medium for 7 days. Using a sterilized 5-mm inner diameter punch, PDA plugs containing 109 

https://www.maokangbio.com/productView.action?id=10317
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mycelia were cut from the edge of the colonies and inoculated onto the center of fresh PDA plates. 110 

The plates were then incubated in darkness at four temperature gradients: 20°C, 25°C, 28°C, and 111 

30°C. Lethal temperature was determined by immersing plugs in sterile water at 35–60 °C for 10 112 

min, cooling immediately, and then incubating on PDA at 28 °C for 7 days. The lethal range was 113 

refined at 1 °C intervals. Mycelial growth characteristics under varying pH conditions were 114 

investigated. 1 M HCl and 1 M NaOH solutions were used to adjust the pH of the PDA medium 115 

to levels ranging from 4 to 11, resulting in eight distinct pH gradients. Plugs were inoculated and 116 

incubated at 28 °C in darkness. After 14 days, colony diameters were measured. Light response 117 

was evaluated under constant light (LL), constant darkness (DD), or a 12 h light/dark cycle (LD) 118 

in an artificial climate chamber (Model QHX-1000, Wuhan Greenfafa Institute of Novel Genechip 119 

R&D Co., Ltd., Wuhan, China) at 28 °C. The light source used was cool-white fluorescent lamps, 120 

which are the default lighting configuration of the chamber. Colony diameter was measured after 121 

14 days of incubation. Carbon and nitrogen utilization was tested on CDA supplemented with 122 

individual carbon sources (soluble starch, glucose, sucrose, maltose, sorbitol) or nitrogen sources 123 

(sodium nitrate, peptone, glycine, alanine, urea). These compounds were selected based on their 124 

prevalence in plant tissues. Mycelial plugs were taken from the edge of the N. coryli YB13 colony 125 

using a sterile cork borer and inoculated at the center of CDA plates supplemented with the 126 

respective carbon or nitrogen sources. Cultures were incubated at 28 °C for 14 days, with CDA 127 

medium lacking both carbon and nitrogen sources serving as the control. Colony diameters were 128 

then recorded. Each treatment was performed in triplicate to ensure statistical reliability. 129 

2.3. DNA extraction and 16S rRNA gene sequencing  130 

To examine shifts in the phyllosphere microbial assemblage associated with N. coryli infection 131 

and to identify candidate antagonists for biocontrol development, we profiled bacterial and fungal 132 
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communities on tobacco leaves via high-throughput amplicon sequencing. Tobacco leaves (cv. 133 

Yunyan 87) at the four-to-five-leaf stage were collected from field-grown plants displaying either 134 

typical leaf spot symptoms or appearing asymptomatic. For each group, three independent 135 

biological replicates were obtained, with each replicate consisting of leaves pooled from five 136 

individual plants. Samples were flash-frozen in liquid nitrogen immediately after collection and 137 

preserved at −80°C until processing. Total genomic DNA was extracted from 0.5 g of leaf tissue 138 

per sample using the cetyltrimethylammonium bromide (CTAB) method (Clarke 2009). DNA 139 

integrity and purity were evaluated via 1% agarose gel electrophoresis and spectrophotometric 140 

analysis (NanoDrop 2000, Thermo Scientific, USA). An appropriate amount of DNA was diluted 141 

with sterile water to a concentration of 1 ng/μL, and 1 μL of this diluted DNA (1 ng total) served 142 

as the template for PCR amplification. For bacterial community analysis, the V3-V4 hypervariable 143 

region of the 16S rRNA gene was amplified using primers 338F (5'-144 

ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') (Shi et 145 

al. 2023). For fungal community analysis, the internal transcribed spacer (ITS) region was 146 

amplified using primers ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-147 

TCCTCCGCTTATTGATATGC-3') (O'Brien et al. 2005). PCR reactions (20 μL each) were run 148 

in triplicate and contained 1× PCR buffer, 0.2 mM dNTPs, 0.2 μM each primer, 1 U of Phusion 149 

High-Fidelity DNA Polymerase (New England Biolabs, USA), and 10 ng of template DNA. 150 

Thermal cycling conditions consisted of initial denaturation at 98°C for 1 min, followed by 30 151 

cycles of 98°C for 10 s, 50°C (for bacteria) or 55°C (for fungi) for 30 s, and 72°C for 30 s, with a 152 

final extension at 72°C for 5 min. PCR products were pooled per sample and purified using a 153 

GeneJET Gel Extraction Kit (Thermo Scientific, USA). Sequencing libraries were prepared using 154 

the NEB Next Ultra DNA Library Prep Kit for Illumina (New England Biolabs, USA) according 155 
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to the manufacturer's instructions. Library concentration and fragment size distribution were 156 

assessed with a Qubit 2.0 Fluorometer (Thermo Scientific, USA) and an Agilent 2100 Bioanalyzer 157 

(Agilent Technologies, USA). Paired-end sequencing (2 × 250 bp) was performed on an Illumina 158 

NovaSeq 6000 platform by Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). 159 

Raw sequencing data were demultiplexed and quality-filtered using QIIME2 (version 2020.11) 160 

(Bolyen et al. 2019). The DADA2 plugin was employed for denoising, chimera removal, and 161 

inference of amplicon sequence variants (ASVs) (Callahan et al. 2016). Taxonomic assignment of 162 

bacterial ASVs was performed against the SILVA database (release 138) (Chuvochina et al. 2026) 163 

with an 80% confidence threshold, while fungal ASVs were classified using the UNITE database 164 

(version 9.0) (Abarenkov et al. 2024). The sequencing generated 470,985 raw reads, which after 165 

quality filtering and chimera removal yielded 334,621 high-quality sequences for downstream 166 

analysis (Table S2). 167 

Additionally, to confirm the identity of culturable microbial strains used in subsequent antagonism 168 

assays, individual fungal and bacterial isolates were subjected to Sanger sequencing. For fungal 169 

isolates, genomic DNA was extracted from mycelia using the CTAB method (Clarke 2009), and 170 

the ITS region was amplified with primers ITS1/ITS4 as described above (O'Brien et al. 2005). 171 

For bacterial isolates, the 16S rRNA gene was amplified with primers 27F (5'-172 

AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') (Palkova 173 

et al. 2021). PCR products were purified and sequenced by Nanjing General Biotech Co., Ltd. 174 

(Nanjing, China). The resulting sequences were compared against the NCBI GenBank database 175 

using BLAST to determine genus- and species-level affiliations. 176 

2.4. In vitro antagonistic activity of phyllosphere microorganisms against N. coryli  177 
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To identify candidate biocontrol agents from the tobacco phyllosphere microbiome, we evaluated 178 

the antagonistic potential of dominant culturable bacteria and fungi against N. coryli YB13 through 179 

in vitro plate confrontation assays. For fungal-fungal interactions, mycelial plugs (5 mm diameter) 180 

were excised from the leading edge of actively growing colonies of both N. coryli YB13 and each 181 

test fungus. A plug of N. coryli YB13 was placed mycelial-side down on one side of a PDA plate, 182 

while a plug of the test fungus was positioned similarly on the opposite side, approximately 3 cm 183 

apart. Control plates consisted of a single YB13 plug inoculated at the center. All plates were 184 

incubated in the dark at 28°C. Antagonistic activity was assessed when the colony diameter of 185 

YB13 on control plates reached at least 60 mm. The nature of the interaction was observed, noting 186 

any inhibition zones or overgrowth. 187 

For bacterial-fungal interactions, individual bacterial strains were cultured overnight in Luria-188 

Bertani (LB) broth at 28°C with shaking at 175 rpm. Cultures were adjusted to an optical density 189 

at 600 nm (OD₆₀₀) of approximately 1.0. A mycelial plug of N. coryli YB13 was placed at the 190 

center of a fresh PDA plate. Subsequently, 5 µL aliquots of the bacterial suspension were spotted 191 

onto the agar surface at three equidistant points, each 2 cm from the central fungal plug. Control 192 

plates were inoculated with the YB13 plug only. After incubation at 28°C, antagonistic effects, 193 

such as inhibition of radial growth, were evaluated once the colony diameter on control plates 194 

exceeded 60 mm. All assays were performed with three replicates. 195 

2.5. In planta validation of microbial interactions on disease development  196 

To validate the biocontrol potential of selected phyllosphere microbes under conditions resembling 197 

natural infection, we assessed their ability to modulate disease severity caused by N. coryli YB13 198 

on tobacco leaves via co-inoculation assays. Healthy tobacco plants (cv. Yunyan 87) at the four-199 

to-five-leaf stage were selected for the assay. For each inoculation site, a shallow, non-penetrating 200 
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wound was made on either side of the leaf midvein using a sterile needle. A 5-mm mycelial plug 201 

of N. coryli YB13, taken from the margin of an actively growing colony, was placed over the 202 

wound. Plants were maintained in a controlled-environment chamber to allow infection to establish. 203 

After five days of incubation, once successful infection was confirmed by the presence of visible 204 

mycelia on the abaxial leaf surface, the original pathogen plugs were carefully and aseptically 205 

removed. They were immediately replaced with 5-mm mycelial plugs (for fungal test strains) or 206 

5-µL aliquots of bacterial suspension (OD₆₀₀≈1.0, for bacterial test strains) of the phyllosphere 207 

microorganisms being evaluated. Each test strain was applied to three independent leaves 208 

(biological replicates). Two control groups were included: a positive control, where the initial N. 209 

coryli plug was not removed, and a negative control, consisting of wounded leaves that received 210 

no microbial inoculum. All plants were kept in the controlled-environment chamber, and lesion 211 

diameters were measured at regular intervals post-treatment to quantify disease development. 212 

2.6. Sensitivity of N. coryli to fungicides applied singly or in mixtures 213 

To determine the sensitivity of N. coryli to test fungicides alone or in mixtures, mycelial plugs (5 214 

mm diameter) were excised from the margin of 5-day-old colonies of N. coryli YB13 grown on 215 

PDA. These plugs were transferred onto fresh PDA plates amended with a series of concentrations 216 

of each test fungicide. For mixture assays, the four most effective fungicides were combined at 217 

volume ratios of 4:1, 2:1, 1:1, 1:2, and 1:4, with total concentrations prepared as described in Table 218 

S3. Control plates contained no fungicide. All plates were incubated at 25°C for 7 days. Each 219 

treatment was performed in triplicate, and the entire experiment was conducted twice to ensure 220 

reproducibility. The rate of inhibition of mycelial growth = (Average diameters of control group - 221 

Average diameters of treatment group)/Average diameters of control group × 100%. For each 222 

fungicide treatment (single or in mixture), the concentration resulting in 50% inhibition of mycelial 223 
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growth (EC₅₀) was estimated by regressing the inhibition rate against the log-transformed 224 

fungicide concentration. Regression equations and EC₅₀ values were computed using Data 225 

Processing System (DPS) software (Tang and Zhang 2012). 226 

2.7. Synergistic effects of fungicides on in vitro mycelial growth 227 

As noted in the previous section, the effects of test fungicides alone and in mixtures were 228 

determined for YB13. The interactive effects of the two fungicides were assessed by comparison 229 

of observed and expected EC50 values. Observed EC50 values were obtained for single fungicide 230 

treatments and mixtures as described in the previous section. Expected EC50 values for mixtures 231 

were calculated as previously described using the following equation: Expected EC50 = (a + b) / 232 

[a/EC50(A) + b/EC50(B)], where a and b represent the proportion of fungicides in the mixture, 233 

respectively, and EC50(A) and EC50(B) represent the observed EC50 values of fungicides, 234 

respectively. The synergy ratio (SR) is the ratio of the expected to the observed EC50 values. When 235 

SR > 1.5 the interaction is defined as synergistic. When 1.5 > SR > 0.5 the interaction is defined 236 

as additive. When SR < 0.5 the interaction is defined as antagonistic. 237 

2.8. Data analysis  238 

All data are presented as the mean of three independent biological replicates ± standard error of 239 

the mean (SEM). Normality of data distribution was assessed using the Shapiro–Wilk test 240 

(González-Estrada et al. 2022). For datasets that conformed to normality assumptions, differences 241 

among treatment groups were evaluated using one-way analysis of variance (ANOVA), followed 242 

by Duncan's multiple range test for post-hoc pairwise comparisons at a significance threshold of P 243 

< 0.05 (Yossa and Verdegem 2015). For datasets that deviated from normality, the non-parametric 244 

Kruskal–Wallis test was applied to assess overall differences among groups (Guo et al. 2013) . All 245 

statistical analyses were conducted using SPSS (version 26.0, IBM Corp., USA). 246 
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3. Results 247 

3.1. Biological characteristics and environmental adaptability of N. coryli 248 

To establish a foundation for predicting disease outbreaks and developing targeted control 249 

strategies, we first characterized the biological traits of N. coryli isolate YB13, previously 250 

confirmed as pathogenic on tobacco (Zou et al. 2026).  The pathogen grows on all tested media, 251 

with PDA supporting the most vigorous vegetative growth after 14 days at 28°C, indicating it as 252 

the optimal medium for in vitro cultivation (Fig. 1A).  253 

As depicted in Figure 1B, temperature strongly influenced mycelial growth expansion: growth 254 

increased from 20°C to 28°C, reaching a colony diameter of approximately 50 mm after 7 days, 255 

then declined at higher temperatures, with 57°C identified as the lethal temperature (Fig. 1B, G). 256 

Additionally, N. coryli YB13 exhibits broad pH tolerance, growing across pH 4-11, with optimal 257 

growth at pH 6.0 (Fig. 1C). Light also promotes growth, with maximal colony diameters under 258 

constant light (Fig. 1D). Nutritional profiling revealed that soluble starch and peptone are the 259 

preferred carbon and nitrogen sources, respectively (Fig. 1E, F). Collectively, these results 260 

highlight the robust adaptability of N. coryli, providing key insights into environmental factors 261 

that may influence disease development. 262 

3.2. Phyllosphere microbial community dynamics during infection 263 

High-throughput sequencing revealed the N. coryli infection substantially reshaped the tobacco 264 

phyllosphere microbiome. A total of 334,621 high-quality sequences yielded 240 ASVs for 265 

downstream analysis (Table S2). In asymptomatic leaves, Cyanobacteria dominated bacterial 266 

communities (89.65%), while Proteobacteria and Bacteroidota were enriched in symptomatic 267 

tissue (41.75% and 4.48%) (Fig. 2A). At the genus level, Pseudomonas and Chryseobacterium 268 
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declined, suggesting disease-induced shifts that may favor opportunistic taxa ot reflect native 269 

antagonistic responses (Fig. 2B). 270 

Fungal communities were dominated by Ascomycota, which increased from 0.25% in healthy 271 

leaves to 8.40% in diseased tissue. At the genus level, Nigrospora and Sarocladium were detected 272 

exclusively in symptomatic leaves, with relative abundances of 5.15% and 3.21%, respectively 273 

(Fig. 2C, D). Venn diagrams analysis showed that only 23.44% of bacterial ASVs and 32.26% of 274 

fungal ASVs were shared between healthy and diseased leaves, highlighting substantial 275 

microbiome restructuring during disease progression (Fig. 2E and 2F). These findings indicate that 276 

N. coryli infection creates new microbial niches, some of which may harbor potential biocontrol 277 

agents.  278 

3.3. Antagonistic interactions of phyllosphere microorganisms 279 

To explore the functional potential of these microbiome shifts, we isolated dominant microbial 280 

strains from symptomatic leaves and evaluated their antagonistic activity against N. coryli in vitro. 281 

Among bacteria, Bacillus halotolerans TBX4 and Pseudomonas oryzihabitan SLB2-1 strongly 282 

inhibited mycelial growth, whereas Pseudomonas syringae pv. angulata SLB-5-3 had negligible 283 

effect (Fig. 3A). 284 

Among fungi, isolates including Alternaria alternata CXB, Epicoccum latusicollum CMB1-2-1, 285 

Corynespora cassiicola WZ45, Fusarium oxysporum ZY14, Aspergillus niger MGM and ZYO1, 286 

and Fusarium nelsonii HB exhibited near-complete inhibition of N. coryli growth (Fig. 3B), likely 287 

through competition for space and nutrients or secretion of antifungal compounds. These results 288 

identified a shortlist of microbial candidates for potential biocontrol applications.  289 

3.4. In planta validation of microbial antagonism  290 
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To confirm the in vitro findings under conditions resembling natural infection, representative 291 

fungal and bacterial isolates were co-inoculated with N. coryli on tobacco leaves. Co-inoculation 292 

with the five strongly antagonistic fungi significantly reduced lesion size compared to the 293 

pathogen-only control, with A. niger MGM achieving an 87.60% reduction (lesion diameter: 0.88 294 

mm vs. 7.11 mm) (Fig. 4, Table 1). In contrast, P. syringae pv. angulata SLB-5-3 increased lesion 295 

size, highlighting that some phyllosphere bacteria may exacerbate disease. These results 296 

demonstrate the practical potential of selected fungal isolates as biocontrol agents and underscore 297 

the importance of considering both beneficial and detrimental microbial interactions in disease 298 

management.   299 

3.5. Chemical control and fungicide efficacy  300 

Eight commercially available fungicides were evaluated against N. coryli YB13 at 1 μg/mL. These 301 

fungicides, selected based on their documented efficacy against Nigrospora species and their 302 

widespread use in managing leaf spot and other diseases in tobacco production (Guarnaccia et al. 303 

2014; Koehler and Shew 2018; Duan et al. 2019; García et al. 2023). Fludioxonil exhibited 304 

complete inhibition (100%), followed by the prochloraz-manganese chloride complex (80%), 305 

fenaminstrobin (75.45%), and difenoconazole (61.82%) (Table 2). Dose-response assay confirmed 306 

fludioxonil as the most potent compound (EC₅₀ = 0.0057 μg/mL), followed by the prochloraz-307 

manganese chloride complex (0.0160 μg/mL), difenoconazole (0.0463 μg/mL), and 308 

fenaminstrobin (0.0757 μg/mL) (Table 3). 309 

3.6. Synergistic effects of fungicide combinations 310 

To improve application efficiency and delay resistance, binary mixtures of the four most effective 311 

fungicides were assessed. Synergistic inhibition (SR > 1.5) was observed for fludioxonil + 312 

difenoconazole (1:4, SR = 1.7360), fludioxonil + fenaminstrobin (1:1, SR = 1.5365), and 313 
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difenoconazole + fenaminstrobin (1:2, SR = 2.0219) (Tables 5–7). Other combinations displayed 314 

additive effects (0.5 ≤ SR ≤ 1.5). These results identify promising fungicide mixture that pair 315 

distinct modes of action to enhance efficacy and mitigate resistance development. 316 

Discussion 317 

Widespread leaf spot disease caused by fungal pathogens can severely reduce tobacco yield and 318 

quality, resulting in economic losses worldwide (Gonzalez et al. 2010). Among these pathogens, 319 

Nigrospora species have emerged as major threats to economically important crops (Hao et al. 320 

2020). In China, N. coryli was recently identified as a novel causal agent of leaf spot (Zou et al. 321 

2026), yet its biology, ecological interactions, and management strategies remained largely 322 

unexplored. This study provides a comprehensive characterization of N. coryli, integrating growth 323 

physiology, phyllosphere microbial community shifts, microbial interactions, and fungicide 324 

sensitivity, offering a foundation for sustainable integrated management.  325 

N. coryli displayed strong environmental adaptability, with optimal growth on PDA at 28°C and 326 

pH 6.0, tolerance to a wide pH range (4-11), and high-temperature resilience up to 57°C. Such 327 

versatility enables the pathogen to survive under diverse field conditions, limiting the efficacy of 328 

cultural control alone. Its preference for soluble starch and peptone as carbon and nitrogen sources 329 

reflects adaptation to complex plant-derived nutrients, likely contributing to pathogenic fitness and 330 

host adaptability, consistent with observations in other Nigrospora species (Hao et al. 2020; Orina 331 

et al. 2023).  332 

Phyllosphere microbiome analysis revealed substantial compositional shifts during disease. 333 

Stenotrophomonas and Pseudomonas were enriched in symptomatic leaves, while Nigrospora and 334 

Sarocladium were detected exclusively in disease tissue, confirming the pathogen’s role and 335 

potential secondary colonization or synergistic interactions (Sun et al. 2017; Kumar et al. 2023; 336 
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Nakagami et al. 2024).  Similar shifts in microbial community structure have been reported in 337 

tobacco leaves infected by other fungal pathogens (Xiang et al. 2022a; Xiang et al. 2022b; Guo et 338 

al. 2024), indicating that pathogen invasion creates distinct ecological niches that selectively favor 339 

specific microbial taxa. These shifts highlight the dynamic nature of microbial communities in 340 

response to infection and support the use of phyllosphere profiling to identify candidate biocontrol 341 

agents. 342 

Multiple fungi from symptomatic leaves exhibited strong antagonism against N. coryli in vitro and 343 

in planta. Notably, A. niger MGM reduced lesion size by 87.60%, likely through competitive 344 

exclusion and antifungal metabolite production (Hu et al. 2022; Nguyen et al. 2022). The 345 

coexistence of multiple fungi in diseased tissues underscores that the phyllosphere is a dynamic 346 

microenvironment where microbial competition influences disease outcomes. Conversely, P. 347 

syringae pv. angulata SLB-5-3 exacerbated disease, highlighting that some bacteria may facilitate 348 

infection or suppress host defense. Bacterial strains with strong in vitro inhibition, such as B. 349 

halotolerans TBX4 and P. oryzihabitan SLB2-1, merit further investigation. 350 

Chemical control assay identified fludioxonil as the most potent fungicide (EC₅₀ = 0.0057 μg/mL), 351 

followed by the prochloraz-manganese chloride complex, difenoconazole, and fenaminstrobin, 352 

representing diverse chemical classes and modes of action. Binary mixtures combining fungicides 353 

from different FRAC groups demonstrated synergistic effects: fludioxonil + difenoconazole (1:4, 354 

SR = 1.7360), fludioxonil + fenaminstrobin (1:1, SR = 1.5365), and difenoconazole + 355 

fenaminstrobin (1:2, SR = 2.0219).  These combinations enhance efficacy, reduce chemical inputs, 356 

and mitigate resistance development by targeting multiple cellular pathways, consistent with 357 

strategies effective against Fusarium graminearum and Nothopassalora personata (Paul et al. 358 

2018; Culbreath et al. 2020).  359 
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The integration of biological and chemical control approaches offers a promising avenue for 360 

sustainable management. Biocontrol agents, particularly A. niger MGM, could be applied 361 

alongside reduced rates of synergistic fungicide mixtures to achieve effective disease suppression 362 

while preserving beneficial phyllosphere microbiota. Such integrated approaches align with the 363 

principles of sustainable agriculture and have been successfully implemented for other 364 

pathosystems (Zhou et al. 2021). Future studies should evaluate field efficacy, compatibility, and 365 

mechanistic interactions of these integrated strategies to optimize practical deployment in tobacco 366 

cultivation. 367 

In summary, this study establishes the biology of N. coryli, microbial interactions, and chemical 368 

control options. The pathogen’s broad environmental tolerance, coupled with disease-associated 369 

microbiome restructuring, underscores the need for integrated management strategies. The 370 

identification of potent fungal biocontrol agents and synergistic fungicide combinations provides 371 

a scientific foundation for multifaceted, sustainable control of Nigrospora-induced tobacco leaf 372 

spot in China and beyond.  373 
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Figures and Tables 527 

Table 1  528 

Effects of co-inoculation with dominant phyllosphere bacteria and fungi on lesion development 529 

caused by N. coryli YB13. 530 

Reciprocal strain 
Lesion Diameter (mm)   

N. coryli YB13 Monoinfection Co-infection 

A. alternata CXB 

7.11 ± 0.45 

0.00 ± 0.00 3.30 ± 0.38 

E. latusicollum CMB1-2-1 0.00 ± 0.00 1.53 ± 0.21 

C. cassiicola WZ45 2.22 ± 0.31 3.63 ± 0.42 

F. oxysporum ZY14 9.72 ± 0.67 5.05 ± 0.44 

A. niger MGM 9.84 ± 0.71 0.88 ± 0.12 

P. syringae pv. angulata SLB-5-3 4.30 ± 0.36 16.55 ± 1.23 

Data are presented as mean ± standard error (SE) of three biological replicates. 531 

 532 

Table 2  533 

Inhibition of mycelial growth of N. coryli YB13 by eight fungicides at 1 μg/mL. 534 

Fungicide Concentration (μg/mL) Inhibition rate (％) 

Fludioxonil 1 100.00 ± 0.00 

Prochloraz-manganese chloride complex 1 80.00 ± 1.81 

Difenoconazole 1 61.82 ± 2.25 

Fenaminstrobin 1 75.45 ± 0.87 

Epoxiconazole 1 57.27 ± 1.11 

Cyazofamid 1 45.45 ± 1.23 

Azoxystrobin 1 19.09 ± 0.75 

Trifloxystrobin 1 19.09 ± 2.62 

Data are presented as mean ± standard error (SE) of three biological replicates. 535 

 536 

Table 3 537 

Toxicity of four fungicides against N. coryli YB13. 538 
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Fungicide Linear regression equation R2 
EC50 

(μg/mL) 

Fludioxonil Y=7.1703+0.9668X 0.9921 0.0057 

Prochloraz-manganese chloride 

complex 
Y=6.9698+1.0966X 0.9933 0.0160 

Difenoconazole Y=5.7010+0.5254X 0.9963 0.0463 

Fenaminstrobin Y=5.2670+0.2383X 
0.9905 0.0757 

 539 

Table 4  540 

Interactions between fludioxonil and prochloraz-manganese chloride complex based on 541 

inhibition of myceilal growth of N. coryli YB13. 542 

Fungicide 

Linear regression 

equation 

R2 

Observed 

EC50 

(μg/mL) 

Expected 

EC50 

(μg/mL) 

Synergy 

ratioz (SR) 

Fludioxonil Y=7.1703+0.9668X 0.9921 0.0057   

Prochloraz-manganese 

chloride complex 
Y=6.9698+1.0966X 0.9933 0.0160   

Fludioxonil:Prochloraz-

manganese chloride complex 

(4:1) 

Y=7.6790+1.3131X 0.9980 0.0091 0.0065 0.7143 

Fludioxonil:Prochloraz-

manganese chloride complex 

(2:1) 

Y=6.9263+0.9702X 0.9956 0.0103 0.0073 0.7087 

Fludioxonil:Prochloraz-

manganese chloride complex 

(1:1) 

Y=7.0473+0.9559X 0.9851 0.0072 0.0084 1.1667 
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Fludioxonil:Prochloraz-

manganese chloride complex 

(1:2) 

Y=7.4399+1.2036X 0.9952 0.0094 0.0100 1.0638 

Fludioxonil:Prochloraz-

manganese chloride complex 

(1:4) 

Y=6.9721+1.0807X 0.9889 0.0150 0.0118 0.7867 

Z Ratio between expected and observed EC50 values. 543 

 544 

Table 5 545 

Interactions between fludioxonil and difenoconazole based on inhibition of myceilal growth of 546 

N. coryli YB13. 547 

Fungicide 

Linear regression 

equation 

R2 

Observed 

EC50 

(μg/mL) 

Expected 

EC50 

(μg/mL) 

Synergy 

ratioz (SR) 

Fludioxonil Y=7.1703+0.9668X 0.9921 0.0057   

Difenoconazole Y=5.7010+0.5254X 0.9963 0.0463   

Fludioxonil:Difenoconazole 

(4:1) 
Y=7.7850+1.2448X 0.9966 0.0058 0.0069 1.1918 

Fludioxonil:Difenoconazole 

(2:1) 
Y=7.7452+1.2577X 0.9816 0.0066 0.0081 1.2203 

Fludioxonil:Difenoconazole 

(1:1) 
Y=7.2015+1.0552X 0.9966 0.0082 0.0102 1.2379 

Fludioxonil:Difenoconazole 

(1:2) 
Y=7.1740+1.1087X 0.9827 0.0109 0.0137 1.2589 

Fludioxonil:Difenoconazole 

(1:4) 
Y=6.9926+1.0176X 0.9880 0.0110 0.0191 1.7360 
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Z Ratio between expected and observed EC50 values. 548 

 549 

Table 6  550 

Interactions between fludioxonil and fenaminstrobin based on inhibition of myceilal growth of 551 

N. coryli YB13. 552 

Fungicide 

Linear regression 

equation 

R2 

Observed 

EC50 

(μg/mL) 

Expected 

EC50 (μg/mL) 

Synergy 

ratioz 

(SR) 

Fludioxonil Y=7.1703+0.9668X 0.9921 0.0057   

Fenaminstrobin Y=5.2670+0.2383X 0.9905 0.0757   

Fludioxonil:Fenaminstrobin 

(4:1) 
Y=7.6821+1.1550X 0.9904 0.0048 0.0070 1.4569 

Fludioxonil:Fenaminstrobin 

(2:1) 
Y=8.5140+1.7492X 0.9901 0.0098 0.0082 0.8408 

Fludioxonil:Fenaminstrobin 

(1:1) 
Y=8.0780+1.4232X 0.9862 0.0069 0.0106 1.5365 

Fludioxonil:Fenaminstrobin 

(1:2) 
Y=6.9030+0.9789X 0.9925 0.0114 0.0149 1.3037 

Fludioxonil:Fenaminstrobin 

(1:4) 
Y=5.5911+0.3968X 0.9936 0.0324 0.0219 0.6760 

Z Ratio between expected and observed EC50 values. 553 

 554 

Table 7  555 

Interactions between difenoconazole and fenaminstrobin based on inhibition of myceilal growth 556 

of N. coryli YB13. 557 
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Fungicide 

Linear regression 

equation 

R2 

Observed 

EC50 

(μg/mL) 

Expected 

EC50 

(μg/mL) 

Synergy 

ratioz 

(SR) 

Difenoconazole Y=5.7010+0.5254X 0.9963 0.0463   

Fenaminstrobin Y=5.2670+0.2383X 0.9905 0.0757   

Difenoconazole:Fenaminstrobin 

(4:1) 
Y=6.0185+0.8082X 0.9956 0.0549 0.0502 0.9144 

Difenoconazole:Fenaminstrobin 

(2:1) 
Y=5.9629+0.7430X 0.9814 0.0506 0.0532 1.0511 

Difenoconazole:Fenaminstrobin 

(1:1) 
Y=5.8242+0.5894X 0.9948 0.0400 0.0575 1.4364 

Difenoconazole:Fenaminstrobin 

(1:2) 
Y=6.0644+0.7051X 0.9964 0.0309 0.0625 2.0219 

Difenoconazole:Fenaminstrobin 

(1:4) 
Y=5.7286+0.5413X 0.9834 0.0451 0.0672 1.4893 

Z Ratio between expected and observed EC50 values. 558 

 559 

Fig. 1. Biological characteristics of N. coryli YB13 under various environmental conditions. (A) 560 

Colony diameters on different media after 14 days of incubation at 28°C; (B) Colony diameters 561 

at different temperatures after 7 days of incubation; (C) Colony diameters at different pH levels 562 

after 14 days of incubation at 28°C; (D) Colony diameters under different light regimes after 14 563 

days of incubation at 28°C; (E) Colony diameters on different carbon sources after 7 days of 564 

incubation at 28°C; (F) Colony diameters on different nitrogen sources after 7 days of incubation 565 

at 28°C; (G) Mycelial growth after exposure to different temperatures for 10 min followed by 7 566 

days of incubation at 28°C. Values represent the mean ± standard error (SE) of three biological 567 
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replicates. Different lowercase letters above bars indicate statistically significant differences 568 

among treatments (one-way ANOVA followed by LSD test, P < 0.05). 569 

 570 

571 
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Fig.2. Microbial community composition and diversity in asymptomatic (YB13J) and 572 

symptomatic (YB13B) tobacco leaves. (A) Bacterial community composition at the phylum level; 573 

(B) Bacterial community composition at the genus level; (C) Fungal community composition at 574 

the phylum level; (D) Fungal community composition at the genus level; (E) Venn diagram 575 

showing shared and unique bacterial ASVs between asymptomatic and symptomatic leaves; (F) 576 

Venn diagram showing shared and unique fungal ASVs between asymptomatic and symptomatic 577 

leaves. 578 

 579 
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 580 

581 
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Fig.3. In vitro antagonistic activity of phyllosphere microorganisms against N. coryli YB13 in 582 

plate confrontation assays. (A) Bacterial strains tested: Bacillus halotolerans TBX4, Pseudomonas 583 

oryzihabitan SLB2-1, and Pseudomonas syringae pv. angulata SLB-5-3. (B) Fungal strains tested: 584 

Alternaria alternata CXB, Epicoccum latusicollum CMB1-2-1, Corynespora cassiicola WZ45, 585 

Fusarium oxysporum ZY14, Aspergillus niger MGM, A. niger ZYO1, Fusarium nelsonii HB, 586 

Nigrospora oryzae ZYX7, Pestalotiopsis microspora ZYX2, Stemphylium lycopersici ZYO2, 587 

Penicillium citrinum ZYX8, and Pseudothielavia terricola ZY18. 588 

 589 

590 
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Fig.4. In planta validation of microbial interactions on disease development caused by N. coryli 591 

YB13. Leaves were pre-inoculated with N. coryli YB13 for five days, after which the pathogen 592 

plugs were removed and replaced with test microbial strains. (A) Bacterial strain tested: P. 593 

syringae pv. angulata SLB-5-3. (B) Fungal strains tested: A. alternata CXB, E. latusicollum 594 

CMB1-2-1, C. cassiicola WZ45, F. oxysporum ZY14, and A. niger MGM. Control leaves were 595 

inoculated with N. coryli YB13 alone (positive control) or wounded without inoculation (negative 596 

control). 597 

 598 

 599 
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