

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-4509-6
DOI 10.3389/978-2-8325-4509-6

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Detection, characterization, and management of plant pathogens

Topic editors

Islam Hamim – Bangladesh Agricultural University, Bangladesh

Brent Sipes – University of Hawaii at Manoa, United States

Yanan Wang – Hebei Agricultural University, China

Citation

Hamim, I., Sipes, B., Wang, Y., eds. (2024). Detection, characterization, and management of plant pathogens. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-4509-6





Table of Contents




Editorial: Detection, characterization, and management of plant pathogens

Islam Hamim, Brent Sipes and Yanan Wang

Stem canker pathogen Botryosphaeria dothidea inhibits poplar leaf photosynthesis in the early stage of inoculation

Junchao Xing, Min Li, Jinxin Li, Wanna Shen, Ping Li, Jiaping Zhao and Yinan Zhang

Cotton leaf curl Multan virus differentially regulates innate antiviral immunity of whitefly (Bemisia tabaci) vector to promote cryptic species-dependent virus acquisition

Tahir Farooq, Qi Lin, Xiaoman She, Ting Chen, Zhenggang Li, Lin Yu, Guobing Lan, Yafei Tang and Zifu He

Symptomless turnip yellows virus infection causes grain yield loss in lentil and field pea: A three-year field study in south-eastern Australia

Narelle Nancarrow, Mohammad Aftab, Grant Hollaway, Brendan Rodoni and Piotr Trębicki

Application of direct PCR for phylogenetic analysis of Fusarium fujikuroi species complex isolated from rice seeds

Hosung Jeon, Jung-Eun Kim, Jung-Wook Yang, Hokyoung Son and Kyunghun Min

The potential of lactic acid bacteria in mediating the control of plant diseases and plant growth stimulation in crop production - A mini review

Nur Sulastri Jaffar, Roslina Jawan and Khim Phin Chong

Evaluation of the mechanism of action of Bacillus spp. to manage Meloidogyne incognita with split root assay, RT-qPCR and qPCR

Kaitlin M. Gattoni, Sang Wook Park and Kathy S. Lawrence

Monitoring tar spot disease in corn at different canopy and temporal levels using aerial multispectral imaging and machine learning

Chongyuan Zhang, Brenden Lane, Mariela Fernández-Campos, Andres Cruz-Sancan, Da-Young Lee, Carlos Gongora-Canul, Tiffanna J. Ross, Camila R. Da Silva, Darcy E. P. Telenko, Stephen B. Goodwin, Steven R. Scofield, Sungchan Oh, Jinha Jung and C. D. Cruz

Population genetics and phylogeography of alfalfa mosaic virus in China and a comparison with other regional epidemics based on the cp gene

Xin Wang, Chenchen Liu, Zhaoyan Tan, Jiantai Zhang, Rongqun Wang, Yuanhong Wang, Xiliang Jiang and Beilei Wu

The global regulator FpLaeB is required for the regulation of growth, development, and virulence in Fusarium pseudograminearum

Yuxing Wu, Yajiao Wang, Sen Han, Qiusheng Li and Lingxiao Kong

A molecular beacon real-time polymerase chain reaction assay for the identification of M. chitwoodi, M. fallax, and M. minor

Scott D. Anderson and Cynthia A. Gleason

Brome mosaic virus detected in Kansas wheat co-infected with other common wheat viruses

Nar B. Ranabhat, John P. Fellers, Myron A. Bruce and Jessica L. Shoup Rupp

Identification and characterization of opportunistic pathogen Pectobacterium polonicum causing potato blackleg in China

Wanxin Han, Jinhui Wang, Minna Pirhonen, Yang Pan, Jingxin Qin, Shangqing Zhang, Jiehua Zhu and Zhihui Yang

Virulence and molecular genetic diversity, variation, and evolution of the Puccinia triticina population in Hebei Province of China from 2001 to 2010

Lin Zhang, Linya Zhang, Qingfang Meng, Hongfei Yan and Daqun Liu

Aggressiveness and mycotoxin profile of Fusarium avenaceum isolates causing Fusarium seedling blight and Fusarium head blight in UK malting barley

Safieddin Inbaia, Arifa Farooqi and Rumiana V. Ray

Bactericidal and plant defense elicitation activities of Eucalyptus oil decrease the severity of infections by Xylella fastidiosa on almond plants

Laura Montesinos, Aina Baró, Beatriz Gascón and Emilio Montesinos

Evaluation of pathogenicity of Botrytis species isolated from different legumes

Elīna Brauna-Morževska, Frederick L. Stoddard, Biruta Bankina, Jānis Kaņeps, Gunita Bimšteine, Irina Petrova, Ingrīda Neusa-Luca, Ance Roga and Dāvids Fridmanis

Random mutagenesis-based screening of the interface of phyllogen, a bacterial phyllody-inducing effector, for interaction with plant MADS-box proteins

Yugo Kitazawa, Nozomu Iwabuchi, Kensaku Maejima, Oki Matsumoto, Masato Suzuki, Juri Matsuyama, Hiroaki Koinuma, Kenro Oshima, Shigetou Namba and Yasuyuki Yamaji

Monitoring for a new I3 resistance gene-breaking race of F. oxysporum f. sp. lycopersici (Fusarium wilt) in California processing tomatoes following recent widespread adoption of resistant (F3) cultivars: Challenges with race 3 and 4 differentiation methods

Cassandra L. Swett, Johanna Del Castillo Múnera, Elizabeth Hellman, Erin Helpio, Megan Gastelum, Elver Lopez Raymundo, Heather Johnson, Rino Oguchi, Aimee Hopkins, Justine Beaulieu and Fernando Rodriguez

Deciphering the rhizosphere bacteriome associated with biological control of tobacco black shank disease

Yi-Nan Ma, Yi-Lin Gu, Jing Liu, Yuqin Zhang, Xinwei Wang, Zhenyuan Xia and Hai-Lei Wei

Recovery of the soil fungal microbiome after steam disinfection to manage the plant pathogen Fusarium solani

Eric R. Larson and Sharifa G. Crandall

Current and emerging trends in techniques for plant pathogen detection

Marc Venbrux, Sam Crauwels and Hans Rediers

An in-field heat treatment to reduce Cercospora beticola survival in plant residue and improve Cercospora leaf spot management in sugarbeet

Alexandra P. Hernandez, Daniel M. Bublitz, Thomas J. Wenzel, Sarah K. Ruth, Chris Bloomingdale, David C. Mettler, Mark W. Bloomquist, Linda E. Hanson and Jaime F. Willbur

Rapid molecular assay for the evaluation of clove essential oil antifungal activity against wheat common bunt

Maria Teresa Valente, Laura Orzali, Giuliano Manetti, Francesco Magnanimi, Antonio Matere, Valentino Bergamaschi, Alessandro Grottoli, Sara Bechini, Luca Riccioni and Maria Aragona

Sensitivity of Clarireedia spp. to benzimidazoles and dimethyl inhibitors fungicides and efficacy of biofungicides on dollar spot of warm season turfgrass

Bikash Ghimire, Md. Aktaruzzaman, Shukti R. Chowdhury, Willis T. Spratling, C. Brian Vermeer, James W. Buck, Alfredo D. Martinez-Espinoza and Bochra A. Bahri

Pseudomonas forestsoilum sp. nov. and P. tohonis biocontrol bacterial wilt by quenching 3-hydroxypalmitic acid methyl ester

Si Wang, Ming Hu, Huilin Chen, Chuhao Li, Yang Xue, Xinyue Song, Yuqing Qi, Fan Liu, Xiaofan Zhou, Lian-hui Zhang and Jianuan Zhou

Ganoderma boninense: general characteristics of pathogenicity and methods of control

Ying Wei Khoo and Khim Phin Chong

Insight into metabolic sensors of nitrosative stress protection in Phytophthora infestans

Joanna Gajewska, Jolanta Floryszak-Wieczorek, Arkadiusz Kosmala, Dawid Perlikowski, Marek Żywicki, Ewa Sobieszczuk-Nowicka, Howard S. Judelson and Magdalena Arasimowicz-Jelonek

Characteristics of Epicoccum latusicollum as revealed by genomic and metabolic phenomic analysis, the causal agent of tobacco Epicoccus leaf spot

Zhen Li, Jing-rong Hu, Wen-hong Li, Han-cheng Wang, Zhen-ni Guo, Xing Cheng, Liu-ti Cai and Cai-hua Shi





EDITORIAL

published: 13 February 2024

doi: 10.3389/fpls.2024.1354042

[image: image2]


Editorial: Detection, characterization, and management of plant pathogens


Islam Hamim 1,2*, Brent Sipes 3 and Yanan Wang 4


1 Department of Plant Pathology, Faculty of Agriculture, Bangladesh Agricultural University, Mymensingh, Bangladesh, 2 Institute of Evolutionary Ecology and Conservation Genomics, University of Ulm, Ulm, Germany, 3 Department of Plant and Environmental Protection Sciences, University of Hawaii at Manoa, Honolulu, HI, United States, 4 College of Plant Protection, Hebei Agricultural University, Baoding, China




Edited and Reviewed by: 

Brigitte Mauch-Mani, Université de Neuchâtel, Switzerland

*Correspondence: 

Islam Hamim
 hamimppath@bau.edu.bd


Received: 11 December 2023

Accepted: 31 January 2024

Published: 13 February 2024

Citation:
Hamim I, Sipes B and Wang Y (2024) Editorial: Detection, characterization, and management of plant pathogens. Front. Plant Sci. 15:1354042. doi: 10.3389/fpls.2024.1354042



Keywords: pathogen, agro-ecosystem, bio-diversity, genomics, management


Editorial on the Research Topic 


Detection, characterization, and management of plant pathogens


Plant pathogens threaten agricultural sustainability and result in severe economic losses. The fast evolution of pathogens, environmental change, and international trade are the key contributors to the genesis of novel plant diseases (Ristaino et al., 2021). For plant disease management, timely and exact pathogen identification is essential. On the other side, the diversity and spread of plant pathogens can severely impede efforts to diagnose and manage pathogens (Rubio et al., 2020). Plant pathogens adopt a variety of strategies that result in host adaptability, transmission, and strain diversity (Anderson et al., 2010). A range of species, including plants, endophytes, insects, pollinators, and other pathogens, interact with plant pathogens. The effects of diseases on various plants, as well as the transmission and evolution of plant pathogens in hosts, are frequently unknown in agroecosystems and natural biosystems. We developed the Research Topic “Detection, characterization, and management of plant pathogens” under the section “Plant Pathogen Interactions” of the journal “Frontiers in Plant Science.” This topic was developed to enrich current knowledge of plant pathology by compiling the most recent research on plant pathogens. A better understanding of plant pathogens will help in the development of efficient plant disease control measures and assure the security of agricultural yields and the world’s food requirements in the context of climate change and the expanding global population. We were interested in collecting papers on the following topics: detection, identification, and characterization of plant pathogens; diversity, emergence, evolution, distribution, and transmission of plant pathogens; pathogenesis; and management of plant diseases in agricultural and wild systems. However, the final Research Topic was expanded to include beneficial microorganisms in agroecosystems not specified in the title in order to account for their potential role in the management of plant diseases. This topic has accepted 28 articles on a variety of topics relevant to plant pathogens in agricultural and natural settings, including research and review articles.




Detection, characterization, and management of plant pathogenic fungi and oomycetes

Fungi and oomycetes are two of the most prevalent pathogen groups that cause diseases in plants worldwide. These pathogens cause significant losses in crop yields, both in terms of quantity and quality, which is a considerable economic burden for the world’s agriculture sector. In order to effectively control fungal and oomycete-caused diseases, pathogen inocula in natural biosystems and agricultural fields need to be accurately and timely diagnosed and characterized (Wang et al., 2020). In both single- and co-infection cases, molecular methods work well when used with conventional approaches to identify symptomatic and asymptomatic diseases caused by both fungal and oomycetes pathogens (Hariharan and Prasannath, 2021). There is still much to be accomplished in the development and implementation of techniques for the diagnosis and characterization of phytopathogenic fungal and oomycete diseases, despite the recent significant expansion of molecular approaches. This section discusses recent developments in the enhancement and utilization of various approaches for the identification, characterization, and control of common and newly emerging plant pathogenic fungi and oomycetes.

Fungi affect the physiological processes of plants and cause a range of diseases. Xing et al. reported that Botryosphaeria dothidea causes stem canker and hinders photosynthesis in poplar. They showed that B. dothidea inhibits stomatal opening and hampers light energy conversion, electron transport, and light energy usage by poplar leaves. Brauna-Morževska et al. investigated the pathogenicity of Botrytis fungal species isolated from various legumes, exhibiting gray mold and chocolate spot diseas. Pathogenicity on tested legume crops was significantly affected by fungal species and isolates. The information indicates that the host range of these Botrytis species is broad, and this should be considered when creating succession and crop rotation plans.

Swett et al. reported surveillance for a new I3 resistance gene-breaking race of Fusarium oxysporum f. sp. lycopersici in California processed tomatoes, following the recent widespread adoption of resistant (F3) cultivars. The fungus F. oxysporum f. sp. lycopersici (Fol) causes fusarium wilt, which drastically decreases tomato production globally and jeopardizes California’s tomato processing sector. The main management strategy is single-gene resistance, although its effectiveness has been diminished because subsequent races emerged in California. In order to address the challenges associated with distinguishing Fol race 3 from Fol race 4, the authors generated a three-F3 cultivar in a planta test. Using the assay, Fol race 3 was found in all alleged resistance-breaking cases; Fol race 4 was not discovered during these preliminary survey attempts. The findings emphasize the requirement for more study into the factors affecting irregular I3 gene expression in Fol race 3 and for the development of rapid approaches for identifying Fol race 4.

Jeon et al. described the use of direct PCR for phylogenetic research of the F. fujikuroi species complex isolated from rice seeds in 2023, which speeds up molecular identification of the fungus by avoiding DNA extraction operations. Twenty-eight potential strains of the F. fujikuroi species complex, which causes the bakanae disease of rice and mycotoxin pollution, were identified from rice seeds in the Republic of Korea. The results of phylogenetic and toxicological studies revealed that the F. fujikuroi strains may be divided into two categories: FB (B14-type) and FB (B20-type). These findings will hasten the molecular identification of fungal pathogens and make fungal diseases easier to effectively manage.

Virulence, genetic diversity, and evolution of Puccinia triticina, causing wheat leaf rust in China’s Hebei Province, were examined by Zhang et al. This research evaluated the genomic and virulence diversity of P. triticina isolates obtained from Hebei Province and offers a framework for a better comprehension of how changes in P. triticina’s genetic diversity and population structure over time in Hebei.

Hernandez et al. reported application of the heat treatment strategy in the field to decrease Cercospora beticola survivability in plant remnants and enhance management of Cercospora leaf spots in sugarbeet. According to this investigation, fall heat treatment considerably decreased lesion sporulation and C. beticola isolation in at-harvest samples. Heat treatments in the autumn and spring lowered the area of the disease progression curve, which was examined in the season after treatments.

Zhang et al. used aerial multispectral images and machine learning to diagnose well-known tar spot disease in maize (Zea mays L.) at different canopy and temporal levels. Data from multispectral imaging were used to calculate epidemiological parameters, including early disease severity and the area under the disease progress curve. The findings also indicated that digital phenotyping technologies might be used to monitor the creation of tar spots when disease severity is only a little greater than one percent (1%) and to evaluate the efficacy of disease management measures in micro-plot settings. More study is needed to expand and validate these strategies over multi-hectare fields.

Inbaia et al. examined the aggressiveness and mycotoxin profile of F. avenaceum isolates generating Fusarium seedling blight (FSB) and Fusarium head blight (FHB) in UK malting barley. F. avenaceum has been linked to agricultural production and quality losses, as well as the buildup of mycotoxins such as enniatins (ENNs) A, A1, B, and B1. The study revealed that virulent F. avenaceum isolates are prolific ENN producers capable of causing severe FSB and FHB. ENN A1 should be investigated further as a possible virulence factor for F. avenaceum in cereals.

Larson and Crandall found that the soil fungal microbiome recovered following steam disinfection to control the plant pathogen F. solani. According to the findings, F. solani has a significant influence on the relative abundance and diversity of the fungal microbiome in soil; however, Trichoderma harzianum is unable to minimize the prevalence of F. solani in steam-treated soil. The soil fungal populations with the T. harzianum microbial addition were similar to the control (just steaming). This data suggests that T. harzianum inoculation has no substantial effect on the formation trajectory of the soil fungal microbiome. Other soil additions, such as a mixture of Trichoderma spp. or other species, might impede F. solani growth and alter the composition and function of the soil microbiome after steaming.

Gajewska et al. showed that the phytopathogenic oomycete Phytophthora infestans can handle redundant sources of internal and host-derived reactive nitrogen species (RNS) in research on the oomycete’s metabolic sensors for nitrosative stress resistance. The study of P. infestans’ metabolic sensors’ gene expression, protein synthesis, and enzyme activity in response to nitrosative challenge during both in vitro growth and host plant colonization revealed that P. infestans is resistant to nitrosative challenge and has a powerful RNS removal system. According to the research, P. infestans has a complex network of metabolic sensors that manage RNS balance by detoxifying, allowing the oomycete to thrive in a variety of microenvironments.

Khoo and Chong reported broad pathogenicity characteristics and control strategies of the soil-borne fungus Ganoderma boninense. The fungus threatens oil palms, causing basal stem rot and a 43% economic loss for an oil palm plantation within six months. Disease control is challenging due to G. boninense’s high persistence technique of soil transmission, which necessitates a thorough investigation of the pathogen’s interactions with host plants as well as the processes behind pathogenicity. In this article, authors presented the general traits, the pathogenic mechanisms, and the host’s defense mechanisms of G. boninense and reviewed the most innovative and promising disease management approaches with the least detrimental effects on the environment and natural resources.

Valente et al. used a rapid molecular technique to assess the antifungal efficacy of clove essential oil against a damaging disease of wheat, common bunt, caused by fungal species of the genus Tilletia. This study developed a TaqMan Real Time PCR-based test for the rapid identification and measurement of T. laevis in young wheat seedlings prior to tillering, which was used in conjunction with phenotypic analysis to investigate the conditions that promote pathogen infection and assess the efficacy of a clove oil-based seed dressing for disease management.

According to Wu et al., the global regulator FpLaeB is necessary for the control of growth, development, and virulence in F. pseudograminearum, a soil-borne fungus that can cause a severe crown disease in wheat. During infection, secondary metabolites (SMs), particularly deoxynivalenol (DON), are the key virulence agents. For the regulation of the SM in Aspergillus nidulans, authors identified the global regulator FpLaeB, an orthologue of LaeB protein functionality. Findings of this study indicate that FpLaeB plays a key role in cell wall formation, development, and maintenance, as well as membrane integrity. FpLaeB is also essential for SMs and complete pathogenicity in F. pseudograminearum.

Li et al. described the genetic and metabolic phenomic properties of Epicoccum latusicollum, the causative agent of tobacco Epicoccus leaf spot, which causes large losses in tobacco output and quality in southwest China. Using a mix of conventional techniques and the Biolog Phenotype MicroArray approach, researchers examined the organism’s ideal growing circumstances and metabolic adaptability in order to get a deeper understanding of it. According to the study, E. latusicollum showed remarkable metabolic diversity, having the capacity to metabolize most of the carbon, nitrogen, sulfur, and phosphorus sources examined. The study offers fresh perspectives on the composition and dynamics of the phyllosphere microbiota and establishes a theoretical framework for the combined management and breeding of tobacco Epicoccus leaf spot resistance.

The effectiveness of biofungicides on the economically damaging disease dollar spots of turfgarsses was documented by Ghimire et al., along with the susceptibility of Clarireedia spp. to benzimidazoles and dimethyl inhibitor fungicides. Findings of this study imply that ongoing monitoring is necessary due to Clarireedia spp.’s growing resistance to benzimidazoles and dimethyl inhibitors, and that biofungicides have the potential to supplement synthetic fungicides in a way that is both effective and ecologically benign for disease control.





Detection, characterization, and management of plant pathogenic bacteria

Plant diseases induced by pathogenic bacteria are a serious problem for a wide variety of plant species worldwide. Accurate identification and characterization of bacterial infections are crucial for the management of a variety of plant diseases (Yang et al., 2023). In this editorial part, we summarize the findings and future directions reported in articles submitted on the Research Topic on the identification, characterization, and management of both beneficial and pathogenic bacteria. These studies encompass future directions in the subject of phytopathogenic bacteria. Utilizing cutting-edge technologies like proteomics and genomics, new methods for extremely accurate identification and characterization of the infections can be devised through investigating their genetic and protein markers (Zubair et al., 2022). Large data sets can also be analyzed by machine learning algorithms, which may provide fresh perspectives on the biology of bacteria that are pathogenic or beneficial as well as innovative approaches to management and diagnosis (Wu and Gadsden, 2023). This section may deepen our knowledge of both beneficial and pathogenic bacteria and encourage the creation of better management strategies for diseases carried on by linked bacterial infections.

Jaffar et al. conducted a brief review of the potential of lactic acid bacteria to intervene in plant disease management and promote crop growth in agricultural production. Recent years have seen renewed interest in research into lactic acid bacteria (LAB), which is a type of bacteria that may be useful in fighting plant pathogens. LAB is increasingly accepted as an option due to its high level of biosecurity and the techniques used to encourage plant growth. This study reviews what is currently known about the antagonistic and phytostimulant properties of LAB, its mode of action, and the benefits and limitations of LAB as a biological control agent to maintain crop productivity.

Kitazawa et al. described random mutagenesis-based screening of the interface of phylogen, a bacterial phylody-inducing effector, to investigate interactions with plant MADS-box proteins. Plant MADS-box transcription factors (MTFs) are a phylody-inducing effector engaged in phylogeny; as a result, the MTF is broken down by the proteasome. The authors discovered two distinct residues where the phylogeny’s affinity for MTF was increased by mutations. Together with all other known interacting residues, these residues are clustered together on the surface of the protein structure of the tree, indicating that they make up the contact interface. Collabfold in silico structural simulations of protein complexes suggest that Phylogen may interact with the K domain of MTF through a possible interface. Their research advances our knowledge of the relationships that exist between phylogeny and MTF.

Through field study in different potato-growing districts of China, Han et al. found and identified the opportunistic pathogen Pectobacterium polonicum together with other pectinolytic bacteria that cause potato blackleg or aerial stem rot. These findings of this study imply that the water-associated Pectobacterium species P. polonicum may be the first to induce blackleg in a field. P. polonicum BY21311 demonstrated a lesser capacity to macerate potato tubers than P. atrosepticum, P. brasiliense, P. versatile, and P. parvum despite being less tuber-virulent than the type strain DPMP315T. The genome contents of the two P. polonicum isolates appear to differ considerably, and strain-specific genes implicated in a range of activities, including substrate translocation, T4SS, and T6SS, differ between isolates BY21311 and DPMP315T.

According to Wang et al., Pseudomonas forestsoilum sp. nov. and P. tohonis neutralize 3-hydroxypalmitic acid methyl ester for biological control of bacterial wilt. The establishment of the Casuarina equisetifolia protected forest is most threatened by bacterial wilt, which is driven by Ralstonia solanacearum and is the world’s second-most important bacterial disease of plants. 3-OH PAME, a crucial quorum sensing (QS) indicator that controls the activity of virulence genes in R. solanacearum, is an important focus for disease prevention and treatment. The results of this work offer important information for the identification of downstream quenching genes, the discovery and development of quenching enzymes for disease management, and prospective resources for the prevention and treatment of bacterial wilt brought on by R. solanacearum.

Ma et al. investigated the rhizosphere bacteriome in connection to the biological treatment of tobacco black shank disease. The researchers investigated how the soil microbial community influenced black shank disease by examining the diversity and structure of bacterial communities in various rhizosphere soil samples from healthy tobacco, tobacco with black shank symptoms, and tobacco treated with the biocontrol agent Bacillus velezensis. Findings from this study increase our understanding of plant-microorganism interactions and how to use biocontrol agents to promote plant fitness.

According to Montesinos et al., eucalyptus oil’s bactericidal and plant defense-inducing properties lessen the severity of Xylella fastidiosa infections on almond trees. Using growth inhibition and contact tests, the efficacy of eucalyptus essential oil against eleven strains belonging to six species of plant pathogenic bacteria was investigated. Dependent on the technique employed (endotherapy/soil drenching, preventive/curative), almond plants treated using either method and then infected with X. fastidiosa exhibited a considerable decrease in both the disease severity and the levels of the pathogen. Several genes associated with plant defense were elevated in expression in almond plants treated with endotherapy. It was determined that the antibacterial and plant defense-inducing properties of eucalyptus oil treatments were responsible for the decrease in infections.





Detection, characterization, and management of plant viruses

Plant viral infections provide a substantial challenge to the global agriculture industry (Nicaise, 2014). For the purpose of preventing the spread of disease and developing effective management strategies for both host plants and carrier vectors, plant virus identification as well as prompt detection are crucial (Rubio et al., 2020). Conventional diagnostic approaches, which rely on biological and physical properties of the virus’s size, form, and relationship to its host and/or vector, are too time-consuming and arduous for large-scale testing (Cassedy et al., 2021). Plant virus detection assays that rely on viral protein have been routinely employed for routine and extensive testing throughout the past few decades. When it comes to a quick and accurate diagnosis of plant viral infections, nucleic acid-based techniques outperform serological methods in terms of adaptability, sensitivity, and specificity (Mehetre et al., 2021). This section discusses recent advancements in the field of plant virus detection, characterization, and management. These include field-proven methods and state-of-the-art technologies, such as next-generation sequencing (NGS), that are well-suited for the identification of recently discovered plant viruses. These diagnostic techniques make significant contributions to global crop protection and sustainable agriculture by aiding in plant virus disease prevention and control strategies, characterization investigations, surveillance of diseases research, epidemiological research, plant quarantine, germplasm evaluation, seed certification, and breeding programs.

Nancarrow et al. reported that the symptomless turnip yellows virus (TuYV), which is continually spread by aphids, reduced grain yield in lentils and field peas during three-year field research in south-eastern Australia. Although there is evidence that TuYV infection reduces canola grain production, there is less evidence that it reduces pulse grain yield. The impacts of TuYV infection on lentil and field pea grain production were assessed in this study over three consecutive years (2018–2020) under diverse climatic circumstances. The study revealed that it is critical to screen for viruses rather than relying solely on the presence of visible symptoms in lentils and field peas since the absence of apparent symptoms has significant implications for crop health evaluations.

Cotton leaf curl Multan virus (CLCuMuV), according to Farooq et al., inhibits the innate antiviral immunity of the whitefly (Bemisia tabaci) vector in order to enhance the acquisition of cryptic species-dependent viruses. The molecular processes underlying the intricate interactions between begomovirus and whiteflies, which enhance viral transmission, are explored in this study. Researchers previously discovered that while whitefly Asia II 7 cryptic species may easily transmit CLCuMuV, MEAM1 cryptic species is a poor carrier and ineffective vector of CLCuMuV. This study discovered increased virus accumulation in its carrier B. tabaci Asia II 7 by selectively targeting and inhibiting the transcription of various antiviral immune responses, including the BTB/POZ gene, which is associated with innate immunity.

Brome mosaic virus was discovered in Kansas wheat co-infected with other common wheat viruses, according to Ranabhat et al. Wheat fields in Kansas were monitored for three years (2019–2021) to employ nanopore sequencing to discover components of natural field virus populations. This study revealed that BMV in Kansas viral populations has made plant breeding significantly more challenging. It is vital to have improved technologies to monitor, detect, and identify changes within BMV.

Wang et al. reported on the genetic variation, phylogeography, and comparability of the alfalfa mosaic virus in China with diverse regional epidemics based on the cp gene. The research reported a protracted, detailed assessment of genetic diversity in AMV populations from China as well as a comparison of the genetics of AMV populations from China, Iran, and Spain. All three countries have similar rates of molecular evolution. Iran had the quickest growth and highest incidence of epidemics, according to the predicted epidemic exponential population size and growth rate, followed by Spain and China.





Detection, characterization, and management of plant parasitic nematodes

Plant parasitic nematodes cause a wide range of diseases that have a severe impact on agricultural crops, lowering yield and quality and generating significant economic loss (Bernard et al., 2017). Effective nematode management in crop fields requires timely and accurate diagnosis and characterization (Carneiro et al., 2017). Parasitic nematodes frequently exhibit interspecific overlays in addition to significant intraspecific morphological variances, making diagnosis solely using morphological characteristics challenging. On the other hand, molecular techniques are being established, with different levels of accomplishment, to enhance morphology-based approaches and solve current obstacles. A large number of parasitic nematode species have been detected utilizing biochemical and molecular techniques. Recent molecular techniques have been proposed for diagnosing nematodes in the field (Carneiro et al., 2017). These technologies are considered useful since they are quick, accurate, and inexpensive; nevertheless, integrated diagnostics, which combines remote sensing and molecular techniques, is more appropriate for the field (Shao et al., 2023). In this section, we discuss recent research advances as well as the current state of parasitic nematode species detection, characterization, and management measures, with the goal of improving long-term nematode prevention and control in agricultural settings.

Gattoni et al. examined the treatment of Meloidogyne incognita by Bacillus spp. in 2023 using split root tests, RT-qPCR, and qPCR to determine the mechanism of action of two Bacillus species that can suppress M. incognita population density in cotton. The greenhouse in planta assay demonstrated that B. amyloliquefaciens QST713 and B. firmus I-1582, like the chemical standard fluopyram, could control M. incognita. According to an in vitro study, B. firmus I-1582 and its isolated metabolites are capable of directly controlling M. incognita second-stage juveniles by increasing the death rate by over 75%. The identification of two bacteria that work via systemic resistance in this study will assist in the adoption of these two species in an integrated management system.

Anderson and Gleason reported a molecular beacon real-time polymerase chain reaction test for detecting M. chitwoodi, M. fallax, and M. minor. Meloidogyne spp., often known as root-knot nematodes, are major pests of many important crops across the world. M. chitwoodi, M. fallax, and M. minor harm potatoes in the Northwestern United States of America (USA) because the nematodes can infect tubers, producing galling and a decrease in marketable production. M. fallax and M. minor are physically similar to M. chitwoodi. The newly developed molecular beacon real-time PCR approach can correctly identify M. chitwoodi, M. fallax, or M. minor from crude nematode samples.

Venbrux et al. discussed current and upcoming advances in plant pathogen detection systems. Their operating principles are presented, followed by a review of the primary benefits and drawbacks, as well as instances of their application in plant pathogen detection.

Based on the facts presented above, we can generalize that plants in agricultural and natural systems continually come into contact to and interact with a wide range of pathogens; thus, new fundamental as well as translational studies are required for establishing effective and long-term disease control actions. These research fields include understanding the molecular mechanisms underlying plant diseases, as well as their ecology and epidemiology in the environment. Development of disease-resistant plants, identification of hitherto unidentified pathogens, and identification of novel genes and molecular mechanisms underlying plant-pathogen interactions are examples of notable advances in research in the field of plant pathology (Datta et al., 2023). Recent molecular tools like long-read sequencing technologies are revolutionizing the way we identify and characterize plant pathogens and diseases, as well as how we develop new plant varieties and cultivars (Hamim et al., 2022a). These tools are also changing the way we detect and characterize plant pathogens and pests within plants. It has been possible to develop genetically modified plants that exhibit durable resistance against diseases through molecular research on plants and environmental pathogens (Hamim et al., 2018). The use of genetically modified crops remains debatable due to concerns about possible adverse effects on human health and the environment. For controlling pathogens in the field, sustainable solutions like the employment of hostile microorganisms or other biological control agents may nevertheless be available (Hamim et al., 2022b). Many mycoviruses, for example, have been found to be effective biocontrol agents for plant diseases. These techniques are beneficial to both human health and the environment, but their effectiveness may be limited by the pathogen populations, the environment, and the availability of suitable biological control agents. Furthermore, the implementation of cultural practices including crop rotation, intercropping, and the adoption of resistant varieties of plants are effective strategies for the long-term management of pests and diseases. However, the use of integrated techniques and the establishment of sustainable ways for managing plant diseases require ongoing research into the detection, characterization, and management of plant pathogens.

Finally, this Research Topic offers state-of-the-art methods for detecting, comprehending, and controlling plant pathogens in both agricultural systems and natural habitats. To all the authors and reviewers whose exceptional work made it possible for this Research Topic to be published, we would like to use this opportunity to express our gratitude. We believe that this compilation will increase public knowledge of the significance of plant diseases, enhance monitoring of agricultural and natural systems, enable potential control of emerging plant diseases, and halt epidemics in agricultural crops.
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Fungal pathogens can induce canker lesions, wilting, and even dieback in many species. Trees can suffer serious physiological effects from stem cankers. In this study, we investigated the effects of Botryosphaeria dothidea (B. dothidea) on Populus bolleana (P. bolleana) leaves photosynthesis and stomatal responses, when stems were inoculated with the pathogen. To provide experimental and theoretical basis for preventing poplar canker early. One-year-old poplar stems were inoculated with B. dothidea using an epidermal scraping method. In the early stage of B. dothidea inoculation (2–14 days post inoculation, dpi), the gas exchange, stomatal dynamics, hormone content, photosynthetic pigments content, chlorophyll fluorescence parameters, and non-structural carbohydrate (NSC) were evaluated to elucidate the pathophysiological mechanism of B. dothidea inhibiting photosynthesis. Compared with the control groups, B. dothidea noteworthily inhibited the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), transpiration rate (Tr), and other photosynthetic parameters of poplar leaves, but stomatal limit value (Ls) increased. Consistent with the above results, B. dothidea also reduced stomatal aperture and stomatal opening rate. In addition, B. dothidea not only remarkably reduced the content of photosynthetic pigments, but also decreased the maximum photochemical efficiency (Fv/Fm), actual photochemical efficiency (ΦPSII), electron transfer efficiency (ETR), and photochemical quenching coefficient (qP). Furthermore, both chlorophyll and ΦPSII were positively correlated with Pn. In summary, the main reason for the abated Pn under stem canker pathogen was that B. dothidea not merely inhibited the stomatal opening, but hindered the conversion of light energy, electron transfer and light energy utilization of poplar leaves. In general, the lessened CO2 and Pn would reduce the synthesis of photosynthetic products. Whereas, sucrose and starch accumulated in poplar leaves, which may be due to the local damage caused by B. dothidea inoculation in phloem, hindering downward transport of these products.
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poplar stem canker, fungal pathogens, Botryosphaeria dothidea, photosynthesis, stomatal closure, chlorophyll fluorescence


Introduction

Plant photosynthesis is continuously challenged by a variety of environmental stresses, including abiotic stresses such as drought, high temperature, salt, and UV radiation, as well as biotic stresses caused by fungal pathogens and pests (Major et al., 2010; Suzuki et al., 2014; Bernal et al., 2015; Gururani et al., 2015; Ruehr et al., 2016; Saiki et al., 2017; Fermín et al., 2018; Blackman et al., 2019; Savi et al., 2019). Tree canker is a kind of most serious tree bark disease occur mainly in the stems and branches which have various kinds of pathogens, wide distribution of host and complex symptoms (Slippers and Wingfield, 2007; Marsberg et al., 2017). The canker disease of royal poinciana (Delonix regia) can result from fungal pathogen Neoscytalidium dimidiatum attacking different parts of the plant under certain favorable conditions (Raish et al., 2020). Fungal pathogens cause bark blisters and sunken lesions on stems in by first destroying the phloem and cambium (Biggs et al., 1983; Mcpartland and Schoeneweiss, 1984; Czemmel et al., 2015). Canker caused by necrotrophic fungal pathogens is commonly forming necrotic lesions be limited to the regions around the infection sites and do not girdle the branches pathologically at once, however, canker lesions on saplings or cankers abundant and/or perennial persistently can girdle branches, which eventually lead to yellowing tree canopy withering, dieback distal to the canker region, and even death (Marsberg et al., 2017; Li et al., 2019; Xing et al., 2020). However, the mechanisms of stem canker inhibit photosynthesis in distal leaves need more in-depth investigation.

Fungal pathogen infection usually results in plant tissue necrosis, a significant reduction in net photosynthetic rate (Pn) and carbon assimilation, slower growth, and even death (Berger et al., 2007; Moradi and Ismail, 2007; Christian et al., 2008). Leaf pathogens can directly depress photosynthesis by regulating stomatal opening, decreasing gas exchange, impairing green tissues, damaging photosynthetic apparatus, and suppressing key enzyme activities (Gruber et al., 2012; Júnior et al., 2017; Fermín et al., 2018; Franziska et al., 2018). Globally, B. dothidea causes canker, dieback, shoot blight, and fruit rot (Marsberg et al., 2017). Studies have also shown that stem canker can remotely alter the photosynthetic characteristics of distal leaves (Rohrs-Richey et al., 2011; Cerqueira et al., 2017). Quambalaria coyrecup remarkably reduced Corymbia calophylla leaf net Pn and stomatal conductance in the later stage of inoculation (Hossain et al., 2019). In the interaction between hazelnut (Corylus avellana L.) and the canker pathogen Anisogramma anomala, canopy branch blight occurs distal to the canker areas (Lachenbruch and Zhao, 2019). In the early stage of poplar inoculation with stem canker pathogen B. dothidea and Valsa sordida (V. sordida), net Pn and stomatal conductance were prominently weakened (Li et al., 2019; Xing et al., 2020). The above remarks indicate that although plant canker occurs on stems and branches, it eventually affects the photosynthetic process of distal leaves. In their early stages, canker diseases are unclear in terms of their physiology.

Stomata can respond rapidly to environmental stress, regulating gas exchange, controlling CO2 uptake and water loss by adjusting stomatal size, thereby affecting photosynthesis (Schroeder et al., 2001; Melotto et al., 2006; Lawson and Vialet-Chabrand, 2019). A part of the immune responses of plants is closing stomata against pathogenic microbes (McLachlan et al., 2014). Alternatively, persistent stomatal closure leads to the reduced CO2 uptake, affecting plant photosynthetic productivity, eventually depleting carbohydrates in plant tissues (O′Grady et al., 2013). Pathogens also interfere with phytohormones metabolism (Bari and Jones, 2009). In one sense, hormone promote disease development, but they also participate in plant immune responses, which increases plant resistance (Bari and Jones, 2009; Verma et al., 2016; Kunkel and Harper, 2018). Abscisic acid (ABA), jasmonic acid (JA), and auxin (IAA) are involved in stomatal movement. Research has shown that stress promotes crosstalk between phytohormones (Ku et al., 2018). Necrotrophic pathogens produce a variety of hormone-like active substances during the infection period, which directly or indirectly affect hormone metabolism in plants (Yang et al., 2015).

Biotic stress can disrupt plant photosynthetic apparatus (Júnior et al., 2017). Chlorophyll fluorescence parameters can sensitively reflect the activity of the photosynthetic apparatus (Björkman and Demmig, 1987; Krause and Weis, 1991; Watling et al., 2000). The leaf maximum photochemical efficiency (Fv/Fm) was strikingly reduced in poplar trees infected by the leaf rust fungus, Melampsora medusae (Fermín et al., 2018). As well as leaf pathogens, stem pathogen, Seiridium cardinale, also inhibited leaf photosystem II (Muthuchelian et al., 2005). Botrytis cinerea obviously reduced strawberry leaf Fv/Fm and chlorophyll index (Meng et al., 2020). In pecans infected with stem canker agents (Phomopsis spp.), the leaf chlorophyll fluorescence parameters declined with the extension of infection time (Guillermo et al., 2021).

In this study, we recruited the P. bolleana-B. dothidea interaction system as a research object. In the early stage of B. dothidea inoculation, the gas exchange, stomatal dynamics, hormone content, photosynthetic pigments content, and chlorophyll fluorescence parameters were measured. Through analyzing the effects of B. dothidea on leaf stomatal movement, light energy utilization, and electron transfer, the pathophysiological mechanism of poplar stem canker inhibiting the leaf photosynthesis was investigated, aiming to provide a theoretical basis on the pathogenic mechanism operating at the initial stage of poplar canker.



Materials and methods


Plant material, fungal pathogen, and inoculation

One-year-old P. bolleana clones from cuttings were planted in 5-L pots containing sand. Potted plants were placed within the greenhouse at Chinese Academy of Forestry and watered 2–3 times weekly at 20–25°C under 12-h daily photoperiod with 200–300 μmol m–2s–1. The P. bolleana saplings were assigned to the two groups: inoculation with B. dothidea (Bd) and potato dextrose agar (CTR). P. bolleana leaves (4th–6th mature leaves from the top) were selected for the following measurements. Seven biological replicates in every group.

Stems infected with B. dothidea were sampled from Populus hopeiensis Hu et Chow in Yi County, Hebei Province, China. Infected regions were cut into small pieces and disinfested with 75% ethanol for 30–60 s, then transferred onto potato dextrose agar (PDA, 2.0% potato extract, 2.0% dextrose, and 1.5% agar; pH 6.0). Following hyphal tip purification, all isolates were plated on fresh PDA dishes for further analysis. A variety of isolates were tested for pathogenicity by inoculating stems on poplar saplings with mycelium. The most pathogenic isolate was identified (NCBI accession number: MK990559 for rRNA-ITs and MN025271 for EF1α gene) and stored at 4°C on PDA plates in Chinese academy of forestry.

Inoculation treatments were performed as following steps. Briefly, after cultivation on PDA for 7 days, the mycelium of B. dothidea was cut into strips with 1.2–1.5 cm in width and 2.5–3.0 cm in length, which were used to inoculate P. bolleana stems. PDA culture medium used as control. The inoculation sites (30 cm above the sand surface) on P. bolleana stems were pre-sterilized with 75% ethanol, then the barks were scraped gently with blade. Taking care to avoid damaging the remaining phloem, cambial and xylem tissue during the scraping process. The scraped region was covered completely by strips of B. dothidea mycelium or PDA medium. Finally, all strips were wrapped with sterilized Parafilm™.



Photosynthetic parameters

Net Pn, stomatal conductance (Gs), intercellular CO2 concentration (Ci), transpiration rate (Tr), and vapor pressure deficit (VPD) were measured using a Li-6400XT portable photosynthesis system (LI-COR, Lincoln, USA). The selected P. bolleana leaves were measured and recorded from 9:00 to 11:00 a.m. on 0, 2, 4, 6, 8, 10, 14 dpi. Stomatal limit value (Ls) and water use efficiency (WUE) were calculated using the following formulae:
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Stomatal movement


Stomatal density

The lower epidermis of P. bolleana leaves was examined by SEM (5136, TESCAN, Brno, CS) to capture images. 10–15 visual fields were selected randomly at the magnification of 1 kx and 2 kx, respectively. Stomatal density of 6 and 14 dpi was calculated as the number of stomata per unit leaf area (mm2).



Stomatal aperture and opening rate

P. bolleana leaves of 6 and 14 dpi were washed 3–4 times with PBS buffer. Preparation for the samples was carried out according to Zhu et al. (2019). The resulting samples were examined through scanning electron microscopy (SEM, 5136, TESCAN, Brno, CS). Image-Pro-Plus 6.0 software was used to measure the stomatal aperture and opening rate. The stomatal aperture was evaluated by measuring the width of the stomatal pore observed under the SEM.




Plant hormone content determination

P. bolleana leaves of 6 and 14 dpi were collected. All leaves were ground into powder in liquid nitrogen, then 0.3 g was taken and stored at 4°C for the following experiment. Plant endogenous hormone content was analyzed by Enzyme-Linked Immunosorbent Assay (ELISA) according to Yang et al. (2001).



Photosynthetic pigments content

The acetone extraction and colorimetric assays were applied to determine the content of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Car). P. bolleana leaves of 6 and 14 dpi were minced by scissors. A 0.2 g sample was accurately weighed and 20 mL of 80% acetone was added to extract photosynthetic pigments in the dark for 48 h. Absorbance was, respectively, read at 663, 645, and 470 nm using a spectrophotometer (Dynamax, CA, US). The following formulae were used for calculation of photosynthetic pigments content:
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Chlorophyll fluorescence parameters

Chlorophyll fluorescence parameters were measured with FMS-2 Pulse Modulated Fluorometer (FMS-2, Hansatech, UK). P. bolleana leaves of 0, 2, 4, 6, 8, 10, and 14 dpi were dark-adapted for 30 min, then the initial fluorescence (F0), maximum fluorescence (Fm), and maximum photochemical efficiency of PSII (Fv/Fm) were determined in darkness. After light-adaption for 30 min, the initial fluorescence (F’o), maximum fluorescence (F’m), steady-state fluorescence (Fs), and actual PSII efficiency (ΦPSII) were measured under irradiance. After that, Fv/Fm, ΦPSII, electron transfer rate (ETR), photochemical quenching coefficient (qP), and non-photochemical quenching coefficient (NPQ) were calculated according to the following formulae:
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Non-structural carbohydrate concentration assay

P. bolleana leaves of 6 and 14 dpi were sampled and promptly frozen in liquid nitrogen and stored at –80°C until assay. The extraction and Ci of starch and sucrose were measured using the Plant Sucrose Sugars Assay Kit and Soluble Starch Assay Kit (BC2465 and BC0705; Solarbio Life Sciences, Beijing, China) according to the manufacturer’s instructions.



Statistical analysis

All of the experimental data were subjected to SPSS version 17.0 for statistical tests and analyses. P < 0.05 was considered significant unless otherwise notes. All statistical data were presented as mean ± standard error. In this study, correlation analysis was performed on Chl, ΦPSII and Pn, and linear regression fitting was performed. All fittings were tested by t-test (P < 0.001).




Results


Photosynthetic parameters

The photosynthetic parameters were measured in leaves of B. dothidea-inoculated and control poplars. Pn and Gs declined rapidly in B. dothidea inoculation treatments (range: 2–14 dpi, Figures 1A,B). On the fourth day after B. dothidea inoculation, P. bolleana leaves displayed completely opposite trends in Ci and Ls (Figures 1C,D). Ci level declined after B. dothidea inoculation (range: 4–14 dpi), while Ls showed an increasing trend. These results suggested that the main reason for declined Pn after B. dothidea inoculation was stomatal restriction. In addition, compared with the control plants, Tr of inoculated plants was markedly reduced, VPD increased, but WUE had no significant change, indicating that B. dothidea did not cause damage to the water transport in the early stage of inoculation (Figures 2A–C).


[image: image]

FIGURE 1
B. dothidea inoculation on photosynthetic parameters in P. bolleana leaves. One-year old poplar stems were inoculated, respectively, by B. dothidea (Bd) or PDA (CTR). (A) Net photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) intercellular CO2 concentration (Ci), and (D) limiting value of stomata (Ls) were measured at 0, 2, 4, 6, 8, 10, and 14 dpi. Data are presented as the mean of seven replicates. Error bars represent the standard error of the mean. Asterisks denote significant difference at P < 0.05 between treatments.
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FIGURE 2
B. dothidea inoculation on water transportation in P. bolleana leaves. One-year old poplar stems were inoculated, respectively, by B. dothidea (Bd) or PDA (CTR). (A) Transpiration rate (Tr), (B) vapor pressure deficit (VPD), and (C) water use efficiency (WUE) were measured at 0, 2, 4, 6, 8, 10, and 14 dpi. Data are presented as the mean of seven replicates. Error bars represent the standard error of the mean. Asterisks denote significant difference at P < 0.05 between treatments.




Stomatal behavior

At 6 and 14 dpi, leaves of B. dothidea-inoculated and control poplars showed any difference in stomatal density (Figure 3A), which may be associated with the detectable leaves having already maturated. B. dothidea inoculation on poplar stem could inhibit stomatal opening of distal leaves at 6 and 14 dpi (Figures 4A,B,E,F). In controls, the stomata were almost completely opened (Figures 4C,D,G,H). Nevertheless, compared with control plants, B. dothidea inoculation reduced the width of the stomatal aperture by 76.1% at 6 dpi and 74.2% at 14 dpi (Figure 3B). Accordingly, the stomatal opening rate of B. dothidea-inoculated plants was also decreased by 39.6% at 6 dpi than in comparison with controls, 63.2% at 14 dpi (Figure 3C). The above results were combined with the declined Gs and increasing Ls (Figures 1B,D).
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FIGURE 3
B. dothidea inoculation on stomatal movement in P. bolleana leaves. One-year old poplar stems were inoculated, respectively, by B. dothidea (Bd) or PDA (CTR). Sample collection and stomatal movement parameters measurement were performed at 6 and 14 dpi. (A) Stomatal density, (B) stomatal aperture, (C) stomatal opening rate. Each column is the mean of seven replicates. Error bars represent the standard error of the mean. Columns labeled with different letters (a–c) denote a significant difference (P < 0.05) between treatments.
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FIGURE 4
B. dothidea inoculation on stomatal characteristics in P. bolleana leaves. Representative images of stomatal characteristics under poplar stems inoculated by B. dothidea (Bd) or PDA (CTR) at 6 and 14 dpi (A–H). (B,D,F,H) Showed the enlarged images of stomatal characteristics. Yellow scale bars (A,C,E,G) = 50 μm. Green scale bars (B,D,F,H) = 5 μm.




Variation in hormone

Stomatal closure is usually controlled by hormone. At 6 dpi, the content of ABA and JA-me in leaves of B. dothidea-inoculated plants had no significant difference with the controls (Figures 5A,B). Whereas, at 14 dpi, the level of ABA and JA-me in leaves of B. dothidea-inoculated plants, respectively, increased by nearly twofold and 24.6% in comparison with their controls (Figures 5A,B). In contrast with controls, B. dothidea-inoculated plants sustained higher content of IAA and zeatin (ZR) across the whole observation (Figures 5C,D). Compared with the control plants, IAA content increased by 30.6 and 28.9%, while ZR increased by 28.3 and 59.5% at 6 and 14 dpi, respectively (Figures 5C,D).
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FIGURE 5
B. dothidea inoculation on phytohormone content in P. bolleana leaves. One-year old poplar stems were inoculated, respectively, by B. dothidea (Bd) or PDA (CTR). Sample collection and phytohormone content measurement were performed at 6 and 14 dpi. (A) ABA content, (B) JA-me content, (C) IAA content, (D) ZR content. Each column is the mean of seven replicates. Error bars represent the standard error of the mean. Columns labeled with different letters (a–c) denote a significant difference (P < 0.05) between treatments.




Photosynthetic pigments content

As a result of B. dothidea inoculation, chlorophyll content, fractional chlorophyll a, b, and carotenoids content were severely reduced in poplar leaves at different degrees (Figures 6A–D). At 6 dpi, in contrast with control leaves, B. dothidea inoculation caused a 42.4, 38.5, 41.8, 29.4, 12.2, and 16.3% decline in Chl a, Chl b, total chlorophyll (Chl), Car, chlorophyll a/b (Chl a/b) and total chlorophyll/carotenoids (Chl/Car), respectively (Figure 6). Compared to control leaves, Chl a content decreased by 32.2% at 14 dpi under B. dothidea inoculation, Chl b by 27.3%, Chl by 31.4%, Car by 14.3%, Chl a/b by 8.1%, and Chl/Car by 18.5% (Figure 6).
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FIGURE 6
B. dothidea inoculation on photosynthetic pigments in P. bolleana leaves. One-year old poplar stems were inoculated, respectively, by B. dothidea (Bd) or PDA (CTR). Sample collection and photosynthetic pigments measurement were performed at 6 and 14 dpi. (A) Chlorophyll a content (Chl a), (B) Chlorophyll b content (Chl b), (C) total Chlorophyll content (Chl), (D) Carotenoids content (Car). (E) Chlorophyll a/b ratio, (Chl a/b), (F) Chlorophyll/Carotenoids ratio, (Chl/Car). Each column is the mean of seven replicates. Error bars represent the standard error of the mean. Columns labeled with different letters (a–c) denote a significant difference (P < 0.05) between treatments.




Evaluation of chlorophyll fluorescence characteristics

When poplar stems were inoculated with B. dothidea, the chlorophyll fluorescence parameters of leaves were seriously affected. Plants inoculated with B. dothidea experienced abrupt declines in Fv/Fm, ΦPSII, and ETR, which were consistently lower than those in control plants (Figures 7A–C). Additionally, B. dothidea-inoculated poplars had less qP than controls, except for 8 dpi (Figure 7D). The undifferentiated data at 8 dpi did not affect the whole variant trend of qP. Compared with control plants, a higher NPQ was always observed after B. dothidea inoculation from the fourth day onward (Figure 7E).
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FIGURE 7
B. dothidea inoculation on chlorophyll fluorescence parameters in P. bolleana leaves. One-year old poplar stems were inoculated, respectively, by B. dothidea (Bd) or PDA (CTR). Chlorophyll fluorescence parameters were measured at 0, 2, 4, 6, 8, 10, and 14 dpi. (A) Ratio of variable to maximal chlorophyll fluorescence (Fv/Fm), (B) Actual photochemical efficiency of PSII (ΦPSII), (C) Electron transfer rate (ETR), (D) Photochemical quenching coefficient (qP). (E) Non-photochemical quenching coefficient (NPQ). Data are presented as the mean of seven replicates. Error bars represent the standard error of the mean. Asterisks denote significant difference at P < 0.05 between treatments.




Correlation analysis in physiological indices

According to the linear correlation performed, both Chl and ΦPSII were positively correlated with Pn throughout B. dothidea inoculation (Figure 8).
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FIGURE 8
Correlation analysis of parameters. (A) Chlorophyll content (Chl) Vs. net photosynthetic rate (Pn), (B) actual photochemical efficiency (ΦPSII) Vs. net photosynthetic rate (Pn).




Leaf non-structure carbohydrate content

B. dothidea-inoculated plants showed similar trends in starch and sucrose content of distal leaves. At 6 dpi, B. dothidea inoculation plants contained less sucrose than controls (Figure 9A). With the prolonged inoculation time, more sucrose was accumulated in B. dothidea-inoculated plants at 14 dpi (Figure 9A). In B. dothidea-inoculated plants, starch content was 48.5 and 80.5% higher than in controls at 6 and 14 dpi, respectively (Figure 9B).
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FIGURE 9
B. dothidea inoculation on sucrose and starch content in P. bolleana leaves. One-year old poplar stems were inoculated, respectively, by B. dothidea (Bd) or PDA (CTR). Sample collection, sucrose and starch content measurements were performed at 6 and 14 dpi. (A) Sucrose content, (B) starch content. Each column is the mean of seven replicates. Error bars represent the standard error of the mean. Columns labeled with different letters (a–c) denote a significant difference (P < 0.05) between treatments.





Discussion


Photosynthetic rate

Photosynthesis can negatively affect by leaf pathogens in several ways, including modulating stomatal opening, reducing gas exchange, damaging green tissues and photosynthetic apparatus (Gruber et al., 2012; Júnior et al., 2017; Fermín et al., 2018; Franziska et al., 2018). Additionally, stem canker fungi such as Quambalaria coyrecup and Anisogramma anomala are among those may alter the photosynthetic properties of distal leaves remotely on Corymbia calophylla and hazelnut (Hossain et al., 2019; Lachenbruch and Zhao, 2019). In previous studies, we had similar results that leaves in B. dothidea-inoculated and V. sordida-inoculated plants showed weakened Pn and Gs during the observation stages (Li et al., 2019; Xing et al., 2020). In the initial stage of stress, stomatal closure resulted in the reduction in carbon assimilation thus reducing net photosynthesis. This phenomenon is known as a stomatal limitation. The type of stomatal limitation is mainly determined by Ci and Ls (Farquhar and Sharkey, 1982). In this study, B. dothidea inoculation obviously declined Pn and Gs at early inoculation stages (Figures 1A,B). Ci level drastically reduced at 2–14 dpi, while Ls showed an opposite trend, indicating that Pn is reduced by stomatal limitation at the early stage of inoculation (Figures 1C,D). Stem canker pathogens have been shown to infiltrate xylem tissues in histopathological studies (Biggs et al., 1983; Mcpartland and Schoeneweiss, 1984; Czemmel et al., 2015). Fungal pathogens also reduce plant hydraulic conductance and sap flow (Parke et al., 2007; Hossain et al., 2019). In this study, the reduced Gs also dramatically reduced the Tr when compared with control treatments (Figure 2A). Conversely, VPD was increased, and WUE had no significant change, indicating that B. dothidea inoculation did not cause severe damage to water transport during the early stage (Figures 2B,C).



Stomatal closure

Stomatal movement is affected by guard cells’ osmotic/turgor pressure, the latter reacting in response to external and internal stimuli (Blatt, 2000). The stomata can adjust their size in response to environmental stress, which regulates gas exchange, CO2 uptake and water loss (Schroeder et al., 2001; Melotto et al., 2006; Lawson and Vialet-Chabrand, 2019). Plants close their stomata to combat pathogenic microbes as part of their immune response (McLachlan et al., 2014). In this study, B. dothidea inoculation on poplar stems induced stomatal closure in distal leaves (Figure 4). Although B. dothidea inoculation caused remarkable reduction of stomatal aperture and opening rate, no obvious influence was detected on stomatal density (Figure 3), which may be related to the maturation of the detected leaves. These results were consistent with the decreased Gs and Ci, as well as the increased Ls (Figures 1B,C). Photosynthesis is also reduced due to this phenomenon, which confirms stomatal limitation during B. dothidea inoculation (Li et al., 2019; Xing et al., 2020). We speculated that B. dothidea inoculation reduced the stomatal apertures and stomatal opening rate, which in turn limited the Gs subsequently caused a declined Pn.

Phytohormones metabolism can also be disrupted by pathogens (Bari and Jones, 2009). Hormones are considered part of the immune system of plants, and may play a role in disease development (Verma et al., 2016; Kunkel and Harper, 2018). Similar to ABA, JA-me can also induce stomatal closure. There has been evidence that stress can lead to crossover of phytohormone in plant (Ku et al., 2018). ABA and JA-me exhibit phytohormones crosstalk in the pathway for stomatal closure (McLachlan et al., 2014). In this study, B. dothidea inoculation triggered stomatal closure at 6 and 14 dpi, but the level of ABA and JA-me only increased at 14 dpi (Figures 5A,B). In addition, IAA and ZR content in B. dothidea-inoculated plants were significantly higher than controls at 6 and 14 dpi (Figures 5C,D). It is generally believed that IAA and ZR contribute to the stomatal opening and inhibited ABA-induced stomatal closure (Blackman and Davies, 1984; Irving et al., 1992), which is in disagreement with our study. Pathogens that cause necrotroptosis produce diverse hormone-like substances and secondary metabolites, which disturb hormone metabolism and trigger other effects on distal tissues from the inoculation site (Spoel and Dong, 2008; Andolfi et al., 2011; Yang et al., 2015; Fonseca et al., 2018). Our results showed that the stomatal closure induced by these active agents were not affected by IAA and ZR (Figures 3, 4). The asexual stage of B. dothidea is Fusicoccum aesculi, which belong to the same genus with Fusicoccum amygdale, the latter producing Fusicoccin stimulating stomatal opening (Squire and Mansfield, 2010). Therefore, it is possible that B. dothidea-induced stomatal closure is also associated with hormone-like toxins and secondary metabolites released by B. dothidea. Determination of these active substances and the underlying physiological mechanism require further study.



Absorption and transformation of light energy

Adversity stress may generate irreversible damage to plant cell structure and cause metabolic disorder (Flexas and Medrano, 2002). Plants are susceptible to biotic stress that can disrupt their photosynthetic apparatus (Júnior et al., 2017). The decreased photosynthetic pigments and chlorophyll fluorescence parameters were also in charge of the reduced Pn in B. dothidea-inoculated plants (Figures 6–8). Environmental stress can affect the photosynthetic pigments metabolism of plants. Leaf pathogen infection can decline chlorophyll content, and hinder light energy absorption and electron transfer, thus suppressing the photosynthetic carbon assimilation (Mandal et al., 2009). Seiridium cardinal-infected cypress needles showed decreased content of chlorophyll and carotenoids (Muthuchelian et al., 2005). Compared to the control plants, poplar stems inoculated with B. dothidea had lower content of Chl a, Chl b, total Chl, and Car at 6 and 14 dpi in distal leaves (Figures 6A–D). In B. dothidea-inoculated plants, the chlorophyll a/b ratio was reduced at 6 and 14 dpi, indicating Chl b proportion increased in total Chl, which is conducive to efficient utilization of low light (Figure 6E). By absorbing excess light energy and quenching active oxygen, carotenoids help protect the photosynthetic apparatus (Chi et al., 2015). It is possible that B. dothidea-induced quenching of active oxygen is partly responsible for the simultaneous decrease of Car and Chl/Car (Figures 6D,F). Meanwhile, Car’s descent speed was much slower than Chl’s degradation rate, which might play a crucial role in light protection (Figure 6F). Several lines of evidence indicate that B. dothidea accelerates the degradation of photosynthetic pigments or inhibits their synthesis. Inoculating poplar stems with B. dothidea reduced photosynthetic pigments in distal leaves, causing Pn to decline. These results were further supported by the positive correlation between Chl and Pn (Figure 8A).

Chlorophyll fluorescence can give a good indication of the activity of the photosynthetic apparatus (Björkman and Demmig, 1987; Krause and Weis, 1991; Watling et al., 2000). Fv/Fm can reflect the energy conversion efficiency of PSII reaction center, and this parameter will drop under environmental stress (Neil, 2008). For example, Melampsora medusae, a fungus that causes leaf rust, caused a striking reduction of Fv/Fm in poplar trees (Fermín et al., 2018). Besides the leaf pathogen, stem pathogens, such as Seiridium cardinale, also inhibited leaf photosystem II in cypress canker (Muthuchelian et al., 2005). In this context, as a result of B. dothidea inoculation on poplar stems, Fv/Fm declined in distal leaves, which indicates that B. dothidea inhibited the conversion of light energy (Figure 7A). In response to adversity stress, both ETR and ΦPSII were restrained at different levels, which affected photosynthetic carbon assimilation (Guo et al., 2016). In distal leaves, B. dothidea decreased ΦPSII and ETR, which suggests that this fungus suppressed electron transport efficiency (Figures 7B,C). This conclusion was further supported by the positive correlation between ΦPSII and Pn, indicating that the decrease in Pn was due to the obstruction of photosynthetic electron transfer (Figure 8B). In PSII, qP and NPQ are commonly used to measure light energy utilization and dissipation. The qP of distal leaves was decreased across 2–14 dpi following B. dothidea inoculation (Figure 7D). However, NPQ was consistently higher than control across the detecting stage (Figure 7E). After B. dothidea inoculation, the distal leaves dissipated the excess light energy by heat dissipation to maintain the normal photosynthesis physiological process. According to these results, a decrease in photosynthetic pigments content and a blockage of electron transport were partially responsible for B. dothidea inoculation suppressing Pn.

As shown above, B. dothidea-inoculated on stems suppressed the activity of PSII reaction center of distal leaves, leading to reduction in light energy capture by antenna pigments, thereby declining light energy utilization. In response to the reduced photochemical efficiency, PSII accumulated a large amount of light energy. Leaf NPQ levels were increased to dissipate excess light energy, thereby protecting the photosynthetic apparatus.



Carbohydrate content

When fungi invade plant tissues, necrosis occurs, net Pn and carbon assimilation are reduced (Berger et al., 2007; Christian et al., 2008). Photosynthesis produces starch and sucrose, which are widely considered energy sources for metabolism. As a non-reducing sugar, sucrose exhibits a high level of solubility, resistance to degradation, and low viscosity (Patrick et al., 2013). Due to these advantages, sucrose has become a major long-distance transport product in the phloem (Patrick et al., 2013). In response to environmental stress, the stomata can regulate gas exchange and control the absorption of CO2 (Melotto et al., 2006; Lawson and Vialet-Chabrand, 2019). When B. dothidea was inoculated on poplar stems, stomatal closure of distal leaves occurred and CO2 uptake was reduced (Figures 3, 4). In spite of this, persistent stomatal closure results in reduced CO2 uptake for plants, affecting their photosynthetic productivity (O′Grady et al., 2013). In agreement with this conclusion, a reduction in photosynthetic pigments and chlorophyll fluorescence parameters resulted in a lower net Pn (Figures 1A, 6–8). Photosynthetic products will be reduced by the above results. Nevertheless, B. dothidea inoculation on poplar stems reduced leaf sucrose content at 6 dpi, but by 14 dpi, leaf sucrose content rose (Figure 9A). Throughout the observation period, B. dothidea inoculation increased leaf starch levels (Figure 9B). Previously, we demonstrated that cankers disrupt the downward transport of photosynthate (Li et al., 2019; Xing et al., 2020). In brief, starch and soluble sugar content were higher in the above regions of B. dothidea inoculation sites than below at 20, 25, 30 dpi during long-term inoculation (Xing et al., 2020).

Phloem girdling involves removing all the phloem, causing more damage to the stem. Instead of phloem girdling, B. dothidea inoculation treatments in this study were just scraped the barks of inoculation sites gently without damaging the cambial, xylem, and most of the phloem tissue, resulting in less possibility switched to serious injury in short-term. Phloem girdling prevents the downward movement of starch, which builds up in leaves and inhibits photosynthesis through negative feedback (Paul and Pellny, 2003; Urban et al., 2004). Consequently, sucrose and starch accumulation in leaves might be due to the local phloem damage caused by B. dothidea, hindering the assimilates downwards (Figure 9). According to our results, Pn was not affected by the negative feedback mechanism in the early stage of B. dothidea inoculation, but whether it works during the later stage remains to be verified.




Conclusion

In this study, B. dothidea inhibited the leaf photosynthesis in the early stage of inoculation (2–14 dpi). Physiological mechanisms are as follows, (i) Decreasing Gs, Ci, and increasing Ls following B. dothidea inoculation, indicating that stomatal limitation was responsible for inhibiting Pn. We observed stomatal closure in leaves leading to reduction in CO2 absorption, as expected. (ii) Inoculation of B. dothidea on stems affected the metabolism of distal leaves’ photosynthetic pigments. Deficiencies in chlorophyll and carotenoids hindered light energy absorption, conversion and electron transfer. (iii) The decreased Fv/Fm, ΦPSII, ETR, qP, and increased NPQ indicated that B. dothidea could partially close PSII reaction center on distal leaves, reducing light energy capturing capacity by photosynthetic pigments, thereby declining light energy utilization. Photosynthetic pigments suppression was also reflected in the chlorophyll fluorescence parameters. In combination, the above findings listed in i, ii, and iii inhibited photosynthetic carbon assimilation, thereby reducing photosynthetic products. However, due to the local damage caused by inoculation in phloem prevented the downward transport of assimilation products, leading to an accumulation of sucrose and starch in leaves.
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Begomoviruses represent the largest group of economically important, highly pathogenic, DNA plant viruses that contribute a substantial amount of global crop disease burden. The exclusive transmission of begomoviruses by whiteflies (Bemisia tabaci) requires them to interact and efficiently manipulate host responses at physiological, biological and molecular scales. However, the molecular mechanisms underlying complex begomovirus-whitefly interactions that consequently substantiate efficient virus transmission largely remain unknown. Previously, we found that whitefly Asia II 7 cryptic species can efficiently transmit cotton leaf curl Multan virus (CLCuMuV) while MEAM1 cryptic species is a poor carrier and incompetent vector of CLCuMuV. To investigate the potential mechanism/s that facilitate the higher acquisition of CLCuMuV by its whitefly vector (Asia II 7) and to identify novel whitefly proteins that putatively interact with CLCuMuV-AV1 (coat protein), we employed yeast two-hybrid system, bioinformatics, bimolecular fluorescence complementation, RNA interference, RT-qPCR and bioassays. We identified a total of 21 Asia II 7 proteins putatively interacting with CLCuMuV-AV1. Further analyses by molecular docking, Y2H and BiFC experiments validated the interaction between a whitefly innate immunity-related protein (BTB/POZ) and viral AV1 (coat protein). Gene transcription analysis showed that the viral infection significantly suppressed the transcription of BTB/POZ and enhanced the accumulation of CLCuMuV in Asia II 7, but not in MEAM1 cryptic species. In contrast to MEAM1, the targeted knock-down of BTB/POZ substantially reduced the ability of Asia II 7 to acquire and accumulate CLCuMuV. Additionally, antiviral immune signaling pathways (Toll, Imd, Jnk and Jak/STAT) were significantly suppressed following viral infection of Asia II 7 whiteflies. Taken together, the begomovirus CLCuMuV potentiates efficient virus accumulation in its vector B. tabaci Asia II 7 by targeting and suppressing the transcription of an innate immunity-related BTB/POZ gene and other antiviral immune responses in a cryptic species-specific manner.
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Introduction

Inter-host movement of the viruses causing potential damages to humans, animals and plants is predominantly governed by arthropod vectors (Gray and Banerjee, 1999; Eigenbrode et al., 2018). Given that insect-borne transmission of plant pathogens (fungi, bacteria, phytoplasmas and viruses) mainly depends on the behavior and abundance of their vectors; these pathogens, therefore, have been selected to directly and/or indirectly influence their vectors to enhance transmission efficiency. This pathogen-induced vector manipulation might involve combinations of sophisticated effects on the behavior and performance of the vector combined with dynamics of pathogen acquisition that ultimately promote the pathogen spread (Eigenbrode et al., 2018). Of ~ 1,100 known plant-infecting viruses, a majority (over 75%) is exclusively vectored by diverse insect species, mainly by whiteflies (Hogenhout et al., 2008; Ng and Zhou, 2015). As of 2020, begomoviruses (family Geminiviridae) constitute the largest group of over 445 single-stranded DNA (ssDNA) viruses that are known to cause potential crop damages worldwide (Walker et al., 2020). These viruses are transmitted by Bemisia tabaci species complex in a persistent circulative manner (Harrison and Robinson, 1999; Rosen et al., 2015).

The circulative journey of plant viruses in their vectors occurs in an interactive yet coordinated manner to facilitate successful viral transmission. Concurrently, the viral infection might stimulate the immune responses from its vector (Gray and Banerjee, 1999; Power, 2000). Following the acquisition by insect vectors during feeding, persistent, circulative viruses then move through the alimentary canal of their vector, infect epithelial cells of the gut and are subsequently released into the hemolymph where they can spread to other tissues. Eventually, by infecting the salivary glands, they are released into the salivary duct, carried in the saliva followed by transmission to new/uninfected plants during feeding of the viruliferous vector (Hogenhout et al., 2008). The extent of success and viral transmission efficiency involves specific interactions between known viral factors and unknown vector proteins that ultimately regulate the viral transport in and out of the vector tissue and enable the virus to overcome different types of vector’s immune responses (Gray and Banerjee, 1999; Power, 2000; Schwarz et al., 2014).

To date, AV1 or coat protein (CP) is the only known structural component of begomoviruses that regulates their movement in the insect vector (Harrison et al., 2002). It has been demonstrated that replacement or mutation of the AV1 greatly alters the vector specificity towards geminiviruses transmission (Briddon et al., 1990; Pan et al., 2020). However, until now, only a limited number of whitefly proteins have been reported to interact with AV1. For instance, vesicle-associated membrane protein-associated protein B (VAPB) and heat shock protein-70 (HSP-70) have been reported to exhibit inhibitory functions in viral transmission (Götz et al., 2012; Zhao et al., 2019). On the contrary, GroEL protein of the secondary endosymbionts Arsenophonus or Hamiltonella prevents the viral degradation in the hemolymph of its vector (Gottlieb et al., 2010; Rana et al., 2012). Furthermore, BtPGRP, a peptidoglycan recognition protein is related to various immune responses of the whitefly and plays role in the begomoviral acquisition (Wang et al., 2016). Recently, a study has elaborated on the inhibitory role of immunity-related tumorous imaginal discs (TIDs) in begomoviral acquisition (Zhao et al., 2020).

The BTB (BR-C, ttk and bab) or POZ (Poxvirus and zinc finger) domain was first identified as a conserved motif in the Drosophila melanogaster (Lours et al., 2003). The BTB/POZ is evolutionarily conserved and a protein-protein interaction domain frequently found at the N-terminus of nuclear DNA-binding or actin-binding proteins (Albagli et al., 1995). Proteins containing BTB/POZ domain are known to be associated with versatile cellular functions including protein-protein interactions (PPIs), cytoskeleton dynamics, transcriptional regulation, ubiquitination of proteins and ion channel assembly/gating (Stogios et al., 2005). Nevertheless, the function of BTB/POZ domain-containing proteins in innate immune responses is still less studied. For instance, it has been demonstrated that ZBTB20 (a member of the BTB/POZ family) enhances toll-like receptor (TLR)-mediated immunity by suppressing the transcription of IκBα gene in response to invading pathogens (Liu et al., 2013). Earlier, it was demonstrated that a HaBBP gene containing BTB, BTB and carboxyl-terminus kelch repeats (BACK) and PAM, highwire and RPM (PHR) domains is involved in regulating the innate immunity of insects (Helicoverpa armigera) via 20-hydroxyecdysone (20E) signaling pathway (Wang et al., 2011). Likewise, a recent study has shown that in humans, a nucleus accumbens-associated 1 or NAC1 protein (of BTB/POZ family) is associated with RIG-I-like receptors (RLRs)-mediated innate immunity and stimulates the antiviral signaling in response to multiple RNA viruses (Xia et al., 2019). Additional experimental evidence has reported the discovery of a novel BTB domain-containing protein (SANBR) which acts as a negative regulator of the class switch recombination (CSR) (Zheng et al., 2021); a mechanism that enables B-cells to switch the production of IgD/IgM to generate antibodies of other isotypes (IgA, IgE or IgG) (Chaudhuri and Alt, 2004). The findings of another recent study demonstrate that NbBTB (a BTB/POZ domain-containing protein) affects the accumulation of avirulence effectors and subsequently, negatively modulates basal defense and effector-triggered immunity (ETI) in plants (Zhao et al., 2022).

Cotton leaf curl Multan virus (CLCuMuV) is a highly recombinant begomovirus capable of causing potential qualitative and quantitative losses to the cotton industry. Our recent findings demonstrate that the incessant resurgence of CLCuMuV strains in the major cotton-producing countries (China, India and Pakistan) is attributed to their rapid evolvability enabling their quick adaptation to a variety of ecosystems (Farooq et al., 2021). In China, both whitefly cryptic species (Asia II 7 and MEAM1) have been reported to infest the diseased plants exhibiting symptoms of CLCuD (Ting et al., 2016). These biotypes (cryptic species) can easily be distinguished by analyzing their mtCOI gene sequences (Chen et al., 2002). Also, we observed that B. tabaci cryptic species Asia II 7 is an efficient vector of CLCuMuV infecting malvaceous crops in China (Chen et al., 2019). Thus, we speculate that rapid evolutionary dynamics together with efficient vector acquisition are the leading causes of CLCuMuV resurging outbreaks in the main cotton-producing regions of the world. Recently, researchers have identified several candidate whitefly proteins that interact with CLCuMuV-AV1, including a vacuolar protein sorting-associated protein (Vps) twenty associated 1 (Vta1). Reportedly, Vta1 of Asia II 1 whiteflies exhibited a strong interaction with CLCuMuV-AV1 as compared to that of MEAM1. Moreover, in contrast to MEAM1, RNAi-mediated knock-down of Vta1 gene in Asia II 1 whiteflies significantly increased the acquisition and transmission of CLCuMuV (Chi et al., 2021). Although this is an interesting study that highlights the role of Vta1 in the whitefly-borne transmission of CLCuMuV, the molecular mechanisms governing the efficient transmission of CLCuMuV by Asia II 7 largely remain in the shadow.

Here, we employed a combinatorial approach including yeast two-hybrid assay, bioinformatics, BiFC and RNA interference to elucidate the potential mechanism/s governing efficient transmission of CLCuMuV by whitefly cryptic species, Asia II 7. Numerous whitefly proteins were found to interact with AV1 (CP) of the CLCuMuV. The interactions were further validated followed by the functional analysis of the target whitefly genes. Based on the experimental evidence, we propose that AV1 of the CLCuMuV directly interacts with a whitefly BTB/POZ domain-containing protein, regulates its transcription in a cryptic species-dependent manner and enhances viral acquisition by successful suppression of the immunity in Asia II 7. Of several additional mechanisms involved in the whitefly-mediated begomoviral transmission (Pan et al., 2017; Zhao et al., 2019; Zhao et al., 2020; Wang et al., 2020; Zhao et al., 2020; Ghosh and Ghanim, 2021), our proposed mechanism will facilitate understanding the efficient cryptic species-specific transmission of CLCuMuV.



Materials and methods


Insect rearing, plants and virus source maintenance

B. tabaci Asia II 7 and MEAM1 populations were maintained on cotton (cv. Zhongmian 43 seedlings) not infected by CLCuMuV inside insect-free cages as this cultivar is a non-host plant of CLCuMuV. The cotton plants were replaced every 30 days by a batch of fresh plants to facilitate whiteflies maintenance. The purity of B. tabaci Asia II 7 (biotype CV) and MEAM1 (biotype B) cryptic species cultures was confirmed every 3-5 generations by using mitochondrial cytochrome oxidase I (mtCOI) gene-specific primers mtCOI-C1- J- 2195/mtCOI-TL2N- 3014 (Supplementary Table S1). For cryptic species purity analysis, 10-15 individual whiteflies were collected, subjected to PCR and subsequently confirmed by sequencing. Nicotiana benthamiana wild type (WT) and transgenic (H2B) plants were grown in a substrate mixture containing black soil, artificial soil, perlite and vermiculite (2:1:2:2), in a growth chamber with 14-h light/10-h dark photoperiod at a temperature of 25-27 °C and relative humidity of 60%. The CLCuMuV was maintained by infiltrating the G. hirsutum cv. Xinhai 21 at 2-3 true-leaf stage with agrobacterium GV3101 strain cultures harboring CLCuMuV DNA-A (KP762786) and betasatellite (KP762787). The presence of CLCuMuV in plants and insects was confirmed by using specific primers CLCuMuV-CL F/R & CLCuMuB-beta-F/R (Supplementary Table S1). For insect transmission assays, G. hirsutum cv. Xinhai 21 plants at 3-5 leaf stage were used.



Cloning, self-activation and functional assay of bait vector

The full-length coding sequence of CLCuMuV-AV1 was PCR-amplified from plasmid harboring CLCuMuV DNA-A (KP762786) and ligated into SfiI-digested bait vectors pBT3SUC and pBT3STE (Dualsystems Biotech). The recombinant plasmids were transformed into Saccharomyces cerevisiae strain NMY51 and the expression of CLCuMuV-AV1 was subsequently verified by western blot analysis using anti-AV1 antibodies. Verification of the bait-self activation and functional analysis was performed using different combinations of activation/binding (AD/BD) domain-containing plasmids on different nutritionally selective media. The specific details on different combinations of AD/BD plasmids and types of selective media used for this purpose are described in the Supplementary Table S2. Primers used for cloning and construction of bait plasmids are listed in the Supplementary Table S1.



Yeast two-hybrid library construction and preliminary screening

The AV1-interacting Asia II 7 proteins were identified by using DUALmembrane Starter Kit (Dualsystems Biotech) following the manufacturer’s protocol. The cDNA of Asia II 7 was constructed into SfiI-digested prey vector, pPR3N. The cDNA quality was evaluated as per instructions provided in the kit. Subsequently, the cDNA library was transformed into yeast cells containing pBT3STE-AV1. Yeast clones were selected on synthetic defined (SD) media lacking Trp and Leu (SD-TL) and Trp, Leu and His (SD-TLH) containing 5 mM 3-amintotrizole (3-AT). Subsequently, to verify the interactions, yeast cells were resuspended in 1% NaCl (with OD600 adjusted to 1) and restreaked on SD media lacking Trp, Leu, His and Ade (SD-TLHA) supplemented with 5 mM 3-amintotrizole (3-AT). Additionally, the β-galactosidase activity in yeast cells was monitored to evaluate the preliminary interactions. At the final step, plasmids from yeast cells were recovered and transformed into Escherichia coli (DH-5α strain) followed by sequencing. To identify the putative AV1-interacting proteins, the obtained sequences were subjected to BLAST analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi).



Bioinformatics analysis of AV1-interacting proteins

The AV1-interacting whitefly proteins identified from Y2H screening were subjected to functional annotation using Blast2GO software available online at (https://www.blast2go.com/). Full-length amino acid sequences were used to perform these analyses. For query proteins, analysis of the metabolic pathways was conducted by using the online BlastKOALA tool in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/blastkoala/).



In silico protein-protein interaction and prediction of binding residues

To determine the potential binding sites of the target proteins (BTB/POZ and CLCuMuV-AV1), binding site prediction tools including Non-partner-specific (NSP)-HomPPI (Xue et al., 2011), PredictProtein (Yachdav et al., 2014), and Protein-protein interaction Sites prediction serVER (PSIVER) (Murakami and Mizuguchi, 2010) were employed. Further, a sequence-based method, PPA-Pred was used to identify interactions in terms of ΔΔG/binding affinity (changed in Gibbs free energy) (Yugandhar and Gromiha, 2014). Finally, based on the modeled structures, DoGsiteScorer (Volkamer et al., 2012), was used to find putative binding pockets in the target proteins.



Validation of individual protein interactions in yeast

Full-length coding sequences of the AV1-interacting genes identified in preliminary Y2H screening were amplified and cloned into bait vector pPR3N following the above-mentioned protocol. Validation of interactions between AV1 and whitefly candidate genes was carried out by transforming the yeast cells followed by their growth on nutritionally selective media following procedures mentioned earlier. The primers used for the construction of BTB/POZ prey vector are listed in the Supplementary Table S1.



Agrobacterium-mediated transient expression of proteins in N. benthamiana

All plasmid constructs containing target ORFs were chemically transformed into Agrobacterium tumefaciens GV3101 cells with pSoup vector. To select the positive clones, colony PCR was done by testing agrobacterium colonies growing on LB medium supplemented with kanamycin and rifampicin antibiotics. The positive clones were separately inoculated to LB media with appropriate antibiotics and incubated at 28 °C until achieved optimum OD600. The bacteria were pelleted and resuspended in the infiltration buffer (10 mM MES, 10 mM MgCl2, 150 µM Acetosyringone) followed by OD600 adjustment. As for BiFC, equal volumes of agrobacteria containing pSPYCE, pSPYNE and p19 silencing suppressor were mixed with OD600 being 0.5, 0.5 and 0.3, respectively. The lower epidermis of N. benthamiana plants was infiltrated using a 2 mL needleless syringe at 5-6 fully-expanded leaf stage.



Protein structure and phylogenetic analysis

The BTB/POZ amino acid sequence (XP_018901333.1) identified from the Y2H screening assay was aligned with 80 closely related proteins (Supplementary Table S3) from different insect species. Multiple sequence alignments (MSA) were performed using ClustalW. The phylogenetic tree was constructed by the maximum likelihood (ML) method using MEGA X program (Kumar et al., 2018). The bootstrapping consisted of 1000 replicates to support the internal nodes of the tree. The grouping of BTB/POZ-related proteins from different insects has been represented by different colors. Prediction of the conserved protein domains was performed using the conserved domain database (CDD) tool available online at NCBI database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The calculation and prediction of the 3D structure of BTB/POZ protein were performed using the molecular biology tool available at (http://molbiol-tools.ca/Protein_tertiary_structure.htm).



Bimolecular fluorescence complementation (BiFC) assay

The full-length coding sequences of CLCuMuV-AV1 and BTB/POZ (XM_019045788.1) were PCR amplified from a plasmid template containing the target sequence and from B. tabaci cDNA, respectively. The PCR products were digested with SpeI/SalI and cloned into pSPYCE-35S and pSPYNE-35S expression vectors to generate constructs with YFP at C and N-terminus, respectively. The construction of in-frame expression vectors was further verified by DNA sequencing. Subsequently, these constructs were transformed into agrobacterium and co-inoculated to N. benthamiana leaves as described above. After infiltration, plants were maintained at 25 °C ± 2 in darkness and expression of YFP was observed at 72 dpi. To observe YFP complementation, lower epidermal cells were imaged by Zeiss LSM 710 confocal microscope following the manufacturer’s protocol. Primers used for BiFC experiment are listed in Supplementary Table S1.



In vitro transcription of dsRNA

The target BTB/POZ and GFP gene sequences were amplified from pPR3N and pGDGm plasmids, respectively. The specific primers used for dsRNA synthesis contained the extended sequence of T7 RNA polymerase promoter (5’-TAATACGACTCACTATAGG-3’) at the 5’ end (Supplementary Table S1). The amplified PCR products were used as templates to synthesize dsRNA using T7 RiboMAX™ Express RNAi System (Promega, Madison, WI, USA), following the manufacturer’s protocol. Transcription of the sense and anti-sense strands was carried out in the same reaction. The dsRNA was eluted in nuclease-free water and detected in 1.5% agarose gel electrophoresis followed by qualitative and quantitative analysis of dsRNA using NanoDrop 2000. The dsRNA was either used fresh or preserved at -80 °C for downstream experiments. The dsGFP was used as the negative control.



Silencing of BTB/POZ in B. tabaci by oral administration of dsRNA

Approximately 150 newly-emerged, virus-free whiteflies (Asia II 7 and MEAM1) were collected from cotton plants using plastic tubes (30 ˟ 100 mm). Tube openings were covered with 0.1% DEPC solution-treated parafilm layers to remove any RNase. A mixture containing ~ 300-400 ng/ul dsRNAs (dsBTB/POZ or dsGFP) solution mixed with 15% sucrose was sandwiched between two layers of parafilm. For each treatment, six tubes were used. The tubes were maintained at ~ 25 °C and 65% relative humidity. The mortality of whiteflies post-dsRNA feeding was observed on daily basis. To analyze the RNAi-mediated gene silencing efficiency, BTB/POZ transcriptional changes in response to dsRNA treatment were measured at 12, 24, 36 and 48 hours post dsRNA feeding. RNA was extracted from whiteflies in replicate groups consisting of 10-15 individuals followed by RT-qPCR analysis. The primers used for the analysis of BTB/POZ mRNA levels are listed in the Supplementary Table S1.



Nucleic acid extractions for RT-qPCR and qPCR

Total RNA was extracted from virus-free, virus-infected and dsRNA-fed whiteflies by using TRIzol reagent (Life Technologies, Inc., MD, USA). The RNA quantity was analyzed by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, CA, USA) and the integrity was analyzed by 0.8% gel electrophoresis. Then, cDNA synthesis was carried out by using HiFiScript gDNA Removal RT Mastermix, CW2020M (CoWin Biosciences, China) as per provided instructions. The cDNA was stored at -80 °C for downstream applications. RT-qPCR was performed using TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (Takara Bio, Inc. Otsu, Japan) following the manufacturer’s protocol. A total of three biological and nine technical repeats were used in each treatment. DNA extraction from plant samples was done using EasyPure Plant Genomic DNA Kit (Transgene Biotech, Beijing, China) following the manufacturer’s directions. DNA from viruliferous, aviruliferous and dsRNA-fed whiteflies was extracted in lysis buffer according to a procedure described earlier (Pan et al., 2017).



Analysis of BTB/POZ transcription after virus acquisition

Newly-emerged whiteflies (Asia II 7 and MEAM1) were collected from cotton plants and released to feed on the CLCuMuV-infected cotton for virus acquisition. Whiteflies feeding on the virus-free cotton plants were used as control. Approximately 90-120 whiteflies were collected from each treatment consisting of 3 biological and 3 technical repeats (9 replications/treatment). Virus-infected whiteflies were collected at 12, 24, 36 and 48 hours post-feeding on the CLCuMuV source. Total RNA was extracted with TRIzol methods followed by cDNA synthesis as described above. The mRNA levels of BTB/POZ among whiteflies in response to CLCuMuV infection were analyzed by RT-qPCR using 2−ΔΔCt method (Livak and Schmittgen, 2001). The mRNA expression levels were normalized against β-actin and ribosomal protein L29 (RPL29) genes as the internal controls. Additionally, ~8-10 whitefly adults were randomly selected to confirm the presence of virus using CLCuMuV-specific primers. All primers used in this experiment are listed in the Supplementary Table S1.



Virus acquisition assays

To compare the efficiency of CLCuMuV acquisition after feeding on dsBTB/POZ or ds GFP, whiteflies (Asia II 7 and MEAM1) were subjected to dsRNA feeding for 48 hours and then transferred to CLCuMuV-infected cotton plants to acquire the virus. Whiteflies were collected in groups of 10 at 12, 24, 36 and 48 hours after feeding on the virus source. DNA was extracted by homogenizing whiteflies in 100 µl lysis buffer (10 mM Tris, 0.2% gelatin, 50 mM KCl, 0.45% Tween-20, 60 mg/mL proteinase K and NP-40 with pH adjusted to 8.4). Three biological replicates were included followed by quantitative analysis of viral DNA using qPCR. Primers used in this experiment are listed in the Supplementary Table S1.



Statistical analysis

The relative abundance of CLCuMuV in whiteflies, expression levels of BTB/POZ gene and survival rates were compared by using independent t-test analysis. Significant differences were designated based on P-values (*P <0.05, **P <0.01 and *** P <0.001). All statistical analyses were performed using IBM SPSS Statistics (SPSS Inc., Chicago, USA).




Results


Investigation of interactions between CLCuMuV-AV1 and Asia II 7 whitefly proteins

Different combinations of plasmids and composition of nutritional selective media used in this experiment are shown in the Supplementary Table S2. Results of the bait self-activation and functional analysis test showed that bait (AV1) displayed a strong functional activity in yeast cells with a growth percentage ranging between 62-80 on SD-TLHA media (Figures 1A, B). As for the AV1-based screening of Asia II 7 cDNA, a transformation efficiency of 3.91×104/µg was achieved (Supplementary Figure S1). Initially, based on the activation of ADE2 and HIS3 reporter genes, 30 positive clonal transformants were obtained on SD-TLHA+5mM 3AT media (Supplementary Figure S2). After the Y2H assay, a total of 22 clones were obtained on SD-TL media. These clones were further subjected to growth on the SD-TLHA+5 mM 3AT media combined with β-galactosidase assay (Figures 1C, D). Subsequent analyses based on the activation of ADE2, HIS3 and LacZ reporter genes revealed a total of 21 unique AV1-interacting Asia II 7 whitefly proteins (Table 1).




Figure 1 | Bait self-activation test and functional analysis and interactions between Asia II 7 proteins and CLCuMuV-AV1. (A) Different combinations of plasmids fused with activation or binding domains (AD/BD) were transformed to yeast cells (NMY51) and their growth was monitored on the screening plates containing synthetic defined (SD) media lacking Trp and Leu (SD-TL) and Trp, Leu and His (SD-TLH) and Trp, Leu, His and Ade (SD-TLHA). (B) The number of transformants and percentage growth of plasmids on the selective media. Data represents the growth percentage of co-transformed plasmids used as positive control (1), negative control (2), to test self-activation (3-4) and functional activity (5-6). (C) Validation of interactions between CLCuMuV-AV1 and 21 Asia II 7 proteins as indicated by the growth of co-transformed yeast cells on synthetic defined media lacking Trp, Leu, His and Ade (SD-TLHA) supplemented with 5 mM 3-amintotrizole (3AT) as a result of Ade and His3 genes activation. Plasmid combination pNubG-Fe65 + pTSU2-APP was used as positive control (+) and pPR3N + pTSU2-APP was used as negative control (-). (D) The preliminarily identified interactions were further validated by testing β-galactosidase enzyme as represented by the activation of LacZ reporter gene.




Table 1 | List of putative whitefly proteins interacting with CLCuMuV-AV1 in Y2H assay.





Functional annotation and metabolic pathways analysis of AV1-interacting proteins

GO and KEGG-mediated in silico analysis of 21 AV1-interacting proteins classified them into different groups based on biological, molecular or cellular functions. GO analysis identified 13 unique biological processes, 5 molecular functions and 13 categories related to the cell structure with 3 proteins having unknown functions. The highest number (~11) of these proteins was associated with nucleic acid/metal-ion binding molecular function. Whereas, a majority was related to metabolic and biological processes, differentiation, electron transport response to stimuli and catalytic activities. Additionally, a few of them were identified as cellular components associated with the nucleus, ribosome and endomembrane system (Figure 2A). Furthermore, KEGG-based pathway analysis divided these proteins into 6 groups associated with genetic information processing, signal transduction, cellular processes, immune system, human diseases and endocrine system (Figure 2B). For instance, Bta12389 is a BTB/POZ domain-containing protein-10 which is associated with the molecular function of protein binding (GO:0005515). As mentioned in the introduction, this protein is a protein-binding transcriptional regulator and as a part of the innate immunity system, it possesses antiviral activity. The detailed attributes related to the functional annotation and pathways analysis of 21 AV1-interacting proteins are listed in the Supplementary Table S4.




Figure 2 | Functional annotation and pathway analysis of 21 whitefly proteins putatively interacting with CLCuMuV-AV1. (A) Gene ontology (GO) analysis of 21 whitefly proteins. The protein functional categories associated with the biological function (BF), molecular function (MF), cellular component (CC) and unknown function (UF) were defined using Blast2GO software available online at (https://www.blast2go.com/). (B) Metabolic pathway distribution of these proteins was analyzed by using online BlastKOALA tool in Kyoto Encyclopedia of Genes and Genomes (KEGG) database available online at (https://www.kegg.jp/blastkoala/).





Protein structure and phylogenetic analysis

The BTB/POZ prey plasmid sequence obtained from Y2H screen was subjected to BLAST analysis which showed 100% sequence similarity with a 1245 bp long gene sequence (GenBank accession: XM_0109045788.1) coding the BTB/POZ protein (GenBank accession: XP_018901333.1). When BLAST searched on the whitefly genome database (http://www.whiteflygenomics.org/cgi-bin/bta/index.cgi), this protein showed 100% similarity with BTB/POZ domain-containing protein 10 of B. tabaci MEAM1 (Accession: Bta12389). The BTB/POZ protein is 415 aa long of which, N-terminal contains a Schwannomin-interacting protein-1 domain (15-102 aa) and a conserved BTB/POZ domain (105-312 aa) (Figure 3A). The predicted 3D structure of BTB/POZ is shown in the Figure 3B, whereas no transmembrane domain was detected in the protein sequence. Phylogenetic analysis of the B. tabaci BTB/POZ protein and 80 other BTB/POZ domain-containing proteins from different insects showed that it shared a clade with another B. tabaci BTB/POZ homologous protein (GenBank accession: XP_018901329.1) and displayed 96.51% sequence homology. In the monophyletic group, it appeared to be closely related to BTB/POZ domain-containing protein 10 of Halyomorpha halys (GenBank accession: XP_024219824.1) sharing a 75.87% sequence homology (Figure 3C and Supplementary Table S3).




Figure 3 | Protein (BTB/POZ) structure and phylogenetic analysis. (A) A graphical presentation depicting the type, length and position of the conserved domains as predicted by domain database (CDD) tool available online at NCBI database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). (B) Protein 3D structure was calculated and predicted in ChimeraX software (Pettersen et al., 2021). The BTB/POZ domain is highlighted in cyan-green color. (C) A phylogenetic tree of BTB/POZ and 80 other closely-related proteins was constructed using MEGA X program. Circular black dots represent the bootstrap values deduced from 1000 replicates. BTB/POZ domain-containing proteins belonging to different insect groups are represented by different colors.





In silico analysis of protein interactions and prediction of putative binding sites

Analysis of the BTB/POZ protein revealed that 97/415 binding residues (23.37%) met the criteria of optimum threshold (>=0.37) while 81/415 (20%) putative binding residues were detected with over 90% specificity (>=0.56). Furthermore, no binding prediction was made for 235/415 (57%) residues (Figures 4A, B). Notably, of all positively binding residues, ~80% were detected in the BTB/POZ domain which is well-known for protein interactions. The structure-based computational analysis showed six putative binding pockets (Figure 4C) in the BTB/POZ protein. Likewise, analyses were employed to identify putative binding residues and binding pockets in the AV1 protein. We identified 69/256 (27%) residues displaying optimum threshold (>=0.37) while 106/256 (41.4%) binding residues were detected with >90% specificity (>=0.56). Additionally, two putative binding pockets were identified in the CLCuMuV-AV1 protein (Figures 4D–F). Further, we employed a sequence-based binding affinity prediction method to determine the possible interaction between BTB/POZ and CLCuMuV-AV1. A highly negative value (ΔΔG = -15.20 kcal/mol) was observed which indicated a strong interaction between two full-length proteins (Supplementary Figure S3). The higher negative value of ΔΔG also indicated that the complex between both proteins is more stable.




Figure 4 | In silico prediction and validation of interaction between CLCuMuV-AV1 and whitefly BTB/POZ proteins. (A, B) Prediction of putative binding residues of BTB/POZ protein. Yellow highlighted residues denote area covered by BTB/POZ domain (C) Six putative binding pockets of the BTB/POZ protein (highlighted in purple-colored grids. (D, E) Prediction of putative binding residues of AV1 protein. (F) Two putative binding pockets of the AV1 protein (highlighted in purple-colored grids. Red color in A, B, D and E panels indicates the predicted binding residues with optimal threshold (>=0.37) while blue color indicates binding residues with more than 90% specificity (>=0.56). (G) Yeast two-hybrid (Y2H) assay was performed using bait (pBT3SUC-AV1) and prey (pPR3N-BTB/POZ) genes. Yeast cells (NMY51) were co-transformed with bait and prey plasmids and grown on synthetic defined media lacking Trp, Leu, His and Ade (SD-TLHA) supplemented with 5 mM 3-amintotrizole with and without X-gal. Serial 10-fold dilutions of yeast cells were made as indicated. Cells co-transformed with pNubG-Fe65 + pTSU2-APP served as a positive control, and cells co-transformed with pPR3N + pTSU2-APP, or with empty vectors (pPR3N and pBT3SUC) served as negative controls. (H) The interaction between CLCuMuV-AV1 and whitefly BTB/POZ protein was confirmed by bimolecular fluorescence complementation (BiFC) assay. Target proteins were cloned into pSPYCE-35S and pSPYNE-35S vectors to generate C and N-terminus yellow fluorescence protein (YFP)-tagged expression cassettes. The YFP complementation in the lower epidermal cells of N. benthamiana was observed at 3 dpi using a confocal laser microscope (LSM-710) at 514 nm wavelength. Yellow and red fluorescence protein signals are represented by YFP and RFP, respectively. Scale bars represent 20 µm.





Validation of interaction between CLCuMuV-AV1 and BTB/POZ

The candidate whitefly proteins were subsequently analyzed by one-to-one interactions using Y2H system as described in the methods section. Repeated Y2H assays revealed a robust interaction between AV1 (bait) and BTB/POZ (prey) proteins in yeast cells (Figure 4G). We took advantage of BiFC to validate this interaction in living cells of N. benthamiana. For this purpose, lower epidermal cells of N. benthamiana leaves were observed using a fluorescence microscope at 48-72 hours post-infiltration. The YFP complementation was observed in the cells co-transformed with pSPYNE-BTB/POZ and pSPYCE-AV1 indicating a direct interaction between the two proteins. The YFP signals were mainly distributed in the cell membrane and cell periphery. However, no YFP signals were observed in the control leaves infiltrated with AV1 or BTB/POZ alone, signifying that the interaction between these two proteins is true (Figure 4H). Similar results were obtained in the repeated BiFC experiments which further confirmed the specific interaction between CLCuMuV-AV1 and BTB/POZ.



Transcriptional response of whitefly BTB/POZ gene after CLCuMuV acquisition and virus accumulation

To investigate the patterns of BTB/POZ expression after virus acquisition, B. tabaci (cryptic species, Asia II 7 and MEAM1) were allowed to feed on the CLCuMuV-infected cotton plants for four different acquisition access periods (12, 24, 36 and 48 hours). Subsequently, the transcription of BTB/POZ and virus accumulation in the whole body of whiteflies were analyzed. The RT-qPCR results showed that the expression of BTB/POZ immediately increased in MEAM1 at 12 h AAP and followed an increasing trend at the subsequent time points (Figure 5A). On the contrary, the expression of BTB/POZ was surprisingly lower in Asia II 7 and it appeared similar to that of aviruliferous whiteflies (Figure 5A). We further performed qPCR to estimate the levels of virus accumulation and the results revealed that the virus accumulation had no significant difference among both cryptic species (Asia II 7 and MEAM1) at 12 h of AAP (Figure 5B). Though the viral DNA was observed to slightly increase in Asia II 7 at 24 h AAP, the difference remained non-significant as compared to MEAM1 (Figure 5B). Notably, at 36 h AAP, the CLCuMuV levels in Asia II 7 were significantly elevated and a dramatic increase in the virus accumulation was observed at 48 h AAP. Though CLCuMuV accumulation in MEAM1 slightly increased over time, it remained much lower than that of Asia II 7 (Figure 5B).




Figure 5 | Transcriptional response of BTB/POZ following CLCuMuV acquisition, expression levels of BTB/POZ and survival of whiteflies after dsRNA treatment. (A) Whiteflies (Asia II 7 & MEAM1 cryptic species) were allowed to feed on the CLCuMuV-infected plants followed by RNA extraction and the mRNA expression levels of BTB/POZ were monitored at 12 h (P = 0.0001), 24 h (P = 0.00025), 36 h (P = 0.00012) and 48 h (P = 0.0001). (B) DNA was extracted from the viruliferous whiteflies and the accumulation of viral DNA was assessed at 12 h (ns =non-significant), 24 h (ns), 36 h (P = 0.003748) and 48 h (P = 0.000504). Whiteflies were collected in replicate groups (~10 whiteflies/group) and subjected to nucleic acid extraction. Horizontal dashed lines (black) represent the level of control. (C) Whiteflies (Asia II 7 & MEAM1 cryptic species) were fed on dsBTB/POZ and the effect of the interference experiment was analyzed by RT-qPCR assay. Whiteflies fed on dsGFP served as control. The relative expression of BTB/POZ between two cryptic species was compared at different time intervals (24, 48 and 72 h) post-dsRNA feeding. (D) The survival rate of the whiteflies in response to interference treatment was also analyzed. Differences between treatments were analyzed by independent t-test and the statistical significance was defined as: *P < 0.05, **P < 0.01 and ***P < 0.001. ns, non-significant.





RNAi-mediated knock-down of BTB/POZ and survival of whiteflies

To optimize the dsRNA-mediated silencing of BTB/POZ with maximum efficiency, whiteflies (Asia II 7 and MEAM1) were fed on dsBTB/POZ (400 ng/ul) for 24, 48 and 72 hours. Whiteflies feeding on dsGFP were included as control. RT-qPCR-based analysis of BTB/POZ transcription showed that 48 h feeding on dsBTB/POZ was sufficient to down-regulate the gene expression both in Asia II 7 and MEAM1 (Figure 5C). Although the silencing efficiency was much higher in the whiteflies fed on dsBTB/POZ for 72 h, the percentage of surviving whiteflies was very low (~20%). In general, the overall survival rate post dsRNA feeding remained higher in the MEAM1 whiteflies (Figure 5D). These results suggested that the effect and efficiency of BTB/POZ silencing were obvious in the Asia II 7 and 48 h feeding on dsBTB/POZ was optimum to obtain efficient gene silencing and to retain the minimum number of whiteflies required for downstream experiments.



Effects of BTB/POZ silencing on virus acquisition

To investigate the role of BTB/POZ in virus acquisition, whiteflies (Asia II 7 and MEAM1) were fed on dsBTB/POZ and dsGFP (400 ng/ul), and followed by 48 h feeding on the CLCuMuV source with AAPs of 12, 24, 36 and 48 h. Whiteflies at the mentioned time intervals were collected in replicate groups and subjected to qPCR analysis. Results showed that silencing of BTB/POZ substantially increased the virus accumulation over time in Asia II 7 whiteflies. Although, at 48 hours the CLCuMuV DNA levels were lowered, they remained higher than those of dsGFP-fed whiteflies (Figure 6A). On the contrary, in MEAM1 whiteflies, the virus accumulation followed a decreasing trend over time as compared to those fed on dsGFP (Figure 6B). It indicates that BTB/POZ silencing in Asia II 7 significantly enhances the efficiency of virus acquisition. Overall, the effects of BTB/POZ silencing were more deleterious in Asia II 7 as compared to MEAM1.




Figure 6 | BTB/POZ silencing differentially affects virus acquisition/accumulation rates by whiteflies. Post-dsRNA treatment (A) Asia II 7 whiteflies were allowed to acquire virus and qPCR-based quantification of the viral DNA was performed at 12 h (P =0.00001), 24 h (P = 0.00001), 36 h (P = 0.00834) and 48 h (P = 0.000269). (B) Quantification of the viral DNA was also compared between dsGFP and dsBTB/POZ-fed MEAM1 whiteflies at 12 h (P =0.00001), 24 h (P =  0.00175), 36 h (P = 0.00175) and 48 h (P = 0.00001). Differences between treatments were analyzed by independent t-test and the statistical significance was defined as: **P < 0.01 and ***P < 0.001.





Innate immunity-related pathways in whiteflies are differentially regulated post-CLCuMuV infection

Our finding that selective regulation of immunity-related BTB/POZ differentially affects the subsequent virus acquisition by whiteflies further led us to hypothesize whether CLCuMuV infection of whiteflies induces/suppresses certain immunity-related pathways in a cryptic species-specific manner. To answer this question, we opted to test the transcriptional responses of eight genes (Supplementary Table S5) that are well-known to be associated with major immune signaling pathways (Toll, Imd, Jnk and Jak/STAT) in the insects (Hillyer, 2016). The results revealed that following a period of 48 h feeding on CLCuMuV-infected plants, the Toll, Imd, Jnk and Jak/STAT pathways were substantially induced in the MEAM1 whiteflies suggesting an early-stage activation of immune responses to the viral infection (Figures 7A–D). Remarkably, the transcriptional levels of immunity-related genes remained significantly lower in the Asia II 7 whiteflies. Although, the immunity pathways appeared to be activated as the mRNA levels of the immunity-related genes remained slightly higher than those in aviruliferous whiteflies; overall, the immune responses remained significantly lower as compared to MEAM1 whiteflies (Figures 7A–D).




Figure 7 | Comparative transcriptional response of whitefly genes involved in the antiviral immune signaling pathways. Whiteflies (Asia II 7 & MEAM1 cryptic species) were allowed to feed on the virus source for 48 hours followed by RNA extraction and RT-qPCR based quantification of the genes involved in (A) Toll (B) Imd (C) Jnk and (D) Jak/STAT antiviral immunity-related pathways. Differences between treatments were analyzed by independent t-test and the statistical significance was defined as: *P < 0.05 and **P < 0.01. Horizontal dotted lines (red) denote the relative mRNA expression levels of the target genes in healthy (aviruliferous) whiteflies.





Comparative expression analysis of BTB/POZ domain-containing genes among CLCuMuV-infected MEAM1 and Asia II 7 whitefly cryptic species

To further expand our understanding of how other BTB/POZ domain-containing genes are transcriptionally regulated in response to CLCuMuV infection, we performed a transcriptomic analysis of the virus-infected whiteflies (Asia II 7 and MEAM1) at 12 h AAP. Captivatingly, the results of fragments per kilobase of transcripts per million mapped reads (FPKM) analysis demonstrated that of 23 total BTB/POZ domain-containing transcripts, the expression of 13 transcripts was higher among MEAM1 whiteflies as compared with that of Asia II 7 (Figure 8 and Supplementary Table S6). On the contrary, the relative expression of 10 BTB/POZ domain-containing genes was higher in CLCuMuV-infected Asia II 7 whiteflies (Figure 8 and Supplementary Table S6). These results support our aforementioned observation that the transcriptional response of BTB/POZ domain-containing genes is cryptic-species dependent and generally higher among MEAM1 whiteflies post-CLCuMuV infection.




Figure 8 | Comparative expression analysis of 23 BTB/POZ domain-containing genes among CLCuMuV-infected Asia II 7 and MEAM1 whiteflies at 12 h AAP.






Discussion

The majority of economically important plant viruses relies on vector-mediated transmission (Whitfield et al., 2015) for dispersal and survival. Plant viruses regulate efficient acquisition and transmission by their insect vectors to establish a successful infection cycle (Dietzgen et al., 2016). Although, the vector-mediated transmission of viruses might appear a simple process of contamination, it is rather a complicated phenomenon involving dynamic interactions between vector and viral proteins. Plant viruses induce several direct and/or indirect effects on their insect vectors that modify their behavior, fitness and life cycle which consequently leads to efficient virus transmission and dissemination (Moreno-Delafuente et al., 2013). In the course of long-term virus-vector co-evolution, the vectors have evolved and continuously impose several constraints on plant viruses to limit their persistent transmission by new vectors (Lefeuvre et al., 2019). To tackle this, on the contrary, viruses have been able to select sophisticated adaptations that improve their efficient transmission by vectors at different scales (Gallet et al., 2018). Thus, the journey of viruses through their insect vectors is mainly driven by specific interactions between viral determinants and vector proteins (Dietzgen et al., 2016). While most of the viral factors have been well-characterized with respect to their vector counterparts (Whitfield et al., 2015), novel receptors of the vectors involved in virus transmission largely remain unknown and specifically, elucidation of the molecular factors regulating the whitefly-mediated transmission of begomoviruses has emerged as a continuously developing research domain (Zhao et al., 2020; Wang et al., 2020; Zhao et al., 2020).

In this study, we took advantage of the split ubiquitin yeast two-hybrid system and identified 21 candidate Asia II 7 whitefly proteins that ostensibly interacted with CLCuMuV-AV1 (Figure 1 and Table 1). GO and KEGG-based analyses further categorized these proteins according to their possible roles in various biological processes and metabolic pathways (Figure 2). Next, we constructed the full-length coding sequences of these proteins to verify the preliminarily identified interactions. The results of molecular docking, Y2H and BiFC experiments demonstrated the direct interaction between a zinc finger (BTB/POZ domain-containing) protein (Bta12389) and CLCuMuV-AV1 (Figure 4). Often regarded as “born-to-bind” proteins, the BTB/POZ domain-containing proteins constitute a class of transcriptional regulators that are well-known for protein-protein interactions (Perez-Torrado et al., 2006). Additionally, BTB/POZ proteins are associated with diverse biological functions including developmental processes, differentiation, chromatin remodeling and tumorigenesis (Kelly and Daniel, 2006; Lee and Maeda, 2012). Earlier, the BTB/POZ domain has been documented to be associated with biological functions including homeostasis, development, transcriptional repression and neoplasia. Studies on the BTB domain-containing Bcl-6, PLZF-RARα and PLZF have reported that the BTB domain is crucial for dimerization, nuclear localization and transcriptional repression (Dhordain et al., 1995; Dong et al., 1996). Interestingly, few studies suggest the unique roles of BTB/POZ proteins in antiviral (Liu et al., 2013; Xia et al., 2019), proviral (Wang and Zheng, 2021), and innate immune responses against invading pathogens (Wang et al., 2011; Sadler et al., 2015; Loimaranta et al., 2018; Li et al., 2020; Zhang et al., 2021). However, the details regarding their biological functions in virus-vector interactions largely remain understudied.

Given that plant viruses as obligate intracellular parasites, modulate the immune response of their vectors for successful colonization (Wang et al., 2020), we sought to investigate the transcriptional response of BTB/POZ in response to viral acquisition. Our results demonstrated that the transcription of BTB/POZ was significantly suppressed in Asia II 7 as compared to the MEAM1 cryptic species in which BTB/POZ transcription was significantly upregulated post-CLCuMuV acquisition (Figure 5A). Based on this observation we hypothesized that the differential expression of BTB/POZ in whiteflies is directly correlated with their efficiency to acquire CLCuMuV. The results of viral DNA accumulation further corroborated this hypothesis suggesting that CLCuMuV targets the whitefly immunity to enhance CLCuMuV acquisition in a cryptic species-specific manner (Figure 5B). Subsequent knock-down of BTB/POZ substantially enhanced the CLCuMuV acquisition and transmission by Asia II 7, however, on the contrary, BTB/POZ silencing in MEAM1 did not change the CLCuMuV levels (Figure 6). While we observed that compared to Asia II 7, MEAM1 exhibits poor efficiency to acquire CLCuMuV, this finding is supported by a recent study that describes the likewise conclusions (Chi et al., 2021).

The viral manipulation of insect immune responses, especially in the context of begomovirus-whitely interactions has been discussed by few studies. In response to viral targeting of the vector immunity at physical, cellular and humoral levels, the insects advantageously regulate innate immune responses to combat these invading pathogens (Lavine and Strand, 2002). For instance, BtPGRP, a whitefly protein with antibacterial properties, has been shown to possess multiple immunity-related functions that affect begomoviral acquisition (Wang et al., 2016). Similarly, a recent finding describes the antiviral role of an immunity-related whitefly protein Tid, in begomovirus acquisition (Zhao et al., 2020). Interestingly, several pieces of evidence suggest that insect-borne viruses can induce the c-Jun N-terminal kinase/JNK signaling pathways of their vectors, which substantially enhances viral replication (Wang et al., 2017; Chowdhury et al., 2020; Ma et al., 2020). Additional data demonstrate that autophagy and apoptosis not only trigger complicated virus-vector interactions but also, govern the whitefly regulation of begomoviral transmission (Wang et al., 2016; Wang et al., 2020; He et al., 2020; Wang et al., 2022). Although, a recent study reports 3 zinc finger proteins (Bta06175, Bta08766 and Bta11305) that are associated with different pathways and play major roles in Tomato crinivirus (ToCV) transmission, to date no study describes the direct interaction of Asia II 7-BTB/POZ with CLCuMuV-AV1 and its implication in the virus transmission. Our results demonstrate that CLCuMuV directly targets and differentially regulates the expression of BTB/POZ gene along with other genes associated with key immunity-related pathways. Insects deploy the innate immune system as the first line of defense to combat invading pathogens which is reflected by the rapid activation of immune responses upon pathogen recognition (Yamamoto-Hino et al., 2015). Implications of the Jak/STAT and Toll-mediated signaling in the insect antiviral immune responses have been highlighted earlier (Dostert et al., 2005; Kingsolver et al., 2013). Interestingly, the findings of a recent study suggest that an RNA genome-containing plant virus (Rice stripe virus, RSV) can activate Toll signaling pathway in its insect vector Laodelphax striatellus (He et al., 2021). While insect’s antiviral immune responses have been well-explored in model insects like mosquitoes and Drosophila; they remain unclear in the case of whiteflies. Moreover, understanding of the dynamics of immunity-related signal transduction pathways in response to DNA viruses remains limited. Our findings provide direct evidence that CLCuMuV rapidly activates the antiviral immune responses (Toll, Imd, Jnk and Jak/STAT) in whiteflies at the early stage of infection. Importantly, the extent of immunity activation remains cryptic species-dependent (Figure 7). In future, it would be interesting to explore whether viral AV1 directly interacts with any of these immunity-related factors and hijacks them to facilitate virus accumulation in the insect vector. Given that, begomoviruses are transmitted with variable efficiencies by different whitefly species (Fiallo-Olivé et al., 2020; Wang and Blanc, 2021), and that begomoviruses might selectively interact and regulate host proteins to enhance transmission efficiencies (Wei et al., 2014; Guo et al., 2018; Chi et al., 2021), it would be imperative to investigate whether begomoviruses (or other viruses) recruit BTB/POZ to successfully overcome/cross various physical barrier/s of the whiteflies.

Apart from the role of BTB/POZ and antiviral immunity-related genes in viral accumulation, our study also identified additional proteins that putatively interacted with CLCuMuV-AV1. It will be worth researching whether these proteins regulate the differential transmission of the virus by whiteflies. For instance, cytochrome B5 (CsCYTB5) and ribosome-associated proteins of L. striatellus have been identified to interact with nucleocapsid protein (pc3) of RSV (Liu et al., 2015). Likewise, a thioredoxin-like whitefly protein has been reported to interact with AV1 of two begomoviruses; cotton leaf curl Rajasthan virus (CLCuRaV) and tomato leaf curl New Delhi virus (ToLCNDV) (Saurav et al., 2019). However, whether these proteins are directly involved in insect-mediated virus transmission remains a question. Furthermore, eukaryotic translation elongation factors (eEFs) have also been reported to interact with replication-associated proteins p92pol and p33 of a plant-infecting RNA virus (Li et al., 2009). On the other hand, the interaction of eEFs with human DNA viruses has been reported suggesting their vital role in the transcription, replication and DNA synthesis of viral genomes (Yue et al., 2011; Lin et al., 2012). Nevertheless, the putative role of eEFs with regard to whitefly-transmitted, plant DNA viruses completely remains unknown.

In addition to other proteins, our current study has also identified endosymbionts-related protein sequences that interacted with CLCuMuV-AV1. The endosymbiotic bacteria of insects are reportedly known to regulate the host immune responses against pathogenic infections (Eleftherianos et al., 2013). For example, Wolbachia is a well-studies endosymbiotic organism that is known to infect over 20% of insect species. Two independent studies have demonstrated that the mutualistic presence of Wolbachia in Drosophila confers resistance against RNA viruses (Hedges et al., 2008; Teixeira et al., 2008). However, the level of Wolbachia-mediated antiviral protection largely depends on the strain selection (Martinez et al., 2014). Furthermore, bacterial symbionts are known to be involved in regulating plant-virus-vector and/or virus-vector interactions. Recently, researchers have demonstrated that a direct interaction between BtR242 (secretory protein of Rickettsia) and the coat protein of CLCuMuV facilitates whitefly-borne viral transmission (Lei et al., 2021). These endosymbionts regulate the insect-mediated virus dissemination by affecting the acquisition, stability, release (during viral circulation) and vertical transmission of the virus particles (Wu et al., 2022). Thus, it would be interesting to investigate how these bacterial symbionts govern the variability in virus acquisition and transmission by different biotypes/cryptic species of whiteflies and other insects. Also, exploration and manipulation of these symbionts will help to establish new exciting avenues for the management of plant viral diseases.

Recently, the use of modern, powerful and non-transgenic technologies like clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated genes (Cas) and RNAi has revolutionized different sectors of plant research (Touzdjian Pinheiro Kohlrausch Távora et al., 2022). For instance, using RNAi to develop transgenic plants to combat geminiviruses and their insect vector have been proposed in the last decade (Kumar and Sarin, 2013). Likewise, researchers have demonstrated that CRISPR/Cas9 confers molecular immunity against multiple geminiviruses (Ali et al., 2016). Several successful cases of using RNAi-mediated targeting of insect genes that transmit plant viruses suggest that RNAi could be a promising technology to control insect pests and especially those that are well-known to facilitate plant virus dissemination (Kanakala and Ghanim, 2016). Thus, in addition to the identification of key/candidate genes that play vital roles in insect-mediated virus transmission, the use of aforementioned technologies to engineer antiviral resistance in crop plants and/or to target host susceptibility genes to prevent insect-borne dissemination of viruses will significantly advance the efforts to attain sustainable management of destructive plant viruses and their vectoring insects.



Conclusion

Our findings provide compelling evidence that viral determinant AVI of a plant begomovirus CLCuMuV targets the innate antiviral immunity of its insect vector B. tabaci by directly interacting with BTB/POZ protein and subsequently induces multiple defense-related signaling pathways. Strikingly, this viral targeting and manipulation of the vector immunity take place in a cryptic species-specific manner which consequently regulates differential efficiencies of virus acquisition by Asia II 7 and MEAM1 whiteflies (Figure 9). To our knowledge, this is the first study that identifies BTB/POZ as a cellular target of the viral coat protein and highlights its immunity-related role in begomovirus-whitefly interactions. It is worth investigating how these transcriptional repressors regulate virus-insect interactions where the vector carries multiple begomoviruses or viruses from other groups. Additionally, we have identified several candidate proteins of the whitefly vector that putatively interact with viral AV1 factor. Whether these proteins are directly associated with variable virus transmission by different whitefly cryptic species remains a question worth studying in the future. The outcomes of our study will supplement the existing knowledge of virus-vector interactions, the understanding of which is imperative for the timely detection and sustainable management of insect vector-associated viral epidemics.




Figure 9 | A schematic diagram depicting experimental procedures and the role of CLCuMuV in differential regulation of whitefly antiviral immunity.
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Turnip yellows virus (TuYV) is a damaging virus that is persistently transmitted by aphids and infects a wide range of grain hosts including lentil (Lens culinaris Medik), field pea (Pisum sativum L.) and canola (Brassica napus L., oilseed rape). Although information is available about the effects of TuYV infection on grain yield in canola, data about its impact on yield in pulses is lacking. In this study, field experiments quantifying the effects of TuYV infection on the grain yield of lentil and field pea were conducted over three consecutive years (2018-2020) with varying weather conditions. Plants artificially inoculated with TuYV using viruliferous green peach aphid (Myzus persicae, Sulzer) were grown under typical field conditions in south-eastern Australia. At maturity, grain yield, along with associated grain and plant growth parameters, were measured. Compared to the non-inoculated control treatment, early TuYV infection reduced grain yield by up to 36% in lentil and 45% in field pea, while late TuYV infection had no significant impact on yield. Despite a high incidence of TuYV infection and significant yield losses recorded in inoculated plots, no obvious symptoms of virus infection were observed in the inoculated plots in any of the six experiments; this lack of visible symptoms in lentil and field pea has significant implications for crop health assessments, demonstrating the importance of testing for virus instead of relying solely on the presence of visual symptoms, and may also be leading to an underestimation of the importance of TuYV in pulses in Australia.
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Introduction

Pulses such as chickpea (Cicer arietinum L.), faba bean (Vicia faba L.), field pea (Pisum sativum L.), lentil (Lens culinaris Medik), and lupin (Lupinus angustifolius L. and L. albus L.) are grain legumes that are grown globally for human or animal consumption. In Australia, these pulses are grown throughout the winter months where they are typically sown from May-June and harvested from November-January. They are grown in rotation with cereals and canola due to their ability to fix atmospheric nitrogen (Beckie and Brandt, 1997; Campbell et al., 2007), and as a break crop to disrupt disease cycles (Stevenson and van Kessel, 1996; Beckie and Brandt, 1997; Kirkegaard et al., 2008). Approximately 90 million tonnes of pulses were produced globally in 2020 (Statista, 2022) while in Australia, an average of 2.8 million tonnes of pulses, consisting of 835 kt of chickpeas, 782 kt of lupins, 548 kt of lentils, 391 kt of faba beans and 279 kt of field peas, were produced annually from 2016 to 2020 (ABARES, 2021).

Turnip yellows virus (TuYV) is distributed worldwide and has been reported in countries including the United Kingdom (Gilligan et al., 1980; Fowkes et al., 2021), the United States (Duffus and Russell, 1970; Duffus and Russell, 1972), Germany (Schröder, 1994; Gaafar and Ziebell, 2019) and Australia (Coutts et al., 2006; Filardo et al., 2021). TuYV has a wide host range which includes, among others, a variety of pulses, canola (Brassica napus, oilseed rape), and weed and pasture hosts (Stevens et al., 1994; Graichen and Rabenstein, 1996; Coutts et al., 2006). TuYV belongs to the genus Polerovirus and the family Solemoviridae (Mayo, 2002; Scheets et al., 2020) and was originally classified as a European strain of beet western yellows virus (BWYV) (Duffus and Russell, 1970), but was later re-classified as a distinct species (Mayo, 2002). TuYV is a phloem-limited virus that is persistently transmitted by a range of aphid species (Duffus and Russell, 1972; Schliephake et al., 2000), with Myzus persicae (Sulzer) (Hemiptera: Aphididae) (the green peach aphid) identified as its most efficient and important vector (Johnstone and Duffus, 1984; Schliephake et al., 2000; Stevens et al., 2008). Typical symptoms of TuYV infection include yellowing or reddening of leaves and/or whole plants, poor or stunted growth, and plants can appear as ‘spindly’, however symptomless infection has also been observed (Jones et al., 2007; Stevens et al., 2008; Schwinghamer et al., 2009; Coutts et al., 2010; Jones et al., 2021).

In Australia, TuYV was first reported as beet western yellows virus (BWYV) in potatoes in Tasmania in 1982 (Duffus and Johnstone, 1982; Jones et al., 2021). TuYV is one of the most widespread viruses affecting pulses in Australia (Freeman et al., 2013; van Leur et al., 2013; Filardo et al., 2021; Jones et al., 2021) and is commonly found in field pea, faba bean, lupin, chickpea and lentil, along with canola and weeds such as wild radish (Raphanus raphinistrum L.) and marshmallow (Malva parviflora L.) located within and nearby to crops (Johnstone and Duffus, 1984; Coutts and Jones, 2000; Latham and Jones, 2001; Hawkes et al., 2002; Freeman and Aftab, 2011; van Leur et al., 2013; Filardo et al., 2021). In canola, grain yield losses of up to 46% resulting from TuYV infection have been reported in Australia, and it has been estimated that up to 12 kg/ha of yield is lost for each 1% of TuYV incidence (Jones et al., 2007), however, the effect of TuYV infection on yield in pulses is yet to be quantified. To begin addressing this knowledge gap, six field experiments were conducted over three years (2018-2020) with varying weather conditions to quantify the impact of early and late TuYV infection on the grain yield of lentil and field pea in south-eastern Australia.



Materials and methods


Field sites and experiments

Field experiments conducted to evaluate the effects of TuYV infection on grain yield and plant growth of lentil (variety PBA Hallmark XT) and field pea (variety PBA Wharton) were grown under typical field conditions in Victoria, Australia. PBA Hallmark XT is a high-yielding red lentil variety while PBA Wharton is a high-yielding field pea variety with some resistance to pea seed-borne mosaic virus and bean leaf roll virus. All experiments were conducted at Agriculture Victoria’s Wimmera Research Station at Longerenong (36°40’S, 142°18’E) in western Victoria, Australia, where the long term (1961-2020) mean annual maximum temperature was 21.6°C and the mean annual rainfall was 403 mm (www.bom.gov.au; www.longpaddock.qld.gov.au/silo, accessed on 15th June 2021) (Jeffrey et al., 2001). Each experiment was direct seeded using a 6- row plot seeder (PJ Green, Grovedale, Australia) into 10 m x 1.8 m bays consisting of six rows with 25 cm spacing, 30 cm between bays and an establishment density target of 120 plants/m2 for lentil and 40 plants/m2 for field pea. Field experiments were maintained using agronomic practices typical for the area, although insecticide was only included after all inoculation treatments had been applied each year.



Virus propagation and aphid colony

The virus isolate TuYV-5414 (GenBank accession number MT586591) used in the field experiments was obtained from a naturally infected canola plant displaying typical yellow and red/purple leaf symptoms of TuYV infection in Deniliquin, New South Wales (NSW), Australia during 2015. The virus identity was confirmed using tissue blot immunoassay (TBIA), RT-PCR and high-throughput sequencing (Filardo et al., 2021). Viruliferous Myzus persicae were routinely maintained on TuYV-infected canola plants in insect-proof cages in a glasshouse set at 22°C. Aphids were reared on TuYV-infected plants for at least 2 weeks to acquire the virus before they were used to inoculate field pea and lentil plants in the virus-treated plots in the field experiments.



Inoculation of virus-infected plots with TuYV

In the first year of the study (2018), the two experimental treatments were: early TuYV inoculation (inoculated at the seedling stage) and a non-inoculated control treatment. In the second and third years (2019 and 2020) of the trial, the three experimental treatments were: early TuYV inoculation (inoculated at the seedling stage), late TuYV inoculation (inoculated two months after the first inoculation) and a non-inoculated control treatment (Table 1). Each experiment consisted of a randomised block design with 6 replicates. Each experimental plot (i.e.- control and inoculated) was covered with an insect cage (60 cm x 60 cm, Figure 1A, B) (BugDorm, MegaView Science, Taiwan) to contain the aphids and prevent contamination of nearby plots, then pieces of canola plant containing viruliferous green peach aphid (M. persicae) were placed alongside each row of plants (Figure 1C) in the plots selected for TuYV infection, with the aim of inoculating each plant with 5-10 viruliferous aphids. The experimental plot size was equivalent to the size of either one (60 cm x 60 cm or 60 cm x 3 rows, 0.36 m2) or two (120 cm x 60 cm or 120 cm x 3 rows, 0.72 m2) insect cages: the plot size was equivalent to one cage in the first year (2018), two cages for the first inoculation and one cage for the second inoculation in the second year (2019) and two cages for both the first and second inoculation in the third year (2020). After 1-2 weeks, the cages were removed and plants were immediately sprayed with contact and systemic insecticides, pyrethrum (Yates, active ingredient: pyrethrins) and Confidor (Bayer, active ingredient: imidacloprid), respectively.


Table 1 | Sowing, inoculation, virus testing and harvesting dates for each experiment conducted in south-eastern Australia during 2018-2020 to examine the impacts of turnip yellows virus (TuYV) infection on grain yield of lentil and field pea.






Figure 1 | Insect cages covering experimental plots during inoculation with turnip yellows virus (TuYV) using viruliferous aphids (Myzus persicae) during 2020 (A, two cages per plot); an insect cage covering field pea seedlings in 2018 (B); field pea plants covered by an insect cage with pieces of canola plant containing viruliferous aphids (M. persicae) placed alongside each plant (C).





Assessment of virus symptoms and incidence

Plant growth was regularly monitored for the presence of symptoms typical of virus infection, such as stunted or spindly growth and yellow or red leaf symptoms, by visual observation throughout each experiment. In addition, to assess the effectiveness of the inoculation method and levels of background infection in each year, 15-30 tendrils or leaf stems were randomly collected from each plot before maturity and tested for TuYV using TBIA as described previously by Freeman et al. (2013). The percentage of positive samples collected from each plot and mean incidence (i.e.- proportion of infected plants) for each treatment were then calculated.

Background virus infection was further examined by testing the plant samples for cucumber mosaic virus (CMV) in 2018-2020 and pea seed-borne mosaic virus (PSbMV) in 2019 using TBIA as described previously by Freeman et al. (2013).



Plant growth assessments

Assessments were conducted to examine the effects of TuYV infection on plant growth during 2019 and 2020, but not during 2018.

Plant growth was assessed in the field twice during the 2019 growing season: the first assessment was done two months after the first (and one month after the second) inoculation while the second assessment was done 3.5 months after the first (and 2.5 months after the second) inoculation. Ten plants from each plot were assessed each time. To measure the ‘greenness’ (chlorophyll content) of field pea, one SPAD reading was taken from the top-most fully- extended leaf from each plant using a SPAD-502Plus chlorophyll meter (Konica Minolta, Tokyo, Japan), then the mean SPAD for each plot was calculated. In lentil, plant height was measured instead of SPAD (due to the small size of the leaves) by measuring the distance from the base of the plant to the tallest tip of the plant.

More detailed assessments of plant growth were carried out during the third year of the study (2020) for both lentil and field pea to examine the effects of TuYV infection on plant physiology that might be associated with virus-related grain yield losses. Assessments were done at three stages throughout the growing season: at the time of the first or second inoculation, 6 weeks after the first inoculation and 10 weeks after the first inoculation (which was also 5 weeks after the second inoculation). The number of plants collected from each plot for each assessment is shown in Supplementary Table 1. The whole “above-ground” portion of the plant was collected, placed into a plastic bag and transported to the laboratory. Assessments were carried out on each individual plant and values were then averaged to obtain a final value for each plot. The height of each plant was measured using a ruler and the mean plant height for each plot was calculated. Each plant was tested for TuYV using TBIA as described by Freeman et al. (2013). One SPAD reading was taken from the topmost fully extended leaf from each plant, and the mean SPAD for each plot was calculated. An estimation of the total leaf area for each plot was obtained by removing the leaves from all plants from each plot and measuring the leaf area using a LI-3000C Portable Leaf Area Meter with an LI-3050C Transparent Belt Conveyor Accessory (LI-COR Biosciences, Lincoln, USA). Leaves and stems were then placed into paper bags and dried in a dehydrating oven (Thermoline Scientific, NSW, Australia) at 70°C for three days, then dried leaves and stems were weighed. Specific leaf area was calculated by dividing the leaf area (cm3) by the dried weight of the leaves (g).



Harvest assessments

For each experiment in each year, the above-ground portion of all plants in each plot was collected at plant maturity, placed into large paper bags, and transported to the laboratory where dried biomass was measured. All field pea pods were removed by hand, counted and then weighed before grains were removed from the pods, counted and weighed. Lentil samples were threshed using a Hans-Ulrich Hege 16 laboratory thresher (Wintersteiger, Ried im Innkreis, Austria), and grains were counted and weighed. All field pea and lentil grains were counted using a Numigral seed counter (CHOPIN Technologies, Cedex, France), and the 1,000-grain weight calculated.



Weather and grain production data

Temperature and rainfall data for the field site were obtained from weather station number 79028, which was located adjacent to the field site, from the Bureau of Meteorology (BOM, www.bom.gov.au) and SILO (www.longpaddock.qld.gov.au/silo) websites (accessed on 15th June 2021). Average annual rainfall and temperature data were used to demonstrate the variation in weather conditions at the field site in each year of the study (Supplementary Table 2). Long-term mean rainfall and temperature values were calculated using all available data from 1961-2020.



Data analysis

Mean differences in grain yield (g/plot) between the inoculated and non-inoculated control treatments were calculated and the percentage difference in yield determined. It was assumed that each plot had approximately the same number of plants in 2018, however the number of plants in each plot was counted when the inoculation cages were removed in 2019 and 2020. Therefore in 2018, all parameters were calculated on a per plot basis. In 2019 and 2020, each parameter was divided by the number of plants in the plot so were calculated on a per plant basis, then that value was multiplied by the average number of plants in a plot (90 for lentil, 30 for field pea) to obtain a ‘per plot’ estimation for graphical presentation.

GenStat 14th Edition (VSN International, Hemel Hempstead, UK) was used to obtain means and standard errors of the means. Data sets were tested for normality using quantile-quantile plots, then analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) tests were carried out on non-transformed data to test for statistical significance, using R (R Foundation for Statistical Computing, Vienna, Austria); differences were considered statistically significant at p < 0.05.




Results

During the three years of this study, six individual field experiments were conducted to quantify grain yield losses associated with TuYV infection in lentil and field pea in south-eastern Australia. Seasonal conditions varied across the three years of the study, resulting in different mean maximum temperatures and annual rainfall each year (Supplementary Table 2). The method used to inoculate virus-treated experimental plots was successful in each year of the study, resulting in 73-100% incidence of TuYV infection in inoculated plots and 0-18% incidence in non-inoculated control plots (Table 2). However, despite the TuYV infection present in the inoculated plots of both lentil and field pea in each year of the study, no typical or obvious symptoms of virus infection were observed in virus-inoculated lentil or field pea plots throughout the three years of the study (Figure 2 and Supplementary Figure 1); there was no indication that the plants in the inoculated plots were infected until the plants were tested for TuYV using TBIA. CMV and PSbMV were either not detected or were detected with very low incidence (≤2%) (Table 2).


Table 2 | Mean incidence (percentage of infected plants) of turnip yellows virus (TuYV), cucumber mosaic virus (CMV) and pea seed-borne mosaic virus (PSbMV) in plots of field-grown lentil and field pea for each treatment (i.e.- non-inoculated control, early TuYV infection and late TuYV infection) in field experiments conducted in south-eastern Australia during 2018-2020; virus incidence was determined using tissue blot immunoassay.






Figure 2 | The lack of obvious symptoms of virus infection in: (A) non-inoculated control and (B) inoculated plots of lentil, and (C) non-inoculated control and (D) inoculated plots of field pea in field experiments conducted in south-eastern Australia during 2018.




Effect of TuYV infection on grain yield


Lentil and field pea; 2018 (early TuYV infection and non-inoculated control)

In 2018, dry plant biomass at harvest was significantly reduced by 30% (p=0.022) in lentil (Figure 3A) but was not significantly affected by early TuYV infection in field pea (p=0.06, Figure 3B). Despite the lack of noticeable visual symptoms of virus infection, early TuYV infection significantly reduced grain yield by 28% (p = 0.030) in lentil (Figure 3C) and by 40% (p < 0.001) in field pea (Figure 3D) compared to the non-inoculated control plots. The number of grains collected per plot was also significantly reduced by early TuYV infection by 29% (p = 0.029) in lentil (Figure 3E) and 31% (p < 0.001) in field pea (Figure 3F); early TuYV infection did not have any significant effect on 1000-grain weight in lentil (p = 0.33) (Supplementary Table 3) but reduced 1000-grain weight by 12% (p < 0.001) in field pea (Supplementary Table 4). TuYV infection also significantly reduced the number of pods per plot by 30% (p = 0.001) and the weight of pods per plot by 39% (p < 0.001) in field pea, however these parameters were not measured in lentil.




Figure 3 | The effect of early turnip yellows virus (TuYV) infection on dry plant biomass (A, B), grain yield (C, D) and number of grains (E, F) of lentil (left) and field pea (right) in field experiments (2018) in south-eastern Australia. Standard errors are represented by error bars; means with different letters are significantly different at p < 0.05 according to ANOVA.



Weather conditions were warm and dry in the Wimmera region in 2018 (Supplementary Table 2); the mean maximum temperature was 1.5°C above average while annual rainfall was 44% below average.



Lentil and field pea; 2019 (early TuYV infection, late TuYV infection and non-inoculated control)

In 2019, no noticeable typical symptoms of virus infection were observed in either field pea or lentil. Dry plant biomass at harvest was significantly reduced by early TuYV infection by 33% (p=0.017) in lentil (Figure 4A) and 32% (p=0.045) in field pea (Figure 4B) compared to the non-inoculated control treatment. Despite the lack of noticeable visual symptoms of virus infection, early TuYV infection significantly reduced grain yield by TuYV infection by 35% (p = 0.014) in lentil (Figure 4C) and 45% (p =0.017) in field pea (Figure 4D). The number of grains collected per plot was also significantly reduced by early TuYV infection by 35% (p = 0.009) in lentil (Figure 4E) and 43% (p < 0.015) in field pea (Figure 4F). Early TuYV infection also significantly reduced the weight of the pods by 39% (p < 0.001) and the number of pods by 37% (p = 0.034) in field pea, however these parameters were not measured in lentil. There were no significant effects of early TuYV infection on 1000-grain weight in either lentil (p = 0.21) or field pea (p = 0.60) (Supplementary Tables 5 and 6). Additionally, late TuYV infection did not significantly affect grain yield (Figures 4A, B), the number of grains (Figures 4C, D), dry plant biomass (Figures 4E, F), 1,000-grain weight in lentil (p=0.42) or field pea (p=0.32), nor did it significantly affect the weight of pods (p=0.98) or the number of pods (p=0.83) in field pea, compared to the non-inoculated control treatment (Supplementary Tables 5 and 6).




Figure 4 | The effect of early and late turnip yellows virus (TuYV) infection on dry plant biomass (A, B), grain yield (C, D) and number of grains (E, F) of lentil (left) and field pea (right) in field experiments (2019) in south-eastern Australia. Standard errors are represented by error bars; means with different letters are significantly different at p < 0.05 according to ANOVA.



Weather conditions were warmer and drier than average in the Wimmera region during 2019 (Supplementary Table 2); the mean maximum temperature was 1.2°C above average while annual rainfall was 23% below average.



Lentil and field pea; 2020 (early TuYV infection, late TuYV infection and non-inoculated control)

In 2020, no noticeable typical symptoms of virus infection were observed in either field pea or lentil. Dry plant biomass at harvest was significantly reduced by early TuYV infection by 25% (p=0.013) in lentil (Figure 5A) compared to the non-inoculated control treatment. Despite the lack of noticeable visual symptoms of virus infection, early TuYV infection significantly reduced grain yield by 36% (p < 0.001, Figure 5B), the number of grains by 34% (p < 0.001, Figure 5C) but did not significantly affect 1000-grain weight (p = 0.13) in lentil when compared with the non-inoculated control treatment. Late TuYV infection did not significantly affect dry plant biomass (p = 0.77), grain yield (p = 0.31), number of grains (p = 0.35), or 1000-grain weight (p = 0.63) in lentil (Supplementary Table 7). However, in 2020, early TuYV infection did not significantly affect dry plant biomass (p=0.45, Figure 5D), grain yield (p=0.32, Figure 5E), number of grains (p=0.56, Figure 5F), weight of pods (p=0.30), number of pods (p=0.97) or 1,000-grain weight (p=0.08) in field pea (Supplementary Table 8). Similarly, late TuYV infection did not significantly affect dry plant biomass (p=0.52), grain yield (p=0.25) or number of grains (p=0.53), weight of pods (p=0.24) or number of pods (p=0.88) in field pea, although it did significantly reduce 1,000-grain weight by 7% (p=0.028) (Supplementary Table 8).




Figure 5 | The effect of early and late turnip yellows virus (TuYV) infection on dry plant biomass (A, D), grain yield (B, E) and number of grains (C, F) of lentil (left) and field pea (right) in field experiments (2020) in south-eastern Australia. Standard errors are represented by error bars; means with different letters are significantly different at p < 0.05 according to ANOVA.



Weather conditions were close to average in the Wimmera region during 2020 (Supplementary Table 2); the mean maximum temperature was average while annual rainfall was 13% above average.




Plant growth assessments

No noticeable symptoms of virus infection were observed in either lentil or field pea during the plant growth assessments that were carried out in 2019 and 2020.

In the two plant growth assessments that were done during the 2019 growing season, no significant differences were observed in chlorophyll content in field pea due to early (p = 0.10- 0.22) or late (p = 0.20- 0.99) TuYV infection in either the first or second assessment in comparison to the non-inoculated control treatment. No significant differences were observed in height in lentil due to early (p = 0.13- 0.66) or late (p = 0.45- 0.46) TuYV infection in either the first or second assessment.

In the detailed plant growth assessments that were carried out to examine the effects of TuYV infection on plant physiology, plant height was significantly reduced by 9% by TuYV infection in lentil in the later (third) assessment however no other significant differences associated with virus infection were found in lentil during the plant growth assessments (Supplementary Table 9A). In field pea, plant height, stem weight and whole plant weight were significantly reduced by 8%, 17% and 18%, respectively, by TuYV infection in the second assessment but were not significantly affected by virus infection in the later (third) assessment. No other significant differences associated with virus infection were found in field pea during the growth assessments (Supplementary Table 9B).




Discussion

In six experiments conducted over three years, early TuYV infection resulted in grain yield losses of up to 36% in lentil and 45% in field pea, with yield losses varying between years. Despite the importance of the pulse industry in Australia and worldwide, little information is available about the impact of TuYV infection on yield in pulses. Importantly, this study also provides evidence of yield losses caused by non-symptomatic virus infection in both lentil and field pea, which has important implications for virus surveillance, epidemiology, disease progression and the development of effective virus management strategies. These experiments demonstrate the yield losses that TuYV infection can potentially cause in pulses under the field conditions that are experienced in south-eastern Australia when viruliferous aphids are abundant early in the growing season.

Early TuYV infection caused significant grain yield loss in lentil in each year of the study, with losses of 28%, 35% and 36% obtained in 2018, 2019 and 2020, respectively, which was primarily due to the presence of fewer grains, rather than smaller grains. Early TuYV infection also caused significant yield loss in field pea in the first two years of the study, with yield losses of 40% and 45% obtained in 2018 and 2019, respectively, however no significant yield loss was recorded in field pea in 2020. Although most of the yield loss observed in field pea in 2018 was due to the presence of fewer grains, a significant reduction in 1,000-grain weight also contributed to the yield loss observed in field pea in 2018. It has similarly been observed in field trials in canola that TuYV infection resulted in the production of fewer grains, however, grain weight has been shown to be either not significantly affected at all or increased as a result of TuYV infection in canola (Jay et al., 1999; Jones et al., 2007; Stevens et al., 2008). Additionally, the number of pods was reduced in field pea as a result of early TuYV infection in both 2018 and 2019, however, a similar study in canola showed that TuYV infection had no significant impact on the number of pods produced (Jay et al., 1999). Given that only one lentil and one field pea variety were evaluated in this study, these experiments should be conducted on more pulse host types and varieties to better understand the effect of TuYV infection in pulses, with a view to also identifying potential sources of virus- resistance for further investigation if different responses to TuYV infection are observed.

Even though the mean yield of the early infection treatment was 18% lower, and the late infection treatment was 20% lower than the non-inoculated control treatment in field pea in 2020, neither of these differences were statistically significant. This may indicate that the plot size was not large enough in this experiment to capture any differences statistically and that the plot size should be increased in future experiments (the average number of plants in a plot was approximately 30 for field pea and 90 for lentil). Or, given that the temperature and rainfall conditions were below average in 2018 and 2019, but average to above average in 2020, the lack of statistically significant yield loss recorded in field pea in 2020 may indeed be a true result and the relationship between environmental factors, TuYV infection, and yield loss is more complex in field pea than lentil.

Previous studies have shown that symptoms and yield losses are more severe in canola when plants were inoculated with TuYV in the early growth stages (Jones et al., 2007; Coutts et al., 2010; Congdon et al., 2020). Similarly, greater yield losses were observed in lentil and field pea with early TuYV infection compared to later infection in this study. In fact, no significant differences in yield were observed because of late infection in any of the four experiments that compared early and late TuYV infection, where the late inoculation treatment was applied 4-5 weeks after the early inoculation. Therefore, it is vital that plants are protected from virus infection early in the growing season. Although infection was due to artificial inoculation in this study, the plants were sprayed with insecticide immediately after inoculation, which not only limited virus transmission between plots but also removed the possibility that the yield losses observed were due to direct feeding damage caused by Myzus persicae, which Jones et al. (2007) showed could potentially cause some additional yield loss in canola. Although the inoculation method used in this study was effective, it is possible that the yield losses caused by TuYV infection might have been greater if virus incidence had reached 100% in the inoculated plots and 0% in the control plots each year. It is also possible that the incidence may have been higher if plants had been tested using a more sensitive method than TBIA, such as RT-PCR.

Despite the presence of TuYV infection in the inoculated lentil and field pea plots, and the significant yield losses that were observed because of TuYV infection, no obvious symptoms of virus infection were observed throughout the six experiments, even though the TuYV isolate used for the experiments still caused symptoms in canola. The lack of typical symptoms in lentil and field pea was so striking and unexpected in the first year of the study that it was initially assumed that the virus inoculations may not have worked. However, when plants from each plot were tested for TuYV infection by TBIA just before maturity, inoculated lentil and field pea plots were found to be infected with an average TuYV incidence of 88% and 91%, respectively, which was further followed by grain yield losses of 28% and 40% in lentil and field pea, respectively, at harvest. Overall, the two plant growth assessments that were carried out in 2019 and the detailed plant growth assessments that were conducted in 2020 provide further evidence of the lack of noticeable symptoms of virus infection field pea and lentil. The absence of visible symptoms of virus infection in field pea and lentil throughout the trial, despite the occurrence of significant yield loss, has important implications for disease surveillance and TuYV epidemiology within broad acre cropping systems, and highlights the importance of testing for virus instead of relying on the presence of visual symptoms to indicate virus presence. This is particularly important for pulse breeding programs which rely on the observation of visual symptoms alone to estimate virus presence or incidence, and therefore may potentially, and inadvertently, be selecting for symptomless virus infection that can still result in yield loss. The lack of visual symptoms of TuYV infection observed in this study may also be leading to an underestimation of the importance of this virus in pulses in Australia.

There are a number of reasons why TuYV infection may have been symptomless in lentil and field pea. Some environmental conditions can promote non-symptomatic virus infection. For instance, symptoms of viruses such as TuYV are sometimes ‘masked’ and the amount of vegetative growth and light intensity can affect symptom development (Johnstone et al., 1984). The development of plant virus symptoms can also vary with temperature (Nagamani et al., 2020). However, given that this study was conducted over 3 years where plants were exposed to a variety of temperatures and light intensity levels, and that healthy vegetative growth was observed in each year, these factors are not likely to be the main cause of the consistent lack of virus symptoms observed. Symptoms of TuYV infection in canola have also been shown to vary in severity with cultivar, with some canola cultivars appearing to be non-symptomatic when infected (Coutts et al., 2010). In this study, only one lentil and one field pea cultivar were evaluated so it is possible that the non-symptomatic infection was variety-specific, although the fact that it occurred in both the pulse varieties used in this study indicates that it is probably more than a rare occurrence. Given the diversity of TuYV isolates in Australia (Filardo et al., 2021), it is likely that the specific pulse cultivars and TuYV isolate used for these experiments contributed to the lack of visual symptoms, demonstrating that the relationships between different TuYV isolates, pulse varieties, symptom development and yield losses require further investigation.

Environmental factors play a major role in plant virus epidemiology, as the plant, virus and vector may have different optimal requirements to persist and thrive, consequently climatic conditions will influence disease expression. Climate change, i.e.: elevated carbon dioxide, increased temperature and changes to water availability, can also impact the epidemiology of plant viruses (Trębicki and Finlay, 2019; Trębicki, 2020; Jones et al., 2021). Although little is known about the effects of climate change on TuYV, in studies which investigated other vector transmitted viruses both elevated carbon dioxide and temperature increased virus titer and incidence (Nancarrow et al., 2014; Trębicki et al., 2016; Trębicki et al., 2017), and changes in plant biochemistry affected their vectors (Dáder et al., 2016; Trębicki et al., 2016; Carreras Navarro et al., 2020; Moreno-Delafuente et al., 2020). As a global pathogen, TuYV might express differently in different plants now and in the future.

In conclusion, the six field experiments carried out in this study quantified yield losses caused by TuYV infection in lentil and field pea in south-eastern Australia. Like other field studies that have examined yield losses associated with virus infection in grain crops (Monneveux et al., 1992; Graichen and Schliephake, 1999; Jay et al., 1999; Nancarrow et al., 2021), yield losses varied between years, again demonstrating the importance of examining the effects of virus infection on yield across multiple years. Importantly, no obvious symptoms of virus infection were observed in the virus-inoculated plots, with yield losses resulting from non-symptomatic TuYV infection. This observation has implications from an epidemiological, breeding and control perspective, and demonstrates how important it is that breeding programs test for virus presence instead of relying on visual symptoms to avoid inadvertently selecting for non-symptomatic virus infection that can still cause yield loss. We recommend that these experiments be conducted on more pulse host types and varieties, and against as wide a range of TuYV isolates as possible to provide a broader understanding of the relationships between different TuYV isolates and pulse varieties, symptom development and yield losses, and to identify pulse varieties that respond differently to virus infection as potential sources of virus-resistance for further investigation.
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Plant pathogenic fungi cause severe yield losses and mycotoxin contamination in crops. The precise and rapid detection of fungal pathogens is essential for effective disease management. Sequencing universal DNA barcodes has become the standard method for the diagnosis of fungal diseases, as well as for identification and phylogenetic analysis. A major bottleneck in obtaining DNA sequence data from many samples was the laborious and time-consuming process of sample preparation for genomic DNA. Here, we describe a direct PCR approach that bypasses the DNA extraction steps to streamline the molecular identification of fungal species. Using a direct PCR approach, we successfully sequenced the nuclear ribosomal internal transcribed spacer (ITS) region for the representatives of major fungal lineages. To demonstrate the usefulness of this approach, we performed a phylogenetic analysis of the Fusarium fujikuroi species complex, which causes bakanae (“foolish seedling”) disease of rice and mycotoxin contamination. A total of 28 candidate strains were isolated from rice seeds in the Republic of Korea, and the identity of the isolates was determined using the DNA sequence of both ITS and translation elongation factor 1-α regions. In addition, 17 F. fujikuroi isolates were examined for fumonisin (FB) production in rice medium using an enzyme-linked immunosorbent assay. Phylogenetic and toxigenic analyses showed that the F. fujikuroi strains could be distinguished into two groups: FB producers (B14-type) and non-producers (B20-type). These results will accelerate the molecular identification of fungal pathogens and facilitate the effective management of fungal diseases.
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Introduction

Pathogenic fungi pose serious threats to human health and food security. Today, the global mortality rate of fungal diseases exceeds that of breast cancer and is comparable to that of HIV (Brown et al., 2012). In agriculture, plant pathogenic fungi account for yield losses of approximately 20% worldwide, with a further 10% loss postharvest (Placinta et al., 1999; Edwards, 2004; Fisher et al., 2018). Therefore, there is an urgent need for rapid identification of fungal pathogens to facilitate effective disease management. Various methods have been developed to detect and identify pathogenic fungi (Hariharan and Prasannath, 2021). Generally, these molecular identification methods analyze the sequences of PCR-amplified universal DNA barcodes (Schoch et al., 2012; Qiu et al., 2020); this reaction requires purified genomic DNA as a template for target DNA amplification. The process of extracting DNA from fungal cells is often laborious and requires toxic chemicals (Leslie and Summerell, 2006). Therefore, it is necessary to develop a simple and reliable PCR-based approach to identify fungal pathogens without the need for DNA extraction.

The Fusarium fujikuroi species complex (FFSC), consisting of more than 50 phylogenetically distinct species, causes diverse diseases in agricultural crops worldwide (O’Donnell et al., 2015). FFSC species produce mycotoxins, such as fumonisin (FB) and gibberellic acid (Cerdá-Olmedo et al., 1994; Rheeder et al., 2002; Werle et al., 2020). In particular, FBs are detrimental to human health because they are associated with esophageal cancer (Yoshizawa et al., 1994; Alizadeh et al., 2012). Among the members of FFSC, F. fujikuroi is a causal agent of the bakanae (“foolish seedling”) disease of rice, and the most prominent symptom of the disease is hyper-elongation of seedlings (Hsieh et al., 1977; Ou, 1985; Leslie, 1995; Leslie and Summerell, 2006). However, not all infected seedlings show bakanae symptoms; some isolates cause stunting and early withering of infected seedlings (Jeon et al., 2013). Based on phylogenetic and toxigenic analyses, F. fujikuroi strains can be divided into two phylogenetically distinct subclades: FB producer and non-producer (Niehaus et al., 2017; Qiu et al., 2020).

Recently, F. fujikuroi has caused great damage to rice seedlings in the Republic of Korea, where rice is a staple food (Kim et al., 2012; Jeon et al., 2013; Choi et al., 2018). Immediate detection and identification of pathogens are important to control this disease. In this study, we developed a direct PCR approach that bypasses time-consuming DNA extraction steps. We demonstrated that direct PCR could amplify the nuclear ribosomal internal transcribed spacer (ITS) region in the representatives of major fungal lineages. We first applied a direct PCR technology for rapid identification of plant pathogenic fungi in the field. We applied this approach to the F. fujikuroi strains isolated from rice seeds in the Republic of Korea. The isolated F. fujikuroi strains had two phylogenetically distinct groups. To confirm whether mycotoxin production is phylogenetically distinct, we examined mycotoxin production in rice medium using an enzyme-linked immunosorbent assay (ELISA). Altogether, these results will accelerate the molecular identification of fungal pathogens and facilitate the effective management of fungal diseases.



Materials and methods


Fungal isolation

The FFSC isolates used in this study were obtained from rice seeds provided by the National Institute of Crop Science (Wanju, Republic of Korea). A total of 46 rice cultivars were examined, and 35 seeds from each cultivar were randomly chosen. All seeds were surface-sterilized with 1% sodium hypochlorite for 3 min and rinsed in sterile distilled water for 3 min; the water on the surface was removed using an autoclaved paper towel. Surface-sterilized seeds were placed on potato dextrose agar (PDA) containing 0.1% lactic acid to prevent bacterial contamination (Alakomi et al., 2000). PDA plates were incubated at 25°C for five days. To isolate F. fujikuroi strains, 293 candidate strains were initially selected based on colony morphology. We selected the final 28 strains based on morphological characteristics, such as conidial shapes. All strains grown on PDA were stored in 20% glycerol solution at -80°C.

The representative fungal strains used in this study were provided by the Rural Development Administration (Jeonju, Republic of Korea), Korean Collection for Type Cultures (Jeongeup, Republic of Korea), Fungal Plant Pathology Lab. (Seoul National University, Seoul, Republic of Korea), Chung-Ang University (Seoul, Republic of Korea), Soonchunhyang University (Asan, Republic of Korea), and Chonnam National University (Gwangju, Republic of Korea). Detailed information about all strains used in this study is listed in Table S1.



Direct PCR amplification and sequencing

The oligonucleotide primer pairs ITS4 (5′-TCCTCCGCTTATTGATATGC-3′)/ITS5 (5′- GGAAGTAAAAGTCGTAACAAGG-3′) and EF1T (5′-ATGGGTAAGGAGGACAAGAC-3′)/EF2T (5′-GGAAGTACCAGTGATCATGTT-3′) were used for the amplification of the ITS and TEF-1α regions, respectively (O'Donnell et al., 1998). All oligonucleotide primer sets were synthesized at an oligonucleotide synthesis facility (Bioneer, Daejeon, Republic of Korea). Amplification reactions were performed in a total volume of 20 μl AccuPower PCR Premix kit (Bioneer), containing 19 μl distilled water and 0.5 μl of each primer (20 μM). A small amount of mycelium grown on PDA was added to the reaction mixture using sterilized pipette tips. We conducted additional steps to facilitate the amplification of the target regions. The reaction mixture was heat shocked for 3 min at 95°C and cooled to 25°C. The PCR tubes were vortexed vigorously for 1 min to break down the cells. The thermal cycle was as follows: an initial 1-min denaturation at 95°C, followed by 40 cycles of 30-sec denaturation at 95°C, 1-min annealing at 53°C and 56°C for ITS and TEF-1α, respectively, 1 min at 72°C, followed by a final extension of 3 min at 72°C. The amplified products (5 μl) and 100 bp Plus DNA Ladder (Bioneer) were loaded on a 1.5% (w/v) agarose gel with Tris-acetate-EDTA (TAE) buffer. The products were purified using the α+ SolutionTM GEL/PCR Purification Kit (Alphagen, Changzhi, Taiwan) and submitted to the Bioneer sequencing service. The primers used for sequencing were the same as those used for amplification. DNA sequences were used to conduct a BLAST search against the NCBI GenBank database for species identification. Conventional PCR was performed on strains for which direct PCR did not work. For conventional PCR, fungal genomic DNA was extracted using the CTAB method (Leslie and Summerell, 2006). We added 0.5 μl of the genomic DNA to the total volume of 20 μl AccuPower PCR Premix (Bioneer). The thermal cycle for conventional PCR was the same as that for direct PCR; however, there was no additional heat shock step. The purified PCR products were submitted to the Bioneer sequencing service.

To determine their pathotypes, the F. fujikuroi isolates were subjected to PCR using the primer pairs B14J06375F2/B14J05375R2 and B20J12141F2/B20J12141R2 for B14- and B20-type, respectively (Niehaus et al., 2017). The F. fujikuroi B14 strain, but not the B20 strain, reportedly produces FBs; hence, we used B14 and B20 strains as controls (Niehaus et al., 2017). We used direct PCR protocols, as described above, with a modification of the annealing temperature to 60°C. The amplified products were loaded onto 1.5% (w/v) agarose gel.



Toxigenic analysis

To induce mycotoxins, such as FBs, from F. fujikuroi, we cultured 17 F. fujikuroi isolates on a rice medium. In brief, 1.5 g of rice and 1 ml of distilled water were autoclaved in 8 ml vials. The rice medium was inoculated with the PDA agar blocks on which the isolates were grown. The vials were incubated for three weeks at 25°C in the dark. To extract mycotoxins, the 1.5 g of rice cultures were freeze-dried overnight and ground into a powder. Mycotoxins were extracted with 3 ml of 85% methanol with vigorous shaking for 5 min. The samples were centrifuged at 470 ×g at 4°C for 5 min, and 500 μl of the supernatant was transferred into a new tube. The extract was filtered through a Millex syringe filter (hydrophilic PTFE membrane, 0.45 μm pore size), and filtrates were stored at 4°C until analysis. The level of FBs was measured using a commercial ELISA kit (AgraQuant Fumonisin Kit; Romer Labs, Austria), according to the manufacturer’s instructions. The sample was diluted 100,000 times in distilled water to ensure that the FB concentration was within the detection range. The toxigenic analysis was repeated three times.



Data analysis

The TEF-1α sequence of FFSC was used for the phylogenetic analysis of FFSC. Additional sequences of FFSC strains (MN696157, MN696156, MN695931, and MN386748.1) were obtained from GenBank (Qiu et al., 2020). The TEF-1α sequence of F. oxysporum strain (KX253985.1) was also obtained from GenBank. The DNA sequences were first trimmed using SeqMan software (DNASTAR Inc., Madison, USA) and then aligned and used to construct phylogenetic trees using MEGA11 software. We used the neighbor-joining (NJ) method for constructing phylogenetic trees and evaluated the topology of the trees by the bootstrap method based on 1000 replications. Analyses of mycotoxin production using ELISA kits were performed using a Synergy HTX microplate reader (BioTek, Winooski, USA) to measure absorbance. The absorbance value was analyzed to calculate the FB concentration in the rice medium using Microsoft Excel (Microsoft, Redmond, USA) and GraphPad Prism 8 (GraphPad Software, San Diego, USA), following the manufacturer’s instructions. Scientific illustrations were created using BioRender (Biorender.com), and other figures were generated using Microsoft PowerPoint (Microsoft).




Results


Fungal identification without genomic DNA extraction

Rapid detection and identification of fungal pathogens are important. Thus, we used a direct PCR approach for the detection and identification of fungal species. The representatives of major fungal lineages were used to demonstrate the application of PCR to various fungal species. The experimental scheme is shown in Figure 1. Using the direct PCR approach, we amplified the ITS region of representatives of major fungal lineages (Figure 2). Among the 37 fungal strains, the ITS region of 34 fungal strains (92%) was successfully amplified using direct PCR. However, direct PCR could not amplify the ITS region of three fungal strains: Aspergillus brasiliensis, Aspergillus niger, and Mucor mucedo. Genomic DNA was extracted, and the ITS region was amplified as previously described (Qiu et al., 2020). The ITS sequences of all the fungal strains analyzed matched the species identification (Table S1). The ITS sequences of the 37 strains were used to construct a phylogenetic tree (Figure 2).




Figure 1 | The main workflow of this study. Left panel, isolation of fungal strains. The surface of rice seeds collected from the field was sterilized with 1% of sodium hypochlorite for 3 min, followed by rinsing with sterile distilled water for 3 min. The seeds were placed on potato dextrose agar (PDA) containing lactic acid, and the plate was incubated at 25°C for five days. The candidate strains of FFSC were isolated based on their morphological characters. Right panel, direct PCR and sequencing. A small amount of fungal mycelium was added to the PCR premixture using pipette tips. To amplify target regions, modified PCR processes involving additional heat shock and vortexing steps prior to the thermocycling were carried out, and the amplified products were sequenced.






Figure 2 | Phylogenetic tree of representatives of major fungal lineages. The tree is inferred from ITS sequences obtained by the direct PCR approach. The asterisks indicate that the sequences of these strains were obtained by the conventional PCR method involving genomic DNA extraction steps. The representatives of the major fungal lineages are clustered by the classes. A pie chart indicating the PCR success rate shows that the direct PCR approach is reliable and applicable. A: Sordariomycetes, B: Dothideomycetes, C: Leotiomycetes, D: Eurotiomycetes, E: Agaricomycetes, F: Zygomycetes, G: Saccharomycetes. Species of the same color indicate they are in the same class.





Phylogenetic analysis of F. fujikuroi species complex

We demonstrated the usefulness of the direct PCR approach by applying it to the identification of field isolates. FFSC, an important component of the genus Fusarium, consists of distinct species, such as F. fujikuroi, F. proliferatum, and F. verticillioides (Qiu et al., 2020). These strains can cause devastating cereal diseases. Therefore, we isolated FFSC strains from the seeds of 46 rice cultivars harvested in Jeonju and Miryang in the Republic of Korea (Figure 1). The 28 FFSC candidate strains formed white mycelia that turned violet or orange with age on PDA. This pigmentation was the same as that in previous reports (Leslie and Summerell, 2006). For molecular identification, we used both the ITS and TEF-1α regions because the FFSC strains were indistinguishable in their ITS sequences. The target regions were amplified using a direct PCR approach, and the amplified products were directly sequenced (Supplementary Figure S1). Based on sequence similarity, 28 candidate strains were identified as F. fujikuroi (17 strains), F. concentricum (7 strains), F. incarnatum (1 strain), F. oxysporum (1 strain), F. commune (1 strain), and Colletotrichum sp. (1 strain). Interestingly, 7 out of 17 F. fujikuroi strains were isolated from a rice cultivar, Chamdongjin (Supplementary Figure S2). The other 10 strains were isolated from a variety of rice cultivars: Hyunpoom, Haepoom, Boramchal, Shindongjin, Mokyang, Alchanmi, Saebonghwang, and Mipoom. A phylogenetic tree was constructed based on the sequences of the TEF-1α gene (Figure 3). In the phylogenetic tree, F. fujikuroi strains were divided into two groups, B14 and B20. The B14-type group includes the B14 strain, known to produce FB (Niehaus et al., 2017). In contrast, the B20 strain in the B20-type group did not produce FB. In F. fujikuroi, multiple alignments of the TEF-1α sequences revealed that B14-type F. fujikuroi strains have thymine at nucleotide position 618 of the TEF-1α gene sequences. In contrast, B20-type F. fujikuroi strains have guanine at this site (Figure 4).




Figure 3 | A phylogenetic tree of the FFSC strains inferred from the TEF-1α gene sequence. In the phylogenetic tree, F. concentricum, F. verticillioides, F. proliferatum, and two types of F. fujikuroi strains belong to FFSC. The F. fujikuroi strains are distinguished into two groups: B14-type and B20-type. Two strains of F. fujikuroi, B14 and B20, known as FB producer and non-producer, respectively, were used as references. TEF-1α gene sequences of four FFSC strains (C12017, C12031, S17088, and SLEO3) and the F. oxysporum strain (YNMG-1) were obtained from GenBank. Strains of the same color indicate they are in the same phylogenetic group.






Figure 4 | The nucleotide differences among aligned TEF-1α gene sequences of F. fujikuroi strains. The aligned sequences show that the B14- and B20-type of F. fujikuroi have thymine and guanine at nucleotide position 618, respectively. Also, B14-type strains have cytosine at nucleotide position 447, however, the B20-type of F. fujikuroi has either adenine or cytosine at this position.





Analysis of mycotoxin production

Seventeen F. fujikuroi strains were analyzed to examine their FB-producing ability. The strains were grown in a rice medium to induce FB production. Using ELISA, FBs were detected in the seven F. fujikuroi strains that clustered with the B14 strain (Table 1). The FB concentration was very high, ranging from 46 to 205 mg/g, in the rice medium. However, FBs were not detected in the 10 strains that clustered with the B20-type group. This indicates that FB production correlates with phylogenetic group.


Table 1 | Levels of fumonisin produced by F. fujikuroi isolates measured using ELISA.



A previous study reported a relationship between mycotoxin production in F. fujikuroi isolates and the secondary metabolite genes PKS51 and NRPS31 (Niehaus et al., 2017). Therefore, we examined 17 F. fujikuroi strains using pathotype-specific primer pairs amplifying PKS51 and NRPS31 fragments (Supplementary Figure S3). The PCR genotyping showed that the F. fujikuroi strains were divided into two groups: B14-type and B20-type. PKS51 primer pair could successfully amplify the gene in F. fujikuroi strains producing FB, while the PCR product of NRPS31 was obtained from FB-non-producing F. fujikuroi strains. However, two strains, HS96 and HS291, had no PCR amplification although we used both direct PCR and genomic DNA extraction. They produced FB in rice medium and were grouped with the B14-type strain in the phylogenetic analysis (Table 1 and Figure 3).




Discussion

Sequencing the DNA barcode has been widely used to identify fungal pathogens (Alshahni et al., 2009; Schoch et al., 2012; Qiu et al., 2020). The differences in the methods can significantly affect the efficiency of identification. In this study, we describe an optimized approach for the identification of fungal species. We compared our approach to previous methods for fungal identification (Table 2). The methods used by Schoch et al. and Qiu et al. required sample preparation for genomic DNA (Schoch et al., 2012; Qiu et al., 2020). To prepare DNA samples, the fungal strains were cultured for a few days and harvested before genomic DNA extraction. In addition, the DNA samples extracted by Schoch et al. required an additional purification step before the PCR amplification. The method used by Alshahni et al. bypassed the requirement for genomic DNA extraction. Instead, this method involved steps that lyse fungal cell walls using a lysis buffer. Walch et al. added bovine serum albumin (BSA) to PCR mixture for a direct fungal colony PCR (Walch et al., 2016). However, our direct PCR method bypasses the need for genomic DNA extraction and additional reagents such as proteinase K or BSA. The amplified products were sequenced directly without molecular cloning. Using direct PCR, we amplified the ITS region of representatives of major fungal lineages, and the amplified products were sequenced directly (Figure 2). In addition, we isolated FFSC strains in the field and amplified the ITS and TEF-1α regions using direct PCR (Supplementary Figure S1). The high PCR success rate and sequence quality demonstrated the reliability and applicability of this method. We believe that direct PCR streamlines the process of molecular identification of fungal pathogens.


Table 2 | Comparison of PCR approaches for fungal identification.



In the previous report, Lee infected rice seedlings with F. fujikuroi and measured resistance to the disease in the lab (Lee, 2022). The author divided 66 rice cultivars into 3 groups based on resistance to bakanae disease: resistant, intermediate, and susceptible. In this study, we isolated F. fujikuroi strains from rice seeds harvested from rice paddy fields. Interestingly, most of the F. fujikuroi strains were isolated from the susceptible group, and no strain from intermediate and resistant groups. For example, 7 out of 17 F. fujikuroi strains were isolated from Chamdongjin, which are reportedly susceptible to bakanae disease (Supplementary Figure S2). The remaining 10 strains were isolated from other cultivars that were mostly susceptible to F. fujikuroi. Our study is significant because we confirmed the laboratory result in a real agricultural setting.

In this study, the F. fujikuroi isolates were distinguished into two groups (B14-type and B20-type) based on TEF-1α gene sequences (Figure 3). Thus, we tested the relationship between the phylogenetic group and FB production in F. fujikuroi. Using ELISA kits, FBs were detected in all B14-type strains but not in any of the B20-type strains (Table 1). The previous study found nucleotide differences in the TEF-1α gene sequences between B14-type and B20-type F. fujikuroi strains (Qiu et al., 2020). In the TEF-1α gene sequences, all B14-type strains had cytosine and thymine at nucleotide positions 447 and 618, respectively. In contrast, all B20-type strains contained adenine and guanine at these positions. In our study, B14- and B20-type strains had thymine and guanine at nucleotide position 618, respectively (Figure 4). However, we found that nucleotide position 447 of TEF-1α gene did not match phylogenetic group and FB production of the Fusarium fujikuroi strains. Eight B20-type strains (HS26, HS27, HS28, HS33, HS34, HS292, HS293, and B20) had cytosine at nucleotide position 447. This result is different from the previous report that FB non-producers (B20-type) had adenine at nucleotide position 447 (Qiu et al., 2020). This indicates that the F. fujikuroi populations have higher genetic variation than previously reported.

In comparative genome analysis, PKS51 gene cluster was present in FB-producing F. fujikuroi stains but absent in FB non-producers (Niehaus et al., 2017). In contrast, NRPS31 gene cluster was absent in the FB producers but present in the FB non-producers. Although the PKS51 and NRPS31 genes are not in the FB biosynthetic pathway, researchers have used their genotypes to predict FB production. (Niehaus et al., 2017; Choi et al., 2018; Qiu et al., 2020). Based on the previous studies, we performed direct PCR genotyping to predict FB production (Supplementary Figure S3). However, in this study, PCR amplification of PKS51 was not successful in some FB-producing strains. This inconsistency has been previously reported (Choi et al., 2018). These results indicate high genetic variation of PKS51 in F. fujikuroi populations. In addition, the product and function of Pks51 are unknown, and it is not clear how it relates to FB production. Nrps31 synthesizes apicidin F, but apicidin F is not related to FB biosynthesis. Taken together, these results raise the question whether genotypes of PKS51 and NRPS31 can accurately predict FB production. We suggest that phylogenetic analysis of the TEF-1α sequence is a better way to predict FB production.

In summary, we demonstrated that direct PCR is an effective way to identify fungal species. Direct PCR was performed for major fungal species and field isolates, demonstrating the usefulness of this approach. The fact that DNA amplification can occur directly from fungal mycelia has several implications in mycology. Therefore, we suggest that direct PCR may have additional applications. For example, in the field, it could be possible to isolate fungal mycelia or spores from infected plants and perform direct PCR without culturing the fungus. This method will be useful for the identification of fungal species that are difficult to culture. In addition, one could perform PCR genotyping to screen for the right mutants without genomic DNA extraction. This can accelerate future functional analyses of genes in fungi. We believe that this direct PCR system will contribute to advancements in molecular studies of filamentous fungi.
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Supplementary Figure 1 | Gel electrophoresis images of amplified products of FFSC strains using the direct PCR approach. To amplify target regions (ITS and TEF-1α), we used primer pairs ITS4/ITS5 and EF1T/EF2T for direct PCR, and the amplified products were loaded on a 1.5% (w/v) agarose gel. The target regions and size of amplicons are shown on the left.

Supplementary Figure 2 | Incidence of the F. fujikuroi strains from Korean rice cultivars. Seventeen F. fujikuroi strains were recovered from rice seeds. Among the 17 strains, 7 were isolated from Chamdongjin. The other strains were isolated from other cultivars (Haepoom, Hyunpoom, Boramchal, Shindongjin, Saebonghwang, Mokyang, Mipoom, and Alchanmi).

Supplementary Figure 3 | Direct PCR amplification using primer pairs B14J06375F2/B14J05375R2 and B20J12141F2/B20J12141R2 for B14-type and B20-type, respectively. The primer pairs for B14-type and B20-type were derived from PKS51 and NRPS31, respectively.
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The microbial diseases cause significant damage in agriculture, resulting in major yield and quality losses. To control microbiological damage and promote plant growth, a number of chemical control agents such as pesticides, herbicides, and insecticides are available. However, the rising prevalence of chemical control agents has led to unintended consequences for agricultural quality, environmental devastation, and human health. Chemical agents are not naturally broken down by microbes and can be found in the soil and environment long after natural decomposition has occurred. As an alternative to chemical agents, biocontrol agents are employed to manage phytopathogens. Interest in lactic acid bacteria (LAB) research as another class of potentially useful bacteria against phytopathogens has increased in recent years. Due to the high level of biosafety, they possess and the processes they employ to stimulate plant growth, LAB is increasingly being recognized as a viable option. This paper will review the available information on the antagonistic and plant-promoting capabilities of LAB and its mechanisms of action as well as its limitation as BCA. This review aimed at underlining the benefits and inputs from LAB as potential alternatives to chemical usage in sustaining crop productivity.
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  1 Introduction

According to the Food and Agriculture Organization (FAO) of the United Nations (UN), farmers will need to produce 70 to 100 percent more food to meet the demand of the predicted growing population of 9.3 billion people by 2050 (UNDP, 2021). Apart from the growing population, depletion of natural resources, climate change, and the emergence of new pests and diseases are among the several factors that have a negative impact on agricultural production and productivity. Various pests and diseases contribute 20 to 40 percent yearly economic losses in agricultural products by reducing crop output, degrading its quality, and contaminating food with hazardous compounds (Guo et al., 2013). Plant diseases caused by phytopathogens can limit crop production in a vast array of plant species worldwide, resulting in significant annual losses on a global scale. The most common infectious plant diseases are caused by pathogenic organisms such as fungi, bacteria, viruses, protozoa, insects, and parasitic plants. Wilting, spotting (necrosis), mold, pustules, rot, overgrowth (hypertrophy), distortion (mummification), staining (discoloration), and destruction of afflicted tissue are the symptoms of plant diseases (Nazarov et al., 2020).

Plant diseases can be mitigated in a variety of ways, including cultural, physical, chemical, and behavioral practices. Growers typically rely on the use of chemical treatments, such as fungicides and bactericides, which have been in widespread use for more than a century but none of them are sustainable (Malik et al., 2021). On the other hand, the use of these synthetic chemical treatments in agriculture has been linked to causing numerous issues such as the development of resistance in pathogen populations, detrimental impacts on human health, loss of beneficial soil microbes, the introduction of leftover harmful material into the food chain, and decreased in biodiversity of microorganisms (Sindhu et al., 2016). Efforts to find alternatives to chemical treatments have been bolstered by the understanding that this method of treating plant diseases is suboptimal at best or prohibited by regulation. In addition, due to the growing demand for safety and quality of food production, the search to find alternatives with an eco-friendlier approach has become a priority. The widespread use of agrochemicals can be replaced with a method that is less hazardous. Thanks to the development of microbial biocontrol agents. The term “biological control” refers to the practice of reducing the prevalence of plant disease through the application of naturally occurring organisms, such as beneficial microorganisms or their by-products or extracts from plants or animals (Sundin et al., 2016). Their mechanisms of action toward the target pathogen can be varying either directly or indirectly, such as competition, predation, antibiosis, induced host resistance, or by the activity of lytic enzymes. Over the past decades, numerous research has been published on the potential application of beneficial microorganisms as biological control agents (BCAs) against plant pathogenic bacteria, and strains from the genera Pseudomonas, Burkholderia, Streptomyces, Bacillus, and Trichoderma are very well-known for their antimicrobial capability and synthesis of a wide range of bioactive compounds (Alexander and Phin, 2014; Haryadi et al., 2019; Lim et al., 2019; Alexander et al., 2021).

Interest in lactic acid bacteria (LAB) research as another class of potentially useful microorganisms against phytopathogens has increased in recent years. The application of LAB for plant protection and plant growth stimulation first appeared in the 1980s by Visser et al. (1986) and Higa and Kinjo (1989). It has been demonstrated that LAB has the ability to produce compounds that are effective in the management of a wide range of bacterial and fungal phytopathogens (Gajbhiye and Kapadnis, 2016; Daranas et al., 2019; Duha and Abdullah, 2021). Moreover, its long and widespread use history in food processing allows researchers to understand the physiological processes and bioactive substances being produced. This resulted in its being given the generally regarded as safe (GRAS) status with few exceptions (Goldstein et al., 2015), meaning that its use in edible crop cultivation poses no health concerns to humans. This paper will review the available information on the antagonistic and plant-promoting capabilities of LAB and its mechanisms of action as well as its limitation as BCA. This review aimed at underlining the benefits and inputs from LAB as potential alternatives to chemical usage in sustaining crop productivity.


 2 Lactic acid bacteria

LAB is a group of Gram-positive, catalase-negative, non-sporulating, facultatively anaerobic, rod-shaped (bacilli) or spherical (cocci) bacteria that include 6 families and 38 genera in the Lactobacillales order (Holzapfel and Wood, 2014). It produces lactic acid (LA) as the primary end product of saccharolytic metabolism (Hayek and Ibrahim, 2013) and has been classified into homofermentative and heterofermentative strains based on their lactic acid (LA) production. Homofermentative LAB converts sugars to lactic acid, while heterofermentative LAB produces lactic acid, ethanol or acetic acid, and carbon dioxide. The most prevalent species include Lactobacillus, Lactococcus, Enterococcus, Streptococcus, Pediococcus, Leuconostoc, Weissella, and Bifidobacterium (Abubakr and Al-Adiwish, 2017). Studies on LAB identification was done long time ago because it was important to know their properties and ensure that the strains were safe to use. Phenotypic and chemical approaches were formerly used to identify LAB. Different types of LAB activity, such as carbohydrate fermentation, hetero- or homofermentative, gas production, motility, and spore production, form the basis for these techniques (Ashmaig et al., 2009). However, LAB identification based on carbohydrate fermentation profiles is imprecise and insufficient to identify closely related strains due to their similar nutritional requirements (Perricone et al., 2014). Therefore, genomic sequencing is the most reliable way to accurately identify bacteria.

Rapid advances in molecular biology in recent years have had far-reaching effects on the discipline of microbiology allowing the use of 16S rDNA gene sequencing techniques for the identification of bacteria, including LAB. These conserved genes exhibit sufficient variation to be regarded as excellent phylogenetic markers, which can be used for identifying organisms down to the genus and species level (Chong et al., 2013; Lo and Chong, 2020). The development of whole genome sequencing (WGS) technology in recent years has also substantially accelerated the development and application of LAB resources. It enables researchers to systematically and comprehensively understand the metabolic characteristics, potential beneficial functions, and application directions of the strains based on the information contained in the whole genomes of LAB (Buron-Moles et al., 2019). In addition, WGS allows the determination of the genetic evolution and classification of LAB in a more accurate manner (Huang et al., 2020). The first complete LAB genome sequence was published in 2001 for the species Lactococcus lactis IL1403 (Bolotin et al., 2001). Since then, 7,055 species of LAB that includes Lactobacillus, Lactococcus, Bifidobacterium, and Streptococcus thermophilus have had genomic data (comprising whole genomes and framework genomes of varying degrees) deposited in the GenBank (Yanwei et al., 2022) enabling for a comprehensive understanding of the industrial application and metabolic characteristics of LAB. Whole genome information can reflect the safety of LAB strains by assessing genes related to drug resistance, virulence, and pathogenicity and determining whether the related genes can be transmitted horizontally (Rodríguez-Serrano et al., 2018; Toropov et al., 2020; Zhou et al., 2021). Furthermore, the genome-scale metabolic model (GSMM) can be reconstructed from whole-genome data to simulate and anticipate how bacteria will behave in each environment and to systematically direct metabolic engineering efforts. The first GSMM of LAB was generated using the genome sequence of Lactococcus lactis IL1403, which effectively predicted and confirmed the minimum medium for strain development and steered the metabolism to enhance diacetyl production (Oliveira et al., 2005). Other successful examples of GSMM in guiding metabolic engineering of microbial improvement in LAB have also been documented (Vinay-Lara et al., 2014; Xu et al., 2015; Kristjansdottir et al., 2019).

 2.1 Diversity, abundance, and plant colonization attributes of LAB in plant microbiome

Lactic acid bacteria (LAB) are found virtually everywhere in the natural world, including in the phyllosphere, endosphere, and rhizosphere (Liu et al., 2014). Their abundance varies greatly from one environment to another. The genomic variation in LAB strains is largely attributable to the selective pressure exerted by these settings (McAuliffe, 2018). LAB in the phyllosphere microbiota was discovered to make up a relatively small percentage of the total bacteria detected on plant tissues, ranging between 102 and 104 CFU/g (di Cagno et al., 2013). It has been acknowledged that LAB may live as an endophyte in a variety of crop plants (Suzzi et al., 2018; Filannino et al., 2019) and that it can survive in seeds (Taha et al., 2019). In the rhizosphere, several LAB strains were discovered to exhibit antimicrobial properties (Fhoula et al., 2013). Carbon-richness is a major determinant of LAB abundance and variety in soils (Yanagida et al., 2006; Reyes-Escogido et al., 2010; Ain et al., 2017). Soil acidity may also play a role in the recovery of several halotolerant LAB, which are known to survive and even thrives in arid settings. Among the commonly found genera of the LAB families from plant microbiomes includes Enterococcus, Lactococcus, Lactobacillus, Leuconostoc, Streptococcus, and Weissella (Yu et al., 2020).

Plants are usually thought to be difficult settings for many microbes. The phyllosphere, for instance, is subject to fast shifts in water supply, UV radiation, oxidative stress, and temperature, and can have low nutrient contents. However, many types of plant-associated bacteria such as LAB have adapted to live and thrive on plant microbiomes despite these stressors. Some properties of LAB suggest that these bacteria could also be successful plant colonists. LAB prefers glucose, fructose, and sucrose as carbon sources for fermentative development. These sugars are found in the phyllosphere and can amount up to 12.5 μg g−1 leaf or 38 g/100 ml of floral nectar (Canto and Herrera, 2012). LAB are not known to metabolize hemicellulose, yet genes associated in hemicellulose breakdown such as α-glucuronidase (algA), polysaccharide deacetylase (pda), endoxylanase/endoglucanase (llkf_1370), and acetylesterase (llkf_1374), were found to be upregulated in L. lactis KF147 grown in a lysate of Arabidopsis thaliana leaves (Golomb and Marco, 2015). LAB also produces metabolites that have a direct impact on plant development (e.g. 2,3-butanediol and acetoin) (Sharifi and Ryu, 2018). This was demonstrated for L. plantarum WCFS1, which was found to produce plant hormone-like compounds that interfered with plant root development when incubated under slow growth, substrate-limited conditions (Goffin et al., 2010). These findings imply that, even in the absence of measurable levels of plant growth, LAB may be an important modifier of plant physiology.

A great number of LAB are also able to survive in aerobic (aerotolerant) and low water activity (osmotolerant) environments. They have the ability to eliminate reactive oxygen species (ROS) through the synthesis of NADH oxidases, superoxide dismutase, cytochrome d oxidase or nonenzymatic dismutation of hydrogen peroxide (H2O2) by Mn2+ (Papadimitriou et al., 2016). Osmotolerance in LAB is mostly connected with enhanced transport of compatible solutes and elevated synthesis of protease, chaperones, and peptidoglycan. Exopolysaccharides (EPS) synthesis is also linked to LAB’s ability to survive in environments with limited water (Nwodo et al., 2012). In addition, the ability of LAB to generate antimicrobial substances may also aid in its colonization in the plant microbiomes. Intra-specific genetic and phenotypic variations among LAB also provide more evidence that certain LAB strains are better adapted to plant environments than others (Strafella et al., 2021). Ayad et al. (1999) reported that plant-isolated Lactococcus lactis was discovered to have lower amino acid needs for growth compared to L. lactis isolated from other sources. Comparative genomic analysis of the L. lactis strains KF147 (isolated from mung bean sprouts) and IL1403 (isolated from cheese) revealed that the KF147 genome contains more genes encoding for carbohydrate metabolism (xylan and arabinose degradation), EPS biosynthesis, bacterial defense (nisin biosynthesis), and stress response (Siezen et al., 2010). L. lactis KF147 also grew faster and had a greater final cell density than IL1403 when cultured in Arabidopsis thaliana leaf lysate (Golomb and Marco, 2015).



 3 Mechanism of action of LAB in controlling disease and stimulating plant growth

The properties of some LAB species made them the potential candidate for biological control agent (BCA) (Tsuda et al., 2016; Daranas et al., 2019). Despite not having the same reputation as other groups of BCA like Pseudomonas, Burkholderia, Streptomyces, Bacillus, and Trichoderma, several LAB species were reported for the ability to suppress the action of phytopathogens and were also found to stimulate plant growth (Jaini et al., 2022). As illustrated in  Figure 1 , LAB can help directly with plant disease control and plant growth by modulating the uptake of important nutrients like phosphorus and potassium, fixing nitrogen, and the production of plant hormones and siderophores. Indirectly, LAB could aid in the biocontrol of phytopathogens through the production of a wide range of antimicrobial compounds including diketopiperazines, hydroxy derivatives of fatty acids, 3-phenyllactate; antibacterial bacteriocins and bacteriocin-like inhibitory substances (BLIS) organic acids, hydrogen peroxide, pyrrolidone-5-carboxylic acid, diacetyl, and reuterin (Lamont et al., 2017), modulating defense mechanism by creating systemic resistance, and decreasing pathogen iron availability. It has also been proposed that multiple mechanisms of action might be involved in the attack of LAB against phytopathogens (Sangmanee and Hongpattarakere, 2014).

 

Figure 1 | LAB mechanisms of biological control and plant-growth promoting for plant health. 



 3.1 Direct mechanisms

 3.1.1 Modulating the intake of nutrients and the fixation of nitrogen

Some strains of LAB can boost the availability of nutrients derived from compost and other forms of organic or inorganic matter to plants (Lamont et al., 2017). Phosphorus (P), the major macronutrient for plant growth, is mostly stored in the soil either as an organic compound or as an inorganic precipitate. Similarly, a deficit in potassium (K) which is predominantly contained in fixed form, has detrimental effects on the overall growth and yield of a plant. It was suggested by de Lacerda et al. (2016) that the presence of gene sequences encoding for two types of alkaline phosphatase—the enzymes that catalyze phosphate mineralization—allows L. lactis to solubilize several sources of phosphorus compound. The acidity induced by LAB, which is caused by the synthesis of organic acids, is also responsible for the solubilization of P and K, which then makes these elements available for the plant to absorb. Apart from LAB capabilities to dissolve phosphate, Giassi et al. (2016) reported that some strains of the LAB were also able to fix atmospheric nitrogen for plant consumption. Biological nitrogen fixation (BNF) is a process in which atmospheric N2 is transformed into ammonia and nitrate with the help of the nitrogenase enzyme complex. Higdon et al. (2020) reported that L. lactis isolated from mucilage microbiota of Sierra Mixe maize were recently found as diazotrophs capable of BNF. Molecular functions associated with polysaccharide catabolism, glycan-mediated host adhesion, iron/siderophore utilisation, FeMo cofactor biosynthesis (NifB), and novel oxidoreductase activities were discovered through protein domain analysis of the identified unknown genes in L. lactis, indicating their importance for the BNF trait.


 3.1.2 Phytohormones production

Plants and bacteria both generate phytohormones in very low concentrations that can influence plant growth. These phytohormones enhance root hair length and surface area, which improves plant root nutrition and water uptake (Kumar et al., 2022). The increased metabolic activity caused by phytohormones production aids in defence, normal cell function, and abiotic stress management (Khan et al., 2020). Several LAB species are capable of secreting phytohormones such as gibberellin (GA) and auxins such as indole-3-acetic acid (IAA) which play various functions in plant growth promotion (Lamont et al., 2017). According to Turaeva et al. (2021), GA4 and GA7 were detected from the culture fluid of L. plantarum which enhances the plant growth and development of wheat coleoptiles through the usage of HPLC-MS. However, there is still a lack of clarity behind the mechanisms of action.



 3.2 Indirect mechanisms

 3.2.1 Organic acids

Organic acids have been implicated in several studies as a major mechanism by which LAB exerts its antimicrobial activity against a wide variety of target microorganisms (Tofalo et al., 2016). Lactic acid is the most common LAB metabolite, however other acids such as acetic, propionic, formic, benzoic, and PLA acids are also produced. The antibacterial impact of lactic acid is commonly believed by interfering the membrane functions of the pathogen, inhibition of active transport, reduction of intracellular pH, and inhibition of several metabolic activities, thus killing the target microorganism (Rattanachaikunsopon and Phumkhachorn, 2010). However, the generation of lactic acid and its pH lowering effect are affected by species or strain, culture mix, and growth conditions (Olaoye and Onilude, 2011). Many bacteria, fungi, and yeasts are killed off by the presence of lactic acid in its undissociated form at low pH. The degree to which various microbes are affected by lactic acid can vary widely.


 3.2.2 Hydrogen peroxide

Hydrogen peroxide (H2O2) is a reactive oxygen species that is also generated by LAB in the presence of oxygen. Hydrogen peroxide has a powerful oxidizing effect on microbial cells, causing irreparable damage to the fundamental molecular structures of protein involved in cellular metabolism (Sunil and Narayana, 2008). H2O2, once generated, can inhibit the development of both psychotropic and pathogenic microorganisms. Newer research, however, suggests the antimicrobial activity of H2O2 is probably limited, as bacteria only create a small amount, and that its effects are largely in conjunction with other antifungals substances (le Lay et al., 2016).


 3.2.3 Bacteriocin

Bacteriocins are ribosomal generated antimicrobial peptides produced by bacteria, can kill or inhibit related or unrelated bacterial strains without harming the bacteria themselves (Yang et al., 2012). Their antimicrobial modes of action are multiples including interference with cell wall development, disruption of the cytoplasmic membrane, suppression of protein synthesis, interference with the replication and transcription of DNA, and interference with the septum formation (Ahmad et al., 2017). Certain members of LAB produce bacteriocins and bacteriocin-like inhibitory substances (BLIS). The majority of LAB bacteriocins are small thermostable or large thermolabile proteins or protein complexes with antibacterial activity against other microbes, although producer cells are immune to their own bacteriocin(s) (Zacharof and Lovitt, 2012). The pH, nutrition sources, and incubation temperature have a significant impact on bacteriocin synthesis. Based on biochemical and genetic characterization, four distinct classes of LAB bacteriocins have been identified: lantibiotics (class 1); small, heat-stable nonlanthionine peptides (class 2); large heat-labile proteins (class 3) and complex bacteriocins with chemical moieties such as lipid and carbohydrate (class 4) (Hernández et al., 2005). The management of bacterial infections in economically important crops may be possible via bacteriocin-mediated resistance in plants, according to recent research by Rooney et al. (2020a); Rooney et al. (2020b).


 3.2.4 Reuterin

Several lactobacilli have been demonstrated to produce the glycerol-derived antimicrobial compound reuterin, and its production is stimulated directly or indirectly by the presence of glycerol in anaerobic conditions. LAB do not have an oxidative pathway that would allow them to use glycerol as their primary carbon source. Consequently, LAB must utilize an alternate carbon source in order to breakdown glycerol (Bergsma et al., 2022). Reuterin is a strong inhibitory chemical with broad spectrum activity that is pH independent. It is resistant to proteolytic and lipolytic enzymes and inhibits DNA replication (Singh, 2018). Reuterin has been proven to be effective against a variety of fungus, including several species of Fusarium, Penicillium, and Aspergillus (Vimont et al., 2019), and has been linked to the prevention of mycotoxin development in fermented foods. It also inhibits the growth of gram-positive and gram-negative bacteria, as well as enteropathogens, yeast, fungi, protozoa, and viruses. (Nes et al., 2011).


 3.2.5 Cyclic dipeptides

Cyclic dipeptides or cyclodipeptides (CDPs), also known as 2, 5-diketopiperazines, are the smallest cyclic peptides, and existing data indicate that bacteria produce nearly 90% of CDPs (Mishra et al., 2017). Among the cyclic dipeptides extracted from LAB with known antimicrobial properties are cyclo(Gly-Leu), cyclo(Phe-Pro), cyclo(Phe-OH-Pro), and cyclo(Phe-OH-Pro) (Leu-Leu) (Silpa and Rupachandra, 2022). Due to their stability in many environments (pH, heat, and enzymes), cyclic peptides have received a lot of interest. Cyclo(Gly-Leu) from Lb. plantarum VTT E-78076 was discovered to be an antifungal chemical with antifungal activity against plant fungal pathogens Fusarium avenaceum (Zhao et al., 2017). In spite of its antimicrobial potential, significant research is necessary to know its mode of action and range of uses.


 3.2.6 Fatty acids

Antimicrobial effects of hydroxy fatty acids (FAs) have been observed by (Hou and Forman, 2000; Granér et al., 2003), and they are found in a wide variety of organisms, including mammals and plants. 3-OH-FAs are found in bacteria as lipopolysaccharides or poly-hydroxyalkanoic acids. The lipopolysaccharides and polyhydroxyalkanoic acids of LAB have not been reported. Over 90% of all cellular FAs in LAB are saturated and monounsaturated FAs, and these are the ones that have been utilized for classification of distinct LAB. However, Lee et al. (1996) found that various Leuconostoc strains contained 2-hydroxyhexadecanoic acid and 3-hydroxyheptadecanoic acid. Unsaturated FAs can be converted into OH-FAs by LAB (Wanikawa et al., 2002), suggesting metabolic pathways for hydroxylation of FAs, albeit the precise function of 3-OH-FAs in LAB metabolism has yet to be determined. A study by (Sjögren et al., 2003) suggested that the antimicrobial effect of 4 OH-FAs extracted from L. plantarum MiLAB 14 is owing to the compounds’ detergent-like characteristics, which disrupt the structure of the target organisms’ cell membranes. A molecule comparable to the 3-OH-FAs discovered here, cis-9-heptadecenoic acid, partitions efficiently into the lipid bilayers of fungal membranes. This finally causes the cytoplasmic disintegration of fungal cells by increasing membrane permeability and the release of intracellular electrolytes and proteins.




 4 Potential role of LAB in plant stress tolerance

 4.1 Defending plant against biotic stress

The increase in biotic and abiotic stressors poses a threat to the productivity of crops. Extreme occurrences such as the advent of plant diseases and pests and the effect of climate change are becoming more common around the world. LABs have demonstrated the ability to improve crop development and productivity by developing tolerance traits to various types of stress. These bacteria have a wide range of functional characteristics and can colonize themselves in plant tissues, positively influencing plant development and survival. Numerous studies have looked into the potentiality of LAB in controlling bacterial and fungal phytopathogens from causing destruction to crops ( Table 1 ). For instance, Lactobacillus plantarum and Leuconostoc mesenteroides strains were successfully screened by using in vitro and in planta assays against three bacterial pathogens affecting three different crops, namely Pseudomonas syringae in kiwifruit, Xanthomonas arboricola in Prunus, and Xanthomonas fragariae in strawberry (Daranas et al., 2019). They were selected due to their broad-spectrum activity in preventing all 3 pathogens from infecting their plant hosts. Also, in both semi-field and field studies, the biocontrol performance of the L. plantarum strains was on par with reference controls. The generation of lactic acid and a decrease in pH was partially responsible for the inhibitory mechanism observed in vitro and both strains had comparable rates of survival when placed on leaf surfaces. Similar broad-spectrum inhibition was observed by the species L. paracasei and L. plantarum isolated from wine fermentations (López-Seijas et al., 2019). The LAB strains were not only able to inhibit several food spoilage Gram-positive bacteria but in vitro studies also showed that the LAB strains had a 55-76% effect in preventing the growth of Fusarium oxysporum sp. lycopersici, a phytopathogenic fungus that causes disease in tomatoes. The efficacy of these malolactic LAB strains was very competitive when compared to the previous studies of L. plantarum isolated from different sources (Rouse et al., 2008; Dalié et al., 2010). It has also been shown that the plant-derived Weissella confusa and Pediococcus pentosaceous strains both have broad-range inhibitory action against fungal diseases of fruit crops. (Crowley et al., 2012a; Crowley et al., 2012b).

 Table 1 | Selected lactic acid bacteria with biological control and biostimulant properties. 



 Steglińska et al. (2022) reported LAB screening of ten phytopathogens related to potato including Pectobacterium carotovorum, Fusarium oxysporum and Rhizoctonia solani, showed a 40-90% disease reduction except for Fusarium oxysporum and Fusarium sambucinum which were not inhibited by the LAB, Lactiplantibacillus plantarum KB2 LAB 03. In the metabolic profiles of the LAB strains, the most abundant compounds were found to be from organic acids and ethanol. Zebboudj et al. (2020) indicated that L. lactis subsp. diacetylactis were able to inhibit Fusarium species of tomato crown and root rot up to 62.42% on MRS agar medium. Another in vitro assessment done by Valencia-Hernandez et al. (2021) showed biomass fraction of Lactobacillus plantarum isolated from yellow pithaya inhibit Fusarium fujikuroi growth by 100% over 48 hr of fermentation. In another finding by Lin et al. (2020), Lactobacillus pentosus and Leuconostoc fallax recovered from fermented vegetables in combination with chitosan present a powerful inhibitory effect against three cruciferous vegetable diseases, including cabbage black spot caused by Alternaria brassicicola, black rot caused by Xanthomonas campestris, and soft rot caused by Pectobacterium caratovorum. The LAB/chitosan mixture is also antagonistic against Colletotrichum higginsianum, Sclerotium rolfsii, and Fusarium oxysporum f. rapae, suggesting a broad-spectrum activity of LAB/chitosan. Futhemore, as indicating by the experiment numerous applications are more successful than a single application. A considerable reduction in the severity of the papaya dieback disease was seen after the application of the LAB combination, Weisella cibaria and Lactococcus lactis in nurseries (Taha et al., 2019). Lactobacillus acidophilus which was isolated from mango (Mangifera indica L.) had an inhibitory action of more than 40% against post-harvest anthracnose caused by C. gloeosporioides. Evaluation in vitro demonstrated that the isolates produced antifungal chemicals as well as lytic enzymes as a mechanism of antagonism against the fungus (Fenta and Kibret, 2021).

LAB has been demonstrated in studies to have a variety of plant growth-stimulating properties to enhance the availability of nutrients to its host plants ( Table 1 ), allowing them to deal with stress and inhibit plant nematodes (Amprayn et al., 2016; Ibrahim et al., 2022). According to research by Strafella et al. (2021), sixteen LAB strains evaluated in experimental settings were able to solubilize a significant amount of phosphate, and the findings corresponded to strains of Enterococcus sp. isolated by Mussa et al. (2018). Plant development can be promoted directly by increasing mineral and nutrient intake or indirectly by modulating plant hormones such as indole-3-acetic acid (IAA), cytokinin, and ethylene. In this case, LAB has also been demonstrated to produce indole-3-acetic acid (IAA), plant hormones that stimulate the rapid development of plants (Mohite, 2013). Three isolates from the aerial sections of the pomegranate plant that were identified as Leuconostoc sp. and Lactobacillus sp. were tested for plant growth-boosting properties by Abhyankar et al. (2022). Besides demonstrating antifungal activity against Fusarium sp., isolates of Lactobacillus sp. also exhibited 1-Aminocyclopropane 1-carboxylic acid (ACC) deaminase activity, with LAB isolate GYP3 exhibiting the highest level. This enzyme is necessary to reduce ethylene to non-toxic levels in order to protect the plants. It was also discovered that the isolate GYP3 produced indole-3-acetic acid (IAA) and Gibberellin, both of which aid in root elongation and flowering. Exopolysaccharide (EPS) was also produced by all three isolates. An oriental melon (Cucumis melo L.) rhizosphere LAB strain, Enterococcus faecium LKE12, was investigated in gibberellin (GA)-deficient rice dwarf mutant (waito-C) and a normal GA biosynthetic rice cultivar for its plant growth-promoting capacity (Hwayongbyeo) (Lee et al., 2015). Both regular and dwarf rice cultivars benefited greatly from E. faecium LKE12’s ability to secrete a wide variety of GA and IAA, which increased the shoot length and biomass of the plants, indicating a beneficial interaction between E. faecium LKE12 and plants. Isolates of Lactobacillus spp. L5, L3, and L2N found in traditional Vietnamese Nem chua exhibited Indole-acetic acid (IAA) synthesis, P-solubilization, and biofilm development (Nguyen et al., 2021). Peanut seed treatment with the same mixed bacterial cultures improved seed germination and vigor index when compared to untreated control seeds and those treated with fungicide. Those that were treated with LAB grew in both height and total fresh weight by 22.4% and 99.6%. Greenhouse and field evaluation by Shrestha et al. (2014) reported that due to its ability to secrete a significant amount of IAA, LAB strains KLF01 and KPD03 outperformed LAB strain KLC02 in terms of growth promotion, whereas KLC02 outperformed KLF01 and KPD03 in the field. Environmental conditions, root colonization, competition, and the synthesis of antagonistic metabolites are just some of the abiotic and biotic elements that could explain why greenhouse and field testing produce different results. Growth-promoting effects of several other LABs were also observed on cucumber and tomato seedlings (Lutz et al., 2012).

Effective Microorganisms (EM) consortiums are known to consist yeast, mould fungus, LAB, photosynthetic bacteria, actinomycetes, and other microorganisms. Compost incorporated with EM has been found to boost yields and nutrient uptake in a variety of crops (Javaid, 2011; Lamont et al., 2017). Fermented compost products based on lactic acid bacteria also improve soil fertility, soil structure, and aeration, neutralize alkalinity, and enhance moisture retention. Bokashi fertilizer, a traditional type of fertilizer often used in Japan, is an example of this EM-inoculated compost. Maki et al. (2021) identified 3-phenyllactic acid (PLA), a root-promoting compound from Bokashi fertilizer. PLA is a significant organic acid generated by many bacteria, particularly LAB, as a catabolic result of phenylalanine via phenylpyruvic acid (PPA) and has been shown to be biologically active as a plant root promoter. Recent study by Maki et al. (2022) found that PLA stimulated the auxin signalling system and influenced root development in Arabidopsis. PLA promoted lateral root density while decreasing primary root growth in Arabidopsis and elevated the expression of the auxin response marker gene IAA19 in roots. PLA’s auxin-like activity was clearly reduced in the auxin signalling mutant, tir1-1 afb2, indicating that PLA regulates root development via the auxin signalling pathway. In a pot experiment by Javaid (2011), adding lactic acid bacteria to farmyard manure boosted rice (Oryza sativa L.) root and shoot growth, but not in NPK-amended soil. Lactococcus lactis isolated from organic soil was also found to promote plant growth in cabbage. (Somers et al., 2007). Previously, it was believed that LAB had almost minimal iron (Fe) requirement and did not produce siderophores. However, the genomes of two vegetable-isolated Lactococcus lactis strains isolated by Shrestha et al. (2014) revealed non-ribosomal peptide pathways, indicating the ability of LABs to produce siderophores. Further research by Jaini et al. (2022) revealed the synthesis of ammonia and siderophores, as well as the solubilization of phosphate, resulting in an increase in the dry weight of the shoot and root of papaya plants by the endophytic LAB identified in the work of Taha et al. (2019).


 4.2 Alleviating abiotic stress in plant

Plant development can be stunted by a variety of abiotic stresses, such as flooding, dehydration, high temperatures or salt levels, the presence of toxic metals, and exposure to organic pollutants. Under abiotic stimuli, the intracellular redox balance of plants is upset which results in the production of reactive oxygen species (ROS). As a result, the plant’s enzymatic and non-enzymatic antioxidants are activated to withdraw the effects of ROS. In a condition of drought or dehydration, plant biosynthesis of nitric oxide (NO) increases in order to reduce the effects of oxidative stress. It has been observed that root treatment of wheat seedlings with L. plantarum 8P-A3 managed to alleviate oxidative stress during dehydration (Yarullina et al., 2014). Increases in total integral antioxidant capacity (IAC) and catalase activity indicate that NO has a role in the stress-limiting activities of lactobacilli by mitigating the deleterious effects of dehydration. Excessive salt in the soil causes ion imbalance and toxicity in plants. Plants respond to salinity stress by synthesizing polyamines and osmolytes, activating defense systems, blocking the deposition of reactive oxygen species, and controlling the transfer of ions. To counter salt-induced oxidative stress, Swertia chirayita inoculated with L. plantarum demonstrates better salinity stress tolerance by adopting more energy-efficient defensive mechanisms and efficiently partitioning carbon flow between primary and secondary metabolism (Phoboo et al., 2016). Despite the complexity of plant stress response networks still not being fully understood, LAB treatment can somehow manage to improve the stress response of plant.



 5 Limitations, challenges, and the way forward

Similar to other types of BCAs, LAB also has its limitations and challenges when it comes to application. Currently, evidence linking LAB antagonism in vitro to actual pathogen control in the field is still scarce. Its basic limitation of use in agricultural applications, as with other kinds of BCA, is the capacity to survive and produce sufficient amounts of bioactive compounds in suitable circumstances. This could be overcome by selecting or designing strains through biotechnology that can flourish in the phytomicrobiome, enhacing cultures with necessary nutrients or protective carriers, and reapplying cultures to maintain a large number of viable cells. Anyhow, these methods are complicated and will take a long time. Transgenic strains with diverse modes of action can be developed using biotechnology to improve strains with desirable features such as simplicity of formulation, stability, or extraordinary suitability for plant colonization. Another alternative is to use a LAB strain more often in places that are better for its growth, like fruits, flowers, and soils with a lot of organic matter. This strategy has been effective in preventing and eradicating floral diseases that affect rosaceous tree crops (Bonaterra et al., 2014) and has promising results against postharvest infections as well (Trias et al., 2008).

The production of bioactive substances could also be accomplished through the use of LAB that has been grown in bioreactors under optimum conditions. Previous studies by Omer et al. (2009) and Limanska et al. (2015a); Limanska et al., 2015b) have shown that the metabolites produced by LABs are responsible for their activity, and the method of isolating and purifying this metabolite has been successfully applied (Maki et al., 2021). Even though LAB can endure a wide range of environmental stresses, they have specific dietary needs to thrive. Researchers have looked into how sugar beet and sweet potato processing wastes can be used to make industrial LAB media (Krzywonos and Eberhard, 2011; Hayek et al., 2013), but more consistent LAB medium is still needed to make industrial LAB culture last longer. It is also important to take precautions when planning the establishment of mixed consortia LAB with other PGPM groups to prevent incompatibilities. Nanomaterials, which have been effectively used in industries like energy, medicine, and electronics, are a newer avenue of nanotechnology being investigated and implemented in agriculture (Cruz-Luna et al., 2021). Successful applications of metal nanoparticles (M-NPs) such as silver (Ag), iron (Fe), copper (Cu), zinc (Zn), and selenium (Se) have been reported in the suppression of several phytopathogens as well as promoting plant growth in agriculture (Consolo et al., 2020; Akpinar et al., 2021). However, the chemical and physical processes utilized to create M-NPs can be both expensive and potentially hazardous to human health and the environment. As a result, ‘green’ synthesis is leading the way in this emerging discipline by exploring the viability of microorganisms and plants as nanofactories. Green synthesis of M-NPs has the benefits of being environmentally friendly, cost-effective, non-toxic, quick and reliable, stable and sustainable, with low polydispersity, scalability, and biocompatibility. Several studies have recently brought attention to the promising nanobiotechnological applications of LAB in the synthesis of intracellular and extracellular M-NPs (Alam et al., 2020; Aziz Mousavi et al., 2020; Ghosh et al., 2022). This will pave the way for further research into the role of this bacterial group in facilitating plant growth and controlling phytopathogens.

Despite its history of safe usage and “GRAS” status, the safety of the chosen LAB must be assured before industrial application to prevent having an impact on the biodiversity of the ecosystem or causing diseases in humans, animals, or plants. For example, Linares-Morales et al. (2020) reported encouraging results of E. faecium against post-harvest pathogens, however, further evaluation of the strains’ safety is necessary as some of the Enterococcus strains can potentially carry harmful genes (Venegas-Ortega et al., 2020). The increased efficiency of genome analysis over the past decade allows screening on the safety of LAB strains by assessing genes related to drug resistance, virulence, and pathogenicity and determining whether the related genes can be transmitted horizontally (Rodríguez-Serrano et al., 2018; Toropov et al., 2020; Zhou et al., 2021).


 6 Conclusion

LAB strains can stimulate crop production in a number of ways, including functioning as a BCA, increasing the availability of nutrients, mitigating the effects of biotic and abiotic stressors, and stimulating plant growth directly. Its GRAS status and extensive history in food research make them ideal for use in crop protection. Although LABs are ubiquitous in the phytomicrobiome, their potential roles as BCAs and promoters of plant development have been generally disregarded. Evidence from the past and present points to the fact that LAB has the ability to serve as renewable and safe agricultural inputs that can aid in the control of plant diseases and the promotion of plant growth. However, more LAB studies are needed and should focus on its biocontrol efficiency under field conditions as well as LAB bioproduction and formulations. The integration of LAB as biocontrol agents that could be used with other biocontrol techniques in an integrated control program would be a viable way to increase efficacy against phytopathogens and help solve the challenges to achieving sustainable food security.
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The goal of this research is to determine the mechanism of action of two Bacillus spp. that can manage Meloidogyne incognita population density in cotton. The overall objectives are 1) determine the efficacy and direct antagonistic capabilities of the Bacillus spp. and 2) determine the systemic capabilities of the Bacillus spp. The greenhouse in planta assay indicated B. amyloliquefaciens QST713 and B. firmus I-1582 could manage M. incognita similarly to the chemical standard fluopyram. An in vitro assay determined that B. firmus I-1582 and its extracted metabolites were able to directly manage M. incognita second stage juveniles by increasing mortality rate above 75%. A split root assay, used to determine systemic capabilities of the bacteria, indicated B. amyloliquefaciens QST713 and B. firmus I-1582 could indirectly decrease the nematode population density. Another species, B. mojavensis strain 2, also demonstrated systemic capabilities but was not a successful biological control agent because it supported a high population density in greenhouse in planta assay and in the split root assay. A RT-qPCR assay was used to confirm any systemic activity observed in the split root assay. At 24 hours both B. amyloliquefaciens QST713 and B. firmus I-1582 upregulated one gene involved in the initial stages of JA synthesis pathway but not another gene involved in the later stages of JA synthesis. These results point to a JA intermediate molecule, most likely OPDA, stimulated by the bacteria rather than JA in a short-term systemic response. After 1 week, the Bacillus spp. stimulated a SA-responsive defense related gene. The long-term systemic response to the Bacillus spp. indicates salicylic acid also plays a role in defense conferred by these bacteria. The final assay was a qPCR to determine the concentration of the bacteria on the cotton roots after 24 days. Bacillus amyloliquefaciens QST713 and B. firmus I-43 1582 were able to colonize the root successfully, with the concentration after 24 days not significantly differing from the concentration at inoculation. This study identifies two bacteria that work via systemic resistance and will help aid in implementing these species in an integrated management system.




Keywords: Bacillus spp., cotton, Meloidogyne incognita, B. amyloliquefaciens, B. firmus I-1582, B. mojavensis, split root experiments



Introduction

Meloidogyne incognita (Kofoid and White, 1919) Chitwood, the southern root-knot nematode, is an endoparasitic nematode that feeds on hundreds of susceptible plant hosts. The nematode is a major yield-limiting pathogen of cotton, Gossypium hirsutum L. Meloidogyne incognita caused an estimated 628,600 bale yield reduction in 2017 and a 483,300 bale yield reduction in 2018 across the United States (Lawrence et al., 2018; Lawrence et al., 2019). There are various management options available, the most common being chemical nematicides. However, chemical nematicides can be harmful to the environment and very costly if a nematode problem is widespread in a field (Starr et al., 2007). Crop rotation can be an effective management strategy, but it is not always feasible due to the different expensive equipment needed to harvest and maintain different crops (Kirkpatrick and Sasser, 1984). Biological control has been explored for its ability to manage M. incognita in cotton due to the low manufacturing cost and expected environmentally friendliness (Bale et al., 2008).

Biological control agents are one or more organisms, typically fungi or bacteria, which reduce the severity or incidence of a plant disease (Cook and Baker, 1983). There are two proposed mechanisms of action for biological control agents; direct or indirect antagonism. Direct antagonism often involves the release of metabolites, predation or competition (Kerry, 2000). The most common of which is the release of metabolites and predation; competition is very rarely seen or used as biological control strategy. Pseudomonas flourescens CHA0, for example, releases two metabolites, 2,4-diacetylphloroglucinol and pyoluteorin, that can significantly decrease M. javanica population density (Hamid et al., 2003). A biological control agent that works via predation is Pastueria penetrans which infects Meloidogyne spp., feeds and reproduces within the nematode (Bhuiyan et al., 2018). Determining the direct antagonistic abilities of biological control agents to manage nematodes is often fairly simple. Bacteria and fungi can be screened by an in vitro assay that will quickly determine any direct antagonism of nematodes (Xiang et al., 2017). The other biological control strategy, indirect resistance, is not as easily observed and organisms that work by this strategy can be overlooked. Indirect antagonism occurs by systemic resistance, which encompasses induced systemic resistance and systemic acquired resistance. Induced systemic resistance (ISR) is the enhanced disease resistance stimulated typically via jasmonic acid (JA) that is produced upon plants’ encounter with plant growth promoting rhizobacteria (PGPR). Plants induce JA upon infections of pathogens, PGPR or herbivores (Seo et al., 1995). Following JA biosynthesis, bioactive JA-Ile binds a SCF ubiquitin E3 ligase, CORONATINE INSENSITIVE1 (COI1), to recruit and ubiquitinate JASMONATE JIM-domain (JAZ) proteins, transcription inhibitors of JA-responsive defense genes (Sheard et al., 2010; Hickman et al., 2017). JA-responsive defense genes include PDF1.2, HEL, Thi2.1 and Chib, which encode defense proteins, plant defensin 1.2, hevien-like protein, thionin and basic chitinase, respectively (Penninckx et al., 1996; Thomma et al., 1998; Pierterse and van Loon, 1999; Bertini et al., 2012). Systemic acquired resistance (SAR) is a state of heightened defense that is activated through salicylic acid (SA) signaling. SA signaling is stimulated by the recognition of pathogens on the cell surface (Macho and Zipfel, 2015). SA is well known to activate a NONEXPRESSOR OF PATHOGENESIS-RELATED PROTEIN 1 (NPR1) which are transcriptional regulators of SA-responsive defense genes (Maier et al., 2010; Fu et al., 2012; Wu et al., 2012). Both defense hormones and systemic resistance pathways play a role in plant defense against nematodes. Exogenous application of methyl jasmonate, which creates a positive feedback loop for JA, was able to decrease M. incognita population density (Fujimoto et al., 2011). When JA biosynthetic pathway was silenced in rice and tomatoes, plant defenses against Meloidogyne spp. were unsuccessful (Nahar et al., 2011; Martinez-Medina et al., 2017). SA is known to be heavily involved in Mi-1 resistance, the main form of plant resistance to M. incognita (Branch et al., 2004). As well as being involved in nematode defense, both of these hormones can be stimulated by PGPR. There are more examples of JA stimulation by PGPRs, including strains of B. subtilis, B. cereus, B. pumilus, and B. amyloliquefaciens and species of Pseudomonas, than there are examples of SA stimulation (Yan et al., 2002; Murphy et al., 2003; Beneduzi et al., 2012; Garcia-Gutierrez et al., 2013) However, there are a few instances where SA is upregulated by PGPR, including B. amyloliquefaciens LJ02, B. amyloliquefaciens strain MBI600, Pseudomonas aurofaciens and P. corrugata (Chen et al., 1999; Li et al., 2015; Beris et al., 2018). Stimulation of SA or JA by PGPRs can be a successful indirect management strategy of nematodes. Many Bacillus spp. are effective in biological control against different pathogens. Some Bacillus spp. use secondary metabolites and anti-microbial properties as a form of direct antagonism to reduce disease and pests. An example of this is the synthesis of a bacillomycin D by B. subtilis which can inhibit spore germination and sporulation of Aspergillus spp. (Gong et al., 2014). Similarly, a strain of B. amyloliquefaciens caused abnormal germination of various fungi, including Fusarium and Aspergillus spp., because it produces secondary metabolite such as iturins-like and fengycin-like peptides (Benitez et al., 2010). There are many other examples of different Bacillus spp., mainly strains of B. subtilis, which reduce bacterial or fungal diseases by release of metabolites and exhibiting anti-microbial properties. Fewer examples of Bacillus spp. that release metabolites that impact nematodes are documented. In one study, M. incognita was decreased in vitro by secondary metabolites extracted from B. firmus (Mendoza et al., 2008). Another study looked at over 600 Bacillus strains and demonstrated that 33% of those, from various species, were able to increase the percent mortality of M. incognita in vitro (Xiang et al., 2017). This was attributed to direct antagonism against the nematode, which is predicted to be by the release of metabolites. A similar study evaluated B. cereus strain S2 in vitro and determined it released sphingosine to cause reactive oxygen (ROS) response in M. incognita which resulted in cell necrosis and injury in nematodes (Gao et al., 2016). SA and SAR are less frequently seen to be correlated with Bacillus spp., however there are some examples of this. Li et al. (2015) found that B. amyloliquefaciens LJ02 stimulated SA activity and the activation of PR11 in cucumber. This species was tested previously to be effective in managing Fusarium oxysporum, Botrytis cinerea and Alternaria spp. in cucumber (Li et al., 2015). Another strain, B. amyloliquefaciens strain MBI600 from the commercial product Serifel® (BASF SE) was seen to induce salicylic acid to reduce the disease severity of tomato spotted wilt virus in tomatoes (Beris et al., 2018).

While there are fewer examples of SA acid stimulated by Bacillus spp. then there are examples of JA stimulation. Few studies, however, look at both hormone pathways when analyzing systemic resistance. Ghahremani et al. (2020), found SA and JA related genes were primed at different times after M. incognita inoculation in tomato, but only the SA-related gene was up-regulated at 7 days after M. incognita in cucumber. It is likely that both pathways are involved in some form of plant defense response to M. incognita, therefore it is important to analyze both pathways that could possibly be stimulated by a Bacillus spp. biological control agent.

The goal of integrated pest management (IPM) is to effectively manage diseases and pests in crops using an environmentally sensitive approach. Biological control agents are an integral part of IPM. Development of commercial biological control agents requires extensive knowledge of the bacteria or fungi being considered, including the mechanism of action and any interactions with the pest. The goal of this study is to determine the mechanism of action, direct or indirect, of Bacillus spp. to help successfully implement them in an IPM setting that also involves cultural control, resistant varieties, and limited use of chemical nematicides. The objectives of this research are to determine the efficacy of select Bacillus spp. and their direct effect on M. incognita and to determine the systemic capabilities of the Bacillus spp. and potentially explain the mechanism of action of the Bacillus spp.



Material and methods


Nematode inoculum preparations

Meloidogyne incognita race 3 was used in the greenhouse in planta assay, the in vitro assay, the split root assay and the RT-qPCR. Stock pots of the nematode were grown on corn, Mycogen 2H723 (Dow AgroScience, Indianapolis, IN), in 500 cm3 polystyrene pots in the greenhouses at the Plant Science Research Center (PSRC) in Auburn, AL. Eggs were extracted by placing the corn roots in a 0.625% NaOCl solution and shaking them for 4 minutes at 1 g-force on a Barnstead Lab Line Max Q 5000 E Class shaker (Conquer Scientific, San Diego, CA). The roots were rinsed with tap water and the eggs were collected on a 25-μm pore sieve. The collected eggs were washed into 50mL centrifuge tubes and processed by sucrose centrifugation at 427 g-forces for 1 minute (Jenkins, 1964). The eggs were recollected on a 25-μm pore sieve. For the greenhouse in planta assay and the split root assay, the nematodes were quantified using an inverted TS100 Nikon microscope at 40x magnification. The nematode eggs were standardized to 5,000 eggs per mL. For the in vitro assay and RT-qPCR, the eggs were hatched to second stage juveniles (J2) using a modified Baermann funnel (Castillo et al., 2013). The modified Baermann funnel was placed on a slide warmer (Model 77; Marshall Scientific, Brentwood, NH) set to 30°C and left to incubate for 5 to 10 days, dependent on outside temperature and time of the year (Xiang and Lawrence, 2016). The J2s in the Baermann funnel were washed onto a 25-μm pore sieve and collected in a beaker using minimal water. The number of J2s was quantified under an inverted TS100 Nikon microscope at 40x magnification. For the in vitro assay the number of J2s was standardized to approximately 30 J2s per 10 µL of water. For the RT-qPCR the number of J2s was standardized to 1,000 juveniles per 1 mL of water.



Bacterial inoculum preparations

Five Bacillus spp. were used in all the assays. Three species, B. mojavensis strain 3, B. velenzensis strain 2, and B. pumilis GB 34 were originally isolated, identified and stored by Dr. J. W. Kloepper at Auburn University, Auburn, AL. Two species, B. firmus I-1582 and B. amyloliquefaciens QST713, are the active ingredients of Bayer CropScience products, VOTiVO® and Serenade®, respectively. The Bacillus spp. were stored in 30% glycerol at -80°C. Prior to utilization, the Bacillus spp. were transferred to tryptic soy agar (VWR, Radnor, PA) plates and incubated at 35°C for 24 hours. The vegetative cells were washed into beakers and standardized. For the greenhouse in planta assay, in vitro assay, split root assay and RT-qPCR, the bacteria were standardized to 1 x 106 CFU/mL. For the qPCR, the bacteria were standardized to 1 x108 CFU/mL.



Greenhouse in planta assay

Soil used in all experiments was a Kalmia loamy sand (80% sand, 10% silt, and 10% clay) obtained from the Plant Breeding Unit located at the E.V Smith Research Center near Tallassee, AL. This soil was brought to the PSRC and pasteurized at 88°C for 12 hours then cooled for 24 hours before the pasteurization was repeated. Four cotton seed (Phytogen 333 WRF) were planted in 500 cm3 polystyrene pots filled with 2:1 pasteurized soil to sand mixed with fertilizer and lime as recommended by the Auburn University Soil Lab. The seeds were inoculated at planting with M. incognita and a control of 1 mL of water per seed, 1 mL of each of the Bacillus spp., or the chemical control of fluopyram (Velum, Bayer CropScience) at a rate of 0.5 µL followed by 1 mL of water per seed. Natural light in the greenhouse at PSRC was supplemented with light from 1,000-watt halide bulbs producing 110,000 lumens to provide 14 hours of light. Temperatures ranged from 22°C to 34°C and tests were watered twice a day. Thirty days after inoculation, plant data [plant height (cm), shoot fresh weight, (g) and root fresh weight (g)] were measured. Biomass (g) was determined by adding the root fresh weight to the shoot fresh weight. The nematodes were extracted from the roots of the cotton plant as previously described. Nematode eggs were quantified under the inverted TS100 Nikon microscope at 40x magnification. This test was a randomized complete block design (RCBD) with 5 replicates of each treatment per assay and the entire experiment was repeated two times for a total of 70 experimental units.



In vitro assay

The in vitro assay measured the direct response of the J2 to each bacterial isolate. Bacteria, grown as described above, were incubated for 6 days, after which they were carefully washed into 2 separate 1.5 µL microcentrifuge tubes. The metabolites were extracted from one of the tubes by rotating between a hot water bath and ice bath for 15 minutes. The tubes were then centrifuged for 1 minute following the methodology of Apotroaie-Constantin et al. (2008). The supernatant containing the metabolites was collected after centrifugation. Following metabolite extraction, 10 µL of J2s along with 90 µL of a water control, the extracted metabolites, or the bacterial inoculum was added to each well of a 96 well plate. The fluopyram chemical control was not utilized as it is an opaque white liquid that made determining mortality of nematode under microscopy difficult. At 0 hours and 48 hours the number of live and dead nematodes was quantified using stimulation with sodium hydroxide Xiang and Lawrence (2016), under the inverted TS100 Nikon microscope at 40x magnification. The percent mortality was calculated [(live J2s at 0 hours – live J2s at 48 hours)/live J2s at 0 hours] x 100. The treatments were replicated 5 times per assay and the assays were repeated three times for a total of 90 experimental units.



Split root assay

Cotton seeds (Phytogen 333 WRF) were germinated in germination paper on a slide warmer for 4-6 days or until a small taproot had formed. The roots were cut horizontally from the root tip with a sterile razor blade approximately 1 mm from the end. The seedlings were planted in sand supplemented with fertilizer at a rate of four seedlings per pot. The plants were allowed to grow in the greenhouse for 1-2 weeks or until two equivalent root halves were produced (Figure 1A). The cotton plants were gently excavated from the soil and the roots were washed very carefully with tap water to remove excess sand. The two root halves of each cotton plant were planted in two 150 cm3 conetainers (Stuewe & Sons Inc.; Tangent, Oregon) positioned immediately next to each other filled with 2:1 sand to soil with fertilizer and lime as recommended by the Auburn University Soil Lab. The shoots were positioned in small plastic cups with the bottoms cut off that were positioned equally over the two conetainers containing the two root halves (Figure 1B). The root halves were inoculated with the bacteria, nematodes and fluopyram two days after the cotton seedling was transplanted in the split root system. For each bacterial or chemical treatment there were five distinct split root inoculation patterns: 1) a control with no inoculation on either root half (control), 2) bacteria or fluopyram inoculated on root half A and no inoculation on root half B (bacteria control), 3) no inoculation on root half A and M. incognita eggs inoculated on root half B (nematode control), 4) bacteria or fluopyram and M. incognita eggs inoculated on root half A and no inoculation on root half B, and 5) bacteria or fluopyram inoculated on root half A and M. incognita eggs inoculated on root half B (Figure 1C; Martinez-Medina et al., 2017). Thirty days after inoculation, the plant parameters were measured as previously described and the nematode eggs were quantified. The split root test was designed in a RCBD. The patterns for each treatment were replicated 5 times per assay and the assay was repeated 3 times for a total of 900 experiment units.




Figure 1 | Example of a split root system; (A) two equivalent cotton root systems before planting in the split root set up, (B) after planting the cotton in the split root set up, and (C) inoculation pattern for the split root assay with 1) a control on root half A and B (control), 2) bacteria or fluopyram inoculated on root half A and control on root half B (bacteria control), 3) control on root half A and Meloidogyne incognita eggs inoculated on root half B (nematode control), 4) bacteria or fluopyram and M. incognita eggs inoculated on root half A and control on root half B, and 5) bacteria or fluopyram inoculated on root half A and M. incognita eggs inoculated on root half.





RT-qPCR

Quantitative real time PCR was used to determine the transcript level of genes related to JA expression (GhLOX, GhOPR3; Zebelo et al., 2016) and SA activity (β-1,3-glucanase; Zhang et al., 2011). Cotton seeds, as described previously, were planted in containers filled with 2:1 sand to soil with fertilizer and lime as previously described. The cotton was grown in the greenhouse for 2 to 3 weeks, or until the second true leaf stage. Once the cotton plants reached this growth stage the cotton plants were inoculated with B. amyloliquefaciens QST713, B. firmus I-1582, M. incognita J2s, or left untreated as a control. At 0 hours (h), 1h, 24h, and 1 week, approximately 2 grams of roots were placed in a 1.5 mL microcentrifuge tube and immediately frozen in liquid nitrogen. The samples were kept in -80°C until ready for use. The samples were ground in liquid nitrogen into a fine powder using a mortar and pestle. RNA was extracted using the Spectrum™ Plant Total RNA Kit (Sigma Aldrich, St. Louis, MO, USA) according to manufacturer instructions. Concentration and purity of the RNA was determined using the NanoDrop™ Spectrophotometer ND-2000 (A260/A280 > 1.8 and A260/A230 > 2.0; Thermo Scientific, Wilmington, USA). RT reactions were carried out using the GoScript™ reverse transcription system Kit (Promega, Madison, WI, USA), and qPCR was performed with the PerfeCTA® SYBR® Green Fastmix® qPCR Master Mix (Qunita Biosciences, Inc, Gaithersburg, MD, USA) in a CFX96 RealTime System (Bio-Rad) cycled 40 times using gene specific primer sets (Table 1; Invitrogen, ThermoFisher Scientific; Waltham, MA). The annealing temperatures for the primer pairs were 60°C. Relative RNA levels were calibrated and normalized with a housekeeping gene, HISTONE H3. Relative fold change was calculated by normalizing the average threshold cycles (Ct) of target genes to that of H3 as 2−ΔCT, where –ΔCT = (Ct’gene-Ct’H3) (Livak and Schmittgen, 2001). There were 6 biological replicates per treatment, for a total of 96 experimental units, and 3 technical replicates for each biological sample.


Table 1 | Primers for GhLOX1, GhOPR3 and β-1,3, glucanase.





qPCR for bacterial concentration

The protocol to determine the concentration of the bacteria on the roots was adapted for cotton from Mendis et al. (2018). Cotton seeds were planted in conetainers filled with 2:1 sand to soil with fertilizer and lime as previously described. The plants were inoculated at planting with B. firmus I-1582 and B. amyloliquefaciens QST713. After 24 days of growth, the roots were gently shaken to remove most excess soil retaining the rhizosphere soil on the roots. An amount of 1.5 g of sampled roots and rhizospheric soil was added to a 7mL plastic vial (BioSpec Products Inc, Bartlesville, OK) filled with approximately 1.75 g of 2 mm Zirconia beads (BioSpec Products Inc, Bartlesville, OK). A volume of 2 mL of sterile water was added to each vial. The vials were beadbeated in a Mini-BeadBeater-96 (BioSpec Products Inc, Bartlesville, OK) at 2,400 oscillations/min for 5 minutes. The vials were then centrifuged at 427 g-forces for 1 second. A volume of 200 µL was taken from the supernatant and added to the ZR BashingBead Lysis Tube from the ZR Soil Microbe DNA miniprep kit (Zymo Research Corporation, Irvine, CA). The DNA was extracted according to the manufacturer’s instructions.

qPCR was carried out on a CFX96 RealTime System (Bio-Rad) using primers and TaqMan® probes developed by Mendis et al. (2018). qPCR was done with PerfeCTa Multiplex qPCR ToughMix Low ROX (Quantabio, Beverly, MA), and the annealing temperatures were 95° C for 39 cycles. There were 15 biological samples per treatment, for a total of 30 experimental units, and 3 technical replicates of each biological sample.

DNA was extracted from samples with a known concentration of bacteria to create a standard curve used to calculate the concentration of the experimental samples based on the Cq values. A serial dilution of bacteria, 102 to 109 cfu/mL, was created. A volume of 1 mL of each serial dilution was added to 1.5 g of cotton roots in 7mL plastic vial filled with approximately 1.75 g of 2 mm Zirconia beads, as previously described. A volume of 1 mL of sterile water was added to this before the samples were processed and the DNA was extracted as previously described. qPCR was performed as previously described. The Cq value was plotted against the log value for the serial dilution to get a standard curve. The experimental concentrations were calculated with the slope of the standard curve and the experimental Cq values.



Statistical analysis

Data collected from the greenhouse in planta assay, in vitro assay, split root assay and qPCR for bacterial concentration were analyzed in SAS 9.4 (SAS Institute, Cary, NC) using the Glimmix procedure with means separated by use of the Tukey-Kramer method with a significance level of P ≤ 0.05 or P ≤ 0.10. For the RT-qPCR, the data were statistically analyzed in SAS 9.4 (SAS Institute, Cary, NC) by two-way ANOVA with a level of significance of P ≤ 0.001, P ≤ 0.01, or P ≤ 0.05.




Results


Greenhouse in planta assay

In the greenhouse in planta assay, two of the five Bacillus spp. reduced M. incognita population density. Bacillus firmus I-1582 and B. amyloliquefaciens QST713, decreased the nematode eggs per gram of root compared to the control, similarly to fluopyram (P≤ 0.05; Table 2). The number of nematode eggs per gram of root was also decreased by the chemical standard of fluopyram compared to the control. The plant parameters, including plant height, shoot fresh weight, root fresh weight and biomass, did not differ between any of the treatments 30 days after inoculation.


Table 2 | Greenhouse in planta test to evaluate five Bacillus spp. as biological control agents of Meloidogyne incognita on cotton as measured by plant height, shoot fresh weight (SFW), root fresh weight (RFW), biomass and M. incognita eggs/gram of root 30 days after inoculationy.





In vitro assay

The percent mortality ranged from 6.1% to 78.7% with the lowest mortality rate occurring in the water control (Table 3). Bacillus firmus I-1582 and the B. firmus I-1582 metabolites increased percent mortality significantly, by 77.8% and 78.7% respectively, compared to the water control (P≤ 0.05; Table 3). The B. amyloliquefaciens QST713 metabolites also increased percent mortality, by 62.2%, compared to the control; however, the B. amyloliquefaciens QST713 intact bacteria did not, only increasing percent mortality by 33.8% (P≤ 0.05; Table 3).


Table 3 | In vitro assay to determine the percent mortality of Meloidogyne incognita J2s 48 hours after exposure to five Bacillus spp.





Split root assay

There was no difference in the plant parameters between the split root treatments; however, there was a difference in the eggs per gram of root. Fluopyram inoculated concomitantly on the same root half as the nematode decreased M. incognita numbers by 94% compared to the nematode control (P≤ 0.05; Table 4). Bacillus firmus I-1582 decreased nematode numbers by 78% when the bacteria and nematode were inoculated concomitantly on the same root half and by 84% when inoculated on the opposite root half, as compared to the nematode control (P≤ 0.05; Table 4). Similarly, B. amyloliquefaciens QST 713 decreased nematode numbers by 68% when the bacteria and nematode were inoculated concomitantly on the same root half and by 86% when inoculated on the opposite root half, as compared to the nematode control (P≤ 0.05; Table 4). Bacillus mojavensis strain 3 decreased nematode numbers by 82% when the bacteria and nematode were inoculated on the opposite root half, as compared to the nematode control (P≤ 0.05; Table 4). This species did not decrease nematode numbers when inoculated on the same root half as the nematode, having the largest number of nematode eggs of all the Bacillus spp. and chemical treatments (P≤ 0.05; Table 4). This indicates that B. mojavensis strain 3 is not a good control option for M. incognita and was not used in the RT-qPCR. The two bacteria that exhibited systemic responses, B. amyloliquefaciens QST 713 and B. firmus I-1582, were analyzed further with RT-qPCR.


Table 4 | Split root assay to measure the effect of the Bacillus spp. on Meloidogyne incognita on cotton as measured by plant height, shoot fresh weight (SFW), root fresh weight (RFW), biomass and M. incognita eggs/ gram of root 30 days after inoculationw.





RT-qPCR

The RT-qPCR was conducted to analyze genes correlated to systemic resistance. GhLOX1 and GhOPR3 typically correlate to JA regulation or regulation of an intermediate jasmonate defense molecule. β-1,3-glucanase correlates with SA activity. GhLOX1 expression displayed significant upregulation at 24-hour post Bacillus spp. inoculation, whereas GhOPR3 expression was upregulated at 24 hours after stimulation by the nematode but not the Bacillus spp. (Figure 2. At 24 hours, β-1,3-glucanase was also significantly upregulated by the nematode. At all other time points, the nematode downregulated β-1,3-glucanase (Figure 2). In contrast, stimulation by the Bacillus spp. led to a steady increase of β-1,3-glucanase expression. At one week, both Bacillus spp. significantly upregulated β-1,3-glucanase compared to the nematode.




Figure 2 | Results from the RT-qPCR depicting the relative fold change of GhLOX1, GhOPR3, β-1,3, glucanase in cotton at 0 hours (h), 1h, 24h and 1 week after inoculation of Meloidogyne incognita J2s, Bacillus amyloliquefaciens QST713 and B firmus I-1582. Fold change was calculated 2−ΔΔC T (Livak and Schmittgen, 2001) where the treated samples were compared to a negative control group and normalized with the reference gene histone H3. Asterisks represent significance as determined by a two way ANOVA performed in SAS 9.4 (*P ≤ 0.05; **P ≤ 0.01).





qPCR for bacterial concentrations

Using a serial dilution of B. amyloliquefaciens QST713 and B. firmus I-1582, two standard curves were created. The equation for the B. amyloliquefaciens QST713 was y = -1.9421x + 34.227; R2 = 09371. The equation for the B. firmus QST713 I-1582 was y = -2.2036x + 44.362; R2 = 08217. The inoculum level of the bacteria at day 1 was 108 cfu/mL of both B. amyloliquefaciens QST713 and B. firmus I-1582. After 24 days, qPCR determined that concentration for B. amyloliquefaciens QST713 was 104.52 cfu/mL and B. firmus I-1582 was at a concentration of 105.79 cfu/mL (Figure 3). Indicating these bacteria can successfully colonize the plant roots.




Figure 3 | Quantification of Bacillus amyloliquefaciens QST713 and B firmus I-1582 after 24 days on cotton in the greenhouse using qPCR. Cotton seeds were inoculated with 108 cfu/mL of each of the bacteria at day 0. The concentration was calculated using the standard curves for each bacteria; B amyloliquefaciens QST713: y = -1.9421x + 34.227; R2 = 09371; B firmus QST713 I-1582: y = -2.2036x + 44.362; R2 = 08217. The treatments were done in a replicate of 5 per assay and the assay was repeated 3 times. Data were statistically analyzed in SAS 9.4 using the Glimmix procedure with P ≤ 0.1. The treatments did not significantly differ from each other.






Discussion

Biological control agents that utilize unique mechanisms of action are a good option for management of M. incognita and can be readily implemented into an integrated pest management strategy. Bacillus spp. are popular bacteria to consider as biological control agents because they can tolerate harsh environments, easily form endospores, effect a wide range of pathogens, and replicate and colonize quickly (Shafi et al., 2017).

Five Bacillus spp. were tested in this study for the ability to manage M. incognita population density. In a greenhouse in planta test, B. firmus I-1582 and B. amyloliquefaciens QST713 showed potential for decreasing nematode numbers. An in vitro assay determined that one of these species, B. firmus I-1582 and its metabolites, was able to directly antagonize the nematode. The percent mortality 48 hour after exposure to the extracted metabolites and the percent mortality of the intact bacteria were equivalent, indicating the bacteria can potentially release the extracted metabolites to antagonize the nematode. This is different from a previous study that looked at the percent mortality of Poncho/VOTiVO®, a formulated mixture of B. firmus I-1582 and the insecticide clothianidin, in the same style of in vitro assay and observed only a 24.4% increase in mortality and no significant difference compared to the control (Xiang et al., 2017). Contradictory to this study and in agreement with our study another researcher found that a similar strain of B. firmus was able to manage M. incognita, the burrowing nematode Radopholus similis and the stem nematode Ditylenchus dipsaci in vitro (Mendoza et al., 2007). This may indicate that the bacteria’s ability to directly manage nematodes can be impeded when mixed with other products, in this case an insecticide. On the other hand, B. amyloliquefaciens QST713 metabolites also increased percent mortality but the intact bacteria did not, indicating the intact bacteria cannot readily release the metabolites that could result in direct antagonism. There have previously been no examples of this specific strain of B. amyloliquefaciens managing nematodes in vitro or in planta. However, another strain of B. amyloliquefaciens was seen to reduce galling in tomatoes (Burelle and Dickson., 2003). As well, in an in vitro screening four strains of B. amyloliquefaciens increased percent mortality by over 50% (Xiang et al., 2014). There are no studies that look at metabolites released by this bacterium and their effect on nematodes, however. Further studies should determine metabolite identification for both species to determine if they can be utilized in a commercial product.

The split root technique is common in determining systemic resistance, pathogen-pathogen interactions and rhizobium formation on legumes (Selim et al., 2014). Split root assays involve observing the reaction of the responder, M. incognita in this case, on one root half to the inducer, Bacillus spp., on the other root half. Three species showed potential systemic responses in the split root assay. Bacillus firmus I-1582 and B. amyloliquefaciens QST713 decreased nematode numbers when inoculated on the same root half as the nematode and when inoculated on the opposite root half as compared to the nematode control. The other bacteria that exhibited systemic resistance, B. mojavensis strain 3, only decreased nematode numbers when on the opposite root half as the nematode. When this bacterium was in contact with the nematode in both the split root and greenhouse in planta assay, the population density of eggs per gram of root was equivalent to the nematode control, indicating this bacterium will not be a good biological control agent. These results from the split root assay are useful for determining systemic capabilities; however, this assay opens questions as to the specific pathway being stimulated by the Bacillus spp.

Meloidogyne incognita resistant varieties of tomato often use Mi resistance, the most common of which is Mi-1 resistance (Branch et al., 2004; Bhattarai et al., 2007). Mi-1 resistance relies on SA, one of the major defense hormones that can be stimulated by biological control agents (Bhattarai et al., 2007). The other major defense hormone involved in pathogen defense is JA, which can inhibit SA production and can be inhibited by SA (Pena-Cortes et al., 1993; Uppalapati et al., 2007). This antagonistic relationship between the hormones is typically based on the concentration of each hormone; the higher the concentration of one, the more antagonistic the relationship (Mur et al., 2006). The use of a Mi-1 resistant plants along with a biological control agent that significantly stimulates JA may result in less protection against M. incognita than expected dependent on the interaction between SA and JA (Gutjahr and Paszkowski, 2009; Fujimoto et al., 2011). The source of a major resistant strain of cotton, Auburn 623 RNR, and other sources of resistance in many different varieties of cotton to M. incognita have not been identified yet (Kumar et al., 2016). It is possible that, similarly to tomato Mi-1 resistance, the major form of resistance in cotton involves one of these two major defense hormones.

To confirm the split root assay results and determine the specific pathway stimulated, a RT-qPCR analyzed the expression level of genes correlating to levels of JA, SA, and a possible intermediate defense molecule. GhLOX1 is involved in initial JA synthesis within the chloroplast, GhOPR3 is involved with JA synthesis within the peroxisome and β-1,3-glucanase is a SA responsive gene (Breithaupt et al., 2001; Zhang et al., 2011; Zebelo et al., 2016). In our RT-qPCR, GhLOX1 was upregulated by the Bacillus spp. but not the nematode at 24 hours after inoculation. In contrast, GhOPR3 was upregulated by the nematode but not the Bacillus spp. at 24 hours. At all other time points, GhOPR3 and GhLOX1 were not upregulated indicating a short-term local response by the plant to the stimulants. The upregulation of GhOPR3 by the nematode at 24 hours is thought to be the plant’s natural response to the nematode. It is known that the soybean cyst nematode, a nematode with a similar pathogenic strategy to M. incognita, penetrates the roots of the target plant within a day of being inoculated as a juvenile (Lauritis et al., 1983). Our results, of upregulated GhOPR3, fall within that timeline and make it likely that this is when the plant defenses will be triggered by the nematode.

If JA was induced by the bacteria in this assay then both GhLOX1 and GhOPR3 would have been upregulated upon stimulation by the Bacillus spp. rather than just GhLOX1. The upregulation of only GhLOX1 by the Bacillus spp. suggests an intermediate jasmonate is responsible for the local and temporal resistance response stimulated by the bacteria. Gleason et al. (2016) determined that cis-(+)-12-oxo-phytodienoic acid (OPDA) was most likely responsible for defense against M. hapla in Arabidopsis, rather than JA, and may be more important than JA in defense against nematodes. Other studies also implied that OPDA, rather than another intermediate molecule, is important in defense (Stintzi et al., 2001; Bosch et al., 2014; Varsani et al., 2019).

In contrast, β-1,3-glucanase was upregulated steadily by the Bacillus spp. until there was an almost 2-fold increase in expression stimulated by both Bacillus spp. It’s hypothesized that if the experiment was continued for a longer time, this upregulation may increase to larger than 2-fold. The slight increase in β-1,3- glucanase expression could indicate an increased activity level of SA as a late term defense response (Li et al., 2003; Zhang et al., 2011). The nematode also upregulated expression of this gene at 24 hours thought to be a result of the plant natural response to the nematode (Hoysted et al., 2017). This would be similar to the upregulation of GhOPR3 by the nematode after 24 hours. This dynamic between SA and JA after stimulation with a biological control agent has not previously been documented. One of the few other studies that looks at both SA and JA after stimulation with a biological control agent, Trichoderma spp. specifically saw a very different interaction between the hormones in tomatoes (Martinez-Medina et al., 2017). In this study, SA was initially stimulated while genes related to JA were only upregulated after about 7 days. These results were very different from our own study which saw no JA response after Bacillus spp. stimulation and a long-term response of SA. Another study by Garcia-Gutierrez et al., 2013, observed both SA and JA dependent defenses stimulated by B. subtilis UMAF6639 in melon at approximately the same time, which is also very different than our results. Ghahremani et al., 2020 found in tomato B. firmus I-1582 induces both JA and SA pathway up-regulation in plants inoculated with the bacteria and nematode in comparison to non-inoculated plants. Many of these studies have not been repeated using the same strain of bacteria on other crops or pathogens. Though systemic resistance by a bacterium can be seen in many different crops against a variety of pathogens, the results are highly variable. Further studies are needed to fully understand indirect control strategies of biological control agents, especially regarding their interactions with the plant and pathogen, in order to successfully implement them in a management strategy.

Our results, in cotton, indicate two Bacillus spp. are successful control options that work via systemic resistance to manage M. incognita. As mentioned previously, it is important that a biological control agent is fully understood to successfully integrate it into an integrated management strategy. Neither species activates JA; rather they activate an intermediate defense molecule, thought to be OPDA, and a potential long term SA response within the plant. While our results identified a mechanism of action of these bacteria, field studies are required before trying to implement any biological control agent as a successful control strategy for a nematode in a commercial setting.



Conclusion

Bacillus amyloliquefaciens QST713 and B. firmus I-1582 can cause systemic resistance, as indicated by the split root assay and confirmed in the RT-qPCR. Both of these bacteria increased signaling of an intermediate jasmonate, most likely OPDA, for a short-term defense response and slightly increased SA activity for a long-term defense response. Bacillus firmus I-1582 may even have two mechanisms of action by which it manages the nematode including the release of metabolites and systemic resistance. Our results also indicate that the techniques used, an in vitro assay, a split root assay, and RT-qPCR, can successfully determine systemic resistance. We can also conclude that these two biological control agents are successful in systemically managing M. incognita.
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Introduction

Tar spot is a high-profile disease, causing various degrees of yield losses on corn (Zea mays L.) in several countries throughout the Americas. Disease symptoms usually appear at the lower canopy in corn fields with a history of tar spot infection, making it difficult to monitor the disease with unmanned aircraft systems (UAS) because of occlusion.



Methods

UAS-based multispectral imaging and machine learning were used to monitor tar spot at different canopy and temporal levels and extract epidemiological parameters from multiple treatments. Disease severity was assessed visually at three canopy levels within micro-plots, while aerial images were gathered by UASs equipped with multispectral cameras. Both disease severity and multispectral images were collected from five to eleven time points each year for two years. Image-based features, such as single-band reflectance, vegetation indices (VIs), and their statistics, were extracted from ortho-mosaic images and used as inputs for machine learning to develop disease quantification models.



Results and discussion

The developed models showed encouraging performance in estimating disease severity at different canopy levels in both years (coefficient of determination up to 0.93 and Lin’s concordance correlation coefficient up to 0.97). Epidemiological parameters, including initial disease severity or y0 and area under the disease progress curve, were modeled using data derived from multispectral imaging. In addition, results illustrated that digital phenotyping technologies could be used to monitor the onset of tar spot when disease severity is relatively low (< 1%) and evaluate the efficacy of disease management tactics under micro-plot conditions. Further studies are required to apply and validate our methods to large corn fields.
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1 Introduction

Tar spot, caused by Phyllachora maydis Maubl., is a relatively new and high-profile disease in the United States (Ruhl et al., 2016). Since the early-to-mid 1900s, tar spot has been prevalent in Mexico, the Caribbean, and Central and South America (Valle-Torres et al., 2020). The fungus P. maydis is a presumably obligate parasite that forms black stromata, which are small, raised, round to semi-circular masses of fungal tissue that contain spore-bearing structures. In some cases, tan or brown lesions appear around the stromata, forming ‘fisheye’ lesions (Bajet et al., 1994; Kleczewski et al., 2019; Valle-Torres et al., 2020). P. maydis can infect corn leaves, leaf sheaths, and husks, cause premature senescence and reduce grain and forage yield and quality (Bajet et al., 1994; Kleczewski et al., 2019; Telenko et al., 2019). It is reported that tar spot can reduce the grain yield of susceptible hybrids by up to 2,900 kg/ha (58%) in Mexico (Loladze et al., 2019). During the 2018 epidemic in the Midwestern United States, tar spot caused minor to severe infection (40 – 50% leaf surface with symptoms) and yield loss of up to 4,035 kg/ha in hybrids during corn performance trials (Telenko et al., 2019). In 2021, tar spot caused a grain yield loss of 5.88 million metric tons with an economic impact of US$1.25 billion for the United States, with a 1.44% decline in grain yield (Crop Protection Network, 2022).

Plant disease evaluation, including identification and quantification, is traditionally conducted by highly trained personnel for crop production or research purposes. However, visual assessment of diseases is susceptible to subjectivity and errors introduced by human raters, such as variation in ability, value preferences, lesion number and size relative to the area infected, the complexity of symptoms and timing (Bock et al., 2010). In addition, it is also time-consuming and costly to train personnel and improve visual assessment accuracy. Digital phenotyping technologies offer an opportunity to enhance the objectivity and efficiency of plant disease detection and quantification (Lee et al., 2021).

Digital phenotyping technologies, such as automation, sensing and photography, and computer vision, have been evaluated and used to monitor plant diseases, including data acquisition, mining, and analysis (Mahlein, 2016; Bock et al., 2020). Various platforms such as smartphones, robots, airplanes, unmanned aircraft systems (UASs), and satellites have been used to acquire data for plant disease detection (Nilsson, 1995; Qin and Zhang, 2005; Franke and Menz, 2007; Johannes et al., 2017; Chen et al., 2018; Barman et al., 2020; Cubero et al., 2020; Tetila et al., 2020; Rodríguez et al., 2021). Among these platforms, UASs are of interest to researchers and producers due to their high throughput in data acquisition, the flexibility of deployment, and relatively low cost (compared to imaging methods based on robots, airplanes, and satellites). Along with these platforms, different sensors and imagers, such as red-green-blue or RGB, multispectral, hyperspectral, and thermal cameras, are deployed to collect data (Zhang et al., 2019a; Deng et al., 2020; Tetila et al., 2020). Vegetation indices (VIs), texture, thermal, and morphological features (e.g., canopy cover and volume and contour) are extracted from data for plant disease monitoring (Zhang et al., 2019a; Lee et al., 2021; Vishnoi et al., 2021). Machine learning algorithms are commonly applied to data collected or features extracted to automatically identify, classify, and quantify plant diseases (Johannes et al., 2017; Wang et al., 2020; Fernández-Campos et al., 2021; Gao et al., 2021).

UAS-based remote sensing, along with machine learning, has been applied to plant disease monitoring, demonstrating encouraging results in many studies (Huang et al., 2019; Stewart et al., 2019; Zhang et al., 2019a; Zhang et al., 2019c; Chivasa et al., 2020; Wang et al., 2020). For instance, UAS-based multispectral imaging was used to monitor the resistance of twenty-five corn varieties to maize streak virus (Chivasa et al., 2020). Significant correlations between data derived from UAS and visual scores were observed in the study (r = 0.74 – 0.84); through random forest classifiers and optimized variables, corn varieties were classified into three resistance levels to maize streak virus with overall classification accuracies of 77.3% and Kappa of 0.64. In addition, many studies attempted to map the spatial or horizontal distribution of plant disease using UAS-based remote sensing (Smigaj et al., 2015; Deng et al., 2020; Wang et al., 2020; Ye et al., 2020). Wang et al. evaluated UAS-based remote sensing and different machine learning classifiers (supervised, unsupervised, and combined unsupervised classification) to automatically map cotton root rot-infested fields (Wang et al., 2020). One of their proposed new methods that utilized k-means segmentation and morphological information outperformed other methods in classifying healthy and diseased plants with an overall accuracy of 88.5%. In contrast to these studies, where disease detection and mapping focused on horizontal distribution over the top canopy, research that monitors disease distribution in vertical space (from lower to upper canopy) using remote sensing has not been well studied. Oh et al. quantified tar spot intensity at the middle and upper canopy using UAS-based remote sensing; however, the lower canopy was not included in the study (Oh et al., 2021). Developing methods to monitor plant diseases at various canopy levels is critical for epidemiological modeling and disease management (Gongora-Canul et al., 2020).

Different regression models have delineated temporal dynamics of epidemics in which disease progress and crop responses were monitored (e.g., disease resistance and yield loss) (Berger, 1981; Madden et al., 2000; Jeger and Viljanen-Rollinson, 2001; Gongora-Canul et al., 2020). Population-dynamics models, including exponential, logistic, monomolecular, and Gompertz models, are valuable for representing, comparing, and understanding plant disease epidemics (Gongora-Canul et al., 2020). Meanwhile, spectral data acquired by sensors from multiple time points have been used for disease monitoring in many studies; however, spectral data from multiple time points were analyzed separately, not temporally, in most cases (Franke and Menz, 2007; Zhang et al., 2019a; Gongora-Canul et al., 2020). Previous studies using UAS-based remote sensing have not characterized the temporal development of diseases using population-dynamics models and associated epidemiological parameters. Research to characterize the temporal dynamics of a disease with UAS-based spectral data is desired and could facilitate disease surveillance and on-time management.

Efficient and scalable phenotyping technologies, for example, integration of UAS-based imaging and machine learning, are needed for detecting and quantifying the vertical distribution and temporal development of plant diseases. Such phenotyping information is crucial to crop disease modeling and management (Gongora-Canul et al., 2020). In addition, Practical applications of digital phenotyping technologies in disease monitoring interest various stakeholders, including growers, agricultural consultants, and researchers (Zhang et al., 2019b). We hypothesized that digital phenotyping technologies using UAS-based multispectral imaging and machine learning offer an opportunity to detect and quantify the vertical distribution and temporal development of plant diseases. To test the hypothesis, we used tar spot of corn as a model system and focused on the following objectives: (1) estimate the vertical distribution (lower, middle, and upper canopy) of tar spot disease within the corn canopy with UAS-based multispectral imaging and machine learning; (2) monitor the temporal development of tar spot using data derived from multispectral imaging; and (3) evaluate the application of information derived from digital phenotyping technologies on disease monitoring (e.g., aerial detection of the onset of tar spot and comparison of disease management tactics).



2 Materials and methods


2.1 Tar spot experiment setup

Field experiments were conducted in 2020 and 2021 at the Pinney Purdue Agriculture Center (PPAC, 41°27’20.13”N, 86°56’28.58”W), Indiana, United States, a location known for its high risk for tar spot development (Telenko and Creswell, 2019). Four and two experiments were involved in 2020 and 2021, respectively (Supplementary Figures 1, 2). Different combinations of hybrids, tillage types, fungicides, and fungicide application timing were evaluated in various experiments, creating variations in disease severity (Table 1). All experiments were organized in a randomized complete block design with four replications. Each micro-plot in the experiments consisted of four rows of corn with 76 cm row spacing and 10 m or 9 m micro-plot length (84,000 plants per ha). Plants relied on natural infection caused by the presence of P. maydis in the environment.


Table 1 | Details of tar spot experiments during the 2020 and 2021 growing seasons.





2.2 Visual assessment of disease severity and UAS-based multispectral imaging

Data acquisition through visual assessment and UAS-based multispectral imaging was carried out weekly or biweekly by two groups of trained plant pathologists in two years, and the time of data acquisition was recorded as day after planting or DAP. Visual evaluation of disease severity consisted of quantifying the ratio of leaf area with stromata or chlorosis/necrosis to total leaf area multiplied by 100 (Oh et al., 2021). Disease severity of tar spot in 2020 was evaluated by the first group of pathologists based on the combination of stromata or chlorosis/necrosis (or short for Chl/Nec) symptoms. However, the severity of stromata and Chl/Nec in 2021 were evaluated separately by the second group of pathologists. Visual phenotyping standards often differ among laboratories, and for that reason, visual assessment data were modified to bring the disease severity of 2021 to a scale that did not exceed 100% severity per leaf. Hence, when the severity based on stromata was greater than that based on Chl/Nec, severity based on stromata was used, and vice versa. The reason for this transformation is that at the early stage of disease development, stromata were the prevalent symptom, while towards the end of the growing season, Chl/Nec was more dominant. Disease severity was evaluated on one leaf from the lower, middle and upper canopies. In this study, the ear leaf was considered as L0, while leaves below or above the ear leaf were labeled as L- and L+ (plus a number), respectively. Therefore, a corn plant’s given lower, middle, and upper canopy included leaves from L - n (lowest leaf) to L - 3, L - 2 to L + 1, and L + 2 to L + n (flag leaf), respectively. The middle two rows in each micro-plot were used in the visual assessment to avoid potential treatment overlaps from neighboring micro-plots, and assessment was conducted from around the tasseling (VT) to physiological maturity (R6) stages for all trials and both years (Oh et al., 2021).

Images were acquired by a multispectral camera mounted on a Phantom 4 Multispectral UAS (SZ DJI Technology Co., Ltd., Shenzen, China) in 2020 and a MicaSense Rededge-M camera (MicaSense Inc., Seattle, WA, USA) mounted on a Matrice 200 UAS (SZ DJI Technology Co., Ltd., Shenzen, China) in 2021. Due to the differences in cameras, each year was considered an independent environment and no model transferring was conducted. Before aerial image acquisition, images of a reflectance panel (MicaSense Inc., Seattle, WA, USA) were acquired at ground level for radiometric calibration. UASs were programmed to collect data at altitudes of 30 m in 2020 and 50 m in 2021 with front and side overlaps of 75% and flight speed of 3 m per second, which resulted in ground sampling distances (GSD) of ~1.5 and ~3.5 cm for orthomosaic images derived from the cameras as mentioned, respectively. Considering weather conditions that limited UAS operations at given times, images were acquired within two days of the dates for visual assessment with one exception (within four days).



2.3 Image processing and feature extraction

Individual multispectral images obtained were processed in Metashape (AgiSoft LLC, St. Petersburg, Russia) and DroneDeploy (DroneDeploy, San Francisco, California, USA) to generate ortho-mosaic images covering the entire experiment(s), as shown in Figure 1. Images were radiometrically calibrated with irradiance obtained by a downwelling light sensor and reflectance panel. Orthomosaic images were then processed with a customized pipeline developed in MATLAB (MathWorks Inc., 2021). Vegetation indices (VIs), such as normalized difference vegetation index (NDVI), simple ratio (SR), renormalized difference vegetation index (RDVI), among others, were calculated from different combinations of spectral bands for feature extraction in a later step (Zarco-Tejada et al., 2005; Harris Geospatial Solutions, 2022). More details about VIs used in this study can be found in Supplementary Table 1, and RDVI and NDRE maps for plots from different DAP of the Tar 2 trial of 2021 can be found in Supplementary Figures 3, 4. Before feature extraction, backgrounds such as soil and shaded canopy, in the ortho-mosaic images were removed to minimize their influence on VIs. For instance, the shaded canopy can lead to higher values for NDVI and SR while lower values for RDVI, compared with a sunlit canopy (Zhang et al., 2015). For that reason, we used the reflectance from upper and middle canopies to estimate the disease severity of the lower canopy. Pixels were considered as background and removed if the ‘value’ (a relative intensity of light) in the hue, saturation, and value (HSV) color space and RDVI value was less than thresholds (0.05 – 0.25 and 0.13 for ‘value’ and 2.00 – 2.50 and 0 for RDVI in 2020 and 2021, respectively). Thresholds for ‘value’ and RDVI were selected and adjusted based on visual inspection of sunlit and shaded canopy, vegetation, soil, and quality of foreground after background removal. Following that, micro-plots (3 m by 9 or 10 m) in each experiment were separated semi-automatically by a customized pipeline, where the user only needs to identify four corners of the experiment field in the ortho-mosaic image and the pipeline extrapolates the coordinates of each micro-plot. More details about the usage of the pipeline can be found in Zhang et al. (2019a). Corresponding to the visual assessment procedure, the multispectral information in the middle two planting rows was used for feature extraction. Edges at the beginning and end of the two rows of micro-plots were excluded to avoid border effects (Figure 1). With the four corners of each micro-plot, image-based features including canopy area, green canopy area, and mean, median, sum, and standard deviation values of five spectral bands and VIs were extracted.




Figure 1 | The procedure of image processing and feature extraction. VIs, vegetation indices; NDVI, normalized difference vegetation index; GNDVI, green normalized difference vegetation index; RDVI, renormalized difference vegetation index; NDRE, red edge normalized difference vegetation index; ExG, excess green; blue and yellow rectangles in micro-plot separation step indicate rows and beginning and end of rows of micro-plots that were excluded from multispectral information extraction.





2.4 Modeling of disease severity estimation and disease progression

Disease severity estimation models were developed using features extracted along with visual assessment. The features from multispectral images were normalized using equation (1) to avoid the impact of differences in data scales, for example, NDVI ranges from -1 to 1, while RDVI varies from -15 to 15.

 

Where   is the normalized value of a feature for a micro-plot, F is the raw value of a feature for a micro-plot, while mean and std are the average and standard deviation of a feature. Least absolute shrinkage and selection operator (LASSO) regression was used to develop models to estimate disease severity at different canopy levels. LASSO develops linear regression models by removing redundant predictors (or features in our case) and fitting least-squares regression coefficients between predictors and response (or disease severity in our case). Normalized features were partitioned into training and testing datasets at a ratio of 3:1, and stratification partition was implemented based on the date of data collection. Models were developed and tested with training and testing datasets along with disease severity from different canopy levels, and specifications of parameters used in LASSO can be found in Table 2. The whole procedure of model development and testing was repeated four times (four iterations) with resampling of training and testing data. Estimated disease severity (from the developed model) was compared with actual disease severity (assessed by human raters). Performance of disease estimation models was evaluated by coefficient of determination (R2, measuring the precision between estimated and actual disease severity), root mean square error (RMSE), and Lin’s Concordance Correlation Coefficient (Lin’s CCC, measuring the accuracy that is a product of precision and bias, shown in equation 2) (Madden et al., 2007).


Table 2 | Specifications of least absolute shrinkage and selection operator regression (LASSO).



 

Where μu and μw are means from estimated and actual disease severity,   and   are variances, and σuw is the covariances calculated from estimated and actual disease severity. In addition, transferability of estimation models between trials was evaluated with data collected in 2021. For example, models (or coefficients for linear regression) developed with multispectral features from the Tar 2 trial were used to estimate the visual assessment of the Tar 3 trial with the help of multispectral features from the Tar 3 trial, and vice versa.

Temporal development or disease progress of tar spot were modeled using actual and estimated disease severity to evaluate the feasibility of monitoring disease progress through multispectral imaging. The logistic regression curve, a model that has previously been shown to fit tar spot severity data (Gongora-Canul et al., unpublished), was used to depict disease progress empirically; the equation (3) used for modeling is shown below (Neher and Campbell, 1992).

 

Where y is the disease severity at the time of data collection, y0 is the initial disease severity, Kmax is the asymptote or the maximum level of disease intensity, rL is the apparent infection rate, t is the time of data collection. The logistic disease progress curves were modeled using the nonlinear least-squares solver (lsqcurvefit function in MATLAB, version R2021a) and fitted independently for visual and the estimated disease severities according to different treatments (Coleman and Li, 1994; Coleman and Li, 1996). Key parameters depicting disease progress, including y0, Kmax, rL, and area under the disease progress curve (AUDPC), were modeled during curve fitting. Kmax was modeled, instead of assuming 100% as the maximum disease severity, to avoid underestimation of the disease growth rate (Neher and Campbell, 1992). Parameters extracted from curves modeled using actual and estimated disease severity were compared using t-tests in SAS (SAS Institute, Cary, NC, United States). The comparison of parameters was conducted by year and canopy level.



2.5 Application of digital phenotyping technologies in disease monitoring

UAS-based detection of tar spot onset and quantification can be less reliable compared to the field-based visual method, because an individual stroma (0.5 – 2.5 mm wide by 2 – 3 mm long) cannot be delineated from UAS images taken for a regular mapping mission of an agricultural field (GSD of 3.5 cm for multispectral images collected at 50 m in this study) (Rocco da Silva et al., 2021). Therefore, we performed tar spot detection for each trial (Table 1) using UAS-based imaging with a slackened voting approach as shown below. From this approach, tar spot was considered present in a trial when at least a specific percentage of micro-plots was found to be infected by UAS-based disease detection.

A detailed procedure for the slackened voting approach is as follows. First, the best model for each canopy level was selected from four cross-validated models to estimate disease severity of each micro-plot. Second, the number of micro-plots with estimated disease severity greater than zero was counted. The number of micro-plots with tar spot for different combinations of trials and the three canopy levels was converted to a percentage, resulting in the estimated incidence rate per data collection date. Third, different thresholds, such as 5%, 10%, 20%, 30%, 40%, and 50% of micro-plots, were tested to determine if tar spot presented in a trial and the false warning rates (or the number of false negatives and positives of tar spot onset to the number of micro-plots) were calculated to select the best threshold. For example, when 10% of micro-plots with estimated disease severity over zero was used to determine if tar spot presented in the trial, it resulted in a false warning rate of 4%. Fourth, actual incidence rate and maximum actual disease severity for different combinations of trials, DAP, and canopy levels were obtained as ground references to evaluate the performance of onset detection. Sensitivity of detection was computed by dividing the number of infected plots identified correctly by estimated disease severity to the number of actual infected plots.

The efficacy of disease management tactics evaluated by digital phenotyping was compared to that of visual assessment. Spearman’s rank correlation (rs) was used to evaluate the similarity of rankings of treatments assessed by digital phenotyping and visual assessment. Spearman correlation analysis was applied to each trial for two years, and data from each time point and canopy level were also analyzed independently.




3 Results


3.1 Estimation of disease severity at different canopy levels

The actual disease severity (assessed by human raters) generally increased from the lower to the upper canopy at each time point of data collection and correlations of disease severities between canopy levels were observed. For example, based on actual disease severity data collected in 2020, the Pearson correlation coefficients were 0.88 between lower and middle canopy, and 0.73 between lower and upper canopies. Such correlations of disease severities between canopy levels were the foundation of estimating disease severity at different canopy levels using UAS-based multispectral imaging.

Models developed with UAS-based multispectral imaging and machine learning demonstrated encouraging performance in estimating disease severity during both years and three canopy levels (Table 3). Estimation precision (coefficients of determination or R2) of models for training and testing data was greater than 0.75 in most cases, and the highest testing precision reached 0.93; RMSEs were less than 12% in all cases. Moderate to high agreements (Lin’s CCC of 0.75 to 0.97) between estimated and actual disease severity were also observed. At the same time, coefficients and intercepts or biases for linear relations between estimated and actual visual assessment were very close to one and zero, respectively. Models for the Tar 3 trial in 2021 demonstrated better performance with high estimation precision (over 0.91) and Lin’s CCC (over 0.96), regardless of canopy levels (Figures 2A–C). Image-based features, for instance, green canopy area, the mean of blue band, the median of MCARI2, the median of RDVI, the sum of red band, and standard deviation from most of the five spectral bands and VIs were frequently selected as predictors. Meanwhile, features selected by LASSO varied between years or canopies, and models for 2020 used more features (49 – 58 features) than those for 2021 (20 – 34 feature).


Table 3 | Performance of disease severity estimation models of different canopy levels.






Figure 2 | Estimation of visual assessment using image-based features and machine learning. (A–C) models trained and tested with data from the Tar 3 trial in 2021 (results of one iteration of training and testing); (D–F) evaluation of model transferability using parameters from models of the Tar 2 trial and data from the Tar 3 trial; (A, D) results of estimating visual assessment for the lower canopy; (B, E) results for the middle canopy; (C, F) results for the upper canopy.



Estimation models of disease severity were transferred between disease management trials with reasonable performance in 2021; for example, models developed based on data from one trial were used to estimate the visual assessment of the second trial (using data from the second trial). Estimation precision of transferred models (R2 = 0.68 to 0.91) and RMSEs (< 14%) were comparable to models trained and tested with data collected from the same trials in 2021. However, agreements between estimated and actual disease severity (Lin’s CCC = 0.78 to 0.92) were slightly lower, while biases for transferred models were higher (intercept = -2.27 to 2.99) compared with counterparts in 2021. Moreover, transferred models using parameters from models of the Tar 2 trial and data from the Tar 3 trial in 2021 underestimated disease severity (coefficient = 1.21 to 1.31, Figures 2D–F), while transferred models using parameters from models of the Tar 3 trial and data from the Tar 2 trial overestimated disease severity (coefficient = 0.64 to 0.76). Transferred models using parameters from models of the Tar 3 trial and data from the Tar 2 trial resulted in estimation of disease severity beyond 100%. The model transferability test showed that models can be transferred between disease management trials in 2021, and implied subtle differences between trials. Nevertheless, results indicated that UAS-based multispectral imaging and machine learning can be used to estimate disease severity at different canopy levels or monitor the vertical distribution of tar spot disease on corn and that models can be transferred to disease management trials. However, further improvements are required, including model transferring between years and multispectral cameras.



3.2 Monitoring disease progress using data derived from multispectral imaging

The shapes of disease progress curves fitted for estimated disease severity were similar to their counterparts fitted for actual (or visual) disease severity in most cases. At the early stages of tar spot infection, curves fitted for actual and estimated disease severity were almost identical (Figure 3). However, at the middle or later growth stages, some curves fitted for estimated disease severity diverged from their counterparts, and divergence between fitted curves varied among treatments. The comparison of y0 and AUDPC also demonstrated the similarity of disease progress curves derived from actual and estimated disease severity, where no significant difference between y0 or AUDPC derived from actual and estimated disease severity was observed in both years and all canopy levels (Table 4). However, significant differences (α = 0.05) between Kmax or rL derived from actual and estimated disease severity were observed, mainly in 2020.




Figure 3 | Disease progress curves for actual and estimated disease severity of treatment #7 in the Tar 4 trial during 2020. (A–C): disease progress curves derived from the lower, middle, and upper canopy, respectively; Act, disease progress curve or parameters based on actual disease severity; Est, disease progress curve or parameters based on estimated disease severity; Kmax, the asymptote or the maximum level of disease intensity of a treatment; y0, initial disease severity; rL, apparent infection rate, AUDPC, area under the disease progress curve.




Table 4 | Comparison of parameters of disease progress curves derived from actual and estimated disease severity using a t-test.





3.3 Digital phenotyping technologies for disease monitoring

The threshold to determine tar spot onset in a trial through digital phenotyping was selected as 5% of micro-plots (with estimated disease severity over zero), based on evaluation of the number of false warnings obtained by different thresholds. Digital phenotyping can detect the tar spot onset when visual assessment started, even the disease severity was at very low level (<1%) (Table 5). Tar spot onset was correctly detected for all combinations of trials and DAP of the lower canopy and most combinations of the middle and upper canopies, with three false warmings for the middle and upper canopies. The estimated incidence rate for each canopy level per trial fluctuated from one DAP to another (e.g., 58%, 29%, 65%, and 90% for lower canopy of Tar 3 in 2020), which was different from the increasing actual incidence rate. Such fluctuation of estimated incidence rate may be due to very low disease severity and minor symptoms in most micro-plots. However, as tar spot intensity increased, the sensitivity of disease onset detection was over 50% in most cases (range of 27% – 98%) at 14 or more days after the practical level of visual detection. Nevertheless, detection of tar spot onset through UAS-based imaging provides a desired level of efficiency and accuracy of estimating incidence rate.


Table 5 | Summary of detection of tar spot incidence through UAS-based multispectral imaging.



Significant correlations between treatment rankings assessed by digital phenotyping and visual assessment were observed as early as 71 DAP (Figure 4; Table 6). However, non-significant correlations were observed between 71 and 100/104 DAP in some trials and canopy levels. One reason for such variation may be because fungicide treatments were applied until about 100 DAP, and the combined effects of fungicides and other factors (e.g., tillage and resistance) may be delayed. However, after 100/104 DAP, significant correlations (rs = 0.54 – 0.97) between treatment rankings were found in most cases until the end of the growing season (when senescent leaves were not visually evaluated). In other words, treatment efficacy can be evaluated by UAS-based multispectral imaging near the end of the growing season.




Figure 4 | Spearman’s rank correlations between treatment rankings assessed by digital phenotyping and visual assessment for the Tar 2 and Tar 3 trials of 2021. *Indicates significant correlation at a significance level (α) of 0.05.




Table 6 | Spearman’s rank correlations between treatment rankings assessed by digital phenotyping and visual assessment for trials of 2020.






4 Discussion

Tar spot often develops from the lower canopy in fields with an infection history, which poses a challenge for UAS-based disease monitoring due to occlusion. The results from this study illustrated that it is possible to monitor tar spot epidemics even if they started from the lower canopy and characterize the vertical (different canopy levels) and temporal development of the disease using UAS-based remote sensing and machine learning. Such information is vital for decision-making in fields where corn is grown in micro-plots for research purposes (i.e., hybrid performance and fungicide efficacy trials). This is the unique contribution of our study to UAS-based disease monitoring. The novel methods developed in this study pave the road for UAS-based scouting of tar spot and cereal diseases with similar epidemiological characteristics, such as gray leaf spot, northern corn leaf blight (Stromberg, 2009; Shi et al., 2017) and wheat blast (Gongora-Canul et al., 2020). More importantly, digital phenotyping technologies can generate useful epidemiological information, at the vertical and temporal levels. For instance, derived epidemiological parameters such as disease onset, apparent infection rate, and AUDPC, could potentially be extracted to study disease management tactics and prepare plans to manage tar spot.

The y0 or AUDPC derived from actual and estimated disease severity were similar, but significant differences between Kmax or rL from actual and estimated disease severity were found. Major differences between Kmax derived from the actual and estimated disease severity were associated with smaller visual values of maximum disease severities. The modeled disease progress curves had a tendency to result in incorrect values of Kmax, when the maximum disease severity of actual or estimated values were in the range of 20 – 30% than when they were in the range of 80-90%. For example, the percentages of micro-plots where the maximum values of actual disease severity did not exceed 50% were 46%, 78%, and 84% of the total number of micro-plots from the lower, middle, and upper canopy levels during 2020. This may be one probable explanation for significant differences between Kmax during 2020. In general, it was possible to model the temporal development of disease with disease onset or AUDPC data derived from multispectral imaging within the range of available data; however, the modeling of Kmax and rL requires further improvement.

Although UAS-based multispectral imaging can complement visual assessment when acquiring disease severity information with a large aerial coverage, further research is required to improve performance of detection and quantification of tar spot intensity and enhance the scalability, transferability, and cost effectiveness of UAS-based plant disease survey. Although it is possible to detect tar spot onset through UAS-based imaging, sensitivity of detection of onset was low until 14 or more days after the practical level of visual detection. This may result in false warning (e.g., false positive of tar spot onset) when the disease was in the incubation period showing no symptoms. To increase the accuracy of onset detection through UAS-based imaging, validation of disease onset with a consecutive imaging (e.g., within 3 – 5 days) or integrating visual and/or environmental data with UAS-based data (or data fusion that will be discussed later) are a few recommended options. Hyperspectral or thermal imaging may also be tested for such purposes, as these imagers provide information from different spectra.

Removal of corn tassels from acquired images is a potential way to improve the performance and transferability of the proposed models. The spectral reflectance of corn tassels is different from that of corn leaves (Viña et al., 2004; Shao et al., 2022). Shao et al. reported that tassels lowered the canopy reflectance of the green region, and the impact of tassel reflectance on different vegetation indices varied between growth stages and corn varieties (Shao et al., 2022). The influence of tassel reflectance on canopy reflectance may mask the influence of tar spot on the canopy reflectance. This may make the detection of tar spot more challenging, especially at the early stage of infection when the influence of the disease may be minor. The fact that models from the Tar 3 trial (with only 1 hybrid) showed better performance than those from the Tar 2 trial (with 3 hybrids) in 2021 agrees with this hypothesis. In addition, variation of tassel reflectance introduced by corn varieties may also reduce the transferability of disease severity estimation models derived from different trials. This may be the reason for the lower performance of transferred models compared with those using original data (3 hybrids in the Tar 2 trial while 1 hybrid in the Tar 3 trial in 2021). Previous studies have successfully detected tassels in high-resolution RGB images that were collected by proximal and UAS-based aerial images at relatively low altitudes (<= 20 m) (Lu et al., 2017; Liu et al., 2020; Zan et al., 2020). However, it is challenging to detect and remove tassels in low-resolution multispectral images collected at higher altitudes (e.g., ground sampling distance of 1.5 and 3.5 cm for images collected at 30 and 50 m, respectively, in this study). Future research on removing tassels from acquired images and their impact on canopy reflectance in disease monitoring is desired.

Data fusion is another potential way to improve the performance and scalability of disease estimation models in monitoring tar spot, where environmental data and UAS-based multispectral images are integrated and used as inputs during model development. Data fusion has been used to monitor diseases, and better performance has been reported for methods using fused data (Zhang et al., 2014; Yun et al., 2015; Yuan et al., 2017; Zheng et al., 2021). For example, Zheng et al. monitored the occurrence of wheat yellow rust disease using meteorological data and multispectral images collected by Sentinel-2 satellite (2021). Models using fused data (accuracy of 68.4% – 84.2%) increased the classification accuracy by 5.2% to 10.5%, compared with those using only multispectral images. Currently, the performance of our tar spot detection and quantification methods was susceptible to degradation under abiotic stresses (e.g., nutrient deficiency) and other biotic stresses (e.g., diseases such as gray leaf spot and northern corn leaf blight). Integrating data from two primary components of the disease triangle, i.e., environment (e.g., air temperature, humidity, and leaf wetness) and host (multispectral reflectance of plants), may reduce the uncertainty introduced by other biotic or abiotic stresses. For example, environmental conditions favorable for the occurrence of tar spot (17 – 22°C, relative humidity (RH) > 75%, and more than seven hours of leaf wetness per night) are different from these for northern corn leaf blight (18 – 27°C and six to 18 hours of leaf wetness) and gray leaf spot (22 – 30°C and nightly RH > 90%) (Hock et al., 1995; Paul, 2003; Wise, 2011). The integration of environmental data in our disease monitoring models may reduce the uncertainty or false warnings.



5 Conclusion

Tar spot, a threat to corn production, is a disease that regularly appears at the lower canopy of plants in fields with a history of tar spot infections. This study evaluated digital phenotyping technologies and machine learning approaches for monitoring tar spot epidemics at the different canopy and temporal levels. The results showed that models developed with UAS-based multispectral imaging and machine learning could estimate disease severity for the upper, middle and lower canopy levels exhibiting encouraging performance. The estimated precision or R2 of models ranged from 0.75 to 0.93 in most cases, while the concordance estimated using Lin’s CCC varied between 0.75 and 0.97, showing moderate to high agreements between estimated and actual disease severity. In addition, the developed disease estimation models were effectively transferred between disease management trials. The temporal development of tar spot disease was modeled using data derived from multispectral images, showing no significant difference between y0 or AUDPC derived from actual and estimated disease severity. Successful results were obtained when applying information derived from digital phenotyping technologies to disease monitoring, for example, detection of tar spot onset and evaluation of the efficacy of disease management tactics. Epidemiological information derived, such as disease severity from different canopy and temporal levels, disease onset, and efficacy of disease management tactics need to be explored in larger field areas and evaluated for their value in supporting decision-making. In addition, methods developed in this study might be applied to other diseases with similar epidemiological characteristics, but additional research is needed. Further studies are required to improve the performance in detection and quantification of tar spot intensity and enhance the scalability and transferability of our methods to different regions and corn varieties. Removal of corn tassels from acquired images and fusion of aerial multispectral images with environmental data are future work that may lead to better performance of our methods.
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Alfalfa mosaic virus (AMV) is the most pervasive epidemic virus affecting alfalfa production. However, detailed investigations on the molecular population genetics and evolutionary dynamics of AMV are scarce. This study aimed to report on a large-scale long-term survey of genetic variability in AMV populations from China and perform a comparative analysis of AMV population genetics in the three most thoroughly studied countries to date: China, Iran, and Spain. The study was based on the analysis of the coat protein gene (cp) using two analytical approaches: an analysis of molecular variance (AMOVA) and a Bayesian Markov Chain Monte Carlo approach that investigates the association between geographical origin and phylogeny. Both analytical approaches found significant genetic differentiation within localities, but not among localities nor among provinces. This observation might result from inappropriate agronomical practices involving extensive exchange of plant materials followed by rapid viral diversification within localities. In the Chinese population, both methods found that genetic diversification in AMV was strongly associated with different bioclimatic zones. Rates of molecular evolution were similar in the three countries. The estimated epidemic exponential population size and growth rate suggest that the epidemics grew faster and with higher incidence in Iran, followed by Spain and China. Estimates of the time to the most recent common ancestors suggest that AMV was first seen in Spain by the beginning of the twentieth century and later on in eastern and central Eurasia. After ruling out the existence of recombination breakpoints within the cp gene, a codon-based selection analysis per population was performed and identified many codons under significant negative selection and a few under significant positive selection; the latter varied among countries, suggesting regional differences in selective pressures.
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  1 Introduction

 Medicago sativa L. (alfalfa, syn. lucerne) is the most important forage legume globally (Michaud et al., 1988), owing to its adaptability to drought conditions, ability to form symbiosis with rhizobia and fix atmospheric nitrogen (Carlsson and Huss-Danell, 2003), high protein value (Howarth et al., 1977; Vance et al., 1979; Ruckle et al., 2017), and yield potential with ‘cut and carry’ cropping regimens (Small, 1996). The area of alfalfa planting in China currently ranks second in the world. However, the continuous increase of alfalfa planting areas and the accumulation of cropping and spreading vectors has led to an increased frequency of outbreaks of alfalfa virus diseases. The more common symptoms range from dwarfed plants, shrinking and yellowing of leaves, lower yield, and quality of herbage (Xu and Nie, 2006; Liang et al., 2017). Among all alfalfa diseases, alfalfa mosaic virus disease (AMVD), whose etiological agent is the alfalfa mosaic virus (AMV; species alfalfa mosaic virus, genus Alfamovirus, family Bromoviridae), is the most serious and prevalent one in China (Wang et al., 2021).

AMV was first identified by Weimer in 1931 (Hull, 1969). Many studies have provided information on the morphology, physicochemical properties, regulation of gene expression, and host range of AMV through isolation and purification of the virus (Kasteel et al., 1997; Sánchez-Navarro and Bol, 2001; Sánchez-Navarro et al., 2006; Xu and Nie, 2006). AMV has a wide host range and is distributed worldwide (Kvícala, 1975; Garran and Gibbs, 1982; Popp et al., 2000; Mallor et al., 2002; Esfandiari et al., 2005; Liang et al., 2017; Wang et al., 2021). In nature, AMV infects approximately 150 species from 22 botanical families; however, when experimental susceptible hosts are included, the number of susceptible species expands to over 600 in 70 families (Jaspars and Bos, 1980; Bol, 2008; Liang et al., 2017).

The whole genome of AMV consists of three positive-stranded RNAs. Monocistronic RNAs 1 and 2 encode the nonstructural P1 and P2 proteins to form the RNA-dependent RNA polymerase (RdRP). The dicistronic RNA 3 encodes the movement (MP) and coat (CP) proteins, the latter translated from a subgenomic RNA 4 (Sánchez-Navarro and Bol, 2001). RNA 3 can be transported from cell to cell by both tubule-forming and non-tubule-forming MPs if a specific MP–CP interaction occurs (Sánchez-Navarro et al., 2006), and CP is involved in cell-to-cell movement (Van der Vossen et al., 1994; Kasteel et al., 1997) without requiring the formation of stable virus particles (Sánchez-Navarro and Bol, 2001). This abundance of molecular information is at odds with the number of studies tackling AMV population genetic structure, molecular epidemiology, and phylogeography. Early work by Parrella et al. (2000) and Xu and Nie (2006) suggested that the AMV global population could be divided into different groups according to geographic regions, but the amount of data used in these studies was limited and this jeopardized the generality and validity of the resulting conclusions. Bergua et al. (2014) collected and characterized 60 isolates of AMV from Spain and highlighted the rich genetic diversity of AMV populations, with recombination playing an important role (Bergua et al., 2014).

This study aimed to address the population genetics of AMV in China, using the sequence of the cp cistron from 76 new isolates ( Supplementary Table S1 ). In addition, isolates were collected on a global scale (232 isolates comprising 86 isolates from China, 55 isolates from Iran, and 91 isolates from Spain) ( Supplementary Tables S1 ,  S2 ), and the divergence time and geographic origin were explored using Bayesian and analysis of molecular variance (AMOVA) methods. Moreover, the Chinese population was thoroughly investigated, including (1) the rates of migration among locations and the effective epidemic size, (2) the influence of selection and genetic drift, and (3) the time since the first introduction of the virus in China. Subsequently, to assess whether the characteristics described for the Chinese populations were unique or shared by other well-documented AMV epidemics, similar analyses were performed with previously published cp sequences from Spain (56) and Iran (91). The comparison among these three epidemics has allowed the determination of some general principles driving the epidemiology and evolution of AMV.


 2 Materials and methods

 2.1 Collection of AMV isolates from China

A total of 516 alfalfa samples was collected from 24 locations of 13 major alfalfa-producing provinces and four climatic regions in China from 2016–2019. The isolate names, their hosts, dates and sites of collection, and climatic regions are shown in  Supplementary Table S1 . Positivity of samples for AMV infection was determined by RT-PCR using the primers shown in  Supplementary Table S3 . The primers used for amplification of the AMV cp gene fragment by RT-PCR are listed in  Supplementary Table S4 .


 2.2 Sequencing of cp gene of AMV isolates from China and published data from other locations

 2.2.1 Cloning and sequencing of cp gene

Total RNA was extracted from alfalfa leaves systemically infected by AMV. The extracted RNA was used as a template for RT-PCR amplification in a 20-μL reaction containing total RNA (50–5000 ng), 1 μL gDNA Remover, 1 μL primer AMV-R ( Supplementary Table S4 ), 10 μL of 2× Reaction Mix, 1 μL Enzyme Mix with 5 mM dNTP (each), and RNase-free water to 20 µL. The reaction was incubated at 25°C for 10 min, 42°C for 45 min, and 85°C for 5 s, then the PCR commenced with the system of 2× EasyTaq® PCR Super Mix (+ dye) 25 µL, cDNA 2 µL, pimer cp-F 1 µL, primer cp-R 1 µL, and 21 µL of ddH2O to total 50 µL (TransGen, China). PCR cycling conditions comprised an initial denaturation step at 94°C for 3 min, 35 cycles of denaturation at 94°C for 1 min, annealing at 57°C for 1 min, and extension at 72°C for 3 min, followed by a final extension at 72°C for 5 min. The expected RT-PCR products of the cp gene were 666 bp, using primer pairs cp F/cp R ( Supplementary Table S5 ), and together covered the entire length of the viral genome. The PCR product segments were electrophoresed in 1.0% agarose gels and purified by the BioTeq PCR quick Gel Extraction Kit (BioTeq, USA). The purified fragments were cloned into the pMD18-T vector (Takara, Dalian, China) and used to transform Escherichia coli JM110. Insert sequences were determined for at least three clones for each fragment using either the ABI (ABI BigDye 3.1, Applied Biosystems) or Beckman (GeXP with Genome Lab DTCS sequencing kit) system. Sequence data were assembled using DNASIS version 3.5 (Hitachi, Tokyo, Japan), Laser gene (DNASTAR, Madison WI, USA), or BIOEDIT version 5.0.9 (Hall, 1999).

The published cp gene sequences of AMV isolates from Iran, Spain, and other countries were collected from the GenBank database ( Supplementary Table S1 ).



 2.3 Computational analyses for the populations of AMV

 2.3.1 Phylogenetic analyses

All of the cp genes of AMV populations from China, Iran, and Spain, respectively, were aligned with MUSCLE (Edgar, 2004) as implemented in MEGA version 5.0 (Tamura et al., 2011). The best model of nucleotide substitution was determined by MODELTEST version 3.7 (Posada and Crandall, 2001). SplitsTree version 4 was used for the split-decomposition network analysis (Huson and Bryant, 2006). Maximum credibility clade (MCC) phylogenetic reconstructions were conducted using BEAST version 1.5.4 (Drummond and Rambaut, 2007). Markov Chain Monte Carlo (MCMC) simulations were run for 107 generations to ensure convergence of all parameters. Branches with a posterior support probability of 0.50 were collapsed.


 2.3.2 Population genetics analyses

Population genetics analyses and diversity measures for all populations (Tajima’s D, Ewans-Watterson, Chakraborty, and Fu’s F) were calculated by ARLEQUIN (http://cmpg.unibe.ch/software/ arlequin3) (Excoffier et al., 2005). The best alignment of the sequences of every population was inputted into the ARLEQUIN version 3.0 and the corresponding analysis was performed.


 2.3.3 Inferring selection patterns

Selective pressures operating at each codon were evaluated based on the difference between synonymous (dS ) and nonsynonymous (dN ) substitution rates for the cp gene calculated by MEGA X (Tamura et al., 2011). As a first approach, values of dN −dS <0, = 0, or >0 indicate purifying selection, neutral evolution, and positive selection, respectively.


 2.3.4 Phylogeographic analyses

Data were divided into different groups among bioclimatic regions ( Supplementary Figure S1 ). To determine the extent of geographic structure in AMV populations, BaTS version 1.0b2 (Parker et al., 2008) was used to compute the parsimony score (PS) (Slatkin and Maddison, 1989), the association index (AI) (Wang et al., 2001), and the maximum monophyletic clade size (MC) (Parker et al., 2008), and to assess the significance of these three statistics. The first 10% of sampled trees were discarded as burn-in and 104 randomizations were performed to estimate the null distributions of the three statistics.


 2.3.5 Recombination analyses

The data sets from the three countries were analyzed respectively for the recombination using the methods of RDP, BOOTSCAN, CHIMERA, GENECONV, LARD, MAXCHI, SISCAN and 3SEQ implemented in RDP4 in the default configuration (Martin et al., 2010) as well as the GARD and PHI test in SplitsTree (Huson and Bryant, 2006). Only those recombination events predicted by at least five of these methods and with a p value < 0.05 were regarded as valid.




 3 Results

 3.1 Incidence of AMV infection in Chinese alfalfa-producing regions

A total of 516 alfalfa samples was collected from 23 locations in 13 provinces distributed along the main alfalfa-producing Chinese provinces between 2016 and 2019. These provinces encompassed four climatic regions (plateau mountain climate, temperate continental climate, temperate monsoon climate, and subtropical monsoon climate) ( Supplementary Figure 1 ). All samples were tested for infection with AMV using a specific pair of primers that amplify the cp cistron. Across the sampling period, the incidence of AMV was estimated to be as high as 57.6% (95% adjusted Wald confidence interval: 52.3%–60.8%). RT-PCR and sequencing yielded 76 complete sequences of the AMV cp gene from the 23 locations.


 3.2 Population genetics analyses of AMV in China

 3.2.1 Parsimony network and MCC tree

The parsimony networks revealed the existence of two major clades, one more divergent (Clade III) and one less so (Clades I and II) ( Supplementary Figure S2 ), which was consistent with the clustering identified by the MCC tree obtained with BEAST ( Supplementary Figure S3 ). In the MCC tree, Clade A (yellow) contained isolates from three climatic regions (plateau mountain climate, temperate continental climate, temperate monsoon climate), while Clade B (blue) comprised a single isolate from Inner Mongolia, and Clade C (purple) contained isolates from all of the climatic regions. Clade I in  Supplementary Figure S2  corresponded with Clade A in  Supplementary Figure S3 , and Clades II and III were consistent with Clades B and C, respectively. The software package RDP 4, as well as GARD and PHI tests in SplitsTree showed no evidence of recombination, therefore migration among populations would explain the reticulated pattern.

To explore the possible existence of a molecular clock, TempEst (Rambaut et al., 2016) was employed, and the algorithm found a significant correlation between genetic divergence and time ( Supplementary Figure S4 ). The relevant parameter estimates from the Bayesian analysis were time to most recent common ancestor (TMRCA)=1951.2 ± 2.5 years ago; an effective number of infections of 114.0±6.6; an exponential growth rate of 0.023 ± 0.001 per year; and a rate of molecular evolution of 9.1 ± 0.4×10−4 substitutions/site/year ( Table 1 ). The plots of the effective number of infections versus time are shown in  Figure 1 .

 Table 1 | Relevant estimates from the Bayesian analysis for the Chinese AMV population. 



 

Figure 1 | Plots of the effective number of infections vs time in the Chinese AMV population by skyline in the default configuration of BEAST. 



The BaTS algorithm was run to explore whether the MCC clustering was significantly associated to (i) geographic origin, (ii) host species, and (iii) bioclimatic zone. Firstly, using geographic origin as a trait, a highly significant association was found (AI = 8.8954, P <0.0001; PS = 69.3392, P <0.0001) ( Table 2 ). In the single collection sites of Cangzhou (MC = 1.996, P = 0.02), Dali (MC = 1.9891, P = 0.036), Qiqihaer (MC = 1.6233, P = 0.015), Shihezi (MC = 2, P = 0.013), and Hangzhuo (MC = 2, P = 0.005) ( Table 2 ), the isolates were predominantly driving the differentiation. Based on the provinces (AI = 5.99, P <0.0001; PS = 52.3072, P <0.0001) ( Table 3 ), significant differences were found among Anhui, Hebei, Yunnan, Guizhou, Zhejiang, Heilongjiang, Tibet, Qinghai, Ningxia, Shanxi, Shannxi, Inner Mongolia, and Xinjiang. Secondly, using host species (M. sativa, G. pentaphyllum, N. tabacum, N. glutinosa, C. japonica, J. procumbens, V. persica, and T. pretense) as a discrete trait, no significant associations were found ( Table 4 ). Viruses isolated from members of the family Solanaceae clustered together (MC = 2, P = 0.005), while viruses isolated from other families were well mixed in the MCC tree ( Table 5 ). Finally, significant associations were found with bioclimatic zones (AI = 3.9158, P <0.0001; PS = 37.053, P <0.0001) ( Table 6 ). Furthermore, within the subtropical monsoon zone, a significant difference was found among locations (MC = 4.0014, P <0.0035) ( Table 6 ).

 Table 2 | BaTS algorithm analysis for Chinese AMV population based on geographic locations. 



 Table 3 | BaTS analysis for the different provinces of China. 



 Table 4 | BaTS algorithm analysis for for the Chinese AMV population based on host species level. 



 Table 5 | BaTS algorithm analysis for for the Chinese AMV population based on host species level. 



 Table 6 | BaTS algorithm analysis for the Chinese AMV population based on the bioclimatic zones. 




 3.2.2 Selection analyses

  Figure 2A  and  Supplementary Table S5  show that there are quite a lot of sites under purifying selection.

 

Figure 2 | Selection analyses for AMV populations by DnaSP version 5. (A) Chinese population; (B) Iranian population; (C) Spanish population. 




 3.2.3 Population structure

As a complementary approach to the association analyses conducted with BaTS, population genetics AMOVA was also performed. The data were divided into different groups based on different provinces and bioclimatic regions of China ( Supplementary Figure S1 ); the bioclimatic regions of China included four groups—plateau mountain, temperate continental, temperate monsoon, and subtropical monsoon. A population genetics approach was used to further evaluate the geographic population structure suggested by BaTS. BaTS exhibited significant differences among provinces (AI = 5.99, P <0.0001; PS = 52.3072, P <0.0001) ( Table 3 ), and also among localities within province (AI = 8.8954, P <0.0001; PS = 69.3392, P <0.0001) ( Table 2 ), which is similar to the AMOVA results with P = 0.0289 ( Supplementary Table S6 ). Furthermore, a significant difference was observed among different samples taken from the same locality ( Supplementary Tables S6 ,  S7 ). For instance, in Hangzhou in Zhejiang province, significant variance was detected among the samples (P <0.005) ( Table 2 ). None of the neutrality tests found a significant effect of selection. For the different hosts of AMV, there was a difference only on M. sativa; there was no evidence of differences with the other hosts ( Table 4 ). The samples from four different bioclimatic zones were also analyzed for population structure. The P values indicate that the virus clearly shows differences between bioclimatic regions and among localities within each of the four bioclimatic regions ( Table 5  and  Supplementary Table S7 ).



 3.3 Comparison with local epidemics in Iran and Spain

 3.3.1 Parsimony network MCC tree

AMV isolates from Iran and Spain were selected for population genetics analyses since they were the most thoroughly sampled isolates. For the Iranian population, the network suggests a single clade with very few divergent genotypes ( Supplementary Figure S5 ), and the pattern is distinct from that of the Chinese network. Recombination among the populations from Iran, Spain, and China was not detected by PHI. The parsimony network MCC tree for isolates from Spain ( Supplementary Figure S6 ) was more similar to the Chinese one, with three well-differentiated groups and the suggestion of recombination between and within the groups by the PHI test. Isolates from Zaragoza province were all over the network. Andalucian isolates were mostly homogenously grouped and the group included an isolate from Zaragoza, suggesting that an introduction from Andalucia may be the origin of the local epidemic in Zaragoza ( Supplementary Figure S6 ).

TempEst found a significant correlation between genetic divergence and time for the Iranian population, allowing for the estimation of molecular evolutionary rates ( Supplementary Figure S7 ). The TMRCA of the Iranian population was 1996.3±1.4 years, with an effective number of infections of 7.4±4.6×106, an exponential growth rate of 0.67±0.04 per year, and a rate of molecular evolution of 8.05±0.50×10−4 substitutions/site/year ( Table 7 ). These data suggest that the epidemic is older in Iran compared with that in China, and that it expanded at a 10-fold faster rate, with many more infections. For the Spanish population, TempEst found a significant time-stamp in genetic divergence ( Supplementary Figure S9 ), allowing for the estimation of rates of evolution. The TMRCA was 1891.0±5.5 years, with an effective number of infections of 1016.9±73.1, an exponential growth rate of 0.043±0.002 per year, and a rate of molecular evolution of 2.79±0.08×10−4 substitutions/site/year ( Table 8 ). Therefore, the Spanish epidemic appears to be the most recent ongoing epidemic, followed by China and then Iran. The effective number of infections in Spain is higher compared with that in China, but the epidemic growth rate is slightly slower than in China. Likewise, the rate of molecular evolution of the Spanish epidemic is also the lowest among all three epidemics.

 Table 7 | Relevant estimates from the Bayesian analysis for the Iranian AMV population. 



 Table 8 | Relevant estimates from the Bayesian analysis for the Spanish AMV population. 



BaTS found evidence of population structure at the geographic level in both Spain and Iran (Iran: AI = 7.192, P = 0.04, PS = 47.730, P = 0.04; Spain: MC = 1.9711, P = 0.014) ( Table 9 ). No evidence of association of isolates by host species or families was found in either case. This again suggests a very recent introduction of the virus and a rapid spread among susceptible hosts without time to adapt to each possible host. For the Iranian population, no differences were detected by AMOVA among provinces or among and within localities ( Supplementary Table S9 ). For the Spanish population, BaTS revealed a significant association between MCC tree clusters and geographic origin (AI = 2.366, P = 0.005), which was mostly driven by isolates from Zaragoza province (MC = 11.7938, P = 0.004) forming their own clusters ( Table 10 ). This maybe indicate the idea that Zaragoza province is the geographic origin of the epidemic. BaTS did not find an association between the MCC tree clusters and the host species or families.

 Table 9 | BaTS algorithm analysis for the Iranian AMV population (provinces). 



 Table 10 | BaTS algorithm analysis for the Spanish AMV population (provinces). 




 3.3.2 Selection analyses

Selection analysis of the Iranian population shows several cases of negative selection and a distinct case of positive selection in  Figure 2B  and  Supplementary Table S10 . For the Spanish population, the selection is predominantly negative ( Figure 2C  and  Supplementary Table S11 ). Furthermore, using AMOVA, a significant difference was found within Spanish provinces ( P = 0.0026) ( Supplementary Table S12 ) and potentially a few sites with weakly positive selection, but not the same as that suggested for China and Iran.


 3.3.3 Population structure

In the Iranian population, the very rapid spread of the epidemic has not allowed the establishment of significant population differentiation among geographic locations ( Table 1 ); essentially it is a single pandemic population. In the Spanish population, significant differences only exist between samples taken from the same geographic location and not among locations from the same province (likewise the case in China) ( Tables 2 ,  3 ). Moreover, based on the host at species and family levels, the Spanish population exhibits significant differences among the hosts ( Supplementary Tables S13 ,  S14  ), while the Chinese population only shows a significant difference at the host family level ( Tables 4 ,  5 ); for the Iranian population, there was no differences among the hosts at species or family levels ( Supplementary Tables S15 ,  S16 ).




 4 Discussion

This study conducted an in-depth and comprehensive analysis of AMV populations from China (86), Iran (91), and Spain (56) using the whole cp gene sequence. In the research of Bergua et al. (2014), only 390 nt of this gene sequence was used for the phylogenetic analysis, resulting in the loss of some evolution information of the cp gene. In the work of Xu and Nie (2006), only eight isolates were analyzed phylogenetically, which also limited the research and conclusions. Our study is the first to explore the evolution of the AMV population from Iran. Comparing the patterns across the three different AMV epidemics, it could be concluded Iran has the longest epidemic history and this is still rapidly expanding, while the epidemics of China and Spain are younger. This is the first comparison of the AMV populations of these three countries.

Both Mushegian and Morris and their respective colleagues stated that all viral contributions to plant ecosystem function must derive from the complex interactions between viruses, plants, and transmission vectors (Mushegian et al., 2016; Morris et al., 2018), thus, the plant host and transmission vectors will also affect the evolution of the viruses. Viruses need to rapidly adapt to changes in host genotypes (Stroud and Losos, 2016). On the one hand, specialist viruses may undergo adaptive radiation when they are in heterogeneous habitats, resulting in increased diversity of the population (Lefeuvre et al., 2019). This is the case for the Spanish population at the host species and family levels and the Chinese population at the host family level, where significant differences were detected. On the other hand, generalist viruses that infect multiple host species for survival compete with other viruses for the resources (Scholthof et al., 2011; Jacquemond, 2012). Such a situation should yield a low-diversity viral population dominated by one or a few of the best-adapted viral genotypes (Stroud and Losos, 2016), as seen with the Chinese AMV population at the host species level and the Iranian population at the host species and family levels. From the host species of the AMV in Spain have much more than China, which reflected the diversity of broad-spectrum of hosts of AMV. As the fastest evolving population, the Iranian AMV population has the highest exponential population size and exponential growth rate for the extensive adaptability to hosts. Moreover, as a specialist or as a generalist, the virus also depends on the feeding preferences of its vectors (Bragard et al., 2013; Dietzgen et al., 2016). From the significant differences among the hosts at the family and species levels, the diversity of the population also reflects the diversities of the transmission vectors while simultaneously reflecting complex geographical environments and the diversity of crops suitable for planting (Lane and Jarvis, 2007; Simmonds et al., 2019).

A vast territory naturally increases the diversity of the geographical environment, plants, and transmission vectors, and directly leads to the highest evolution rate of viruses to adaptation. In the AMV population of China, there were significant differences in AMV isolates among the provinces and bioclimatic zones. Large differences in topography, landforms, longitude, and latitude among various provinces results in some differences in the microenvironment for the plants (Wang et al., 2015), and AMV needs to adapt to these. Moreover, in the subtropical monsoon climate zone, a significant difference existed in the population, which consisted of isolates from 10 locations; the western-most location is Dali (E100.31 N25.63), the eastern-most location is Hangzhou (E120.20 N30.23), and the distance between the two sites is approximately 2016.8 kilometers. Collectively, these factors resulted in the Chinese population having the fastest rate of molecular evolution.

A significant difference was observed among different locations within the same province for the Chinese and Spanish populations. The geographic distances among locations might explain this phenomenon; moreover, agricultural practices may also be one of the influencing factors. In the past 50 years, the development of agricultural production, frequent introductions of new cultivars, and the changing cropping system may have posed strong selective pressures upon AMV, resulting in rapid evolution. Although there was no difference in isolates among provinces within the same climatic zone, significant differences between isolates at different sampling points in the same province were found. This is likely due to differences in farming systems, which should be the collateral impacts of human activities on these ecological roles and bring a particularly powerful and quantitative effect on plant virus evolution (Lefeuvre et al., 2019).

Within the Chinese population, whether based on the host diversity of isolates or the variability of geographical location and climatic zone, a very rich diversity was observed. The Iranian population, representing the earliest introduction of AMV in Asia and showing the fastest evolution among the three countries analyzed, showed no significant difference among the host plant species. The Spanish population, with the origin of AMV found in Zaragoza, exhibited the slowest spread and the slowest evolution rate among the three countries. The phylogenetic tree was not divided into different populations according to the host species and most of the evolutionary selection was negative selection, with a few sites showing positive selection, which was different from the Chinese and Iranian populations. The significant differences among different isolates in the same location and the significant differences among different sampling sites in the same province were similar to those of the Chinese population.

For the Chinese population, there are questions as to whether AMV evolution is a Russian doll model and whether AMV epidemiology is “fractal”. Continents are homogenous while countries are heterogeneous, so do provinces within countries, while locations within province. If the unit of research is set at the country level, the provinces within the country are homogeneous, locations within provinces are homogeneous (depending on the country—they are homogenous for Iran but not for China and Spain), and plants from the same location are heterogeneous (but not for Iran). In addition, there is a further question as to why the AMV populations from China and Spain have the most genetic diversity the lower you go on the geographic scale? With the development of the economy of the world, the economic activities, such as the commercial activities in agriculture, especially the import and export transactions of various countries for alfalfa quality, are important factors affecting the distribution and diversity of AMV isolates. For example, with the development of China’s economy and the improvement in living standards, a large number of imports of alfalfa are needed in China to meet domestic demand; consequently, foreign AMV isolates have entered China from Canada, USA, and Spain, etc. (Yuan et al., 2015). The differences between the isolates in Hangzhou of Zhejiang Province and Cangzhou of Hebei Province, respectively, are significant, and the main reason for this is likely related to the exchange between alfalfa varieties of China and foreign countries.

In summary, AMV populations in China, Iran, and Spain show rich diversity through evolution, and owing to the participation of human activities, the population evolution of AMV will gradually present more new characteristics. This warrants the need for continued research on AMV to facilitate the detection and early warning of plant virus diseases.
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Fusarium pseudograminearum is a soil-borne pathogen that is capable of causing a highly destructive crown disease in wheat. Secondary metabolites (SMs), especially deoxynivalenol (DON), are the primary virulence factors during infection. Here, we characterised the global regulator FpLaeB, an orthologue of LaeB protein function, to regulate the SM in Aspergillus nidulans. Through the utility of the gene targeting approach, we found that the vegetative growth of the FpLaeB deletion mutant was drastically reduced compared to that of the wild type. FpLaeB was also important for conidiation because the FpLaeB deletion mutant formed fewer conidia in induced medium. In addition, the sensitivity of the FpLaeB deletion mutant to the cell wall integrity inhibitor was decreased, while its growth was more severely inhibited by the cell membrane inhibitor sodium dodecyl sulfate (SDS) than that of the wild type. More importantly, the virulence was decreased when the FpLaeB deletion mutant was inoculated onto the wheat stem base or head. Through genome-wide gene expression profiling, FpLaeB was found to regulate several processes related to the above phenotypes such as the carbohydrate metabolic process, which is an integral and intrinsic component of membranes, especially SMs. Furthermore, the generation of DON was impaired in the FpLaeB deletion mutant via ultraperformance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) assay. These results showed that FpLaeB plays an important role in the growth, development, and maintenance of the cell wall, and in membrane integrity. More importantly, FpLaeB is required for SMs and full virulence in F. pseudograminearum.
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Introduction

The soil-borne pathogen Fusarium pseudograminearum is capable of causing Fusarium crown rot, a highly destructive worldwide disease resulting in yield losses of up to 10%–35% in a normal year in Australia and the Northwestern United States (Smiley et al., 2005; Murray and Brennan, 2009). In particular, this chronic disease is an increasing concern in the Huanghuai region of China including Henan, Hebei, and Shandong provinces (Li et al., 2012; Ji et al., 2016). The colonisation of F. pseudograminearum seems to occur at the coleoptile. Then, the infectious growth spreads to leaf sheaths and subcrown internodes with extensive browning. Severely diseased plants may result in white heads containing either no or shrivelled grains (Kazan and Gardiner, 2018). Similar to other Fusaria, some secondary metabolites (SMs) like the trichothecene toxin deoxynivalenol (DON) can contribute to the virulence in F. pseudograminearum (Monds et al., 2005; Tunali et al., 2012; Powell et al., 2017). Thus, the analyses of genes or regulation related to SM could reveal potential roles for the development or pathogenic life cycles of F. pseudograminearum. Fungal SM biosynthesis has been regulated in a complex process. The different regulations include signal transduction pathways, epigenetic modifications, and pathway-specific and global regulators (Brakhage, 2013). Global regulators including response to ambient light, carbon and nitrogen sources, and pH have been identified in several fungi (Chen et al., 2019). LaeA is a global regulator for sterigmatocystin and penicillin biosynthesis found in Aspergillus nidulans (Bok and Keller, 2004; Bayram et al., 2008). In addition, the regulation of secondary metabolism by LaeA has been characterised in other fungi, such as gliotoxin biosynthesis in A. fumigatus and lovastatin biosynthesis in A. terreus (Brakhage, 2013). In Fusarium graminearum, the expression of seven TRI genes was reduced in the FgLaeA deletion mutant. The accumulation of 15A-DON was abolished as well. The deletion of FgLaeA also leads to a 30-fold reduction of Zearalenone (Hee-Kyoung et al., 2013). Recently, a new global regulator, LaeB, involved in regulating sterigmatocystin production similar to LaeA, was identified using a forward genetic screening in A. nidulans. The LaeB protein contains a transcription initiation factor IIA (TFIIA) domain and a G-protein pathway suppressor domain. The two domains have low homology (Pfannenstiel et al., 2017). The LaeB deletion mutant exhibited a clear colour change compared to the wild type in A. nidulans. The majority of metabolites decreased or disappeared in the LaeB deletion mutant comprising the recipient strain. Meanwhile, some newly produced compounds were detectable (Lin et al., 2018). All these results suggested that most SM gene clusters should be regulated by LaeB in A. nidulans.

In light of the regulation effects of LaeB on SMs in A. nidulans, the biological functions of the plant pathogenic fungus F. pseudograminearum need to be determined to understand the intricate roles of SMs—important virulence factors that are regulated by its homologue—and in which manner this regulation may occur. Functional analysis of LaeB might provide a novel insight to understand the development and pathogenicity of F. pseudograminearum.

In this study, the effect of the LaeB orthologous gene FpLaeB in vegetative growth, conidiation, virulence, sensibility of abiotic stresses, and expression of SM genes was investigated in F. pseudograminearum. In addition to attenuated growth, FpLaeB has made a difference in conidiation and maintenance of cell wall and cell membrane integrity. Moreover, the FpLaeB gene disruption mutant drastically impaired virulence. FpLaeB was found to regulate the expression of genes related to the above phenotype such as the carbohydrate metabolic process and the integral and intrinsic component of membranes, especially SMs. The generation of DON was impaired in the FpLaeB deletion mutant as well. These results indicate that FpLaeB is involved in the growth, development, virulence, and SMs of F. pseudograminearum.



Materials and methods


Strains and growth conditions

The wild-type strain of F. pseudograminearum named 2035 was preserved by the Laboratory of Fungi Diseases in the Institute of Plant Protection, Hebei Academy of Agricultural and Forestry Sciences, PRC. The wild-type and mutant strains were activated and cultured on potato dextrose agar (PDA, 20% potato extract, 2% dextrose, and 1.5% agar) medium in this study.

The growth rates of different strains were expressed as colony radius per day on PDA medium at 25°C. For the conidiation assay, different strains were grown on carboxymethylcellulose sodium (CMC) medium for 4 days. A hemocytometer was used to determine the concentration of conidia (Chen et al., 2021). To assay stress responses, mutants and wild-type strains were grown on synthetic medium (STM) [0.05% yeast extract, 0.5% (NH4)2SO4, salts (0.15% KH2PO4, 0.06% CaCl2, and 0.06% MgSO4), and trace amounts of metals (0.0005% FeSO4 7H2O, 0.00016% MnSO4 H2O, 0.00037% CoCl2, and 0.00014% ZnSO4 7H2O)] containing NaCl (0.7 M), H2O2 (3 mM), Congo red (CR; 200 mg/L), or SDS (0.01%). Colony diameter was measured after incubation for 4 days. During gene deletion or complementarity, TB3 (0.3% yeast extract, 0.3% casamino acids, 20% sucrose, and 1.5% agar) medium mended with hygromycin B (250 μg/ml, Calbiochem, La Jolla, CA) or geneticin (250 μg/ml, Sigma, St. Louis, MO) has been used to select resistant transformants.



FpLaeB gene deletion and complementarity

The LaeB homology protein FpLaeB was identified via querying the F. pseudograminearum genomic sequence (GenBank accession NC_031951.1). The conserved domains of FpLaeB were predicted via the Conserved Domain Search Service (CD Search) in the National Center for Biotechnology Information (NCBI). The phylogenetic tree of FpLaeB and its homology proteins were constructed via the neighbour-joining method with the MEGA version 7.02 software package (Xia et al., 2021).

Open reading frame (ORF) was replaced by the hygromycin phosphotransferase gene to construct the deletion mutant of FpLaeB. Two primer pairs FpLaeB-1F/2R and FpLaeB-3F/4R were used to amplify the upstream and downstream flanking fragment of the FpLaeB gene. The hygromycin phosphotransferase (hph) gene was amplified via the primer pair HYG-F/R. The replacement fragment was constructed by joining the three fragments via double-joint polymerase chain reaction (PCR) (Yu et al., 2004). The FpLaeB replacement fragment was transformed into protoplasts of wild-type 2035 by the polyethylene glycol (PEG) approach (Liu and Friesen, 2012). Following screening by hygromycin, the transformants were screened and confirmed using PCR and Southern blot analyses, respectively (Tang et al., 2018). For complementation assays, XhoI-digested pFL2 and the FpLaeB fragments with promoters cotransformed into yeast strain XK1-25. FpLaeB–pFL2 plasmid was constructed by the yeast gap repair method (Zhang et al., 2017). Then, FpLaeB–pFL2 was transformed into the protoplasts of the FpLaeB deletion mutant by the PEG approach as well. After geneticin screening, the primer pair FpLaeB-5F/6R was used to confirm the complementation strain from geneticin-resistant transformants. Primers used for deletion, complementarity, and gene expression are listed in Supplementary Table S1.



Plant infection assays

For virulence on the wheat stem base, conidia were collected from CMC according to the method used in strains and culture conditions and then diluted to a concentration of 105 conidia/ml. The inoculation procedure was as described by Li et al. (2009) with the following modifications: Seeds of susceptible cultivar Shixin 828 were germinated on wet filter paper saturated in Petri dishes. Germinated seeds were immersed in the spore suspension for 1 min. Then, treated seeds were sown in a pot with a diameter of 15 cm containing sterile soil mix. There were three replicates, with each pot containing 20 seedlings. The severity of Fusarium crown rot was assessed at 35 days post-inoculation (dpi) using a 0–5 scale (Li et al., 2009).

For virulence on wheat heads, conidia of different strains were diluted to a concentration of 105 conidia/ml in 0.01% (vol/vol) Tween 20. A 20-μl aliquot of conidial suspension was injected into a floret of a wheat head of susceptible cultivar Shixin 828 at early anthesis. There were 30 replicates for each strain. The severity of head blight used a scale of 0–4 (Wang et al., 2015).

The severity of plants was determined using the disease index. The disease index (DI) was calculated as follows: DI = [∑ (number of diseased plants in this scale × value of this scale)/(total number of plants investigated × highest value of scale)] × 100.



RNA-seq and bioinformatics analysis

Both wild-type and mutant strains were transferred to PDA and incubated at 25°C for 3 days. Mycelia samples of three biological repetitions were collected from the surface of the colony. Total RNA of the wild-type and FpLeaB deletion mutant were extracted using an RNA extraction kit. The process followed the manufacturer’s instructions (Qiagen, Hilden, Germany). Novogene Co., Ltd. (Tianjin, China) conducted the library preparation and sequencing procedure. Clean reads for each sample were mapped on the reference genome of F. pseudograminearum CS3096 (Gardiner et al., 2012) using the TopHat 2.0.8 software with default parameters. The mapped read counts were used to determine the number of reads per kilobase per million reads (RPKM). The HTSeq v0.9.1 software was used to identify the different expressions of genes between mutant and wild-type strains (Trapnell et al., 2010). The DESeq2 software was used to isolate the differentially expressed genes (DEGs) with false discovery rate adjusted p < 0.05 (Love et al., 2014). The RPKM value of the same gene was used to calculate the fold change (FC) in log2(FC) greater than 1.0 between mutant and wild type. Gene ontology (GO) annotation was implemented by the GOseq package software (Young et al., 2010). The clusterProfiler v3.8.1 software was used to analyse the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment with p < 0.05.

Quantitative real-time PCR (qRT-PCR) was used to determine the transcript levels of SM genes (Wang et al., 2020). Total RNA was isolated from the mycelium using the TRIzol reagent (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. First-strand complementary deoxyribo nucleic acid (cDNA) was derived from total RNA using the Fermentas 1st cDNA synthesis kit (Hanover, MD) according to the manufacturer’s instructions. All values were calculated and normalised using the 2−ΔΔCT method and FpActin (FPSE_04141) gene, respectively (Livak and Schmittgen, 2001; Xia et al., 2021). Mean and standard deviation of data were collected from three biological replicates. Fisher’s least significant difference (LSD) in the Statistical Package for the Social Sciences (SPSS) was used for statistical analysis (p < 0.05). The primers are listed in Supplementary Table S1.



Determination of DON production

Three 6-mm-diameter agar plugs taken from the edge of the colony were inoculated into a 150-ml Erlenmeyer flask containing 30 ml of trichothecene biosynthesis induction (TBI) medium (Gardiner et al., 2009). After cultivating at 180 rpm in a shaker at 28°C for 3 days, the mycelium was collected for expression analysis of TRI5. The fermentation broth was filtered with a 0.22-μm aqueous filter at 14 dpi. DON was detected via ultraperformance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) (Soleimany et al., 2012).




Results


Deletion and complementarity of FpLaeB

The FpLaeB protein (accession number XP_009259110.1) contains 738 amino acids (aa) and was identified to be 47.99% homologous to A. nidulans LaeB (AN4699). A polyadenylate binding protein domain (PABP-1234) and Sec24-related protein domain (PTZ00395) were predicted at 141–251 and 68–188 aa via CD Search in NCBI, respectively. The coding gene sequence of FpLaeB was interrupted by three introns at 289–378, 1,487–2,200, and 2,875–2,924 bp (Figure 1A). Phylogenetic analysis showed that FpLaeB is a fungal LaeB homologue with a very close genetic relationship to that of F. graminearum (Figure 1B).




Figure 1 | Structures and phylogenetic analysis of LaeB/LaeB of Fusarium pseudograminearum. (A) Location of conserved domains and intron in the FpLaeB protein and gene, respectively. Blue and pink bars represent polyadenylate binding protein domain (PABP-1234) and Sec24-related protein domain (PTZ00395), respectively. Three introns interrupted the FpLaeB gene at different positions. (B) Phylogenetic analysis of LaeB in F. pseudograminearum and other fungi. The neighbour-joining method used to analyse the amino acid sequences by the MEGA version 7.02 software package. The numbers at branches represent the supporting percentage of 1,000 bootstrap replicates.



In order to generate the FpLaeB deletion mutant (LDM), we used the hygromycin B phosphotransferase (hph) gene to replace the entire ORF of FpLaeB (Figure 2A). The transformants were confirmed by PCR amplification after preliminary screening by hygromycin. There is no PCR product when the primer pairs of ORF (FpLaeB-5F/6R) were used to amplify FpLaeB deletion mutants (Figure 2B). The genomic DNA of wild-type and mutant strains were further hybridised using the hph probe (Probe h). We found that only one 6.3-kb fragment band presented in the FpLaeB deletion mutant (Figure 2C). Hence, a homologous recombination event occurred in a single locus in the FpLaeB deletion mutant. The complementarity strain of FpLaeB deletion mutants showed an expected band (LDM-C, Figure 2D).




Figure 2 | Deletion and complementation of the FpLaeB gene in Fusarium pseudograminearum. (A) The double-joint method was used to generate the FpLaeB gene replacement fragment. The arrows mark the positions and directions of primer pairs used for amplifying fragment and detection by PCR. (B) The genomic DNA of two deletion mutants was detected using four primer pairs, namely, FpLaeB-5F/6R, H850/H852, FpLaeB-7F/H855R, and H856F/FpLaeB-8R. Four lanes present the target gene, hph, and the recombination of upstream and downstream, respectively. (C) Genomic DNA of wild-type and two deletion mutants was hybridised using probe h (hph) in Southern blots. (D) PCR confirmation of complementation using primer FpLaeB-5F/6R.





FpLaeB is important for vegetative growth and conidiation

To evaluate whether FpLaeB was involved in the morphology formation of F. pseudograminearum, the deletion mutant of FpLaeB and wild-type strains were cultivated on PDA medium. The colonial morphology of FpLaeB deletion mutant strains was dramatically affected compared to wild type. There is scarcely any aerial hyphal growth in deletion mutants in contrast to the wild type. The colonies displayed a more compact appearance and a shorter peripheral edge in deletion mutants. Also, the hyphae are tenuous and curved under the microscope (Figure 3A). The hyphal growth rate of the FpLaeB deletion mutant was quantified to be 23% that of the wild type (Figure 3B). When the FpLaeB genes were reintroduced into the deletion mutant strain, the morphology formation of the complemented mutant was restored to that of the wild type (Figures 3A, B). Thus, the FpLaeB showed an important role on the growth phenotype of F. pseudograminearum.




Figure 3 | Effects of FpLaeB deletion on the morphology and conidiation of F pseudograminearum. (A) Colonies of wild-type and FpLaeB deletion mutant strains on potato dextrose agar (PDA) at 3 days post-inoculation. The photos of hyphal morphology were taken under a 200 times microscope. Bar = 20 μm. (B) Growth rate was presented by growth radius per day, which calculated radial growth between 2 and 3 dpi. (C) The logarithm of number of conidia per millilitre after 4 dpi in induced medium. Mean and standard deviation of data were calculated from three biological replicates. Statistical analysis was performed using Fisher’s least significant difference (LSD) in the Statistical Package for the Social Sciences (SPSS). Asterisks represent a significant difference between mutants and wild type (p < 0.05).



To test whether FpLaeB affected conidiation, we assayed the conidia concentration of different strains in induced media. After 4 dpi, the number of conidia was 107/ml in the wild-type strain. However, this amount was 105/ml in the deletion mutant at the same time. When reintroducing the FpLaeB genes into deletion mutant strains, the phenomenon could be reversed. This result showed the regulated effect of FpLaeB on conidiation in F. pseudograminearum (Figure 3C).



FpLaeB affects sensibility to cell membrane and the cell wall integrity inhibitor

To characterise whether FpLaeB affects sensibility to abiotic stress, the deletion mutants and wild-type strains were inoculated on STM mended with 3 mM H2O2 (oxidative stress), 0.7 M NaCl (Na+, osmotic pressure), 0.01% SDS (cell membrane damaging agent), or 200 mg/L CR (cell wall inhibitor, Figure 4A). We assayed the inhibition rates of FpLaeB deletion mutants, which were higher than those of wild type on STM mended with 0.01% SDS. The inhibition rates of FpLaeB deletion mutants were lower than those of the wild-type strain on STM mended with 200 mg/L CR. There are no significant differences in sensibility between deletion mutants and the wild-type strain when cultured on NaCl and H2O2 media (Figure 4B). The phenomenon was restored when the FpLaeB genes were reintroduced into the deletion mutant strain. These results indicated that FpLaeB is important to maintain cell wall and membrane integrity in F. pseudograminearum.




Figure 4 | Effects of FpLaeB deletion on sensibility to abiotic stress in F pseudograminearum. (A) The wild-type, FpLaeB deletion mutant, and complemented mutant strains grew on synthetic medium (STM) mended with NaCl, H2O2, SDS, or Congo red (CR). Pictures were taken after 3 dpi on stress media. (B) Inhibition rates were calculated by the growth rate of stress media compared with that of the STM without inhibitor. Mean and standard deviation of data were calculated from three biological replicates. Statistical analysis was performed using Fisher’s LSD in SPSS. Asterisks on the bars represent statistically significant difference compared to wild type (p < 0.05).





FpLaeB is required for plant infection

We assay pathogenicity tests with stem base and flowering wheat heads to characterise the role of FpLaeB in disease development. The wild-type strain developed typical crown rot and head blight symptoms at the stem base and heads at 21 dpi, respectively. Under the same condition, limited discolouration appeared only at the inoculation site of the FpLaeB deletion mutant (Figure 5A). The disease index of the FpLaeB deletion mutant was reduced by approximately 95% in the crown and head compared to that of wild type. To confirm these findings, we performed a complementation assay with the FpLaeB gene. The complementation led to a normal phenotype in both cases (Figure 5B, 5C). This result confirmed that FpLaeB is involved in virulence in F. pseudograminearum.




Figure 5 | Effects of FpLaeB deletion in plant infection. (A) Images were taken when wild-type, FpLaeB deletion mutant, and complemented mutant strains were inoculated to the stem base during the seedling stage at 21 days. (B) Flowering wheat heads inoculated with the different strains were photographed at 21 dpi. (C) Virulence is represented by the disease index. The disease index is calculated from plants with different disease grades. The experiments were repeated three times. Statistical analysis was performed by using Fisher’s LSD in SPSS. Asterisks on the bars represent statistically significant difference compared to wild type (p < 0.05).





FpLaeB regulates gene expression including membrane and secondary metabolism

We analysed transcriptomes (RNA-seq) from wild type and the FpLaeB deletion mutant [raw sequence data for RNA-seq data are available in the NCBI Sequence Read Archive (SRA), accession number: PRJNA914495] to reveal the regulatory role of FpLaeB at a genome-wide scale. The absence of FpLaeB caused a significant change in expression levels in more than 3,200 genes in the F. pseudograminearum genome. The number of differentially downregulated genes was 1,748, while 1,456 genes showed an increase in their expression [all the expression analysis at p < 0.05, log2(FC) >1 or <−1] (Supplementary Table S2). Three classes, namely, “molecular function”, “cellular components”, and “biological process”, of the gene product were used to define the GO. In the class cellular components, the two most populated categories were “integral component of membrane” and “intrinsic component of membrane”. This result showed that the majority of both upregulated and downregulated DEGs were significantly associated with “membrane” (Figure 6A; Supplementary Table S3). We observed a broad range of transcripts encoding the biosynthesis of SMs that were enriched during Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (Figure 6B; Supplementary Table S4). There were 62 gene-encoded SMs with significantly downregulated expression while 53 genes were upregulated in FpLaeB (Figure 6C). To validate the expression profiles of these SMs, the expression levels of nine genes encoding SMs were used to verify the accuracy of transcriptomes. The results show that the expression levels (five downregulation and four upregulation) were basically the same between transcriptomes and qRT-PCR (Figure 6D).




Figure 6 | Transcriptome analysis of differentially expressed genes (DEGs) between the FpLaeB deletion mutant and wild type. (A) Bar plot of Gene ontology (GO) annotation of DEGs. The DEGs were categorised into three main categories: biological process (BP), cellular component (CC), and molecular function (MF). The DEGs were log2(FC) greater than 1.0 with a threshold at p and corrected p < 0.05. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs. (C) Heatmap for differentially regulated genes encoding secondary metabolites (SMs). The different colour scale presents the counts of expression normalised by Z-score. (D) Real-time qPCR for nine DEGs encoding SM including five upregulated genes and four downregulated genes between wild-type and FpLaeb mutants. Cycle threshold of FpActin gene was used to normalise the two samples. Expression levels of these genes in wild type were arbitrarily given a value of 1. Mean and standard deviation of data were calculated from three biological replicates. Statistical analysis was performed using Fisher’s LSD in SPSS.





FpLaeB is important for DON production

Furthermore, we monitored the transcription level of the TRI5 gene and the production of DON in the FpLaeB deletion mutant and the wild-type strain in inducing medium. In comparison with the wild type, the expression levels of the TRI5 gene were downregulated 20 times in the FpLaeB deletion mutant (Figure 7A). After induced culture, the DON concentration of the culture solution in the deletion mutant strain was 60.34 µg/L. This value was significantly lower than that of the wild-type strain, which was 1,143.83 µg/L (Figures 7B, C). Therefore, FpLaeB appears to play an important role in regulating the TRI gene expression and DON production of F. pseudograminearum.




Figure 7 | Transcription level of the TRI5 gene and DON concentration in inducing medium. (A) Relative transcript abundances of the TRI5 gene in mycelium in inducing medium were compared between the wild-type and FpLaeB mutant strain at 7 dpi. Cycle threshold of the FpActin gene was used to normalise different samples. Expression levels of wild type were arbitrarily given a value of 1. (B) UPLC-MS/MS chromatogram of DON at inducing media of different strains. (C) DON concentration of different strains cultured in inducing medium for 14 days. Mean and standard deviation of data were calculated from three biological replicates. Statistical analysis was performed using Fisher’s LSD in SPSS.






Discussion

The LaeB protein is identified as a novel transcriptional regulator of the sterigmatocystin in A. nidulans. It is required for the transcription of aflR, the transcriptional regulator of the sterigmatocystin (Woloshuk et al., 1994; Pfannenstiel et al., 2017). In order to explore the regulating function of LaeB in the secondary metabolism (SM) of F. pseudograminearum, we set out to assess the importance of a putative LaeB homologue, FpLaeB, based on its homology to A. nidulans. This study found that the deletion of FpLaeB has drastically impacted the growth rate of mycelia in F. pseudograminearum. This result differs from that of a previous study in which the deletion of LaeB did not impact the growth rate of A. nidulans (Lin et al., 2018). Another homologous protein of LaeB named RsdA has been identified through the genome-wide deletion of regulators in the endophytic fungus Pestalotiopsis fici. Deletion of RsdA resulted in moderate growth reduction (Zhou et al., 2019). This finding suggests that the function of LaeB could be species-specific in fungus. The roles of LaeB could be divergent in different fungi as well.

In addition to affecting growth rate, FpLaeB also affected the conidiation, sensitivity to SDS and CR stress, and virulence in F. pseudograminearum. The regulation of virulence by LaeB is of great significance in the study of pathogenic fungi. In the present study, we demonstrated that FpLaeB plays crucial roles in virulence. Because the deletion mutant impaired growth and development, the reduction in virulence was partially due to the growth defect of the deletion mutant. However, the reduction of the disease index in the stem base and head (approximately 95%) is not proportional to the 77% reduction in growth rate on PDA. Therefore, other reasons should contribute to the reduction of virulence. As a global regulator, the regulatory role of LaeB is extensive in fungi. Other global regulators such as LaeA and velvet complex proteins played crucial roles in the regulation of morphology, development, SM, and virulence in several fungi (Bok et al., 2005; Sarikaya-Bayram et al., 2015; Wang et al., 2019; Maor et al., 2021). They are involved in the regulation of different metabolic pathways, the most significant of which was the effect on secondary metabolism. For example, the expression of at least 9.5% of genes of the A. fumigatus genome was regulated by LaeA, wherein the positive control SM biosynthesis genes such as polyketide synthases, P450, nonribosomal peptide synthetases (NRPSs), and monooxygenases amounted to 20% to 40% (Perrin et al., 2007). Also, transcriptomic and proteomic analyses indicated that VmLaeA performs both SM transport and biosynthesis in Valsa mali (Feng et al., 2020). In addition, FgVeA is involved in various cellular processes including soluble N-ethylmaleimide – sensitive factor attachment protein receptors (SNARE) interactions in vesicular transport and peroxisome biogenesis pathway in F. graminearum (Jiang et al., 2011). In the present study, the deletion of FpLaeB can affect a quarter of the genes in the F. pseudograminearum genome. This result coincided with the severe impact of FpLaeB in multiple developmental processes. The highlighted DEGs of the biological process involved the carbohydrate metabolic process according to the GO enrichment statistics (Supplementary Table S3). In Penicillium expansum, the disturbing carbohydrate metabolic process could lead to growth defect (Lai et al., 2021). Hence, the regulation of the carbohydrate metabolic process by FpLaeB is perhaps associated with growth rate in F. pseudograminearum. The most severe DEGs of the FpLaeB mutant were “membrane” genes. The most DEGs regulated by FpLaeB were membrane protein-coding genes, including “intrinsic component of membrane”, “integral component of membrane”, and “membrane part”. This finding seemed to be consistent with the increased sensitivity to SDS of mutants.

LaeB is indispensable for the biosynthesis of aflatoxin in A. flavus and sterigmatocystin in A. nidulans (Pfannenstiel et al., 2017). On the other hand, some novel polyketides have been discovered by the deletion of LaeB in A. nidulans (Lin et al., 2018). Although this regulator is conserved in Aspergilli, the function is not sterigmatocystin specific. In P. fici, the deletion of rsdA significantly reduces SMs such as asperpentyn, ficiolide A, and chloroisosulochrin. In contrast, in the rsdA deletion mutant, six known compounds were isolated, including a new non-ribosomal peptide that was isolated from P. fici for the first time. In addition, melanin was significantly accumulated in the mycelium. All these results showed that the deletion of rsdA results in significant differences in SM (Zhou et al., 2019). The regulation of SM by FpLaeB was proven again in this study. Not only did the highest expression levels and the most differential genes involve biosynthesis of the SM pathway, but also the decrement of pathogenicity-related DON was further clarified in the FpLaeB deletion mutant. DON was positively regulated by FpLaeB, and this regulation seemed to be involved in virulence in F. pseudograminearum. The model of RsdA regulation of fungal SM was proposed based on the genome-wide expression profile and with reference to the SM regulatory network in P. fici. It is proposed as an upstream regulator of velvet complex proteins for the regulation of SM, although velvet complex proteins were confirmed to be involved in the regulation of morphology, development, SM, and virulence in both F. graminearum and F. pseudograminearum (Jiang et al., 2011; Merhej et al., 2012; Gardiner et al., 2021). More research is needed to confirm this model in F. pseudograminearum.

In conclusion, we have identified that FpLaeB is important for the vegetative growth, conidiation, sensibility of cell wall and membrane inhibitors, and virulence in F. pseudograminearum. Also, a lot of downstream genes have been detected by genome-wide associations of gene expression analysis. In particular, the positive regulation of SM including DON could be related to virulence. Future research should focus on the regulation model of FpLaeB for SM.
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Root-knot nematodes (Meloidogyne spp.) are major pests of many important crops around the world. In the Northwestern region of the United States of America (USA), Meloidogyne chitwoodi causes economic losses in potatoes because the nematodes can infect the tubers, which leads to potato galling and reductions in marketable yield. Meloidogyne chitwoodi is a quarantine pathogen in certain potato export markets, and there is little industry tolerance for the presence of this nematode. Recently, two Meloidogyne species that are not known to be present in agricultural fields in the USA were detected on golf turfgrasses in California and Washington. These species, M. fallax and M. minor, are morphologically similar to M. chitwoodi and can infect potatoes and cause tuber damage. Their detection in the USA means that they could potentially infest potato fields and become a problem in potato production. Additionally, M. fallax is a regulated plant pest in the USA, which makes the correct identification of potato-infecting root-knot nematodes important. Previously, there was no single-tube assay that could determine whether M. chitwoodi, M. fallax, and/or M. minor were present in a sample. Thus, a molecular beacon real-time PCR assay which can reliably detect M. chitwoodi, M. fallax, or M. minor from crude nematode extracts was designed and characterized.
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Introduction

Root-knot nematodes are obligate sedentary endoparasites of many important agricultural crops, causing upwards of $180 billion in global crop losses annually (Sasser and Freckman, 1987; Koenning et al., 1999). Root-knot nematodes are especially problematic in potato because the nematodes cause tuber galling and internal tuber defects (Lima et al., 2018; Bali et al., 2021a). In 2019, the United States had the 5th highest production of potatoes (FAO, 2017), with three states, Oregon, Washington, and Idaho, comprising over half of the country’s entire production (Zasada et al., 2018). These states have the root-knot nematodes M. chitwoodi and M. hapla. However, M. chitwoodi is a larger threat in potato production because it hatches at lower temperatures, which allows its populations to expand rapidly in a single growing season. Meloidogyne chitwoodi also causes more visible galling on potatoes compared to M. hapla (Pinkerton et al., 1991; Ingham et al., 2000). The galling causes the tuber surface to look bumpy, and necrotic dark spots form in the tuber flesh around the M. chitwoodi females. These visual defects can significantly decrease the potato market value due to the near zero tolerance to tuber blemishes in the processing market. Although M. chitwoodi is endemic to the western region of the United States, its regulated status means there is a zero- tolerance policy in potatoes destined for export to several world markets (Ingham et al., 2007). There is currently no genetic resistance against root-knot nematodes in commercial potato cultivars.

In Europe, root-knot nematodes that are commonly found in cooler climates include M. hapla, M. naasi, M. chitwoodi and M. fallax (Wesemael et al., 2011), and both M. chitwoodi and M. fallax are root-knot nematode species on the A2 EPPO alert list (Wesemael et al., 2011; Viaene, 2014; European and Mediterranean Plant Protection Organization [EPPO], 2022). Meloidogyne fallax was originally identified as M. chitwoodi, but subsequent morphological and biochemical investigations revealed that it was a distinct species (Karssen, 1996). Meloidogyne fallax and M. chitwoodi are difficult to distinguish morphologically. They also have some of the same hosts, such as potatoes and carrots, but they differ in their ability to infect some crops, such as corn (Karssen, 1996). Both M. chitwoodi and M. fallax can cause significant damage to potato tubers, and some data indicate that M. fallax is more aggressive on potato than M. chitwoodi (Van Meggelen et al., 1994; Van Der Beek et al., 1998; Suffert and Giltrap, 2012). Although M. fallax has not been reported on potato in the USA, it was detected during a survey of golf course greens in California (Nischwitz et al., 2013). Follow up surveys by APHIS in California did not detect M. fallax, so it is considered “not present” in the USA (Kantor et al., 2022), but there remains a threat of introduction.

In 2000 a new species of root-knot nematode called M. minor was found on heavily infected potato plants from a potato field in Zeijerveld, The Netherlands (Karssen et al., 2004). The potato tubers exhibited pimple-like galling similar to the symptoms caused by M. chitwoodi and M. fallax. Meloidogyne minor was subsequently found on golf courses in the Netherlands, Belgium, United Kingdom, and Ireland (Vandenbossche et al., 2011; Morris et al., 2013). Interestingly, M. minor infections did not significantly impact tuber yield or quality in two potato cultivars (cvs Astérix and Markies) in field plots in the Netherlands (Thoden et al., 2012). However, significant tuber damage was inflicted by M. minor on potatoes grown in greenhouses (Thoden et al., 2012), indicating that M. minor biology and pathogenicity at relatively warmer temperatures, such as those in greenhouses, are not fully understood. There is also limited information about M. minor infectivity on potato cultivars commonly used in the USA, such as the Russets. Recently M. minor was reported on turf grass in the USA (McClure et al., 2012; Nischwitz et al., 2013). It is possible that this nematode could be accidentally transmitted from golf courses to arable land via contaminated sports shoes or equipment (Morris et al., 2011; Morris et al., 2013). With the potential for M. minor to spread and cause damage to potatoes, it is prudent to monitor for M. minor to help mitigate the risk it poses to USA agriculture.

To ensure proper monitoring of these Meloidogyne species, a rapid and reliable molecular test to identify these three species is necessary. Many molecular techniques have been established for identifying Meloidogyne species (Baum et al., 1994; Vrain and Petersen, 1996; Blok et al., 1997; Petersen et al., 1997; Williamson et al., 1997; Zijlstra, 1997; Castagnone-Sereno et al., 1999; Castagnone-Sereno, 2000; Zeng et al., 2015; Zhang and Gleason, 2019). These molecular techniques were often based on PCR using species specific primers that target the mitochondrial DNA, or they target the intergenic region or the internal transcribed spacer (ITS) regions of the ribosomal DNA (Giorgi et al., 1994; Hadziavdic et al., 2014; Harris et al., 1990; Van Megen et al., 2009). The technique called PCR-RFLP, which is PCR followed by restriction digestion of the amplicons to create unique restriction fragment lengths, can be used to identify several Meloidogyne species (Harris et al., 1990; Vrain et al., 1992; Powers and Harris, 1993; Zijlstra et al., 1995; Powers et al., 1997; Orui, 1998; Waeyenberge et al., 2000; Han et al., 2004; Gamel et al., 2014). The technique was found to be sensitive enough to detect a single juvenile of M. fallax or M. chitwoodi, but PCR-RFLP results can be difficult to interpret when there are mixtures of species in the reaction (Gamel et al., 2014). Zijlstra (2000) showed that primers designed to amplify sequence-characterized amplified regions (SCARs) could be used in SCAR-PCR to identify M. hapla, M. chitwoodi and M. fallax. The drawback to the SCAR-PCR is that it is not as sensitive as PCR-RFLP, and it requires at least two juveniles of M. chitwoodi or one juvenile of M. fallax as template (Zijlstra, 2000). Moreover, the previously designed SCAR-PCR primers for M. fallax were shown to cross-react with M. minor allowing for false-positives (Nischwitz et al., 2013). A multiplex real-time PCR (TaqMan) using primers designed for the ITS region was developed for the simultaneous detection of M. chitwoodi and M. fallax (Zijlstra and Van Hoof, 2006). The TaqMan PCR was a breakthrough in root-knot nematode identification in multiplexed reactions, but it did not include a third nematode of interest, M. minor (Zijlstra and Van Hoof, 2006; Wesemael et al., 2014).

There are no molecular techniques that can identify and distinguish M. chitwoodi, M. fallax, and M. minor in a one tube assay. With this in mind, we have developed a new RT-PCR assay using molecular beacons to identify and distinguish M. chitwoodi, M. fallax, and M. minor in a single reaction. This assay can be used by regulatory agencies and diagnosticians to monitor for the presence of these potato-infecting nematodes, two of which are of regulatory importance, using as little as a single juvenile isolated from samples.



Materials and methods


In silico design of primers and beacons

Primers and beacons were designed using Beacon Designer 8 (Premier Biosoft, Palo Alto, CA). Alignments of HSP90 gene sequences (Table 1) were used to find universally conserved primer sequences surrounding polymorphic regions in M. chitwoodi, M. fallax, and M. minor (Skantar and Carta, 2004). To ensure the beacon probes and primers were specific to their target organisms, the sequences were queried using the BLASTn search program and the non-redundant database (National Center for Biotechnology Information, NCBI). Primers and the beacons for the HSP90 region were synthesized by Sigma-Aldrich (St. Louis, Mo) and are described in Table 2. The M. chitwoodi beacon has 6-FAM, M. fallax beacon has HEX, and M. minor beacon has Cyan-5 as the reporters. For the quenchers, the Black Hole Quencher (BHQ-1 for 6-FAM and HEX, and BHQ- 3 for Cyan-5) was used.


Table 1 | Meloidogyne spp. HSP90 regions used for beacon designs.




Table 2 | Primers and beacon probes used in the molecular beacon RT-PCR assays.





Thermal denaturation curves

Three synthetic oligos complementary to each beacon’s loop sequence and three off-target synthetic oligos containing a single nucleotide difference to the loop sequence were synthesized by Sigma-Aldrich (Table 2) and used for creating thermal denaturation curves. For each beacon, two 50 µL reactions containing 200 nM molecular beacon probe in 3 mM MgCl2 and 10 mM Tris- HCl, pH = 8.0 were prepared with 600 nM of either the complementary or off-target synthetic oligo. A third reaction for each beacon was run containing Milli-Q water in place of the synthetic oligo as a control. Reactions were prepared in a 96-well clear qPCR plate and run on a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) starting at 80°C and decreasing to 30°C at a rate of 1°C/minute, with fluorescence measured every minute.



Nematode templates for PCR

For genomic DNA templates, the DNA was extracted from M. chitwoodi (Race 1, Race 2, and Roza) (Bali et al., 2021b; Mojtahedi et al., 2007), M. incognita, M. javanica, M. arenaria, and M. hapla eggs using a phenol/chloroform extraction protocol as described by Gross and
Williamson (2011). All three M. chitwoodi isolates (Race 1, Race 2, and Race 1 Roza) were originally provided by Dr. Charles Brown (USDA-ARS). The M. hapla isolate VW9, M. incognita isolate VW6, M. javanica isolate VW4, and M. arenaria isolate HarA were provided by Dr. Valerie Williamson (Table 3, UC-Davis). All Meloidogyne species were maintained on the susceptible tomato Solanum lycopersicum cv. Rutgers under greenhouse conditions. The identities of the M. chitwoodi, M. hapla, M. incognita, M. javanica and M. arenaria populations were confirmed using species-specific PCR (Powers and Harris, 1993; Zijlstra, 2000; Wishart et al., 2002).


Table 3 | Meloidogyne spp. used for testing molecular beacon RT-PCR specificity.



To amplify and clone the HSP90 amplicon from M. chitwoodi race 1, M. fallax and M. minor, F- HSP90 and R-HSP90 primers were used in a PCR with approximately 15 ng of M. chitwoodi, M. fallax, or M. minor DNA. Reactions were 50 µL total volume and contained 1x AmpliTaq Gold 360 buffer, 3 mM MgCl2, 200 µM dNTPs, 200 nM F-HSP90 and R-HSP90 primers, and 1.25 U of AmpliTaq Gold. The reactions were run on an Eppendorf Mastercycler Pro Thermal Cycler as follows: 94°C for 10 minutes, then 30 cycles of 94°C for 15 seconds, then 58°C for 30 seconds, and 72°C for 30 seconds, and then finally 72°C for 5 minutes. Reactions were pooled and cleaned up using a ThermoFisher GeneJET PCR purification kit (Thermo Fisher, Waltham, MA) and the purified PCR products were ligated into pGEM-T vector. The 10 µL ligation reaction contained 1x Rapid Ligation buffer, 3 Weiss Units of T4 ligase, purified PCR product, pGEM-T vector (Promega, Madison, WI), and Milli-Q water. Plasmids were cloned into TOP10 E. coli and extracted from the overnight bacterial cultures using a GenElute Plasmid Miniprep kit (Sigma-Aldrich, St. Louis, MO). The HSP90 amplicons from M. chitwoodi, M. minor, and M. fallax in the pGEM-T vector will be referred to as plasmid HSP90.



Optimizing the reactions

A standard curve using M. chitwoodi gDNA as template was prepared using 1:10 serial dilutions. Reactions were run at a volume of 50 µL on a CFX96 Real-Time PCR Detection System in a 96-well clear qPCR plate. Reaction mixes contained 1x AmpliTaq Gold 360 buffer, 3 mM MgCl2, 200 µM dNTPs, 200 nM F-HSP90 and R-HSP90 primers, 200 nM target beacon (C1-Hsp90-FAM-6) and 1.25 U of AmpliTaq Gold. The cycling conditions were as follows: 95°C for 10 minutes, then 55 cycles of 95°C for 15 seconds (sec), 54°C for 30 sec, and 72°C for 15 sec. The increase in fluorescent signal was registered during the annealing step of the reaction. The M. chitwoodi standard curve used 5 points, with template DNA concentrations ranging from 40 ng to 4 pg. Additional standard curves were made for M. chitwoodi, M. fallax (F1-Hsp90-HEX-5 beacon), and M. minor (M2-Hsp90-Cyan-5 beacon) using the same reaction conditions, but in which the plasmid HSP90 templates for the reactions were serial dilutions of 0.4 ng – 4 fg, 2 ng – 2 fg, and 0.4 ng – 0.04 fg respectively. Each concentration was run in triplicate. Non-template controls containing only water were included for all standard curves, and each curve was repeated with similar results. To calculate the PCR efficiency, the following equation was used

	



Molecular beacon RT-PCR

The second stage juveniles (J2s) of M. chitwoodi race 1 were hatched from eggs collected from Rutgers tomatoes grown in greenhouses at Washington State University. Meloidogyne fallax and M. minor J2s were provided by the Wageningen Nematode Collection (National Plant Protection Organization, the Netherlands) and stored in DESS at -20°C. Second stage juveniles were digested using the protocol described in Qiu et al. (2006). In brief, J2s were picked under a dissecting scope and transferred to 15 µL droplets of Milli-Q water. The nematodes were crushed using a pipet tip; 10 µL of the crushed nematode was transferred to a 10 µL solution containing 2 µL AmpliTaq Gold 360 buffer, 2 uL of 600 µg/mL Proteinase K, and 6 µL Milli-Q water. The reaction mixes were incubated at -20°C for 20 minutes, heated for 1 hour at 65°C, and then 95°C for 10 min before cooling to room temperature. The nematode samples were spun at 12,000 rpm for 2 min before storing at -20°C until used in PCR. Five µL of these J2 samples were used as template for molecular beacon RT-PCR, and each sample was run in duplicate or triplicate. The 50 µL reaction mixes contained 1x AmpliTaq Gold 360 buffer, 3 mM MgCl2, 200 µM dNTPs, 200 nM F-HSP90 and R-HSP90 primers, 200 nM target beacon (C1-Hsp90-FAM-6, F1-Hsp90-HEX-5, or M2-Hsp90-Cyan-5) and 1.25 U of AmpliTaq Gold. The reaction conditions were the same as those used for the standard curves. All molecular beacon RT-PCR assays with these three species were repeated at least twice with similar results.

To ensure the specificity of this assay 40 ng of gDNA from M. incognita, M. javanica, M. arenaria, or M. hapla was used as template for molecular beacon RT-PCR assay using C1-Hsp90-FAM-6, F1-Hsp90-HEX-5, and M2-Hsp90-Cyan-5 beacons. Non-template controls containing only Milli- Q water were included as well as positive controls using 4 pg of plasmid HSP90 for M. chitwoodi,

M. fallax, or M. minor. The 50 µL reaction mixes contained 1x AmpliTaq Gold 360 buffer, 3 mM MgCl2, 200 µM dNTPs, 200 nM F-HSP90 and R-HSP90 primers, 200 nM target beacon (C1- Hsp90-FAM-6, F1-Hsp90-HEX-5, or M2-Hsp90-Cyan-5) and 1.25 U of AmpliTaq Gold. The reaction conditions were the same as those used for the standard curves. The molecular beacon RT-PCR assays with non-target species were repeated twice with similar results.

All PCR products in this paper were visualized as follows: 10 µL of each PCR product was loaded onto a 1.5% agarose gel and separated for 45 min at 100 V before visualizing with ethidium bromide under UV light. The Invitrogen 1-kb plus DNA ladder was used as reference for size.



Multiplex molecular beacon RT-PCR

Initial multiplex molecular beacon RT-PCR assays were performed using equal template concentrations of each species. Each reaction tube contained the same amount of M. chitwoodi, M. minor and M. fallax template HSP90 plasmid DNA (20 pg of each species). To the template DNAs, the reaction mix was added. The reaction mix contained 1x AmpliTaq Gold 360 buffer, 3 mM MgCl2, 200 µM dNTPs, 200 nM F-HSP90 and R-HSP90 primers, 200 nM of each of the three target beacons (C1-Hsp90-FAM-6, F1-Hsp90-HEX-5, and M2-Hsp90-Cyan-5) and 1.25 U of AmpliTaq Gold polymerase. The amount of fluorescence for each reaction at different template concentrations with the three different probes was measured at each cycle on the CFX96 Real- Time PCR Detection System.

Varying ratios of plasmid HSP90 templates were used to test the validity of multiplexing. One template was kept at 20 pg while the other two were loaded ten times more concentrated at 200 pg each. Reaction mixes contained 1x AmpliTaq Gold 360 buffer, 3 mM MgCl2, 200 µM dNTPs, 200 nM F-HSP90 and R-HSP90 primers, 200 nM of each beacon (C1-Hsp90-FAM-6, F1-Hsp90-HEX-5, M2-Hsp90-Cyan-5) and 1.25 U of AmpliTaq Gold. The reaction conditions were the same as those used for the standard curves.

Multiplex with proteinase K digested J2s were tested with 1 J2 or 5 J2 of each species present in the reaction mix. A single J2 from M. chitwoodi, M. fallax, and M. minor were picked under a dissecting microscope and placed into a single 15 µL droplet of Milli-Q water and digested as described above and used as template for qPCR. Similarly, for the 5 J2 multiplexing, 5 J2s from M. chitwoodi, M. fallax, and M. minor were picked under a dissecting microscope and placed into a single 15 µL droplet of Milli-Q water and digested and used as template for qPCR. Reaction mixes contained 1x AmpliTaq Gold 360 buffer, 3 mM MgCl2, 200 µM dNTPs, 200 nM F-HSP90 and R-HSP90 primers, 200 nM of each beacon (C1-Hsp90-FAM-6, F1-Hsp90-HEX-5, M2- Hsp90-Cyan-5) and 1.25 U of AmpliTaq Gold. The reaction conditions were the same as those used for the standard curves.

All molecular beacon RT-PCR multiplex samples were run in duplicate, or triplicate and the assays were repeated at least once with similar results.




Results


Design and optimization of PCR primers and molecular beacon probes

The molecular beacon probes were based on the heat shock protein 90 (HSP90) sequence information in Genbank for M. chitwoodi, M. fallax, and M. minor (Table 1). This gene was chosen because the sequence is polymorphic between the three species, and the gene had been previously used in a PCR-based nematode identification assay (Nischwitz et al., 2013; Skantar and Carta, 2004). Primers were designed that were specific for the conserved HSP90 sequence in M. chitwoodi, M. fallax, and M. minor, but span the polymorphic regions between these species within the gene (Figure 1). The HSP90 gene was amplified using the genomic DNA (gDNA) of M. chitwoodi race 1, M. fallax, and M. minor as the PCR templates. Sequencing the amplicons confirmed that the predicted polymorphic regions were present in the HSP90 sequence of each species.




Figure 1 | Alignment of partial HSP90 gene sequences for M. chitwoodi, M. fallax, and M. minor. Universal primer sequences are highlighted in gray. Variable regions targeted by the beacons are highlighted in teal for M. minor, magenta for M. chitwoodi, and yellow for M. fallax. Asterisks indicate conserved regions between all three species, gaps indicate missing nucleotides according to the alignment.



Molecular beacons were designed to target the polymorphic regions in each species, with the beacons hybridizing to the complementary sequences shown in Table 2. To determine the optimal annealing temperature for each molecular beacon probe, a melting curve analysis was performed using oligonucleotides complementary to the molecular beacon probe sequence and oligonucleotides with a single nucleotide substitution (Table 2, Figure 2). The optimal annealing temperature for M. chitwoodi, M. fallax, and M. minor molecular beacon probes was 54°C.




Figure 2 | Denaturation curves of molecular beacon probes (A) M. chitwoodi beacon C1-Hsp90- FAM-6 in the presence of excess complementary template, SNP template, or no template (B) M. fallax beacon F1-Hsp90-HEX-5 in the presence of excess complementary template, SNP template, or no template. (C) M. minor beacon M2-Hsp90-Cyan-5 in the presence of excess complementary template, SNP template, or no template.



To measure the amplification efficiency of the molecular beacon RT-PCRs, the cycle threshold (Ct) values were obtained over a range of template concentrations for all three nematode species. This information was used to generate standard curves at an annealing temperature of 54°C. First, M. chitwoodi race 1 genomic DNA was used as the PCR template with DNA concentrations ranging from 40 ng to 4 pg. When using M. chitwoodi race 1 DNA template, the molecular beacon RT-PCR assay had an efficiency of 89% and an R2 = 0.9984 (Figure 3A). The commonly occurring M. chitwoodi Race 1 (Brown et al., 2009) was used as the template for subsequent PCRs and molecular beacon RT-PCR assays (Figure 3A). DNA from Race 2 and the pathotype Race 1 Roza of M. chitwoodi generated similar standard curves (Figure S1), indicating that the molecular beacon RT-PCR assay could detect M. chitwoodi, including isolates of the species common in Washington (Bali et al., 2021a).




Figure 3 | Standard curves of known concentrations of templates from M. chitwoodi, M, fallax, and M. minor with 95% confidence intervals (A) The relationship between Ct values and the natural log of M. chitwoodi race 1 gDNA from 40 ng to 4 pg (n = 3). (B) M. chitwoodi HSP90 plasmid DNA template from 2 ng to 20 fg (n = 3). (C) M. fallax HSP90 plasmid DNA template from 0.2 ng to 20 fg (n = 2). (D) M. minor HSP90 plasmid DNA template from 0.4 ng to 0.04 fg (n = 3).



Next, a fragment of the M. chitwoodi HSP90 gene was amplified using the F-HSP90 and R-HSP90 primers. This amplicon was cloned to generate the “M. chitwoodi HSP90 plasmid,” which was used as the PCR template for further reactions. The efficiency of the molecular beacon RT-PCR using the M. chitwoodi HSP90 plasmid as the PCR template was compared to using genomic DNA as the reaction template. By calculating the slope of the standard curve, the PCR efficiency for M. chitwoodi HSP90 plasmid was 101% with an R2 = 0.9980 (Figure 3B). This was better, but comparable to the reaction efficiencies using M. chitwoodi genomic DNA as the reaction template (efficiency of 89% and an R2 = 0.9984).

Cloned HSP90 fragments from M. fallax and M. minor were also used as template for the molecular beacon RT-PCR assays. The M. minor molecular beacon RT-PCR had an efficiency of 90% and an R2 = 0.9994 (Figure 3D), and the M. fallax molecular beacon RT-PCR had an efficiency of 83% with an R2 = 0.9984 (Figure 3C).



The molecular beacon probes are specific for the target nematode

The M. chitwoodi molecular beacon probe could detect the M. chitwoodi amplicon, but not the amplicons from M. fallax and M. minor in a molecular beacon RT-PCR (Figure S2A). The same was true for the other molecular beacon probes; the M. fallax probe could only hybridize to the M. fallax amplicon (Figure S2B) and the M. minor probe could only hybridize to the M. minor amplicon (Figure S2C).

Meloidogyne hapla, M. incognita, M. javanica, and M. arenaria are the four major species of root- knot nematodes found worldwide. When the HSP90 sequences of M. hapla, M. incognita, M. javanica, or M. arenaria were aligned with the HSP90 sequences from M. chitwoodi, M. fallax and M. minor, the probes were specific to their respective nematode (Figure S3). When qPCR was run using gDNA from M. hapla, M. incognita, M. javanica, or M. arenaria none of the molecular beacon probes produced fluorescence (Figure S4), indicating that there is no off-target binding to these other root-knot nematode species.



HSP90 molecular beacon probes detect the presence of a single juvenile of M. chitwoodi, M. fallax, or M. minor

To validate whether the molecular beacon RT-PCR assays could detect M. chitwoodi, M. fallax, or M. minor using DNA isolated directly from juveniles, crude extracts from 1 or 5 J2s of each species was used as the template for molecular beacon RT-PCR. The M. minor assay was the most sensitive with an average Ct of 35.7 (standard error of means (SEM) = 0.22, n = 7) for a single J2, and an average Ct of 32.7 for 5 J2s (SEM = 0.46, n = 2) (Figure 4C). The M. fallax assay was the least sensitive, with a single J2 sample having an average Ct of 43.6 (SEM = 1.16, n = 8) and 5 J2s having an average Ct of 39.8 (SEM = 1.04, n = 2) (Figure 4B). Finally, the molecular beacon RT- PCR for M. chitwoodi produced an average Ct for a single J2 of 38.9 (SEM = 0.64, n = 10) and a Ct of 34.7 for 5 J2s (SEM = 0.83, n = 2) (Figure 4A). All J2s digests were positive for all three species satisfying the 95% positive replicate criterion suggested by Forootan et al. (2017) for qPCR limit of detection. In the negative controls, no significant fluorescence was observed. These results demonstrate the sensitivity of the molecular beacon probes and their ability to detect the presence of M. chitwoodi, M. fallax, or M. minor from the crude extract of a single juvenile.




Figure 4 | Molecular beacon RT-PCR amplification curves using crude extracts from 1 or 5 J2s of (A) M. chitwoodi (B) M. fallax, or (C) M. minor as the reaction template.





Multiplex PCR with the molecular beacon probes

Further investigation was carried out to see if the molecular beacon RT-PCR assay could detect the nematode of interest when there is a mixture of nematodes in the reaction. When 20 pg of M. chitwoodi, M. fallax, and M. minor HSP90 templates were mixed in a single reaction containing all three beacon probes, it was possible to detect each species (Figure 5A). Detection of all three species was also possible using crude extracts from digested J2s when all 3 species were mixed, either as single J2s or as 5 J2s each (Figure 6).




Figure 5 | Multiplexed molecular beacon RT-PCR assays containing equal or unequal parts M. chitwoodi, M. fallax, and M. minor plasmid template. (A) Amplification curves from 20 pg of M. chitwoodi (average Ct = 31.3, SEM = 0.11, n = 6), M. fallax (average Ct = 30.9, SEM = 0.20, n = 6), and M. minor (average Ct = 30.1, SEM = 0.09, n = 6) in a single reaction (B) Amplification curves from 20 pg of M. chitwoodi (no amplification, n = 6), 200 pg M. fallax (average Ct = 26.8, SEM = 0.62, n = 6), and 200 pg M. minor (average Ct = 26.3, SEM = 0.39, n = 6) in a single reaction (C) Amplification curves from 20 pg of M. fallax (no amplification, n = 6), 200 pg M. chitwoodi (average Ct = 27.0, SEM = 0.50, n = 6), and 200 pg M. minor (average Ct = 25.1, SEM = 0.13, n = 6) in a single reaction. (D) Amplification curves from 20 pg of M. minor (no amplification, n = 6), 200 pg M. chitwoodi (average Ct = 26.6, SEM = 0.24, n = 6), and 200 pg M. fallax (average Ct = 26.6, SEM = 0.20, n = 6) in a single reaction.






Figure 6 | Multiplexed molecular beacon RT-PCR assays containing an equal mix of 1 or 5 J2s from M. chitwoodi, M. fallax, and M. minor as template. (A) Amplification curves from 1 J2 of M. chitwoodi (average Ct = 42.3, SEM = 0.43, n = 10), M. fallax (average Ct = 43.7, SEM = 0.78, n = 10), and M. minor (average Ct = 41.1, SEM = 0.69, n = 10) in a single reaction. (B) Amplification curves from 5 J2s of M. chitwoodi (average Ct = 42.4, SEM = 0.63, n = 4), M. fallax (average Ct = 42.7, SEM = 0.92, n = 4), and M. minor (average Ct = 42.7, SEM = 0.62, n = 4) in a single reaction.



To investigate how the assay performed when templates were not present in equal parts, mixes of M. chitwoodi, M. fallax, and M. minor HSP90 plasmid templates were made that had one species present at 20 pg, and the other two species present at 200 pg. The templates present at 200 pg were reliably detected, but the template at 20 pg could not be detected in these reactions (Figures 5B–D).

Overall, the data suggests that the molecular beacon RT-PCR assay can detect each species in a multiplexed reaction. However, an important caveat is that the sample detection is inhibited for the target species if the other two species are in relative excess in concentration.




Discussion

Nematode identification is a critical component for biosecurity, particularly when dealing with regulated nematodes. Meloidogyne minor, M. chitwoodi and M. fallax juveniles can be difficult to distinguish from each other, making morphological-based identification challenging. We designed a molecular beacon RT-PCR assay to detect M. chitwoodi, M. minor, and M. fallax. The assay is species-specific, easy to perform, rapid, and reliable. It is also able to detect small amounts of DNA and could identify the species using a single J2 as the reaction template. This means it can be adapted for identifying J2s extracted from soil or from J2s hatched from eggs (Adam et al., 2007). This assay can be very useful because individual J2s can be picked and then used directly to identify if it is one of three species. If all three beacons are used on a single J2, a positive or negative identification of either M. chitwoodi, M. fallax, or M. minor can be obtained in a reaction time under 2 hours. This assay will help to determine the distribution of these nematodes and prevent their spread to new potato growing regions.

A previous comparison between TaqMan and molecular beacon probes for analyzing single nucleotide polymorphisms (SNPs) in human DNA found that molecular beacon probes are better in detecting sequence variants; in a panel of DNA samples, the molecular beacon probes were more reliable in detecting GC-rich targets compared to the TaqMan probes designed for that region (Täpp et al., 2000). In addition, the data showed that the molecular beacon probes could better detect minority sequence variants over a wider range of template concentrations compared to the TaqMan assay, suggesting that the molecular beacon probes offer advantages in sensitivity and robustness over TaqMan assays (Täpp et al., 2000). Our results indicate that the molecular beacon probes we developed for M. chitwoodi and M. fallax are more sensitive than the previously developed TaqMan assay for these two species (Zijlstra and Van Hoof, 2006). Our molecular beacon RT-PCR assays could detect DNA concentrations as low as 0.04 fg for M. minor and 4 fg and 2 fg for M. chitwoodi and M. fallax, respectively, which is better than or comparable to previous TaqMan molecular beacon RT-PCR assays (Braun-Kiewnick and Kiewnick, 2018; Zijlstra and Van Hoof, 2006; Weerdt et al., 2011). The M. chitwoodi and M. minor assays both had PCR efficiencies of ≥ 90%. This is an improvement in efficiency for M. minor (Weerdt et al., 2011) and a similar efficiency for M. chitwoodi compared to the previously published TaqMan assays (Zijlstra and Van Hoof, 2006). The M. fallax assay had the lowest PCR efficiency of the three at 83%. However, 83% is still a relatively good efficiency compared to previously published PCR assays for root-knot nematodes. For example, the TaqMan assay for M. minor had an efficiency of 62% (Weerdt et al., 2011). The performance of the molecular beacon RT-PCR assays indicate that the assay has a high sensitivity, specificity (the probes only detect the target species) and reproducibility over multiple experiments. While this assay is species-specific, standard curves using Race 1, Race 2, or Race 1 Roza gDNA from M. chitwoodi showed that this assay cannot distinguish between the M. chitwoodi isolates. Therefore, this the assay would be suitable for general M. chitwoodi detection despite the fact that the known races in Washington differ genetically (Bali et al., 2021b).

Multiplexing would allow for the simultaneous detection of the three species in one tube. The multiplexing experiments showed that we could detect each species of nematode when similar quantities of template of the three species were present. Because the PCR efficiencies were high and because the PCR primers are targeting the same sequences in all three species, when all three species are present in similar amounts, the amount of target amplicons produced from each species should be similar, resulting in detectable amplicons. However, we found that our ability to detect a species was compromised if its DNA template was present at relatively low ratios (≥1:10) compared to the other species. Although the sensitivity of multiplexing is limited by the relative quantities of DNA template from each of the three species, it is still a useful tool for the sensitive detection and identification of M. chitwoodi, M. fallax, and M. minor.

This assay provides a simple and rapid molecular protocol for distinguishing M. chitwoodi, M. fallax, and M. minor from one another using as little as a single J2 as the reaction template. The assays described here use DNA isolated from juvenile(s) since they are commonly found in soil samples, but DNA could be isolated from eggs and adult nematodes and used as the reaction template. This is the first molecular method that reliably identifies these three species of potato-infecting root-knot nematodes. It could be used by diagnosticians and extension agents as a tool for tracking the spread of M. chitwoodi, M. fallax and M. minor in the USA.
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Wheat breeders are developing new virus-resistant varieties; however, it is assumed that only a few viruses or well-known viruses are present in the field. New sequencing technology is allowing for better determination of natural field virus populations. For three years, 2019-2021, Kansas wheat field surveys were conducted to determine the constituents of natural field virus populations using nanopore sequencing. During analysis, brome mosaic virus (BMV) was identified for the first time in Kansas but was in association with other wheat viruses. Brome mosaic virus was identified from 29 out of 47 different Kansas counties sampled and 44% of the total samples. BMV was found co-infected with wheat streak mosaic virus (WSMV) and Triticum mosaic virus (TriMV) in 27.8% of the samples, with WSMV only (13.9%) and co-infected with WSMV + TriMV + High Plains wheat mosaic emaravirus (HPWMoV) (13.9%). RNA genomes of Kansas BMV isolates had 99.4 to 100% nucleotide and amino acid sequence identity, respectively, to each other. RNA2a possessed relatively high divergence (π = 0.01) compared to RNA1a and RNA3a (π = 0.004). Coding regions of all BMV RNAs were considered negative for purifying selection pressure as nonsynonymous and synonymous nucleotide ratio was less than one (dNs/dS >1). The identification of BMV in Kansas virus populations adds another layer of complexity to plant breeding. This work provides information to improve tools to aid in monitoring, detecting, and determining the variation within BMV.




Keywords: wheat virus, virome, brome mosaic virus, mixed infection, selection pressure





Introduction

Brome mosaic virus (BMV, Genus: Bromovirus, family: Bromoviridae) is the type member of a group of icosahedral, positive-strand ssRNA viruses with a tripartite linear genome. The genome is comprised of RNA1, RNA2, and RNA3 (Ahlquist et al., 1984; Kao and Sivakumaran, 2000). RNA1 encodes protein 1a, containing capping and RNA helicase activities, RNA2 encodes protein 2a, a putative RNA-dependent RNA polymerase, and RNA3 encodes the movement protein (MP) and coat protein (CP). The CP is coded as a sub-genomic strand within RNA3 and recognized as RNA4 (Kao and Sivakumaran, 2000; Rao, 2006). BMV virions encapsidate RNA1 and RNA2 separately, whereas RNA3 is encapsidated with sub-genomic RNA4 in a single virion (Rao, 2006). The capsid of all three particles contains 180 CP subunits arranged in icosahedral symmetry (Lucas et al., 2002).

BMV is distributed worldwide as it has been reported in the United States (Mian et al., 2005; Srivatsavai, 2005; Hodge et al., 2019), Canada (Díaz-Cruz et al., 2018), South Africa (Von Wechmar and Rybicki, 1985), Estonia (Sõmera et al., 2016), Poland (Trzmiel et al., 2015), Lithuania (Urbanavičienė and Žižytė, 2012), Serbia (Tošič, 1971), Hungary (Pocsai et al., 1991), Great Britain (Gibson and Kenten, 1978), Brazil (Caetano et al., 1990), and Russia (Lane, 1974). BMV has a wide host range and mainly infects grasses of the Poaceae family, including major crops such as wheat, barley, oats, corn, and sorghum, but can infect dicot plants including soybean, common beans, faba beans, cowpea, tobacco, and Nicotiana benthamiana or Chenopodium species (Lane, 1974; Kao and Sivakumaran, 2000; Trzmiel et al., 2016; Hodge et al., 2019). Viral induced symptoms vary by plant species. In grasses, the distinct BMV symptoms include yellow mosaic, with light and dark green streaks and chlorosis similar to the symptoms caused by many cereal viruses (Slykhuis, 1976; Mian et al., 2005; He et al., 2021).

The primary transmission route of BMV in plants is still ambiguous (He et al., 2021), but spread has been reported by several modes of transmission. Mechanical inoculation is highly efficient as the virus can be transmitted by farm machinery in the field (Lane, 1974; Mian et al., 2005) and by using BMV-infected plant sap, purified virions or infectious clones (Srivatsavai, 2005; Hodge et al., 2019; He et al., 2021). A low rate of transmission by vectors, including flea beetle (Altica foliaceae, (Srivatsavai, 2005), Russian wheat aphid (Diuraphis noxia), nematodes (Longidorus breviannulatus and Xiphinema spp., (Schmidt et al., 1963; Huff et al., 1987), and bird cherry-oat aphid (Rhopalosiphum padi) (Rybicki and Von Wechmar, 1982; Damsteegt et al., 1992) were recorded in greenhouse experiments with wheat or barley as a host. BMV transmission was also associated with wheat stem rust (Puccinia graminis tritici) as BMV virus particles were attached to the uredospores surface collected from fields (Erasmus et al., 1983). Infectious BMV was detected in water resources surrounding cereals fields, demonstrating that the virus can survive without its host and vector (Jeżewska et al., 2019).

BMV was studied as a model for RNA virus biology and as an expression vector in recombinant DNA technology (Kao and Sivakumaran, 2000; He et al., 2021), however, only a few studies have been conducted to evaluate the BMV incidence on economically important crops. BMV was the dominant virus in wheat fields in Hungary in, 1994-95 (Papp et al., 1996), and an average 13% BMV incidence in Alabama wheat field samples collected in, 2004 (Srivatsavai, 2005). Greenhouse studies showed that BMV reduced wheat height, weight, and yields (Pocsai et al., 1991). Hodge et al., 2019 reported up to 61% yield loss on soft red winter wheat when inoculated at early growth stages. BMV was detected with a high prevalence in wheat and showed a potentially high risk to wheat production in Ohio (Hodge et al., 2020). Mixed infection of multiple wheat viruses in a single plant compounds the risk, resulting in a synergistic yield reduction (Lane, 1974).

As Kansas is one of the top wheat-producing states in the USA (USDA, National Agricultural Statistics Service, 2021), any new threat to wheat production could lead to millions of dollars in lost productivity (Hollandbeck et al., 2021). Multiple virus infections in a single plant are common. Frequent monitoring of viral pathogens and accurate diagnosis of field virus diversity is essential to design management strategies. There is a great demand for accurate new techniques to identify multiple cereal virus infections in a single wheat plant. This study presents the detection and characterization of BMV isolates obtained from Kansas wheat using Oxford Nanopore sequencing techniques (ONT). ONT has proven to be a powerful method of detecting new plant viruses, specifically those in wheat (Fellers et al., 2019; Dong et al., 2022). The information regarding BMV co-infection with other viruses provides the foundation for accurate diagnosis in mixed infection of multiple viruses and the use of ONT for the dual purpose of surveillance and in-depth genetic and evolutionary characterization.





Materials and methods




Field survey and RNA extraction

An ad-hoc field survey was conducted during the wheat growing season from May to July, from, 2019 to, 2021 in major wheat growing counties of Kansas. A total of 84 samples exhibiting yellow discoloration or mosaic patterns were collected from the newest wheat leaf taken between jointing to the soft dough stage from 47 different counties of Kansas. Leaf tissue of each sample was stored at - 20°C until the tissue could be processed for RNA extraction. Total RNA was extracted using the mirVana RNA extraction kit (Ambion Catalog number: AM1560, Thermo Fisher Scientific, MA, USA) from 200 mg of tissue following the company’s instructions. RNA concentration was measured by NanoDrop spectrophotometer (NanoDrop Technologies, Rockland, DE, USA). Only samples with concentrations ranging from 100-120 ng/ul and 260/280 values between 1.8-2.0 were used in library preparation. Seven µg of total RNA was treated with 1 µl of DNase using Turbo DNase-Free ™ kit (AM, 1907, Ambion®, Thermo Fisher, MA, USA) in a 50 µl reaction volume according to the manufacturer’s instruction.





Nanopore sequencing

Samples were barcoded using the Oxford PCR-cDNA Barcoding kit (SQK-PCB109) during preparation of the MinION cDNA library following the manufacturer’s instruction (Oxford Nanopore Technologies, Oxford, U.K.) with the following modifications. A total reaction volume of 11 µl was prepared with 1µl (100 to 120 ng/µl) total RNA, 1 µl of 2 µM VN primers (oligo dT VNP, SQK-PCB109, ONT), 1 µl of 10 mM dNTPs (Invitrogen, catalog number: 1875160), 8 µl of nuclease-free water (NFW) and incubated at 65°C for 5 minutes. Second strands were synthesized by mixing 4 µl 5x RT buffer (Invitrogen, catalog number, 18090200), 1 µl of RNaseOUT (Invitrogen, catalog number, 10777019), 2 µl of 10 µM Strand-Switching primer (SSP, SQK-PCB109, ONT), and 1 µl of NFW was added to the barcoding mix and incubated at 42°C for 2 minutes. One µl of Maxima H minus Reverse Transcriptase (Invitrogen, catalog number, 18090200) was added to make a total volume of 20 µl and incubated for 90 minutes at 42°C, followed by heat inactivation for 5 minutes at 85°C.

Five ul of reverse-transcribed RNA was used along with 1.5 µl barcode primers (BP01 to BP12, SQK-PCB109, ONT) for each sample up to 12 samples, 18.5 µl of NFW, and 25 µl of 2X LongAmp Taq Master Mix (New England Biolabs, catalog number #M0287). PCR amplification consisted of 95°C for 30secs for initial denaturation, 15 cycles of 95°C for 15secs, 62°C for 15secs, 65°C for 12 minutes, and final extension of 6 minutes at 65°C. One µl of NEB exonuclease 1 (New England Biolabs, catalog number #M0293) was added after completing PCR and incubated for 15 minutes at 37°C, followed by 80°C for 15 minutes. After completing the incubation and heating, 40 µl of AMPure XP beads (Beckman Coulter, #A63881) were added to the reaction and incubated for 5 minutes in a rotator mixer at room temperature (18-20°C). Beads were washed with freshly prepared 70% ethanol following the manufacturer’s instructions (Oxford Nanopore Technologies, Oxford, U.K.). The cDNA library was eluted in 12 µl of Elution buffer (EB, SQK-PCB109, ONT). After measuring the concentration of the cDNA library, the barcoded samples were pooled to a final volume of 11 µl and a 1 µl of Rapid Adaptor (RAP, SQK-PCB109, ONT) was added. The 12 µl total volume was incubated at 22°C for 15 minutes. The prepared library was loaded on the MinION R9.4.1 flow cell (Oxford Nanopore) following the manufacturer’s priming and loading instruction (Oxford Nanopore Technologies, Oxford, U.K.).





Bioinformatics

MinKNOW operating software (version: 21.06.13, Oxford Nanopore Technologies, Oxford, U.K.) provided the fast5 raw data. These signals were translated to nucleotide bases by using the guppy basecaller (version 5.0.11 + 2b6dbff) high accuracy option (config dna_r8.4.1_450bps_hac.cfg, (Wick et al., 2019) to get fastq data. Barcoded files were sorted into individual folders using guppy barcoder. Adapters were trimmed using porechop v0.2.3 (Wick et al., 2017). Reads were sorted for 75 bp - 30 Kbp using Nanofilt v2.3.0 (De Coster et al., 2018). Thus, obtained reads were mapped against cereal virus reference genomes. Using CLC Genomic Workbench® v21.0.4 (Qiagen, MD, United States) by aligning reads against reference genome of the most common cereal viruses (Supplementary Table 1). The following parameters were used in CLC workbench, reads were mapped to reference using the parameters following resequencing analysis with masking mode = no masking, match score = 1, mismatch cost = 2, cost of insertions and deletions = Linear gap cost, insertion cost = 3, deletion cost = 3, length fraction = 0.5, similarity fraction = 0.8, global alignment = no, non-specific match handling = map randomly, output mode = create stand-alone read mappings, create report = yes, collect unmapped reads = no. The consensus sequences with low coverage were blasted in the NCBI nucleotide (blastn) database to confirm the presence of BMV. The minimum sequence read length of consensus sequence for the identification of a particular virus was, 1000 bp considered as lower limit to count.





Sequence alignment, percent identity, and similarity

The coding region of each protein (RNA1a, RNA2a, MP, and CP) of BMV isolates sequenced in this study and selected isolates from GenBank (Supplementary Table 2) were aligned using Multiple Sequence Alignment ‘MUSCLE’ alignment in Mega X (Kumar et al., 2018) with default parameters (Max Iterations 16, Cluster Method) separately. Aligned sequences were analyzed to obtain percent identity using an ‘MUSCLE’ online program supported by EMBL-EBI (Edgar, 2004). The amino acid sequence alignments obtained from Mega X were analyzed using the SMS (Sequence Manipulation Suite) online program available through bioinformatics.org (Stothard, 2000) to obtain amino acid percent identity and similarity of the coding regions of each protein of BMV.





Phylogenetic analysis

The cassia yellow blotch virus (CYBV) and olive latent virus 2 (OLV) were used as outgroups (Supplementary Table 3). To construct the cladograms, the best fitting nucleotide substitution models were determined by the maximum likelihood fits (Nei and Kumar, 2000; Kumar et al., 2018). The best-fitted model was selected based on the lowest Akaike information criterion (AIC) and Bayesian information criterion (BIC) scores (Guindon and Gascuel, 2003). These models were TN93 + G (Tamura-Nei substitution model with Gamma distributed rate) for RNA1a and RNA2a, K2 + I (Kimura-2-parameter model with Invariant sites) for MP and CP of BMV. Maximum likelihood cladograms were constructed using Mega X with parameters as follows: the number of Bootstrap replications of, 1000, nucleotide substitution model as mentioned above for coding regions of different RNAs, and the number of threads of 4.





Population genetics analysis

The population genetic analysis was done with the BMV US isolate sequences obtained from this study and isolates with complete coding sequence available in GenBank. The program DnaSP version 5.10 (Librado and Rozas, 2009) was used to analyze the population genetic parameters including the number of segregating sites (s), the total number of mutations (η), nucleotide diversity (π), and mutation rate (θw) each were calculated on the protein-coding sequence of RNA1a (five isolates: 20SM3, 19RP1, BMV_OK, BMV_M1, and BMV_M2), of RNA2a and sub-genomic RNA4 (coat protein, CP) (seven isolates: 20SM3, 19RP1, BMV_OK, BMV_OH, BMV_OH2, BMV_M1, and BMV_M2) and for RNA3a (movement protein, MP) (12 isolates; 7 isolates obtained from this study and five BMV_OK, BMV_OH, BMV_OH2, BMV_M1, and BMV_M2). The program MEGA X (Kumar et al., 2018) was used to estimate non-synonymous substitutions (dN), synonymous substitutions (dS) and their ratio (dN/dS = ω) using the bootstrap variance estimation method with, 1000 replicates under the model of Kumar method (Kimura 2-para) for each encoded protein.






Results

Between the years of, 2019 and, 2021, 84 field samples consisting of wheat leaf tissue from plants at the jointing to soft dough stage were taken from wheat fields across the state of Kansas (Figure 1). Plants were selected based on expression of virus-like symptoms of mosaic, yellowing, and stunting. Total RNA was extracted, but varied in quantity and quality based on the original sample and how it was stored. Oxford nanopore based sequencing produced differing numbers of total reads ranging from 1.29 million (20SD4) to just 60,378 (20WH).




Figure 1 | Map of Kansas counties where samples were collected in 2019, 2020, and 2021. Counties with no data indicates never sampled during this study.






Co-infection of brome mosaic virus

Brome mosaic virus was identified from 29 different counties of Kansas out of 47 counties sampled (Figure 2). 44% (37 out of 84 total samples) of the samples processed using ONT were positive for BMV. Out of these 37 positive samples, BMV was found co-infected with WSMV and TriMV (27.8%), followed by co-infected with WSMV only (13.9%) and with WSMV + TriMV + HPWMoV (13.9%) (Figure 3). BMV was found co-infected with BYDV+WSMV+ TriMV+ HPWMoV (11.1%). 2.8% of the BMV positive samples were identified co-infected with wheat spindle streak mosaic virus (WSSMV) and soilborne wheat mosaic virus (SBWMV) (Figure 3).




Figure 2 | Map of Kansas with counties where brome mosaic virus was identified using Nanopore sequencing. Counties with no data indicates never sampled during this study.






Figure 3 | Percent incidence (n = 37) of brome mosaic virus co-infected with of wheat streak mosaic virus (WSMV), triticum mosaic virus (TriMV), High Plains wheat mosaic emaravirus (HPWMOV), brome mosaic virus (BMV), barley yellow dwarf virus (BYDV), wheat spindle streak mosaic virus (WSSMV), cereal yellow dwarf virus (CYDV), soilborne wheat mosaic virus (SBWMV)in leaf samples collected from Kansas wheat fields detected by Nanopore sequencing. Virus-like symptomatic wheat leaves were collected from winter wheat field in 2019, 2020, and 2021.







Sequencing BMV genome

We obtained an average of 4.52 x 105 raw reads from 37 samples obtained from Nanopore sequencing (Supplementary Table 3). The average reads of BMV and coverage of each sample were varied (Supplementary Table 4). Two complete genome and nine complete nucleoprotein sequence of total 11 isolates (Supplementary Table 4) were obtained and deposited in GenBank. The remaining samples with missing few nucleotides in the coding regions of the genome were excluded from further study. Complete genomes of RNA1, RNA2, and RNA3 of BMV were obtained from Smith and Republic counties of Kansas. However, the complete sequence of movement protein was obtained from Cheyenne, Decatur, Ness, and Jewell counties (Supplementary Table 4).

The complete coding sequences of RNA1a and RNA2a (Table 1, Table 2 respectively) as well MP and CP (Table 3, Table 4 respectively) were aligned with the sequences obtained from the GenBank.


Table 1 | Nucleotides/amino acid sequence identity (similarity) of RNA1/RNA1a genome of rome mosaic virus (BMV) isolates from Kansas and other known BMV isolates retrieved from GeneBank.




Table 2 | Nucleotides/amino acid sequence identity (similarity) of RNA2/RNA2a genome of brome mosaic virus (BMV) isolates from Kansas and other known BMV isolates retrieved from GeneBank.




Table 3 | Nucleotides/amino acid sequence identity (similarity) of RNA3/RNA3a (Movement protein, MP) genome of brome mosaic virus (BMV) isolates from Kansas and other known BMV isolates retrieved from GeneBank.




Table 4 | Nucleotides/amino acid sequence identity (similarity) of RNA4 (coat protein, CP) genome of brome mosaic virus (BMV) isolates from Kansas and other known BMV isolates retrieved from GeneBank.



RNA1: RNA1 of BMV encodes for methyltransferase and helicase. The nucleotide sequences of RNA1a (ORF1a) were > 99% identical and 100% amino acid sequence identity between the isolates 20SM3 and 19RP1 from Smith and Republic counties (Table 1). The nucleotide sequence and amino acid sequence of both isolates were > 99% identical with the other US isolates from OH, OK, and WI. However, the nucleotide sequence of BMV isolates from the Czech Republic (BMV_CZ) and Estonia (BMV_Estonia) were 98.2% and 98.5% identical with 20SM4 and were 97.9 and 98.2 identical with 19RP1 respectively. The nucleotide sequence of the BMV_CZ isolate was 97.8% to 98.3% identical with other US isolates (OH, OK, and WI).

In ORF1a, the amino acid substitutions were unique among isolates. Two Ohio isolates (BMV_OH, and BMV_OH2) share two amino acid substitutions (Q278R and D569A) out of three. BMV_OH2 and BMV_OK shared one amino acid substitution (K536I). The isolate from Estonia had eight amino acid substitutions out of 10 isolates compared (Supplementary Figure 1), including three consecutive amino acid substitutions and deletion from 21 to 23 (T21H, T22del, and N23H). It also shared three amino acid substitutions (A257T, D573G, and K827Q) with the BMV_CZ isolate. Both Czech and Estonian isolates showed higher variability than US isolates and isolates from UK and Germany in RNA1a.

RNA2: RNA2 of BMV encodes RNA-dependent RNA polymerase. The complete genome coding sequence of RNA2 was 99.6% identical and 100% amino acid sequence identity between the two isolates 20SM3 and 19RP1 (Table 2). The nucleotide sequence and amino acid sequence of both isolates were > 99% identical with other US isolates. However, the nucleotide sequence of both isolates was about 98% and 97.5% identical to the isolate from the Czech Republic and Estonia respectively. Two isolates from OH were 99.9% nucleotide and 100% amino acid sequence identical to each other. Notably, the 20SH3 and 19RP1 isolates share one amino acid substitution (E667K) in ORF2a or RNA2a which is unique to only these Kansas isolates (Supplementary Figure 2). Among other US isolates, there were four amino acid substitutions in BMV_OK isolate (L606W, D627E, T717M, K776R), three amino acid substitutions in BMV_M1 isolate (I609V, M655T, and l746I), two amino acid substitutions in BMV_M2 isolate (K567R and T717M), and BMV_UK isolate also had three amino acid substitutions (S132T, R277K, and T784A) (Supplementary Figure 2). There were six amino acid substitutions in the Czech isolate (H199R, R277K, K281R, K621R, L766S, and L809V) and five amino acid substitutions in Estonian isolate (A134V, A135D, D148E, D162V, and A677S).

RNA3: RNA3 of BMV encodes two proteins: the movement protein (MP) and the coat protein (CP). The nucleotide and amino acid sequences were 100% identical for ORF 3a (MP) among the three isolates obtained in this study (20SM3, 19CN1, and 19CN3). 19JW1 and 19 RP1 were also 100% identical for nucleotide and amino acid sequences to each other. 19NS2 was >99% nucleotide sequence and 100% amino acid sequence identity for ORF 3a with 20SM3, 19CN1, 19CN3, and 19DC1 (Table 3). The nucleotide and amino acid sequences of isolates 19JW1 were >99% identical for ORF 3a (MP) among isolates obtained in this study. The nucleotide sequence and amino acid sequence identity were >99% among isolates from OH, OK, WI, and Estonia. However, nucleotide sequence and amino acid sequence of ORF 3a of the Czech isolate were >98% identical among all isolates analyzed except BMV_OH2 isolate (>97% identity). The 19RP1 and 19JW1 isolates share one amino acid substitution (L275F) with each other. The isolates 19NS2 has one amino acid substation (D166N) (Supplementary Figure 3). BMV_OH, BMV_OH2, BMV_OK, and BMV_M2 shared one amino acid substitution (T299S). Two OH isolates of BMV shared one more isolate (V162I). BMV_M1 and BMV_UK isolates shared one amino acid substitution (P81S) and BMV_UK also shared one more amino acid substitution (D166H) to BMV_Germany. The Czech isolate has five amino acid substitutions on S57P, I99V, Q225R, L275P, and G276D (Supplementary Figure 3).

In CP ORF (coat protein), the nucleotide and amino acid sequences were 100% identical among two isolates obtained in this study (20SM3 and 19RP1) as well as with BMV_OH isolate (Table 4). The nucleotide sequences were 99.8% and 100% identical with 20SM3 and 19RP1 to BMV_OH2 and BMV_Estonia. However, the nucleotide sequences were about 96.8% and 97.4% amino acid identity between BMV_CZ isolate compared with 20SM3 and 19RP1. BMV_CZ had 95.8% to 96.8% nucleotide sequence and 97.4% to 97.9% amino acid sequence identity with other isolates analyzed in this study. The Czech isolate has five amino acid substitutions including R22P, T24A, A25V, R26K, and A124V (Supplementary Figure 4). BMV_OK (R26T and L35F) and BMV_UK (R26G and V100I) have two amino acid substitutions and BMV_M1 (R23W) and BMV_M2 (A25T) have one amino acid substitution (Supplementary Figure 4).





Phylogenetic analysis

The sequence of coding regions of RNA1a, RNA2a, and RNA4 of 11 BMV isolates, two isolates from this study, and nine isolates obtained from GenBank (Supplementary Table 3) were used to construct the three cladograms separately (Figures 4A, B, D). We obtained complete sequences of RNA3a of seven isolates from this study and the cladograms constructed of a total of 16 BMV isolates (Figure 4C), nine isolates obtained from GenBank (Supplementary Table 1). Cassia yellow blotch virus (CYBV) and Olive latent virus 2 (OLV) were used as outgroups in the analysis.




Figure 4 | Cladogram of brome mosaic virus isolates. (A). Cladogram of brome mosaic virus (BMV) isolates based on the coding sequence alignment of RNA1a sequenced in this study (highlighted in purple text) and selected strains retrieved from GenBank. The phylogenetic tree was made using the maximum likelihood analysis with a TN93 + G substitution model conducted in MEGA X (Kumar et al., 2018). The tree with the highest log likelihood (-11086.86) is shown. The percentage of replicate trees in which the associated taxa clustered together based on 1000 bootstrap replicates is presented. The posterior probability of 70% was the cutoff value and branches not supported were collapsed. Cassia yellow blotch virus (CYBV) and Olive latent virus2 (OLV) were used as outgroups in the analysis. Brackets on the right side indicate the taxa clustered in BMV clades A to C (B). Cladogram of brome mosaic virus (BMV) isolates based on the coding sequence alignment of RNA2a sequenced in this study (highlighted in purple text) and selected strains retrieved from GenBank. The phylogenetic tree was made using the maximum likelihood analysis with a TN93 + G substitution model conducted in MEGA X (Kumar et al., 2018). The tree with the highest log likelihood (-9746.52) is shown. The percentage of replicate trees in which the associated taxa clustered together based on 1000 bootstrap replicates is presented. The posterior probability of 70% was the cutoff value and branches not supported were collapsed. Cassia yellow blotch virus (CYBV) and Olive latent virus 2 (OLV) were used as outgroups in the analysis. (C). Cladogram of brome mosaic virus (BMV) isolates based on the coding sequence alignment of RNA3a (movement protein) sequenced in this study (highlighted in purple text) and selected strains retrieved from GenBank. The phylogenetic tree was made using the maximum likelihood analysis with a K2 + I substitution model conducted in MEGA X (Kumar et al., 2018). The tree with the highest log likelihood (-4171.53) is shown. The percentage of replicate trees in which the associated taxa clustered together based on 1000 bootstrap replicates is presented. The posterior probability of 70% was the cutoff value and branches not supported were collapsed. Cassia yellow blotch virus (CYBV) and Olive latent virus 2 (OLV) were used as outgroups in the analysis. Brackets on the right side indicate the taxa clustered in BMV clades A and B (D). Cladogram of brome mosaic virus (BMV) isolates based on the coding sequence alignment of RNA4 (coat protein) sequenced in this study (highlighted in purple text) and selected strains retrieved from GenBank. The phylogenetic tree was made using the maximum likelihood analysis with a K2 + I substitution model conducted in MEGA X (Kumar et al., 2018). The tree with the highest log likelihood (-2359.86) is shown. The percentage of replicate trees in which the associated taxa clustered together based on 1000 bootstrap replicates is presented. The posterior probability of 70% was the cutoff value and branches not supported were collapsed. Cassia yellow blotch virus (CYBV) and Olive latent virus 2 (OLV) were used as outgroups in the analysis. Brackets on the right side indicate the taxa clustered in BMV clades A and B.



The eleven BMV isolates used in this study were grouped into separate clades depending upon the RNA genome. The coding sequence of RNA1a of 11 BMV isolates consists of three clades (Figure 4A). Clade A was represented by three isolates: Czech, Estonian, and a Wisconsin isolate from the US. Clade B was represented by a single isolate 20SM3 from Smith County, KS. Clade C included isolates from the US, UK, and Germany. In clade C, two isolates from Ohio and isolates from UK and Germany form separate sister taxa groups (Figure 4A).

Based on the coding sequence of RNA2 of 11 BMV isolates, the BMV RNA2a topology grouped into a single clade (Figure 4B). However, similar two isolates from Ohio and isolates from UK and Germany form a sub-clade with separate sister taxa groups (Figure 4B).

The topology constructed using the coding sequence of the movement protein of BMV consisted of two clades (Figure 4C). Clade A included the isolates from the Czech Republic and Estonia. Clade B polytomies included isolates from the UK, Germany, and other US isolates. The isolates collected from Jewell (19JW1) and Republic (19RP1) Kansas counties form a sister taxa group (Figure 4C). The other three isolates collected from Smith (20SM3), Ness (19NS2), Cheyenne (19CN1 and 19CN3), and Decatur (19DC1) counties form the polytomy in clade B.

Similarly, the cladogram constructed using coding sequences of RNA4 (Coat protein) also consists of two clades (Figure 4D). Clade A was represented a single BMV Czech isolate. Clade B consisted of all US isolates and isolate from Estonia, the UK, and Germany. In Clade B, a sister taxa group was formed by isolates from Germany and UK.





Population genetic parameters and neutrality tests

The population genetic parameters including nucleotide diversity, mutation, and mutation rate per segregating site of BMV US isolates were calculated using DnaSP 5.10 (Table 5). RNA2a exhibited the highest diversity (π = 0.01), while RNA1a and RNA3a showed the lowest diversity (π = 0.004). The degree of constrains for amino acid changes measured by the dN/dS for each encoded region showed that RNA3a was the least tolerant region with the order of tolerance RNA1a > RNA2a > RNA3b > RNA4 compared to RNA3a and RNA4.


Table 5 | Population genetics parameters for encoded region of selected United States brome mosaic virus isolates calculated using DnaSP (Librado and Rozas, 2009) and MEGA X (Kumar et al., 2018).



The dN/dS ratio of the number of nonsynonymous substitutions to the number of synonymous substitutions for all proteins coding genes was < 1 for US isolates of BMV (Table 3). The selection pressure was measured from the three different algorithms (FEL, FUBAR, and SLAC) and the purifying or negative selection was supported by all three methods. No positive selection pressure was significantly reported at least by two methods (data not shown).






Discussion

Detection of wheat viruses is complicated due to the high probability of co-infection multiple viruses. Diagnostic laboratories in the Great Plains region primarily use immunological methods to confirm, which are detected singly. Nanopore technology has been previously used to successfully identify multiple wheat-infecting viruses co-infected in a single sample (Fellers et al., 2019). Accurate diagnosis of viral infections affects the management of wheat viruses through host resistance. Accurate diagnosis of viral infections affects the management of wheat viruses through host resistance. As one of the main factors that affect the durability of resistance is the dynamics of genetic variability of a pathogen (García-Arenal and McDonald, 2003). In this study, we reported the details of BMV co-infection with other wheat viruses in Kansas that were not previously identified and compared genetic variability and evolutionary characteristics with other BMV isolates obtained from this study and retrieved from the GenBank. The results of the genetic characterization of BMV isolates we recently identified in Kansas wheat fields provide information on the further study of wheat virus evolution, designing appropriate diagnostic tools, and developing durable viral disease management strategies through the breeding program.

Our results identifying BMV from 29 different counties of Kansas suggested that BMV has the potential to cause significant economic losses in Kansas wheat production. Previous studies showed that BMV reduced the wheat kernel weight and number of kernels per spike (Tošič, 1971; Pocsai et al., 1991) and total grain yield up to 61% at early stage inoculation in Ohio wheat fields (Hodge et al., 2019). Our finding of this virus coinfected with common yield-reducing wheat viruses in Kansas demands future studies to examine the bi-, tri-, quadri, or multipartite interaction of these viruses in wheat and their impact on production. A recent study reported the quadripartite infection of wheat by BMV, WSMV, TriMV, and Barley stripe mosaic virus (BSMV) resulted in severe disease synergism with the death of most infected plants (Tatineni et al., 2022). The authors also reported the titer of the viruses depends upon the types of multipartite infection. Therefore, future research should endeavor to measure the impact of multipartite infection on Kansas-adapted wheat cultivars to estimate the differential synergistic impact of viruses on Kansas wheat production.

Sequence alignment analysis of the coding regions of BMV RNAs showed that they were closely related to each other as they shared a high nucleotide sequence identity (>95%). However, US isolates showed lower similarity to Czech and Estonian isolates. Similar results were also reported by Jeżewska et al., 2019 comparing BMV isolates from Poland with BMV isolates from other European and US isolates. Gadiou and Kundu, 2013; Jeżewska et al., 2019 reported the most divergence in coat protein RNA4 region. Our results also showed higher similarities in both nucleotide and amino acid sequence of RNA3a movement protein, and US isolates had the least nucleotide sequence identity with Czech isolate in coat protein region (96.5%).

The two conserved domains of RNA1a are RNA capping enzyme domain (L52, H80, D106, and R136) helicase-like domains (K691, D755, and G781) and a polymerase-related domain of RNA2a (451 to 484) required for BMV RNA replication and mutation in or near these domains abolishes or decrease BMV RNA synthesis (Kroner et al., 1989; Koonin et al., 1991; Ahola et al., 2000). Amino acid sequence alignments of the BMV isolates in this study also maintained the integrity of the conserved domains of RNA1a and RNA2a (Supplementary Figures 1, 2).

The amino acid substitutions were variable among isolates, and past studies showed that host adoption played an important role. De Jong and Ahlquist, 1995 described viral RNA accumulation in systemic infection closely associated with interaction with virus-host. They reported that both BMV_M1 and M2 strains systemically infected the monocot host barley but the dicot host cowpea was infected systemically only by BMV_M2. RNA3a movement protein and C-terminus of coat protein control the BMV movement from cell to cell and systemic movement (De Jong et al., 1995; Okinaka et al., 2001) and movement protein also played a role in host specificity (De Jong and Ahlquist, 1992; Mise et al., 1993; Mise and Ahlquist, 1995). De Jong et al., 1995 showed that quadruple substitution in BMV_M2 movement protein (E59Q, S81P, S297G, and T229S) were required to infect cowpea dicot host systemically. None of these substitutions were found in BMV_M1, the monocot-adapted isolate. Our results of BMV isolates obtained from the wheat host in this study had only one amino acid (S81P) change similar to BMV_M2 (Supplementary Figure 3). However, BMV_OH, BMV_OH2, and BMV_OK shared only two amino acid substitutions with BMV_M2 (S81P and T299S). Hodge et al., 2019 reported that cowpea and soybean were systematically infected by BMV_OH, which means only two amino acid substitution in MP were sufficient to infect dicot hosts. The isolates obtained in this study had only one amino acid substitution out of four essential substitutions. If these isolates can infect the dicot host with one amino acid substitution, that threatens the crop production of dicot and monocot crops due to host expansion. Therefore, future studies to determine the host ranges of Kanas BMV isolates, or survey of corn, soybean, and fescue from Kansas for detection of BMV will help to develop the management strategies of crop rotation or management of the BMV reservoir or alternative hosts.

Sacher and Ahlquist, 1989 reported that the deletion of the first 25 amino acids of BMV coat protein failed on the packaging of RNA and systemic infection. BMV isolates analyzed in this study have no change in the first 23 N-terminal amino acids in coat protein showing the conserved N-terminal region required for packaging and systemic infection. Additionally, Rao and Grantham, 1995 revealed that amino-terminal residues of 1 to 7 are required for chlorotic local lesions, and systemic infection in Chenopodium quinoa however did not affect barley plant infections. Therefore 1-7 N-terminal residues play important role in virus-host interactions. Deletion first 11, 14, and 18 N-terminal amino acids, especially arginine-rich motif, played a role in modulating symptom expression and movement in dicot and monocot hosts (Rao and Grantham, 1996). Okinaka et al., 2001 investigated the 19 alanine-scanning mutant, the results indicated that the C-terminal region (mainly from 178 to 187 residues) played an essential role in virus encapsidation and movement as alanine mutant on this region failed to produce virion and cell to cell movement. Yi et al., 2009 showed that three residues (D139, R142, and D 148) in the C-terminal of CP required for the BMV RNA accumulation as a mutation on these residues impact CP-associated activities. We also found no variations in the first 23 N-terminal and last 64 C-terminal amino acid residues in CP of BMV isolates analyzed in this study (Supplementary Table 4).

Phylogenetic relations showed modest variation among isolates with slightly different clustering based on nucleotide sequences of RNA genomes (Figures 4A–D) and indicated different evolutionary constraints in the different coding regions of RNAs. As only limited complete genomes of BMV are available in the GenBank, the cladograms indicated no clear grouping of isolates by geographical areas. The isolates from the Czech Republic and Estonia, UK and German, and two isolates from Ohio were most closely related to each other as they formed sister taxa in all four trees. Also, the BMV_M1 (US isolates) clustered with isolates from Estonia and the Czech Republic and 20SM3 singly formed clade B on cladogram constructed based on ORF 1a. These results suggested that although, 20SM3 was 100% similar in protein identity with 19RP1 it was sufficiently different in the nucleotide sequence, suggesting synonymous substitutions. Jeżewska et al., 2019 reported a similar clustering of the US isolates, Czech and Estonian isolates based on the CP region that we reported in this study. The slight variability among BMV isolates in different coding regions might be associated with interaction with the specific hosts and the genetic requirements to perform successful cell to cell and systemic movement (De Jong and Ahlquist, 1995; De Jong et al., 1995).

The selection pressure in protein-coding genes was calculated by nonsynonymous to synonymous substitution (dNs/Ds) ratio. The values of the dNs/Ds used to identify protein sites that experience neutral selection (dNs/Ds ≈ 1), negative or purifying selection (dNs/Ds >1), and experience positive or adaptive/diversifying selection (dNs/Ds >1) (Yang et al., 2000; Kosakovsky Pond and Frost, 2005). The ratio of the nonsynonymous and synonymous positions (dNs/Ds) estimation of all ORF of BMV genome was below one that indicates the negative or purifying selection. This result is similar to the common negative, or purifying selection of other plant RNA viruses (García-Arenal et al., 2001) as genetic stability is common. Future analysis of many BMV isolates would be needed for more accurate assessment of population parameters. The high genetic stability found for all proteins of BMV could be attributed to negative or purifying selection to maintain the functional integrity of the viral genome as described by other RNA viruses (Moreno et al., 2004). The low genetic diversity and purifying selection as common selection pressure was also reported for populations of other RNA viruses including WSMV, TriMV, cucumber mosaic virus, and Citrus psorosis virus (Stenger et al., 2002; Martín et al., 2006; Nouri et al., 2014; Redila et al., 2021). As plant RNA viruses have a short genome, each amino acid sequence contributed to encode protein. However, there is some room for the variation in RNA viruses through mutation and recombination (Drake and Holland, 1999; García-Arenal et al., 2001). The linear model of replication, preventing mutational meltdown, and genetic bottlenecks are the other reasons for low variability or neutral and purifying selection in RNA viruses (Stent, 1963; French and Stenger, 2003).

Overall, the present study characterized the newly identified BMV isolates from Kansas wheat fields. Though focused on wheat infecting wheat viruses and those with poly-A tails, this study provides meaningful evidence that BMV is commonly present in Kansas wheat. This is an indicator that in future work, a broader analysis may be warranted to detect unique viral sequences not commonly tested for in diagnostic lab samples to examine the viral population contained within a single wheat plant. This study showed the significance of nanopore sequencing in detection, diagnosis, and molecular characterization based on the whole genome sequence of undetected plant pathogens. This long-read technology has been successfully used in complete genome sequencing of plant pathogens, but also the diagnosis of unknown pathogens (Hamim et al., 2022; Sun et al., 2022). Nanopore sequencing technology uses single-molecule sequencing technology and can provide cost-effective, rapid results when compared to alternate systems, making it a good choice for diagnostics (Villamor et al., 2019). Furthermore, ONT allows for greater resolution of mixed viral infections (Liefting et al., 2021). Information of genetic variation, phylogenetic relationship with the other US and non-US isolates, and evolutionary mechanism employed by four different RNA genomes of BMV would support the sustainable management of wheat viruses through genetic resistance.
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Blackleg and aerial stem rot of potato (Solanum tuberosum L.), caused by soft rot enterobacteria of the genera Pectobacterium and Dickeya, has recently increased years in Hebei Province, China. Field surveys were performed during the 2021 potato growing season in Hebei to identify and characterize bacterial pathogens. Sixteen potato plants showing blackleg or aerial stem rot were collected from three potato-producing areas, and ten representative pectinolytic bacteria were isolated from symptomatic plants. 16S rDNA sequencing and multilocus sequence analysis were performed to determine the taxonomic position of the bacterial isolates. The isolates belonged to the genus Pectobacterium, including Pectobacterium atrosepticum, Pectobacterium carotovorum, Pectobacterium brasiliense, and Pectobacterium parmentieri. The exceptions were isolates BY21311 and BY21312, which belonged to a new species of Pectobacterium polonicum previously found in groundwater. The taxonomy of isolate BY21311 was confirmed using whole genome-based analysis. P. polonicum has only been identified in potato plants on one farm in Baoding region in China. Isolates BY21311 and BY21312 displayed similar physiological and biochemical traits to the type strain DPMP315T. Artificial inoculation assays revealed that isolate BY21311 fulfilled Koch’s postulates for potato blackleg. These findings represent the first time P. polonicum, a water-associated Pectobacterium species may be the cause of blackleg in the field. Interestingly, P. polonicum BY21311 has reduced ability to macerate potato tubers when compared to P. atrosepticum, P. brasiliense, P. versatile, and P. parvum, which is more virulent in tubers than the type strain DPMP315T. The host range of isolate BY21311 was determined by injection method, which can impregnate five plants. Although the genome of isolate BY21311 harbors gene clusters encoding a type III secretion system, it did not elicit a hypersensitive response (HR) in Nicotiana benthamiana or N. tabacum leaves. T3SS effector AvrE and T4SS effector PilN were obtained by predicting isolate BY21311 genome. P. polonicum appears to show significant variations in gene content between two genomes, and gene content varies between isolates BY21311 and DPMP315T, with strain specific-genes involved in many aspects, including lipopolysaccharide biosynthesis, substrate translocation, T4SS and T6SS among others, suggesting that isolates BY21311 and DPMP315T might represent distinct clades within the species.
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Introduction

The genera Pectobacterium and Dickeya, also referred to as soft rot Pectobacteriaceae (SRP), are the primary pathogens causing soft rot diseases in several plant hosts (Ma et al., 2007; Charkowski, 2018). SRP causes blackleg and aerial stem rot in the field and tuber soft rot in the field and storage, leading to substantial economic losses in potato production worldwide. Unlike the situation in Europe and the United States, where Dickeya species has emerged as a significant threat to potato production (Toth et al., 2011; Ma et al., 2018; Curland et al., 2021), the causal pathogens of potato soft rot diseases reported in China have all been Pectobacterium species to date. Although Dickeya species have been reported in China to cause of soft rot in rice (Pu et al., 2012), banana (Zhang et al., 2014), pear (Tian et al., 2016), ornamental plants (Lin et al., 2012; Zhou et al., 2012) and sweet potato (Huang et al., 2010), Dickeya has not yet been identified in potato plants. P. atrosepticum and P. carotovorum were once regarded as the most frequently isolated pathogens that are associated with potato soft rot diseases in China (Zhang et al., 2012; She et al., 2013). In recent years, other Pectobacterium species, including P. brasiliense (Zhao et al., 2018; Jiang et al., 2019), P. parmentieri (Cao et al., 2021), P. versatile (Han et al., 2022), P. polaris (Handique et al., 2022a) and P. punjabense (Handique et al., 2022b), have also been reported in the primary potato growing areas in China. Two citrate negative isolates of P. polaris were reported to cause aerial stem rot in Hebei Province, and subsequent genome-based analysis confirmed that they belonged to the newly established species, P. parvum (Wang et al., 2022a; Wang et al., 2022b).

The Pectobacterium genus has been enlarged with several new species over the past few years. As of the end of 2019, there were 18 validly published species were in the genus (Charkowski, 2018; Sarfraz et al., 2020). In 2020, an atypical group of P. polaris, was elevated to the species level as P. parvum sp. nov (Pasanen et al., 2020). In 2021, P. quasiaquaticum sp. nov. was established, representing a group of strains isolated from waterways in France (Moussa et al., 2021). Within the genus, P. quasiaquaticum is closely related to P. aquaticum, which also has a freshwater origin (Pedron et al., 2019; Babinska et al., 2021). To date, a total of 11 Pectobacterium species have been reported in potato plants, including P. aroidearum, P. atrosepticum, P. betavasculorum, P. brasiliense, P. carotovorum, P. parmentieri, P. peruviense, P. parvum, P. polaris, P. punjabense, and P. versatile (Pasanen, 2020; Pasanen et al., 2020).

DNA sequence-based methods are used to detect and characterize of bacteria. The 16s rDNA universal primers (Weisburg et al., 1991) are the most widely used for rapid diagnosis; however, the 16S rDNA has poor discriminatory power and may not be reliable at the species or subspecies level (Drancourt et al., 2000; Mignard and Flandrois, 2006; Naum et al., 2008). Therefore, PCR assays based on other housekeeping genes have been developed for more specific detection of Pectobacterium species, for example, pel (Darrasse et al., 1994), recA (Waleron et al., 2002), pmrA (Kettani-Halabi et al., 2013), gapA (Cigna et al., 2017), and dnaA (Dobhal et al., 2020). Multilocus sequence analysis (MLSA) schemes have also been established (Ma et al., 2007; Waleron et al., 2008; Nabhan et al., 2012; Waleron et al., 2018; Oulghazi et al., 2019) because concatenation or coalescence of multiple gene loci yields more accurate phylogenetic inference. The implementation of whole genome sequencing (WGS) in SRP has fundamentally improved the phylogenetic inference of Pectobacterium species, and WGS of bacteria has now become the new gold standard for species delineation (Zhang et al., 2016; Portier et al., 2020; Jonkheer et al., 2021).

The incidence of blackleg and aerial stem rot of potatoes has increased over recent years in northern China, and SRP has caused significant yield loss in highly susceptible cultivars, including Xisen 6, Huangxin 226, Helan 15 (also known as Favorita), and others (Zhao et al., 2018; Cao et al., 2021; Han et al., 2022; Handique et al., 2022a; Wang et al., 2022a; Handique et al., 2022b). In 2021, potato blackleg and aerial stem rot were reported in the three primary production areas in Hebei Province. Diseased plants were sampled during field surveys, and Pectobacterium species were isolated from plant tissue and subsequently identified using 16S rDNA sequencing and MLSA. In the present study, P. polonicum, a new Pectobacterium species discovered from groundwater in Poland (Waleron et al., 2019), was identified by MLSA and further confirmed using WGS and genome-based analysis. Koch’s postulates were fulfilled, confirming P. polonicum as an opportunistic pathogen cause of potato blackleg. Physiological characteristics and virulence traits of the species were also studied. We also compared the genomes of P. polonicum isolates DPMP315T and BY21311 to reveal gene content differences.





Materials and methods




Plant samples and bacterial isolates

In 2021, symptomatic potato plants were collected from three regions in Hebei Province (Supplementary Table S1). Potato plants showing blackleg were observed in a village in Yutian County, Tangshan region. The disease incidence in that field was approximately 25%, and the size of the field size was 3 ha. The cultivar was Helan 15 (Favorita), and we collected five potato plants there. Chinese cabbage (Brassica rapa subsp. pekinensis) was grown in the neighboring fields. Potato blackleg was also found in an organic farm in Boye County, Baoding region. The size of the potato field was 2 ha, two cultivars (cv. Xisen 6 and Helan 15) were grown, and the disease incidence was approximately 40%. We collected six potato plants there. Common vegetables, tomato (Solanum lycopersicum), cucumber (Cucumis sativus), celery (Apium graveolens), garlic (Allium sativum), and others were grown in greenhouses which were located adjacent to the potato field. Potato plants showing aerial stem rot were sampled from greenhouses in a farm in Zhangbei County, Zhangjiakou region. Ten greenhouses grew potatoes (cv. Shepody) on that farm. The size of each greenhouse was 0.03 ha, and aerial stem rot was found in two greenhouses with disease incidence over 30%. We collected five potato plants there. All affected stem tissues were surface sterilized by dipping them in 75% ethanol for 1 min followed by three successive rinses with sterile distilled water. Then, the stem tissues were cut into pieces of approximately 0.5 cm in length and were soaked in 0.9% NaCl for 20 min. Ten-fold dilutions of the tissue specimen soaking solution (20 µl) were plated onto semi-selective crystal violet pectate (CVP) agar medium (Hélias et al., 2012), and plates were incubated at 28°C for 48 h. Bacterial colonies producing pits on CVP were restreaked and purified on Luria-Bertani (LB) agar plates, and single colonies were restreaked to fifth generations.





16S rDNA sequence analysis

The pectinolytic isolates were first identified using 16S rDNA sequencing. The bacterial gDNA was isolated using an Easy-Pure Bacteria Genomic DNA Kit (TransGen Biotech) according to the protocol provided by the manufacturer. The 16S rDNA region was amplified by conventional PCR using the universal primers 27F and 1492R (Weisburg et al., 1991). The PCR reaction was performed using Taq Plus Master Mix (Vazyme Biotech). The PCR program was 94°C for 5 min, 30 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 50 s, and 72°C for 10 min. The PCR products were purified using a SanPrep Column DNA Gel Extraction Kit (Sangon Biotech). The purified PCR amplicons were sequenced in the forward and reverse directions (Sangon Biotech). The sequenced reads were assembled into consensus sequences with primer trimming using Contig Express from the Vector NTI Suite v6.0. The 16S rDNA sequence for each isolate was searched against the NCBI 16S rRNA database using BLASTn.





MLSA

To assign species-level taxonomy, a MLSA of the concatenation of six housekeeping genes (acnA, gapA, icdA, mdh, proA, and rpoS) of the isolates (Supplementary Table S5) (Ma et al., 2007; Waleron et al., 2008) was performed in comparison with the type strains of Pectobacterium species (Supplementary Table S2). The genome assemblies available from NCBI RefSeq (as of April 2022) were used for MLSA and genome-based analysis. The PCR program was as follows: 94°C for 5 min, 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 50 s, and 72°C for 10 min. The PCR products were purified and sequenced as described above. Each individual MLSA locus was aligned with previously sequenced Pectobacterium and Dickeya species (Supplementary Table S2) using MAFFT v7.490. To avoid codon-breaking nucleotide alignments caused by indels, the MLSA nucleotide sequences were first translated into amino acid sequences, and these sequences were aligned in MAFFT; then, the amino acid alignments were back-translated to corresponding nucleotide alignments. Finally, the alignments of six loci were concatenated to form a supermatrix using FASconCAT v1.11. If the nucleotide sequence of the concatenated loci from different isolates were identical, then the isolates were merged as one operational taxonomic unit in the phylogenetic tree. To select the best-fit nucleotide substitution model for the supermatrix, model selection was performed using jModelTest v2.1.10. A maximum-likelihood tree was constructed using RAxML v8.2.12 and applying the ‘GTRGAMMAI’ setting. To estimate the sequence similarity between the isolate BY21311 and P. polonicum, and between BY21311 and P. punjabense, the MLSA sequences of isolate BY21311 were compared with P. polonicum and P. punjabense type strains using BLASTn.





WGS and genome-based analysis

WGS was performed to resolve the phylogenetic position of isolate BY21311, and to reveal intraspecific variations of P. polonicum. Because the concatenated sequence of isolate BY21311 is identical to that of isolate BY21312, thus, isolate BY21311 was selected and sequenced as a representative strain. For gDNA extraction, isolate BY21311 was grown in LB liquid medium with shaking (200 rpm) at 28°C until it reached an OD600 of 0.7. Bacterial DNA was extracted using an Easy-Pure Bacteria Genomic DNA Kit (TransGen Biotech). The bacterial genome was sequenced using a hybrid approach using Oxford Nanopore PromethION 48 and Illumina NovaSeq 6000. Two sequencing libraries were constructed using SQK-LSK109 and EXP-NBD104/114 Kits for PromethION and KAPA HyperPlus Kit for NovaSeq, respectively. The library insert size for Illumina paired-end (150 bp) sequencing was 400 bp. De novo assembly of Nanopore long reads was performed using Canu v2.2. Illumina reads were adapter-clipped and quality-trimmed using fastp v0.23.2. The genome assembly was polished with Illumina short reads using Pilon v1.24 to improve accuracy, and no further error correction was observed after four rounds of polishing. The completeness of the final assembly was evaluated using BUSCO v5.2.2 (Manni et al., 2021), and the genome sequence was annotated using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP). The core gene set of Pectobacterium species (Supplementary Table S2) for phylogenetic inference was determined by mapping to the 400 universal markers (Segata et al., 2013; Zhu et al., 2019) available in PhyloPhlAn v3.0(Asnicar et al., 2020). A phylogenic tree for Pectobacterium species was constructed, using the supermatrix approach and based on 376 universal markers. The supermatrix’s best amino acid substitute model for the supermatrix was determined using ProtTest v3.4.2. The average nucleotide identity (ANI) values between species were calculated with pyani v0.2.11 using the ANIm algorithm (Pritchard et al., 2016). In silico DNA-DNA hybridization (isDDH) (Meier-Kolthoff et al., 2013) was calculated with the GGDC v3.0 using the BLAST+ alignment. To determine the correlation pattern between species and strains based on their ANI and DDH values, heat maps were drawn. Isolate BY21311 genome using the T3SEpp (Hui et al., 2020) and Eff3ctidor (Wagner et al., 2022) to predict Type III effectors, and using T4SEfinder (Zhang et al., 2022) to predict Type IV effectors. To better understand the differences in gene content between P. polonicum BY21311 and DPMP315T, genomic comparison of two stains analysis was performed using the Prokka-Roary pipeline (Seemann, 2014; Page et al., 2015). BY21311 and DPMP315T genomes were annotated using Prokka v1.14.6, and ortholog groups were determined using Roary v3.13.0.





Physiological and biochemical phenotypes

The physiological and biochemical traits of isolates BY21311 and BY21312 were determined using Biolog GEN III MicroPlate (Biolog, Hayward, CA). Isolates were streaked twice on Biolog Universal Growth (BUG) agar, and colonies were picked and added to a fresh IF-A glass tube to adjust the bacterial density to 98%T with Biolog Turbidimeter. The prepared bacterial suspension (100 µl/well) was added to GEN III 96-well plate. After incubation at 30°C for 24 hours, color formation in each well was measured using a Biolog OmniLog reader. The physiological and biochemical phenotypes of the novel species were compared to the closely-related species: P. polonicum, P. punjabense, P. parmentieri and P. wasabiae (Sarfraz et al., 2018; Waleron et al., 2019; Cigna et al., 2021).





Artificial inoculation of potato stems and tubers

To demonstrate the pathogenicity of P. polonicum isolate BY21311 in potato plants, potato seedlings (cv. Xisen 6) were grown in a greenhouse for five weeks and subsequently inoculated with isolate BY21311. The isolate was grown in LB liquid medium with shaking (200 rpm) at 28°C for 6 hours. Bacterial cells were collected by centrifugation (9000 rpm for 1 min). The cells were washed once with 10 mM MgSO4 buffer and resuspended in the same buffer and adjusted to an OD600 of 0.80. In a potato plot in a greenhouse, six potato plants were randomly selected. The bacteria suspension (100 µl) was injected into the aboveground stem base of three potato plants, and the MgSO4 buffer was injected into the other three potato plants as a negative control. Seal with vaseline immediately after injection. Plants were grown in a greenhouse at 30°C with 12/12 h light-dark cycles for two weeks. DNA was extracted from diseased tissues of diseased tissue. The extracted DNA were identified using rpoS and gapA primers.

A virulence assay was performed as described to evaluate the maceration ability of isolate BY21311 on potato tubers, virulence assay was performed as described (Nykyri et al., 2013; Pasanen et al., 2020). Isolate BY21311 was compared with isolates of P. atrosepticum (the strain isolated by our lab in 2020 was used as a positive reference), P. versatile (Han et al., 2022), P. brasiliense and P. parvum (Wang et al., 2022a) which were tested in 2020. Potato tubers (cv. Xisen 6) were washed with tap water, surface sterilized with 0.6% NaClO for 7 min, and washed three times with sterile distilled water, and air dried on a clean bench. Bacterial isolates were grown in LB liquid medium with shaking (200 rpm) at 28°C overnight. Bacterial cells were collected by centrifugation, and the cells were washed once with the MgSO4 buffer, resuspended in the same buffer, and adjusted to an OD600 of 0.27. Potato tubers were stabbed with a pipette tip (200 µl) to create a cavity, and 50 µl of bacterial suspension was inoculated. A group of potato tubers was inoculated with the MgSO4 buffer as a buffer control. The wounds were sealed with Vaseline (Qingdao Hainuo). The inoculated tubers were wrapped with wet kitchen paper, placed into plastic containers, and sealed with tape. The boxes were placed in the dark at room temperature (23-25 °C) for 72 hours. After incubation, the potato tubers were cut in half, and the rotten tissue was scraped off with a spoon and weighed. The mean weight of tissue debris scraped from the buffer control group was used as a baseline to adjust the weight of macerated tissue of other treatments. One-way analysis of variance (ANOVA) followed by post-hoc tests was performed using R v4.1.2 to determine whether there were significant differences in virulence exist among isolates. Similar results were obtained from three independent experiments.





Hypersensitive response (HR) in nonhost plants

To determine whether isolate BY21311 can elicit a HR in non-host tobacco, Nicotiana benthamiana and N. tabacum plants were grown in a growth chamber at 25°C with 12/12 h light-dark cycles for 4-5 weeks. It is known that P. brasiliense can elicit HR in N. benthamiana and N. tabacum leaves (Kim et al., 2009; Maphosa and Moleleki, 2021) but P. parvum does not (Pasanen et al., 2020); therefore, P. brasiliense isolate FR19412 and P. parvum isolate FN20211 were used as positive and negative controls, respectively. Bacterial isolates were grown overnight at 28°C in LB liquid medium, and bacterial cells were washed once with 10 mM MgSO4 buffer, resuspended in the same buffer and adjusted an OD600 of 0.14. N. benthamiana and N. tabacum leaves were infiltrated with bacterial suspensions using a syringe without a needle, and the same MgSO4 buffer was used as a buffer control. The inoculated tobaccos were grown in a growth chamber at 25°C with 12/12 h light-dark cycles for 72 hours.





Host range determination

To determine the host range of P. polonicum isolate BY21311, baby bok choy (Brassica campestris L. ssp. chinensis Makino var. communis Tsen et Lee), baby Chinese cabbage, Brassica chinensis L., and Cucumis sativus L. are planted and grown in a greenhouse for 7 weeks, plus vitro tomatoes (Solanum lycopersicum L.) and subsequently inoculated isolate BY21311. The isolate was grown in LB liquid medium with shaking (200 rpm) at 28°C for 6 hours. Bacterial cells were collected by centrifugation (9000 rpm for 1 min). The cells were washed once with 0.9% NaCl buffer and resuspended in the same buffer and adjusted to an OD600 of 0.80. The bacteria suspension (100 µl) was injected into the stem or fruit of vegetables, and the 0.9% NaCl buffer as a negative control. Seal with Vaseline immediately after injection. Tomatoes were grown in a greenhouse at 20-25°C with 12/12 h light-dark cycles for 3 days and other vegetables were grown for 7 days.






Results




Identification of Pectobacterium isolates

Ten pectinolytic isolates were obtained after five rounds of single-colony purification. The BLASTn results of the 16S rDNA amplicons of the pectinolytic isolates revealed that they all belonged to the genus Pectobacterium (Supplementary Table S1). Four pectinolytic isolates (YT21111, YT21121, YT21211, and YT21222) were isolated from five potato plants in Tangshan. A total of four pectinolytic isolates (BY21121, BY21221, BY21311, and BY21312) were isolated from six potato plants in Baoding. Two pectinolytic isolates (ZB21311 and ZB21312) were isolated from two potato plants in Zhangbei, which were two strains P. brasiliense.

The result revealed that MLSA, based on six housekeeping genes (acnA, gapA, icdA, mdh, proA, and rpoS), assigned the isolates to five known Pectobacterium species (Supplementary Table S1; Supplementary Figure 1). Two isolates belonged to P. atrosepticum (YT21111 and YT21121), two to P. brasiliense (ZB21311 and ZB21312), two to P. polonicum (BY21311 and BY21312), two to P. carotovorum (BY21121 and BY21221), and two to P. parmentieri (YT21211 and YT21222). An interesting finding in this isolate collection was P. polonicum, identified initially from groundwater sampled from a vegetable field in the Northern Poland (Waleron et al., 2019). The MLSA sequences of isolate BY21311 were more similar to P. polonicum type strain DPMP315T (The average “Query Cover” and “Sequence Identity” of six loci were 100% and 99.87%, respectively) than to P. punjabense type strain SS95T (The average “Query Cover” and “Sequence Identity” of six loci were 99% and 97.65%, respectively) (Table 1). The maximum-likelihood method was used to reconstruct the phylogenetic tree (Supplementary Figure 1), revealing that P. punjabense and P. polonicum are closely related sister species.


Table 1 | BLASTn results of MLSA sequences of Pectobacterium isolate BY21311 to P. polonicum and P. punjabense.







Genome sequence and in silico analyses

Illumina NovaSeq generated 22,938,662 paired-end short reads, and Nanopore produced 115,854 long reads. The coverage of Nanopore long reads and Illumina short reads to the final genome assembly of isolate BY21311 were 224x and 617x, respectively. The circular chromosome of isolate BY21311 (CP090065.1) was 4,863,665 bp in length, which is slightly longer than the P. polonicum type strain DPMP315T (4,836,128 bp); however, the GC content of isolate BY21311 (51.08%) was slightly lower than that of DPMP315T (51.28%) (Supplementary Table S3; Figure 1A). No plasmid was assembled from the sequencing data. The complete genome of isolate BY21311 harbors 4,178 protein-coding genes, 22 genes encoding rRNAs and 77 genes encoding tRNAs (Supplementary Table S3).




Figure 1 | Genome map of Pectobacterium isolate BY21311 and genome-based phylogenetic inference. (A) Circular representation of the complete genome assembly of isolate BY21311. The circles represent (from inner to outer) GC skew, GC%, rRNAs, tRNAs, and protein-coding genes on the forward and reverse strands. (B) Maximum likelihood (ML) tree showing the phylogenetic relatedness between isolate BY21311 and other closely related Pectobacterium species, based on the concatenated sequences of 376 conserved genes. Dickeya solani and D. dadantii were selected as outgroup. ML tree was constructed using RAxML v8.2.12 with ‘PROTGAMMAJTTF’ setting. The superscript ‘T’ in the tree indicates type strain. The branch lengths indicate the evolutionary distance as the number of amino acid substitutions per site. The numbers shown next to the branches indicate the percentage of bootstrap support values (1000 replicates).



Based on 376 universal genes, the phylogenetic tree clearly shows that isolate BY21311 and P. polonicum DPMP315T were clustered together and formed a sister clade to P. punjabense strains with strong bootstrap support (Figure 1B). ANI and isDDH values (Figure 2) of isolate BY21311 to its closest Pectobacterium species, P. polonicum DPMP315T was 98.92% and 90.20%, respectively, which are above the empirical cut-off (ANI > 95-96% and isDDH > 70%) for species delineation (Richter and Rosselló-Móra, 2009; Auch et al., 2010). These findings suggest that isolate BY21311 belongs to P. polonicum.




Figure 2 | Heat map of average nucleotide identity (ANI) values and DNA-DNA hybridization (DDH) values compared among 11 related strains. ANI and DDH values are indicated by the color intensity.



The bacterial effectors predicted by T3SEpp and Eff3ctidor were the AvrE (Locus_tag: LW347_RS11220). One type IV effector PilN (Locus_tag: LW347_RS04650) were predicted by T4SEfinder.The genomes of P. polonicum DPMP315T and BY21311, representing strains isolated from groundwater and potato stem, respectively, share a core genome consisting of 3,917 ortholog groups, and forming a genomic comparison of two stains that consisting of 4,634 ortholog groups (Supplementary Table S4). There were 392 and 325 protein-coding genes that were present only in DPMP315T or BY21311, which constitute 8.46% and 7.01%, respectively, of the genomic comparison of two stains. Currently, only two genome sequences of P. polonicum are available; however, P. polonicum tends to have significant variations in gene content between two genomes because the fact that the fraction of strain-specific genes is relatively large. Most of the strain-specific genes (429/717) were annotated as hypothetical proteins with unknown functions. In addition, 50 out of 717 genes were transposons, phages or prophage-related, and most of them (40/50) were present in DPMP315T but not in BY21311, suggesting that DPMP315T genome had undergone extensive recombination, insertion, and gene transfer. DPMP315T and BY21311 varied in genes (30/717) encoding transporters that may be involved in the translocation of different substrates, genes encoding various types of transcriptional regulators (19/717), and bacterial toxin-antitoxin system (18/717). Interestingly, these two isolates also varied in lipopolysaccharide (LPS) and LPS O-antigen biosynthesis, part of bacterial outer membrane biogenesis; BY21311 harbors extra seven genes involved in LPS biosynthesis. DPMP315T harbors one extra gene encoding the Type VI secretion system (T6SS) protein VgrG and two extra T6SS effectors; by comparison, BY21311 harbors three extra genes encoding T4SS proteins.





Physiological and biochemical phenotypes

Two isolates (BY21311 and BY21312) showed the same reaction pattern in Biolog GEN III MicroPlate. They exhibited almost identical physiological and biochemical traits to P. polonicum DPMP315T based on the following items (Table 2): negativity for utilization of inosine, sorbitol, maltose and 3-methyl-glucose; and positivity for utilization of raffinose, melibiose, lactose, galactose, mannose, cellobiose, and citric acid. P. polonicum DPMP315T was negative for utilization of glucuronamide and sensitive to LiCl, which are different from P. punjabense SS95T; however, the same results were not observed in isolates BY21311 and BY21312.


Table 2 | Physiological and biochemical characteristics of Pectobacterium species.







Artificial inoculation of potato stems and tubers

Two weeks after injection, the bacterial-inoculated potato plants showed black rotting on the lower part of the stem (Figure 3A). Bacteria were isolated from the stem lesions and identified using rpoS and gapA primers as identical to the BY21311 used for inoculation. Therefore, P. polonicum isolate BY21311 fulfills Koch’s postulates for potato blackleg. Maceration assays were also performed to evaluate the virulence of isolate BY21311 on potato tubers by comparing the macerated tissue weights. Seventy-two hours after inoculation, all Pectobacterium species caused soft rot on potato tubers, whereas the buffer (10 mM MgSO4) control group exhibited only a very small amount of tissue debris in the cavity (0.03 ± 0.09 g/tuber). Significant variations in maceration ability between Pectobacterium species were observed (the p-value of the F-test [F = 79.2] was 2e-16) (Figure 3B). P. atrosepticum and P. parvum exhibited the highest and lowest virulence level on tubers, respectively. P. atrosepticum isolate FN20412 caused the most significant amount (4.37 ± 0.78 g/tuber) of maceration on potato tubers; followed by P. versatile isolate FN20111 and P. brasiliense isolate FR19412, which caused 3.26 ± 0.80 g/tuber and 2.73 ± 0.57 g/tuber, respectively. P. parvum isolate FN20211 (1.67 ± 0.58 g/tuber), and P. polonicum isolate BY21311 (1.23 ± 0.53 g/tuber) caused a relatively low amount of maceration, and the virulence of P. polonicum isolate BY21311 was slightly less than P. parvum on tubers, although the adjusted p-value (0.14) did not reach significance. However, the low virulence exhibited by P. polonicum on potato tuber in this study does not agree with previous study in that P. polonicum and P. atrosepticum showed equal virulence on potato slices (Waleron et al., 2019).




Figure 3 | Pathogenicity test of Pectobacterium polonicum isolate BY21311 on potato stems and maceration assays of Pectobacterium species on potato tubers. (A) Potato stems were inoculated with isolate BY21311, and 10 mM MgSO4 solution was used as buffer control. Stems were cut open at two weeks after inoculation. (B) Washed and surface sterilized potato tubers were inoculated with Pectobacterium species. Tubers were cut open at 72 hours after inoculation. Boxplot showing variations in maceration ability on potato tubers among P. atrosepticum isolate FN20412, P. versatile isolate FN20111, P. brasiliense isolate FR19412, P. parvum isolate FN20211 and P. polonicum isolate BY21311. The black dots in each category (box) represent the observations. One-way analysis of variance (F = 79.2, p-value = 2e-16, n = 20) followed by Tukey’s test, significant differences between isolates are represented by letters.







HR in N. benthamiana

The ability of isolate BY21311 to cause an HR was tested in non-host tobacco plants, N. benthamiana and N. tabacum. After 24 h, water-soaking lesions only appeared on tobacco leaves at sites infiltrated with P. brasiliense isolate FR19412 (Figures 4A, B). P. parvum isolate FN20211 and P. polonicum isolate BY21311 did not able to elicit HR in tobacco leaves. The genome of P. polonicum isolate BY21311 harbors gene clusters (2,504,628.2,537,200) encoding the T3SS apparatus which was also found in the type strain DPMP315T and sister species P. punjabense SS95T (Figure 5).




Figure 4 | Hypersensitive response in (A) Nicotiana benthamiana and (B) N. tabacum leaves infiltrated with the Pectobacterium species. P. brasiliense isolate FR19412 and P. parvum isolate FN20211 were used as positive and negative controls, respectively. 10 mM MgSO4 was used as a buffer control. Leaves were detached and photographed 48 hours after infiltration. Similar results were obtained in two independent experiments.






Figure 5 | Circular representation of genome sequences of the Pectobacterium polonicum isolate BY21311, P. polonicum type strain DPMP315T, P. punjabense type strain SS95T, and P. brasiliense type strain LMG21371T. The rings represent (from inner to outer) GC skew, GC%, the whole genome sequence of isolate BY21311, corresponding homologous regions in P. polonicum DPMP315T, P. punjabense SS95T and P. brasiliense LMG21371T, and the genome region encoding type III secretion system (T3SS). Genome comparison was created using BRIG v0.95.







Host range determination

After inoculation of BY21311 for 3 days or 7 days by injection, all vegetables showed disease of soft rot, and Brassica chinensis L. had the mildest symptoms (Figure 6). The results suggest that these vegetables may be potential hosts for isolate BY21311.




Figure 6 | P. polonicum isolate BY21311 host range determined. The stems of vegetables were detached and photographed 7days after infiltration. Washed and surface sterilized tomato were inoculated with isolate BY21311 and cut open at 3 days after inoculation. (A) tomatoes (Solanum lycopersicum L.) (B) Brassica chinensis L. (C) baby chinese cabbage, (D) baby bok choy (Brassica campestris L.ssp.chinensis Makino var.communis Tsen et Lee), (E) Cucumis sativus L.








Discussion

In northern China’s Hebei Province, stem rot diseases were observed in potato fields in Zhangjiakou, Tangshan and Baoding in 2021, Five Pectobacterium species were identified in diseased plants by MLSA, including P. carotovorum, P. atrosepticum, P. brasiliense, P. parmentieri and P. polonicum (Table 1; Supplementary Table S1; Supplementary Figure 1). Four of the identified Pectobacterium species have been recognized as pathogens in potato plants; however, P. polonicum was first detected in groundwater in Poland (Waleron et al., 2019), appearing to be a water-associated bacterium. The experiment of artificial inoculation of potato tubers showed that P. atrosepticum and P. parvum exhibited the highest and lowest virulence level on tubers, respectively. This result agrees with previous studies (Pasanen, 2020; Cigna et al., 2021). P. atrosepticum isolate FN20412 caused the most significant amount of maceration on potato tubers, followed by P. versatile isolate FN20111 and P. brasiliense isolate FR19412. P. parvum isolate FN20211, and P. polonicum isolate BY21311 caused relatively low amounts of maceration.

The low virulence exhibited by P. polonicum on potato tubers in this study does not agree with a previous study in which P. polonicum and P. atrosepticum showed equal virulence on potato slices (Waleron et al., 2019). Artificial inoculation showed that P. polonicum could macerated potato tubers, calla lily, and chicory leaves (Waleron et al., 2019), this study show that P. polonicum can also macerated baby bok choy, baby Chinese cabbage, Brassica chinensis L., Cucumis sativus L. and tomatoes, suggesting that it might be a potential plant pathogen; however, there have been no P. polonicum-related plant diseases reported to date, and its pathogenicity in plants was yet to be determined. In the present study, P. polonicum was found in potato plants in the Baoding region in China (Supplementary Table S1). The blackleg incidence in that field was approximately 40%, and P. carotovorum was found in the same field; therefore, the disease was most likely caused by a mixture of Pectobacterium species. The taxonomic position of isolate BY21311 was further confirmed using WGS and genome-based analysis, and the results revealed that the isolate belonged to P. polonicum (Figures 1, 2). In conditions of artificial inoculation in a greenhouse fulfilled Koch’s postulates for potato blackleg (Figure 3). For the first time, P. polonicum has been demonstrated to be an opportunistic pathogen of potato blackleg in the field. It remains unknown whether P. polonicum is restricted to a small, local geographic area in China; nevertheless, this new emerging pathogen poses a potential threat to potato production.

Some members of the genus Pectobacterium has been associated with plant diseases, and some have a broad host range. In contrast, four Pectobacterium species have been identified only from non-host environments such as water, including P. fontis (Oulghazi et al., 2019), P. aquaticum (Pedron et al., 2019), P. polonicum (Waleron et al., 2019), and P. quasiaquaticum (Moussa et al., 2021). P. fontis exhibited less maceration ability in potato tubers than the plant-associated Pectobacterium species (Oulghazi et al., 2019), and similar pathogenic traits were also observed in P. polonicum BY21311. However, reduced virulence in tubers is not a universal trait in the water-related species; at least, it does not apply to P. polonicum DPMP315T and others (Waleron et al., 2019). P. polonicum appears to have significant variations in gene content between the two genomes that facilitate rapid adaptation to changing environments by acquiring of genetic material. Thus, it is possible that BY21311 and DPMP315T may represent two distinct clades within P. polonicum because they varied in many aspects on the genome comparison level, including LPS and LPS O-antigen biosynthesis, substrate translocation, T4SS, and T6SS, among others. Among our predicted effectors, AvrE-famely type III effector is widespread among type III-dependent phytobacteria and is the most critical virulence factor in plant pathogens (Bogdanove et al., 1998a; Bogdanove et al., 1998b). They inhibit salicylic acid-mediated plant defense, interfere with blister transport, promote plant bacterial growth, and elicit plant cell death (Degrave et al., 2015). PilN is an important type IV fimbrial assembly family protein, and its function is mainly related to the biosynthesis of Pili (Tammam et al., 2011; Kim and Komano, 1997). Wang constructed PilN gene mutants and found that the mutants’ pathogenicity, wandering ability and extracellular cellulolytic activity were reduced, and tobacco anaphylaxis was lost. The results showed that pilN gene related to pili biosynthesis plays an important role in regulating pathogenicity (Wang et al., 2013).

The closest species to P. polonicum is P. punjabense (Sarfraz et al., 2018), which can also cause potato blackleg; the species displayed similar physiological and biochemical characteristics (Table 2). The HR experiment in non-host plants showed that P. brasiliense elicited HR in N. benthamiana and N. tabacum leaves, but P. parvum did not. This result agrees with previous studies (Kim et al., 2009; Pasanen et al., 2020; Maphosa and Moleleki, 2021). Interestingly, P. polonicum BY21311 and P. parvum share common phenotypic characteristics of low virulence on potato tubers (Figure 3) and absence of HR on tobacco leaves (Figure 4). Pectobacterium species do not require the T3SS for the pathogenicity, but HR assay has been widely used as an indicator for a functional T3SS (Kim et al., 2009). P. parvum genome encodes a Salmonella SP-1-like T3SS, most likely involved in direct interactions with insect vectors but not with host plants (Pasanen et al., 2020). The genomes of P. polonicum DPMP315T and BY21311 harbor gene clusters encoding a T3SS also found in the genome of P. punjabense (Figure 5); however, isolate BY21311 failed to elicit HR in tobacco, suggesting its T3SS might not function. All previously reported P. parvum isolates were associated only with aerial stem rot in potato plants (Pasanen et al., 2013; Pasanen et al., 2020; Wang et al., 2022a). The low virulence on tubers and association with stem rot suggests potential convergent evolution in P. parvum and P. polonicum that may have developed tissue specificity.

Blackleg and aerial stem rot of potatoes caused by SRP have become more frequent in China in recent years (Zhao et al., 2018; Cao et al., 2021; Han et al., 2022; Handique et al., 2022a; Wang et al., 2022a; Handique et al., 2022b). Potato stem rot caused by P. versatile (Han et al., 2022) and P. parvum (Wang et al., 2022a) was reported in the Fengning region in the summer of 2020; therefore, seven Pectobacterium species have been identified in potato plants in Hebei Province to date. MLSA demonstrated that a greater diversity of Pectobacterium infects potatoes at the province scale than previously reported: P. carotovorum, P. atrosepticum, P. brasiliense, P. parmentieri, P. polaris and P. punjabense in Guangdong, Inner Mongolia and Sichuan (Zhang et al., 2012; She et al., 2013; Zhao et al., 2018; Jiang et al., 2019; Cao et al., 2021; Handique et al., 2022a; Handique et al., 2022b). However, the P. carotovorum complex has been revised several times, and it is possible that some earlier isolated P. carotovorum strains might have been misclassified. On the other hand, the international exchange of crop germplasm and global seed trade could facilitate the spread of seed-borne pathogens. It is possible that some species of SRP were introduced along with the importation of seed potatoes because China’s potato industry heavily relies on imported commercial varieties which are mainly imported from the Netherlands, the United States, and Canada (Wang et al., 2019). For example, Helan 15, the most widely grown variety in China over the past two decades, actually is Favorita (HZPC, the Netherlands), which was first introduced into mainland China in the 1980s. Although it is uncertain whether any of the SRP isolates entered China via seed importation, nevertheless, susceptible cultivars acted as one of the primary causes of disease prevalence in this case. Production of Xisen 6 and Huangxin 226 has expanded rapidly in recent years in China due to the consumer preference. Unfortunately, these cultivars are highly susceptible to Pectobacterium species, which have been reported in Guangdong (Jiang et al., 2019), Hebei (Han et al., 2022; Wang et al., 2022a), and Inner Mongolia (Cao et al., 2021).
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Wheat leaf rust, caused by Puccinia triticina, is one of the most important fungal diseases of wheat in China. However, little is known about the dynamic changes of population structure and genetic diversity of P. triticina during a period of time. In this study, 247 isolates of P. triticina collected from Hebei Province from 2001 to 2010 were tested on 36 Thatcher near-isogenic lines for virulence diversity and detected by 21 pairs of Expressed Sequence Tag derived Simple Sequence Repeat (EST-SSR) primers for genetic diversity. A total of 204 isolates were successfully identified as 164 races, and THTT, THST, PHRT, THTS, and PHTT were the most common races in Hebei Province from 2001 to 2010. The cluster analysis based on virulence showed that P. triticina has a rich virulence polymorphism, which had a certain correlation with the years, while the cluster analysis based on EST-SSR showed that the genetic diversity of the P. triticina population was significantly different between years in Hebei Province from 2001 to 2010. In addition, the population structure of P. triticina may have changed greatly in 2007 and 2009, which was significantly different from that of 2001–2006 on either virulence or genetic characteristics. The variation frequency of the population structure had an increasing trend during this period. From 2001 to 2010, there was a certain degree of gene flow among the P. triticina populations. No significant correlation was found between virulence and molecular polymorphism. The genetic differentiation analysis of the 10 tested populations (each year as a population) showed that the coefficient of genetic differentiation (Gst) was 0.27, indicating that there was a certain genetic differentiation among or within populations of P. triticina in Hebei Province. The genetic variation within populations (73.08%) was higher than that among populations (26.92%), which indicated that the genetic variations were mainly found within populations. Our study provides the foundation for a better understanding of the population structure change and genetic diversity of P. triticina over a period in Hebei Province of China.
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Introduction

Wheat leaf rust, caused by Puccinia triticina Erikss., is the most common fungal disease of common wheat (Triticum aestivum L.) in major wheat-growing regions worldwide (Bolton et al., 2008). The occurrence and epidemic of leaf rust have seriously affected the yield and quality of wheat, and it is one of the main factors affecting global wheat production (Huerta-Espino et al., 2011). Due to the difference in wheat cultivars and disease period, the yield loss may be 7%–30%, even more than 50% in severe cases (Huerta-Espino et al., 2011; Zhang et al., 2022). China is the world’s largest wheat-producing country, with more than 23 million hectares of wheat-planting area and more than 138 million tons yield in 2022 (USDA-FAS). A serious incidence of leaf rust with severe epidemics in 1969, 1973, 1975, 1979, 2012, 2013, and 2015 caused significant yield losses in major wheat-producing regions in China (Zhang et al., 2020a; Zhang et al., 2020b). Especially in 2015, wheat leaf rust was widespread in Hebei, Shandong, Henan, Jiangsu, Anhui, Hubei, and other provinces of China (Zhang et al., 2015; Zhang et al., 2020a; Zhang et al., 2020b; Zhang et al., 2022). Hebei Province is one of the main wheat-producing regions in China, and wheat in this region is affected by leaf rust every year. The promotion and application of resistant cultivars are the most economical, effective, and environment-friendly methods to control the disease (Pink, 2002). However, P. triticina has a wide range of temperature tolerance and highly variable virulence. These features easily lead to the loss of the effectiveness of leaf rust resistance genes, which makes leaf rust difficult to control. Therefore, it is of great significance to understand the population virulence and genetic structure of P. triticina for controlling the disease and providing guidance for breeders in wheat resistance breeding programs.

In order to monitor the virulence dynamics and genetic diversity of P. triticina, studies on race surveys and virulence identification of P. triticina have been carried out in different main wheat-producing regions worldwide since the 1920s. The annual survey of race and virulence of P. triticina in the United States began in 1926 (Mains and Jackson, 1926; Johnston et al., 1968). Kolmer and Fajolu (2022) conducted a comprehensive and systematic analysis of the race and virulence dynamics of P. triticina in the United States from 2000 to 2020. Similar surveys and studies have been carried out in Canada since 1931 and from 1997 to 2010 (Johnson, 1956; Kolmer, 1991; Kolmer, 1999, Kolmer, 2001; McCallum et al., 2016). Moreover, similar studies have also been carried out in France (Goyeau et al., 2006), South America (Germán et al., 2007), Ukraine (Elyasi-Gomari and Panteleev, 2006), India (Bhardwaj et al., 2010; Bhardwaj et al., 2019), and Egypt (El-Orabey et al., 2018). Wang (1947) first reported three Chinese P. triticina races that were identified based on eight international identification wheat cultivars chosen by Johnston and Mains (1932). Then, based on the Thatcher near-isogenic lines, the race and virulence studies of P. triticina since 1986 were carried out in China (Chen et al., 1993; Chen et al., 1998; Hu and Roelfs, 1989; Yang et al., 2004; Liu and Chen, 2012; Kolmer, 2015; Zhang et al., 2020a; Zhang et al., 2020b). Investigations of races and virulence of P. triticina can promote the study of genetic structure and virulence variation of P. triticina populations.

In addition to the methods of the race and virulence identification of P. triticina, many molecular marker technologies have also been applied to the genetic diversity analysis of P. triticina populations in recent years. Park et al. (2000) analyzed the population structure of P. triticina in Western Europe by assessing the variability in pathogenicity and randomly amplified polymorphic DNA (RAPD) among 61 single-uredinial isolates, and little evidence was found for robust distinct clusters among the isolates. In 2001, Kolmer (2001) found a correlation between virulence phenotype and amplified fragment length polymorphism (AFLP) genotype for 69 isolates of P. triticina from Canada. In 2007, Kolmer and Ordoñez (2007) identified and analyzed the virulence and molecular genotype of isolates of P. triticina collected from common wheat in Central Asia and the Caucasus regions based on near-isogenic lines of Thatcher and SSR molecular markers and found that all populations of P. triticina from Central Asia and the Caucasus regions were significantly differentiated from that of North America. In addition, Zhang et al. (2015) reported a high genetic diversity in P. triticina populations collected in Hebei Province of China based on universally primed PCR (UP-PCR) primers. The Expressed Sequence Tag derived Simple Sequence Repeat (EST-SSR) markers of P. triticina have been developed and used in genetic diversity analysis for P. triticina in Canada and China (Wang et al., 2010a; Wang et al., 2010b; Zhao et al., 2014; Zhang et al., 2018). The EST-SSRs were polymorphic and informative in determining intraspecific genetic diversity (Wang et al. 2010b). P. triticina isolates collected from Hebei Province of China in 2008 and 2010 showed high diversity and differences between two populations on EST-SSR (Zhang et al., 2018). However, it only revealed the population differences between 2 years in Hebei Province, which did not fully reveal the P. triticina population dynamic patterns in this region. In this study, we analyzed the population genetic diversity of P. triticina in Hebei Province for 10 years (2001–2010) based on the results of Zhang et al. (2018), which can provide a basis for further exploring the race variation patterns of P. triticina and the molecular mechanism of race virulence evolution.





Materials and methods




Leaf rust sample collection and multiplication

Leaf rust samples were collected from 10 regions of Hebei Province from 2001 to 2010 during the wheat filling period by researchers from the College of Plant Protection, Hebei Agricultural University (Figure 1; Supplementary Table S1). All samples were collected from fields under natural infection. Wheat leaves with uredinia of P. triticina sampled from a single plant or cultivar were treated as a single sample. The sample treatment and single-uredinial isolate multiplication were performed as described by Zhang et al. (2020a). Urediniospores collected from each sample were inoculated to the highly susceptible cultivar ‘Zhengzhou 5389’ to obtain a single uredinium. Urediniospores from the single uredinium were increased by inoculating the new seedlings of ‘Zhengzhou 5389’ using the same inoculation procedure. Approximately 10–14 days after inoculation, urediniospores were collected by shaking the leaf, put into glass tubes for drying and lyophilization, and stored at -20°C.




Figure 1 | Collection sites of wheat leaf rust samples from 2001 to 2010. Colored regions represent regions of sample sources. SJZ, Shijiazhuang; BD, Baoding; LF, Langfang; CZ, Cangzhou; HS, Hengshui; TS, Tangshan; CD, Chengde; XT, Xingtai; HD, Handan; QHD, Qinghuangdao. •, location of provincial capital.







Race and virulence phenotype data

All of the race and virulence phenotype data were conducted and stored in the Centre of Wheat Rust Research, Hebei Agricultural University. Race identification and virulence determination of isolates were performed as described by Zhang et al. (2020a). Urediniospores collected from each sample were inoculated on two sets of Thatcher near-isogenic lines, which included 16 standardized differentials (with single resistance genes Lr1, Lr2a, Lr2c, Lr3; Lr9, Lr16, Lr24, Lr26; Lr3Ka, Lr11, Lr17, Lr30; LrB, Lr10, Lr14a, and Lr18) and 20 extra differentials (with resistance genes Lr2b, Lr3bg, Lr14b, Lr15, Lr19, Lr21, Lr23, Lr25, Lr28, Lr29, Lr32, Lr33, Lr33+34, Lr36, Lr37, Lr38, Lr39, Lr42, Lr44, and Lr45). The susceptible Thatcher was used as a control. When uredinia were fully developed on the leaves of Thatcher approximately 12 days post-inoculation (dpi), infection types (ITs) on the near-isogenic lines were recorded based on a 0–4 scale (Roelfs, 1984). According to the ITs of the tested isolates on 16 standardized differentials, races were determined on the basis of a 4-letter code as outlined by Kolmer (2001).





DNA extraction and PCR amplification

The genomic DNA of each isolate sample was extracted from the urediniospores according to the modified Cetyltrimethylammonium Bromide (CTAB) method described by Gao (2003). The 21 pairs of EST-SSR primers (Supplementary Table S2) developed by Wang et al. (2010a, 2010b) were used for PCR reaction, and the total reaction system and amplification procedure were performed as described by Zhang et al. (2018). PCR products were separated by 10% (w/v) polyacrylamide gel in 0.5× TBE buffer (45 mM Tris, 45 mM boric acid, and 1 mM EDTA), visualized by silver staining.





Data analysis

To analyze the genetic relationships among selected P. triticina isolates, two binary matrices based on virulence ITs and EST-SSR data were constructed respectively as described by Zhang et al. (2018). Briefly, the virulence binary matrix of 0 and 1 was constructed based on the high (1) or low (0) ITs, and the EST-SSR binary matrix of 0 and 1 was generated based on the presence (1) or absence (0) of PCR amplification bands. The software program NTSYS-pc version 2.10 (Rohlf, 2000) was used to construct the dendrograms, the two-dimensional (2D) principal coordinates analysis (PCA), and the correlation between the virulence and EST-SSR. The software POPGENE version 1.32 (Yeh et al., 1999) was used to assess the population diversity of P. triticina. To evaluate population genetic differentiations, the analysis of molecular variance (AMOVA) was performed using the AMOVA model of Arlequin3.ll software (http://cmpg.unibe.ch/software/arlequin3).






Results




Dynamics of races

In total, 247 single-uredinial isolates were selected from Hebei Province from 2001 to 2010, of which 204 isolates were successfully identified as 164 races (Table 1; Supplementary Table S1). THTT, THST, PHRT, THTS, and PHTT were the predominant races, with frequencies of 7.35%, 5.39%, 4.41%, 4.41%, and 2.45%, respectively.


Table 1 | Races and number of isolates determined each year from 2001 to 2010.







Virulence polymorphism analysis

The similarity coefficient of virulence cluster analysis between 204 isolates was 0.53–0.98 by constructing dendrograms of virulence based on Unweighted Pair-Group Method with Arithmetic (UPGMA) method (Supplementary Figure S1). All isolates were clustered into 13 groups at a similarity coefficient of 0.685. The 187 isolates (91.67%) collected from 2001 to 2010 were grouped into cluster V1, which included nine distinct subclusters (V1-1–V1-9) when the similarity coefficient was 0.764. While the other 17 isolates, clustered into V2–V13, were quite different compared with other isolates and scattered in different years. These clusters contained rare isolates, such as SHRT07-24 (SHRT07-24 represents that this race is the isolate No. 24 from 2007, the same below), KHNS08-25, DBGN05-18, DHGK02-17, PHDT08-13, or LBGL04-16. The subcluster V1-2 was the largest subcluster consisting of 110 isolates and included three sub-subclusters (V1-2-1–V1-2-3) at a similarity coefficient of 0.793. The isolates collected from 2001 to 2006 were mainly distributed in the subclusters V1-1, V1-2-1, V1-3, and V1-7, and the isolates collected from 2007 to 2010 were mainly distributed in V1-2-2 and V1-2-3. These results indicated that the populations of P. triticina in Hebei Province from 2001 to 2010 had high polymorphism in virulence phenotypes. In addition, the virulence polymorphism had a certain correlation with the year, and the populations from 2007 to 2010 differed from those from 2001 to 2006.

The virulence diversity parameters Nei’s gene diversity index (H) and Shannon’s information index (I) of P. triticina populations from Hebei in 2001–2010 were 0.16–0.27 and 0.27–0.42, respectively. In addition, H and I had similar trends from 2001 to 2010 (Table 2), and both were in a state of fluctuation balance (Figure 2). This indicated that the virulence diversity of P. triticina populations in Hebei Province was relatively stable from 2001 to 2010.


Table 2 | Virulence diversity parameters of 10 Puccinia triticina populations.






Figure 2 | Virulence diversity of the Puccinia triticina populations in Hebei Province from 2001 to 2010 indicated by Nei’s gene diversity index (H) and Shannon’s information index (I).







Genetic polymorphism analysis

Two hundred forty-seven isolates of P. triticina were analyzed by 21 pairs of EST-SSR primers, and only 17 pairs of primers can amplify clear and stable bands (Supplementary Figure S2). In addition, three of the 17 pairs of primers, PtSSR0536, PtSSR3145, and PtSSR0801, did not amplify the polymorphism bands in the tested isolates. A total of 54 alleles were amplified from the remaining 14 pairs of primers, of which 42 alleles were polymorphism alleles, and the percentage of polymorphism was 77.78%. The number of alleles and polymorphic alleles of these 14 pairs of primers was 2–9 and 1–8, respectively (Table 3).


Table 3 | Numbers of alleles, polymorphic alleles, and percentage of polymorphism of 14 pairs of EST-SSR primers.



The genetic similarity coefficient based on EST-SSR analysis of the 247 isolates was 0.67–0.99 (Supplementary Figure S3), which was slightly higher than the virulence similarity coefficient. All isolates were clustered into four groups (S1–S4) at a similarity coefficient of 0.74. Cluster S1 contained 214 isolates (86.64%), including two distinct subclusters (S1-1 and S1-2) at a similarity coefficient of 0.758. The isolates of subcluster S1-1 and sub-subcluster S1-2-1 mainly came from 2001 to 2006, those of S1-2-2 were from 2009, those of S1-2-3 were from 2007, those of S1-2-4 and S1-2-6 were from 2008, and those of S1-2-5 were from 2010. While the isolates of clusters S2–S4 were from 2007 to 2009. These results indicated that the molecular genetic structure of P. triticina in Hebei Province from 2001 to 2006 was relatively consistent, and the genetic structure of P. triticina after 2007 had significantly changed compared with 2001–2006. Most of the isolates originating from the same or neighboring years were clustered into the same group or several neighboring subclusters with a high-level similarity, indicating that the genetic structure in these isolates might be related to their occurrence year.





Two-dimensional principal coordinates analysis of EST-SSR and virulence

All isolates were mainly distributed in two areas (A and B) by 2D-PCA plot analysis of virulence (Figure 3): the isolates from 2001 to 2006 were mainly distributed in area B, and the isolates from 2007 to 2010 were mainly distributed in area A, which also indicated that the population structure of P. triticina has changed after 2007 at a relatively macro level. In addition, the correlation coefficient of virulence and EST-SSR polymorphisms was only 0.006 by using MXCOMP module of NTSYS-pc, which indicated that the correlation between virulence and EST-SSR polymorphisms was very low. In the 2D-PCA plot analysis of EST-SSR, all isolates were mainly distributed in two areas (A and B) (Figure 4). The isolates from 2001 to 2006 were mainly concentrated in area A, which indicated that these isolates have similar genetic loci. While the isolates in 2007–2010 were mainly scattered and distributed in area B, which may suggest that the genetic diversity of P. triticina populations in 2007–2010 was relatively rich. Moreover, there was a partial overlap between area A and area B, which indicated that some isolates in P. triticina populations had a similar genetic structure in some years. The isolates of P. triticina in 2007–2010 were significantly different from those of other years, which may be due to the large changes in the genetic structure of P. triticina populations in these years.




Figure 3 | Two-dimensional plot of principal coordinates analysis of Puccinia triticina based on virulence polymorphism. ◼, Year 2001; ▲, Year 2002; ◆, Year 2003; •, Year 2004; ★, Year 2005; □, Year 2006; ○, Year 2007; △, Year 2008; ◇, Year 2009; ☆, Year 2010. Area A contains most isolates from 2007-2010 and area B contains most isolates from 2001-2006.






Figure 4 | Two-dimensional plot of principal coordinates analysis of Puccinia triticina based on EST-SSR polymorphism. ◼, Year 2001; ▲, Year 2002; ◆, Year 2003; •, Year 2004; ★, Year 2005; □, Year 2006; ○, Year 2007; △, Year 2008; ◇, Year 2009; ☆, Year 2010. Area A contains most isolates from 2001-2006 and area B contains most isolates from 2007-2010.







Virulence and EST-SSR polymorphism analysis of predominant races

In order to further determine the relations of P. triticina pathotypes with virulence polymorphism or EST-SSR polymorphism, the cluster analysis was carried out on 49 isolates of five predominant races (THTT, THST, THTS, PHRT, and PHTT). In the polymorphism analysis based on virulence phenotypes, most of the same races tended to group in the same or adjacent clade (Figure 5). While in the polymorphism analysis based on EST-SSR, the races were clustered in different branches by year (Figure 6), which indicated that there was a certain genetic differentiation among or within the P. triticina population in different years. In addition, the correlation coefficient between pathotypes and virulence polymorphisms was 0.574 (>0.3), and the correlation coefficient between pathotypes and EST-SSR polymorphisms was 0.025 (<0.3), which was analyzed by the MXCOMP module of NTSYS-pc. These results indicated a correlation between pathotypes and virulence polymorphism, but there was no correlation between pathotypes and EST-SSR polymorphism.




Figure 5 | UPGMA dendrogram of the five Puccinia triticina predominant races (THTT, THST, THTS, PHRT, and PHTT) based on virulence.






Figure 6 | UPGMA dendrogram of the five Puccinia triticina predominant races (THTT, THST, THTS, PHRT, and PHTT) based on EST-SSR.







Genetic diversity analysis of P. triticina populations

The P. triticina isolates tested from 10 years (2001–2010) in Hebei Province have been designated as 10 corresponding populations by the year. The H of these P. triticina populations ranged from 0.13 to 0.26, and I ranged from 0.20 to 0.38, while the highest and lowest levels of genetic diversity were found in 2009 and 2010, respectively (Table 4). From the trend of these results, the population genetic diversity level was relatively stable in 2001–2006, and the genetic diversity of the population showed obvious fluctuations in 2007–2010.


Table 4 | Genetic diversity parameters of 10 Puccinia triticina populations based on EST-SSR.



In addition, the analysis results of POPGENE software showed that the coefficient of genetic differentiation (Gst) was 0.27, of which genetic diversity within the population accounts for 73.08% of the total genetic diversity, and genetic diversity among the populations accounts for 26.92% of the total population genetic diversity. There were also certain genetic differentiations among or within P. triticina populations analyzed by the Arlequin3.ll software, and the genetic variation within populations accounted for 72.54% of the total variation, and the genetic variation among the populations accounted for 27.46% (Table 5). So, the variations were mainly found within populations of P. triticina. Moreover, a certain level of gene flow (Nm = 1.38 > 1) was detected by POPGENE software among the populations in 2001–2010. These results indicated that there was a certain degree of exchange of inoculum sources among populations of different years, which may play a role in the changes of population genetic structures.


Table 5 | Analysis of molecular variance (AMOVA) among and within populations.



To clarify the genetic relationship between different P. triticina populations from 2001 to 2010, the population genetic distance was estimated using the POPGENE software (Table 6). A dendrogram (UPGMA, unweighted average method) was then constructed by MEGA 6.0 software based on the Nei’s genetic distances (Figure 7). The 10 populations of P. triticina could be clustered into three main branches (I–III), 2001–2006, 2007–2008, and 2009–2010. The genetic relationship of the six populations from 2001 to 2006 was relatively closer, while the two populations from 2009 and 2010 had the farthest relationship with other populations, followed by the two populations in 2007–2008. This indicated that the longer the year span, the greater the genetic difference of P. triticina populations.


Table 6 | Nei’s unbiased measures of genetic distances and genetic identities between populations.






Figure 7 | Phylogenetic tree of the 10 Puccinia triticina populations based on EST-SSR. The isolates of each year are regarded as a population.








Discussion

The most common method to study population dynamics of P. triticina is to monitor the virulence changes based on the infection types of isolates to a set of Thatcher near-isogenic lines or currently planted cultivars, which can directly reflect the changes of pathotypes and virulence of P. triticina. While molecular marker technology can reveal the genetic structure, genetic differentiation, and genetic diversity of pathogens at the molecular level, which can reflect the difference between individuals of pathogens based on the variation of gene or genotype (Park et al., 2000; Xu et al., 2002; Mebrate et al., 2006; Kolmer and Ordoñez, 2007; Mantovani et al., 2010; Ordoñez et al., 2010). In addition, molecular marker technology is also widely used in the virulence variation, origin evolution, and migration of pathogens (Chen et al., 1999; Xu et al., 2009). In this study, the genetic diversity, evolution, and variation of P. triticina from 2001 to 2010 in Hebei Province were researched by combining virulence identification with EST-SSR analysis.

A relatively rich genetic diversity was found among the P. triticina isolates from 2001 to 2010. However, the genetic structure of P. triticina populations varied with the year difference. The population structure of P. triticina underwent major changes in 2007–2010, while the populations of 2001–2006 were similar and had little change (Figure 7). In general, the factors affecting the genetic structure of P. triticina populations are mainly due to the mutation of the pathogen, the alternation of host cultivars, and the climate environment changes. According to our surveys during the collection period of leaf rust samples from 2001 to 2010, the wheat-planting area in Hebei Province decreased since 2001 due to various reasons. The sown area of wheat in Hebei Province was 2,729.9 thousand hectares in 2000, decreased to 2,161.5 thousand hectares in 2003 and 2,377.1 thousand hectares in 2004, and farmers rarely changed wheat cultivars during these years. The wheat cultivars of ‘Shimai’ series, ‘Hengmai’ series, and ‘Hanmai’ series accounted for more than 80% of the wheat-planting area in Hebei Province (Chen et al., 2005; Zhang, 2016). For example, ‘Shixin733,’ ‘Shijiazhuang 8,’ ‘Shimai 12,’ ‘Shimai 16,’ ‘Shixin 828,’ ‘Shimai 14,’ ‘Hengguan 35,’ ‘Hanmai 11,’ Hanmai 12,’ and ‘Ji 5265’ were the main wheat cultivars during this period, and these cultivars were all native wheat cultivars in Hebei Province. Since 2005, the wheat-planting area in Hebei Province has increased to 2,420 thousand hectares, which has remained at this level in the following years, and some new wheat cultivars were introduced. For example, ‘Jimai 22’ and ‘Liangxing 99,’ which belong to the ‘Jimai’ series and ‘Liangxing’ series from Shandong Province, Zhongmai 175, and so on were introduced into Hebei Province and have a wide planting area for high yield characterization. The alternation of wheat cultivars in this periods may produce affections on P. triticina population structure changes. In addition, the precipitations, temperatures, and altitude can also affect the development of P. triticina populations (Morgounov et al., 2012). According to the Climate Bulletin of Hebei Province, the annual average temperature in Hebei Province was 0.6°C–1.3°C higher than normal in 2007–2010, which were the warmest years since meteorological observations, and the winter temperature was significantly higher, which was the second warmest winter since 1951. Warm winter will be beneficial to the overwintering and survival rate of P. triticina, which may be conducive to the emergence of new races and the development of the population size of P. triticina. Since the period of large changes in the population structure of P. triticina was consistent with the changes in climate conditions, the warm winter may be another reason for the changes in the population structure of P. triticina in 2007–2010. Based on the above analysis, we speculated that the changes in P. triticina population structure during 2001–2010 were caused by the combined effects of host cultivars and climate conditions.

Kosman et al. (Kosman et al., 2014; Kosman et al., 2019) and Kolmer et al. (2017) thought that migration was also likely an important factor in the genetic structure change of P. triticina populations. Wright (1990) proposed that when parameter Nm (gene flow) >1, there was gene flow between populations, which could prevent genetic differentiations between populations. Gene flow has the role of homogenization, and the stronger the gene flow, the higher the similarity and the smaller the differentiation. On the contrary, the lower the gene flow, the lower the similarity and the larger the differentiation. The gene flow generated by the spread and diffusion of spores in different regions may change the gene frequency of the population. In addition, the interannual gene flow was mainly caused by asexual spores overwintering and oversummering, which was generally relatively stable, but low temperature or drastic environmental changes may also cause variations. The north and northwest of Hebei Province are located in mountainous areas, which have fewer wheat-planting areas, so no samples were collected for identification. The main wheat-growing region of Hebei Province is in the northern part of the North China Plain (only including Hebei Province), which is narrow compared with the southern part of the North China Plain (including Henan Province, Shandong Province, Anhui Province, and North part of Jiangsu Province). So, the plain is very conducive to the migration of P. triticina by the monsoon, and the gene flow caused by the migration of P. triticina among regions may reduce the diversity of P. triticina in the same year. Therefore, the difference of P. triticina population in the same year may come from the difference of wheat cultivars planted in different regions.

Wang et al. (Wang et al., 2010a, Wang et al. 2010b) developed 21 pairs of EST-SSR primers, which were effective in analyzing the molecular diversity of P. triticina isolates in Canada. However, similar to the study of Zhao (2013), four pairs of primers in the present study cannot amplify clear and stable bands. In addition, although three pairs of primers can amplify clear and stable bands, there are no polymorphic bands, which cannot distinguish the isolates of P. triticina. So, only 14 pairs of EST-SSR primers in this study were adapted to the genetic diversity analysis of P. triticina in China. Due to the significant difference in virulence of P. triticina between North America and China, we speculated that the genetic difference of P. triticina between the two regions may be the main reason for this phenomenon.

Many studies on the genetic diversity of P. triticina populations showed that the genetic variations were mainly found within populations, which was higher than among populations (Kolmer and Ordoñez, 2007; Ordoñez and Kolmer, 2007; Ordoñez et al., 2010; Dadrezaie et al., 2013; Xu et al., 2013). Moreover, similar results were reported in the Puccinia striiformis f. sp. tritici (Wan et al., 2015). In this study, we found a certain degree of genetic differentiation among populations or within populations. The variation within populations was higher than that among populations of P. triticina in Hebei Province from 2001 to 2010. These results were consistent with the above studies. This indicated that the differentiation within populations in the same year played a more important role than the differentiation among populations, revealing that year separation was also apparently an important limiting factor to gene flow and population structure. Because the overwintering survival rate of P. triticina in Hebei Province is relatively low, the source of the P. triticina inoculum in Hebei Province, particularly north of Shijiazhuang, may have migrated primarily from other major wheat-growing regions that are conducive to P. triticina overwintering, such as Henan, Shandong, and Jiangsu Province, which are located in the middle-south of the North China Plain. The main wheat cultivars in these provinces are different. For example, the wheat cultivars of Henan Province are mainly ‘Zhengmai’ series and ‘Zhoumai’ series, the wheat cultivars of Shandong Province are mainly ‘Jimai’ series, ‘Lumai’ series, and ‘Yanmai’ series, and the wheat cultivars of Jiangsu Province are mainly ‘Sumai’ series and ‘Yangmai’ series, which also easily lead to the diversity of P. triticina races. Therefore, the genetic variation of P. triticina in Hebei Province from 2001 to 2010 was mainly found within populations, which may be caused by the differences of races from other regions outside Hebei Province mentioned above. In addition, according to the study of Dadrezaie et al. (2013), although the high molecular variability within P. triticina populations may indicate the colonial behavior of P. triticina in different years, the similarity between P. triticina populations also indicates the gene flow. So the population similarity between years may be the result of gene flow.

According to the virulence and genetic polymorphism analysis, we found that the diversity of P. triticina in Hebei Province was rich, and the virulence structure was very complex. Both virulence and genetic polymorphism analyses showed that the clustering of some P. triticina isolates in Hebei Province had a certain correlation with the year, which indicated that the genotypes of the P. triticina isolates in the same year had more similarity than that in different years. Both analyses showed significant changes in the population structure of P. triticina in Hebei Province after 2007 compared with 2001–2006. With the change in climate, the occurrence of wheat leaf rust in China has been increasing yearly, especially after 2008, such as 2008–2009, 2012–2013, and 2015 (Zhang et al., 2020a; Zhang et al., 2020b). The increase in P. triticina population size will increase the possibility of survival of individual isolates with favorable mutations for virulence or at genetic loci (Kolmer, 2015), which will further enrich the population diversity of P. triticina. In addition, we found that there was no significant correlation between these isolates and the regions, which further indicated the migration of P. triticina isolates among these regions.

Moreover, there is a contradiction in the correlation between virulence phenotypes and molecular genotypes of P. triticina in the world. Many studies on genetic diversity have reported the significant correlation between the virulence phenotypes and molecular genotypes of P. triticina in Pakistan, Europe, Central Asia, and the Caucasus regions (Halkett et al., 2005; Kolmer and Ordoñez, 2007; Mantovani et al., 2010; Kolmer et al., 2012; Kolmer et al., 2017). However, Park et al. (2000); Prasad et al. (2017), and Gultyaeva et al. (2018) thought that there was no significant correlation between virulence polymorphism and molecular polymorphism of the P. triticina population diversity in Western Europe, South Asia, or Russia and Kazakhstan. There was also no significant correlation between virulence polymorphism and molecular polymorphism of the P. triticina population in China (Xu et al., 2002; Pu et al., 2004; Xu et al., 2013; Zhao, 2013), which was consistent with the results of this study. In addition, the same conclusion had been reported in the studies of population genetics of P. striiformis f. sp. tritici in the United States and Northwestern China (Chen et al., 2010; Wan et al., 2015). Whereas Kolmer (2015) reported that the SSR genotypes of 100 P. triticina isolates from seven provinces (the samples provided by our lab) in 2009 and 2010 in China had a significant correlation with the virulence phenotypes, which may be related to the sample size or the regional source differences of the collections of P. triticina. The greater regional disparity, the greater possibility of virulence and genetic variation of P. triticina populations.

In this study, the results of polymorphism analysis of the predominant pathotypes showed a correlation between pathotype and virulence polymorphism. However, the different pathotypes may also be grouped into the same cluster. For example, THTT and PHRT or PHTT and PHRT, which differed in virulence on Lr2a and/or Lr17, were clustered into the same cluster. Similar phenomena have been found in other studies. Wang et al. (2010a) found that TDBG and TDBJ, which differed in virulence on Lr14a, were clustered into the same cluster. While some of the same races did not completely cluster into the same group, which indicated that these isolates have genetic differences, although they were of the same pathotype. Zhao and Wang (Zhao and Wang, 1986; Wang, 1988) found the virulence heterogeneity in the same pathotype of P. triticina, and the pathogenicity of different P. triticina isolates of the same pathotype was not completely consistent. The more differential hosts were used, the more pathotypes of P. triticina were identified. In this study, in addition to 16 standardized differentials that were used for race naming, 20 extra differentials were used to test the virulence of P. triticina isolates. Therefore, although the same races had the same infection types to those of 16 standard hosts, there may be differences in the infection types to additional extra differentials. For example, isolate THTT10-2 was virulent to Lr15 and avirulent to Lr28 and Lr36, but THTT09-25 was avirulent to Lr15 and virulent to Lr28 and Lr36. THTT09-2 was avirulent to Lr28 and Lr33+34 and virulent to Lr15 and Lr36, but THTT08-27 was virulent to Lr28 and Lr33+34 and avirulent to Lr15 and Lr36. Therefore, although these isolates are of the same pathotype according to the 4-letter nomenclature, some of them were different in the virulence to other Lr genes. With the increase of the differential hosts for pathotype identification, the diversity of isolates may be more abundant.





Conclusion

In the present study, we identified the virulence diversity of 247 P. triticina isolates collected in Hebei Province from 2001 to 2010 on 36 Thatcher near-isogenic lines and detected the EST-SSR genetic diversity. The cluster analysis based on virulence phenotype and EST-SSR genotype showed that P. triticina populations in Hebei Province have rich virulence and genetic diversity. Due to the alternation of wheat cultivars and climatic condition changes, the population structure of P. triticina has changed significantly since 2007. Moreover, there was a certain genetic differentiation among or within populations of P. triticina in Hebei Province, and the genetic variation of within populations was the main origin of virulence phenotype or genetic genotype variations in P. triticina populations in Hebei Province. Our study will provide a theoretical basis for a better understanding of the population structure and genetic variations of P. triticina over a period in Hebei Province of China.
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Introduction

Fusarium avenaceum causing Fusarium seedling blight (FSB) and Fusarium head blight (FHB) on barley is associated with economic losses of crop yield and quality, and the accumulation of mycotoxins including the enniatins (ENNs) A, A1, B and B1. Although F. avenaceum is the main producer of ENNs, studies on the ability of isolates to cause severe Fusarium diseases or produce mycotoxins in barley are limited.





Methods

In this work, we investigated the aggressiveness of nine isolates of F. avenaceum to two cultivars of malting barley, Moonshine and Quench, and defined their ENN mycotoxin profiles in in vitro and in planta experiments. We assessed and compared the severity of FSB and FHB caused by these isolates to disease severity by F. graminearum, F. tricinctum and F. poae. Quantitative real-time polymerase chain reaction and Liquid Chromatography Tandem Mass Spectrometry assays were used to quantify pathogen DNA and mycotoxin accumulation, respectively, in barley heads.





Results

Isolates of F. avenaceum were equally aggressive to barley stems and heads and caused the most severe FSB symptoms resulting in up to 55% reductions of stem and root length. Fusarium graminearum caused the most severe FHB disease, followed by the isolates of F. avenaceum with the most aggressive F. avenaceum isolates capable of causing similar bleaching of barley heads as F. avenaceum. Fusarium avenaceum isolates produced ENN B as the predominant mycotoxin, followed by ENN B1 and A1 in vitro. However, only the most aggressive isolates produced ENN A1 in planta and none produced ENN A or beauvericin (BEA) either in planta or in vitro.





Discussion

The capacity of F. avenaceum isolates to produce ENNs was related to the accumulation of pathogen DNA in barley heads, whilst FHB severity was related to the synthesis and accumulation of ENN A1 in planta.  Cv. Moonshine was significantly more resistant than Quench to FSB or FHB, caused by any Fusarium isolate, and to the accumulation of pathogen DNA, ENNs or BEA. In conclusion, aggressive F. avenaceum isolates are potent ENN producers causing severe FSB and FHB with ENN A1 requiring further investigation as potential virulence factor for F. avenaceum in cereals.
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Introduction

Barley (Hordeum vulgare L.) is one of the oldest cultivated grain crops ranking fourth, among cereals, in importance for feed and food production around the world. Approximately 80%–90% of barley grain yield is destined for livestock feed, while the remaining 10% is converted into malt for brewing, distilling, and baking (Morcia et al., 2016; Food and Agriculture Organization (FAO, 2018).

Barley is susceptible to Fusarium spp., causing a complex of Fusarium diseases during crop development including seedling blight (FSB), foot rot, and Fusarium head blight (FHB) (Parry et al., 1995; Bai & Shaner, 2004; Ferrigo et al., 2016). Consecutive infections within the crop life cycle provide inoculum for each disease within the complex (Parry et al., 1995), with disease severity being a function of the aggressiveness of the causal pathogen towards the host at different growth stages, the cereal genotype, and the prevailing environmental conditions (Parry et al., 1995; Doohan et al., 2003). FHB of the Fusarium complex is considered the most economically damaging disease (Parry et al., 1995; Ferrigo et al., 2016), resulting in significant losses in crop yield and quality (Trail, 2009; Habler & Rychlik, 2016), and safety due to grain contamination with mycotoxins (Desjardins, 2006). The most common toxigenic causal organisms of FHB in barley include F. avenaceum, F. poae and F. tricinctum (Nielsen et al., 2014). Fusarium avenaceum and F. tricinctum produce predominantly moniliformin (MON) and enniatins (ENN A, A1, B and B1) (Kokkonen et al., 2010) and occasionally, beauvericin (BEA) (Logrieco et al., 2002). Fusairum poae produces nivalenol (NIV), diacetoxyscirpenol (Thrane et al., 2004) and BEA (Kokkonen et al., 2010). ENNs and BEA have similar toxicity and have been shown to induce apoptosis, increase cytoplasmic calcium concentration, and cause DNA fragmentation in mammalian cell lines (Bertero et al., 2020). MON has shown inhibitory action on several enzymes, including pyruvate dehydrogenase, α-ketoglutarate dehydrogenase, pyruvate decarboxylase and acetohydroxy acid synthase in vitro (Jestoi, 2008; Gruber-Dorninger et al., 2016; Mallebrera et al., 2018). ENNs, BEA and MON are collectively refered to as emerging mycotoxins (Jestoi et al., 2004) remaining under evaluation by the European Food Safety Authority (EFSA) Panel on Contaminants in Food Chain (CONTAM, 2014). Currently there are no legislative limits imposed on growers and processors for these mycotoxins and data is still being collected on their occurrence in cereals and toxicologial profiles. The most recent European surveys of Fusarium mycotoxins in barley have revealed that ENN B is most prevalent, followed by ENN B1, A1 and A (Bolechová et al., 2015; Habler & Rychlik, 2016; Jajić et al., 2019). Although F. avenaceum is the most common producer of ENNs (Gautier et al., 2020) studies on the aggressiveness and the ability of isolates to cause Fusarium diseases or produce mycotoxins in barley (Jestoi et al., 2008) are limited, whilst data specific to UK isolates is lacking. The last UK survey of more than 200 barley samples from England and Scotland over two consecutive years, reported that F. avenaceum, F. poae and F. tricinctum were present in 100%, 90% and 81% of the sampled grain, respectively, however ENNs or BEA were not quantified in these samples (Nielsen et al., 2014). The objectives of this work were to determine the aggressiveness of isolates of F. avenaceum isolated from these survey samples by assessing the ability of these isolates to cause Fusarium diseases and their capacity to produce emerging mycotoxins in vitro and in planta. The hypotheses of these studies were: i) F. avenaceum causes equally or more severe FSB or FHB disease on barley compared to isolates of other common Fusarium species; ii) isolates of F. avenaceum are potent producers of ENNs in vitro and in planta; and iii) mycotoxin production can be related to pathogen DNA and severity of FHB.





Materials and methods




Plant material

Series of in vitro and in planta experiments were conducted with two spring barley cultivars, Moonshine and Quench in 2017 and 2018 under glasshouse conditions at the University of Nottingham, Sutton Bonington Campus, UK (Table 1). Prior to being used in experiments, barley seeds were surface sterilised by immersion in 75% ethanol for 40 seconds followed by immersion in 0.5% sodium hypochlorite solution (NaOCl) for 1 minute. The seeds were then rinsed three times in sterile water and dried on a filter paper in a laminar flow cabinet.


Table 1 | Isolates, inoculation methods and inoculated tissues used in Fusarium seedling blight (FSB) and Fusarium head blight (FHB) experiments performed with two barley cultivars, Moonshine and Quench.







Inoculum production

All Fusarium isolates, including F. avenaceum, F. tricinctum, F. graminearum shown in Table 1 were isolated from naturally infected grain from the SAFEMalt project (Nielsen et al., 2014). Single spore isolates were stored short term on potato dextrose agar (PDA, Sigma-Aldrich, UK) at 20-25°C and long term in glycerol stocks at -80°C.





FSB experiments

All experiments were repeated twice. Used isolates are shown in Table 1. The first experiments (FSB1) with each barley variety were designed as a randomised block with two factors, inoculation, and Fusarium isolate, with four replicates of each treatment combination. The purpose of this experiment was to compare Fusarium isolates of known identity, confirmed by real-time PCR, and pathogenicity isolated from naturally infected barley grain (Nielsen et al., 2014), and identify aggressive isolates of F. graminearum, F. tricinctum and F. poae to include as controls in subsequent experiments with larger numbers of isolates of F. avenaceum. The second series of glasshouse experiments (FSB2) were designed as a randomised block with nine isolates of F. avenaceum and the most aggressive isolates of F. poae, F. tricinctum and F. graminearum identified from FSB1 used as controls. Two barley varieties were included in the design as a factor with two levels, Moonshine or Quench.

Two different methods were used to determine the barley cultivar responses to FSB pre- and post-germination (Ren et al., 2015). For the former, barley seeds, without pre-germination, were sown directly in compost (John Innes No. 2) inoculated with five mycelial plugs from cultures grown on PDA at 20-25°C for 5–7 days. For the latter method, post-germination, surface-sterilised seeds were first incubated on filter paper saturated with sterile water at room temperature (22°C) for 2 days to obtain evenly germinated seeds.

To prepare inoculated soil, John Innes compost No. 2 was autoclaved for 1 hour at 121°C for two consecutive days and allowed to cool to room temperature before being used as a medium for growth in experiments. Plastic trays (Beekenkamp Verpakkingen, Netherlands) with 308 compartments (3.0 cm × 3.0 cm) were filled with compost and 5 ml of sterile water was added to each well. Soil in the tray wells was inoculated with five mycelial-agar plugs (5 mm diameter) of each isolate of included in the studies. To ensure that the inoculum was evenly distributed in the potting medium, the inoculated agar plugs were first macerated before being mixed well with the compost. Non-inoculated PDA agar plugs were used as control (mock-inoculated). Following soil inoculation, two pre-germinated or non -germinated seeds of each cultivar were sown in each well and then covered with a 2 cm layer of compost. The trays were incubated in a glasshouse at 10–18°C with a relative humidity of 70 ± 10% and a photoperiod of 9 hours using a combination of automatic vents and a heating system.




Visual disease of FSB and plant trait assessments

Barley seedlings were extracted from the compost at 15 days post-inoculation (dpi) and carefully washed with tap water to remove debris before visual disease and plant trait assessment. Symptoms of FSB were assessed visually on individual seedling stems by classifying the proportion of stem discoloration on a scale of 0–4 (0 = no lesions, clean seedling base; 1 = lesions affecting less than 25% of the base circumference; 2 = lesions affecting 26%–75% of the base circumference; 3 = lesions affecting more than 75% of the base circumference; 4 = dead; (Ren et al., 2015). Following disease assessment, root and stem length were measured using a ruler and recorded for individual seedlings.






FHB experiments

FHB experiments were conducted in 2017 and 2018 at the University of Nottingham Sutton Bonington Campus in glasshouse conditions. The experimental designs for both experimental repeats were randomised blocks, with four replicates of each barley variety (cv. Moonshine or Quench) using the same F. avenaceum isolates and the most aggressive isolates of F. poae, F. tricinctum and F. graminearum used in the FSB experiments. The two barley varieties used in previous FSB experiments were grown into a 5 L pots at 10–18°C under a relative humidity of 70 ± 10% and a photoperiod of 9 h, using a combination of automatic vents and a heating system. The watering system delivered water directly to the compost twice a day. Barley plants were protected from powdery mildew using a Sulphur burner at weekly intervals, which was removed 3 weeks prior to head inoculation.




Fungal spore production and FHB inoculation of barley cultivars

Fusarium avenaceum isolates (Table 1) grown on PDA were incubated at 20°C for 14 days and exposed to near UV light for a period of 12 h every day to stimulate spore production for inoculation. Spores were harvested from culture plates by adding 5 ml of sterile distilled water, followed by agitation using a sterilised L-shaped plastic rod. The concentration of conidial suspensions was determined using a hemocytometer and adjusted to 1×106 conidial ml-1 for each isolate. Spore solutions were used immediately for inoculation at anthesis of barley, growth stage (GS) 59 (Zadoks et al., 1974). Prior to inoculation, five ears of each plant were randomly labelled, and one droplet of spore suspension (total volume of 0.2 ml) was carefully applied, using syringe, on individual spikelets (between lemma and palea) of each labelled head of each plant. Control barley heads were mock-inoculated with sterile distilled water. Inoculated ears were covered with polyethene bags to achieve high humidity and stimulate FHB infection. The bags were removed 48 hours post-inoculation.





Visual FHB disease assessment

Visual disease assessments were carried out from mid-anthesis onwards (GS 65) at 7-days intervals over 28-day period. Inoculated heads (five per replicate) were assessed for numbers of spikelets showing water-soaked, necrotic lesions, or bleaching per total number of spikelets per head. The area under the disease progress curve (AUDPC) for each symptom (lesions or bleaching) was calculated using the mathematical formula by Shaner and Finney (1977), which is depicted below as an equation, where yi is the score of visually infected spikelets on the ith day, ti is the day of the ith observation and N is the total number of observations:







Pathogen DNA quantification

Each inoculated head was individually harvested by hand at GS92 and threshed using a stationary thresher with care to retain Fusarium-damaged grains in the sample. Threshed grain was milled into a fine flour using a Krups F203 grinder (Krups, Windsor). Cross-contamination was avoided by thoroughly cleaning the grinding chamber between samples. Milled samples were stored at -20°C and consequently used for DNA extraction and quantification using the methods described by Nielsen et al. (2014).

Targeted pathogen DNA quantification was performed using real-time PCR assays with performed with CFX96 (Bio-Rad, UK). Ten-fold serial dilutions (1-10-6 ng µl-1) of DNA of F. avenaceum (isolate 75, University of Nottingham), F. poae (isolate 175, University of Nottingham) and F. tricinctum (isolate 53, University of Nottingham) were used to generate standard curves. PCR reactions consisted of a template of 2.5 µl DNA in a total reaction volume of 12.5 µl. The negative control used 2.5 µl of PCR-grade water in place of the DNA template. Species-specific primers were used for quantification of F. avenaceum, F. tricinctum and F. poae (Supplementary Table 1). 2x iQ SYBR Green Supermix (Bio-Rad, UK) and 250 nM of forward and reverse primers were used in PCR reactions. Linear regression was used to calculate the quantity of target pathogen DNA. Quantities of DNA were expressed as the amount of target DNA (in picograms) per total DNA in the sample (in nanograms). The limit of quantification was 10-4 pg ng-1 total fungal DNA, and all assays had an efficiency of 100.0%–104%. DNA of F. graminearum was not quantified by real-time PCR because this species did not produce the mycotoxins quantified in these studies which included BEA and ENNs.






In vitro mycotoxin production by isolates of F. avenaceum

This experiment was performed twice and was set up as a completely randomised design with the isolates shown in Table 1. Barley grain of cv. Moonshine was soaked in sterile distilled water for 24 hours to increase the water content by approximately 50%, and the supernatants was discarded. Three replicates of soaked barley grains were weighed before adding 25 g of each replicate to a 100 ml conical flask, followed by autoclaving for 20 minutes at 121°C. The conical flasks were left to cool down for 3 hours and subsequently inoculated by adding 0.5 ml of 1 × 106 ml-1 conidial spore suspension. Spore suspensions were prepared for each isolate by adding twelve mycelial plugs from actively growing culture to a conical flask (250 ml) containing carboxymethyl-cellulose (CMC) media. Flasks were placed on an orbital shaker for 6 days at room temperature. Spore solutions of each flask were separately filtered through two layers of sterile muslin cloth, quantified using a haemocytometer, then diluted in sterile water and adjusted to a concentration of 1×106 spores ml-1. The spore suspensions were used immediately to inoculate the grain, and sterile distilled water (SDW) was added to the control samples. Inoculated barley was incubated at 22°C ± 1°C for 3 weeks. After the incubation period, inoculated grain from each flask was collected in a labelled paper bag. The samples were lyophilised and milled to a fine flour using a coffee grinder for each individual species of Fusarium to avoid cross-contamination. All samples were stored at -20°C until extraction and quantification of mycotoxins.





Extraction and quantification of mycotoxins using LC-MS/MS

Organic solvents used for mycotoxin extraction and LC-MS/MS analysis (HPLC grade acetonitrile and methanol) were purchased from Sigma-Aldrich, Germany. Certified standards (purity of 99%) of BEA, ENNs A, A1, B and B1 were purchased from Alexis Biochemicals, New York. All solvents were filtered through a cellulose filter of 0.2 µm before use. Individual stock solutions of 1 mg ml-1 of BEA and ENNs A, A1, B and B1 standards were prepared using acetonitrile (ACN HPLC grade). Mixed mycotoxin standard (BEA and ENNs A, A1, B and B1) with a concentration of 10 µg ml-1 was used for the preparation of standard curves of mycotoxins with 4-fold series dilution ranging between 4-0.0039 µg ml-1. Linearity for all toxin standard curves was determined as R2 = 0.98-0.99. Calibration standards were used for quantification by spiking the matrix with external standards prior to extraction. The extraction method for BEA and ENNs (A, A1, B and B1) used a mixed solvent consisting of 10 ml of 0.1% formic acid HCOOH and 10 ml ACN added to 5 g of a milled grain sample in a 50 ml Falcon bottle. The mixture was shaken in the FastPrep 5G system (MPBio, USA) for 2 minutes, and 1 g of NaCl and 4 g of MgSO4 were added to the mixture and centrifuged at 5000 rpm for 5 minutes. Without disturbing the pellet, 1 ml of the supernatant was transferred to a clean HPLC vial. The extracted sample was subsequently filtered through a 0.2 µm nylon micro-filter. Limits of detection (LOD), quantification (LOQ) and recovery were determined by spiking the matrix with mycotoxin solutions at 50, 100 and 200 µg ml-1. LOD and LOQ for BEA were 0.3 µg ml-1 and 3 µg ml-1, respectively. LOD and LOQ for ENN B, B1, A1 and A were 0.6 and 2, 0.8 and 4, 0.1 and 2, and 0.4 and 3 µg ml-1, respectively. Recovery for all toxins ranged between 86 and 99%.

LC-MS/MS analysis was performed on an Agilent 1200 Infinity LC system (Agilent Technologies, Germany) with a binary pump, coupled with the Agilent 6490 MS/MS ESI. The chromatographic separation of BEA and ENNs was conducted at 24 ± 1°C on a reverse phase C18 column OOG-4252-40 (5 µm 250 × 3.0 mm). The mobile phase consisted of 0.1% (v/v) formic acid and 1 mM ammonium formate in methanol. An isocratic pump system was used to provide a mobile phase with a flow rate of 0.6 ml min-1. To avoid the formation of any gas bubbles, the column was washed with mobile phase for 20 minutes at different flow rates of 2 ml min-1 for 5 minutes, then 1 ml min-1 for 10 minutes before reverting to the requested flow rate of 0.6 ml min-1, which was maintained for 5 minutes. The injection volume was 10 μl and the total run time was 5 minutes. The used ESI interface was in positive ion mode with a source temperature of 100°C, desolvation temperature of 450°C, cone nitrogen gas flow of 60 L/h, desolvation gas flow of 450 L/h and capillary voltage of 3.5 kV. BEA and ENNs A, A1, B and B1 were analysed in MRM. The precursor and fragment ions for each toxin are shown in (Supplementary Table 2). The resolution for the first and third quadruples was set to 10.0 (unit resolution). Chromatograms were processed using MassLynx (v3.2) to integrate and quantify the peak areas of detected mycotoxins in both the standards and the extracted samples. The peak areas for BEA; ENNs A, A1, B and B1 in the samples were confirmed by comparing the retention time of the peak area with those of standard solutions, as well as by recognizing both the precursor and product ions and their ratio (Supplementary Table 2). The linearity for each toxin was evaluated using standard solutions in a pure solvent and matrix-matched calibration curves. BEA and ENN concentrations in samples were calculated based on the plotted external standard calibration curves.





Statistical analysis

All data was analysed using Genstat Version 14.1 for Windows. A p-value of less or equal to 0.05 was considered statistically significant. All data was analysed using analysis of variance (ANOVA) with experimental repeats included as a factor in the treatment structure with up to 4-way significant interactions between factors tested. Where there were no interactions between factors and experiment, experiments were used as replicates in ANOVA. Prior to ANOVA residuals were checked for normal distribution and where needed data were log10 transformed to obtain normal distribution. Single linear regression (SLR), multiple linear regression (MLR) or non-linear standard curve fitting with groups for cultivar were performed to determine the relationships between visual disease symptoms, pathogen DNA and mycotoxins, with data for the two cultivars being tested for position and parallelism using full data sets for experimental repeats.






Results




Fusarium seedling blight disease severity caused by UK isolates of F. avenaceum

Two different FSB (FSB1 and FSB2) experiments were carried out to determine cultivar responses to pre- or post-germination seedling blight caused by isolates of F. avenaceum, F. graminearum, F. tricinctum and F. poae, and the effect of FSB on seedling traits of barley. To address the first objective non-germinated and pre-germinated seeds were used in both experiments. Results showed that there were no significant differences between methods for seed inoculation (pre- or post-germination) or interactions with any other experimental factors for FSB severity or effects of disease on stem or root length (p>0.05). Similarly, there were no significant interactions for cultivar or isolate in either of the FSB experiments (p>0.05). Infection by isolates of F. avenaceum, F. graminearum and F. tricinctum resulted in similar disease symptoms of dark brown, elongated lesions on the stems of barley seedlings, whist F. poae caused milder symptoms. There were significant differences in the aggressiveness of isolates belonging to different Fusarium species (Figure 1A). Isolates F. avenaceum caused the most severe FSB, followed by F. graminearum, F. tricinctum and F. poae (Figure 1A). In both varieties, Fa225 caused lesions affecting more than 75% of the stem circumference while Fp9 was the least pathogenic isolate to barley stems. Of all isolates of F. graminearum, F. tricinctum and F. poae included in these studies, FSB symptoms by Fg15, Ft53 and Fp175 were most severe and these isolates were thus chosen as controls for the subsequent experiments inclusive of more isolates of F. avenaceum (Figure 2A). A significant variation in the aggressiveness of F. avenaceum isolates (p< 0.001) causing FSB disease in barley was observed in FSB 2 experiments (Figure 2A), with Fa225 consistently causing the most severe symptoms (disease score of 3.25) in cv. Quench. In contrast, Fa74 was the least aggressive isolate with disease score of 1.00 in cv. Moonshine (Figure 2A). F. graminearum (Fg15) and F. tricinctum (Ft53) caused FSB of equal, and moderate, severity (score 2.16) and were both more aggressive to stems than F. poae (Fp175) causing only slight symptoms (score 1.44) (Figure 2A). FSB by isolates of F. avenaceum, F. graminearum and F. tricinctum reduced root and stem length of the two barley cultivars (Figures 1B, 2B). In both experiments, cv. Quench was significantly more susceptible to pre- or post-germination FSB caused by any of the Fusarium isolates (Figures 1C, 2C). Reductions of stem and root length were 20% greater in cv. Quench than in cv. Moonshine (Figures 1D, 2D).




Figure 1 | Severity of Fusarium seedling blight (FSB) by isolates of F avenaceum, F poae, F tricinctum and F graminearum (A), and effects of soil-borne disease on stem and root length (cm) (B) of barley (cvs. Moonshine and Quench) (C, D). Fusarium avenaceum (Fa); F graminearum (Fg); F poae (Fp); F tricinctum (Ft); FSB was assessed visually on seedlings by classifying the proportion of stem discoloration based on a 0–4 scale (0=no lesions, clean seedling base; 1=lesions affecting less than 25% of the base circumference; 2=lesions affecting 26–75% of the base circumference; 3=lesions affecting more than 75% of the base circumference; 4= dead). Analysis of variance includes two experimental replicates, LSD=least significant difference with individual p values shown.






Figure 2 | Severity of Fusarium seedling blight (FSB) by nine isolates of F avenaceum and single isolates of F poae, F tricinctum and F graminearum (included as controls) (A) and effects of soil-borne disease on stem and root length (cm) (B) of barley (cvs. Moonshine and Quench) (C, D). Fusarium avenaceum (Fa); F graminearum (Fg); F poae (Fp); F tricinctum (Ft); FSB was assessed visually on seedlings by classifying the proportion of stem discoloration based on a 0–4 scale (0=no lesions, clean seedling base; 1=lesions affecting less than 25% of the base circumference; 2=lesions affecting 26–75% of the base circumference; 3=lesions affecting more than 75% of the base circumference; 4= dead). Analysis of variance includes two experimental replicates, LSD=least significant difference with individual p values shown.







Mycotoxin production by isolates of F. avenaceum

There were significant differences (p< 0.001) in the capacity of individual isolates of F. avenaceum to produce specific toxins (Table 2). F. avenaceum isolates synthesised the highest concentrations of ENN B followed by B1 and A1, whilst BEA and ENN A were not detected. The concentrations of ENN A1, B and B1 produced by F. avenaceum isolates in vitro ranged between 24.21-1150.80, 2013.72, 81 283.05 and 776.25-7533.56 µg kg-1, respectively (Table 2). Fa225 and Fa40 along with Fa75 and Fa219 were the most potent producers of ENNs B, B1 and A1, while Fa74 produced significantly lower amounts of ENNs B, B1 and less A1 compared to the other isolates. The single isolate of F. tricinctum Ft53 produced ENNs A1, B and B1 with a mean concentration of 25.35, 38904.51 and 709.58 µg kg-1, respectively. Fp175 produced only BEA with a concentration of 2330 µg kg-1.


Table 2 | Concentrations of Enniatins A1, B, B1 produced by isolates of F. avenaceum and single isolate of F. tricinctum (included as control) in vitro on grain of cv.







Fusarium head blight disease severity caused by isolates of F. avenaceum

FHB disease symptoms are presented as AUDPC for lesions and bleaching (Figure 3A). There were no significant interactions (p>0.05) between the main treatment factors and individual experiments and therefore experiments were used as replicates in ANOVA. There were no significant interactions (p>0.05) between isolates and cultivars in the two experiments indicating consistency of the main effects. FHB lesions (Figure 3B) and bleaching (Figure 3C) developed more severely in cv. Quench than in cv. Moonshine (p< 0.001). There were distinct differences between isolates in their ability to cause FHB lesions or bleaching symptoms. Overall, the control F. graminearum isolate, Fg15, caused significantly more lesions over time compared to any of the isolates of F. avenaceum or the single control isolates of F. tricinctum or F. poae (Figure 3A). However, Fa225 was equally aggressive as Fg15 in causing spikelet bleaching and overall, these two isolates accumulated significantly greater AUDPC for bleaching compared to the rest (Figure 3A). The single isolates of Fp175 and Ft53 caused moderate FHB symptoms and were comparable to number of slight to moderately aggressive F. avenaceum isolates (Figure 3A). Of all isolates tested Fa74 was the least virulent strain to barley heads, consistent with the least DNA accumulation in tissues at the end of the experiments (Figure 3D). Significant interactions (p< 0.001) between isolates and cultivars were detected for pathogen DNA amounts of isolates of F. avenaceum, F. tricinctum and F. poae (Figure 3D). All F. avenaceum isolates and the single control isolate of F. tricinctum accumulated greater amounts of DNA in the more susceptible cultivar Quench, although DNA concentrations of Fa219, 40, 55 and 75 were not significantly different between cultivars. However, the single isolate of F. poae accumulated significantly more DNA in cv. Moonshine than in cv. Quench compared to F. tricinctum and F. avenaceum isolates Fa74, Fa210 and Fa248. Notably, the DNA of F. graminearum was not quantified by real-time PCR because this species does not produce any emerging mycotoxins which were the focus of these studies.




Figure 3 | Area Under Disease Progress Curve (AUDPC) for Fusarium head blight (FHB) lesions and bleaching symptoms (A) on barley (cvs. Moonshine and Quench) (B, C) and pathogen DNA (pg ng-1 of total DNA) of F. avenaceum isolates and one isolate of F. graminearum, F. poae and F. tricinctum (included as controls) (D). AUDPC calculated for the appearance of symptoms of lesions and bleaching due to FHB on barley heads for a period of 28 days following inoculation. DNA data is Log10 transformed prior to the analysis of variance inclusive of two experimental replicates. LSD=least significant difference with individual p values shown. I=isolate, C=cultivar. There were no observed disease symptoms or quantifiable pathogen DNA in the non-inoculated control, which was therefore excluded from the analysis. DNA of F. graminearum was not quantified as this species does not produce enniatins or beauvericin. Analysis includes two experimental replicates.







Mycotoxin production in planta

The predominant mycotoxin produced by isolates of F. avenaceum in barley heads was ENN B followed by ENNs B1 and A1 (Table 3). None of the isolates produced BEA or ENN A and not all isolates produced ENN A1 in planta. BEA of significantly higher concentration (977.23 µg kg-1) in cv. Quench than in cv. Moonshine was only produced by the isolate of F. poae. There were significant interactions between isolates and cultivars for ENN A1 and ENN B1 as the single isolate of F. tricinctum and Fa40 produced similar concentrations of these mycotoxins in both cultivars (Table 3). In contrast, all other isolates produced significantly greater amounts of ENNs in cv. Quench compared to cv. Moonshine. There was significant variation (p< 0.001) between F. avenaceum isolates for their ability to produce ENN B. Fa225 produced the highest amount of ENN B (7512 µg kg-1) in cv. Quench, whilst the lowest concentration of ENN B was quantified as 699 µg kg-1, produced by Fa74, in cv. Moonshine. Cv. Moonshine accumulated less ENNs compared to cv. Quench and this effect was consistent for all isolates producing ENN B (Table 3). The single isolate of F. tricinctum Ft53 produced ENNs A1, B and B1, with the higher concentrations of 343.6, 4876.4 and 2717.7 µg kg-1, respectively, in cv. Quench.


Table 3 | Concentrations of Enniatins A1, B, B1 and Beauvericin (µg kg-1) produced by F. avenaceum isolates and one isolate of F. tricinctum and F.poae included as controls on barley (cvs. Moonshine and Quench)







Relationships between FHB AUDPC, pathogen DNA and enniatin concentrations

Regression analysis was performed to determine any relationships between visual disease symptoms, pathogen DNA and mycotoxin accumulation in barley heads (Figure 4 and Table 4). DNA of F. avenaceum explained 63% of the variation in FHB AUDPC for lesions (p< 0.001), with data for the two barley cultivars fitting separate lines with different slopes and intercepts for each cultivar (Table 4). ENN A1 was also positively related to AUDPC for lesions, however, the relationship was of a moderate strength (R2 = 0.37, p< 0.001) (Table 4). MLR revealed significant relationship between FHB AUDPC for bleaching and two of the enniatins, ENN A1 and ENN B, with the data fitting parallel lines with the same slope but different intercepts for each cultivar (Table 4). Strong (R2 = 0.68-0.88, p< 0.001), positive relationships were also found, using non-linear and linear regression analysis, between DNA of F. avenaceum and individual ENNs. Mycotoxin and DNA data for the two barley cultivars fitted common exponential curve for ENN B (Figure 4A), separate exponential curves for ENN B1 and parallel linear lines for ENN A1 for the cultivars used in these studies.




Figure 4 | Non-linear, exponential curves for Enniatin B (A) and B1 (B) and single linear regression for Enniatin A1 (C) and F avenaceum DNA. Data for cvs. Moonshine and Quench fitted common line (A), separate lines (B) and parallel lines (C). Enniatins (µg kg-1) and DNA (pg of F avenaceum DNA per ng of total DNA) and Log10 transformed. Analysis using cultivar as a group including all data from two experimental replicates, equations and p values for position and parallelism are shown.




Table 4 | Relationships between FHB area under the disease progress curve (AUDPC) for lesions and bleaching by F. avenaceum, log10 ENN A1, ENN B, ENN B1 (µg kg-1) and log10 DNA (pg of F. avenaceum DNA per ng of total DNA) or cvs. Moonshine and Quench.








Discussion

Results from these studies showed that soil-borne F. avenaceum caused the most severe pre- and post-germination FSB disease in barley compared to F. graminearum and F. tricinctum. In contrast, isolates of F. poae were at best weakly pathogenic to seedlings and caused only slight disease symptoms agreeing with results from Imathiu et al. (2010), who reported that F. poae failed to produce seedling blight disease not just in wheat but also in oats. FSB can be initiated by seed or soil-borne inoculum, and previous studies have shown that soil-borne F. graminearum is less effective in causing damaging FSB in wheat compared to other species such as Microdochium nivale (Brown et al., 2021). Although F. avenaceum at species level was most aggressive to barley seedlings, there was significant variation between isolates with Fa225 causing the most, and Fa74 the least, severe symptoms in barley seedlings. Reductions of up to 55% in stem or root length by the most aggressive isolate (Fa225) showed that pre- or post-germination FSB causes severe inhibition of growth of barley seedlings. Growth reduction in wheat seedlings has been previously directly related to concentrations of ENNs B and B1 with root elongation being most inhibited (Burmeister and Plattner, 1987). Indeed, isolates of F. avenaceum included here produced considerable amounts of ENN B, B1 and A1. Similar toxigenic profile of F. avenaceum has been reported in several studies (Langseth, 1998; Logrieco et al., 2002; Jestoi et al., 2008; Kokkonen et al., 2010; Yli-Mattila et al., 2022), however, these isolates of F. avenaceum from UK barley grain were not able to produce ENN A or BEA. Although ENNs and BEA producing Fusarium spp. share common metabolic pathway enabled by the multienzyme enniatin synthase (ESYN1) encoded by esyn1 (Urbaniak et al., 2020), BEA is rarely produced by F. avenaceum strains (Yli-Mattila et al., 2022) and in our studies was only produced by the isolate of F. poae. Fusarium poae is one the most common producers of BEA in cereals (Thrane et al., 2004; Mallebrera et al., 2018), and the overall mycotoxin accumulation as with any Fusarium mycotoxins can be affected by environmental conditions such as water content and temperature (Kokkonen et al., 2010). The isolate of F. tricinctum had a similar mycotoxin profile to F. avenaceum which was expected since both species are members of the F. tricinctum species complex in durum wheat and barley with F. avenaceum predominating (47.9%) in the complex (Senatore et al., 2021). In our studies, the single isolates of F. tricinctum and F. poae were included as controls for disease phenotyping and to confirm the mycotoxin profile at species level more isolates should be tested. However, from the three species, F. avenaceum, F. tricinctum and F. poae that predominate in recent surveys of cereal crops, only the first two species are implicated in significant accumulation of ENNs in grain (Orlando et al., 2019).

Pereyra and Dill-Macky (2010) reported that F. avenaceum is the second most aggressive species after F. graminearum to barley and wheat heads. Similarly, in our studies the control F. graminearum isolate (Fg15) caused the most severe FHB disease symptoms in both barley cultivars. However, all isolates of F. graminearum included in our studies were assessed as less aggressive to seedlings compared to the isolates of F. avenaceum, suggesting a variation in the pathogenicity of F. graminearum (Fg15) to different tissues of the barley plant. In contrast, the isolates of F. avenaceum demonstrated equal aggressiveness as FSB or FHB pathogens. Thus, the same isolates which caused severe FSB also caused the most severe FHB. Of all F. avenaceum isolates tested here Fa225, Fa40, Fa219 and Fa75 were found to be the most aggressive FSB and FHB pathogens. These isolates were also the most potent producers of ENN A1, B and B1 in in vitro and in planta experiments. Isolates (Fa235 and Fa55) which were assessed as moderately aggressive or weakly pathogenic (Fa248, Fa210 and Fa74) to stems or heads caused less severe FSB or FHB, respectively, consistent with lower production of ENN A1, B and B1 in vitro and absence of ENN A1 in planta. These results clearly suggest a strong association between the capacity of F. avenaceum isolates to produce ENNs but more importantly to specifically synthesise ENN A1 in planta for increased severity of FHB disease. Furthermore, linear regression analysis showed significant relationships between ENN A1 and FHB AUDPC for lesions, whilst 37% of variation in AUDPC for bleaching was explained by both ENN A1 and ENN B. Interestingly, ENN B1 was not a significant variate in any of the models and was excluded from the linear regressions. Similar, stronger, positive relationships were observed between pathogen DNA and AUDPC or ENN production, suggesting that fungal growth in planta is necessary for successful disease progression and mycotoxin accumulation. The role of ENNs in virulence of F. avenaceum is controversial since in some crops such as potatoes there is published evidence that ENN production increases necrotic lesion size (Eranthodi et al., 2020). However, in cereals, there is no conclusive evidence provided, and this maybe because certain quantity and quality of ENNs is required for increased virulence on specific crops, or perhaps ENNs act synergistically with other toxic fungal factors to provide support for increased virulence. In any case, this is the first report to show strong correlative evidence that the presence and increased quantity of ENN A1 contributes to aggressive F. avenaceum - barley interactions. Therefore, the role of ENN A1 in virulence of F. avenaceum to cereals should be investigated further.

The most significant factor which influenced the severity of FSB and FHB, and mycotoxin accumulation was the barley cultivar. Cv. Moonshine was significantly more resistant, than Quench, to FSB or FHB by any Fusarium isolate and to ENN and BEA accumulation. This agrees with previous results suggesting consistent resistance responses to more than one disease in the Fusarium complex in some cereal genotypes (Ren et al., 2015). Differences between genotypes used here were supported by results of the linear regression analysis demonstrating increased accumulation of ENNs for the same amount of pathogen DNA in Quench, compared to Moonshine. Furthermore, FHB lesions and bleaching developed more rapidly over time and were more severe per unit of F. avenaceum DNA in Quench. Further studies to evaluate cv. Moonshine within larger panel of barley genotypes of known resistance phenotypes, exposed to diverse number of Fusarium species will help to determine if this resistance can be utilised for improved control of Fusarium diseases.

At present, ENNs are neither routinely determined nor legislatively regulated (Jajić et al., 2019), and a limited range of data is available on their toxicity and occurrence in different cereals (Polišenská et al., 2020). The results from the experiments here showed that F. avenaceum isolates are aggressive FSB and FHB pathogens of barley and potent producers of ENNs that can contaminate barley grain in field. Therefore, more research attention is needed on this Fusarium pathogen present in many different geographical environments and predominating in barley. Further research is needed to investigate the potential variability in the aggressiveness of F. avenaceum and yield reduction, as well as the role of distinct metabolites including moniliformin in aggressiveness and virulence to cereals.
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The activity of Eucalyptus essential oil against eleven strains pertaining to six species of plant pathogenic bacteria was studied using growth inhibition and contact assays. All strains were susceptible to the formulation EGL2, and Xylella fastidiosa subspecies and Xanthomonas fragariae were the most sensitive. The bactericidal effect was strong causing 4.5 to 6.0 log reductions in survival in 30 min at concentrations in the range of 0.75 to 15.0 μl/ml depending on the bacteria tested. Transmission electron microscopy of the formulation EGL2 against the three X. fastidiosa subspecies studied allowed the observation of a strong lytic effect on bacterial cells. In addition, the preventive spray application of EGL2 to potted pear plants subsequently inoculated with Erwinia amylovora significantly decreased the severity of infections. Almond plants treated by endotherapy or soil drenching, and then inoculated with X. fastidiosa showed a significant decrease in disease severity as well as in the levels of the pathogen, depending on the strategy used (endotherapy/soil drenching, preventive/curative). The treatment by endotherapy in almond plants induced the expression of several genes involved in plant defense. It was concluded that the reduction of infections by the Eucalyptus oil treatments was due to the combination of its bactericidal and plant defense induction activities.
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1 Introduction

Worldwide losses in crop yields due to diseases, and their implications for global food demands, create the need for improving disease management. IPPC Secretariat (2021a) estimated annual loses up to 40% of global crop production caused by pests, where plant diseases represent a global economy cost over $220 billion, and international standards for phytosanitary measures include protecting sustainable agriculture and improving global food security, as well as protecting the environment (IPPC Secretariat, 2021b). European Commission aim to reduce by 50% the currently homologated chemical pesticides by 2030 (EC, Plant protection in EU agriculture 2022), but in fact, control of most bacterial diseases is only reasonably accomplished by using copper compounds. However, these compounds are not sufficiently effective in most devastating diseases such as those caused by Pseudomonas syringae pv. syringae (bacterial canker of pear), P. syringae pv. actinidiae (bacterial canker of kiwi fruit), Xanthomonas arboricola pv. pruni (bacterial spot of almond) or Erwinia amylovora (fire blight of pear, apple) (Iacobellis et al., 2005; Vanneste et al., 2008; Palacio-Bielsa et al., 2010).

Even more difficult is managing diseases caused by the fastidious phytopathogenic bacteria Xylella fastidiosa or Candidatus Liberibacter (Blaustein et al., 2019; Moll et al., 2022). X. fastidiosa is responsible for emerging diseases in Europe affecting mainly olive and almond, and there are still no effective methods to cure infected plants, due to the lack of effective bactericides and the difficulty to access to the vascular system, where the pathogen establishes. This pathogen is exclusively transmitted by xylem fluid-feeding insects, by grafting or budding and can infect more than 600 plant species (EFSA, 2022). This wide spectrum of hosts combined with genetic plasticity, favors the spread of the pathogen, and make its control extremely difficult (Baldi and La Porta, 2017; Denancé et al., 2019; EFSA, 2021). Since the first detection of X. fastidiosa subsp. pauca in olive plants in Apulia region, Italy in 2013, about 5 million trees has been infected or dead, representing losses of about 10% of Italian olive oil (White et al., 2020). In Spain, X. fastidiosa was first detected in Balearic Islands in 2016 and to date, more than 80% of almond trees are affected by almond leaf scorch disease (ALS) (Morelli et al., 2021; Olmo et al., 2021). Similarly, in 2017, X. fastidiosa subsp. multiplex was detected in diseased almond trees in the Valencian Community (Spain), and in 2021, the infected area reached 2292 ha, and more than 100,000 diseased almond trees have been destroyed (Morelli et al., 2021). Several strategies have been assessed to control X. fastidiosa diseases on plant hosts, including chemical control using oxytetracycline or Zn/Cu citric biocomplex foliar treatments (Amanifar et al., 2016; Dongiovanni et al., 2017; Scortichini et al., 2018; Bruno et al., 2021), stimulators of plant defense responses (Zhang et al., 2019; Moll et al., 2022), biological control using antagonistic endophytes (Baccari et al., 2019) or different agricultural practices. Some of these treatments can reduce symptoms, and in some few cases, even decrease the population levels in infected plants or trees. However, the main concern is that no cure has been found to be effective in the control of X. fastidiosa in infected trees.

Thus, there is a strong need for new products for bacterial disease control, and specially for the emerging and re-emerging diseases of tree crops (Sundin et al., 2016; Sharma et al., 2022). In recent years, the development of biopesticides and particularly non-microbial biopesticides based on natural products are experiencing an increasing growth, as they fulfill the regulations associated to plant protection, such as sustainability, biodegradability and minimal toxicity to humans and environment (Leahy et al., 2014). Many plant extracts or essential oils (EOs) appear as alternative control strategies, since their efficacy against a wide range of pathogens and pests has been confirmed in vitro and to a lesser extent, in planta (Raveau et al., 2020). Particularly, different studies reported in vitro antibacterial activity of EO such as EO from Satureja hortensis L., Cleistocalyx peraculatus or Eucalyptus globulus against E. amylovora, Xanthomonas campestris pv. vesicatoria or X. fastidiosa (Bajpai et al., 2010; Karami-Osboo et al., 2010; Brentini et al., 2018).

In addition, it is important to point out that the regulatory process for registration of bioactive natural products as pesticides may be faster than for conventional chemical products (Mohan et al., 2011).

Different EO-based products have been developed and screened for their fungicidal, herbicidal, and insecticidal activity or as growth regulators, and an increasing number of these products have been homologated for their use in agriculture and commercialized (Raveau et al., 2020; Pathma et al., 2021). Among commercially available botanical derived-biopesticides, there are some described as antimicrobial agents and/or inducers of plant defense, and are effective in controlling bacterial diseases in several crops such as tomato or wheat. In this context, tea tree oil has been reported to exhibit antifungal and antibacterial properties, inhibiting powdery mildew of barley (Terzi et al., 2007). Also, a salicylic acid (SA) analog or ethanolic extracts of Giant Knotweed can induce resistance in a wide range of hosts (Ramasamy et al., 2015; Margaritopoulou et al., 2020). However, there is a lack of EO-products against plant pathogenic bacteria and bacterial diseases. Eucalyptus EO was shown to have antibacterial activity (Tan et al., 2008; Bachir and Benali, 2012), and presents a low risk profile, as it is commercially available for human health and as flavoring agents in food (Batish et al., 2008). Interestingly, neither Eucalyptus EO nor active substance derived from it are approved for use as biopesticides, neither in Europe nor in the United States (https://food.ec.europa.eu; https://epa.gov) .

The aim of the present work was to evaluate the effect of a Eucalyptus EO (EGL2) in controlling X. fastidiosa infections in young potted almond plants as well as E. amylovora infections in pear plants. More specifically the objectives were to: (1) evaluate the antimicrobial activity of EGL2 against different plant pathogenic bacteria of economic importance, (2) assess the effect of spray treatment with EGL2 in controlling E. amylovora infections, (3) study the effect of different treatments with EGL2 in the reduction of ALS symptoms and levels of X. fastidiosa in almond plants, and (4), evaluate the effect of EGL2 treatment in the induction of defense responses in almond plants.




2 Materials and methods



2.1 Bacterial strains and growth conditions

The bacterial pathogens and growth conditions used in the study are listed in Supplementary Table 1. Bacterial strains were cultured at 28°C for 24 h-48 h (for X. fastidiosa strains, 7-10 days) and scrapped from surface to prepare suspensions adjusted to 108 CFU/ml.




2.2 Eucalyptus oil formulation

EGL2 Eucalyptus EO was obtained from leaves and branches of Eucalyptus globulus plants at harvest time in winter, from October to February. Qualitative and quantitative analyses were performed using gas chromatography coupled with a flame ionization detector (GC-FID). The main components identified were 1,8-cineole (>70), limonene (<10%) and α-Terpineol (<10%) (Supplementary Table 2). Dilutions of the product were made in double distilled water to obtain the desired final concentrations.




2.3 Antimicrobial activity

Agar incorporation test method was used for growth inhibition assays for EGL2 product. Briefly, the required agar growth medium was mixed with the corresponding product concentration (5, 10, 30, 60 and 120 µl/ml), and the 10 µl of the test plant pathogenic bacteria (at final concentration of 108 CFU/ml) was added at the center of the agar plate. Three replicates for product concentration were used. Positive controls containing water instead of product, and negative controls containing a bactericidal reference product were included (streptomycin and ampicillin at 100 mg/l). Plates were incubated at 28°C for 24-48 h or 5-10 days, depending on the plant pathogenic bacteria (Supplementary Table 1). Microbial growth was determined qualitatively, by determining the presence or absence of bacterial growth. The minimal inhibitory concentration (MIC) value was taken as the lowest product concentration with no growth at the end of the experiment.




2.4 Bactericidal activity

Bactericidal activity of EGL2 was determined by a contact test or killing assay, consisting of the exposure of the target microorganism (selected from) to an antimicrobial compound for a given time and determining the surviving cells (Montesinos et al., 2021). 100 µl of the corresponding product concentration were mixed in a microtiter plate with 100 µl of bacterial suspension (at final concentration of 5x107 CFU/ml), to a total volume of 200 µl. Three replicates for each concentration and pathogen were used. Controls containing water instead of EGL2 (negative control) or a bactericidal reference product (positive control) were included. Microplates were incubated at 28°C for 30 and 120 minutes under constant shaking. The plate counting method was used to quantify the culturable cells and to assess the bactericidal activity of EGL2. Decimal dilutions of each EGL2 concentration were prepared and plated (20 µl) onto the surface of agar plates and colony forming units (CFU) were quantified at 24-48 h or 5-10 days after the incubation at 28°C.




2.5 Transmission electron microscopy

Alterations in bacterial membrane morphology and integrity of X. fastidiosa subsp. fastidiosa, X. fastidiosa subsp. multiplex and X. fastidiosa subsp. pauca cells after EGL2 treatment was observed by transmission electron microscope (TEM). Cells were exposed to EGL2 (6 µl/ml) for 120 min and harvest by centrifugation at 10,000 g for 10 min. The Microscopy Unit (Research Technical Services) of the University of Girona fixed pelleted cells, included in epoxy resin, and prepared the ultra-thin sections of 60 to 80 nm as described in Baró et al., 2020a. After contrasting sections with uranium acetate 2%, the samples were observed with a JEOL JEEM1400 transmission electron microscope at the Microscopy Unit of the Autonomous University of Barcelona.




2.6 Effect of EGL2 treatment on bacterial infections in plants

The efficacy of EGL2 in controlling infections by E. amylovora and X. fastidiosa was evaluated in potted pear and almond plants, respectively, and under greenhouse conditions.



2.6.1 Erwinia amylovora assays

Self-rooted pear plants cv. Conference (3-year-old) were used. Plants were pruned to leave 3-4 shoots per plant, forced to sprout in the greenhouse and used when shoots contained 5 to 6 young leaves per shoot. Plants were fertilized once a week with a 200 ppm of water soluble NPK solution (20:10:20). Disease was evaluated in leaves of plants that have been sprayed until drop-off with aqueous solution of EGL2 at 20 and 40 µl/ml (10 ml per plant). Streptomycin (0.10 mg/ml) was used as a reference control product, and water-sprayed plants were used as non-treated controls (NTC). Before treating the plants with different EGL2 doses, a double transverse incision (ca. 1mm) was made perpendicular to the midrib of the three youngest fully expanded leaves (most susceptible to infection) of each shoot. After 24 h, treated plants were inoculated with the pathogen by delivering 10 µl of bacterial suspension (at 5x107 CFU/ml) to the center of the two incisions previously made in the midrib. Plants were incubated in the controlled environment greenhouse at 23 ± 2 °C and a photoperiod of for 16 h of light and 8 h dark and 60% relative humidity. The experimental design consisted of three biological replicates of three plants per each treatment and pathogen. Two independent experiments were performed.

After incubation, disease symptoms were allowing to develop and the intensity of the infections was scored 8 days after pathogen inoculation, using a severity index ranging from 0 to a maximum of 4 (0, no symptoms; 1, localized necrosis around the wound; 2: complete necrosis of the midrib; 3, progression of the necrosis across the petiole and 4, progression of necrosis towards shoot). In every plant, each of 3 leaves belonging to each shoot was rated according to the index, and it was used to calculate a disease severity index per plant according to the formula:

	

where S is the severity of the infections per plant, Ii is the severity index for each leaf, n is the number of leaves measured, which is multiplied by the maximum severity index (i.e. 4). Then, the mean of the three plants for each biological replicate was used for the statistical analysis.




2.6.2 Xylella fastidiosa assays

The effect of EGL2 on disease severity caused by X. fastidiosa subsp. fastidiosa 5387.2 and subsp. multiplex 5901.2 in inoculated almond plants was assessed. Almond plants were inoculated as detailed in Baró et al. (2021). Briefly, three inoculations of 10 µl each (30 µl of inoculum per plant, total inoculum of 3x106 CFU) were applied at the same side of the stem in a section of 3 cm at around 15 cm above the substrate level, with a high-precision microinjector (NanoJet; Chemyx, Stafford, TX) provided with a Hamilton 250-µl syringae with a thin needle with a beveled tip (Bonaduz, Switzerland).

In a first experiment, 20 or 40 µl/ml of EGL2 was applied preventively by endotherapy following the protocol described in Baró et al. (2021) for pathogen inoculation. In a second experiment, four independent strategies of 60 µl/ml EGL2 treatment were explored and consisted of (1) preventive application by endotherapy 1 day before the inoculation (1dbi) of X. fastidiosa (2) combination of preventive (1 dbi) and curative application by endotherapy 7- and 43-days post-inoculation (dpi) (3) preventive application (1 dbi) by soil drench, and (4) combination of preventive (1 dbi) and curative application by soil drench 7 and 43 dpi.

At the end of the period of treatment the plants that have been treated by endotherapy using the preventive strategy received a total of 1.8 µl/plant, whereas the plants treated by endotherapy using the combined strategy (preventive and curative) received a total of 5.4 µl/plant (corresponding to three applications of 1.8 µl/plant, one preventive application and two additional curative applications). The experimental design consisted of nine plants per each treatment, and two independent experiments were performed. Symptoms were evaluated according to the severity scale previously described (Baró et al., 2021). For both pathosystems, data set was subjected to analysis of variance (one-way ANOVA) to determine if there were significant differences between treatments in bacterial disease control. Efficacy of each treatment was calculated based on the severity of the treatment in relation to severity observed in plants NTC group, according to the formula:

	

where E is the efficacy of the treatment (in percentage), SNTC is the severity observed in the plants of the NTC group and ST is the severity observed in the treatment group.

Infected plants were cultivated in a Biosafety level II+ quarantine greenhouse authorized by the Plant Health Services, according to EPPO recommended containment conditions (EPPO, 2006), taking into consideration X. fastidiosa quarantine status in the EU (EFSA PLH Panel et al., 2018).





2.7 Quantitative PCR

The levels of X. fastidiosa in inoculated plants were analyzed by quantitative PCR as described by Baró et al. (2021). To determine the movement and growth of X. fastidiosa, 16 cm of shoot material consisting of two sampling zones located above (Upwards zone 1, U1; Upwards zone 2, U2; 8 cm each zone) and below the inoculation point (Zone, D; 8 cm). X. fastidiosa levels were analyzed in each of nine plants per treatment and in each zone. Briefly, after removing the bark from each zone and processing the plant material, DNA extraction and purification was performed using the GeneJET Genomic DNA purification kit (Thermo Fisher Scientific, USA) following the manufacturer’s instructions. The number of total X. fastidiosa cells in the xylem tissue was quantified using a quantitative PCR and expressed as CFU/g, by interpolating the CT values of each sample in the standard curve, CT values vs. CFU, described previously (Baró et al., 2020b).




2.8 Transcriptomic analysis of almond plants challenged with EGL2

The effect of EGL2 in almond plant defense response was evaluated using two preventive application approaches, endotherapy or soil drenching, as detailed in section 2.6 (X. fastidiosa section, preventive application). Control plants were treated with distilled water. For RT-qPCR analyses, treated leaves were collected 24 h after treatment and immediately frozen in liquid nitrogen for subsequent RNA extraction. For total RNA extraction, the plant material was ground to a fine powder in liquid nitrogen with the Tissuelyzer II system (Qiagen) and total RNA was extracted using TriZol® (Invitrogen, Life Technologies) followed by DNAse treatment (Ambion® Turbo DNA-free™, Life Technologies) to remove any contaminant DNA, as described in Montesinos et al. (2021). RNA samples of 3 plants were pooled in the same Eppendorf tube, and three biological replicates per treatment were analyzed (9 plants/treatment, 3 tubes per treatment). cDNA was synthesized from RNA samples using High-Capacity cDNA Reverse Transcription Kits (Thermo Fisher Scientific Inc.) and was assayed for quantify the expression levels of eight Prunus genes related to plant defense and previously described in Ruiz et al. (2017); Tong et al. (2009); Foix et al. (2021). These genes codify a basic 7S globulin-like protein, glutamate receptor, a WRKY transcription factor, G-type lectin S-receptor-like serine/threonine-protein kinase, a pathogenesis-related transcriptional activator PTI5, a PR9 (a peroxidase 44), a RING-H2 finger protein and a pathogenesis-related protein 4 (PR4). Primers are detailed in Supplementary Table 3.

Quantitative Real Time-PCR was carried out in a fluorometric thermal cycler (qPCR Quant Studio 5, Applied Biosystems) using the Mix SYBR®Green PCR Master Mix (Applied Biosystems) as described in Badosa et al. (2017). The total reaction volume was 20 µl containing 1x Sybr Green Master Mix (Applied Biosystems), the appropriate concentration of primers (Sigma) and 2 µL of RT reaction (cDNA). The reaction conditions were as follows: (1) initial denaturation step (10 min at 95°C); (2) amplification and quantification (50 cycles of 15 s at 95°C and 1 min at 60°C); and a final melting program (60-95°C with a heating rate of 0.5°C/s) as described in Badosa and co-workers (2017). Reactions were carried out in duplicate in 96-well plates. Controls from no cDNA template were included as negative controls. The relative quantification of each individual gene expression was performed using the 2-ΔΔCt method (Livak and Schmittgen, 2001) and the REST2009 Software (Pfaffl et al., 2002). Relative expression values of each plant defense were calculated normalizing against the UBQ-gene as an internal control.




2.9 Data analysis

To test the effect of EGL2 on the population levels of X. fastidiosa on almond plants and disease severity in almond and pear plants, an analysis of variance (one-way ANOVA) was performed. Means were separated according to the Tukey’s test at a P value of ≤ 0.05. The statistical significance of the gene expression data was determined using the REST2009 Software (Pfaffl et al., 2002).





3 Results



3.1 Antibacterial activity

Antibacterial activity of EGL2 against the strains of plant pathogenic bacteria is shown in Table 1. All bacteria were susceptible to EGL2, but there was a differential susceptibility among strains, being the three subspecies of X. fastidiosa and Xanthomonas fragariae the most sensitive and E. amylovora the most tolerant. Specifically, EGL2 showed a MIC value of <5 µl/ml in X. fastidiosa and X. fragariae, and between 60 and 120 µl/ml in E. amylovora.


Table 1 | Minimal inhibitory concentration (MIC) and bactericidal concentration (MBC) of Eucalyptus essential oil against plant pathogenic bacteria.



The bactericidal activity (killing assay) was determined against 8 plant pathogenic bacteria selected based on the MIC values (Figure 1). Reduction of bacterial populations (survival) varied according to the strain, EGL2 concentration and the exposure time. EGL2 exhibited rapid and potent bactericidal effect and, after 30 min of exposure, a maximum of > 5.7 to 6.0 log reduction (N0/N) in survival of E. amylovora, P. syringae pv. actinidiae, P. syringae pv. tomato, and X. campestris pv. vesicatoria was observed after incubation at 10, 7.5 and 15 µl/ml, respectively. EGL2 showed also bactericidal activity against X. arboricola pv. pruni, although we observed a lower survival reduction of 4.5 logs. Interestingly, a reduction of 5.6 to 6.4 logs in any of the three subspecies of X. fastidiosa was observed at 0.75 µl/ml. After increasing the exposure time to 120 min, the reduction of X. arboricola pv. pruni survival increased to 6.1 logs after incubation at 15 µl/ml. MBC values are detailed in Table 1.




Figure 1 | Effect of EGL2 in cell survival of different plant pathogenic bacteria after exposure to 30 or 120 minutes. Ea, Erwinia amylovora; Psa, Pseudomonas syringae pv. actinidiae; Pto, Pseudomonas syringae pv. tomato; Xap, Xanthomonas arboricola pv. pruni; Xcv, Xanthomonas campestris pv. vesicatoria; Xfp, Xylella fastidiosa subsp. pauca; Xfm, Xylella fastidiosa subsp. multiplex; Xff, Xylella fastidiosa subsp. fastidiosa. Non-treated controls (NTC) were included. Values are the means of three replicates, and error bars represent the standard deviation of the mean. Most bacteria were highly susceptible to EGL2 with high reduction in survivors even at the lowest concentration of 0.75 µl/ml. Psa, Xap and Xcv were the less susceptible.






3.2 Lytic effect of EGL2 on X. fastidiosa cells

TEM imaging revealed a potent lytic activity of EGL2 (at 6 µl/ml) against the three X. fastidiosa subspecies (Figure 2). The vast majority of X. fastidiosa cells lost the structural integrity and morphology of the membrane and the cell wall, compared to the non-treated control cells that maintained the cell wall integrity after 2 h exposure.




Figure 2 | TEM microscopy of samples of of X. fastidiosa subsp. fastidiosa IVIA 5387.2, subsp. multiplex IVIA 5901.2 and subsp. pauca De Donno after exposure to EGL2 at 6 µl/ml for 120 min. Notice that very few cells remain intact after the treatment, and extensive lysis and debris material is observed (lower panels).






3.3 Effect of EGL2 treatment on bacterial infections in potted plants



3.3.1 Erwinia amylovora assays

The preventive spray of EGL2 on pear plants was effective in reducing severity of infections caused by E. amylovora (Figure 3). Although a significant difference between the two experiments conducted was observed (F=102.4; P<0.0001), the reduction effect was consistent (F=50.5; P<0.0001). More in detail, after treatment with 20 µl/ml, disease severity was 37.9% for experiment 1 and 50.6% for experiment 2 (37.0 and 36,7% efficacy, respectively), and after treatment with 40 µl/ml it was of 23.0% and 55.5% (39.4 and 30.2% efficacy), compared to non-treated controls (60.2% in experiment 1 and 79.5% in experiment 2). No significant differences were observed among EGL2 doses. In the second experiment no significant differences were observed between streptomycin and EGL2 treatment. No phytotoxic effects were observed on the treated pear plants.




Figure 3 | Effect of spray application of EGL2 on infection severity by E. amylovora on pear plant leaves. Two independent assays were performed, and EGL2 was applied by spraying 24 h before pathogen inoculation. Disease severity was evaluated on pear plants after 8 days from pathogen inoculation (107 CFU/ml). Values correspond to the mean disease severity of three replicates of three plants per treatment. Standard errors are indicated on bars. The effect of treatments was significant according to ANOVA (p<0.001 for experiment 1 and p=0.002 for experiment 2). Different letters between treatments indicate significant differences between disease severities according to Tukey’s test (P ≤ 0.05).






3.3.2 Xylella fastidiosa assays

Plants treated with water showed the typical symptoms of ALS disease, earlier than EGL2 treated plants. Consistently, EGL2 decreased the intensity of infections compared to NTC. In the first experiment (Figure 4), the preventive application of EGL2 by endotherapy controlled infections caused by both X. fastidiosa subsp. fastidiosa as well as X. fastidiosa subsp. multiplex in almond plants, with efficacies of 68.6% and 52%, respectively. In the second experiment (Figure 5), different application strategies were studied. EGL2 preventive application, either by endotherapy or soil drenching resulted in efficacies of 66.7%. The combined strategy (combination of preventive and curative application) using soil drenching or endotherapy allowed an efficacy of 63% and 48.1%, respectively.




Figure 4 | Disease severity of ALS in almond plants treated with EGL2 by endotherapy and infected by X. fastidiosa subsp. fastidiosa IVIA 5387.2 or X. fastidiosa subsp. multiplex IVIA 5901.2. Values are the means of 3 replicates of 3 plants, and error bars represent the standard deviation of the mean. The effect of treatments was significant according to ANOVA (p=0.006 for experiment 1 and p<0.001 for experiment 2). Different letters between treatments indicate significant differences between disease severities according to Tukey’s test (P ≤ 0.05).






Figure 5 | Effect of EGL2 treatment strategies on X. fastidiosa subsp. fastidiosa IVIA 5387.2 population levels in almond plants after 70 days post inoculation. Four independent strategies of EGL2 treatment (60 µl/ml) were used and consisted of: (1) preventive application by endotherapy 1 day before the pathogen inoculation (1dbi, EP); (2) combination of preventive (1 dbi) and curative application by endotherapy 7 and 43 days post-inoculation (dpi, EPC); (3) preventive application (1 dbi, DP) by soil drench, and (4) combination of preventive (1 dbi) and curative application by soil drench 7 and 43 dpi (DPC). Sampled zones are also indicated as upwards zones (U1 and U2) and downwards zone (D), in relation to the point of inoculation and product injection. Values are the means of 6 plants, and error bars represent the standard deviation of the mean. The effect of treatments was significant according to ANOVA (p<0.0001). Different letters between treatments indicate significant differences between disease severities according to Tukey’s test (P ≤ 0.05).



Throughout the second experiment, the levels of X. fastidiosa in almond plants were quantified after the treatment with EGL2, and compared to non-treated control plants after 30 and 70 dpi. At 30 dpi, no significant differences were observed between treatments. The levels in different plant zones (U1, U2, D) after 70 dpi are shown in Figure 5 and Supplementary Figure 1. At 70 dpi, after EGL2 application, a consistent decrease in X. fastidiosa levels was observed in U1, compared to non-treated control plants (reduction of 1.1 to 1.4 logs) by soil drench or endotherapy, in preventive or combined strategies (preventive and curative) (Figure 5 and Supplementary Figure 1). No significant differences were observed between strategies used. The combination of preventive and curative application by endotherapy reduced X. fastidiosa cells in U2 zone, with a decrease of 1.8 logs. The combined treatment using soil drenching was the optimal one in reducing X. fastidiosa cells in the basal zone with a decrease of 2.1 logs.

No phytotoxic effects were observed on the treated almond plants.





3.4 Effect of EGL2 treatment on the expression of defense-related genes in almond

The almond response to EGL2 was determined in almond plants preventively treated by soil drenching or endotherapy, and using a selection of genes related to plant defenses (Foix et al., 2021). The expression of 8 plant defense-related genes was analyzed after 24 h, and transcriptomic changes were only observed when plants were treated by endotherapy (Table 2). Specifically, after endotherapy, transcript levels increased for the genes 7S globulin-like, glutamate receptor, G-type lectin S-receptor-like serine/threonine-protein kinase, pathogenesis-related transcriptional activator PTI5, PR9, RING-H2 finger and pathogenesis-related protein 4, in comparison to non-treated control plants.


Table 2 | Expression of genes related to plant defense response in Prunus dulcis after Eucalyptus essential oil treatments, applied by two different strategies.







4 Discussion

In the present study we investigated the antibacterial properties of a Eucalyptus EO, the ELG2 formulation, against representative plant pathogenic bacteria, and its effect to enhance defense priming responses in a plant host, that finally improved infection control in two bacterial pathosystems.

EGL2 showed a potent in vitro bactericidal activity against E. amylovora, P. syringae pv. syringae, P. syringae pv. tomato, X. campestris pv. vesicatoria, X. arboricola pv. pruni, X. fastidiosa subsp. fastidiosa, X. fastidiosa subsp. pauca and X. fastidiosa subsp. multiplex. The bactericidal activity was dependent on the EO concentration, bacterial strain, and the exposure time, and the most susceptible bacteria were the three subspecies of X. fastidiosa with an MBC of 0.75 µl/ml (750 ppm). Globally, these results agree with reports of other EO showing antibacterial activity against phytopathogenic bacteria such as X. fastidiosa, Agrobacterium tumefaciens or Clavibacter michiganensis (Alonso-Gato et al., 2021). However, it is difficult to compare our data with other studies because of the differences in methods, units of concentration, and bacterial strains used, and in most cases focused food preservation and the medical field. Also, the chemical composition and consequently the antimicrobial activity of EOs, even from a same plant species, can differ due to the method of extraction, its origin, plant organ, geographical location, or climatic conditions (Razzouk et al., 2022). In addition, there are only few reports on Eucalyptus EO (Pandey et al., 2017; Raveau et al., 2020).

Despite these limitations, some comparisons can be done. For example, it has been reported that the MIC of an essential oil of Eucalyptus globulus fruits ranged from 3-4 mg/ml (3000-4000 ppm) against Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus subtilis or Escherichia coli, while the MBC varied between 3.6 to 9.0 mg/ml (3600 to 9000 ppm) (Bakkali et al., 2008; Said et al., 2016). Globulol, the main component of E. globulus fruit petroleum ether fraction of the ethanol crude extract, showed IC50 values on Xanthomonas vesicatoria and Bacillus subtilis of 158.0 µg/ml and 737.2 µg/ml, respectively (Tan et al., 2008). EL-Hefny et al. (2017) find, by disc diffusion susceptibility test, that MICs of extracts of Eucalyptus camaldulensis ranged from 16 to 500 ppm against Pectobacterium carotovorum, Ralstonia solanacearum, Dickeya spp., and Agrobacterium tumefaciens. Similar results were reported with EO extracts from different plants like Rosa damascene or Thymbra spicata against Erwinia amylovora, (MBC 1.4 mg/ml (1400 ppm) and 0.5 mg/ml (500 ppm), respectively), Russowia sogdiana against A. tumefaciens (MIC 0.2-to 0.8 mg/ml (200-800 ppm) and Cleistocalyx peraculatus against X. campestris pv. vesicatoria (MBC 62.5 to 250 µg/ml (62.5 to 250 ppm) (Basim and Basim, 2004; Tan et al., 2007; Bajpai et al., 2010). In the case of Xylella fastidiosa 9a5c, Brentini et al. (2018) determined for a Eucalyptus oil a MIC of 1000 µg/ml, much higher than we observed after exposure to ELG2 of X. fastidiosa subsp. fastidiosa 5387.2, X. fastidiosa subsp. multiplex 5901.2 or X. fastidiosa subsp. pauca De Donno (MICs <5 μl/ml).

The bactericidal activity of EGL2 against the three subspecies of X. fastidiosa was based on a lytic effect, according to TEM ultrastructural imaging. This observation agrees with the fact that terpenes, the main component of essential oils, can disrupt the bacterial cell membrane structure by releasing the lipopolysaccharides and resulting in bacterial cell permeabilization (Sharifi-Rad et al., 2017).

In the present study, apart from the bactericidal effect of EGL2, induced disease tolerance has been associated to overexpression of plant defense genes. To the best of our knowledge, there are no reports on the stimulation of plant defense by Eucalyptus EO. However, our findings agree with the fact that many EOs are involved in host defense mechanisms against plant pathogens, resulting in reduction of disease development (Batish et al., 2008). For example, the foliar application of ethanolic extracts from Giant knotweed induced SA-dependent defense responses in cucumber plants, and reduce powdery mildew severity (Margaritopoulou et al., 2020). Likewise, lavender EO induced overexpression of genes related to SA and ethylene/jasmonic acid pathways in sorghum plants (Rashad et al., 2022). More specifically, we have identified that treatment of almond by endotherapy with EGL2 overexpressed genes coding a vicilin protein (also known as 7S globulin), a glutamate receptor, a G-type lectin S-receptor-like serine/threonine protein kinase, a pathogenesis-related transcriptional activator PTI5, a PR9 (Per44), a RING-H2 finger and a pathogenesis-related protein 4 (PR4).

Glutamate receptors, G-type lectin S-receptor-like serine/threonine protein kinases (LecRLKs) and pathogenesis-related transcriptional activators PTI5 are described as positive regulators of PAMP triggered immunity (PTI) (Luo et al., 2017). In addition, glutamate receptor also responds to an attack from pathogens (and wounding) by mediating PTI by acting as Ca2+ channels (Forde and Roberts, 2014). LecRLK has been also described as a positive regulator of plant tolerance to salt stress (Sun et al., 2013) and plays crucial roles in plant development and responses to biotic and abiotic stresses (Han et al., 2021). In case of LecRLK overexpression, it has been reported that pathogen infection due to P. syringae DC3000 activates not only the transcription of LecRLK in Arabidopsis, but also plants overexpressing LecRLK show not only resistant phenotype to P. syringae DC3000 but also reactive oxygen species (ROS)-production and SA accumulation (Luo et al., 2017). In relation to PTI5 it is known that belongs to the ethylene-response factor (ERF) family and binds to promoters of many pathogenesis-related (PR) genes (Yong-Qiang et al., 2002), and so overexpression of PTI5 in tomato enhanced protection to P. syringae pv. tomato (He et al., 2001) while overexpression in Arabidopsis activated the expression of SA-regulated genes (PR1 and PR2 genes) (Gu et al., 2002).

Additionally, the pathogenesis-related proteins PR4 and PR9, and vicilin, also seem to contribute to highest tolerance to X. fastidiosa infection. Specifically, the induction of PR9 (Per44) is related with plant defense against pathogen attack and environmental stresses, being a key component of ROS production during plant defense responses (Soylu et al., 2005). Moreover, PR9 plays a key role in lignin biosynthesis and biodegradation, contributing to strengthening plant cell walls by catalyzing lignin deposition (Taheri and Tarighi, 2012). Likewise, PR4 is crucial against a fungal attack, but also increased its synthesis by other biotic factors such as bacteria, virus, insects as well as abiotic stresses, SA, or ethylene (Sharma et al., 2011; Grove, 2012), and vicilin is a multifunctional protein related to stress responses, antibacterial activity, and hormone receptor-like activity, and in some plants are described as a precursor of antimicrobial peptides (Hirano, 2021).

We have demonstrated here that the preventive application of EGL2 applied by spraying to pear plants reduced E. amylovora infections with an efficacy close to 40%. Since the first report on the antibacterial activity of the active substances derived from EO (i.e., the terpenoids geraniol and citronellol) against E. amylovora (Scortichini and Rossi, 1991), several studies have been conducted using detached organs (Măruţescu et al., 2009; Akhlaghi et al., 2020), but none demonstrating the effectiveness of EO treatment in fire blight control using in planta assays. In addition, EGL2 applied to almond plants by different strategies (endotherapy and soil drenching, preventive, curative or a combination of both), reduced severity of infections caused by X. fastidiosa, under greenhouse conditions, with efficacies varying from 50 to 70%. The reduction in ALS symptoms was associated to a reduction in levels of X. fastidiosa in treated plants, although pathogen was not eliminated. Our results of efficacy of Eucalyptus EO, agree with the field reports of different compounds such as a biocomplex of zinc, copper and citric acid, N-acetylcysteine, fosetyl-aluminum, bioactive detergent from plants, diffusible signal factor, as well as endophytic microorganisms, avirulent/weakly virulent X. fastidiosa strains or bacteriophages, that in some cases reduced symptoms in infected plants, but were not able to eliminate X. fastidiosa from diseased plants (EFSA PLH Panel et al., 2019; Morelli et al., 2021).

In conclusion, our study demonstrates that a formulation of Eucalyptus EO has a strong bactericidal effect and can protect almond plants from X. fastidiosa and pear plants from E. amylovora infections, on plants under greenhouse conditions. The EGL2 acts by a dual mechanism, directly against the target plant pathogenic bacteria and indirectly by eliciting defense responses in the host plant. This bifunctional mechanism of action and the fact that can be applied using different methods (irrigation, endotherapy, spray) demonstrates its potential for controlling bacterial diseases of plants.
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Supplementary Figure 1 | Effect of EGL2 treatment strategies on X. fastidiosa subsp. fastidiosa IVIA 5387.2 population levels in almond plants after 70 days post inoculation. Four independent strategies of EGL2 treatment (60 µl/ml) were used and consisted of: (1) preventive application by endotherapy 1 day before the pathogen inoculation (1dbi, EP); (2) combination of preventive (1 dbi) and curative application by endotherapy 7 and 43 days post-inoculation (dpi, EPC); (3) preventive application (1 dbi, DP) by soil drench, and (4) combination of preventive (1 dbi) and curative application by soil drench 7 and 43 dpi (DPC). Sampled zones are also indicated as upwards zones (U1 and U2) and downwards zone (D), in relation to the point of inoculation and product injection. Values are the means of 6 plants, and error bars represent the standard deviation of the mean. Different letters between zones indicate significant differences between population levels of X. fastidiosa according to Tukey’s test (P ≤ 0.05).
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Fungi of genus Botrytis are important pathogens of legumes, causing gray mold and chocolate spot diseases. The use of molecular methods to identify pathogens has resulted in the discovery of several new Botrytis species and new associations of pathogens with diseases. Thus, chocolate spot of faba bean is now associated with at least four species: B. fabae, B. cinerea, B. pseudocinerea and B. fabiopsis. Species of Botrytis differ in host plant, pathogenicity, fungicide resistance and other relevant properties that affect disease control. The aim of this study was to identify the species of Botrytis isolated from different legume crops and to evaluate their in vitro pathogenicity. Between 2014 and 2019, 278 isolates of Botrytis were obtained from infected legumes in Latvia. A phylogenetic analysis was carried out by sequencing three nuclear genes, RPB2, HSP60, and G3PDH, considered to be diagnostic for species in this genus. A set of 21 representative isolates was selected for pathogenicity tests on detached leaves of faba bean, field pea, lupin and soybean using 5-mm mycelium-agar plugs. The diameter of the formed lesions under the inoculated plug was measured crosswise each day. The datasets were subjected to analysis of variance with the split-plot design of the experiment and repeated-measures model. Six species were identified: B. cinerea, B. fabae, B. pseudocinerea, B. fabiopsis, B. euroamericana and B. medusae. In addition to the expected combinations of host and pathogen, naturally occurring infections of B. fabiopsis were found on chickpea, B. euroamericana on faba bean and B. medusae in lupin seeds. Species and isolate had significant effects on pathogenicity on all crops tested. Several isolates were pathogenic on two or more host species: two of B. pseudocinerea, two of B. cinerea, two of B. fabiopsis and the one of B. medusae. One isolate of B. pseudocinerea and two of B. fabiopsis caused primary lesions on all five host species. The results show that these Botrytis species have a broad host range that should be borne in mind when planning crop sequences and rotations.
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1 Introduction

Legume crops provide various benefits for cropping systems and are regaining an important role in European agriculture. Between 2009-2014 and 2015-2020 the area for production of dry pulses and protein crops increased by 64.5% in the European Union. In the same period in the Baltic countries, areas sown to grain legumes increased an average of five times (from 5820 to 42250 ha in Latvia, 51850 to 181090 ha in Lithuania and 10730 to 48600 ha in Estonia) (Eurostat, 2021).

In Latvia, the important grain legume crops are faba bean (Vicia faba L.) and field pea (Pisum sativum L.). Lupins (Lupinus angustifolius L. and L. luteus L.), common vetch (Vicia sativa L.), soybean (Glycine max (L.) Merr.) and common bean (Phaseolus vulgaris L.) are grown on small areas (Sterna et al., 2020; Central Statistical Bureau of Latvia, 2022). Lucerne (Medicago sativa L.), clovers (Trifolium spp.), fodder galega (Galega orientalis Lam.), and white sweet clover (Melilotus albus Medik.) are legumes grown for forage (Līpenīte and Kārkliņš, 2015). Given this diversity of legumes and their uses in agriculture, it is important to know about their shared diseases.

Chocolate spot disease of faba bean has usually been attributed to Botrytis fabae and to a lesser extent to B. cinerea (Davidson et al., 2007; Elad et al., 2016). Distinguishing species by the symptoms they cause is usually not possible, considering that species can occur in complexes. In 2010 in China, a new Botrytis sp., named B. fabiopsis, was found and described in complex with B. cinerea and B. fabae in faba bean where it occurred with higher frequency than B. fabae (Zhang et al., 2010). B. pseudocinerea was first discovered in French vineyards, then isolated from faba bean in Germany, and increasing numbers of studies have revealed its presence on different host-plants in Europe, North America, China and Australia (Walker et al., 2011; Saito et al., 2014; Harper et al., 2019; Xue et al., 2019; Plesken et al., 2021). These four Botrytis species have all been associated with the chocolate spot disease of faba bean, most recently in Latvia (Bankina et al., 2021).

Recent studies have shown the ability of the lesser known Botrytis species to infect different legumes in vitro. B. euroamericana was able to infect chickpea, field pea, lentil and faba bean leaves during pathogenicity tests in vitro at the same rate as B. cinerea (Moparthi et al., 2023). B. caroliniana, B. pyriformis, B. aclada and B. paeoniae formed lesions on faba bean leaves in vitro, but have not been isolated from field-grown faba bean (Li et al., 2012; Zhang et al., 2016; Garfinkel et al., 2017).

The species of Botrytis mainly have narrow host-plant specificity, but there are several species that infect a wide range of host plants. B. cinerea as a generalist can infect over 1400 plant species, including many legume crops (Ma & Michailides, 2005; Elad et al., 2016; Garfinkel, 2021). B. pseudocinerea has been found on several host plants, including grapevine, strawberry and oilseed rape, and was the predominant pathogen isolated from a faba bean field in Germany (Walker et al., 2011; Plesken et al., 2015; Weber and Hahn, 2019; Xue et al., 2019). The role of B. pseudocinerea in other legumes is unclear yet, but the species has a worldwide distribution and it seems to have a wide host range.

The minimum recommended interval for legumes in a crop rotation is 3-4 years (Pande et al., 2009). According to the ability of several Botrytis species to infect different legumes, we may suggest that Botrytis spp. can transfer between host-plants, volunteer plants and alternate hosts. Thus, for the successful inclusion of legume crops in agriculture, it is necessary to identify the Botrytis species occurring in legumes and to evaluate their pathogenicity for each legume crop. Exploring the interaction between Botrytis species and legume hosts will provide important information for understanding disease control methods in legumes and possible sources of inoculum.

Hence, we set out to identify the range of Botrytis species that could be isolated from grain legume crops in Latvia and to test their pathogenicity on other legume crop species. In this way, we could determine the potential for cross-infection of legume crops from other legumes or their post-harvest residues.



2 Materials and methods



2.1 Sample collection and fungal isolation

Infected plant parts of different legumes were collected between 2014 and 2019 (Figure 1; Table 1). Small tissue parts of infected leaves, pods and flowers or whole seeds were surface sterilized for 1 min with 1% sodium hypochlorite, rinsed three times in sterile distilled water and placed onto potato-dextrose agar (PDA) with streptomycin (100 mg L-1) and penicillin (100 mg L-1). Cultures were incubated at 20°C under 12 h light and 12 h darkness for one week. Single-hyphal isolates were obtained from each colony and grown on PDA (Leyronas et al., 2012).




Figure 1 | Legume crops with visible fungal infection symptoms: common bean pod (A), chickpea pod (B) and red clover flowers (C).




Table 1 | Identities, origins and GenBank accession numbers of the sequences for the selected Botrytis spp. isolates.



Pure cultures were evaluated for morphological characteristics and subjected to preliminary molecular genetic analyses of the ITS region, using ITS1-F, ITS4 (reverse) primers. The final collection comprised 278 Botrytis putative isolates showing traits typical of the genus. After the identification to species level by sequencing three nuclear genes RPB2, HSP60 and G3PDH (described in the following section), a set of 21 isolate was selected for further investigations. Isolates of all determined species originated from different hosts were choosen.

For each selected isolate, 10 working cultures were established by transferring a mycelial plug (5 mm ø) from the margins of the one-week-old culture: nine for pathogenicity tests and one for molecular genetic analyses.



2.2 Molecular genetic analyses

About 10 mg of fungal material was collected from petri dishes using a sterile cell scraper with a 20 mm lifter blade (Bellco Glass, USA) (in our experience this amount covers ~ 1/3 of scraper blade) and suspended in 500 µl NucleoMag® 96 Plant kit (Macherey-Nagel, Germany) Lysis buffer. This was followed by homogenization for 2×60 sec using FastPrep®-24 instrument and Lysing Matrix D (MP Biomedicals, USA), phenol (Alfa Aesar, Germany) - chloroform (Merck, USA) treatment and subsequent purification with the NucleoMag® 96 Plant kit according to the manufacturer’s instructions.

The identification to species level was carried out by sequencing three nuclear genes: RNA polymerase II (RPB2), Heat shock protein 60 (HSP60) and Glyceraldehyde 3-phosphate dehydrogenase (G3PDH). Primer combinations (Table 2) were used according to Staats et al. (2005), and Raja et al. (2017) who showed that these three gene sequences were diagnostic for discriminating Botrytis species from each other.


Table 2 | Legume crops used in the pathogenicity tests.



The amplification of RPB2, HSP60 and G3PDH by PCR was carried out for 40 cycles (98°C-5 sec, 59°C-5 sec, 72°C-20 sec, GeneAmp PCR System 9700 (Applied Biosystems, USA)) in a total volume of 20 µl. The reaction mixture was comprised of following components: 10 µl of H2X Phire Plant Direct PCR Master Mix (Thermo Fisher Scientific, USA), 0.3 µM forward primer and 0.3 µM reverse primer (Table 3) (Staats et al., 2005) and eluted 1 µl of fungal DNA solution. The success of the amplification was verified through the inspection of PCR products by agarose gel electrophoresis. Samples were considered positive when they contained a >700bp PCR fragment.


Table 3 | Primers for PCR amplification and sequencing.



Positive reaction mixtures were cleaned up from excess of dNTPs and primers through employment of Exonuclease I (0.5 µl) (Thermo Fisher Scientific, USA) and Shrimp Alkaline Phosphatase (2 µl) (Thermo Fisher Scientific, USA) (incubated for 40 min at 37°C and inactivated at 95°C for 20 min). Further, 1 µl of cleaned fragment solution was transferred to BigDye® Terminator v3.1 Cycle Sequencing reaction mixture which was prepared according to the manufacturer’s instructions (Applied Biosystems, USA). Both DNA strands of every PCR product were sequenced using primers ITS1-F, ITS4 (reverse), G3PDHfor1, G3PDHrev1, HSP60for1, HSP60rev1, RPB2for1 and RPB2rev1 and sequencing products were analyzed on 3130xl Genetic Analyzer (Applied Biosystems, USA). The ITS region sequences from each isolate were aligned using MEGA11 software (v. 11.0.13) and the created contig was BLAST® searched against the NCBI nucleotide database to identify taxonomic sources of records with the highest sequence identity (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

G3PDH, HSP60, and RPB2 gene sequences were aligned with other Botrytis sequences, downloaded from NCBI nucleotide database, including the sequences of Sclerotinia sclerotiorum and Monilinia fructigena as outgroup taxa (Staats et al., 2005). The alignment of sequences was carried out by Multiple Alignment using Fast Fourier Transform (MAFFT) (Madeira et al., 2022), alignments were trimmed by trimAl software employing the strict method (Capella-Gutiérrez et al., 2009) and clustered by MEGA5 software employing the ‘Neighbor Joining’ algorithm to construct the phylogenetic tree (Tamura et al., 2011).



2.3 Pathogenicity test

The test of pathogenicity was performed in vitro on leaves of two cultivars of each of faba bean, field pea, narrow-leafed lupin and soybean, and one of yellow lupin (Table 2).

Two layers of sterile filter paper sheets were used to line metal trays (40 × 30 × 5 cm). Four 28 cm long glass sticks were arranged into each tray to support the leaves. An equal amount of water was poured into each tray, so that it was moist but water did not accumulate in puddles. Leaves were obtained from the middle level of plants at BBCH growth stage 35 (5 visibly extended internodes) and rinsed twice with sterile water. Whole leaves of faba bean and field pea were put onto the glass sticks in the metal trays so that only the petiole touched the wet filter paper. Soybean leaves were divided into leaflets and placed in metal trays so that only the cut surface touched the water. For lupin leaves, three glass sticks were tied together and three middle leaflets were detached and placed on them so as not to touch the filter paper.

Each tray contained 30 plant leaflets, one for each of the isolates and some controls. Agar plugs with Botrytis isolates (5 mm ø) were placed on leaflets with the mycelium side down. Two non-inoculated agar plugs were used in each tray as a control. After inoculation, the trays were covered with plastic film to maintain high humidity and incubated at 20°C in the dark for 72 h. The diameter of the formed lesions under the inoculated plug was measured crosswise once a day until some of lesions reached the edge of the leaf. Four replicates were prepared and the experiment was repeated, giving 8 replicates. A further repeat was conducted for narrow-leafed lupin ‘Probor’, giving 12 replicates. Mean lesion diameter was considered as the measure of pathogenicity.



2.4 Data analysis

Leaflet datasets were subjected to analysis of variance using SPSS v. 27 (IBM Inc., Chicago, IL, USA) within each host genus (yellow and narrow-leafed lupins were analysed together). A simple split-plot model was applied to the data from each day, where the culture box was the main plot and the leaflet was the subplot. The repeated-measures model was then applied to 4 days of data from faba bean and soybean as well as to 3 days of data from lupins and pea. The output was corrected to take into account the split-plot design of the experiment.




3 Results



3.1 Molecular-genetic analysis

The 26 isolates collected from legumes in this study with the Botrytis spp. isolates from GenBank formed a clade with 99% bootstrap support, distinct from the closely related M. fructigena and S. sclerotiorum outgroups. Branches with under 50% bootstrap support were not included in the phylogenetic tree (Figure 2). Phylogenetic analysis of the combined gene datasets confirmed that all isolates belonged to the genus Botrytis. Six isolates clustered with B. cinerea references, three with B. fabae, seven with B. fabiopsis and three with B. pseudocinerea. One isolate was grouped with B. medusae and one isolate with B. euroamericana (Table 1). Five isolates did not clearly group with identifiable clades, so they were not considered further in this study.




Figure 2 | Neighbor joining tree of RPB2, HSP60 and G3PDH gene sequences. The tree describes the relationship of Botrytis species isolates collected from legumes in Latvia to named Botrytis species including the sequences of Sclerotinia sclerotiorum and Monilinia fructigena as outgroup taxa. Branches with <50% bootstrap support are not shown.





3.2 Pathogenicity tests

The first symptoms of infection were observed 24 h after inoculation of all host cultivars. The main effects of Botrytis species and isolates were significant for all measures on all host species (Table 4). The effects of replicate and of the day × replicate interaction were significant for pea, because lesion diameters were 1 mm greater in replicates 1 to 4 than those in replicates 5 to 8 on day 1, which continued until day 3, when it was no longer significant.


Table 4 | Summary analysis of variance of Botrytis spp. pathogenicity on faba bean, pea, lupin and soybean leaves.



Differences between cultivars were significant in soybean, where lesions were larger on ‘Skulptor’ than those on ‘Laulema’ from day 2 onwards, and in pea, where the lesions on ‘Doloresa’ were larger than those on ‘Florida’ on all dates. The cultivar × species interaction was significant in soybean and lupin, while the cultivar × isolate interaction was significant for all species except faba bean. On days 1 and 2, B. cinerea and B. pseudocinerea caused much larger lesions on the yellow lupin ‘Lejaskurzeme’ than on the narrow-leafed cultivars. On day 1, lesions of B. medusae on ‘Probor’ were much larger than those on the other two lupin cultivars and on days 2 and 3, ‘Sonet’ had smaller lesions than the other two cultivars. On days 2 and 3, both B. euroamericana and B. fabae produced larger lesions on ‘Sonet’ than on the other two lupins.

To compare the pathogenicity of Botrytis spp., the optimal assessment day was examined for each host species, when the leaves were still fresh and the lesion diameter was determined. For pea, the optimal assessment day was the third, for lupins the second, for soybean the fourth, and for faba bean the fifth day after infection. Based on the size of the lesions and the characteristics of spot formation in each host species, we divided the pathogenicity of the isolates into three classes: – low (primary lesion only), moderate, and high (Table 5).


Table 5 | Pathogenicity of Botrytis spp. on faba bean, lupin, pea and soybean leaves.




In faba bean, B. fabae caused the largest lesions on day 5 (Figure 3), with isolate 17B28 being the strongest (Table 5). The lesions produced by B. pseudocinerea and B. fabiopsis were somewhat smaller than those caused by B. fabae and were similar to each other. B. fabiopsis isolate 17F4 produced lesions second to those of B. fabae 17B28 in size. Isolates 18B11 and 18B2-3 of B. cinerea exhibited high pathogenicity on faba bean leaves; however, as a species it was less pathogenic than B. pseudocinerea. Lesions caused by B. euroamericana were observed only in cv. ‘Lielplatone’. B. medusae did not cause any injury in either faba bean cultivar.




Figure 3 | Box-plot diagram of the lesion diameters on faba bean leaves five days after inoculation with isolates of 6 Botrytis species. Boxes with the same letter are not significantly different according to Tukey’s HSD.



On day 3, all species caused lesions on pea leaves, and the most pathogenic were B. medusae and B. cinerea (Figure 4). B. fabae was significantly less pathogenic. In general, B. fabiopsis caused primary or moderate lesions, except 17F4 and 19B175 (Table 4), which formed large lesions on both the tested pea cultivars. Isolate 17F4 caused lesions that were even larger than those of the most pathogenic B. cinerea isolates. B. pseudocinerea isolate 18B2-3 was also responsible for large lesions.




Figure 4 | Box-plot diagram of the lesion diameters on field pea leaves three days after inoculation with isolates of 6 Botrytis species. Boxes with the same letter are not significantly different according to Tukey’s HSD.



On lupin leaves, B. medusae was the most pathogenic (Table 5) and caused significantly larger lesions than the other Botrytis spp. (Figure 5). B. pseudocinerea and B. cinerea caused moderate to large lesions, depending on the isolate, and their pathogenicity was significantly higher than that of B. fabae, B. fabiopsis and B. euroamericana, although B. fabiopsis isolate 17F4 produced lesions that were nearly as large as those of the most pathogenic B. cinerea isolates (Table 5).




Figure 5 | Box-plot diagram of the lesion diameters on lupin leaves two days after inoculation with isolates of 6 Botrytis species. Boxes with the same letter are not significantly different according to Tukey’s HSD.



Lesion sizes were smaller in soybean than on the other host species (Figure 6). B. fabae, B. euroamericana and B. medusae caused only primary lesions on both soybean cultivars. One B. cinerea, two B. fabiopsis and one B. pseudocinerea isolate caused lesions larger than 5.5 mm in diameter (Table 5), that larger than those caused by the agar plug of inoculum. Cultivar ‘Skulptor’ was notably more susceptible to B. pseudocinerea than cultivar ‘Laulema’.




Figure 6 | Box-plot diagram of the lesion diameter on soybean leaves four days after inoculation with isolates of 6 Botrytis species. Boxes with the same letter are not significantly different according to Tukey’s HSD.



Certain isolates were highly pathogenic to all host species; notably B. fabiopsis 17F4 (highly pathogenic on all), B. cinerea 19B009 and B. pseudocinerea 18B2-3 (highly pathogenic on three and moderately pathogenic on one), and B. fabiopsis 19B175 and B. pseudocinerea 18B11 (highly pathogenic on two and moderately pathogenic on two host species (Table 5)). At the other extreme, B. fabiopsis 17F9 and B11, along with B. pseudocinerea 18B6 had, low pathogenicity in all hosts.




4 Discussion

A high diversity of Botrytis spp. was recovered from these legumes. In the main legume crop of Latvia, faba bean, five Botrytis spp. were isolated: B. cinerea, B. fabae, B. pseudocinerea, B. fabiopsis and B. euroamericana.

B. fabae is considered the most important pathogen and primary causal agent of chocolate spot disease in faba bean because of its narrow specialization (Davidson et al., 2007). In the present study, B. fabae caused lesions on faba bean and moderate lesions on pea, but only primary lesions on soybean and lupin, thus acting as a narrowly specialized faba bean pathogen. B. fabae has occasionally been isolated from other genera in the Fabaceae, including field pea (Elad et al., 2016).

B. cinerea can be observed as a pathogen of faba bean, either separately or in a complex with B. fabae (Harrison, 1988; Zhang et al., 2010). As expected, B. cinerea was isolated from a wide variety of legumes including faba bean, common bean, red clover, chickpea, and narrow-leafed lupin. Pathogenicity tests did not exhibit clear regularity between the natural host-plants and pathogenicity of these isolates. Isolate 17B10-1 from faba bean did not produce any lesions on faba bean during these tests, while isolate 19B048 from narrow-leafed lupin caused more damage to pea than to lupin. These results suggest that these isolates were saprophytic on plant tissues that were already suffering from the attack of other pathogens. The Botrytis genus is known to have high intraspecific variation, and unstable pathogenicity has been observed within individual isolates (Garfinkel, 2021). In general B. cinerea exhibited a high variability in pathogenicity.

In this study, some isolates of B. pseudocinerea and B. fabiopsis produced large lesions on the detached leaves of all host species and some caused mild disease. These species have been much less studied than the previous two and found in relatively few countries. Both have been implicated in the chocolate spot disease of faba bean in several countries, including Latvia (Bankina et al., 2021). B. pseudocinerea has been found in various unrelated host plants (Plesken et al., 2015; Garfinkel, 2021).

B. fabiopsis was isolated from faba bean leaves and seeds as well as from chickpea leaves. Most isolates acted as a narrow specialist pathogen; however, but one isolate was highly pathogenic in all hosts. The current study is the first report of B. fabiopsis naturally occurring in chickpea and the first demonstration that it can cause disease in pea, narrow-leafed lupin, yellow lupin and soybean. To date, no information is available on the occurrence of B. fabiopsis elsewhere than in faba bean in China (Zhang et al., 2010) and Latvia (Bankina et al., 2021).

The isolate of B. euroamericana was obtained from faba bean leaves but caused only primary lesions on this species, while it was moderately pathogenic on pea leaves. The present isolate was purified from two B. cinerea isolates obtained from a single leaf lesion, so it may have been an endophytic or saprophytic follower on the lesion caused by B. cinerea. This is the first report of B. euroamericana occurring naturally on faba bean leaves. Originally, B. euroamericana was isolated from peony and grapes in North America and Europe (Garfinkel et al., 2017). Later B. euroamericana was reported as a causative agent of grey mold on chickpea leaves in the USA (Moparthi et al., 2020) and was observed on lentil and dry pea seeds. The ability to cause lesions in several hosts from different plant families during pathogenicity tests confirms the wide host range of this pathogen.

The single B. medusae isolate was obtained from lupin seeds and of all the Botrytis species tested here, it showed the highest pathogenicity on lupin leaves, along with convincing pathogenicity on field pea leaves while it formed primary lesions on faba bean leaves. To the best of our knowledge, this study is the first report to B. medusae occurring naturally in lupin. Originally, B. medusae was collected in 2015 from wine grapes (Harper et al., 2019) and has otherwise been little reported on.

Garfinkel's (2021) review suggested that many of the newly discovered Botrytis species may be polyphagous. This study confirmed the occurrence of four new species, discovered since 2010, on crops different from the original host-plant families: B. fabiopsis on chickpea, B. pseudocinerea, B. euroamericana on faba bean, and B. medusae on narrow-leafed lupin.

Pathogenicity tests on detached leaves do not always reflect the true pathogenicity of a pathogen under field conditions; however, if there is a possibility that isolates in nature may behave similar to the pathogenicity tests, the risk of transmission between host plants may be higher. Further research of lesser-known Botrytis sp. in different legumes is needed to clarify their occurrence and significance in disease initiation in all hosts.
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To understand protein function deeply, it is important to identify how it interacts physically with its target. Phyllogen is a phyllody-inducing effector that interacts with the K domain of plant MADS-box transcription factors (MTFs), which is followed by proteasome-mediated degradation of the MTF. Although several amino acid residues of phyllogen have been identified as being responsible for the interaction, the exact interface of the interaction has not been elucidated. In this study, we comprehensively explored interface residues based on random mutagenesis using error-prone PCR. Two novel residues, at which mutations enhanced the affinity of phyllogen to MTF, were identified. These residues, and all other known interaction-involved residues, are clustered together at the surface of the protein structure of phyllogen, indicating that they constitute the interface of the interaction. Moreover, in silico structural prediction of the protein complex using ColabFold suggested that phyllogen interacts with the K domain of MTF via the putative interface. Our study facilitates an understanding of the interaction mechanisms between phyllogen and MTF.
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Introduction

Proteins exert their functions through interactions with target molecules, and amino acid residues on the interaction interface play a regulatory role in interaction specificity and affinity. Thus, identifying the residues involved in the interaction, and their locations on the interaction interface, is important for understanding protein functions. Random mutagenesis, in combination with efficient selection methods, is a conventional but powerful and prevailing approach to map interaction-involved residues and identify the protein substructures involved in the interactions (Bertolaet et al., 2001; Vyncke et al., 2019; Rose et al., 2020). Error-prone polymerase chain reaction (PCR), in which mutations are inserted randomly into gene sequences during PCR under low-fidelity conditions, is the most common method for random mutagenesis (McCullum et al., 2010).

Phytoplasmas (‘Candidatus Phytoplasma’ spp.) are a group of plant pathogenic bacteria infecting more than 1,000 plant species (Marcone, 2014). Their infection induces various unique developmental abnormalities in plants (Namba, 2019). One of the most intriguing symptoms is phyllody (transformation of floral organs into leaf-like structures), which is induced by a phytoplasma-conserved effector family designated as phyllogen (phyllody-inducing gene family) (MacLean et al., 2011; Maejima et al., 2014). Phyllogen induces phyllody by targeting floral MADS-box transcription factors (MTFs), which are functionally classified into four classes (A, B, C, E) and form heterologous tetramers that specify the different floral organs (floral quartet model) (Honma and Goto, 2001; Theißen et al., 2016). Phyllogen interacts with and induces proteasome-mediated degradation of specific MTFs, including A- and E-class MTFs, but is not known to interact with B- and C-class MTFs (MacLean et al., 2014; Maejima et al., 2014; Maejima et al., 2015; Aurin et al., 2020). Phyllogen also interacts with RADIATION SENSITIVE23 (RAD23) (MacLean et al., 2014), which delivers ubiquitinated proteins to the proteasome (Dantuma et al., 2009). Our recent study indicated that phyllogen interacts with its target MTF, and then with RAD23 without ubiquitin, resulting in delivery to the proteasome and degradation of the MTF in a ubiquitin-independent manner (Kitazawa et al., 2022).

The A–E-class MTFs belong to type II MTF, which consist of a MADS (M) domain required for DNA-binding, followed by plant-specific intervening (I), keratin-like (K), and C-terminal (C) domains (Smaczniak et al., 2012). K domain is involved in the dimerization and tetramerization of MTFs (Yang and Jack, 2004; Lai et al., 2019). The crystal structure of the homotetramer of the K domain of SEPALLATA3 (SEP3; an E-class MTF of Arabidopsis thaliana) was determined, and two regions in the domain, which are respectively involved in self-dimerization and self-tetramerization, were identified (Puranik et al., 2014). Previous reports have identified that the K domain is recognized by phyllogen (MacLean et al., 2014; Liao et al., 2019). Recently, it was shown that phyllogen interacts with the self-tetramerization-involved region of SEP3 K domain, not the dimerization-involved region (Kitazawa et al., 2022). The interaction of phyllogen with SEP3 requires the five residues in the tetramerization-involved region of SEP3 K domain (methionine at position 150 and leucine at positions 154, 157, 164, and 171) (Kitazawa et al., 2022), which are highly conserved among E-class MTFs and responsible for its self-tetramerization (Puranik et al., 2014; Rümpler et al., 2018).

As for phyllogen, which consists of two alpha-helices connected by a loop (Iwabuchi et al., 2019; Liao et al., 2019), several residues involved in the interaction with MTF have been identified by site-directed mutagenesis analyses (Liao et al., 2019; Aurin et al., 2020; Iwabuchi et al., 2020). For example, Iwabuchi et al. (2020) demonstrated that two amino acid polymorphisms, at positions 30 and 64, respectively, affect the interaction affinity with MTF by swapping sequences of phyllody-inducing [lysine at 30 (K30) and asparagine at 64 (N64)] and non-phyllody-inducing [glutamine at 30 (Q30) and arginine at 64 (R64)] phyllogens. However, because these studies addressed a limited number of residues in an individual and arbitrary manner, the surface at which phyllogen interacts with MTF remains to be elucidated.

In this study, we comprehensively explored the residues of phyllogen at which mutations enhanced the affinity to MTF by using the error-prone PCR-based random mutagenesis approach. We also analyzed the positional relationships of the residues based on the structure of the phyllogen protein.





Material and methods




Plant materials and plasmid construction

A. thaliana (Col-0) was maintained in a growth chamber under 16 h light/8 h dark conditions at 22°C. Nicotiana benthamiana was grown under natural light conditions at 25°C. Information and abbreviation of phyllogens used in this study were listed in Supplementary Table 1. The primers and plasmids used in the study are listed in Supplementary Tables 2 and 3, respectively. Three phyllogens were cloned in the study: PHYLJHP from the ‘Ca. P. japonicum’ Japanese hydrangea phyllody (JHP) strain; PHYLRYD from the ‘Ca. P. oryzae’ rice yellow dwarf (RYD) strain; PHYLWBDL from the ‘Ca. P. aurantifolia’ witches’ broom of lime (WBDL) strain. PHYL genes were previously described as PHYL1 but were renamed by Kitazawa et al. (2022). DNA fragments of the putative secreted regions of the genes were synthesized by Thermo Fisher Scientific (Waltham, MA, USA) with plant codon optimization (Supplementary Data 1). The optimized and the original sequences were compared in Supplementary Figure 1. The synthesized fragments were cloned into pENTA (Himeno et al., 2010), as described previously (Kitazawa et al., 2017). Other phyllogens used in this study were cloned in previous studies with plant codon optimization (Maejima et al., 2014; Kitazawa et al., 2017; Iwabuchi et al., 2019; Iwabuchi et al., 2020; Supplementary Table 3). Single amino acid mutants of phyllogen homologs were created by the GeneArt™ Site-Directed Mutagenesis System (Thermo Fisher Scientific) using appropriate primer pairs. Other plasmids for phyllogen expression were constructed as described below. In Arabidopsis MTF genes used in the study, SEP3 (AT1G24260) was cloned previously (Maejima et al., 2014; Iwabuchi et al., 2019; Iwabuchi et al., 2020). SHORT VEGETATIVE PHASE (SVP; AT2G22540) was cloned in the study as described below.





Error-prone PCR

For the construction of mutant libraries of the GAL4 binding domain (BD)-fused PHYLOY (BD-PHYLOY), non-codon-optimized PHYLOY from the ‘Ca. P. asteris’ onion yellows (OY) strain (PHYLOYorg; Maejima et al., 2014) was amplified by error-prone PCR using the Diversify PCR Random Mutagenesis Kit (Takara Bio, Shiga, Japan) and cloned into pGBKT7 (Takara Bio). PCR was repeated twice as described in the user manual (Condition 8), using the PhylF4 and PHYLorg_to_pGBKT7_R primers. The PCR conditions were 94°C for 30 s; 25 cycles at 94°C for 30 s, 50°C for 30 s, and 68°C for 1 min; and a final extension at 68°C for 5 min. For the preparation of mutant libraries of BD-fused PHYLSY, the plant codon-optimized PHYLSY of the ‘Ca. P. fragariae’ strawberry yellows (SY) strain (Iwabuchi et al., 2020) was also amplified by the same protocol using the SY_F and pGBK-fragariae-R primers. pGBKT7 was PCR-amplified by KOD One PCR Master Mix (Toyobo, Osaka, Japan) using the pGBKT7-F/-R primers.

The error-prone PCR amplicons were fused to the pGBKT7 fragment by recombinant PCR using KOD One PCR Master Mix. The first PCR was performed to fuse the DNA fragments without primers under the following conditions: 96°C for 3 min; 10 cycles of 96°C for 15 s, 55°C for 30 s, and 68°C for 40 s; and a final extension at 68°C for 4 min. Next, the fused fragment was amplified by step-down PCR with the appropriate primers (PHYLorg_to_pGBKT7_F and pGBKT7-R for PHYLOY or pGBK-fragariae-F and pGBKT7-R for PHYLSY). The PCR conditions were as follows: 96°C for 3 min; five step-down steps, each comprising two cycles of denaturation at 98°C for 10 s, annealing from 68°C down to 56°C for 30 s (in 3°C steps) and elongation at 68°C for 40 s; 25 cycles of 96°C for 15 s, 55°C for 30 s, and 68°C for 40 s; and a final extension at 68°C for 4 min. The amplicons were self-ligated using the NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs, Inc., Ipswich, MA, USA), as described in the user manual.





Yeast two-hybrid assay (Y2H)

For expression of each BD-fused phyllogen homolog, the genes were PCR-amplified with the appropriate primers (listed in Supplementary Table 2) and cloned into pGBKT7. For expression of the GAL4 activation domain (AD)-fused SVP, SVP was cloned into pGADT7 (Clontech, Mountain View, CA, USA). The cloning was performed as described previously (Kitazawa et al., 2017).

To identify phyllogen mutants with enhanced affinity to MTF, the mutant libraries in pGBKT7 were transformed into the Saccharomyces cerevisiae Y2H Gold strain (Takara Bio) with a pGADT7-containing AD-fused MTF (SEP3 or SVP). The transformation was performed by the lithium acetate method, as described in the Yeast Protocols Handbook (Clontech). The co-transformants were plated on a synthetically defined (SD) medium lacking leucine, tryptophan, and histidine with 5 mM 3-amino-1,2,4-triazole and 40 mg/L of X-α-Gal (SD/–LWH+3AT+X). After incubation for 4 days at 30°C, colonies were isolated on the same selective medium. The pGBKT7 plasmid was extracted from each isolate using Zymolyase-100T (Nakarai Tesque, Kyoto, Japan) and purified through an antibiotic selection of Escherichia coli transformants. The sequences of mutants in the pGBKT7 were determined by Sanger sequencing using the BD_R primer. A second Y2H assay using the purified plasmids and yeast strain AH109 was then performed, as described previously (Kitazawa et al., 2017). Successful co-transformants were selected on SD lacking tryptophan and leucine (SD/–LW) and cultured on three selective media to evaluate the protein–protein interaction: leucine/tryptophan/histidine-lacking SD (SD/–LWH), SD/–LWH containing 5 mM 3-amino-1,2,4-triazole (SD/–LWH+3AT), and leucine/tryptophan/adenine/histidine-lacking SD (SD/–LWAH). The plates were incubated for 4 days at 30°C.





In planta phyllogen expression using a virus vector

A tobacco rattle virus (TRV)-based gene expression vector system (Iwabuchi et al., 2019) was used for systemic gene expression. The PHYLSY mutants obtained in the Y2H assay  were cloned into pTRV2 as described previously (Iwabuchi et al., 2019). For expression of , PHYLSY and  were amplified with the primer pairs 2A-fragariae-F and SYopt_Q30R_R, and SYopt_Q30R_F and pTRV2-fragariae-R, respectively. The amplified fragments were fused by recombinant PCR using KOD FX Neo (Toyobo). The first PCR was performed without primers under the following conditions: 96°C for 3 min; 10 cycles at 96°C for 15 s, 50°C for 30 s, and 68°C for 30 s; and a final extension at 68°C for 4 min. The second PCR was performed with the primer pair of 2A-fragariae-F and pTRV2-fragariae-R, under the same conditions but with 30 cycles of PCR reaction. The fused fragment was cloned into pTRV2 as described above. For cloning of  , DNA fragments were amplified from PHYLSY and   with the primer pairs 2A-fragariae-F and SYopt_K37E_R, and SYopt_K37E_F and pTRV2-fragariae-R, respectively; they were then fused and cloned, as in the case of  . For expression of  , mutagenesis of TRV2-cloned PHYLOY (Iwabuchi et al., 2019) was performed using the GeneArt™ Site-Directed Mutagenesis System and the primer pair, OYopt_K37E_F/R (Supplementary Table 2).

The virus vectors were inoculated to A. thaliana by agroinfiltration with the viral silencing suppressor P19, as described previously (Iwabuchi et al., 2020). The final concentration of each Agrobacterium was adjusted to an OD600 of 0.1.





Immunoprecipitation and immunoblotting in N. benthamiana

For transient expression in N. benthamiana leaves, phyllogens and their mutants, which were created in this study, were PCR-amplified with appropriate primer pairs (Supplementary Table 2), cloned into pENTA, and subcloned into pEarleyGateN3 × FLAG (Iwabuchi et al., 2019), as described previously (Kitazawa et al., 2017). SVP was also cloned into pEarleyGateC3myc (Okano et al., 2014).

For in planta anti-FLAG immunoprecipitation, Agrobacterium cultures for the expression of 3 × myc-fused SEP3 and SVP (SEP3- and SVP-3myc, respectively), 3 × FLAG-fused phyllogens (3FLAG-PHYLSY, -PHYLOY, and -PHYLWBDL, or their mutants), and P19, were adjusted to an OD600 of 1.0, mixed at a ratio of 1:1:0.1, and infiltrated into N. benthamiana leaves. 3 × FLAG-fused phyllogen was immunoprecipitated using EZview Red ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich, St. Louis, MO, USA) 36 h after infiltration, as described previously (Kitazawa et al., 2022). The proteins were separated by SDS-PAGE and detected by immunoblotting, as described previously (Maejima et al., 2014). The commercial antibodies used for immunoblotting included an anti-FLAG antibody (F1804; Sigma-Aldrich) and an anti-myc antibody (4A6; Merck Millipore, Burlington, MA, USA).

For examining SEP3-degradation activity of PHYLSY mutants, Agrobacterium cultures for the expression of myc-fused SEP3 (myc-SEP3; Iwabuchi et al., 2019), 3FLAG-PHYLSY or its mutants, and P19, were adjusted to an OD600 of 1.0, mixed at a ratio of 1:0.1:0.1, and infiltrated into N. benthamiana leaves. Protein extraction and detection were performed according to the previous report (Kitazawa et al., 2022).





Residue mapping onto the phyllogen structure model

The residues identified to enhance the affinity of phyllogen to MTF were mapped onto the phyllogen protein structure model along with the previously studied residues. The structure model of PHYLOY (PDB ID: 6JQA; Iwabuchi et al., 2019) was used in the study. To map the residues of other phyllogens (e.g., PHYLSY), corresponding residues in PHYLOY were selected through alignment of the amino acid sequences of phyllogens using the ClustalW algorithm. Graphic visualization of the protein structure was provided by UCSF Chimera v. 1.9 (https://www.cgl.ucsf.edu/chimera/).





In silico structure prediction of protein complexes

Structures of protein complexes composed of PHYLOY and the K domain of SEP3 (residues 93–145) were predicted by ColabFold using MMseqs2 v. 1.4 (Mirdita et al., 2022). The parameter settings were as follows: use_amber = false, template_mode = none, msa_mode = MMseqs2 (UniRef + Environmental), pair_mode = unpaired + paired, model_type = AlphaFold2-multimer-v2, num_recycles = 6. Mapping of focused residues in the protein complexes was performed using UCSF Chimera v. 1.9.






Results




Screening of PHYLSY mutants with enhanced binding affinity to SEP3

To identify residues involved in the interaction of phyllogen with MTF, we first created a random mutagenesis library of PHYLSY, a non-phyllody-inducing phyllogen with weak affinity to MTFs (Iwabuchi et al., 2020), by error-prone PCR. We performed a Y2H screening of the library to select clones with enhanced binding affinity to SEP3, one of the target MTFs for phyllody-inducing phyllogens, using SD/–LWH+3AT+X media (in which yeast expressing AD-SEP3 and wild-type BD-PHYLSY does not grow). We used AD-SEP3 and BD-phyllogens (or mutants) for the Y2H screening, according to the previous reports (Maejima et al., 2014; Iwabuchi et al., 2020). We obtained nine yeast (Y2H Gold strain) colonies expressing AD-SEP3 and BD-PHYLSY mutants on the media. Amino acid sequence alignment of the PHYLSY mutants from the nine colonies showed that only two clones had an amino acid mutation at position 64 (R64G; from arginine to glycine) (Figure 1A), which is a residue previously reported to be responsible for the loss-of-function phenotype of PHYLSY (Iwabuchi et al., 2020). Interestingly, all the other seven clones had an amino acid mutation at position 37 (K37E; from lysine to glutamic acid), as indicated by a red arrowhead. Some mutants had only R64G or K37E mutation. No mutations were found in the other residues known to be involved in the interaction with MTF (Liao et al., 2019; Aurin et al., 2020), except for one clone that had K37E and an additional mutation at position 30 (Q30R; from glutamine to arginine), which is marginally involved in the loss-of-function phenotype of PHYLSY (Iwabuchi et al., 2020). These results suggest that the three mutations can be related to the enhanced binding affinity to SEP3. Then, each mutation was separately introduced into PHYLSY ( ,  , and  ), and the mutants were subjected to another Y2H assay using AH109 strain as the same conditions as previous reports (Figure 1B; Supplementary Table 4). The results showed that each mutation enhanced the interaction of PHYLSY with SEP3. Especially,   and   interacted with SEP3 as strongly as PHYLOY, a phyllody-inducing phyllogen (Supplementary Table 4).




Figure 1 | Screening of SEP3-binding PHYLSY mutants. (A) Alignment of the protein sequences of PHYLSY and the screened mutants excluding putative signal peptides. Sequences were aligned using the MUSCLE algorithm and grouped by the number of identified amino acid mutations. Mutations are highlighted in gray. Blue and red arrowheads indicate known and newly identified residues involved in the interaction with SEP3, respectively. Numbers under arrowheads denote the positions of amino acid residues on PHYLSY excluding signal peptides. (B) Yeast two-hybrid assay using SEP3 and PHYLSY mutants. Yeast cells expressing the GAL4 activation domain (AD)-fused SEP3 and GAL4 binding domain (BD)-fused  ,  , and   were adjusted to an OD600 of 0.1. Aliquots (10 μl) of these cells were spotted and incubated on synthetically defined medium lacking leucine/tryptophan (–LW), medium lacking leucine/tryptophan/histidine (–LWH), medium lacking leucine/tryptophan/histidine but containing 5 mM 3-amino-1,2,4-triazole (–LWH+3AT), or medium lacking tryptophan/leucine/adenine/histidine (–LWAH). The assay using SEP3 and PHYLSY was already performed in the same conditions (Iwabuchi et al., 2020), resulting in yeast growth on –LWH but not on –LWH+3AT nor –LWAH (Supplementary Table 4).







In planta activity of the SEP3-binding PHYLSY mutants

The previous report showed that mutation in PHYLSY, which enhances its interaction with SEP3, can enhance the interaction with all Arabidopsis E-class MTFs (SEP1–4), resulting in the degradation of the MTFs and induction of phyllody in plants (Iwabuchi et al., 2020). Thus, the phyllody-inducing activity in A. thaliana was examined for several variants of PHYLSY with mutation(s) that enhance the interaction with SEP3   using the TRV vector. The results showed that   induced no flower malformation, whereas   induced slight virescence of petals and conversion of a pistil into a stem-like structure (Supplementary Figure 2; Figure 2A, middle left).   induced more severe malformations than  , including greenish sterile stamens and strong virescence of petals (Supplementary Figure 2). The result indicated that the introduction of Q30R mutation into   strengthens its phyllody-inducing activity. Introduction of K37E mutation showed similar effects to Q30R. Expression of   induced no flower malformation in A. thaliana (Figure 2A, top right), but the introduction of K37E into   enhanced its phyllody-inducing activity, i.e.,   induced more severe flower malformations than   (Figure 2A, middle lane), such as sterility of stamens and strong virescence of petals. Interestingly, the introduction of K37E into the phyllody-inducing phyllogen PHYLOY further enhanced its phyllody-inducing activity. PHYLOY expression in A. thaliana induced green coloration without loss of identity (virescence) of petals and stamens (Figure 2A, bottom left); however,   completely transformed petals and stamens into leaf-like structures (Figure 2A, bottom right). These results indicated that the introduction of K37E into phyllogens enhances their phyllody-inducing activity.




Figure 2 | Effects of K37E mutation on phyllogen function. (A) Floral phenotypes of Arabidopsis thaliana plants infected with the tobacco rattle virus (TRV) vector carrying phyllogens or their mutants. Sepals, petals, and stamens are indicated by (se), (pe), and (st), respectively. (B) Interactions of PHYLSY mutants with SEP3 in planta. Agrobacterium cultures expressing 3×myc tag-fused SEP3 (SEP3-3myc) and either 3×FLAG tag-fused PHYLSY (3FLAG-PHYLSY) or its mutants, and P19 were mixed at a ratio of 1:1:0.1 and infiltrated into Nicotiana benthamiana leaves. Total proteins were extracted 36 h after infiltration, and immunoprecipitation was performed using an anti-FLAG antibody. The input and immunoprecipitated proteins (IP) were subjected to immunoblot analyses using anti-FLAG and anti-myc antibodies. Coomassie brilliant blue-stained membranes are shown as a loading control (CBB). (C) In planta accumulation of myc-fused SEP3 (myc-SEP3) in the presence of PHYLSY mutants. Agrobacterium cultures (OD = 1.0) for the expression of myc-SEP3, either PHYLSY or its mutants, and P19 were mixed at a ratio of 1:0.1:0.1 and infiltrated into N. benthamiana leaves. Protein extraction was performed 36 h after infiltration. Immunoblotting was performed as described above.



To investigate the effect of K37E on the in planta interaction of PHYLSY with SEP3, FLAG-tag co-immunoprecipitation assays were performed. SEP3-3myc did not co-immunoprecipitate with 3FLAG-PHYLSY, as reported previously (Iwabuchi et al., 2020). It weakly co-immunoprecipitated with  and  (not detected in some replicates; data not shown), but strongly with  (Figure 2B). Next, the effect of K37E on the in planta accumulation of SEP3 was examined. The immunoblotting assay showed that   did not induce the degradation of myc-SEP3 significantly, as in the case of 3FLAG-PHYLSY (Figure 2C). However,  induced the degradation of myc-SEP3 stronger than . These results indicated that K37E enhances the affinity of PHYLSY to SEP3 synergistically with R64G.





Screening of phyllogen mutants with enhanced binding affinity to SVP

To further explore the residues of phyllogen related to the interaction with MTFs, we attempted to identify phyllogen mutants with enhanced binding affinity to various MTFs, i.e., AGAMOUS (AG; C-class), APETALA3 (AP3; B-class), and SVP (non-ABCE-class type II MTF) (Smaczniak et al., 2012). These MTFs have not been confirmed to interact with phyllogen in planta, although gene expression of AP3 and SVP was shown to be indirectly affected by phyllogen (Maejima et al., 2014; Yang et al., 2015). We performed Y2H screening using mutant libraries of PHYLOY and PHYLSY, but only SVP-binding PHYLOY mutants were obtained. All the mutants had the same mutation, i.e., T78A (from threonine to alanine), and PHYLOY with a point mutation   interacted more strongly with SVP than PHYLOY in yeast (Table 1 and Supplementary Figure 3). Sequence alignment analysis showed that the residue T78A is polymorphic among phyllogen homologs (Figure 3, Iwabuchi et al., 2020); therefore, Y2H was performed using SVP and the phyllogen homologs with representative amino acid polymorphisms at the corresponding residue (Table 1; Supplementary Figure 3B). The T78-type phyllogens [SAP54 (a phyllogen homolog from AY-WB phytoplasma), PHYLSY, and PHYLPnWB], except for PHYLJHP, showed no or weak interaction with SVP, as in the case of PHYLOY. On the other hand, the non-T78-type phyllogens (PHYLRYD, PHYL231/09, and PHYLWBDL) interacted strongly with SVP. When PHYLWBDL was mutated to a T78-type phyllogen  , the interaction with SVP was weakened. These results indicated that the amino acid polymorphisms at this position affect the interaction between phyllogen and SVP in yeast.


Table 1 | Yeast two-hybrid assay using SVP and phyllogens.






Figure 3 | Amino acid polymorphisms in phyllogens. Red lines indicate residues newly identified to be involved in the interaction with MTF. Sequences of phyllogen homologs were retrieved from a previous report (Iwabuchi et al., 2020). Phyllogen groups distinguished by phylogenetic analyses of nucleotide sequences (phyl-A– phyl-D; Iwabuchi et al., 2020) are shown on the left. The background indicates the percentage of amino acid similarity: black, 100%; dark gray, 80%; light gray, 60%. Numbers indicate the positions of amino acid residues of PHYLOY excluding signal peptides.



Then, the in planta interaction of   and SVP was examined by co-immunoprecipitation assay (Supplementary Figure 4). The results showed that SVP-3myc did not co-immunoprecipitate with . Furthermore, in planta interaction of SVP-3myc and 3FLAG-PHYLWBDL was not detected. These results indicated that the mutation T78A is insufficient to enhance the interaction of phyllogen with SVP in planta at a detectable level.





Mapping of residues related to interactions with MTFs onto the phyllogen structure model

The mutagenesis analysis showed that K37E of PHYLSY and T78A of PHYLOY enhanced their interactions with MTFs (Figure 1 and Supplementary Figure 3), suggesting that these amino acid residues constitute, or are at least near, the interface at which phyllogens interact with MTFs. To characterize the interface, these residues as well as the other residues known to be related to interactions with MTFs (Supplementary Table 5) were mapped onto the PHYLOY structure model (Figure 4). We used PHYLOY because its in planta interaction with SEP3 was confirmed (Kitazawa et al., 2022) and its protein structure was determined (Iwabuchi et al., 2019). For mapping of the interaction-related residues in other phyllogens (e.g., PHYLSY), corresponding residues in PHYLOY were selected through the alignment of the amino acid sequences of the phyllogens. The residues, at which mutations enhanced the affinity of phyllogen to MTF, identified in this study (positions 37, 78) and the previous studies (positions 27, 30, 61, 64, 65) were shown in orange. Interestingly, the residues were exposed on the same side of the PHYLOY protein surface. On the other hand, the previously reported residues whose mutations do not affect interactions with MTFs (positions 25, 32, 45, 69; blue) were exposed on the opposite side of the protein.




Figure 4 | Positions of residues affecting interactions with MTFs on phyllogen. The ribbon and surface structure of PHYLOY (PDB ID: 6JQA) is shown. The colored residues represent those whose mutations were shown to affect (orange) or not affect (blue) interaction with MTFs, as shown in Supplementary Table 5. Numbers represent the positions of amino acid residues in PHYLOY. For residues in other phyllogens, the corresponding residues in PHYLOY are shown.



Finally, a model of a protein complex composed of PHYLOY and the K domain of SEP3 (SEP3K) was constructed in silico (Figure 5) using ColabFold (Mirdita et al., 2022). The predicted local distance difference test (pLDDT), predicted TM (pTM), and interface pTM (ipTM) scores used for estimating model accuracy were 91.5, 0.787, and 0.792, respectively. These scores are above or near the thresholds proposed for high confidence prediction (85, 0.8, and 0.75, respectively) (Mirdita et al., 2022; Yin et al., 2022). In the predicted model, PHYLOY interacts with the tetramerization-involved region in SEP3K, as shown experimentally in our previous report (Kitazawa et al., 2022). Moreover, the surface of PHYLOY on which the interaction-involved residues were exposed was near the surface of SEP3K constituted by the five tetramerization-involved residues (Puranik et al., 2014), which is a putative interface for the interaction with phyllogen (Kitazawa et al., 2022). Especially, N64 of PHYLOY was predicted to be located near two tetramerization-involved SEP3K residues (Leu164 and Leu171).




Figure 5 | In silico structure prediction of the protein complex consisting of PHYLOY and the K domain of SEP3. The structure was predicted by ColabFold. The predicted ribbon and surface structure of PHYLOY and the K domain of SEP3 (SEP3K) are shown in white and gray, respectively. The orange-colored residues in PHYLOY represent those whose mutations were shown to affect interaction with MTFs. The blue-colored residues in SEP3K represent the tetramerization-related residues (Puranik et al., 2014). Numbers represent the positions of amino acid residues in each protein. The predicted aligned error (PAE) for each residue pair was calculated by ColabFold and is shown in the upper right corner.








Discussion

Random mutagenesis can be performed without a priori prediction of the effect of mutations. Thus, this approach is useful for obtaining mutations enhancing or decreasing protein–protein interactions. In this study, random mutagenesis screening of phyllogen revealed two mutations that enhance affinity to MTFs, at amino acid residues previously unknown to be involved in this interaction. Interestingly, the two residues were located on the same side of the protein as the residues previously reported to be involved in the interaction (Figure 4). Moreover, the surface of the phyllogen protein constituted by these residues was predicted in silico to interact with the surface of SEP3K constituted by the tetramerization-involved residues (Figure 5). The predicted model was consistent with a previous study showing that mutations in the five tetramerization-involved residues of SEP3K disrupt its interaction with phyllogen (Kitazawa et al., 2022). The validity of the predicted model should be verified further, and the stoichiometry of the protein complex has not been elucidated. However, taken together, the mutation screening and the in silico prediction strongly indicated that the surface of phyllogen, where the interaction-involved residues are exposed, is an interface for the interaction with MTF. Further analyses focusing on residues on this surface will provide further insights into the mode of interaction.

Positions 37 in PHYLSY and 78 in PHYLOY were residues not previously reported to affect interactions with MTFs. Although the mutations were introduced and selected randomly, the same or similar polymorphisms already exist in some phyllogen homologs in various phytoplasmas (Figure 3). For example, PHYLJHP and PHYLFBP have E37, and PHYLWBDL has A79. This suggests that each phyllogen may have evolved to differentiate the binding affinity to targets and modulate target specificity by obtaining polymorphisms in interaction-involved residues. The Y2H assay showed that non-T78-type phyllogens, which have an amino acid polymorphism at the residue corresponding to T78 of PHYLOY, interact more strongly with SVP in comparison to T78-type phyllogens (Table 1). Although it is reported that SAP54, a phyllogen from AY-WB phytoplasma, interacts with a wide variety of MTFs (MacLean et al., 2014), the interactions between other phyllogen homologs and MTFs other than A- and E-class MTFs have not been elucidated. If each homolog targets different MTFs in addition to the consensus A- and E-class targets, it might have a different effect on plants. Thus, exploring the target specificity and binding affinity of each phyllogen homolog should promote a comprehensive understanding of the functions of the phyllogen family.

We previously showed that a mutation in PHYLSY based on natural genetic polymorphisms (Q30K or R64N) enhances its binding affinity to MTF and its phyllody-inducing activity (marginally or markedly, respectively) (Iwabuchi et al., 2020). Our random mutagenesis screening also showed that the exact same residues, albeit with different mutations (Q30R and R64G), enhance the binding affinity and/or phyllody-inducing activity (Supplementary Table 4, Supplementary Figure 2). We could not obtain   or   in the screening, which may be due to biases in amino acid mutations introduced by error-prone PCR (Neylon, 2004), such as codon bias [e.g., R64N requires two nucleotide substitutions (AGG to AAC or ATT)], and the tendency for nucleotide substitution (e.g., A to G and T to C are the most frequent substitutions according to the user manual of the Diversify PCR Random Mutagenesis Kit). This may also explain why we failed to obtain phyllogen mutants interacting with AG and AP3. Therefore, other interaction-involved residues may be unidentified. Reducing these biases by modifying the experimental conditions and codon usage of the phyllogen genes as a PCR template will help us obtain novel phyllogen mutants with enhanced binding affinity to MTFs of interest. Because MTFs regulate diverse pathways in plant development (Smaczniak et al., 2012), this approach could lead to the use of phyllogen as a tool for regulating MTF functions and modulating plant architecture.
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Fusarium wilt, caused by Fusarium oxysporum f. sp. lycopersici (Fol), causes losses in tomato production worldwide, with major impacts on Californian tomato processing. Single-gene resistance is the primary management tool, but its efficacy has been compromised following the emergence of two successive resistance-breaking races, which, in California, emerged within 12 years of resistance deployment. Fol race 3-resistant (F3) processing tomato cultivars (containing the I3 resistance gene) were deployed in the state starting in approximately 2009. The emergence of a new resistance-breaking race (which would be called race 4) is imminent, and early detection will be critical to delay the spread while new resistance is sought. The detection of Fol race 4 is challenged by the lack of validated, rapid, and accurate diagnostic tools. In evaluating in planta phenotyping methods, this study found that rapid seedling phenotyping is not reliable and generates false positives for nonpathogens. Longer (10 weeks) mature plant assays are the most reliable, but may not be sufficiently timely. As an additional challenge, based on field and greenhouse studies, Fol race 3 can cause symptoms in resistant F3 cultivars at frequencies greater (30%) than expected for off-types (<2%). We developed a three-F3 cultivar in planta assay to overcome the challenges this posed to differentiating Fol race 3 and Fol race 4. Using the assay, we determined that all putative resistance-breaking cases were Fol race 3; Fol race 4 was not detected in these early survey efforts. These results highlight the need for developing rapid Fol race 4 detection tools and a better understanding of the factors underlying inconsistent I3 gene expression in Fol race 3.
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Introduction

Documented in over 30 countries, Fusarium wilt, which is caused by Fusarium oxysporum f. sp. lycopersici (Fol), is a major driver of yield losses in tomato and has significant impacts in California, one of the primary global producers of processing tomatoes (Cai et al., 2003; McGovern, 2015; Fisher, 2017). Tomato cultivars with single-gene resistance have been the keystone of integrated disease management (McGovern, 2015; Chitwood-Brown et al., 2021a). However, resistance efficacy has been compromised by the emergence of two successive resistance-breaking races: race 2 and race 3 (Di Pietro et al., 2003; Takken and Rep, 2010; McGovern, 2015).

Fusarium wilt of tomato (later designated Fol race 1) was first described in the UK by Massee, 1895, although the first description aligning with a modern concept of Fusarium wilt was in the USA (Florida) in 1899 (Smith, 1899). Fusarium wilt (race 1) spread rapidly around the globe and was detected in California in the late 1940s (Hannah, 1954; Walker, 1971). The first resistance gene (I1) was discovered in 1939 by Bohn and Tucker, 1939. In California, resistance was deployed in processing tomatoes around 1959, about 15 years after the first detection of Fusarium wilt in the state (Hanna et al., 1964).

The I1-resistance-breaking Fol (race 2) was first detected in the USA, in Ohio in 1945 (Alexander, 1945; Walker, 1971) and again in California in 1970 (San Joaquin County) (Zobel, 1971), representing about 11 years of resistance gene efficacy in the state (1959–1970). Fol race 2 resistance (I2 gene) was developed between 1955 and 1965 (Alexander and Hoover, 1955; Alexander, 1959; Stall and Walter, 1965). Materials with race 2 resistance (F2 cultivars) were first commercially available by 1969 (Strobel et al., 1969; Gabe, 1975). Their use began in California around 1975–1977 (Thomas 1979), with F2 materials commonly used by 1980, 10 years after race 2 had been detected in the state (Miyao, 1980; Miyao and Debiase, 1996).

The I2-resistance-breaking Fol race 3 (Fol R3) was first detected in Australia in 1978 (Grattidge and O’Brien, 1982). It was first reported in the USA, in California, in 1987 (Davis et al., 1988; Cai et al., 2003), representing up to 12 years of resistant cultivar efficacy (1975–1987) and only 7 years when dating from the widespread adoption of the F2 cultivar. Fol R3-resistant (F3) materials (I3 gene) were in development starting in the early 1980s (Jones and Crill, 1974; McGrath and Maltby, 1988; Huang and Lindhout, 1997). In California, the use of the F3 cultivar (carrying the I1, I2, and I3 resistance genes) began around 2009 (22 years after detection), with widespread use starting in about 2016, with 10% of the northern San Joaquin Valley and 20% of Sutter County (northern counties) planting F3 cultivars (PTAB, 2016). The adoption of the F3 cultivar has been hindered in this and in other regions due, in part, to poor yield and performance traits, which significantly improved starting around 2019.

A new resistance-breaking Fol race (which would be called race 4, as the fourth successive race) has not been documented anywhere in the world to date. If the previous timeline provides any indication of future resistance emergence patterns, we would expect the emergence of the new resistance-breaking race 4 between 2021 (12 years from the initial use of the F3 cultivar in 2009) and 2023 (7 years from widespread use in 2016).

Early detection of race 4 will be critical to manage infested sources and to mitigate its spread in order to preserve the efficacy of the F3 cultivar while breeders work to develop race 4-resistant lines. While history has shown a rapid turnaround between the detection of the new race and the identification of the resistance gene (≤10 years), the time to commercial adoption can be over 20 years. The rapid advancement of resistant materials is hindered by the process of identifying and eliminating linkage drag issues and backcrossing to reincorporating traits required for a commercially competitive product (Chitwood-Brown et al., 2021b). Early detection and containment of race 4 will therefore be critical to preserving the efficacy of the existing resistance while new resistant materials are developed and deployed. As California (and particularly the Sacramento Valley) is thought to be a site of origin for race emergence (Cai et al., 2003), it is one of the primary regions under aggressive race 4 monitoring worldwide. The year 2019 was the first year when an F3 cultivar was the most widely grown cultivar in the state (PTAB, 2019)—this widespread adoption provided the opportunity to test for the emergence of Fol race 4 across the state.

The detection and rapid response to the emergence of resistance-breaking race 4 depend on accurate and timely diagnosis. Field diagnosis, while rapid, is hindered by the diversity of pathogens that cause Fusarium wilt-like symptoms in F3 cultivars, including other Fusarium species such as Fusarium oxysporum f. sp. racidis lycopersici (Forl; the cause of Fusarium crown and root rot) and pathogens in the Fusarium solani species complex (Romberg and Davis, 2007; Paugh et al., 2022). Traditional laboratory diagnosis of Fol using morphology-based methods can provide results quickly, but morphology cannot be used to accurately identify species or to provide any indication of formae specialis or race identity. Molecular-based methods offer a promising means for both accurate and timely diagnosis (e.g., Hirano and Arie, 2006; Lievens et al., 2008; Ayukawa et al., 2016; Carmona et al., 2020). However, thus far, efforts to validate these (including with California isolates) (Swett, unpublished) have revealed a lack of specificity, as highlighted by Jelinski et al. (2017).

Due to these challenges, in planta-based methods continue to provide the standard for the accurate differentiation of pathogenic from nonpathogenic strains, segregation of the different formae specialis, and differentiation of Fol races (e.g., López-Benítez et al., 2018; Cabral et al., 2020; Munawar et al., 2020; Armenta-López et al., 2021; de Oliveira et al., 2021). In planta identification methods vary in terms of plant age, inoculation method, and the duration needed for symptom development, with results in 2–12 weeks, depending on the method. There has been no rigorous comparative analysis of the accuracy and efficacy of these different methods to achieve race 4-oriented diagnostic goals. Of particular concern is that the rapid seedling-based methods, while appealing in terms of speed and ease, have not been evaluated for the risk of generating false positives for the nonpathogenic strains of F. oxysporum (which may appear to cause disease in seedlings).

In planta diagnostic methods rely on the durability of the resistance gene to withstand the target race. Preliminary monitoring efforts for Fol race 4 have indicated that the I3 resistance gene in processing tomatoes is inconsistently expressed—a phenomenon which may allow Fol R3 to cause symptoms in resistant materials, generating false positives for race 4. This has the potential to erode the utility of using differential lines for the identification of Fol race 4 in planta. However, it is also known that there is a certain allowable percentage of “off-type” seeds (~2%) that failed to hybridize and do not contain the I3 gene. In a highly infested field, this could allow Fusarium wilt development in up to ~2% of the field. Studies are needed to better understand this phenomenon and overcome the challenges it poses to both in planta diagnostics and the use of resistant cultivars as a management tool.

In support of Fol race 4 monitoring goals, the specific objectives of these study were to: 1) evaluate in planta tools for speed and accuracy in differentiating pathogenic and nonpathogenic F. oxysporum subspecies and Fol races in order to develop a standardized protocol applicable to the identification of race 4; 2) examine the relationship between Fol R3 and F3 cultivars to determine whether Fol R3 is causing disease in F3 materials; 3) use this information to develop a standardized, accurate phenotyping method for Fol race 4 monitoring; and 4) conduct statewide surveys in California processing tomatoes (2017–2021) to assess whether Fol race 4 is detectable in the state 8–12 years after the initial F3 cultivar deployment, 1–5 years after its widespread use in affected regions.





Materials and methods




Evaluating in planta tools for accuracy and speed to develop a standardized method for Fol race 4 identification

To provide a standardized protocol for the diagnosis of Fol race 4 that optimized accuracy and duration, we undertook to evaluate in planta diagnostics tools representing three categories: in vitro seedling assay (short time frame), young mature plant high-throughput seeded tray assay (medium time frame), and young mature potted plant assay (longer time frame). These were evaluated for their ability to differentiate Fol from Forl, to differentiate the pathogenic and nonpathogenic F. oxysporum strains present in tomatoes, and to accurately identify Fol R3 (allowing differentiation from race 4). The isolates evaluated in all in planta methods consisted of: 1) F. oxysporum f. sp. lycopersici race 3 (Fol R3) isolate CS3; 2) F. oxysporum radicis lycopersici (Forl) isolate CS141; and 3) the nonpathogenic F. oxysporum (Fonp) isolate CS351, which was originally recovered from tomato and previously characterized as unable to cause disease. Mock-inoculated environmental controls consisted of 0.1% water agar or untreated plants, as described below.




Inoculum preparation

The inoculum was prepared by streaking colonized filter papers across full-strength potato dextrose agar (PDA) in 10-cm diameter plates and incubating for 7 days under constant fluorescent light at room temperature (24°CC). The spore suspension was prepared by adding sterile 0.6% KCl into 7-day-old active growing mycelia of each isolate and filtered through two layers of sterile cheesecloth. The spore densities were quantified using a hemacytometer and adjusted to 106 spores/ml by the addition of 0.1% water agar (Swett et al., 2016).





Plant material

All trials used processing tomato varieties, with the exception that, in some cases, the heirloom tomato cv. Brandywine was used as a positive control since it was more easily obtainable. To stimulate even germination, Solanum lycopersicum seeds (see Table 1 for cultivars) were soaked in 70% ethanol for 10 min, 1% sodium hypochlorite for 10 min, and then rinsed with distilled water and air dried (Del Castillo Múnera et al., 2019). Within 24 h of treatment, the seeds were planted according to the different methods evaluated below.


Table 1 | Tomato cultivars used in all studies.







Lab bioassay




Experimental design and treatment implementation

The primary purpose of this study was to determine the feasibility of using this quick assay method (21 days in total) to accurately separate Fol from Forl and Fonp strains using differential cultivar susceptibility/resistance profiles. As preliminary studies had indicated a high rate of false-positive results for every Fol race, we only evaluated one Fol race (race 3) as a case study, including only those cultivars needed to identify this race and Forl.

The protocol was adapted from a protocol provided by a local private seed company, which served as their standard rapid test for segregating pathogenic and nonpathogenic F. oxysporum strains. The experiment was arranged as a completely randomized design, with experimental units consisting of three sterile magenta boxes (7.5 cm × 6 cm × 6 cm), each containing 10 seeds of each cultivar (i.e., H 8504, HM 58841, HMX 4909, and H 1310) (Table 1), for each pathogen treatment (i.e., Fol R3, Forl, Fonp, and mock-inoculated). The experiment was conducted two times.

Magenta boxes were filled (up to 3 cm from the bottom) with 5% water agar, and once water agar was solidified, a 55-mm filter paper (Whatman, Maidstone, UK) was placed on top and moistened with 1 ml sterile deionized water. Of the same cultivar per box, 10 seeds were placed equidistance (at ~10 mm spacing) on top of the filter paper, and the magenta boxes were closed and randomly placed on a laboratory shelf under constant fluorescent light at 24°CC. After 15 days, germinating (15-day-old) seedlings at the cotyledonary leaf stage were inoculated by decanting 1 ml of the corresponding spore suspension (106 spores/ml of Fol, Forl, or Fonp) or sterile 0.1% water agar (mock inoculation) over the filter paper. The inoculated plants were maintained under constant fluorescence light at 24°CC for 6 days. Differential cultivar response was then quantified based on the number of seedlings per magenta box with hypocotyl lesions and extensive necrosis (dead or dying).





Statistical analyses

Experiment replicates were considered random variables. Pathogen and cultivar treatment were considered fixed variables. The pathogen × cultivar treatment and experiment replicate treatment interactions were not significant (p = 0.248 and 0.469, respectively); therefore, all data were analyzed together. A replicate unit consisted of a single treated magenta box containing 10 seedlings, for a total of three replicates per treatment per experiment and six total replicates/treatment across experiments. The incidence (percentage of seedlings/box) of hypocotyl and radicle lesions and the incidence of seedling mortality (percentage of seedings/box dying or dead) (Figure 1A) were analyzed utilizing analysis of variance (ANOVA) with a type II test, which used R version 4.0 (R foundation for Statistical Computing, Vienna, Austria) with packages “car” and “lm4.” The percentage data were arcsin square root transformed before the analyses. If ANOVA was significant for the main effects, the treatment means were compared using post-hoc Tukey’s analysis test at α = 0.05.




Figure 1 | Symptom development of tomato at different stages inoculated with Fusarium oxysporum (f) sp. lycopersici race 3 (Fol R3). (A) Seedling decline and H 1310 seedling mortality from the laboratory bioassay. (B) Vascular discoloration of H 8504 developed in a high-throughput assay. (C) Vascular discoloration of HMX 4909 developed in a single-pot assay. (D) One-sided leaf chlorosis observed in a Fol R3 infested field. (E) Vascular discoloration observed in an F3 cultivar under Fol R3 pressure in the field trial.








Young plant tray assay




Experimental design and treatment implementation

The primary purpose of this study was aligned with the above laboratory bioassay, with the additional goal of evaluating the efficacy of using differential cultivars to separate all races as preliminary studies had indicated low to no false-positive rates for all races. Thus, we included cultivars that differentiated all races using replicate resistant cultivars when commercially available. This study was initiated with seedlings at the primary leaf stage grown in trays containing a potting mix and ran for a longer duration (plants inoculated at 2 weeks old and kept in the greenhouse for 7–9 weeks). The experiment was conducted in the UC Davis core greenhouse complex and was arranged as a split-plot design on a single bench. Each plot consisted of a 128-plug tray containing all seven differential cultivars (i.e., Brandywine, H 9036, H 8504, HM 58841, H 1310, N 6428, and HMX 4909) (Table 1). Each tray (plot) was inoculated with a different pathogen treatment (i.e., Fol R3, Forl, Fonp, and mock-inoculated), with one tray per pathogen treatment. The experiment was conducted twice.

The trays were filled with Sungrow propagation mix #4 (Agawam, MA, USA) fertilized with osmocote (2.2 ml/L). Two seeds from each cultivar were sown in 16 plugs of a 128-plug tray (two rows per tray) and thinned to one per plug shortly after emergence. Trays containing 2-week-old seedlings at the early primary leaf stage were submerged up to the seedling crown (just above the potting mix surface) in a sterilized plastic bin containing 2 L of spore suspension of each F. oxysporum treatment for 2 min. The trays were then drained and inserted into a solid-bottom plastic tray. The mock treatment tray was left untreated. Experiments 1 and 2 ran for 7 and 9 weeks, respectively (the latter adjustment was made as symptoms were not as apparent at 7 weeks), from February to April of 2020 (experiment 1) and 2021 (experiment 2) [24.0°CC ± 8°CC, 16:8 h light/dark (L/D)]. The trays were bottom watered daily and fertilized every other week with a mix of N (150 ppm)/K (200 ppm)/P (50 ppm)/Ca (175 ppm)/S (120 ppm).

Symptom development was monitored weekly. At the end of the experiment, each plant was first evaluated for the presence/absence of decline (wilting/loss of turgor in young leaves). The stem was then cut longitudinally starting at the soil line to evaluate the presence/absence of crown rot (Forl) or vascular discoloration (Fol) (Figure 1B). Disease incidence was calculated as the percentage of plants (out of 16) within each tray that showed decline and crown rot/vascular discoloration.





Statistical analyses

Experiment replicates were considered random variables. Pathogen and cultivar treatment were considered fixed variables. The pathogen × cultivar treatment interaction was significant (p < 0.01); therefore, cultivar differences were analyzed separately by pathogen treatment. A replicate unit consisted of a single tray containing 16 plants per cultivar × pathogen treatment; across experiments, each treatment was replicated twice. Incidences of vascular discoloration/crown rot were analyzed with ANOVA using a type II test (“car” package in R). The percentage data were arcsin square root transformed before the analyses. If ANOVA was significant for the main effects, the treatment means were compared using post-hoc Tukey’s analysis test at α = 0.05. In some cases, the canopy symptom data were more variable across experiments, preventing experiment combination—these results were represented by the presence/absence data as an indication of the efficacy of differential cultivar use. Otherwise, ANOVA and comparisons of the means were conducted as above.






Young plant single-pot assay




Experimental design and treatment implementation

The primary purpose of this study was aligned with the above in planta tray assays. Due to space limitations, in this study, only one replicate resistant cultivar was included for each pathogen. The study was initiated with seedlings at the primary leaf stage (plants inoculated at 3 weeks old). Plants were grown and inoculated in individual pots, and the experiment ran for 10–11 weeks, the longest duration. The experiment was conducted on raised benches in the UC Davis CORE greenhouse complex, arranged on a single bench in a split-plot design, with pathogen treatment (i.e., Fol R3, Forl, Fonp, and mock-inoculated) as the main plot. Each main plot contained six plants per cultivar (i.e., H 8504, HM 58841, HMX 4909, and H 1310), which were randomly arranged (Table 1), and each pot was inoculated with a different pathogen treatment (i.e., Fol R3, Forl, Fonp, or mock-inoculated). The experiment was conducted twice.

The seeds of each cultivar were sown on 3.78-L pots containing UC agronomy mix (equal parts sand, redwood sawdust, sphagnum peat moss, and pumice rock mixed with 1% dolomite lime). Three-week-old plants were inoculated by decanting 50 ml of the corresponding spore suspension on the plant crown. For the mock inoculation, 50 ml of 0.1% water agar was added. Experiment 1 was conducted from February to April 2020 (10 weeks), while experiment 2 was conducted from September to December 2020 (11 weeks), with adjustments in duration reflecting the differences in time to symptom development between trials (as above). Plants were watered daily and fertilized once a week with the rates specified above (24.0°CC ± 8°CC, 16:8 h L/D), and symptom development was monitored weekly. At 10–11 weeks, the plant canopy was assessed for the presence/absence of canopy decline (wilt/canopy collapse), the plants were removed from the pots, and the crowns and stems were cut in cross-sections and longitudinally to evaluate tissue necrosis. Disease incidence was quantified based on the percentage of plants (out of six) with vascular discoloration or crown rot (Figure 1C) and canopy decline.





Statistical analyses

Experiment replicates were considered random variables. Pathogen and cultivar treatment were considered fixed variables. The pathogen × cultivar treatment interaction was significant (p < 0.01); therefore, data were analyzed separately by pathogen treatment. Each plot was treated as a replicate unit (n = 2). The response variables within pathogen treatment were not significantly different among the experiment replicates; hence, the data were pooled and analyzed together. Incidences of vascular discoloration/crown rot and decline (wilting/loss of turgor in mature plants) were analyzed with ANOVA using a type II test (“car” package in R). Percentage data were arcsin square root transformed before the analyses. When ANOVA was significant for the main effects, the treatment means were compared using post-hoc Tukey’s analysis test at α = 0.05.







Evaluating the relationship between Fol R3 and F3 processing tomato cultivars to overcome the challenges of in planta diagnostics

The overall goal of this study was to document the phenomenon of Fol R3-driven disease development in F3 processing tomato cultivars, as well as to overcome the challenges this phenomenon poses to in planta diagnostics. To this end, we conducted a 2-year trial in a Fol R3-infested experimental field to evaluate three F3 cultivars for resistance gene durability by assessing Fusarium wilt development over the field season. We coupled this with greenhouse trials evaluating the durability of three F3 cultivars against Fol R3. As molecular testing tools were not available to confirm the presence of the I3 resistance gene in individual plants (due to the proprietary nature of the resistance gene region in the private sector), we utilized a threshold-based analysis, which referenced the 2% threshold for allowable off-type seeds (failed hybridization, leading to the absence of the I3 gene). Based on this, Fusarium wilt development in ≤2% of plants was used to indicate a likely role of off-types (plants without the I3 gene) in allowing symptom manifestation, whereas Fusarium wilt development in >2% of plants was used as an indicator that the I3 gene was present in at least some affected plants, but may not have been effectively expressed, thus allowing Fol R3 to cause disease.

These studies were utilized to develop a rigorous three-F3 cultivar greenhouse phenotyping method that could overcome potential problems in I3 resistance gene expression and allow accurate identification of Fol race 4 in processing tomatoes. This method was employed in a 5-year survey to determine whether a resistance-breaking race was detectable in commercial F3 processing tomato fields in California.




Field-based evaluation of the relationship between the Fol R3 and F3 cultivars




Experimental design and treatment implementation

We examined three Fol race 3-resistant (F3 cultivars) processing tomato cultivars, each representing a different industry source: N 6428 (Nunhems), H 1310 (Heinz), and HM 58801 (HM Clause). We included the Fol race 2 (F2) susceptible cultivar H 8504 as a positive control (Table 1). Clean seed material was provided by the breeding companies, and the seeds were further treated with 1% sodium hypochlorite, as described above, prior to planting in order to minimize the presence of any contaminant pathogens. This study was conducted at the UC Davis Armstrong Plant Pathology Research Station (GPS: 38.522426, −121.757284; soil type: Yolo clay loam) from May to September of 2018 and was repeated during the same months in 2019. The study was arranged as a split-plot randomized complete block design, in which pathogen treatment (non-inoculated or inoculated) was treated as the main plot. The non-infested control was included as a check for Fusarium wilt-mimicking symptoms. The cultivars were randomly allocated to single 4.5-m plots within each of three blocks (rows), with 30–35 cm plant spacing for a total of ~15 plants per cultivar per block. Each field plot was surrounded by two buffer rows in 2019, but not in 2018.

Infested and non-infested field plots were located in the middle of the experiment station, situated approximately 200 m from each other to avoid cross-contamination. The non-infested control field was prepared on land not previously grown to tomato and not known to have Fusarium wilt. The pathogen-infested field had been previously established over several (~5) years of planting Fol R3-inoculated tomatoes and incorporating infested plant tissue at the end of each season. In the year prior to the study, the incidence of Fusarium wilt was ~50%–80% across the whole field, and no other soil-borne diseases were detected. This field had a history of low tomato spotted wilt virus (TSWV) levels (leafhopper vectored), which we tested for in each year.

Transplants were produced by double seeding in 72-cell trays filled with a potting medium developed by Dina St. Clair (DAS) at UC Davis, 1 m3 of which consists of 22% perlite (v/v), 11% vermiculite, 26% sphagnum peat moss, 8% sand, and 10% composted redwood bark, with the remaining 24% made up of 2.03 kg Dolomite #65 AG, 2.25 kg APEX 14-14-14 (3–4 months) slow-release fertilizer, and 0.68 kg Micromax micronutrient fertilizer. The seeds were treated with ETOH and 1% sodium hypochlorite, as described above, prior to planting. Seedlings grew in the greenhouse for 5 weeks (fertilized weekly with a low-nutrient solution) and were hardened in an outdoor lath house for 1 week prior to planting. The plants designated for the infested field were dip inoculated with Fol R3 the day before transplant. To dip inoculate, whole 72-cell transplant trays were submerged up to the plant crown in ~20 L of a Fol R3 (isolate CS3) spore suspension of 106 spores/ml 0.1% water agar (prepared as described above), allowed to absorb inoculum for 2 min, left to drain overnight, and then planted in 150-cm-wide beds at 30- to 35-cm spacing between plants. Plants were irrigated with subsurface drip buried ~10 cm below the soil line.

In 2019 only, the beds were treated with a pre-plant herbicide (Matrix; active ingredient, rimsulfuron) at the label rate 1 week prior to planting; mid-season, the plants were treated with imidacloprid (Advise) at the label rate to control whiteflies. In both years, fertigation applications with a starter fertilizer were performed at a rate of 30–33 L/ha over 4 weeks, starting in late May. Urea ammonium nitrate (UAN) solution at respective rates of 32, 12, and 14 L/ha were applied for 5 weeks starting the first week of July. To keep up with potassium requirements later in the season, sulfur/potassium thiosulfate (KTS 0-0-25) was applied once at a rate of 22.7 L/ha. To account for any nutrient-related plant health issues in 2019, the nutrient composition was analyzed in August in both fields based on two composite soil cores (five 10 cm × 1 cm cores) randomly collected from each of the two rows. Based on this analysis, we verified that the nutrient levels were optimal for tomato production in both fields, apart from the poor performing edge in the non-infested field (Table 2). The nitrogen levels were higher in the infested field compared to the non-infested field, but the two fields were not otherwise notably different.


Table 2 | Field soil nutrient analyses for both the infested and non-infested fields at the UC Davis Plant Pathology Research Station (collected in 2019 only).







Disease development and pathogen confirmation

Disease incidence was quantified in 10 plants per plot every other week starting from mid-June until harvest (September). Early symptoms included one-sided leaf chlorosis (Figure 1D) and plant stunting. These symptoms progressed into severe yellow flagging of whole branches and total plant collapse by harvest. At harvest, all plants were ranked as either healthy or with acute wilt-like symptoms, and vascular discoloration was evaluated in five plants per plot (Figure 1E).

Fungal tissue isolations were conducted from all symptomatic plants from each cultivar in order to establish whether the symptoms were due to Fol R3. A 10-cm section of the stem of each plant was washed in 0.1% Tween 20, dipped for 30 s in 70% ethanol and 2 min in 1% sodium hypochlorite, and then cut into 1-cm segments and placed onto Fusarium selective medium (FSM) in 100 mm agar Petri plates (as described in Swett et al., 2016). After 7–10 days, any F. oxysporum-like colonies were sub-cultured to a water agar medium amended with 0.5% KCl, as described by Swett et al. (2016). After 3–5 days of growth, these colonies were tentatively identified as F. oxysporum based on microscopic features, i.e., the presence of fusiform macroconidia and short, unbranched monophialids carrying false heads of microconidia, as described in Leslie and Summerell (2008). For cultures that were morphologically consistent with F. oxysporum, fungal tissue was prepared by growing 7 days on PDA (24°CC, 24:0 h L/D) and the DNA extracted using the PrepMan Ultra Sample Preparation kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions, producing 100 μl of eluted DNA, which was stored at −20°CC. Diagnostic PCR of Fol for the SIX3 gene region was conducted using the SIX3 primers—SIX3-F1 (CCAGCCAGAAGGCCAGTTT) and SIX3-R2 (GGCAATTAACCACTCTGCC) (Lievens et al., 2008; Van Der Does et al., 2008)—in a T100 Bio-Rad thermal cycler (Hercules, CA, USA). Based on this, we confirmed Fusarium wilt in 20% of putative Fusarium wilt-affected plants in both 2018 and 2019.

Data were only included for plants in which Fol was confirmed within the sub-plot. The area under the disease progress curve (AUDPC) was calculated as described in Shaner and Finney (1977) using the last three data points. AUDPC was based on the percentage of plants with aboveground Fusarium wilt symptoms in each of the three blocks, while vascular discoloration incidence was calculated as the percentage of 10 plants in each block with vascular symptoms at harvest (n = 3 for each year, n = 6 for the two years combined). As described in detail above, based on the estimated off-type rate of 2% of seeds, disease development in >2% of plants was considered indicative of ineffective I3 gene expression.






Greenhouse-based evaluation of Fol R3 resistance durability and development of a robust phenotyping method for Fol race 4 identification

All trials were conducted with three plants per cultivar per isolate and included one cultivar each that was: 1) susceptible to all races (EP 7 or Brandywine); 2) susceptible to race 2 and race 3 only (H 9036); 3) susceptible to race 3 only (H 8504); and 4) three cultivars resistant to race 3 (HM 5235, HM 58801, and N 6428) (Table 1). Pathogen treatments consisted of the Fol R3 isolate CS3 and the mock-inoculated negative controls (0.1% sterile water agar). The experiment was arranged by isolate treatment to avoid cross-contamination. The study was conducted three times.

Tomato seeds were treated as described above and then planted into Corlite soil in 50-well seedling trays with 0.5 g of osmocote slow-release fertilizer on top of each cell. The plants were watered daily as needed and transplanted into 3.8-L pots with Corlite soil 2 weeks post-germination. One week after transplanting, the plants were inoculated with a spore suspension prepared from ten 7-day-old cultures grown on PDA (24°CC, 24-h light). This was first suspended in a total of 100 ml sterile 0.5% KCl, and then an additional 600 ml sterile 0.1% water agar was added for a total volume of 700 ml. A 50-ml inoculum was added to each plant. Mock-inoculated plants were treated with 50 ml 0.1% water agar. The plants were watered by hand for 2 weeks to ensure the inoculum was not washed out of the pots and were then placed on automatic drip irrigation, wherein water and fertilizer were applied daily, adjusted to plant needs. Foliar symptoms of wilt and chlorosis and stem vascular discoloration were evaluated 60 days post-inoculation. Disease development was quantified based on the percentage of plants across the three repeat experiments (n = 3) that developed vascular discoloration and wilt/severe chlorosis. As described in detail above, based on the estimated off-type rate of 2% of seeds, disease development in >2% of plants was considered indicative of ineffective I3 gene expression. The presence of symptoms in non-inoculated controls was used to determine the presence of potential contaminant pathogens: should symptoms have been observed, fungal isolation from tissue would have been conducted to determine the identity of the pathogen contaminants. However, symptoms were never observed in the non-inoculated controls.






Statewide survey for Fol race 4 in commercial F3 processing tomato fields over 5 years

Statewide surveys for Fol race 4 in California processing tomato production were conducted annually from 2017 through 2021 in F3 (Fol race 3-resistant) cultivar fields that displayed Fusarium wilt-like symptoms. Fields were evaluated in Fresno, Merced, San Joaquin, Yolo, Colusa, and the Sutter counties, the latter county being the putative site of origin for Fol R3 in the state (Cai et al., 2003). Three to five plants were collected from each field for diagnosis. The diagnosis consisted of symptom photodocumentation, followed by fungal isolation from the diseased stem tissue and tentative morphological identification as described above. To determine whether the F. oxysporum isolates were putatively Fol, SIX3 PCR diagnosis was conducted with two to five F. oxysporum isolates per field (Lievens et al., 2008) as described above.

All putative Fol isolates were first purified with a single hyphal tip and stored on filter paper at 4°CC. To confirm that the pure cultured isolate retained the same putative Fol identity as the original non-purified isolate (which may have represented a mixed culture), genomic DNA was extracted from tissue as above, but using the Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo, Irvine, CA, USA) according to the manufacturer’s instructions, producing 100 μl of eluted DNA, which was stored at −20°CC. SIX3 amplification was conducted with the genomic DNA. It should be noted that all isolates without SIX3 amplification were further evaluated for SIX1 amplification (as described in Lievens et al., 2008); however, these data were not presented as amplification of SIX1 was not observed in all cases.

To confirm F. oxysporum identity, sequence-based species identity was analyzed for all isolates with SIX3 amplification. An ~600-bp region of translation elongation factor 1-α (tef1) was amplified in a 30-μl volume using Platinum II Hot-Start PCR Master Mix (Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions using ef1 and ef2 primers (O’Donnell et al., 1998) in a T100 Bio-Rad thermal cycler (Hercules, CA, USA). The amplification conditions consisted of 94°CC for 5 min, 40 cycles of 94°CC for 45 s, 52°CC for 30 s, and 72°CC for 1.5 min, plus a final extension of 72°CC for 6 min. The PCR products were purified using PCR Product Cleanup Reagent ExoSAP-IT™ (Applied Biosystems, Waltham, MA, USA) according to the manufacturer’s instructions. The purified amplicons were sequenced with the same forward and reverse primers using automated sequencing at Eurofins Genomics (Louisville, KY, USA). BLAST analysis of the tef1 sequences was conducted using both the Fusarium ID and GenBank databases. Isolates were identified at the species level based on the criteria of 98% or greater sequence homology. When ambiguous in GenBank, preference was given to the identity based on Fusarium ID due to the higher quality of identity assignments given to the reference sequences in this database.

Pure culture isolates with 98% or greater homology to F. oxysporum and amplification of the SIX3 gene regions were further evaluated for subspecies identity using in planta phenotype analyses. One to two isolates per field were evaluated in greenhouse phenotyping trials using the potted plant method described above, with Fol, Forl, and mock-inoculated (negative) controls. To reduce ambiguities associated with disease development in F3 cultivars, three F3 cultivars (resistant to race 1, race 2, and race 3) were included: HM 5325, HM 58801, and N 6428. Based on initial protocol development studies (described further below in Results), an isolate was considered Fol race 4 if it could cause wilt and vascular discoloration in at least one of three plants for all F3 cultivars and the Forl-resistant cultivar (HMX 4909) in order to exclude the possibility that the isolate was Forl (despite positive SIX3 PCR diagnosis).






Results




Accuracy of different in planta tools using differential cultivar resistance for formae specialis and race differentiation, which varied in testing duration




Lab bio assay

Pathogen treatment had a significant effect on lesion development (p < 0.01), but cultivar treatment did not (p = 0.27). Overall, fewer mock-inoculated seedlings developed radicle and hypocotyl lesions (3%–20%) than seedlings in any of the F. oxysporum treatments (p < 0.01). Seedlings inoculated with all the pathogen treatments (Fol R3 and Forl), as well as the nonpathogenic isolate (Fonp), developed large brown lesions on the hypocotyl and radicle. The percentage of seedlings with lesions was not significantly different (p = 0.24) between Fol R3, Forl, and Fonp, wherein 40%–88% of seedlings developed lesions across all F. oxysporum × cultivar treatment combinations (Table 3).


Table 3 | Phenotyping with a rapid seedling laboratory bioassay of four tomato cultivars inoculated with different formae specialis Fusarium oxysporum strains.



Similarly, pathogen treatment had a significant effect (p < 0.01) on seedling death, but cultivar treatment did not (p = 0.39). Fewer mock-inoculated seedlings died (0%–7% mortality) than in any of the F. oxysporum treatments (p = 0.005). Seedling mortality did not significantly vary between Fol R3, Forl, and Fonp, which ranged from 40% to 88% across all cultivars tested (p = 0.99) (Table 3).





Young plant tray assay

Plants inoculated with Fonp and the mock-inoculated (untreated) plants did not develop any symptoms throughout the experiment. These treatments were thus excluded from downstream statistical analyses.




Fol race 3

Cultivar had a significant effect (p < 0.01) on the percentage of plants with vascular discoloration, wherein all Fol R3-suceptible cultivars (i.e., H 8504, H 9036, HM 58841, HMX 4909, and Brandywine) developed vascular discoloration in 31%–78% of plants. The F3 cultivars (i.e., H 1310 and N 6428) did not develop vascular discoloration (Table 4). Plant decline was variable across experiments, wherein only Brandywine plants wilted in experiment 1 (15% of plants), while wilt developed in 4%–19% of the plants in all Fol R3-suceptible cultivar treatments in experiment 2. Plant decline was never observed in the F3 cultivars (H 1310 and N 6428).


Table 4 | Phenotyping with a young plant tray assay of seven tomato cultivars inoculated with different formae specialis of Fusarium oxysporum.







Forl

Cultivar had a significant effect (p < 0.01) on the percentage of seedlings with crown rot. While the Forl cultivar (HMX 4909) never developed crown rot, at least 86% of the Forl-susceptible cultivars developed crown rot. Plant decline was minor in all trials (7%–19% of plants) and did not vary by cultivar (p = 0.25), likely reflecting abiotic stresses in the high-density tray environment. No plants died in any treatment (Table 4).






Young plant single-pot assay

Plants inoculated with Fonp and the mock-inoculated (0.1% water agar) plants did not develop any symptoms throughout the experiment. These treatments were therefore excluded from subsequent statistical analyses.




Fol race 3

Cultivar had a significant effect (p = 0.04) on the percentage of plants with vascular discoloration. Across the Fol R3-susceptible cultivars (i.e., HM 58841, HMX 4909, and H 8504), 41%–100% of plants developed vascular discoloration, whereas one plant in the Fol R3-resistant cultivar H 1310 developed vascular discoloration (an issue further addressed in the Fol R3–F3 interaction studies) (Table 5). Plant decline only developed in the susceptible cultivars H 8504 and HMX 4909, in less than 8% of plants.


Table 5 | Phenotyping with a young plant single-pot plant assay of four tomato cultivars inoculated with different formae specialis of Fusarium oxysporum.







Forl

Cultivar had a significant effect (p < 0.01) on the percentage of plants with crown rot symptoms. The Forl-resistant cultivar HMX 4909 never developed crown rot symptoms. In contrast, crown rot developed in at least 91% of the plants across all Forl-susceptible cultivars (i.e., HMX 58801, H 8504, and H 1310). Plant decline was not observed in any treatment.







Evaluating the relationship between Fol R3 and F3 processing tomato cultivars to overcome the challenges of in planta diagnostics




Field-based evaluation of the relationship between the Fol R3 and F3 cultivars




Foliar symptom development

Across years, chlorosis and wilt symptoms developed in 59.4% ± 3.5% of the Fol R3-suceptible positive control plants (i.e., H 8504 cultivar) in the infested field. Chlorosis and wilt symptoms also developed in two of the three Fol R3-resistant processing tomato cultivars, H 1310 and N 6428, with the greatest AUDPC in H 1310. HM 58801 never developed wilt symptoms (Table 6).


Table 6 | Fusarium wilt development in Fol race 3-resistant (F3) cultivars grown in a field artificially infested with Fol race 3 (2018 and 2019).







Development of vascular discoloration

The positive F2 control H 8504 developed vascular discoloration in 87% ± 7% of plants across both years. Vascular discoloration was detected in 2019 in all three F3 cultivars, although it was only detected in <2% of plants (accounting for standard error) in H 1310 (37% of plants) and N6428 (10% of plants) (Table 6). With the exception of a low level of TSWV, which was detected and rouged out of plots early in the study, mock-inoculated plants did not develop symptoms of other biotic or abiotic disorders, indicating that Fol R3 was the sole driver of wilt and vascular discoloration symptoms.






Greenhouse-based evaluation of Fol R3 resistance durability and development of a robust phenotyping method for Fol race 4 identification

All Fol R3-suceptible cultivars (i.e., H 9036, HMX 4909, H 8504, and Brandywine) developed both wilting/severe chlorosis (56%–100% of plants across cultivars) and vascular discoloration (44%–89% of plants across cultivars). Two Fol R3-resistant cultivars, HM 5235 and HM 58801, never developed vascular discoloration, although 11% of HM 58801 plants developed wilt/severe chlorosis. The Fol R3-resistant cultivar N 6428 developed both wilt and vascular discoloration in one trial (33% of plants), with an average of 11% of plants symptomatic across all studies. In all trials, mock-inoculated plants developed no symptoms (Table 7).


Table 7 | Fusarium wilt development in resistant (F3) cultivars under greenhouse conditions.








Statewide survey for Fol race 4 in commercial F3 processing tomato fields over 5 years

Overall, in evaluations of putative Fol isolates from 17 F3 processing tomato fields over 5 years, Fol race 4 was never detected (Table 8). Based on the phenotyping of pure cultured, SIX3-positive F. oxysporum isolates, every isolate was identified as Fol R3. The Fol race 1 and race 2 isolate positive controls included in this had expected phenotypes, which confirmed that the race identification was accurate. Of note is that, in 2018, 2019, and 2020, 15%–100% of the isolates later identified as Fonp or Forl were positive for the SIX gene region. However, in repeat SIX analysis of the pure cultured isolates used in phenotyping, these isolates were all negative for the SIX3 gene region. It is possible that these represent cases where Fol was originally present in mixed culture with Forl or a nonpathogenic strain, but were lost in the pure culturing process.


Table 8 | Outcome of Fusarium oxysporum f. sp. lycopersici (Fol) race 4 statewide monitoring in California processing tomatoes over 5 years: from 2017 to 2021.








Discussion

Fol race 4 has, thus far, gone unreported worldwide. The first detection of an I3-resistance-breaking Fol race 4 will be the signal to the global breeding industry to start developing race 4 resistance. Fusarium wilt resistance in California processing tomatoes has a history of remaining effective for up to 12 years (Walker, 1971; Zobel, 1971; Thomas, 1979; Miyao, 1980; Miyao and Debiase, 1996; Cai et al., 2003; PTAB, 2016). It has been 13 years since the first F3 materials were planted commercially in California (2009), but only 5 years since their widespread use (2016)—a timeline that indicates the imminence of the emergence of Fol race 4. Once a new race is detected, it typically has taken at least 10 years for resistance development and commercial adoption. Containment to the area(s) of detection will therefore be critical to mitigating the impact, a rapid response that in turn requires both rapid and accurate diagnosis.

Due to the challenges of the field-based and the morphology- and molecular-based diagnosis described above, the most promising approach for Fol race 4 monitoring would be the combination of tentative morphology and Fol PCR diagnostics with phenotyping using differential cultivars. Our efforts to identify and validate an accurate and efficient in planta tool for Fol race 4 monitoring indicated that rapid seedling-based methods will not be useful as they cannot differentiate between the pathogenic and nonpathogenic F. oxysporum strains or between Fol and Forl, nor can they reliably differentiate a susceptible from a resistant cultivar response. The ability of Fonp to cause lesions on the germinating hypocotyls and of Fol and Forl to cause disease on resistant seedlings likely reflects the extreme susceptibility of the seedlings grown under these conditions.

Transitioning to young plant greenhouse-based phenotyping methods has removed the false positives for Fonp and allowed reliable differentiation between Fol and Forl using susceptible/resistant differentials. It was possible to use a high-throughput (tray-based) approach to obtain results 7 weeks after inoculation. However, the development of severe foliar decline symptoms in resistant cultivars under the high-stress conditions in the tray system could pose challenges to the interpretation of the trials; this method also required larger inoculum volumes, which can be prohibitory in screening large isolate numbers.

While the single-pot method took the longest for symptom development (11 weeks), it was the easiest to use for large numbers of isolates (inoculum preparation was simple), was consistent and accurate in differentiating among formae specialis, and never resulted in severe foliar symptoms in resistant cultivars. This, therefore, represented the most reliable method for the detection of Fol race 4, and it was the method we utilized for downstream race 4 screening. However, it is concerning that the long duration required for this method is not conducive to a rapid response to Fol race 4 detection, which increases the chances of Fol race 4 dispersal beyond the initial detection site before barriers can be placed for containment.

Further complicating the in planta phenotyping efforts (as well as field diagnosis in support of race 4 monitoring efforts), early observations indicated that Fol R3 may be able to cause disease in cultivars with the I3 resistance gene (F3 cultivars), and this ability was confirmed in both field and greenhouse studies. Disease incidences of as high as 30% in the greenhouse and field trials suggested that this is not solely an issue of non-hybridized (I3 absent) individuals developing symptoms, but rather points to the potential inefficacy of I3 gene expression in processing tomatoes—a phenomenon not observed in fresh market materials (G. Vallad, personal communication). While this phenomenon is not, to the authors’ knowledge, previously described for the I3 gene in tomato, issues of inconsistent resistance gene expression have been documented for other Fol resistance genes. Alon et al. explored this as early as 1973, with their study evaluating incomplete penetrance of the tomato cultivars with the I1 resistance gene. In this study, the I1 resistance gene was incompletely expressed under high inoculum levels and at lower soil temperatures (Alon et al., 1974). It is possible that abiotic and biotic stressors compromise the expression of the I3 resistance gene, a possibility supported by studies on soil salinity (Swett, 2020). For the purposes of monitoring race 4 emergence, standard phenotyping methods may generate false positives for race 4. However, our studies suggest that the inclusion of multiple F3 cultivars can overcome this challenge. Inconsistencies in the expression of the I3 gene in processing tomatoes are going to be critical to understand and overcome both for improved field management of Fusarium wilt and for more effective monitoring of race 4.

For the purposes of Fol race 4 detection, greenhouse studies indicated that a three-F3 cultivar system can overcome the challenges posed by Fol R3 wilt development in F3 cultivars, using the parameter that all three F3 cultivars must develop disease in order to be considered Fol race 4. Using this method, we detected putative Fol in 17 F3 fields expressing Fusarium wilt-like disease symptoms during Fol race 4 monitoring efforts over 5 years. This method was consistently able to accurately and non-ambiguously identify associated F. oxysporum strains.

Of the 17 Fol detections in F3 fields, Fol race 4 was never recovered. At present, a large portion of the state is still utilizing susceptible (F2) cultivars, preventing thorough monitoring. However, the area affected by Fol R3 is much greater than that of the previous races: with larger population sizes, there is an increased chance of a random mutation resulting in resistance breaking. It was notable that there were an additional six F3 fields that were initially identified as Fol based on SIX3 amplification, but the subsequent pure culture was not SIX-positive. These might have represented cases of mixed infections with Fol and non-Fol F. oxysporum isolates, wherein the Fol isolate was lost. It was also notable that, while the SIX gene regions for Fol are known to generate false positives in the case of Fonp isolates (Jelinski et al., 2017), in this work, SIX3 had valuable utility as a diagnostic tool for race 4 monitoring in California. Of all the nonpathogenic and Forl California isolates examined in this study, none were positive for the SIX3 region. However, the possibility of false negatives (Fol that are negative for SIX) has not been examined. This should be more fully explored to determine whether the existing PCR diagnostic methods have a risk of misdiagnosing Fol race 4 as Forl or as a nonpathogen.

The need for the early and rapid detection of Fol race 4 is greater than that of the previous races, given the changes in machine use practices in the last two decades. When Fol R3 emerged, most growers in the state were still harvesting their own tomatoes. In contrast, the majority of acreage in the state is currently custom harvested by canneries using the same harvesters, trailers, and tractors in fields across the state. The importance of equipment-based spread is underscored by the recent statewide expansion of Fol R3 from the northern Central Valley into distant counties such as Fresno (2014) and Kern (2018) following these changes in production practice (Swett, unpublished data).

A realistic management goal for resistance-breaking Fol race 4 is not to completely eradicate the pathogen from the field, nor to completely prevent spread, but instead to reduce the population loads in the field and slow dispersal in order to provide the breeding industry time to identify new resistance and integrate into commercial materials. The management of soil-borne pathogen spread on shared equipment is currently being evaluated in synergistic efforts to develop the best sanitation practices for shared equipment, as no methods currently exist and these practices are challenging to implement for harvesters and other high-risk equipment. Chemical treatment strategies may be effective in reducing the Fol race 4 populations in affected sites (Aegerter and Swett, 2021; Paugh et al., 2022, in press). In addition, the use of crop rotations, which are poor asymptomatic hosts (such as grass crops), and avoidance of cryptic systemic hosts (such as melons) may be important to mitigate population buildup in the field (Paugh and Swett, 2021).

As a further consideration, a broad-spectrum resistance gene for all Fol races has been described in tomato (e.g., the I7 gene) (Chitwood-Brown et al., 2021a). If the breeding industry proactively incorporated broad-spectrum resistance into existing processing tomato materials, this could significantly extend the efficacy of Fusarium wilt resistance as a management tool.

Monitoring for Fusarium wilt resistance breaking is a priority in dozens of different crops that use single-gene resistance to manage F. oxysporum formae specialis causing wilt diseases (Gordon and Martyn, 1997; Jiménez-Gasco et al., 2004; Diaz et al., 2021). While this study was focused on the California processing tomato production system, the lessons learned here regarding the need for standardized phenotyping methods and the inconsistencies in the durability of the resistance gene are applicable to resistance-breaking monitoring efforts not just for Fol in particular but also for F. oxysporum wilt pathogens in diverse crops worldwide.
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Introduction

The black shank disease seriously affects the health of tobacco plants. Conventional control methods have limitations in terms of effectiveness or economic aspects and cause public health concerns. Thus, biological control methods have come into the field, and microorganisms play a key role in suppressing tobacco black shank disease.





Methods

In this study, we examined the impact of soil microbial community on black shank disease basing on the structural difference of bacterial communities in rhizosphere soils. We used Illumina sequencing to compare the bacterial community diversity and structure in different rhizosphere soil samples in terms of healthy tobacco, tobacco showing typical black shank symptoms, and tobacco treated with the biocontrol agent, Bacillus velezensis S719.





Results

We found that Alphaproteobacteria in the biocontrol group, accounted for 27.2% of the ASVs, was the most abundant bacterial class among three groups. Heatmap and LEfSe analyses were done to determine the distinct bacterial genera in the three sample groups. For the healthy group, Pseudomonas was the most significant genus; for the diseased group, Stenotrophomonas exhibited the strongest enrichment trend, and Sphingomonas showed the highest linear discriminant analysis score, and was even more abundant than Bacillus; for the biocontrol group, Bacillus, and Gemmatimonas were the largely distributed genus. In addition, co-occurrence network analysis confirmed the abundance of taxa, and detected a recovery trend in the network topological parameters of the biocontrol group. Further functional prediction also provided a possible explanation for the bacterial community changes with related KEGG annotation terms.





Discussion

These findings will improve our knowledge of plant-microbe interactions and the application of biocontrol agents to improve plant fitness, and may contribute to the selection of biocontrol strains.
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Introduction

Tobacco black shank (TBS) disease, caused by Phytophthora parasitica var. nicotianae (Breda de Haan), is one of the most damaging and extensive diseases of tobacco (Kannwischer and Mitchell, 1978). It was first reported in Indonesia by Van Breda de Haan in 1896 and spread to China in 1950 (Breda de Haan, 1896). P. parasitica var. nicotianae was mainly consisted of four races in terms of race 0, 1, 2 and 3. Race 0 and 1 has been reported in China and the black shank disease in Yunnan is mainly caused by race 0 (Apple, 1962; Liu et al., 2016). Management strategies for the prevention and suppression of TBS include crop rotation, resistant cultivars, and chemical control. However, only very few of these control measures are sufficiently effective or economical (Kong et al., 1995; Gallup et al., 2006). Additionally, P. parasitica var. nicotianae have shown different levels of resistance to some commercial chemical fungicides in many places in China. Nevertheless, the overuse of chemicals is a major concern for agriculture and public health (Munita and Arias, 2016). For guaranteed production of organic, green, and pollution-free tobacco leaves, the development and application of other non-chemical technologies are necessary for successful prevention and control of TBS.

In the agricultural industry, biological control is a choice to deal with crop diseases. Compared to chemical agents, especially traditional fungicides, biocontrol agents have several advantages, such as low selective pressure, no pesticide residue, and improved soil microbial structure. Attempts to apply biological control methods to prevent TBS have been reported, and the results have turned out to be promising. Nonpathogenic binucleate fungus Rhizoctonia (BNR) were used to control TBS at the seedling stage under greenhouse conditions, and 70% effectivity was achieved (Cartwright and Spurr, 1998). Bacillus subtilis Tpb55 showed a promising controlling effect of 70.66% on TBS under pot experimental conditions (Han et al., 2016). Trichoderma strains AR-4, Tv-1, and ST4-1 isolated from plant’s stems, roots, and rhizosphere soil showed a more than 60% effectiveness on TBS (Liu et al., 2022). The mechanisms of action of the biological agents on TBS were also investigated. Bacillus velezensis Ba168 damages the cell walls and membranes of P. parasitica (Guo et al., 2020). However, there are few reports on the analysis of how black shank pathogen affect the microbiome structure in rhizosphere of tobacco. Thus, we utilized a previously isolated bacterial strain Bacillus velezensis S719 from tobacco rhizosphere with antagonism to TBS to explore the consequences of applied biocontrol agent on the rhizospheric microbiome.

The concept of “holobiont” indicates the entirety of the host plant and its microbiota (Zilber-Rosenberg and Rosenberg, 2008; Vandenkoornhuyse et al., 2015). Plants provide nutrition and niches for the growth and colonization of microbes, while microbial activities influence plant health through multiple mechanisms (Philippot et al., 2013; Huang et al., 2014). Plants can adapt to most biotic and abiotic adversities with the help of microbes, which aid their survival and defense against pathogens. In this phenomenon, rhizosphere microbes play the most critical roles (Berendsen et al., 2012; De Zelicourt et al., 2013). Researches have shown that microorganisms could improve plant health in many aspects through inhibited growth of pathogens, activated plant immunity, induced resistance, promoted nutrient absorption and plant growth, adaptation to environmental changes, and promoted establishment of microbial communities (Philippot et al., 2013; Qu et al., 2020). Simultaneously, a “crying for help” mechanism is adopted by plants facing the threat of pathogen invasion, which is associated with the selective enrichment of beneficial microorganisms (Yi et al., 2011; Rolfe et al., 2019).

The recent application and easy access to high-throughput omics technologies allowed a detailed dissection of the complex plant-associated microbial communities, which offered an extended understanding of microbiome structures and their interactions with plants (Berg et al., 2016; Jansson and Baker, 2016; Bakker et al., 2020). Here, we conducted a comprehensive structural dynamic profiling of the rhizosphere bacterial communities of healthy, black shank infected, and biocontrol agent-treated tobacco plants to answer the following questions: (1) How do different conditions affect the composition of rhizosphere bacterial communities? (2) Do any key taxa play crucial roles in community changes during external treatment?





Materials and methods




Soil sample management

The soils used in this study were collected from Yunnan Province, China in 2019. Sampling locations were in Yuxi City (24.145°N, 102.476°E). There were two sets of fields, both of which were loam, one was used for black shank disease studies all year round and the other is a healthy control field. The tobacco rhizosphere soil samples obtained from the diseased field was regarded as the disease group (D group), the samples obtained from the healthy control field were regarded as the healthy group (H group), which were 600 m away from the diseased field, and the biocontrol group (B group) was defined as the diseased field treated with biocontrol agent consisting of Bacillus velezensis S719 after tobacco seedlings were transplanted. The Bacillus velezensis S719 was fermented with the media at 29-31°C for 48 h at a speed of 150 rpm with 10% ventilation, 0.2% sodium humate, then added 0.1% chitosan and 0.1% chitin. The forming agent was applied during transplanting with a dosage of 210-330 g/km2. The variety of tobacco was Yunyan 99.

Samples were collected during the peak period of black shank disease, which was about 8 weeks after the transplanting in July. The zig-zag random sampling method was adopted and eight tobacco plants mixed as one rhizosphere soil replicate (Smith and Rowe, 1984). There were 5 replicates of each treatment. The whole root system of tobacco was dig out and shaken vigorously to remove the loosely bound soil, and the tightly adhered soil (about 1-2 mm) was kept in a self-sealing bag as the final rhizosphere soil sample. The samples were put in a freezer, brought back to the laboratory, and stored at -80°C for further processing. The physical and chemical attributes of the soils were measured but no significant difference was observed (data not shown).





DNA preparation and 16S rRNA gene illumina sequencing

Total genomic DNA was extracted from the soil using a FastDNA Spin Kit for Soil (MP, USA), according to the instructions provided by the manufacturer. Briefly, 0.25 g fresh soil samples were ground with lysis buffer using the Lysing Matrix E tube for 30 min, and subsequently purified with inhibitor removal buffer, binding buffer, and wash buffer in the filtered tubes. Afterwards, the DNA was examined using 1.0% (v/v) agarose gel electrophoresis and quantified using a Nanodrop One Spectrophotometer (Thermo Scientific, USA).

For the 16S rRNA gene libraries, the V3-V4 region was amplified using the universal primers 341F (5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) (Roggenbuck et al., 2014). Amplification was performed using the following PCR program: 95°C for 3 min, followed by seven cycles of 95°C for 45 s, 65°C for 1 min (decreasing at 2°C per cycle), and 72°C for 90 s; second, 30 cycles of 95°C for 15 s, 50°C for 30 s, and 72°C for 30 s; and finally, 72°C for 5 min as a final extension. PCR amplification was performed using a Phanta Max Master Mix Kit P515 (Vazyme, China). After 1.0% (v/v) agarose gel electrophoresis, samples were sent to Novogene Co., ltd for high-throughput sequencing on the Illumina P300 platform.





Raw data assembly and dimension reduction analysis

The resulting sequences provided by the company were demultiplexed and quality-filtered using Vsearch on the Galaxy platform (version 2.7.2) (Afgan et al., 2018). An amplicon sequence variant (ASV) table was generated using DADA2 (version 1.8) (Callahan et al., 2016). After removing ASVs not present in at least 5% of all samples or less than 0.1% of the total abundance, we identified 2,743 ASVs of bacterial and archaea for subsequent analysis excluding ASVs taxonomically classified as mitochondria or chloroplasts. The taxonomy of each sequence was analyzed by RDP Classifier (Wang et al., 2007) against the SILVA Small Subunit rRNA database (Version 138) (www.arb-silva.de/documentation/release-138/) using a confidence threshold of 0.7 (Quast et al., 2012). Downstream analysis was performed using MicrobiomeAnalyst online pipeline (Version 2.0) Marker Data Profiling (MDP) and Shotgun Data Profiling (SDP) modules (https://www.microbiomeanalyst.ca/) (Dhariwal et al., 2017). All samples were rarefied to the sample with the least number of sequences (48,602 read counts) prior to downstream analyses.





Bioinformatic analysis




Diversity analysis

Alpha analysis was carried out based on Chao1 and Shannon diversity indices at the ASV and genus levels. Beta analysis was done using Bray-Curtis dissimilarity at the ASV or genus level.





Taxonomic composition

The taxon composition was generated at the phylum, class and genus levels. As the phylum level Proteobacteria always accounted for the highest proportion of bacterial taxa, we analyzed the class and genus levels for the “Relative abundance of bacterial taxa” section (Figure 1). A condition of minimum count = 2, prevalence in samples > 10%, and merging mall taxa with counts < 10 were used. Only the top 15 taxa were listed.





Analysis of the differential taxa

A heat map was generated using the Euclidean distance measure and the Ward clustering algorithm at the genus level. The linear discriminant analysis (LDA) effect size (LEfSe) method was used to reveal the microbial taxa differences present among different soil groups by a LDA score > 2 and p< 0.05 (Segata et al., 2011).





Network construction

Correlation of co-occurrence network analysis was calculated using integrated Network Analysis Pipeline (iNAP) (Feng et al., 2022). SparCC method was used to calculate the network with the following parameters: correlation strengh exclusion threshold = 0.1, 100 shuffled times, threshold value > 0.9 and p-value = 0.05. The outcome data was investigated using Gephi software (Version 0.9.2)(Bastian et al., 2009).





Function annotation and prediction

Functional prediction was performed using PICRUSt2 module in MDP based on Greengene database (Version 13_8) with the default settings (Douglas et al., 2020).






Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics 17.0 (SPSS, Chicago, IL, USA) or GraphPad 9.0 (GraphPad Software, La Jolla, CA, USA).






Results




Bacterial community compositions differing with different treatments

All samples used in this study are grouped into three categories (Supplementary Table 1). The rhizosphere soil from tobacco plants showing clear black shank symptoms, named Ph1-5A, was grouped as Disease (D); the rhizosphere soil associated with healthy plants, named Ph1-5D, was grouped as Healthy (H); and that from the plants treated with biocontrol agents was named ANS1-5, and grouped as Biocontrol (B). The disease index was calculated about 8 weeks after the transplanting and a significant difference was observed with the highest in D group and the lowest in H group (Supplementary Figure 1). The total number of amplicon sequence variants (ASVs) generated from 15 samples was 23,517. After filtering the three sampling groups, a total of 2743 high-quality ASVs were kept with a library size ranging from 48,602 to 55,226. The rarefaction curves flattened after the sequence size exceeded 30,000, indicating sufficient sequencing depth (Supplementary Figure 2).

In general, most of the ASVs were shared by the three groups with 2,041 ASVs distributed in 13 bacterial phyla and one archaea phyla, comprising 80.83% of the B group ASVs, 77.54% of the D group ASVs, and 77.11% of the H group ASVs, respectively (Figure 1 and Supplementary Table 2). The H group had the most unique ASVs (2%, 53 out of 2,647) among the three groups, whereas the B and D groups had much fewer unique ASVs (0.55%, 14 out of 2,525 and 0.6%, 16 out of 2,632) (Figure 1 and Supplementary Table 2). More ASVs were found in D-H shared groups (5.46%, 149 out of 2,729) than in B-H shared groups (1.61%, 44 out of 2,727) and B-D shared groups (2.45%, 66 out of 2,690) (Figure 1 and Supplementary Table 2). Interestingly, the percentage of Proteobacteria in group D only ranked fourth, while in the other groups, this phylum ranked the top two. In group D, the phylum Actinobacteria accounted for 24.5% (645 out of 2,632) of all ASVs at the top of the list. This phylum in the other two groups accounted for only 7.1% (179 out of 2,525, group B) and 12.5% (331 out of 2,647, group H), respectively (Figure 1 and Supplementary Table 2).




Figure 1 | Amplicon sequence variants (ASVs) shared or monopolized by different samples. Color of the nodes representing the bacterial phyla, and orange square, green triangle and purple circle representing the three groups B (Biocontrol agent), D (Disease) and H (Healthy). The number of ASVs is provided for each cluster.







Comparative structure of bacterial community in different soil samples

To evaluate the diversity of the microbial communities within a single sample, alpha diversity was calculated by Chao1 and Shannon index. Group B samples were more diverse than groups D and H samples at the ASV level (Figure 2A, Supplementary Table 3), indicating an increase in ASV richness and evenness with the supplementation of biocontrol agents. The genus level richness pattern revealed by the Chao1 index remained constant with ASV level, with group B being significantly higher than group D (Figure 2B, Supplementary Table 3). However, Shannon index (Figures 2C, D, Supplementary Table 3) at both ASV and genus level showed no significant difference within groups D, H and B. The microbial communities in groups D and H were very similar in terms of alpha diversity, with minimal differences revealed by the Chao1 and Shannon indices.




Figure 2 | Diversity analyses of bacterial community in soil samples. Alpha diversity indicated by Chao1 (A) and Shannon (B) index of ASV level, and Chao1 (C) and Shannon (D) index of genus level was visualized by box plots. Among the estimated values ranging between 25% and 75%, of which the median was shown, the minimum and the maximum observed values within each dataset were listed. The p values across different groups were displayed at the bottom of each graph. Statistically significant differences (One-way ANOVA) were calculated between different soil samples. Lower letters represented statistical differences at the 95% confidence interval (p < 0.05). Beta diversity indicated by Bray-Curtis dissimilarity was visualized by PCoA method on ASV level across three different groups (E), H and B (F), D and B (G), D and H (H). Statistically significant differences (PERMANOVA) were calculated between different groups, F-value, R square and p-value were labeled.



Unconstrained principal coordinates analysis (PCoA) was performed using the Bray-Curtis dissimilarity showing a clear separation between groups B, D, and H across the first axis, which explained 28.6% of the ASV level (Figure 2E). Further comparisons between every two groups were subsequently conducted. The clear difference between groups H and B (Figure 2F) or D and B (Figure 2G) can be observed (p-value < 0.015). Treatment with biocontrol agents had a major influence on microbiome composition, as evidenced by the relatively high R2 and low p-value in groups H and B (Figure 2F), D and B (Figure 2G) comparing with groups D and H (Figure 2H).

To better understand the microbial composition between the sampling groups, the relative abundance of the bacterial taxa was calculated at the class and genus levels. We detected 51 bacterial classes with merging small taxa into “others” (ASV counts less than 10) (Figure 3A, Supplementary Table 4). Among these, Alphaproteobacteria was the most prevalent bacterial class, accounting for > 15% of the ASVs in each sampling groups. In B groups, Alphaproteobacteria accounted for 27.2% of the ASVs, at least two folds more than other terms in the same group; Actinobacteria was abundant in group D, accounting for 13% of the ASVs, while the proportions in group B and H were 10.6% and 9.5%, respectively; Sphingobacteria and Cytophagia were abundant in H group, accounting for 6.7% and 3.5% of the ASVs, respectively. Further structural details of microbiome are revealed at the genus level (Figure 3B, Supplementary Table 4). For instance, Sphingomonas was the most abundant genus, accounting for 27.9%, 11% and 20% of the ASVs in B, D and H groups, respectively. Stenotrophomonas reached to 5.5%, but Flavobacterium decreased to 0.5% of the ASVs in group D. The proportion of Bacillus enriched to 2.9% in group B and Pseudomonas was abundant in group H samples (4% of the ASVs) (Supplementary Table 4).




Figure 3 | Relative abundance of bacterial taxa at the class (A) and genus (B) levels. Small taxa were merged into others with the ASV counts less than 10 for class level. Only top 50 taxa were calculated for genus level and the rest was merged into others. Bar charts were used for visualization with top 15 items labeled.



To further investigate the effects of soil state and biocontrol agents on microbial diversity, differentially abundant genera were investigated. In group B communities, the enriched ASVs were primarily attributed to cluster V, whereas other clusters only had one or two samples among the five from each treatment showed distinct difference with other samples (Figure 4A). Moreover, a clear prevalence of cluster II was abundant in group H communities. LEfSe analysis was applied to further uncover the taxon distribution among different groups (Figure 4B). The most differentially abundant genus was Sphingomonas, which relative abundance was elevated by supplementation with biocontrol agents and reduced when the plants suffered from pathogen infection. According to the heat map results on the right, the most frequent genera in group H were Pseudomonas, Flavobacterium, Adhaeribacter, Pontibacter, and Flavisolibacter. Group D samples were specifically enriched in Stenotrophomonas, Galella, Thermomonas, Agromyces, Solirubrobacter, Intrasporangium, and Marmoricola. Contrastingly, Sphingomonas, Bacillus, and Gemmatimonas were largely distributed in group B samples, indicating a distinct microorganism difference between sampling groups.




Figure 4 | Differentially abundant bacterial genera in different soil groups. (A) Heatmap analysis showed group specific prevalence of clusters. Distance measure was Euclidean and Ward clustering algorithm was used. (B) Graphical summary of LEfSe analysis. Significant taxa were ranked in decreasing order by their linear discriminant analysis (LDA) scores (x axis). The mini heat map on the right of the plot indicated whether the taxa were higher (red) or lower (blue) in each group.







Different co-occurrence network patterns in different groups

Network analysis was performed to explore the co-occurrence among microbes and to identify the pattern differences between the sampling groups (Figure 5). Through the analysis, a stable network could be constructed from group H, with 619 nodes and 2158 edges, and a relatively balanced positive-negative ratio (58%:42%) (Figure 5A, Supplementary Table 5). With the plants facing pathogen infection, its network nodes and edges increased to 665 and 3125, and the positive-negative ratio tended to be more positive (68%:32%) (Figure 5B, Supplementary Table 5). After exposure to biocontrol agents, the network nodes and edges dropped dramatically to 300 and 541, respectively; however, the positive-negative ratio remained similar to that in the disease group (67%:33%) (Figure 5C, Supplementary Table 5).




Figure 5 | Co-occurrence network inference of the rhizosphere microbiomes compared. Co-occurrence index based on SprCC method correlation of 16S rRNA genes (ASV level) were extracted from soil samples in three conditions: healthy soil (A), disease soil (B) and the soil supplemented with biocontrol agent (C). Correlation was calculated using iNAP online pipeline “SprCC”, with correlation strength exclusion threshold = 0.1, 100 shuffled times, threshold value > 0.9 and p value = 0.05. Each node represented a single ASV and hub nodes were labeled differed with other nodes (module hubs labeled in orange, connectors labeled in green, network hubs labeled in blue and other nodes labeled in purple). A red edge indicated a positive correlation between two individual nodes, while a blue edge indicates a negative correlation.



Microbial communities usually harbor keystone taxa that can be computationally identified as hubs (module hubs and connectors) based on the within-module degree (Zi) and among-module connectivity (Pi) of the ASVs in the networks (Supplementary Figure 2). The network generated by group H samples showed 35 hub nodes with 20 connectors, 14 module hubs, and 1 network hub; while group D and group B samples generated networks that had connectors and module hubs only (13, 18, and 1, 7, respectively) (Supplementary Tables 6-8). Group H consisted of nine bacterial phyla, where Proteobacteria was the dominant phylum with a percentage of more than 50%. Composition changed dramatically when plants were infected with pathogens; the proportion of Proteobacteria dropped to 15%, while Actinobacteria became dominant, accounting for 46%, and six phyla were left. In the network treated with biocontrol agents, the recovery of the Proteobacteria proportion was above 50%, while the proportion of Actinobacteria decreased to 12%, with only three bacterial phyla remaining. Furthermore, we subdivided Proteobacteria from the phylum level to the class level in terms of Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria (Supplementary Table 9). Unsurprisingly, the proportion of Alphaproteobacteria changed dramatically enriching in groups H and B and it decreased in group D, which was consistent with the results of the taxa analysis. These results indicated the significant roles of Actinobacteria and Proteobacteria, especially Alphaproteobacteria, in soil health status.





Functional profiles of bacterial communities

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to predict the metabolic functional spectrum of bacteria (Douglas et al., 2020). After PICRUSt2 prediction and KEGG annotation, we observed a regular trend in the annotated terms. The terms in groups B and H always showed no significant differences, whereas group D showed distinct alterations in their prevalence compared with that in other two groups (Figure 6). For detail, “Nitrogen metabolism,” “Carbon metabolism,” “Fatty acid metabolism” and many other secondary metabolisms were upregulated during the black shank disease. The terms “pentose phosphate pathway”, “N-glycan biosynthesis”, “tetracycline biosynthesis, and carbon fixation-related pathways were downregulated in group D compared with that in groups B and H (Table 1). In total, there were 14 enriched terms and nine reduced terms in group D.




Figure 6 | KEGG based bar plot generated by PICRUSt2 indicating significant differences between group D and groups B, H. Green representing the Biocontrol group, red representing the Disease group and blue representing the Healthy group. All the terms listed in the figure have significant difference (Tukey’s test) between group D and B or H.




Table 1 | KEGG terms significantly changed in the Disease group.








Discussion

In this study, we investigated the changes in the bacterial community of the N. tabacum rhizosphere from the healthy to the diseased stages showing black shank symptoms as well as a stage treated with biocontrol agent. Distinct community changes were observed in many aspects in terms of the diversity index, taxonomy composition, co-occurrence network index, and functional prediction. Several outstanding ASVs in terms of Sphingomonas Pseudomonas and Flavobacterium genera shaping the rhizosphere microbial structure have been revealed, and significant functional profiles have also been identified in plant-pathogen interactions.

Increasing evidence has revealed that rhizosphere microbes respond to plant root exudates, helping plants absorb nutrients and respond to pathogen invasion (Sun et al., 2021). Lareen et al. reported that plants can recruit specific bacteria and fungi for defense against bacterial wilt in the rhizosphere (Lareen et al., 2016). According to Bakker et al., infection by plant pathogenic fungi resulted in recruitment of specific bacterial groups possessing specific functions that eventually resulted in disease decline. (Bakker et al., 2013). Specific resident plant rhizosphere bacterial communities adapted to plants played important roles in both optimizing growth and protection against pathogens. The recruitment of beneficial microorganisms can also change the physiological functions of plants, allowing them to resist aerial pathogens (Kumar et al., 2012).

The analysis of alpha diversity detected the highest microorganism diversity in group B at both the ASV and genus levels, whereas groups D and H were significantly low. The ASV level result indicated a dynamic balance during disease occurrence, which was consistent with previous reports (Zheng et al., 2021; Yi et al., 2022). The microorganism Chao1 index at the ASV levels increased dramatically due to the addition of biocontrol agents, which was parallel to the report that organic amendments enhance soil microbial diversity and microbial functionality (Shu et al., 2022). However, there was no significant difference in the Shannon index across all soil treatments, suggesting a mild change on the diversity and evenness of microorganism.

Co-occurrence networks have often been applied for the analysis of microorganism correlations (Deng et al., 2012; Su et al., 2020). We observed the most complicated bacterial network consisting of the highest number of nodes and edges in group D compared with groups B and H. However, the stability of the soil structure is not simply defined by the complexity of the networks, which needs to be interpreted from more parameters, such as modularization and connectivity (Deng et al., 2012; Feng et al., 2022). We noticed the dynamic and stable structure of a healthy soil network, which was more diversified than the other two networks (Figure 4). Once the plant suffered pathogen invasion, the hub and connection microbes decreased dramatically, and the network structure became simpler than the healthy ones, indicating a manifestation of structural imbalance. With supplementary biocontrol agents, the tight topology of the network was relieved, and the soil structure was directed to a healthy state. A point worth highlighting is the de-modularization ability of the biocontrol agents (Supplementary Figure 2). Less hubs or connectors could be observed in group B compared with groups D or H, suggesting the participation of Bacillus in the rhizosphere and reshaping the bacterial construction, but we did not determine the population of the introduced strain in the samples, further analysis need to be conducted to supplement and solid the conclusions. Additionally, dynamic amplicon analysis with different sampling periods is necessary for a deeper understanding of this network change.

The differentially abundant taxa in the three experimental groups could potentially play key roles in maintaining the plant health. In the results of heatmap clustering and LEfSe analysis, enriched Pseudomonas and Flavobacterium genera were observed in the group H rhizosphere soils. The Pseudomonas genus consists of a wide range of plant growth-promoting rhizobacteria (PGPR) that have been extensively studied. Inhibitory compounds and siderophores produced by Pseudomonas are effective in preventing pathogen invasion (Kloepper et al., 1980; Raaijmakers et al., 2006; Sivasakthi et al., 2014). The genus Flavobacterium was also common in disease suppressive soils, reported to play a role in biological control by producing antibacterial factors or substances, extracellular macromolecular degrading enzymes (Kolton et al., 2016; Kwak et al., 2018; Carrión et al., 2019).

The enrichment of Bacillus in group B was a consequence of supplementation with the biocontrol agents. Interestingly, the genus Sphingomonas was also enriched in group B, with an even higher LDA index than that of Bacillus (Figure 4B). Sphingomonas has been reported to possess multifaceted functions ranging from remediation of environmental contaminants to production of highly beneficial phytohormones, and its biocontrol potential has also been widely reported recently (Innerebner et al., 2011; Qin et al., 2019; Asaf et al., 2020). Additionally, Bacillus genera has many promising PGPR as well as antagonistic strain of pathogenic bacteria, with direct antagonistic effect on plant pathogens or work synergistically with other plant beneficial bacterial (Han et al., 2016; Guo et al., 2020; Sun et al., 2022). However, there were few reports on the correlation between Sphingomonas and Bacillus in plant-microbe interactions. More data are required to know reasons and mechanisms for the effective application of biocontrol agents.

Notably, the phylum Actinobacteria increased dramatically in group D compared with the other groups, which is in accordance with the report by Santos et al., who found that Actinobacteria could be recruited by rice to face extreme conditions and pathogen invasions (Santos-Medellín et al., 2022). Additionally, many microbes have no direct impact on plant fitness, but can modulate community structure and activity by interacting with other microorganisms (Agler et al., 2016; Durán et al., 2018; Sokol et al., 2022).

The functional prediction analysis conducted by PICRUSt2 detected several KEGG terms enriched or reduced in group D, while there was no significant difference between groups B and H. Among which, “Fatty acid biosynthesis” and “Fatty acid metabolism” were the most up-regulated terms in the soil samples from black shank suffered plants, indicating a positive correlation of fatty acid metabolism with disease occurrence. The phylum Actinobacteria has been reported to have diverse fatty acid biosynthesis enrichment potential, especially Mycobacterium possessing two fatty acid synthase (FAS) systems (Gago et al., 2011). Furthermore, FAS has also been reported to be related to antimicrobial activities in Actinobacteria, which supports the phenomenon that Actinobacteria are prevalent in plants face biotic or abiotic pressures (Gago et al., 2011). Riboflavin metabolism is responsible for vitamin B2 synthesis in bacteria and has been reported to be important in the process by which bacteria resist plant defense responses such as PAMP-related reactive oxygen species (ROS)-triggered immunity (PTI)(Khan et al., 2019).

Conclusively, our results showed that there were significant differences between healthy, diseased, and biocontrol agent-treated rhizosphere soil samples. The microbiota of tobacco changed dramatically in terms of the diversity index and taxa composition. Differentially abundant genera were identified by heatmap and LEfSe analyses and confirmed by network analysis. Functional predictions also revealed the beneficial and recovery potentials of healthy and biocontrol agent-treated samples, respectively. These findings will improve our knowledge of plant-microbe interactions and the application of biocontrol agents to improve plant fitness, and may contribute to the selection of biocontrol strains. However, further greenhouse experiments are required to confirm the present results.
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Soil disinfection using high temperatures via steam is a promising approach to manage plant pathogens, pests, and weeds. Soil steaming is a viable option for growers who are moving away from dependence on chemical soil fumigants, especially in plant nursery or high tunnel environments. However, there are few studies that investigate how soil steaming causes substantial disturbance to the soil by killing both target pathogens and other soil biota. Steaming treatments also change the trajectory of the soil microbiome as it reassembles over time. Growers are interested in the health of soils after using steam-disinfection, especially if a virulent pathogen colonizes the soil and then flourishes in a situation where there are very few microbes to suppress its growth. Should recruitment of a virulent pathogen occur in the soil, this could have devasting effects on seed germination, seedling establishment and survival. Beneficial microbes are often used to prevent the colonization of plant pathogens, especially after a soil-steaming event. Here, we experimentally test how soil fungal communities assemble after steaming disinfection. We introduce to steam-treated soil Fusarium solani, an important fungal pathogen of soybean and Trichoderma harzianum, a known beneficial fungus used for soilborne pathogen suppression. Results show that F. solani significantly affects the relative abundance and diversity of the soil fungal microbiome, however, T. harzianum does not mitigate the amount of F. solani in the steam treated soil. Within the T. harzianum microbial addition, the soil fungal communities were similar to the control (steaming only). This result suggests inoculating the soil with T. harzianum does not drastically alter the assembly trajectory of the soil fungal microbiome. Other soil amendments such as a combination of Trichoderma spp. or other genera could suppress F. solani growth and shift soil microbiome composition and function post-steaming, however, more experimental research is needed.
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Introduction

Plant pathogens possess the potential to devastate crops and forests worldwide (Agrios, 2005; Dart and Chastagner, 2007). In agricultural systems, plant pathogens decrease crop yield, reduce marketability, and in some cases, cause complete crop loss which in turn impacts both domestic and global food security (Strange and Scott, 2005). The Food and Agricultural Organization of the United Nations (FAO) estimates that $220 billion dollars are spent each year globally to manage plant diseases (FAO, 2022). Soilborne plant pathogens (e.g., fungi, oomycetes, bacteria, viruses and nematodes) are especially challenging to manage.

Management efforts for soilborne fungal and oomycete plant pathogens are often unsuccessful because many possess the ability to disperse through soil pores and persist for long periods of time in the soil spore bank (Panth et al., 2020). Soilborne pathogens can disperse between locations through the transfer of soil on farm machinery, from infected plant pots that are moved between plant nurseries or even between continents (Heungens et al., 2012; Parke et al., 2019; Frankel et al., 2020). Resting spores, such as chlamydospores or sclerotia, are structures that typically have a melaninzed or pigmented outer rind that protects them from both ultraviolet light and desiccation (Sumner, 1996; Panth et al., 2020). This adaptation allows fungal soilborne pathogens such as Rhizoctonia solani to remain in the spore bank for decades at a time if left unmanaged.




Soil steam disinfection for pathogen management

Starting in the late 1880s in Germany, agronomists used steam to eliminate plant and animal pathogens found in soil (Mihajlović et al., 2017; Arancibia, 2020). The soil steaming method was introduced to the United States (US) in 1893 and for the first half of the 20th century was predominately used for small scale production of high value crops such as tobacco, tomato, and greenhouse production of ornamentals (Johnson, 1946; Hansen et al., 2011; Arancibia, 2020). In the 1950s newly introduced chemical pesticides and fumigants became the main method for soilborne pathogen management (Wilhelm, 1966; Arancibia, 2020). Since the Montreal Protocol in 1987 there has been a slow yet steady phasing out of fumigants due to their broad toxicity and negative impacts on the environment and human health (Arancibia, 2020; Gambhir, 2020). The mandated disuse of methyl bromide for soilborne pathogen management in important crops resulted in an urgent need to find alternative, more sustainable phytosanitary approaches (Roux-Michollet et al., 2010; Samtani et al., 2012; Schweigkofler et al., 2014). Soil steaming disinfection kills pests and soilborne pathogens without the toxic side effects because water, without chemicals or other imputs, is turned into steam and applied to the soil at high temperatures (~70–90°C) (Katan, 2000; Fennimore and Goodhue, 2016; Arancibia, 2020). Recently, soil steaming for plant disease management has increased in demand and provides a promising management approach in agriculture (Atallah et al., 2011; Mihajlović et al., 2017). Steam is used to kill plant pathogens mainly in indoor settings, although the method is growing traction for use in high tunnel farming and is in the process of being tested for field crops (Schweigkofler et al., 2014; Arancibia, 2020). The American Plant Health Inspection Service (APHIS) reports steam disinfection as an official management option for treating soils in plant nurseries (USDA APHIS, 2020). The successful management of these pathogens lies at the intersection of agriculture, ecology, ecological restoration, and environmental remediation. There is an urgent need to understand the underlying science of how soil-steaming disinfection disturbs the soil microbiome and whether there are alternate trajectories for the microbial community diversity and persistence during soil recovery. Understanding these patterns and the underlying functions of these microbes that contribute to soil fertility (e.g., nitrogen and phosphorus cycling, organic matter) is critical for growers to improve soil and plant health.





Ecological disturbance, soil microbiomes, and pathogen management

A major challenge today is to understand how certain ecological disturbances, both biotic and abiotic, can shift the composition and abundance of microbes that constitute the soil microbiome. Soil microbiomes are susceptible to disturbance events (Shade et al., 2012) and their recovery is known to be impacted largely by abiotic factors such as temperature, salinity, pH, or moisture (Shade et al., 2012; Thakur and Geisen, 2019; Kaminsky et al., 2021). It is known that biotic factors affect the microbiome, but the impact of microbial interactions on soil microbiome dynamics is far less studied (Thakur and Geisen, 2019). As the soil microbiome recovers post-disturbance, it can reach pre-disturbance dynamics or a new alternative stable state where microbial communities persist that are different from the pre-disturbance communities (Shade et al., 2012). Steaming for pathogen management shifts the composition and abundance of microbes; the question that follows is: will the recovering microbiome reach the pre-steam stable state or a new stable state, and can the community trajectory (abundance and diversity) be impacted by the early colonization of pathogenic and/or beneficial microbes?

Previous soil steaming research provides insight into post-steaming microbial recruitment patterns. Diversity in the bacterial microbiome spikes immediately post-steaming, then diversity and abundance levels off within 1–2 months (Crandall et al., 2022). However, the soil community composition doesn’t necessarily resemble pre-disturbance conditions. Certain communities of bacteria, such as Firmicutes, are most abundant 1–2 weeks post-steaming; this is not surprising as Firmicute endospores have been shown to survive other high temperature disturbances such as forest fires or autoclaving (Kaminsky et al., 2021; Fox et al., 2022). Soil fungal microbiomes, in contrast, exhibit a shift in composition and diversity post-disturbance with certain taxa blinking in and out of existence in the soil microbiome (Crandall et al., 2022). For this study we focus on fungal microbiome dynamics. Our rationale is: (1) a marked pattern of succession is found within the soil fungal microbiome as compared to bacterial microbiomes and (2) there are fewer studies that track fungal microbiome recovery.

This work examines the top-down effect that Trichoderma harzianum and Fusarium solani have on the soil microbiome when introduced post steaming. The majority of work on microbiome recovery after a disturbance focuses on the bottom-up regulation that plants have on soil microbe dynamics (Thakur and Geisen, 2019). Recent literature identifies microbial interactions as regulators of the soil microbiome structure, particularly the competition for resources (Bahram et al., 2018). Predation and competition can be key determinants of diversity in a community, especially when the competitor is a fast growing virulent (hereafter “aggressive”) plant pathogen (Roy, 1997; Roncero et al., 2003; Chesson and Kuang, 2008; Schmitz et al., 2010; Fukami, 2015). The objective for this research was to investigate the impact of an aggressive fungal pathogen and beneficial fungus on the soil fungal microbiome as it recovers post-steaming.

Our model organisms were the plant pathogen Fusarium solani, the cause of root rot in soybean (Glycine max) and Trichoderma harzianum, a known beneficial to soybean (Roy, 1997; Kabir et al., 2022). It had been shown that Fusarium spp. have an impact on the soil microbiome. Studies using fumigation to facilitate the removal of Fusarium spp. suggest that soil microbiomes were able to rebuild a resistance to Fusarium spp. post-fumigation. This indicates that the initial Fusarium spp. infections (prior to steaming) were suppressing the emergence of resistance to a pathogen (Shen et al., 2018; Xue et al., 2019; Deng et al., 2021; Zhang et al., 2021). There are few to no studies that quantify how plant pathogens like F. solani colonize the soil and influence microbiome recovery after a disinfestation event, such as steaming, in-vivo. There is also a growing body of literature that investigates the interaction between microorganisms used as biocontrols for soilborne pathogens (Sood et al., 2020). Specific fungi in the genus Trichoderma show antagonistic interactions toward common and virulent soil pathogens such as F. solani (Daniel and Filho, 2007; Pimentel et al., 2020; Sood et al., 2020; Bellini et al., 2023). Trichoderma spp. can elicit a bottom-up effect on the soil microbiome due to their positive interaction with plants, but the focus of this study was on the soil microbiome pre-planting. How microbes interact with one another is context dependent and within this study the microbiomes were assessed in the context of recovery post-steaming (Zhou et al., 2021).

We asked: how does the soil microbiome recover after a steaming event when the soil is inoculated with a fungal plant pathogen and a beneficial biocontrol fungus? Does the presence of these two fungi change the composition, diversity, and function of the soil fungal microbiome? We questioned if T. harzianum, in its capacity as a beneficial, would mitigate the effects of F. solani. We hypothesized that the early introduction of both fungi would significantly alter the development of the soil fungal microbiome after steaming. We expected that T. harzianum would suppress the growth of F. solani when added together. Our last question was: Is there a significant effect on the microbial community composition when a beneficial microbe is added to the soil in order to suppress a pathogen? Due to its capacity to parasitize F. solani, we hypothesized that T. harzianum would decrease the abundance of F. solani regardless of when it was applied. The usefulness of steam in managing soil pathogens has been validated through other research studies, (Atallah et al., 2011; Schweigkofler et al., 2014; Mihajlović et al., 2017), but the impacts on the microbial community remain unclear. Our work provides insight into how growers and land managers can best use beneficial fungi such as T. harzianum post-steaming. The purpose of this research is to provide baseline information in order to build predictive models to understand how the biotic composition of the soil can either facilitate or hinder the potential for plant germination, establishment, and survival.






Methods




Greenhouse cold frame experiment

An experiment was conducted in the cold frame of a greenhouse (outdoor area) to understand how the fungal microbiome rebuilds in potted soil after steaming and to investigate the effects of the early introduction of a beneficial (T. harzianum) and the soilborne pathogen (F. solani). Field soil was collected from the Pennsylvania State University, Plant Pathology Farm. The top 15 to 30 cm of soil was harvested using standard shovels from the edge of a fallow field in early July 2021. The soil was collected from a single 3 m square patch of soil. Field soil was thoroughly mixed with sand and perlite at the Pennsylvania State University (PSU) College of Agriculture greenhouses for a final ratio of 3:1:1 respectively. The prepared soil mixture was dispensed into 120 four-inch (10.16 cm) pots. These pots were placed three pots by five pots in to eight shallow trays (51.44 x 31.12 cm). The trays were distributed evenly along the central steam line in a metal steaming table. The steaming table was covered with a tarp and the soil was steamed at a maximum temperature of 82°C (180°F) and was held at this temperature for one hour (Figure 1) (Fennimore and Goodhue, 2016; Arancibia, 2020).




Figure 1 | (A). The soil steaming experiment was carried out at the Pennsylvania State University College of Agricultural Science’s greenhouses over approximately 14 months. All treatment replicates were kept under an outdoor ramada constructed of PVC piping and polycarbonate roofing to prevent rain splash (cold frame). (B) Pots were filled with soil and were steamed at 82°C (180°F) within a metal steaming table for 1 hour. The steam hose was attached to a central steam line in the table, the items to be steamed were placed along the central steam line and a heat-resistant tarp was placed over the items and weighed down with bricks.



The pots containing steamed soil were left to cool for 24-hours under the steaming tarp (Figure 1). The pots were then moved to an outdoor gravel cold frame structure behind the greenhouses (Figure 1). The experimental trial was initially kept outside as aerial spore dispersal is one way that new microbes can colonize the soil after the steaming disturbance and we assumed that the airborne fungal spore density is naturally greater outside than inside (Warcup, 1955; Cho et al., 2018; Martinez-Bracero et al., 2022). The pots were partially protected from rain by a 1.2 x 1.2 meter cube ramada, with a 0.61-meter roof, constructed of PVC piping with a polycarbonate roof to prevent cross contamination from rain splash (Figure 1). Treatments were first applied 24-hours after being placed in the cold frame (48 hours post steaming) (Figure 2). The experiment ran in the cold frame over the summer of 2021 (July–September). Over the course of the experiment each pot was watered twice a week with 20 ml of tap water. In September 2021 the pots were moved into a greenhouse where they were maintained for an additional year (Sept. 2022).




Figure 2 | Experimental design; field soil was mixed with perlite and sand and sampled at the pre-steam time point (P). The soil was distributed into 120 pots and steamed to 82°C (180°F) for one hour. The first round of inoculations was applied 48 hours post steaming. The treatments were the control (C), Trichoderma (T), Fusarium (F), Fusarium Trichoderma Time 1 (FTT1), Fusarium Trichoderma Time 2 (FTT2), and Fusarium Trichoderma Time 3 (FTT3). The first samples were taken 3 days post steaming. Trichoderma harzianum was added to the FTT2 replicates eight days post-steaming and to the FTT3 replicates 21 days post-steaming. The second set of samples (D) were taken 37 days post steaming. At the end of the summer the experiment was moved into a greenhouse. The last set samples (Z) were taken 426 days post steaming.







Soilborne pathogen (Fusarium solani) & biocontrol (Trichoderma harzianum) treatments

There were six treatments with 20 replicates each. The control (C) treatment was steamed soil with no further amendments. The remaining treatments were: steamed soil with Fusarium solani (F), steamed soil with Trichoderma harzianum (T), steamed soil with F. solani and T. harzianum at time one (FTT1), steamed soil with F. solani and T. harzianum at time two (FTT2), and steamed soil with F. solani and T. harzianum at time three (FTT3) (Figure 2).

All treatments, excluding the control, were inoculated with F. solani 48-hours post steaming (48hps) (Figure 2). The F. solani was isolated from a Pennsylvania soybean field and pathogenicity was confirmed with an in-vitro seedling assay (personal communication, Dilooshi Weerasooriya, Jun 9, 2021). Fifteen Potato Dextrose Agar (PDA) culture plates of F. solani were flooded with 5 ml of sterile 0.01% Tween20 deionized (DI) water and scrapped with a glass rod to harvest microconidia. The concentration of microconidia was calculated using a hemocytometer and diluted with sterile DI water to a final concentration of 2e6. The microconidia suspension was applied at a rate of 1 ml per 100 g of soil. The pots averaged 329 g of soil, and the F. solani inoculum was applied at 3.5 ml per 4-inch pot (Leslie and Summerell, 2008).

The commercially available product RootShield® was used for the Trichoderma spp. treatments. The active ingredient in RootShield® is T. harzianum. RootShield® is commonly used in the nursery industry and its efficacy against Fusarium spp. in greenhouse production has been studied (Lamboy and Call, 2001; Rose et al., 2003; Roberti et al., 2012). RootShield® was applied at the recommended concentration for nursery pots (3–4 oz of powdered RootShield® per 100 gallons of water applied at 4–8 oz per 3–6inch pot). This resulted in 0.264 grams of powdered RootShield® per liter of DI water applied at 120 ml per 4-inch pot. Treatment FTT1 had T. harzianum applied in conjunction with F. solani. Treatment FTT2 had T. harzianum applied two weeks after F. solani, and treatment FTT3 had T. harzianum applied three weeks after F. solani (Figure 2). This was a completely randomized designed experiment conducted in plant pots. To decrease the influence of weather and wind patterns, the pots were randomly moved within the cold frame 3 separate times over the course of the experiment.





Sample collection

The day that the soil was mixed and steamed, a pre-steam soil sample was collected prior to steaming the pots. After steaming, samples were collected 24 hours after each treatment was applied, two weeks after the last treatment was applied, and around a full year after the initial steaming. The number of samples collected for DNA sequencing to identify microbial communities was limited by funding, resulting in the selection of 3 of the sampling time points; 3 days post steaming, 37 days post steaming, and 426 days post steaming. Soil samples were collected using sterile plastic transfer tubes and stored in small plastic bags. The tubes were washed and autoclaved before each sampling. The 4-inch pots were gridded three by three, and at each sampling two quadrants were randomly selected for sampling. The transfer tubes were used to collect samples that transected the entire soil column of each pot. Samples were stored on ice and then transferred to long term storage in a −20°C freezer. These samples were stored for downstream DNA extraction, sequencing and analysis to identify changes in the soil microbiome over time (Figure 2).





Soil DNA extraction, quantification, & sequencing

Frozen soil samples were thawed and mixed to fully homogenize each sample. A subset of each sample was weighed out to be extracted, 250 to 300 grams of soil per extraction. Extractions were done using the QIAGEN DNeasy® PowerSoil Pro Kit (QIAGEN, Carlsbad, CA, USA) to the manufacturers specification (Lear et al., 2018; Pearman et al., 2020). The DNA yield in our samples (ng/μL) DNA were calculated for all 161 extracted samples using a Qubit for broad range dsDNA. The DNA concentration data were analyzed using a one-way ANOVA and post-hoc Tukey analysis. We used metabarcoding (amplicon-based sequencing) to determine the composition and relative abundance of the fungal microbiome in our soil samples. The ITS PCR primers (Forward: 5’CTT GGT CAT TTA GAG GAA GTA A-3’, Reverse 5’-GCT GCG TTC TTC ATC GAT GC-3’) (Gardes and Bruns, 1993) were used for PCR amplification with HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following conditions: 95°C for 5 minutes, 30 cycles of 95°C for 30 seconds, 53°C for 40 seconds and 72°C for 1 minute, and a final elongation step of 72°C for 10 minutes. PCR products were checked using a 2% agarose gel. Samples were multiplexed using unique dual indices and pooled together in equal proportions based on their molecular weight and DNA concertation. Samples were purified with calibrated Ampure XP beads prior to preparing an Illumina DNA library. Sequencing was performed at MR DNA (Shallowater, TX, USA) on a MiSeq Illumina Platform following the manufacturer’s guidelines.





Metabarcoding bioinformatics pipeline and statistical analysis

The MR DNA bioinformatics pipeline was used to generate Amplicon Sequence Variants (ASV) and taxonomy tables which were further processed using the phyloseq package in R (MR DNA, Shallowater, TX, USA). The pipeline sequences were first joined, then sequences with less than 150bp and/or ambiguous base calls were removed. The sequences were then quality filtered using a maximum expected error threshold of 1.0 and dereplicated and denoised to provide a final ASV. Taxonomy was assigned using BLASTn against a curated database derived from NCBI (www.ncbi.nih.gov). Once taxonomy was assigned using the pipeline, we employed the phyloseq package in R to filter, sort, normalize, agglomerate, and graphically and statically analyze the genera counts in order to determine the effects of our treatments on the composition of the soil fungal microbiome (McMurdie and Holmes, 2013). To avoid spurious taxonomic designations, genera with a prevalence of less than 0.0000005 were filtered out, removing 51 genera. For abundance counts the top 20 genera were used for graphical analysis and the low abundance genera were grouped into a single category. The alpha diversity was graphically analyzed using the estimate_richness function for the observed index, Shannon index and Inverse Simpson index. We ordinated the genera data using Bray-Curtis distances in a principal coordinates analysis (PCoA). Statistical differences were analyzed by pairwise PERMANOVAs using the pairwiseAdonis package in R (Martinez, 2020). Three different sets of PERMANOVAs were conducted to make specific comparisons. The first PERMANOVA compared the effect of treatment, combining the treatment data from each timepoint. The second set of PERMANOVAs compared each treatment across time by creating one PERMANOVA for each treatment. Lastly, a set of three PERMANOVAs was run, one for each time point, to compare the treatments at each time point independently. Finally, in order to understand what the broad ecological functions were of the fungal microbiomes found in our experiment, we employed the FUNGuild tool (Nguyen et al., 2016). FUNGuild is an open annotation community resource tool based in python that is used to parse fungal ASVs by ecological guild (e.g., plant pathogen, saprotroph, beneficial) and draws from guild assignments from the literature. This pipeline functions independently of sequencing platforms and analysis pipelines (Nguyen et al., 2016). This database is accessible at https://github.com/UMNFuN/FUNGuild.





Soybean germination experiment

In order to assess plant response to the altered fungal microbiomes, a pilot soybean germination experiment was conducted. A single soy seed was planted in each pot after the final microbiome sampling (1 year post-steaming). Susceptible seeds of the SC9277R variety were used. A subset of seeds were destructively sampled 18-hours post-planting for further analysis in a different study. The remaining 12 replicates were visually observed until successful germination. Data was not collected post germination as the pots were too small to support plant growth. The percent germination rate and days to germination were both compared via one way ANOVA.






Results




Soil steaming treatments over time

This experiment was conducted over a 14-month period. Specifically, the samples were collected at 4 time points: pre-steam (after the soil was mixed, immediately before steaming), 3 days post steaming, 37 days post steaming, and 426 days post steaming  (hereafter, dps) (Figure 2). We compared the taxonomic similarity between fungal soil communities using PERMANOVA pairwise comparisons.

The first PERMANOVA compared the effect of treatment on fungal community composition, combining the treatment data from each timepoint. This PERMANOVA showed that almost all of the experimental treatments (including the mock fungal community and the negative controls) were significantly different from one another in taxonomy. However, treatments that were not significantly different from one another were those that contained the pathogen F. solani: Fusarium (F) vs. Fusarium*Trichoderma Time 3 (FTT3), Fusarium*Trichoderma Time 1 (FTT1) vs Fusarium*Trichoderma Time 2 (FTT2), FTT1 vs FTT3, FTT2 vs FTT3.

The second set of PERMANOVAs were conducted to compare individual treatments across time points, including the pre-steam time point. These PERMANOVAs revealed that regardless of treatment, all steamed soil was significantly different than the pre-steam samples at every time point (0.001 ≤p≥ 0.036).

The third set of PERMANOVAs were employed to run pairwise comparisons between each treatment to quantify if fungal community composition was different at each time point during soil recovery (3dps, 37dps, and 426dps). At all three time points post-steaming, all pairwise comparisons were significantly different from each other except the treatments where F. solani was added. At 3dps F was not significantly different than FTT2 or FTT3, and FTT2 and FTT3 were not significantly different. At 37dps the F was not significantly different than FTT1 and FTT1, FTT2, and FTT3; these in turn were not significantly different from each other. By 426dps none of the fungal communities containing F. solani were significantly different from each other. At 426dps, fungal communities in F were significantly different than the control (steamed-only) (p = 0.001) while fungal communities found in the Trichoderma-only (T) treatment were only moderately different from the control (p = 0.024) (Table 1).


Table 1 | A pairwise PERMANOVA was run between each treatment to quantify if fungal community composition was different at each time point during soil recovery (3dps, 37dps, and 426dps).



A principal coordinate analysis plot (PCoA) was used to visualize whether the fungal microbiomes found within each of the treatments were similar to one another. We added 95% confidence intervals to our ordination as ellipses. The first PERMANOVA revealed no differences between the FTT1, FTT2, and FTT3 treatments. In the PCoA plot the three ellipses for these treatments were visually stacked upon each other, indicating that these communities were more similar in composition to each other than other microbial communities (Figure 3). The F treatment was also grouped within these three treatments in the PCoA (Figure 3). The F treatment was not significantly different than FTT3, but was from FTT1 (p=0.016) and FTT2 (p=0.035). However, these p-values maybe be skewed because two F replicate samples were clearly outliers. Without these outliers the F treatment may be more similar to FTT1, FTT2, and FTT3. The pre-steam replicates are grouped the tightest together, with the narrowest 95% confidence interval (Figure 3). Although statistically different, the control treatment (steam only) and T treatments grouped together and were clearly distinct from all treatments containing F. solani (Figure 3).




Figure 3 | A principal coordinate analysis (PCoA) using the Bray-Curtis dissimilarity index was constructed for the six soil treatments; control (C), Fusarium (F), Trichoderma (T), Fusarium Trichoderma Time 1 (FTT1), Fusarium Trichoderma Time 2 (FTT2), and Fusarium Trichoderma Time 3 (FTT3). The pre-steamed soil (PS), the mock community (M), and the negative controls (N), are included in the plot. 95% confidence interval ellipses were drawn. There were two distinct groupings. The first: C and T the second: F, FTT1, FTT2, and FTT3.







Fungal community composition, diversity, & ecological function

We created relative abundance bar graphs (rainbow plots) of the top 20 most abundant genera to visualize which fungal genera were present in our samples. This analysis was to determine the changes in the fungal microbiome over time and across treatments. The public database FUNGuild was used to assign the genera to ecological guilds; we conducted this analysis in order to better determine changes in broad ecological roles and functions (e.g., pathogens, saprotrophs, beneficials) of the soil fungal microbiome (Nguyen et al., 2016) (Supplemental 1).

Before the soil was steamed there were four dominant genera (Mortierella sp., Fusarium sp., Alternaria sp., and Phallus sp.) and four genera that were naturally present at low abundancies (<5%, Trichoderma spp., Zopfiella spp., Spizellomyces spp., and Mycrothecium spp.) (Figure 4). At time 3dps the four dominant pre-steam plant pathogen genera were present in the untreated control: Alternaria spp. was no longer found to be a dominant genus and Cladosporium spp. appeared. The FUNGuild analysis determined that the fungi present in the pre-steam soil and the control at 3dps were categorized as saprotrophs, endophytes, plant pathogens, fungal parasites, and other guilds that comprised a combination of these ecological roles (Supplemental 1). A pairwise PERMANOVA returned an adjusted p-value of (0.001) indicating a significant difference between pre-steamed soil and the control at 3dps. The Shannon diversity and inverted Simpson indices were both higher in the pre-steamed soil than the control at 3dps (Supplemental 2). The 95% confidence interval did overlap in the PCoA (Figure 3).




Figure 4 | The top 20 most abundant genera for the soil steaming, pathogen, and beneficial soil addition experiment. Treatment is on the x-axis, and relative read abundance on the y-axis. The treatments were: pre-steam (PS), Trichoderma (T), Fusarium (F), Fusarium Trichoderma Time 1 (FTT1), Fusarium Trichoderma Time 2 (FTT2), Fusarium Trichoderma Time 3 (FTT3), control (C), negative control (C), mock community (M). The plot was faceted by the sampling time points; pre-steam (PS), 3 days post steaming (A), 37 days post steaming (D), 426 days post steaming (Z), and time not applicable (NA).



At 3dps the Trichoderma, Fusarium, and combination treatments all had relative abundances that were dominated by a single fungus. The Fusarium, FTT2, and FTT3 treatments all had Fusarium at >75% relative abundance. The Trichoderma treatment had Trichoderma spp. at >75% relative abundance. The FTT1 treatment had Fusarium spp. at >50% relative abundance and Trichoderma spp. >25% relative abundance (Figure 4). The guilds present in these four treatments at 3dps were the same guilds present in the control and pre-steam treatments (Supplemental 1). The Trichoderma treatment was significantly different than the pre-steamed soil (p=0.002), as was the Fusarium treatment (p=0.004), FTT1 (p=0.005), FTT2 (p=0.007), and FTT3 (p=0.002) (Table 1). At 3dps the Fusarium, FTT2, and FTT3 treatments were not significantly different from each other, but all other treatments were (0.007 < p > 0.014) (Table 1). The inverse Simpson index was low for all five treatments. The Shannon index was lower for all five than for the pre-steam and control treatments but it was slightly higher for Trichoderma (Supplemental 2).

At 37dps, in all treatments where F. solani was applied, we found members of the Fusarium genus to have the highest relative abundance of any genus in the fungal microbiome. All treatments where both T. harzianum and F. solani were applied showed that Trichoderma spp. exhibited the second highest relative abundance (Figure 4). At 37dps all treatments with Fusarium were the most similar. The Fusarium treatment was not significantly different than FTT1 or FTT3 (Table 1). All other pairwise comparison resulted in significant differences (0.002 ≤ p ≥ 0.029) (Table 1). When examining the functional guild data for the Fusarium treatment, plant pathogens constituted nearly 75% of the relative abundance of all taxa within the fungal microbiome (Supplemental 1). The remaining microbiome comprised almost solely saprotrophs and possibly other plant pathogens. Endophytes, ectomycorrhiza, and arbuscular mycorrhiza were present at low relative abundancies <5% (Supplemental 1). The only notable difference between the Fusarium treatment and the FTT1, FTT2, and FTT3 was the relative abundance of endophytes, which was attributed to the Trichoderma spp. The control (steam-only) had saprotrophs, plant pathogens, and “possible” plant pathogens at >75% relative abundance. The Trichoderma treatment possessed endophytes at >25% relative abundance (which was the Trichoderma spp.) and the relative abundance of saprotrophs, plant pathogens, and possible plant pathogens, dropped <75%. There was an increase in the relative abundance of arbuscular mycorrhiza compared to the control (Supplemental 1).

By 426dps all soil treatments where F. solani was applied had roughly 40% relative abundance of F. solani (Figure 4). When applied on its own to the soil, F. solani held a higher relative abundance than T. harzianum applied on its own. At 426dps, the Trichoderma treatment had a relative abundance of Trichoderma spp. of 25% (Figure 4). There was no significant difference between any of the treatments that contained F. solani, while all other pairwise comparison resulted in significant differences (0.001 < p > 0.002) (Table 1). The control treatment and Trichoderma treatment were significantly different but at a much higher p-value than all other comparisons (p=0.024) (Table 1). At 426dps the diversity indices were evenly distributed across soil treatments (Supplemental 2). The mean Shannon index was roughly even for the Trichoderma treatment and the control (Supplemental 2). The inverted Simpson index was low for all treatments at 426dps, but it was just slightly higher for both the Trichoderma and control treatments (Supplemental 2). Across all treatments there was a rise in saprotrophs and plant pathogens as the soil recovered from steaming (Supplemental 1).

Soybean seeds were planted in the soil toward the end of the experiment at 480dps to measure both germination rate and time to germination for each treatment. Percent germination was equal across all treatments. A one-way ANOVA was conducted to access if there was a difference in days to germination from planting. Although not statistically significant, we observed that within the Fusarium treatment, the soybeans took longer to germinate (median time was 2 days longer) compared to the rest of the treatments (Supplemental 3).





Quantifying DNA yield

There was a significant difference in DNA yield (ng/μl) between the sampling time points (p=2e-16). However, there were no significant differences found within treatments or treatment interactions between the sampling time points. The Tukey Test analysis showed significant difference between each sampling timepoint (Supplemental 4). Specifically, the pre-steamed soil had an average DNA yield of 80.16ng/μl, soil sampled 426dps had an average DNA yield of 21.74ng/μl, soil sampled 37dps had an average DNA abundance of 10.79ng/μl, and soil sampled 3dps had an average DNA abundance of 3.01ng/μl (Supplemental 4).






Discussion

Today, a flurry of research papers have been published that use culture independent methods to quantify the recovery of the soil fungal communities after an environmental disturbance (Bell et al., 2013; Bowd et al., 2022; Wydro, 2022). Many of these studies incorporate high throughput sequencing to obtain a holistic picture of the taxa present and their gene and metabolic functions (Stefani et al., 2015; Crandall et al., 2022). We know soil microbiomes are sensitive to disturbance events and that their recovery is impacted by abiotic and biotic factors (Shade et al., 2012; Thakur and Geisen, 2019). However, there is currently a poor understanding of how microbial interactions shape soil microbiome dynamics and recent studies view microbes as regulators of the soil microbiome structure, particularly for the competition for resources (Shade et al., 2012; Bahram et al., 2018; Thakur and Geisen, 2019). Manipulative experiments are rarely conducted where microbes are grown in-vivo within soil to investigate the ecological roles of microbes such as a plant pathogenic fungus, a beneficial fungus, and their correlative interaction between the soil microbiome. In this paper, we experimentally quantified how the soil microbiome changes after adding the plant pathogen F. solani and its microbial antagonist, the beneficial microbe T. harzianum. As the soil microbiome directly affects plant health by facilitating or hindering seed germination, we also tested how steaming and our pathogen-beneficial soil additions would affect soybean germination rate and timing. We discuss 3 major findings from our experiment and general conclusions.

First, early introduction of the pathogen F. solani post-steaming decreased the diversity and relative abundance of other fungi in the soil fungal microbiome. We originally hypothesized that the addition of F. solani would substantially decrease the soil fungal community composition and diversity when compared to pre-steamed soil because it is known to grow quickly and aggressively in the soil once present. Fusarium solani is also known to intensify resource competition between microbes in the soil (Celar, 2003; Wei et al., 2019). After adding F. solani post-steaming we observed a phenomenon similar to dysbiosis in the human gut: when one to a few dominant, aggressive pathogens rapidly infect and outcompete other biota after broad-spectrum antibiotics eliminate gut communities (Fröhlich et al., 2016). In our system, we found that when inoculated into post-steamed soil, F. solani immediately, significantly, and persistently changed the fungal microbiome (Figures 3, 4; Table 1).

The most notable finding was the increase in F. solani’s dominance in the soil when compared to other microbes. At 3 days post steaming (24 hours post F. solani inoculation), soil that was inoculated with F. solani had high relative abundances of Fusarium spp. (Figure 4). It is important to note that not all “Fusarium” were taxonomically assigned as F. solani using the metabarcoding approach. This could be explained by Fusarium’s complex genetics and the lack of records for unidentified fungi that are not within the reference library to assign names to our fungal taxonomy. Regardless of the species, the high abundance of the genus Fusarium spp. that naturally colonized and was experimentally added was clear (Figure 4). The relative abundance of Fusarium spp. in all treatments where F. solani was added did diminish over time but was sustained at a steady relative abundance of 40% compared to the rest of the fungal microbiome (Figure 4). The fungal microbiomes of all treatments with added F. solani were significantly different from the Trichoderma-only treatment and control (steam-only) treatment at every time point and the pre-steamed soil. By the last timepoint (426dps) none of the four treatments with F. solani were significantly different from each other (Table 1). By 37dps the three Trichoderma Fusarium co-treatments were not significantly different from each other. At 37dps only the Fusarium Trichoderma Time 2 treatment had communities that were significantly different than the Fusarium-only treatment. In the context of the microbiome’s recovery post-steaming, this result suggests that the soil microbiomes within F. solani treatments reached a new steady state by 37dps. This 1–2 month time for microbial community stabilization is corroborated by previous research (Crandall et al., 2022). At this time point the treatments containing F. solani were almost all statistically non-different (Table 1) and their compositions looked similar from 37dps and 426dps (Figure 4). The similarities found among all F. solani treatments, regardless of T. harzianum, was not what we expected to see, which brought into question the magnitude of the impact on F. solani suppression of adding T. harzianum.

Second, Trichoderma harzianum did not strongly mitigate the effect of F. solani on the soil fungal microbiome. Trichoderma spp. have been grown and sold as promising biocontrol agents to manage a whole suite of soilborne pathogens (Lamboy and Call, 2001; Rose et al., 2003; Roberti et al., 2012; Sood et al., 2020). Certain Trichoderma spp. either alone or in combination, can increase plant health by facilitating the formation of mycorrhizal associations and can combat pathogens by out competing them for nutrients, space, and by acting as a mycoparasite (Daniel and Filho, 2007; Pimentel et al., 2020; Sood et al., 2020). Trichoderma harzianum has been shown to specifically aid in controlling F. solani in a number of cropping systems by increasing plant health, competing with F. solani for resources, and by acting as a mycoparasite (Steindorff et al., 2012; Ben Amira et al., 2017; Erazo et al., 2021). These findings on mycoparasitism led us to hypothesize that the application of T. harzianum after F. solani would result in a significant reduction in the relative abundance of F. solani, thereby reducing its impact on the microbiome. This result was not found. At each time point the Trichoderma-only treatment was significantly different from each of the Fusarium Trichoderma co-treatments, and by 426dps there was no significant difference between the Fusarium-only treatment and the co-treatments (Table 1). As mentioned before, by 37dps none of the co-treatments were statistically different from one another, indicating that the timing of T. harzianum application post F. solani application had no effect on their interaction (Table 1). When taken together, these results suggest that T. harzianum did not strongly mitigate the effects of F. solani on the fungal community. Although T. harzianum did not seem to decrease the relative abundance of F. solani, it did have its own significant impact when compared to the steam-only control.

Third, similar to F. solani, the beneficial microbe T. harzianum decreased the diversity of the soil fungal microbiome compared to the steam-only control, however, the effect was dampened compared to the effect of F. solani. Inoculating T. harzianum at 48hps resulted in a high relative abundance of Trichoderma at 3dps (Figure 4). Also similar to the F. solani treatments, not all Trichoderma that naturally colonized the soil were assigned as T. harzianum when conducting our taxonomic analysis. Unlike the levels of Fusarium spp., Trichoderma spp. did not maintain their high relative abundance across the proceeding timepoints. When compared to the control (steam-only), the Trichoderma-only treatment was significantly different at all timepoints. This difference was the least significant at 426dps (p=0.024). Although the PERMANOVA determined the Trichoderma-only treatment to be significantly different than the control, the PCoA showed clear overlap of the Trichoderma-only and control (steam-only) treatments (Figure 3), suggesting very similar communities. This overlap created a distinct group separate from the treatments with F. solani (Figure 3).

Another important microbiome parameter to consider is fungal diversity. The Shannon Diversity Index was highest for the control at all time points post steaming and the second highest for the Trichoderma-only treatment (Supplemental 1). This pattern was also seen in the inverse Simpson Diversity Index (Supplemental 1). Diversity does not necessarily mean a healthier microbiome, but a major concern for a highly competitive biocontrol agent such as T. harizanum is that it will out compete other microbes in the soil for resources and/or space with no discretion for pathogen or beneficial. We found that this was not the case with T. harizanum as it rapidly colonized during the start of the experiment, but its relative abundance fell over time. The lower abundance may have allowed for a more diverse fungal microbiome to develop, a microbiome that was more similar to the untreated control (Figure 3).

Despite the similarities and differences among the post-steamed treatments, we have to consider the pre-steamed soil. All treatments at all time points were significantly different from the pre-steamed soil. This result suggests after the steaming disturbance, the trajectories of the fungal soil microbiomes diverged from the original soil fungal microbiome. The diversity indices (Shannon and inverse Simpson) were notably higher for the pre-steamed soil (Supplemental 2). The DNA quantification data showed that in the pre-steam soil we were able to extract 80.16ng/ml, which is roughly four times more than at 426dps and 26 times more than at 3dps (Supplemental 4). Even after a year of fungal community assembly within each treatment, the amount of DNA in the soil was nowhere close to where it had been pre-steaming. This indicated that steaming did denature the DNA and we were not sampling and counting dead organisms. The top 20 genera present in the pre-steam soil greatly resembled those present in the control treatment at 3dps (Figure 4). The control treatment did significantly change at the later 2 time points. We surmise that recruitment of soil fungal microbiome was from aerial spores, rain splash, and possibly invertebrate movement because the experiment was in an outdoor cold frame setting. The setting was intentional, as we wanted to mimic the colonization of microbes in soil in outdoor environments. This might explain the similarity of the most abundant fungi in the control at 3dps to the pre-steamed soil. A separate study that examines aerial spores sampled from soil transects is necessary to understand which spores land on the soil surface and the extent of mycelial growth within the soil column. In the same vein, it would be beneficial to conduct a future experiment where pre-steamed soil is included as a treatment across all time points. This experiment was designed to investigate the rebuilding of the soil-microbiome post steaming, so the experiment was designed for the post-steaming time points with the intention of comparisons being made between post-steaming treatments. In hindsight, the benefit of a pre-steam treatment became clear. We cannot conclude if the fungal microbiome of the pre-steamed soil would have changed in similar ways to the control (steam-only) across the experiment. When looking at the PCoA where shape indicated sampling time it was clear that overtime all of the samples were moving in the same direction across the plains (Supplemental 5). We do not know if the pre-steam samples would have moved in the same way.

Diversity and abundance do not necessarily correlate to the health and function of the microbiome and soil (Shade et al., 2012). In order to better describe the various ecological roles of the fungal communities and assign functional groups in our experiment, we used FUNGuild, a database that provides a coarse-grain interpretation of fungal ecological roles. The main takeaways from this analysis were that over time there was an increase in saprotrophs and plant pathogens across all treatments and the Trichoderma-only treatment possessed more endophytes than the control. The later finding may be because many Trichoderma spp. are categorized as endophytes by FUNGuild (Supplemental 1). Many of the taxon that were present across samples belonged to ubiquitous soil fungi that have many species that fall under saprobe/endophyte/pathogen, and many are opportunistic pathogens, therefore assigning them to a specific guild was simply not possible. To understand how the manipulated soil microbiomes would contribute to plant germination, we planted soybeans at the end of the steaming experiment. We found no significant difference in germination rate between treatments, however, the Fusarium-only treatment did result in notably more days to germination (Supplemental 3). This increase in days to germination was not seen in the Trichoderma and Fusarium co-inoculation treatments. If F. solani induced slowed germination, then one could postulate that T. harzianum was mitigating this effect. Continued plant health data was not collected as the pots were too small to sustain healthy plant growth and we did not want to confound our results with the addition of fertilizer. When examining the microbiomes composition, T. harzianum did not significantly mitigate the effect of F. solani: the PCoA did not significantly diverge from the control, but a simple germination assay shed light on a difference of function. In the co-treatments T. harzianum appeared to mitigate any negative effect of F. solani on germination. This could be a result of T. harzianum’s plant health promoting properties or it could be functional differences in the microbiomes that appear similar in their diversity. Determining this would require investigation with transcriptomics or proteomics.

In summary, we found that in a post-soil steaming disinfection experiment, the addition of F. solani was significantly correlated to the shifts in the recovery of the soil fungal communities in comparison to the untreated control (steam-only). The addition of F. solani reduced the diversity of the fungi that re-colonized soil and these effects were not mitigated in a significant way by the addition of T. harzianum in tandem with or after F. solani. We also found that post-steaming the addition of T. harzianum significantly affected the assembly and recovery of the soil fungal microbiome in comparison to the untreated control. When compared by a PCoA the fungal microbiome of the Trichoderma-only treatment still grouped with the untreated control, and the diversity of the fungi present in the Trichoderma-only treatment was not as reduced as it was by any treatment with F. solani. Our results suggest that soil steaming leaves the soil vulnerable to colonization and assembly of microbes that differ significantly from the pre-steamed community composition. The rapid colonization of specific fungi, in this case, an aggressive soilborne plant pathogen can impact the trajectory and recovery of the soil microbiome. Trichoderma harzianum is a known beneficial, and although its presence in the soil seemed to alter the developing microbiome, the microbiome with the biocontrol agent was more similar to the untreated control than treatments with F. solani. We cannot surmise if the fungal microbiome that developed in the untreated control increased soil fertility, but we did find a pattern of high fungal community diversity. To answer this question more deeply, more experiments are needed that focus on other soil health measurements such as the presence and shift of macro- and micronutrients that are important for plant health. This study was limited to a single pathogen and single beneficial providing a starting place to identify patterns of pathogen-beneficial driven soil microbial community dynamics. Future work could incorporate more microbial species to measure both patterns in community composition, diversity and structure and could test a gradient of pathogen and biocontrol slurry concentrations which may affect aggressiveness of F. solani or the efficacy of T. harizanium. Over time, these baseline data can inform recommendations for best management practices to growers. If certain desirable taxa are unable to recover or recruit post-steaming (e.g., nitrogen fixers, mycorrhizae), growers can decide which soil amendments to use based on their specific soil types and conditions to increase plant yield and overall health. Future research should examine the dynamics of these interactions using metagenomics to better capture the full diversity of functional genes present in each treatment at a finer taxonomic resolution. Other -omic techniques, such as metatranscriptomics, can also shed light on gene expression to answer questions about microbiome function beyond abundance and diversity estimates.
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Supplementary Figure 1 | Functional guilds plotted using FUNGuild, an open annotation community resource tool, was used to group the genera found in each treatment. The relativer read abundance of the top 20 guilds are represented in the bar plot. Treatment was on the x-axis: pre-steam (PS), Trichoderma (T), Fusarium (F), Fusarium Trichoderma Time 1 (FTT1), Fusarium Trichoderma Time 2 (FTT2), Fusarium Trichoderma Time 3 (FTT3), control (C), negative control (C), and mock community (M). The plot is faceted by the sampling time points; pre-steam (PS), 3 dapys post steaming (A), 37 days post steaming (D), 426 days post steaming (Z), and time not applicable (NA).

Supplementary Figure 2 | The alpha diversity in each treatment was assessed at each time point by three diversity indexes: (A) Shannon (B) Inverse Simpson (C) Observed. The resulting data were presented as box plots with the index value on the y-axis and the treatments on the x-axis; pre-steam (PS), Trichoderma (T), Fusarium (F), Fusarium Trichoderma Time 1 (FTT1), Fusarium Trichoderma Time 2 (FTT2), Fusarium Trichoderma Time 3 (FTT3), control (C), negative control (C), mock community (M). The plot is faceted by the sampling time points; pre-steam (PS), 3 days post steaming (A), 37 days post steaming (D), 426 days post steaming (Z), and time not applicable (NA).

Supplementary Figure 3 | After the final soil sample was collected at 426 days post-steaming, a susceptible variety of soybean (SC9277R) was planted in each pot. The pots were monitored daily and the days to germination were recorded. The data are presented as a box plot with treatment on the x-axis and the days to germination on the y-axis. No significant difference was found between treatments, however, the Fusarium treatment, all soybean seeds germinated 4 days later compared to the rest of the treatments.

Supplementary Figure 4 | After the DNA was extracted from each soil sample the DNA yield (ng/ml) was quantified. These data were analyzed by time point and were averaged across all treatments. The treatments were: pre-steamed soil (P), 3 days post-steam (A), 37 days post-steam (D), and 426 days post-steam (Z). Time point was found to be significant (p=2e-16). A post-hock Tukey Test confirmed that each time point to be significantly different from the others, as seen by the letters assigned.

Supplementary Figure 5 | A principal coordinate analysis (PCoA) with Bray-Curtis dissimilarity index was plotted for the six soil treatments; control (C), Fusarium (F), Trichoderma (T), Fusarium Trichoderma Time 1 (FTT1), Fusarium Trichoderma Time 2 (FTT2), and Fusarium Trichoderma Time 3 (FTT3). The pre-steamed soil (PS), the mock community (M), and the negative controls (N), are also included in the ordination. 95% confidence ellipses are drawn. Shapes (e.g., circles, triangles) delineated the time point that each sample was taken at. The time points were (P) pre-steam, (A) 3 days post steaming, (D) 37 days post steaming, (Z) 426 days post steaming, and (N) no applicable time point. As the time points progressed from A to Z, the samples for each treatment moved in the positive direction on Axis.2. Samples of treatments F, FTT1, FTT2, and FTT3, also moved in the negative direction on Axis.1 from time point A to Z. This resulted in the fungal communities within each treatment converging in their taxonomic similarity over time.
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Plant pathogenic microorganisms cause substantial yield losses in several economically important crops, resulting in economic and social adversity. The spread of such plant pathogens and the emergence of new diseases is facilitated by human practices such as monoculture farming and global trade. Therefore, the early detection and identification of pathogens is of utmost importance to reduce the associated agricultural losses. In this review, techniques that are currently available to detect plant pathogens are discussed, including culture-based, PCR-based, sequencing-based, and immunology-based techniques. Their working principles are explained, followed by an overview of the main advantages and disadvantages, and examples of their use in plant pathogen detection. In addition to the more conventional and commonly used techniques, we also point to some recent evolutions in the field of plant pathogen detection. The potential use of point-of-care devices, including biosensors, have gained in popularity. These devices can provide fast analysis, are easy to use, and most importantly can be used for on-site diagnosis, allowing the farmers to take rapid disease management decisions.
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1 Introduction

Plant pathogens currently pose a major threat towards the agricultural industry. Up to 40% of the yield of economically important crops is lost each year due to plant pathogens and pests (FAO, 2019; Savary et al., 2019; Baldi and La Porta, 2020). The losses associated with plant disease carry a high economic burden, with an estimated annual loss of $220 billion dollars (FAO, 2019). Next to the economic impact of plant pathogens, the socio-ecological impact cannot be underestimated, considering that the world population is set to increase to 9.7 billion by the year 2050, which goes hand in hand with an increased global food consumption (FAO, 2017). In the past, the increased food demand was met by an increase in agricultural land use. However, this comes at the expense of other spatial arrangements such as living space, industry, but maybe most importantly forestry (McDonald and Stukenbrock, 2016). Considering 50% of the habitable land is already used for agriculture, the best practice seems to increase the yields that can be achieved, a strategy referred to as agricultural intensification (McDonald and Stukenbrock, 2016; Baldi and La Porta, 2020). However, intensification of agriculture, for instance by the dense cultivation of large areas with monocultures, facilitates the rapid spread of host-specialized pathogens (McDonald and Stukenbrock, 2016; Savary et al., 2019; Baldi and La Porta, 2020). A list of the most important plant pathogenic viruses, bacteria and fungi/oomycetes are listed in Table 1. The impact of these pathogens is aggravated by the increase of global trade, which accelerates the introduction of invasive pathogens and results in substantial crop damage and yield loss. Especially in underdeveloped countries these factors can have a devastating economic and social impact (Vurro et al., 2010; De Boer and López, 2012; Baldi and La Porta, 2020). Therefore, it is of huge importance to reduce the losses associated with plant disease. More importantly, these losses need to be reduced in a sustainable manner. The European Commission launched the Green Deal in 2019, an incentive to combat climate change and make industry and agriculture more sustainable (EU, 2019). One approach to contribute to the goals of the Green Deal consists of the effective implementation of integrated pest management (IPM), in order to reduce the environmental impact of conventional (usually chemical) disease management strategies. IPM revolves around the careful consideration of all plant protection methods available with the main aim to reduce chemical pesticides to levels which pose a minimal risk to either humans or the environment. To achieve this, biological control and cultivation techniques that can reduce disease or symptoms are encouraged. Additionally, if the use of a chemical pesticide cannot be avoided, its application should be highly specific for the target pathogen and should only be used when there is a real pathogen threat. The timely and accurate detection and identification of pathogens is therefore paramount for effective disease management strategies, as it allows for highly specific and localized remediation strategies, leading to reduced pesticide use and ultimately contributing to a more sustainable agriculture.


Table 1 | Overview of the top 10 plant pathogens among viruses, bacteria, fungi and oomycetes (according to Scholthof et al., 2011; Dean et al., 2012; Mansfield et al., 2012; Kamoun et al., 2015).



Ideally, a plant pathogen detection technique is specific, sensitive, accurate, reliable, fast, easy to use, cost-effective, and able to detect pathogens in complex matrices, such as soil samples or plant extracts. The main aim of this study is to give an overview of current and emerging trends in plant pathogen detection methods (Figure 1). This includes more conventional methods, such as cultivation-based, immunological and nucleic acid-based detection strategies, but also more advanced methods such as biosensors and high-throughput sequencing techniques. The methodology as well as the main advantages and disadvantages of currently available techniques are discussed, which should allow researchers and stakeholders to easily compare the different options that are available nowadays and select a method that is most suited for their specific use. In addition, we pointed to some relevant examples of how each technique was successfully used for detection of plant pathogens.




Figure 1 | Schematic overview of plant pathogen detection techniques discussed in this review, including non-invasive monitoring, cultivation-based and immunological techniques, nucleic acid amplification and hybridization techniques, DNA sequencing techniques, and biosensors.






2 Non-invasive optical and spectral detection methods

A multitude of different tests are available to detect plant pathogens. Perhaps the easiest method is the visual detection of plant disease symptoms (Timmerman et al., 2014). However, visual detection doesn't allow to detect latent infections, in which the plant does not exhibit visual symptoms yet. In addition, efficient identification of the causative agent relies on the elaborate expertise of the observer and is prone to bias (Riley et al., 2002). Therefore, more objective techniques have been developed to detect plant pathogens. With the advent of digitalization, the use of imaging, and optical or spectral techniques in plant disease detection has seen a steady rise. Indeed, it has been shown that stressed or diseased plants produce a different spectral signature compared to that of healthy plants (Martinelli et al., 2015; Zubler and Yoon, 2020). For instance, upon biotic stresses, plants respond with changes in e.g., chlorophyl content and thermal radiation, and also show subtle plant movement changes. These changes will occur before disease symptoms such as wilting or leaf lesions are visible. Different advanced spectral methods are currently available to measure such changes in electromagnetic radiation emitted or reflected by the plants (Sankaran et al., 2010; Martinelli et al., 2015; Mahlein, 2016; Zubler and Yoon, 2020; Geldhof et al., 2021; Tanner et al., 2022). The spectral analysis can be applied at different scales, ranging from taking high resolution images from a single leaf, to utilizing drones taking spectral analyses of entire fields (Figure 2) (Singh et al., 2021). In addition, due to the ever-decreasing size, weight and cost of these sensors, their use can become more prevalent in the agricultural industry, with large automation potential for routine monitoring purposes. For example, the use of drones enables the routine monitoring of large cultivation areas, enabling to detect “hot-spots” of plants experiencing biotic stress. Taking this concept on a larger scale, high-resolution satellite imaging has shown its potential to detect biotic stress. For instance, Raza et al. (2020) recently reported that satellite imaging could be useful to detect sudden death syndrome in soybean, which is caused by Fusarium virguliforme. In that study, sudden death disease could be predicted even before visual symptoms occurred, and this with an accuracy of >75%.




Figure 2 | Schematic overview of the different scales at which non-invasive spectral and optical techniques of plant parts, plants, and entire fields can be used to detect biotic stresses in plants (Adapted from Singh et al., 2021).



The use of optical or spectral techniques has several advantages over other techniques: (i) detection can be done in real time by continuous monitoring of the crops; (ii) it can detect biotic stress; and (iii) it is a non-invasive detection method, which does not require any sample manipulations. However, while the data acquisition using optical sensors has become relatively easy, interpretation of the data to detect biotic stress in the plant can be highly complex, and requires development of specific algorithms, usually involving machine learning or neural networks (Zubler and Yoon, 2020). Moreover, while imaging techniques can detect biotic stress in the plant before visual symptoms appear, the technique still lacks discriminative capabilities to identify specific pathogens. It should therefore be combined with other more precise techniques to identify the causal pathogen to design a proper management strategy to tackle this particular pathogen. Nevertheless, by detecting the areas where the plants are exhibiting stress, easier, more targeted sampling can be deployed (Martinelli et al., 2015; Mahlein, 2016; Zubler and Yoon, 2020).




3 Cultivation-based methods

Cultivation-based methods are generally regarded as the gold standard for detection and identification of (plant) pathogens. The method relies on the cultivation and isolation of microorganisms on a selective or semi-selective growth medium, which allows the growth of the target pathogen, while inhibiting (or reducing) the growth of background microflora (Gopinath et al., 2014; Mancini et al., 2016; Ferone et al., 2020). Subsequently, the identity of the isolates that grow on the (semi-)selective growth medium needs to be confirmed by morphological, microscopical, biochemical, molecular, or immunological assays (Alvarez, 2004; Figdor and Gulabivala, 2011; Mandal et al., 2011; Gopinath et al., 2014; Mancini et al., 2016; Ferone et al., 2020). However, morphological and microscopical observations for identification of pathogens can be rather difficult and are often based on the interpretative skills and experience of the analyst (Rajapaksha et al., 2019). More objective methods consist of a series of biochemical and phenotypical tests to confirm the presumed identity of the clones cultivated on the (semi-) selective medium (Castro-Escarpulli et al., 2015). A wide variety of different biochemical or phenotypical tests exist, and the tests can be performed either manually or through the use of commercial kits and automated systems. Usually, commercial tests show higher reliability and sensitivity (Castro-Escarpulli et al., 2015). Examples include the use of the analytical profile index (API) systems and the Biolog™ microplates, which are based on the ability of the strain under investigation to utilize specific substrates (Smith et al., 1972; Geiss et al., 1985; Ieven et al., 1995; Shea et al., 2012; Ferone et al., 2020; API®, 2002). Alternative methods to identify microorganisms are matrix-assisted laser desorption/ionization in combination with time-of-flight analysis (MALDI-TOF) and fatty acid profiling. Although MALDI-TOF was developed for biomarker monitoring in general, it has proven its use for taxonomic identification of microorganisms as well (Ahmad et al., 2012; Chun et al., 2022). Alternatively, the fatty acid composition between microorganisms is variable and enables the generation of a unique lipid fingerprint for each organism. Analyzing the fatty acid profile allows taxonomic identification of the microorganism up to species level and has proven its use in plant pathogen identification as a cost-effective and rapid method (Yousef et al., 2012; Lacey et al., 2021). In addition, sequencing of dedicated genetic markers, also referred to as DNA barcoding, is also frequently used for taxonomic identification by comparing the DNA sequence of the genetic marker to previously identified sequences of known species. For taxonomic identification of bacteria, the 16S rRNA and rpoB genes are frequently used, while for fungi and oomycetes, the internal transcribed spacer (ITS) region is a common marker for identification (Antil et al., 2023).

The main advantages of cultivation-based methods are that they are simple and reliable, and do not require high-tech equipment. In addition, it allows to distinguish viable from non-viable organisms (Figdor and Gulabivala, 2011; Rajapaksha et al., 2019; Ferone et al., 2020; Li et al., 2020). With a performant selective medium, it also allows quantification of the target pathogen. The specificity is dependent on the battery of biochemical and phenotypical tests that are performed. The biochemical and phenotypical traits of the test strain are compared to those of reference strains to assess its identity (Castro-Escarpulli et al., 2015). Depending on the target microorganism and the matrix from which it is isolated, cultivation-based techniques can detect pathogens with a sensitivity of 10-104 CFU/mL (López et al., 2003). Sensitivity of detection can be further improved if an enrichment step is included before plating, although in this case quantification is no longer possible. However, the cultivation-based method is far from ideal. Perhaps the biggest drawback of this methodology is the fact that not all microorganisms are culturable, which is generally referred to as the great plate count anomaly (Connon and Giovannoni, 2002). The method is also very time-consuming, and a conclusive result can take anywhere from days up to weeks, due to the time needed for the organisms to grow and for performing the series of assays to confirm their identity (Law et al., 2015; Ferone et al., 2020; Li et al., 2020). Lastly, cultivation on (semi-)selective media is not suitable to detect viral plant pathogens, due to their host-dependent nature. However, instead of cultivation on selective media, detection of viral pathogens can be achieved by detection of visible symptoms on indicator or prey plants. Such tests are also very time-consuming and can take weeks depending on the plant that is studied (Legrand, 2015; Mehetre et al., 2021).

Mainly due to its simplicity, cultivation-based techniques are still widely used. Regulatory agencies such as the European and Mediterranean Plant Protection Organization (EPPO) describe a set of standardized cultivation-based protocols for detection of a multitude of important plant pathogens (e.g., Xanthomonas spp., Pseudomonas spp., Fusarium spp., etc.). However, the EPPO procedures often advise to perform an additional DNA-based test, such as a conventional or real-time PCR assay, to confirm the identity of the pathogen (EPPO, 2022).




4 Immunological methods

Immunological or serological assays to detect plant pathogens comprise methods using specific antibodies. Microorganisms produce a wide variety of antigenic molecules that can be used for detection (Alvarez, 2004). The antibodies used in such assays bind to specific epitopes on these antigens (López et al., 2003; Fang and Ramasamy, 2015). Binding of the antibodies to the antigens can be detected by making use of specific antibodies that are conjugated with e.g., an enzyme, a fluorophore or a nanoparticle. In this way the presence of the pathogens can be determined in an indirect way (Fang and Ramasamy, 2015). Antibody-antigen interactions are very specific, and a wide variety of antibodies exist that target antigens of specific pathogenic microorganisms. In general, there are two types of antibodies that can be used: (i) polyclonal antibodies, which consists of a mixture of antibodies that have affinity for different epitopes of the antigen(s) of the target pathogen; or (ii) monoclonal antibodies, consisting of one type of antibody with specificity to a single epitope (Alvarez, 2004; Martinelli et al., 2015). As polyclonal antisera contain multiple antibodies that target different epitopes, there is a higher risk of cross-reactivity with other antigens, leading to false-positive results (Alvarez, 2004; Kumar et al., 2008; Martinelli et al., 2015). In this regard, hybridoma technology and phage display technology to produce monoclonal antibodies greatly revolutionized immunological assays (Kumar et al., 2008; Hammers and Stanley, 2014). The use of monoclonal antibodies considerably increases specificity and reproducibility, since there is no inter-batch variability as is the case with polyclonal antibodies (Alvarez, 2004). The drawback of using monoclonal antibodies is that they are generally more expensive and less sensitive than their polyclonal counterparts (Martinelli et al., 2015; Ascoli and Aggeler, 2018).

In theory, immunological assays are applicable to all plant pathogens that express antigenic molecules, and as such can be used for detection of bacterial, fungal, and viral pathogens (Alvarez, 2004; Mancini et al., 2016; Mehetre et al., 2021). Immunological assays do not always require the isolation of the pathogen, which simplifies their use, but this comes with a limited sensitivity (Mancini et al., 2016). However, in many cases the sensitivity of immunological assays is considerably increased by including a sample pretreatment step such as a heat treatment or lysozyme treatment (Jones et al., 1997; Lima et al., 2014). Additional strategies that result in a higher sensitivity include the employment of a (pre-) enrichment step, where the sample is incubated in a selective medium to increase the level of target pathogen (Välimaa et al., 2015). Immunomagnetic separation (IMS), involving the use of magnetic beads that are coated with antibodies specific to the target, can be employed to capture and concentrate the target pathogen, further improving the sensitivity of immunological assays and removing possible contaminants (Kohn, 1999; Välimaa et al., 2015).

There is a wide range of immunological assays available to detect pathogens, most of them used in a clinical context, including chemiluminescent immunoassays, fluorescence immunoassays, fluorescence automated cell sorting, latex agglutination assays, western blot, etc. The most frequently used immunological techniques that are used for detection of plant pathogens are discussed below. For an overview of other immunological assays, we refer to (Atmar, 2014; Ahmed et al., 2020; Haselbeck et al., 2022).



4.1 Enzyme linked immunosorbent assay (ELISA)

By far, the most used immunological technique is the Enzyme Linked Immunosorbent Assay (ELISA) (Figure 3A). First developed in the 1970s, it has become a well-established method that is commonly used in detection of microbial pathogens around the world. It is widely used because it is a fast technique and amenable for automation and high-throughput screenings (Alvarez, 2004; Posthuma-Trumpie et al., 2009; Martinelli et al., 2015). Several ELISA formats have been developed, including direct, indirect, sandwich, and competitive ELISA assays (Alhajj and Farhana, 2023), all sharing the same principle, i.e. the use of specific antibodies that are conjugated with an enzyme that can convert a colorless substrate into a colored product. The color formation is proportional to the quantity of the target antigen, and hence, the target pathogen, in the sample (Kumar et al., 2008; Atmar, 2014).




Figure 3 | (A) Schematic overview of a sandwich ELISA assay. The wells are coated with an antibody which targets the antigen. The antigen of interest in the sample is then added and binds to the capture antibody. Next, the detection antibodies are added, which target a different epitope of the antigen. The detection antibodies are labeled with an enzyme, capable of converting a colorless substrate to generate a colorimetric signal. ELISA reactions are typically performed in a 96-well plate. (B) Schematic overview of the working principle of the lateral flow immunoassay (LFIA). After application of the sample on the sample pad, it flows in the direction of the absorbent pad due to capillarity and passes through the conjugate release pad, where the labelled detector antibodies can bind to the target analyte. Next, the sample will continue to flow towards the test and control lines, where the analyte (coupled to the detector antibody) will bind to specific (secondary) antibodies immobilized in the test zone. The excess of unbound detector antibodies will flow towards the control zone, where they are bound to immobilized antibodies specific for the detector antibody. Aggregation of the labelled detector antibodies in both test and control zone can be visually observed as illustrated on the right-hand side of the figure (Adapted from Hsiao et al., 2021). (C) Schematic illustration of how the oligonucleotide sequence self-hybridizes into its functional conformation. In its functional conformation, the aptamer is able to bind to its target antigen (Ag) (Adapted from Sun et al., 2014).



The sensitivity and specificity of ELISA assays can vary considerably between different assays and is largely dependent on the type (e.g., direct, indirect, sandwich, or competitive ELISA), the antibodies used (monoclonal or polyclonal), the conjugated enzyme, and the corresponding substrate. In addition, the matrix can also have a large impact on specificity and sensitivity of ELISA assays, a problem commonly known as “matrix interference” (Wang et al., 2007). This can result in an increased number of false-positives (due to reduced specificity) as well as false-negative results (due to reduced sensitivity).

For instance, indirect ELISA is usually more sensitive because multiple enzyme-labeled secondary antibodies bind with high specificity to the primary antibody bound to the antigen, which results in signal amplification (Katikireddy and O’Sullivan, 2011). Other strategies have been developed to increase sensitivity. Examples include the use of avidin-biotin complexes, where biotinylated antibodies allow for the binding of several avidin complexes linked with an enzyme (Atmar, 2014), or the peroxidase-antiperoxidase approach (PAP), where a PAP complex containing several HRPs is coupled to a secondary antibody (Katikireddy and O’Sullivan, 2011).

ELISA is relatively simple to perform, with the time needed to perform the assay being in the range of one to several hours, if no prior enrichment step is performed (Bari and Kawasaki, 2014). The use of multi-well plates of various formats facilitates the simultaneous testing of several samples and can even be automated (Posthuma-Trumpie et al., 2009). However, some drawbacks are associated with the use of ELISA. Due to poor chemical and physical stability of antibodies, they require refrigeration for storage and special buffers. In addition, the production of novel antibodies can be rather complicated and expensive (Sakamoto et al., 2018).

Since the development of ELISA assays, it has found wide application in agriculture for detection of plant pathogens. For instance, ELISA assays are recommended by EPPO guidelines to test for the presence the of viruses on grafting material of fruit trees (Boonham et al., 2014). And even to date, new ELISA assays are developed to detect plant pathogens. For example, Gorris et al. (2021) recently described the development of a double antibody sandwich ELISA (DAS-ELISA) for detection of the plant pathogen Xylella fastidiosa. This DAS-ELISA assay proved to be very specific (no false-positives were observed on real samples) and reliable, with a sensitivity of 104 CFU/ml. Wu et al. (2011) described the development of a monoclonal antibody specific for the detection of Odontoglossum ringspot virus using a triple antibody sandwich ELISA assay. The specificity was evaluated against seven other plant viruses, showing no cross-reactivity.




4.2 Lateral flow immunoassays (LFIA)

The lateral flow immunoassay (LFIA) is another commonly used immunological assay for plant pathogen detection (López-Soriano et al., 2017). Such assays consist of nitrocellulose membrane strips that are contained in a plastic receptacle. The analyzed sample is applied on the sample application area (Figure 3B). The sample passes through the (primary) antibody conjugate release pad by capillary forces, which allows the antibodies to bind to the target antigen in the sample. Subsequently, the sample flows towards the test area of the device. In the first test zone, antibodies that are specific for (another epitope of) the target antigen are irreversibly bound to the nitrocellulose membrane, while in the second test zone, antibodies against the primary antibody are spotted that serves as a positive control. The primary antibodies present in the release pad are generally labelled with colloidal gold nanoparticles or latex particles, which upon aggregation in the test zone allow for a visual detection of the presence (or absence) of the target antigen (Posthuma-Trumpie et al., 2009; Koczula and Gallotta, 2016; López-Soriano et al., 2017; Singh and Singh, 2020). Although LFIAs are usually developed for detection of a single analyte, in medical diagnostics multiplex LFIAs are developed that are able to detect multiple analytes in a single assay. Such multiplexing can be achieved either by changing the device architecture (e.g., by adding more test zones on the device) or by monitoring signals that are discriminatory for each analyte (e.g., by using differently colored labels) (Anfossi et al., 2019).

LFIA is easy to use, portable, low-cost, and can provide results in around 10 minutes, excluding sample preparation, making them an ideal point-of-care diagnostic method (Boonham et al., 2008; López-Soriano et al., 2017; Singh and Singh, 2020). Such tests usually have a long shelf life, guaranteeing stability for 12-24 months at room temperature (Ahmed et al., 2020). The tests are primarily meant for a qualitative detection of the target pathogen and provide the results by visual observation of a colored line in the test zone. However, semi-quantification is possible if combined with a sensor (Posthuma-Trumpie et al., 2009). A drawback is that only a limited amount of sample can be loaded onto the sample application area, limiting its sensitivity (Koczula and Gallotta, 2016). The method is also limited to liquid samples. For testing solid samples or complex matrices such as soil or plant material, the LFIA requires a sample pretreatment step to extract the relevant target antigens (Posthuma-Trumpie et al., 2009).

The analysis speed and ease-of-use in the field has led to the development of several LFIAs to detect plant pathogens. For instance, a polyclonal LFIA has been developed for detection of Xanthomonas campestris pv. musacearum (Hodgetts et al., 2015). This assay enabled detection of all X. campestris pv. musacearum strains, but also showed cross-reactivity to X. axonopodis pv. vasculorum. The sensitivity of this test was established at 105 CFU/ml. An analogous test to detect Xanthomonas arboricola pv. pruni showed similar specifications, with high specificity (only showing cross- reactivity against X. arboricola pv. corylina) and with a sensitivity of 104 CFU/ml (López-Soriano et al., 2017). EPPO also recommends the use of LFIAs for detection of plant pathogenic viruses, such as Tomato spotted wilt virus, Impatiens necrotic spot virus, and Watermelon silver mottle virus. However, EPPO also advises that positive LFIA tests need additional confirmation by ELISA- or PCR-based methods, to avoid false-positive results (EPPO, 2004).




4.3 The use of aptamers as alternative for antibodies

An alternative for the use of antibodies consists of the use of aptamers. Aptamers are short oligonucleotides (DNA or RNA) of 10-100 nucleotides in size, with a specific three-dimensional conformation and a high affinity to the target analyte/pathogen (Figure 3C) (Toh et al., 2015; Zhao et al., 2018). Briefly, such aptamers can be used in a similar way as antibodies targeting a specific antigen. The use of aptamers shows high potential to replace antibodies, due to their ease of production, low-cost, resistance to degradation, small size and ease of labelling. In that regard, aptamers can replace antibodies in the development of enzyme-linked apta-sorbent assay (ELASA) and lateral flow devices (Toh et al., 2015). The use of aptasensors is still inhibited by some factors, e.g., selectivity and affinity are strongly influenced by conditions such as temperature, pH, ionic strength, and viscosity of the sample (Shahdordizadeh et al., 2017). Although aptamer-based selection is not yet commonly used for plant pathogen detection, a few studies demonstrated its value in for instance detection of apple stem spitting virus and soybean rust fungi (Komorowska et al., 2017; Krivitsky et al., 2021).





5 Nucleic acid-based assays

Nucleic acid (DNA or RNA) sequences make excellent molecular targets for the detection and identification of (pathogenic) microorganisms, and can be used for viral, fungal and bacterial targets. The presence of a genetic sequence that is unique to the target pathogen, can be detected by polymerase chain reaction (PCR), isothermal amplification techniques, and hybridization-based techniques. Many variant techniques exist, but the most commonly used methods to detect plant pathogens are discussed below in more detail. Alternatively, a sequencing method could be employed to detect unique DNA or RNA sequences, which is discussed in more detail in section 6.

Common for many nucleic acid-based, and especially PCR-based techniques, is that the extracted DNA (or RNA) of the target pathogen in the sample must be of high purity, because most nucleic acid-based assays are sensitive to inhibitors that might be coextracted. Especially in the cases of plant pathogen detection, samples are often composed of difficult matrices, such as plant tissue or soil. The presence of polysaccharides, phenolic compounds, humic acids, or heavy metals in such samples reduces the performance of nucleic acid-based assays (Lievens and Thomma, 2005; López et al., 2009). However, a wide variety of different extraction protocols exist for obtaining pure DNA. These can range from very simple (e.g., commercially available kits) to quite complicated, such as DNA extraction procedures specifically developed for difficult matrices that also include pretreatments (e.g., with liquid nitrogen), additional enzymatic steps, etc. (López et al., 2009). Lastly, the use of some DNA extraction methods is unsuited for point-of-care applications as they are difficult to carry out outside a laboratory. Therefore, DNA extraction methods have been developed that require minimal equipment. Examples of such point-of-care DNA extractions methods are reviewed elsewhere (Lau and Botella, 2017; Paul et al., 2020).

Another common problem associated with nucleic acid-based assays is that they have difficulties with differentiating viable microorganisms from non-viable, as DNA can stably remain in the sample for a considerable time after the organisms have died (Lievens and Thomma, 2005; López et al., 2009; Narayanasamy, 2011). There are ways to circumvent this problem, such as targeting RNA specifically, as it usually degrades rapidly outside the cell. However, robust and efficient RNA extraction from difficult sample matrices such as those taken for plant pathogen detection is not always straightforward, and in some matrices RNA is stable longer than expected (Lievens and Thomma, 2005; Kralik and Ricchi, 2017; Schostag et al., 2020). Alternatively, “live/dead probes” could be used. These are based on compounds that cannot pass the (intact) cell membrane, such as propidium monoazide (PMA) and ethidium monoazide (EMA) and can therefore only bind free DNA. After binding, the free DNA is excluded for further amplification, by which only DNA extracted from intact cells, and hence from viable cells, can serve as a template for PCR. Nevertheless, such probes have showed mixed success in differentiating dead from live cells, and are therefore not widely used in plant pathogen detection (Lievens and Thomma, 2005; Kralik and Ricchi, 2017).



5.1 Conventional PCR and variants

Polymerase chain reaction (PCR) is a technique used to amplify specific DNA fragments, making use of oligonucleotide primers, a DNA polymerase enzyme, dNTPs and a thermal cycler. Good primer design allows amplification of a specific DNA fragment that is unique for the targeted pathogen. Detection of a PCR fragment with the expected size is used to confirm the presence of the target pathogen (Zhao et al., 2014; Shen, 2019). In a conventional PCR (cPCR) set-up, this is usually assessed with an end-point detection, such as agarose gel electrophoresis. The run time of such analysis can be time-consuming, which is considered as a major drawback of cPCR. Furthermore, the need for opening tubes for gel electrophoresis increases the risk of contaminating the lab environment, reagents, materials or other samples with the amplified product (Maurer, 2011). PCR is a specific and highly sensitive technique. In theory, according to Poisson statistics, the technique is capable of amplifying as low as 3 copies of the target nucleic acids, but in practice the limit of detection is highly dependent on the sample type, efficiency of the DNA extraction, and the efficiency of the amplification, which on their turn are influenced by the PCR set-up and the primer design (Kralik and Ricchi, 2017). The high sensitivity allows to detect low abundant, slow growing, or non-culturable cells. The specificity of PCR largely depends on proper design of highly selective primers, which relies on the availability of genetic information of the target microorganism (Schaad et al., 2003). Primers need to be carefully designed in such a way that only the genetic sequences of interest are amplified, and false-positive results are avoided. As such sensitivity and specificity of a PCR assay should always be evaluated and validated case by case (López et al., 2009). In addition to a high sensitivity and specificity, PCR is also considerably faster than the conventional culture-based methods; results can be obtained in a matter of hours (Mandal et al., 2011; Priyanka et al., 2016; Ferone et al., 2020).

However, PCR-based methods also have some drawbacks: (i) it is sensitive to PCR inhibitors that may be present in the sample, which results in false-negative results; (ii) it cannot distinguish viable from non-viable cells; (iii) it requires a laboratory environment; (iv) PCR is unable to amplify RNA targets, e.g., for detection of viral pathogens; (v) quantification of the target pathogen is not possible in conventional PCR; and (vi) the high sensitivity can lead to an increased risk of obtaining false-positive results, due to non-specific amplification or contamination due to carry-over from other samples during handling (Ward et al., 2004; López et al., 2009). Furthermore, in case multiple pathogens should be detected in a single sample, separate PCR procedures should be used, which can quickly become expensive to use (Liu et al., 2019). To overcome some of these disadvantages, several PCR variants have been developed that increase its application potential for the detection of plant pathogens. The most commonly used variants are discussed below.

A first PCR-variant, i.e. reverse transcriptase PCR (RT-PCR), can be used on RNA targets, which is useful for the detection of viable cells and RNA viruses (López et al., 2009). RT-PCR includes a reverse transcription step, in which the RNA template is copied into a complementary DNA (cDNA) strand. The cDNA is subsequently used as a template in a conventional PCR reaction, usually followed by gel electrophoresis to detect the amplified product (Li and Hartung, 2007). In this way expressed genes (produced by viable target microorganisms) or viral RNA can be detected.

Multiplex PCR utilizes two or more primers sets that are designed to target different genetic sequences within the same PCR reaction. This allows simultaneous detection of multiple target pathogens. However, the primers must be carefully designed to avoid interference between primers of different primer sets and should also amplify DNA targets with different sizes that allow discrimination of the expected PCR-products by gel electrophoresis (Shen, 2019). Consequently, the number of target pathogens that can be amplified simultaneously is rather limited. Although the initial development of a multiplex PCR reaction can take considerable effort, once validated it increases the diagnostic capabilities of the method as it saves time, effort, and costly reagents for each PCR run (Elnifro et al., 2000). One of the downsides of multiplex PCR, however, is that they are more prone to non-specific DNA amplification, and consequently false-positive results, due to the presence of multiple primer pairs (Lau and Botella, 2017). Furthermore, multiplexing may compromise the sensitivity, as usually a certain target is amplified more efficiently and can outcompete amplification of other targets (Elnifro et al., 2000; Okubara et al., 2005). For instance, it has been shown that a multiplex PCR assay to detect two Phytophthora spp. has a detection limit of 10-100 pg DNA/µl, while the individual singleplex PCRs had a detection limit of 1 pg DNA/µl (Ippolito et al., 2004). A good example that illustrates the advantages of using multiplex PCR (mPCR) to detect multiple plant pathogens is the study of Cui et al. (2016), in which an mPCR is developed to detect 6 major bacterial pathogens of rice. High specificity was demonstrated by checking for false-positive or false-negative results with ~120 closely related non-target strains and ~30 target strains, respectively. Considering that 6 pathogens can be detected in one test, this mPCR is considered as a time- and cost-saving method. However, it also illustrates some limitations, as the sensitivity to detect all pathogens in rice seed samples was established at 105 CFU/ml for the multiplex assay, whilst in the individual PCR reactions the detection limit was at 103 CFU/ml. Another example of a mPCR assay was developed by Chavhan et al. (2023) for detection of commonly occurring cotton (Gossypium spp.) pathogens, including fungal, bacterial and viral targets. In other assays, a reverse transcription step is included, allowing detection of RNA viruses as well. For instance, Adkar-Purushothama et al. (2010) developed such a test for the simultaneous detection of Citrus tristeza virus (CTV) and Candidatus Liberibacter species from citrus plants.

Another variant is nested PCR (nPCR), which relies on two successive amplification rounds. The first round uses a set of (outer) primers that amplify a larger region of the target DNA. The PCR-product of the first round is subsequently used as a template in the second amplification round, using (inner) primers that anneal to a sequence internal to the sequence amplified by the first primer set (Shen, 2019). The technique usually results in a more sensitive detection, due to the high (combined) total number of PCR-cycles. The high sensitivity of nPCR makes it especially useful for detection of low-titer pathogens, as exemplified in the nPCR assay developed for detection of Phytoplasmas, Phytophthora and citrus tristeza virus in a wide range of different plant samples (Adkar-Purushothama et al., 2011; Engelbrecht et al., 2013; Nair and Manimekalai, 2021). In addition, nPCR generally has a higher specificity compared to traditional PCR because it is very unlikely that non-specific PCR products from the first amplification round also contain binding sites for the inner primers (López et al., 2009; Shen, 2019). On the other hand, the technique is more prone to carry-over contamination between the successive PCR reactions. Furthermore, nPCR is more costly and labor-intensive, due to the fact that essentially two PCR reactions need to be carried out per test (López et al., 2009; Mancini et al., 2016; Nair and Manimekalai, 2021). These disadvantages can be reduced by utilizing multicompartment reaction vessels, as this eliminates the need for post-amplification manipulations and reduces the risk of carry-over contamination (López et al., 2009).




5.2 Quantitative PCR

Quantitative PCR (qPCR), also referred to as real-time PCR, operates on the same working principle as conventional PCR with the main difference being that the amplified DNA is measured during the PCR-reaction in real time instead of an end-point detection as described above (Shen, 2019). Adding fluorescent dsDNA-binding dyes or sequence-specific probes allows to assess the amount of amplified DNA after each cycle, since the fluorescence intensity is a measure for DNA amplification (Postollec et al., 2011). The use of dsDNA-binding dyes, such as the frequently used SYBR green dye, is cheaper, but has the drawback that such dyes also bind with non-specific amplification products. To check for non-specific amplification, a melting curve (Tm) analysis can be carried out after the end of the qPCR (Okubara et al., 2005; Mirmajlessi et al., 2015). Although not straightforward, in some cases the Tm analysis even allows for multiplexing if the generated amplicons differ in size/nucleotide composition. For example, a multiplex real-time RT-PCR was developed based on melting curve analysis to detect 4 different variants of Grapevine leafroll-associated virus 3 (GLRaV-3) in vineyards (Bester et al., 2012). In addition, different types of sequence-specific probes can be used in qPCR, including TaqMan probes, molecular beacons and scorpion probes. Such probes show higher specificity compared to dsDNA-binding dyes, since fluorescence is only emitted when the probe hybridizes with its target sequence. When different fluorescently labeled probes targeting different targets are used, it also allows (limited) multiplexing, with a maximum of 4-6 genetic targets per reaction (Rajagopal et al., 2019). Similar difficulties as in conventional multiplex PCR apply in regard to sensitivity and specificity (Okubara et al., 2005). The drawback of using probes is that they are generally more expensive than their SYBR green counterpart (Okubara et al., 2005; Mirmajlessi et al., 2015). Interestingly, it has been shown that the PCR cycle in which the fluorescent signal exceeds a certain threshold (called threshold cycle CT or quantification cycle CQ) is inversely proportional to the logarithm of the target DNA that was originally in the sample. In this way, the DNA concentration, and hence, the target pathogen present in a sample, can be quantified by making use of a standard curve in which CT values are determined for samples with known concentrations of DNA template (Shen, 2019).

The use of qPCR for plant pathogen detection has several advantages. The technique is more sensitive than conventional PCR, which can be mainly ascribed to two reasons: (i) instrumental fluorescence measurements are more sensitive than visualization of a DNA-fragment after gel electrophoresis; and (ii) qPCR targets are typically short (70-150bp), which are amplified more efficiently (Smith and Osborn, 2009; Schena et al., 2013; Mirmajlessi et al., 2015). The increased sensitivity makes it a valuable tool for early detection of pathogens, even before disease symptoms are visible (Okubara et al., 2005). In addition, the fact that gel electrophoresis is not required, leads to a faster analysis time, and makes it more prone to automation (Postollec et al., 2011; Law et al., 2015). Furthermore, pathogenic RNA viruses can also be detected and quantified by adding a reverse transcription step (Boonham et al., 2004; Bester et al., 2012). However, the largest asset is the possibility of quantification of the pathogen. This enables to determine action thresholds in the field, i.e. the pathogen level at which treatment is required, leading to less frequent application of chemical pesticides, and ultimately to a more efficient and sustainable disease management strategy (Okubara et al., 2005). Although quantification is possible, the assays are more frequently used for qualitative purposes, i.e. presence or absence of specific microorganisms.

Several examples of qPCR methods for plant pathogen detection described in literature point to the advantages over cPCR (Narayanasamy, 2011). For instance, it was shown that a qPCR method to detect Phytophthora cryptogea was able to detect 50 zoospores, while a cPCR with the same primers could only detect 5000 zoospores (Minerdi et al., 2008). A qPCR developed for detection of P. cactorum in strawberry samples also showed a high specificity and sensitivity and was able to detect up to 10 zoospores/g plant material (Verdecchia et al., 2021). Also for bacterial plant pathogens, several qPCR methods have been developed. For instance, detection of rhizogenic Agrobacterium strains in irrigation water of tomato greenhouses showed a sensitivity of 1 CFU/ml water (Bosmans et al., 2016).




5.3 Digital droplet PCR

Digital droplet PCR (ddPCR) relies on the same principles as conventional PCR, however, it allows for the absolute quantification of nucleic acids in a sample (Hindson et al., 2011). In this technique, the DNA in a sample is partitioned in about 20.000 miniscule water-in-oil-droplets, with ideally each droplet containing either no or a single copy of template DNA (Hindson et al., 2011; Hayden et al., 2013; Chen et al., 2021). The droplets will each act as an individual PCR reaction vessel, in which a DNA region that is specific for the target pathogen (if present) is amplified. Addition of fluorescent probes or intercalating dyes enables to detect whether a PCR reaction has occurred. The resulting droplets are subsequently passed one by one through a microfluidics system to determine the fluorescence (Figure 4) (Hindson et al., 2011; Zhao et al., 2016). With the use of Poisson statistics, the number of droplets that contain an amplicon can be used to determine the amount of template DNA present in the original sample (Hindson et al., 2011; Hoshino and Inagaki, 2012; Chen et al., 2021).




Figure 4 | Schematic representation of a digital droplet PCR workflow. From left to right: The DNA sample is prepared by generating water-in-oil droplets containing template and the necessary PCR reagents and dyes (1); The droplets are thermally cycled until the PCR reactions reach their end-point (2); The presence of an amplicon (and hence target DNA in the sample) in each droplet is visualized by dsDNA binding dye or by sequence-specific probes and is detected in a microfluidics device (3). Fluorescent signals are processed to detect and quantify the number of pathogens in the sample (4) (Adapted from Kokkoris et al., 2021).



Digital droplet PCR has some advantages over real-time PCR. First and foremost, there is no calibration curve needed for quantification, and the DNA present is quantified in a direct way. This makes the quantification more reliable, as real samples can have different amplification efficiencies than those obtained in setting the calibration curve (Hayden et al., 2013; Taylor et al., 2017). In addition, ddPCR is more sensitive and more resistant to PCR-inhibitors compared to qPCR. As ddPCR is based on end-point detection, this technique is less reliant on the amplification efficiency of the PCR reaction itself, as is the case with qPCR (Taylor et al., 2017). A study evaluating the sensitivity and resistance to PCR-inhibitors in qPCR and ddPCR methods to detect Xanthomonas citri sp. citri demonstrated that a limit of detection for qPCR and ddPCR was obtained of 36 CFUs/20 μL and 5 CFUs/20 μL, respectively. It was also shown that ddPCR performed better than qPCR in the presence of increasing concentrations of citrus leaf extract to evaluate the sensitivity to inhibitors (Zhao et al., 2016). Altogether, this makes ddPCR more useful for the analysis of complex sample matrices, such as soil, which is an added value in the field of plant pathogen detection (Hoshino and Inagaki, 2012; Chen et al., 2021). On the other hand, currently ddPCR is still more expensive than qPCR. The cost per test is approximately 2.3-fold higher (Hindson et al., 2011; Morcia et al., 2020; Maheshwari et al., 2021). The assay also takes approximately 2-3 times longer compared to qPCR, due to a more complicated workflow, the fact that the reactions need to reach their end-point and the microfluidics fluorescence measurements (Hindson et al., 2011; Morcia et al., 2020; Maheshwari et al., 2021). Lastly, the ddPCR has a lower dynamic range for quantification as compared to qPCR, as the limited number of droplets can hinder accurate quantification once they approach saturation with target DNA (Ricchi et al., 2017; Morcia et al., 2020).

Recent examples of ddPCR methods developed for plant pathogen detection include a ddPCR assay for detection of Xylella fastidiosa (Dupas et al., 2019), Acidovorax citrulli (Lu et al., 2020), Tilletia controversa (Liu et al., 2020), and an RT-ddPCR for detection of peach latent mosaic viroids extracted from infected peach leaves (Lee et al., 2021). ddPCR is also suitable for multiplexing applications although there are only few examples described in literature focusing on plant pathogen detection, including a multiplex ddPCR assay for detection of Candidatus Liberibacter asiaticus and Spiroplasma citri (Maheshwari et al., 2021). Altogether these studies showed that ddPCR is a sensitive and robust technique that is highly valuable for monitoring low titer pathogens in complex samples.




5.4 Isothermal nucleic acid amplification

Although PCR-based methods for plant pathogen detection are common practice, their use for in-field diagnostics is generally limited by the requirement of a thermal cycler, as well as highly purified DNA (Lau and Botella, 2017). The use of isothermal amplification techniques proposes itself as a valuable alternative. Isothermal amplification techniques utilize amplification mechanisms that do not require thermal cycling equipment, but instead rely on the use of strand-displacing DNA polymerases. Simple equipment, such as heating blocks, can be used instead of thermal cyclers to perform the assays (Ivanov et al., 2021). Another advantage of isothermal amplification is that these techniques do not require highly purified DNA. Several detection techniques use isothermal amplification, of which the loop-mediated isothermal amplification (LAMP) and recombinase polymerase amplification (RPA) will be discussed in more detail below (Becherer et al., 2020). Although a variety of other isothermal amplification techniques exist, we have chosen to only discuss LAMP, as it is the most commonly used isothermal amplification method (Gomez-Gutierrez and Goodwin, 2022), and RPA, because its use has seen a rapid increase the last decade (Li et al., 2018). For a more exhaustive summary on other isothermal amplification techniques, we refer the reader to the review of Oliveira et al. (2021).



5.4.1 Loop-mediated isothermal amplification

Loop-mediated isothermal amplification (LAMP) ranks as the most cited isothermal amplification assay in literature (Becherer et al., 2020). Briefly, this technique relies on the utilization of at least four primers, two inner and two outer primers, in combination with a strand-displacing DNA polymerase (Figure 5A). The combination of primers and strand-displacing polymerase activity leads to the formation of a piece of single stranded DNA, which at both ends forms a dumbbell-like structure, due to the intramolecular complementarity of the inner primers. These dumbbell structures are target for binding of the inner primers and outer primers. Due to this self-priming ability in combination with the strand-displacing polymerase, new amplified DNA is generated continuously. The resulting reaction products consist of long concatemers of the target DNA region (Craw and Balachandran, 2012; Lau and Botella, 2017; Becherer et al., 2020; Ivanov et al., 2021). The reaction is carried out at a constant temperature of 60-65°C and usually generates results within 30 minutes (sample preparation excluded), depending on the target as well as the primers that are used (Becherer et al., 2020; de Paz et al., 2020; Ivanov et al., 2021). For instance, the analysis time can be reduced by adding two additional primers, which target the loops of the dumbbell structure, providing for two additional polymerase initiation sites. Multiple methods can be used for the detection of LAMP-based amplification products, including gel-electrophoresis, measurement of turbidity due to precipitation, fluorescent DNA binding dyes, sequence-specific fluorescent probes, and lateral flow devices (Mori et al., 2001; Craw and Balachandran, 2012; Naidoo et al., 2017; Panno et al., 2020). For more details on the ins and outs of LAMP, we refer to other review papers (Notomi et al., 2000; Becherer et al., 2020).




Figure 5 | Schematic illustration of the working principle of isothermal amplification methods LAMP and RPA. (A) In LAMP, the use of self-complementary forward and reverse primers results in the formation of a characteristic dumbbell-like structure. This serves as a template for isothermal amplification that is initiated by annealing of a mixture of self-complementary primers. This results in the generation of an increasing number of additional priming sites, ultimately leading to concatamers of the dumbbell DNA structure. (B) On the right hand side the RPA mechanism is shown, with the recombinase enzymes that bind the forward and reverse primers, which subsequently scans the template DNA for complementary sites. Upon finding the complementary site, the primer binds to its complementary sequence though strand invasion. The polymerase generates a new complementary DNA strand starting from the primers, thereby displacing the original DNA strand. The use of a strand-displacing DNA polymerase avoids the need for denaturation. (Adapted from Lmstanfield (2014), Lmstanfield at English Wikipedia, CC BY-SA 3.0 , via Wikimedia Commons and Obande and Singh, 2020).



The advantages of using LAMP primarily consist of the fact that simple equipment can be used for isothermal amplification and measurement, which enables in-field application. Depending on the primers and the DNA extraction procedure that is used, analysis time is very short (<30 minutes). LAMP assays are more robust in the presence of PCR inhibitors, and for this reason many LAMP protocols only require crude extracts of the samples. Minimal processing procedures for LAMP include grinding of plant tissue, addition of lysis buffer, boiling the samples, etc. The fact that minimal sample preparation is required, leads to a reduced analysis time and cost. On the other hand, when sample preparation also includes DNA extraction, the sensitivity of the assay is increased. A comparative study which evaluated LAMP with PCR-based assays for detection of Alternaria solani indicated that the sensitivity of the LAMP-assay falls between cPCR and qPCR (Khan et al., 2018). One of the main disadvantages is that in general, LAMP is only useful for qualitative assays. However, recent studies suggest that quantification could be possible using a strategy similar to qPCR, in which the time to reach a signal threshold is correlated with the initial amount of DNA/pathogen present in the sample (Nguyen et al., 2020). This doesn’t limit the in-field application, as it has been shown that the signal can be quantified using a smartphone camera, or a portable fluorescence measurement and heating device such as the Optigene Genie II (Becherer et al., 2020; Enicks et al., 2020; Nguyen et al., 2020). Nevertheless, it is generally recognized that the quantification accuracy of LAMP is inferior to that of qPCR, especially in the lower end of the quantification ranges (Moehling et al., 2021). Another drawback of LAMP is the complex primer design process, although primer design tools exist for this purpose, e.g., “LAMP Designer” or “NEB LAMP” (Jia et al., 2019). Non-optimal primers can lead to formation of non-specific products and primer dimers. Since there is no way to discriminate the fluorescent signal resulting from specific or non-specific amplicons, this could lead to false-positive results (Ivanov et al., 2021). In these cases it might be advisable to make use of sequence-specific detection methods such as fluorescent probes, although this would require the utilization of a more expensive fluorescence measurement device. Another risk is the possibility of carry-over contamination with the amplified product during sample handling and post-amplification visualization, as discussed above (Gomez-Gutierrez and Goodwin, 2022). Therefore, closed tube reaction visualization is often preferred. In theory, multiplex LAMP assays could be possible, but are generally too difficult to develop due to the complexity of the primer design and the risk of non-specific amplification (Craw and Balachandran, 2012; Becherer et al., 2020; Ivanov et al., 2021).

LAMP assays have been developed for detection of a variety of plant pathogens, including bacterial, fungal and viral pathogens; the latter in combination with a reverse transcription step if needed (Craw and Balachandran, 2012; Ghosh et al., 2015; Mancini et al., 2016; Li et al., 2019; Panno et al., 2020; Ivanov et al., 2021). Just to mention a few examples, LAMP was successfully used for the detection of Dickeya dianthicola on potato plants, using a SYBR Green-based LAMP assay. The detection limit of this assay on artificially spiked plant extract was established at 1 pg/µl (Ocenar et al., 2019). This method requires minimal sample preparation, consisting of the use of a lysis buffer with ball bearings for a fast DNA extraction. Another example involves an RT-LAMP assay for detection of the peach latent mosaic viroid, with a sensitivity that is 100-fold higher as compared to the conventional RT-PCR protocol (Boubourakas et al., 2009). Lastly, Paul et al. (2021) developed a multiplex assay for the detection of Phytophthora infestans and tomato spotted wilt virus using a smartphone-based detection system that integrates LAMP. Rapid DNA and RNA extraction was performed with microneedle patches, and the assay takes less than 30 minutes from nucleic acid extraction to results.




5.4.2 Recombinase polymerase amplification

Recombinase polymerase amplification (RPA) is a technique which involves the use of a DNA-recombinase, primers, nucleotides, single stranded DNA (ssDNA)-binding proteins, and a strand-displacement polymerase enzyme (Piepenburg et al., 2006; Lobato and O’Sullivan, 2018). In short, the recombinase proteins bind to the primers, and the resulting complex will scan the DNA template for the complementary (target) sequence (Figure 5B). Once a match is found, the recombinase-primer complex will bind to the complementary sequence through strand invasion, followed by displacement of the complementary strand. The ssDNA binding proteins will stabilize the complex, to prevent the displaced strand to rehybridize with the original template DNA. The strand displacement polymerase elongates the hybridized primer in the presence of dNTPs. The same process occurs in the reverse direction, resulting in the exponential amplification of the target DNA (Figure 5B) (Li et al., 2018; Lobato and O’Sullivan, 2018). Strand invasion and elongation is done isothermally, usually in a range of 37-42°C (Lobato and O’Sullivan, 2018; Oliveira et al., 2021). Due to the fact that RPA does not rely on thermal cycling, and that the process happens continuously, it allows for rapid amplification of the target DNA. The reaction usually reaches its end point in 20 minutes, making it one of the fastest nucleic acid amplification techniques (Ivanov et al., 2021). Detection usually occurs at the end-point, either through gel-electrophoresis or by a lateral flow device. The lateral flow device format is especially useful for point-of-care applications, as it allows for rapid detection of the amplification products, by labeling the forward and reverse primer with FAM and biotin labels, respectively. The test strip conjugate release pad contains nanoparticles with conjugated anti-FAM antibodies, whilst the capture line consists of immobilized streptavidin (Lobato and O’Sullivan, 2018; Ivanov et al., 2021). Aggregation of the amplification product at the test line can be visually assessed. There are also real-time variants, which use fluorescent probes to measure the amplification in real time (Li et al., 2018; Lobato and O’Sullivan, 2018)

Although RPA currently has a small market share, it has seen rapid growth in recent years (Li et al., 2018). This is primarily attributed to the fact that it is comparatively easy to use, has fast analysis times and a low operating temperature (Babu et al., 2018; Lobato and O’Sullivan, 2018; Oliveira et al., 2021). The comparatively lower operating temperature requires a heating block which consumes less power, with some reports of successful amplification occurring using body heat (Li et al., 2018). Because RPA is reported to be more resistant to PCR inhibitors, the technique requires limited sample preparation, considerably reducing sample preparation time. For example, some studies report RPA being successfully applied to crude extracts of plants (Li et al., 2018; Lobato and O’Sullivan, 2018; Ivanov et al., 2021). Altogether, this makes RPA an attractive technique to be used in point-of-care applications. In addition, RPA is highly sensitive, being able to detect 1-10 copies of template DNA in a reaction (Lobato and O’Sullivan, 2018). It can also be combined with a reverse transcription step to target RNA templates, for instance to detect RNA viruses (Babu et al., 2018). Lastly, RPA can be multiplexed by using different primer pairs, or using sequence-specific probes, but just as in regular PCR this process requires careful design (Lobato and O’Sullivan, 2018).

The downside of RPA is that there are reports of primer mismatching in similar DNA sequences, which can cause false-positive results (Babu et al., 2018; Li et al., 2018; Lobato and O’Sullivan, 2018). Therefore, to increase specificity, special care has to be taken when designing the primer. The manufacturer recommends primers of about 30-35 nucleotides long, but there are reports of PCR primers, of around 20 nucleotides in size, obtaining sensitive and specific results (Lobato and O’Sullivan, 2018). In addition, the target area is generally limited to below 500 bp, although amplification products of around 1500-2000 bp have been successfully amplified (Li et al., 2018). Nevertheless, in most cases the target size is restricted to 100-200 bp, which also allows for fast and efficient amplification (Babu et al., 2018).

Several RPA assays have been developed for the detection of plant pathogens, in many cases in combination with lateral flow devices to detect the amplicons (Ivanov et al., 2021). Examples include the detection of Xylella fastidiosa in blueberry, where RPA showed similar sensitivity to conventional PCR with detection limits of 1 pg/ul of extracted DNA (Waliullah et al., 2019). An RT-RPA assay was developed for the detection of little cherry virus 2, which showed detection on 100-fold dilutions of crude extract from infected plant samples (Mekuria et al., 2014). Altogether, these studies show that RPA is a rapid and effective detection technique, with a sufficiently high sensitivity that allows for in-field plant pathogen detection.





5.5 Hybridization arrays

The ability of DNA strands to hybridize to their respective complementary DNA strands provides for a useful means of detection. The use of labeled sequence-specific probes that hybridize to a specific genetic sequence of a particular pathogen, enables detection of that pathogen. Several hybridization-based assays, such as FISH, southern and northern blotting, etc. exist, but fall out of the scope of this review since they are less suited for detection of plant pathogens. In this review we will focus mainly on hybridization arrays. While most of the techniques discussed so far show limited multiplexing capabilities, hybridization arrays allow simultaneous detection of many (virtually limitless) pathogens (Thies, 2015). Array-based methods (e.g., micro- & macro-arrays, or the Luminex system) involve the immobilization of many sequence-specific capture probes on a solid support (Narayanasamy, 2011). In these assays, a reverse hybridization approach is applied in which the target DNA is labelled instead of the immobilized detector probes, either by fluorescence, radioisotopes or enzymatically. Briefly, DNA in the sample is extracted and universal genes with discriminatory power are amplified and labeled. Next the amplified products are denatured and allowed to hybridize to the detector oligonucleotides on the solid support. Visualization of which detector oligonucleotides that are bound with the labeled amplicon allows to determine which DNA sequences (and hence which target pathogens) are present in the sample.

Two well-known hybridization arrays are micro- and macro-arrays. Although their functioning is largely the same, the main difference between the two lies in the density and amount of immobilized probes, as well as the means of hybridization detection (Narayanasamy, 2011; Aslam et al., 2022). Microarrays are densely packed arrays with thousands of spots of probe DNA less than 200 µm in diameter immobilized on a glass slide (Narayanasamy, 2011). The target DNA is usually labelled with a fluorescent probe and detection is performed by a laser induced fluorescence and a scanning confocal microscope (Bumgarner, 2013). In macro-arrays spots are less densely packed, with spot sizes above 300 µm in diameter immobilized on a nylon membrane (Narayanasamy, 2011). Detection is usually performed with chemiluminescent labels (Lievens et al., 2003; Úrbez-Torres et al., 2015). Lastly, the Luminex xMAP system makes use of detector oligonucleotides that are bound to microbeads. Microbeads covered with a specific detector oligonucleotide can be distinguished from other beads by unique spectral properties (Dunbar, 2006). Contrary to micro- and macro-arrays, which utilize a flat support with localized spots, the Luminex system is a suspension-based array which simplifies the ease of use, has a lower analysis cost, and shows faster hybridization kinetics. Up to 100 different microbeads can be used at the same time, and upon hybridization of labelled target DNA with its respective microbead, the beads are interrogated individually as they pass a set of lasers. While spectral properties allows identification of the specific detector oligonucleotide present on that particular bead, the fluorescent signal indicates whether a complementary sequence, and hence a target pathogen, is present in the sample.

Even though hybridization arrays have the obvious benefit of targeting many pathogens simultaneously, such arrays can only be designed if a priori knowledge of the genetic sequences of the target pathogens is available (Bumgarner, 2013). The number of false-positives and false-negative results is highly dependent on the stringency of the hybridization conditions, which requires careful optimization (Sassolas et al., 2008). Furthermore, while microarrays are usually automated, macro-arrays tend to be quite labor- and time-intensive, resulting in an increased cost.

Several arrays have been developed to detect bacterial, fungal and viral plant pathogens (Lievens et al., 2003; Zhang et al., 2008; Narayanasamy, 2011; Charlermroj et al., 2013; Úrbez-Torres et al., 2015; Krawczyk et al., 2017; Bhat and Rao, 2020; Aslam et al., 2022). Commercial kits are also available, such as a macro-array that is able to detect 8 potato viruses simultaneously (BIOREBA). Although several studies demonstrated the value of hybridization arrays for plant pathogen detection in the past, their use in recent years is somewhat declining, in particular due to the decreasing cost of sequencing (Bumgarner, 2013).




5.6 CRISPR-Cas-based detection systems

It is generally acknowledged that CRISPR-Cas-based molecular tools have revolutionized molecular biology, and in particular facilitated site-directed mutagenesis in a wide range of different organisms (Doudna and Charpentier, 2014). In addition to its wide use for genome editing, the last few years the potential of CRISPR-Cas systems in molecular diagnostics has been increasingly investigated because of its high specificity and the flexibility that is inherent to this system (Kaminski et al., 2021; Huang et al., 2022). Several strategies have been devised to develop pathogen detection tools that are based on the use of different Cas-variants. In general, these strategies usually rely on DNA extraction and subsequent binding of the Cas protein to a pathogen-specific DNA motif. Such a binding event, and hence presence of pathogenic DNA, results in a measurable signal, which can either be a fluorescent or electrochemical signal, a colorimetric reaction that is visually assessed, or a visual signal on a lateral flow device (Wang et al., 2020). The exact methodology of the wide range of CRISPR-Cas-based detection strategies is beyond the scope of this review, but this is excellently reviewed elsewhere (Wang et al., 2020; Kaminski et al., 2021; Huang et al., 2022).

Several advantages have been attributed to CRISPR-Cas-based pathogen detection systems. In general, they show high potential to be used for point-of-care diagnostics, as they are low cost, highly sensitive and specific, and in principle do not require high-tech equipment (Kaminski et al., 2021; Huang et al., 2022; Karmakar et al., 2022). In addition, the systems are usually able to provide results in a timely fashion, with almost all assays capable of being performed in less than 2 hours (Wang et al., 2020). In general, most CRISPR-Cas-based detection systems have a sensitivity in the picomolar range (Kaminski et al., 2021). However, when combined with preamplification of the target sequences (e.g., by PCR, LAMP, RPA,…), the sensitivity can be significantly increased. In line with the potential of being point-of-care tools, they are often combined with isothermal amplification procedures, such as LAMP or RPA, although PCR-based amplification is also possible (Kaminski et al., 2021). Finally, a major advantage of CRISPR-Cas-based diagnostics is their single-nucleotide specificity, which opens up the opportunity to detect SNPs or strain variants.

Despite the recent progress in CRISPR-Cas-based detection tools, there are still a number of disadvantages and challenges that hamper its wide use in practice. First of all, although there are some strategies to assess more than one pathogen in a single run, the capacity for multiplexing is still rather limited (Gootenberg et al., 2018; Kaminski et al., 2021). Secondly, CRISPR-Cas-based diagnostics usually require tedious sample preparation steps (Benzigar et al., 2021; Huang et al., 2022). Furthermore, in many cases a preamplification step is required to increase the sensitivity and allow detection of low titer pathogens, which results in a significant increase in cost and analysis time (Kaminski et al., 2021). Finally, the downside of the single-nucleotide specificity mentioned above is  that a single mutation in the target gene could result in false-negative results, which can be problematic, in particular for detection of viruses with a high mutation rate (Benzigar et al., 2021).

Although until now CRISPR-Cas-based assays are predominantly developed for use in medical diagnostics, recent studies demonstrated the proof-of-concept of CRISPR-Cas-based assays in detection of plant pathogens as well (Sharma et al., 2021; Karmakar et al., 2022). For instance, Aman et al. (2020) developed a CRISPR-Cas-based assay to detect economically important RNA viruses (i.e. Potato virus X and Y, and Tobacco mosaic virus). This assay included a preamplification step using RT-RPA, resulting in the ability to detect picomolar concentrations of viral RNA in the sample within 20 min (excluding RNA extraction). In another study a CRISPR-Cas-based system was developed to detect 5 important apple viruses simultaneously (Jiao et al., 2021). This method also uses an RT-RPA preamplification step and allowed viral RNA detection in the femtomolar range. Analysis of field samples would be performed within an hour after leaf sampling. Interestingly, Zhang et al. (2020) also provided proof-of-concept of a fast and easy-to-use point-of-care method for detection of the fungal pathogen Magnaporthe oryzae in rice samples. For the DNA extraction from plant samples, a filter dipstick was used after grinding of the tissue, and for detection an instrument-free lateral flow device was used. To increase sensitivity, an RPA-preamplification of target genes was included, allowing detection of DNA in the picomolar range. Although the authors indicate that sensitivity could still be improved, the test was able to clearly detect the pathogen in almost all samples tested within ~35 minutes. For other examples, we refer the reader to the following recent reviews (Sharma et al., 2021; Karmakar et al., 2022).





6 Nucleic acid sequencing methods

DNA sequencing has emerged as a useful tool for the identification of microorganisms (Reller et al., 2007; Barghouthi, 2011; Beye et al., 2017). By sequencing specific genetic markers and comparing the resulting sequence(s) to a reference database, the identity of a microorganism can be determined (Barghouthi, 2011). It is a more accurate and reproducible method to identify microorganisms compared to conventional techniques such as morphological and phenotypical tests (Reller et al., 2007; Tewari et al., 2011). Its use in detection and identification has accelerated together with the huge evolution in sequencing technologies in the past 15 years. While first generation sequencing technologies, with Sanger sequencing being the most popular, generate relatively long reads of up 1000 bp but is limited in throughput capacity, second generation sequencers (e.g., Illumina and IonTorrent) generate reads that are relatively short (100-300bp) but with an enormous throughput. Third generation sequencers, such as Nanopore or PacBio sequencing, are characterized by their ability to sequence single molecules and generate ultra-long reads in a high throughput manner. PacBio sequencing provides higher accuracy, but this platform demands a large initial investment and requires a lab environment. Nanopore sequencing is highly promising in the context of plant pathogen detection, as for instance the MinION platform is a relatively low cost and portable system (Loit et al., 2019). However, the sequencing accuracy is inferior to that of the PacBio sequencer and previous generations of sequencers. A detailed comparison of the methodology and technical specifications of these sequencing technologies falls outside the scope of this review, but we can refer the reader to another review paper (Hu et al., 2021). Sanger sequencing is more suitable and cost-effective for the identity confirmation of specific isolates after (semi-)selective cultivation, as mentioned above (section 3). With the advent of high-throughput 2nd and 3rd generation sequencers, the sequencing cost reduced considerably, which facilitated their use for multiplex detection of plant pathogens present in a sample. In addition, high-throughput sequencing can also provide information on the microbial community composition and allows detection of non-culturable organisms. Two main approaches making use of next-generation sequencing for multiplex detection of pathogens can be employed, i.e. metagenome sequencing and amplicon sequencing, which are discussed in more detail below.



6.1 Metagenomics

Metagenomics involves the use of shotgun sequencing of all DNA present in a sample (Quince et al., 2017). Basically, all DNA in a specific sample is extracted and sheared into smaller pieces that are massively sequenced in parallel (Sharpton, 2014). This results in a large number of sequencing reads, that are assembled into a metagenome consisting of contiguous sequences (contigs) through sequence overlap. Next, the reconstructed metagenome of a specific sample can be used to extract informative regions, that either enable identification of the microorganisms present in the sample or give more insight into the functional genes of the microbes (Quince et al., 2017; Lapidus and Korobeynikov, 2021; Semenov, 2021). However, assembly-based analysis methods have some caveats when analyzing metagenome sequencing data. Assembly of the large number of sequencing reads requires considerable computational power and complex data analysis workflows. One of the difficulties lies in differentiating highly similar genomes of closely related species, as this complicates finding the sequence overlap during the assembly process. Moreover, low abundant species often do not have sufficient sequencing coverage to generate large contigs (Quince et al., 2017; Lapidus and Korobeynikov, 2021). In such cases, assembly-free analysis methods can be used as a valuable alternative. In this approach, the obtained individual sequencing reads are directly compared to a reference genome database (Quince et al., 2017; Lind and Pollard, 2021). The advantages of this approach are that generating complex assemblies can be avoided and analysis time is reduced. Furthermore, it reduces the problems associated with low abundance species detection, as the obtained sequences are mapped directly to reference genomes. However, downsides of this approach are the need for appropriate reference databases for the samples in question (Ayling et al., 2020) and that it usually generates more false-positive hits, as the obtained sequences of universally conserved regions could be assigned to the wrong microorganism. However, the advent of third generation sequencing, also referred to as long-read sequencing, solved a variety of problems encountered in metagenomics when using second generation sequencers (Amarasinghe et al., 2020). Due to the short read lengths of the second-generation sequencing platforms, de novo assembly techniques are unable to resolve large repetitive regions, resulting in a highly fragmented genome assembly. In addition, several DNA regions of closely related species can be highly similar, further complicating the assembly process. In contrast, the long read lengths of third generation sequencers are able to bridge these large repetitive regions, facilitating the assembly process.

Metagenome sequencing has several advantages, including the fact that: (i) the huge amount of information may enable identification up to strain level; (ii) it allows for simultaneous and PCR bias-free detection of fungal, oomycete and prokaryotic strains; (iii) little to no a priori genetic information about the pathogen causing the plant disease is required (Quince et al., 2017; Sekse et al., 2017; Semenov, 2021; Aragona et al., 2022); and (iv) the technique allows for the recovery of genomes from yet uncultured microorganisms (Duan et al., 2009; Piombo et al., 2021). Especially for detection of viral plant pathogens, metagenomic approaches are useful, as viruses do not have universal genes that are targeted in amplicon sequencing, and as mentioned above, the metagenomic approach doesn’t require prior knowledge, enabling detection of plant pathogens that are yet unknown (Adams et al., 2009; Roossinck et al., 2015; Adams and Fox, 2016). Despite these advantages, the regular use of shotgun metagenomics for plant pathogen detection is still not widespread. This can be ascribed to four main reasons. First, due to the required large sequencing depth to accurately identify the microorganisms present in the sample, the technique is very expensive compared to other techniques. Second, the presence of contaminating or uninformative sequences, such as plant host DNA, can have a negative impact on the informative DNA sequences that are obtained. Third, low abundant species are difficult to detect, resulting in a lower sensitivity to detect particular pathogens as compared to targeted amplicon sequencing. And finally, the availability of suitable reference genomes for detection purposes is still limited, especially in the context of plant pathogen detection (Duan et al., 2009; Sharpton, 2014; Quince et al., 2017; Piombo et al., 2021).

Nevertheless, several examples that illustrate the value of metagenomics for detection of plant pathogens have been reported (Piombo et al., 2021). For instance, an Illumina-based metagenome sequencing approach was used to analyze the microbiome on Arabidopsis leaves. A reference database of 242 marker genes allowed detection and identification of several pathogenic species of Protomyces and Peronospora (Lind and Pollard, 2021). It was also recently demonstrated that long-read sequencing is highly suited for detection of agricultural and forest fungal pathogens (Loit et al., 2019), while other studies have shown the value of metagenomics approaches for detection and identification of novel plant viruses in both wheat and maize (Redila et al., 2021; Lappe et al., 2022) or for detection of the blight pathogen Calonectria pseudonaviculata in boxwood samples (Yang et al., 2022). The latter study showed that both the assembly-free and assembly-based detection performed well, with taxonomic identification approaching the strain level. This is in agreement with another recent study that investigated disease outbreaks of Xylella fastidiosa (Johnson et al., 2022), in which pathogen detection was achieved with a sensitivity similar to qPCR, and this in combination with identification at subspecies level. Furthermore, a recent case study performed by Boykin et al. (2019) demonstrated the applicability of the Nanopore MinION sequencing platform for in-field applications. The researchers sampled cassava plants in Sub-Saharan Africa for the detection of viral pathogens. The assay was able to effectively detect and identify several kinds of viruses, and was able to be performed in a timespan of about 3 hours following arrival at the site. Altogether, the results from these studies indicate that metagenomics is a useful tool for early and accurate detection of plant pathogens.




6.2 Amplicon sequencing

Amplicon sequencing, i.e. sequencing of an amplified marker gene, is a popular technique for the characterization of the microbial community structure. Also referred to as metabarcoding, the method relies on the amplification of a specific marker gene (DNA barcode) that is common for the target populations. The identity of the organisms is determined by comparing the DNA sequence of the amplified marker genes with a suitable reference database. The marker gene should possess the following properties: (i) it should be found in all targeted microorganisms; (ii) it should have strongly conserved regions in order to design universal primers for PCR amplification; and (iii) these highly conserved regions should encapsulate variable regions, that serve as a signature to differentiate the microorganisms (Reller et al., 2007; Hugerth and Andersson, 2017; Bush et al., 2019). The most commonly used marker gene for determination of bacterial populations is the 16S ribosomal RNA gene, while for fungi the internal transcribed spacer (ITS) in the ribosomal RNA is commonly used (Abdelfattah et al., 2018; Piombo et al., 2021; Semenov, 2021). The identity of the organisms is determined by comparing the DNA sequence of the amplified marker genes with a suitable reference database. However, 16S rRNA and ITS usually don’t provide sufficient resolution to distinguish closely related strains. In this case, sequencing of additional marker genes is required to increase the taxonomic resolution.

Amplicon sequencing has several advantages. First, compared to metagenome sequencing, the sequencing capacity is only used to determine the DNA sequence of marker genes for identification purposes, and not for sequencing plant DNA or uninformative parts of the microbial genomes, making the technique more cost-effective (Sharpton, 2014; Piombo et al., 2021). Second, there is also an abundance of established data analysis pipelines, providing a relatively user-friendly interface (Vasar et al., 2021). Third, a large number of reference sequences are available for identification purposes (Abdelfattah et al., 2018). And finally, compared to metagenome sequencing, this approach is more sensitive because of the PCR amplification step, which enables detection of low abundant species or analysis of samples with a low biomass (microbial load) (Sekse et al., 2017). The technique also has its disadvantages. Because in most cases only a short single marker gene of the target organisms is amplified, limited taxonomic resolution is obtained and usually identification only up to genus level (or in some cases at best up to species level) is obtained (Abdelfattah et al., 2018). This is especially important in the field of plant pathogen detection, where closely related species can be either pathogenic or non-pathogenic (Tedersoo et al., 2019). However, the use of third generation sequencers allows to sequence larger markers in comparison with e.g., Illumina, which considerably improves accurate taxonomic identification up to species and potentially even up to strain level. This was demonstrated for Nanopore and PacBio platforms, in which larger than conventional amplicons were sequenced (Benítez-Páez and Sanz, 2017; Tedersoo et al., 2018; Graf et al., 2021). Indeed, the increased size of the genetic marker resulted in more taxonomically informative regions that can be used for the identification, which allows for the identification of plant pathogens to the species level or possibly even strain level. In addition, the primers for universal amplification of the marker genes can have varying levels of affinity for different microbial taxa, which could lead to a bias in the amplicons that are generated. For instance, most primer pairs used for amplicon sequencing of fungi, are only able to amplify about 50% of the fungal populations (Piombo et al., 2021). Finally, some taxa will be preferentially amplified over others, providing a distorted view of the microbial community compositions. Other factors such as DNA extraction methods, as well as copy numbers of the target genes can have an influence (Brooks et al., 2015).

The value of amplicon sequencing for detection of plant pathogens has been illustrated in several cases (Piombo et al., 2021). For instance, an amplicon sequencing approach revealed that internationally traded plants often contain pathogenic oomycetes (Rossmann et al., 2021). The study was based on the use of the ITS1 region targeting fungal microorganisms. However, the identification could only be reliably performed up to the genus level. Species level identification was not possible, due to the short reads of the Illumina platform. Another example involves detection of fungi in soil samples by amplicon sequencing of the full length ITS region with PacBio sequencing. Due to the longer read lengths, this platform achieved species-level resolution of the fungi present in the sample (Tedersoo et al., 2018). A similar study used nanopore for amplicon sequencing of a Xylella-specific marker gene to detect and identify Xylella spp. in leaves. Again, longer read lengths obtained by a third generation sequencing platform allowed a subspecies level resolution, moreover, the results could be obtained in as fast as 15 minutes of sequencing (Marcolungo et al., 2022). An amplicon sequencing approach using conventional MLSA marker genes even allowed identification to strain level for Xylella fastidiosa (Faino et al., 2021).





7 Biosensors

Biosensors comprise devices that consist of a biorecognition element combined with a physicochemical transducer that generates a measurable signal upon the binding of the target analyte with the biorecognition element (Hameed et al., 2018; Bridle and Desmulliez, 2021). Biosensors are promising tools for point-of-care applications, as they are generally low-cost, easy to use, and can provide fast results (Bridle and Desmulliez, 2021). Common examples of transducers include: (i) electrochemical transducers, which detect the binding event based on changes in voltage, impedance, or conductance; (ii) mass-based transducers, which detect a resonance frequency change based on mass change when the target analyte binds to the biorecognition element; and (iii) optical transducers that detect differences in the reflection of incoming light upon binding of a target analyte to the biorecognition element (Fang and Ramasamy, 2015; Hameed et al., 2018; Bridle and Desmulliez, 2021). For an in-depth discussion on biosensors suitable for plant pathogen detection we refer to the review of Buja et al. (2021).

Several types of biorecognition elements can be used, but most types make use of nucleic acid probes, antibodies, aptamers, or enzymes to detect a target analyte. The use of antibodies and nucleic acid probes to detect a target analyte is already explained in section 4 and 5. Aptamers are also highly suited for implementation in biosensors because they are easily labeled, and they show a conformational change upon binding of the target analyte (Toh et al., 2015; Khater et al., 2017; Shahdordizadeh et al., 2017; Bridle and Desmulliez, 2021). The use of enzymes is based on the conversion of a specific target analyte with high specificity and high affinity. However, the enzyme-based approach is mostly used for detection of specific substrates and is less suited for pathogen detection. The choice of the biorecognition element depends on the type of transducer that is used, and on the type of molecule that is targeted. While aptamers and antibodies target a specific antigen, nucleic acid probes are used to target a specific DNA sequence. In addition, the ease of labelling, the ease of immobilization, and the type of sample that is analyzed will play a role in selecting the most suited biorecognition element, as all mentioned factors influence the final cost, robustness, sensitivity, etc. of the biosensor. The immobilization of the biorecognition elements on the sensing surface plays a big role in the efficacy of the biosensors (Cardoso et al., 2022). The goal of immobilization is to fix the biorecognition element to the electrode, and to assure an optimal packing density and orientation of the recognition elements (Cesewski and Johnson, 2020). Different immobilization methods exist such as adsorption-based techniques, covalent attachment, avidin and biotin systems as well as self-assembled monolayers.

The wide variety of different transducers and biorecognition elements enables the development of a wide range of different types of biosensors that can be used for detection of plant pathogens, as illustrated in the following examples. A first example involves a DNA hybridization-based biosensor for detection of Phytophthora ramorum in rhododendron leaves (Yüksel et al., 2015). Gold nanoparticles were coated with nucleotide capture probes specific for the ypt1 gene of P. ramorum. Hybridization of the target amplicon to the probes was detected with surface enhanced raman spectroscopy. No details were given regarding the sensitivity of the technique, but no cross-reactivity with the closely related P. lateralis species was observed. In another study, an electrochemical biosensor based on RPA amplification was developed for detection of Pseudomonas syringae (Lau et al., 2017). After DNA extraction of the sample, an RPA was performed with the reverse primer labelled with biotin, and the forward primer containing a 5’ addition complementary to oligonucleotide probes that are bound to gold particles (Figure 6). Amplification products were incubated with magnetic beads coupled with streptavidin (to bind the biotin-labeled reverse primer) and gold nanoparticles coupled with oligonucleotides to hybridize with the forward primer. Application of a magnetic field allows to separate the magnetic beads (bound with either the reverse primer only or with the amplified product). Next, the products are heat-treated to release the gold nanoparticles, which are used as a label to coat the detection probe. The gold nanoparticles are detected through differential pulse voltammetry, and the corresponding signal was proportional to the amount of gold nanoparticles, which is a measure for the amount of pathogen in the sample. The assay was approximately 10 000 times more sensitive than a conventional PCR assay. The large increase in sensitivity can be ascribed to two factors: (i) RPA can amplify a lower amount of DNA; and (ii) the electrochemical biosensor was 100 times more sensitive than visualization on a gel. Furthermore, the assay can be performed within 60 minutes. Another example involves the use of an immunoassay biosensor for detection of Citrus tristeza virus in infected citrus samples (Freitas et al., 2019). The assay consists of a probe, which is surface-coated with capture antibodies, and a magnetic bead coated with a secondary antibody that is conjugated to an HRP enzyme. The primary antibody-antigen-secondary antibody complex is isolated by making use of the magnetic beads coupled to the secondary antibody. Presence of the target antigen is detected by the amperometry-based biosensor that senses the redox reaction caused by the HRP enzyme. The limit of detection of this biosensor was 0.3 fg/ml, and the assay could be performed in 50 minutes. The cost was $1.99 (US) whilst a comparable ELISA assay cost $8.30 per microwell. A last example involves a non-invasive volatile organic compound (VOC) biosensor, integrated on a smartphone, for detection of late blight in tomato leaves (Li et al., 2019). When infected with P. infestans, a plant will emit certain VOC markers. These markers can be detected by cysteine-functionalized gold nanoparticles, which upon exposure to certain VOCs cause them to aggregate, leading to color formation. The cysteine-functionalized nanoparticles can be applied to a disposable paper strip, which can be inserted into the smartphone-based device. This device is linked with a small battery-powered pump, which can draw air from the sample environment over the paper strip, causing the nanoparticles to aggregate in the presence of VOCs indicative for a specific disease. The resulting colorimetric change can then be analyzed by the smartphone camera and used to provide accurate and early detection of late blight in tomato leaves, as well as other disease-related plant VOCs. The device has been validated through blind testing using both artificially inoculated tomato leaves and field-collected infected leaves.




Figure 6 | Schematic presentation of the working principle of a biosensor based on RPA amplification to detect plant pathogens. The DNA extracted from a(n) (infected) plant sample is subjected to RPA amplification. The reverse primer is labelled with biotin, while the forward primer contains a 5’ addition complementary to oligonucleotide probes that are bound to gold particles. Should the sample contain the target pathogen (indicated by (+) in the figure), amplification will occur, resulting in amplicons labeled with a biotin label on one end and a DNA sequence complementary to the probes on the gold particles on the other end. The amplified product is incubated together with streptavidin magnetic beads and gold nanoparticles coated with capture probes, and will form a complex if amplification of the target sequence occurred. If the sample contains no target DNA (indicated by(-)), no labeled amplicons are formed. After magnetic separation of the complex, the complex is dissociated by heat treatment, resulting in the release of the gold nanoparticles. The gold nanoparticles will be deposited on an electrode surface, and through differential pulse voltammetry a characteristic signal is obtained, which indicates the presence of a pathogen (adapted from Lau et al., 2017).






8 Discussion

Plant pathogens are responsible for an up to 40% yield loss of economically important crops each year. In order to reduce yield losses, it is of utmost importance to detect pathogens as early as possible, and preferably even before disease symptoms are visible. The importance of having a suitable detection and identification technique cannot be stressed enough, as it allows for efficient and early disease remediation strategies to be undertaken. In that regard, good detection techniques are an important pillar in integrated pest management, which aims to reduce the use of chemical pesticides to an absolute minimum, thereby contributing to a more sustainable agriculture. However, although routine sampling can be used for disease detection, the spatial variation of pathogens inside the plant itself (e.g., leaf, stem, roots) as well as in fields can make preventative monitoring for latent infections tedious, time-consuming, and labor-intensive. The use of remote sensing technologies could provide a possible solution in this matter, as they allow for localization of areas in the field where plants are exhibiting stress, even before they show visible disease symptoms.

However, diagnostic tools to detect plant pathogens have applications that go well beyond their use in the field to monitor plant diseases. Due to the growing global trade, the risk of spreading plant pathogens has considerably increased. This requires adequate monitoring of import and export products, and if necessary, implementing the proper phytosanitary measures (PM). Import or export of plants therefore often requires plant passports or phytosanitary certificates, which guarantee that the plants are pathogen-free, as for example stipulated by EU regulation (Regulation (EU), 2017/625) (Buja et al., 2021). To aid National Plant Protection Organizations (NPPO) in their control of plant pests and diseases, the EPPO published standards with guidelines and recommendations on monitoring of plant pests and diseases, and corresponding phytosanitary measures. For instance, EPPO provides a comprehensive overview of specific diagnostic protocols (EPPO Standards - PM7 Diagnostic Protocols for Regulated Pests) that have be applied to monitor the presence of a dedicated list of plant pathogens and quarantine organisms (EPPO Standards - PM 1 General Phytosanitary Measures). This means that for each pathogen, a number of validated assays (e.g., plate count methods, bioassays, serological and molecular tests) are recommended for detection in (a)symptomatic plants. Although these techniques are currently the golden standard and recommended by the authority, they have their drawbacks, including the need for trained personnel, high costs, and in some cases have an especially long processing time that leads to a (too) late detection (Buja et al., 2021). This clearly points to the need for development of detection techniques that are fast, sensitive, allow accurate identification and quantification of the pathogen, are able to detect multiple pathogens in a single test (multiplexing), are low-cost, and can be used at point-of-care. Such techniques are especially useful when increased monitoring is demanded by the government (Buja et al., 2021). The main aim of this review was therefore to present an overview of methods that are currently available to detect plant pathogens, and discuss their main advantages and disadvantages (Table 2).


Table 2 | Overview of the relevant specifications of the different detection methods discussed in this study.



While cultivation-based techniques are still valuable because of their simplicity and low cost, they have severe limitations regarding specificity, sensitivity, and analysis time. In contrast, immunological assays are characterized by a high specificity, fast analysis time, limited sample preparation, and can be performed within a couple of hours. However, immunological assays usually have a low sensitivity. PCR-based approaches do combine a high sensitivity with high specificity and fast analysis time, but require more sample preparation time for DNA/RNA extraction and is preferably done in a lab environment. Isothermal amplification techniques can circumvent this, and are perfectly suited for in-field detection because they require limited or no sample preparation, a simple heat block, and a user-friendly interpretation of the results. Combining isothermal nucleic acid amplification techniques with easy interpretation procedures, e.g., by using a lateral flow device, allows for a fast interpretation of the amplification results. However, conventional PCR and isothermal amplification often lack the capacity to quantify pathogens, in contrast to qPCR-methods. Recent developments in mentioned techniques, include increased automation, ease-of-use, and miniaturization, as for instance shown in the use of biosensors.

Nevertheless, the main limitation that is common for the abovementioned techniques is their limited capacity of multiplex detection. Although in some cases (e.g., multiplex PCR), a few pathogens can be detected simultaneously, in most cases a specifically developed and validated assay has to be used to detect each individual target pathogen. Considering that many different pathogens can form a threat on crops, multiple tests are needed to exclude the presence of plant pathogens. Hybridization-based techniques could resolve the issue of the limitations in multiplexing. Micro- or macroarrays make use of a range of detector probes for the detection of multiple pathogens in a single test. However, the higher cost and limited commercial availability hampers the widespread adoption of micro- or macroarrays and it still requires a priori genetic information of the target pathogens. A promising alternative for multiplex detection lies in next generation sequencing techniques, either through the use of amplicon sequencing or via metagenomics. These techniques do not require a priori knowledge of the plant pathogen. On the contrary, it can provide genetic information of all microorganisms present in a sample, including yet unidentified pathogens. However, routine use of amplicon or metagenome sequencing is still limited due to the relatively high costs. Most promising in this regard seem to be the third generation sequencers, whose long reads provide better identification potential compared to the short reads of the second generation sequencers.

Although several new technologies for plant pathogen detection have emerged the last decade, it is crucial that these are thoroughly validated regarding specificity and sensitivity, not only with pure cultures or pure DNA samples, but also with plant samples spiked with the target pathogen. Furthermore, each new technique should be benchmarked with more conventional methods and should also be cost-effective before their use in practice (Cardwell et al., 2018).

In conclusion, it is clear that the ideal detection method is not yet available, and the choice of which detection method should be used is widely dependent on the target pathogen, the available budget, the sample matrix, as well as the technological availability of that area. However, continuous efforts are made to develop new technologies that are increasingly adopted in modern plant disease monitoring.
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Introduction

Sugarbeets account for 55 to 60% of U.S. sugar production. Cercospora leaf spot (CLS), primarily caused by the fungal pathogen Cercospora beticola, is a major foliar disease of sugarbeet. Since leaf tissue is a primary site of pathogen survival between growing seasons, this study evaluated management strategies to reduce this source of inoculum.





Methods

Fall- and spring-applied treatments were evaluated over three years at two study sites. Treatments included standard plowing or tilling immediately post-harvest, as well as the following alternatives to tillage: a propane-fueled heat treatment either in the fall immediately pre-harvest or in the spring prior to planting, and a desiccant (saflufenacil) application seven days pre-harvest. After fall treatments, leaf samples were evaluated to determine C. beticola viability. The following season, inoculum pressure was measured by monitoring CLS severity in a susceptible beet variety planted into the same plots and by counting lesions on highly susceptible sentinel beets placed into the field at weekly intervals (fall treatments only).





Results

No significant reductions in C. beticola survival or CLS were observed following fall-applied desiccant. The fall heat treatment, however, significantly reduced lesion sporulation (2019-20 and 2020-21, P < 0.0001; 2021-22, P < 0.05) and C. beticola isolation (2019-20, P < 0.05) in at-harvest samples. Fall heat treatments also significantly reduced detectable sporulation for up to 70- (2021-22, P < 0.01) or 90-days post-harvest (2020-21, P < 0.05). Reduced numbers of CLS lesions were observed on sentinel beets in heat-treated plots from May 26-June 2 (P < 0.05) and June 2-9 (P < 0.01) in 2019, as well as June 15-22 (P < 0.01) in 2020. Both fall- and spring-applied heat treatments also reduced the area under the disease progress curve for CLS assessed the season after treatments were applied (Michigan 2020 and 2021, P < 0.05; Minnesota 2019, P < 0.05; 2021, P < 0.0001).





Discussion

Overall, heat treatments resulted in CLS reductions at levels comparable to standard tillage, with more consistent reductions across year and location. Based on these results, heat treatment of fresh or overwintered leaf tissue could be used as an integrated tillage-alternative practice to aid in CLS management.





Keywords: sugar beet (Beta vulgaris L.), Beta vulgaris (sugar beet), propane burner, leaf residue, integrated disease management, integrated pest management (IPM), tillage alternative, Mycosphaerellaceae




1 Introduction

Sugarbeets are the source of approximately 20% of global sugar production (Rangel et al., 2020). The United States produces 36.75 million tons of sugarbeets annually from which 6.62 million tons of sugar is refined (USDA-NASS (United States Department of Agriculture, National Agricultural Statistics Services), 2019). Beet sugar comprises approximately 55-60% of total US sugar production (USDA (United States Department of Agriculture), 2021). In the U.S., Minnesota is the number one sugarbeet producer with 12 million tons grown annually and Michigan is the number four producer with 4-5 million tons grown annually (USDA-NASS (United States Department of Agriculture, National Agricultural Statistics Services), 2019). Cercospora leaf spot (CLS), caused by the fungal pathogen Cercospora beticola Sacc., is the most important foliar disease of sugarbeet in much of the world (Weiland and Koch, 2004; Jacobsen and Franc, 2009; Khan et al., 2009), including Minnesota and Michigan. The formation of CLS lesions decreases photosynthetic area which leads to sugar losses. Severe infection can lead to defoliation and further sugar losses when regrowth of leaves occurs (Franc, 2010). This disease can cause reduced root weight and sugar content, and yield losses of up to 50% may occur (Lamey et al., 1987; Shane and Teng, 1992). Fungicide management for CLS costs sugarbeet growers between $300-375 per hectare in Minnesota. In Michigan, severe CLS can cause an estimated $100 million in management costs and yield losses (personal communication, C. Guza, Michigan Sugar Company, 2022).

Cercospora beticola overwinters largely as pseudostromata present on infected leaf residue (Pool and McKay, 1916; McKay and Pool, 1918; Khan et al., 2008). Survival was shown to be reduced by burying leaf debris, which becomes more effective with increased depth and time. Inoculum on the soil surface survives anywhere from 20-22 months (Nagel, 1938; Khan et al., 2008) to two to three years (Pool and McKay, 1916; Solel, 1970), while inoculum buried at 10 to 20 cm decreased C. beticola survival to 10 months (Khan et al., 2008) or less (Solel, 1970). Pseudostromata in infected leaf debris are thought to be the primary inoculum source (Pool and McKay, 1916; Jacobsen and Franc, 2009) and dispersal of C. beticola can occur through the movement of infested plant material (Knight et al., 2018; Knight et al., 2019). Infected debris from weed hosts can also be an important inoculum source as it perpetuates CLS infection and inoculum in years when sugarbeet are not planted (Khan et al., 2008; Franc, 2010; Skaracis et al., 2010; Tedford et al., 2018; Knight et al., 2020). Further studies have identified potential alternative inoculum sources, such as infected seed (Knight et al., 2020; Spanner et al., 2022). Once C. beticola conidia are produced by the primary inoculum, they are dispersed by wind, water movement, and insects (McKay and Pool, 1918; Carlson, 1967; Lawrence and Meredith, 1970; Khan et al., 2007). Conidial dispersal distance can reach up to 100 m (McKay and Pool, 1918), which means it is important to consider neighboring sugarbeet fields during management.

Management of CLS relies on at least a three-year crop rotation with non-host crops, timely fungicide applications using disease prediction models, and the use of tolerant varieties (Windels et al., 1998; Khan et al., 2007; Jacobsen, 2010). None of these management strategies are effective on their own in areas with severe disease, and an integrated approach is necessary to keep CLS from causing economic damage. Host resistance is one of the primary management tools used against CLS. Unfortunately, there are no commercial varieties that have immunity to CLS (Smith and Gaskill, 1970; Smith and Ruppel, 1974; Rossi, 1999). While several newer varieties are highly tolerant (REACh (Michigan Sugarbeet Research and Education Advisory Council), 2020; REACh (Michigan Sugarbeet Research and Education Advisory Council), 2021), studies are ongoing to assess these varieties for root weight, sugar concentration, and various agronomic traits. As it is often difficult to maintain high recoverable sucrose yield in sugarbeet cultivars with high levels of diseases tolerance to CLS, development of tailored management programs to preserve desirable agronomic qualities are also required (Smith and Gaskill, 1970; Smith and Campbell, 1996).

While fungicides are extensively used for CLS management (Ruppel, 1986; Jacobsen and Franc, 2009), C. beticola is at high-risk for fungicide resistance development because of the numbers of fungicide applications each season (averages of 6-8 in severe epidemics in Michigan), high-level of genetic diversity in C. beticola populations (Vaghefi et al., 2016; Vaghefi et al., 2017a; Vaghefi et al., 2017b), and the numerous rounds of infection each season (McKay and Pool, 1918; Vereijssen et al., 2007). Reduced sensitivity to multiple fungicide groups including organotins, quinone outside inhibitors, demethylation inhibitors and benzimidazoles has been detected for C. beticola populations (Georgopoulos and Dovas, 1973; Ruppel and Scott, 1974; Giannopolitis, 1978; Cerato and Grassi, 1983; Bugbee, 1995; Karaoglanidis et al., 2000; Weiland and Halloin, 2001; Secor et al., 2010; Kirk et al., 2012; Rosenzweig et al., 2020). Thus, there is a critical need for integrated management strategies to control CLS in sugarbeet.

One understudied and underutilized strategy for managing CLS is the reduction of primary inoculum. In Michigan, evidence of infectious C. beticola spores has been found as early as April, with consistent early-season detections in 2017-2019 (Bublitz et al., 2021). Tedford et al. (2018) reported similar findings of airborne conidia present in early May in Ontario, Canada. Early detections of C. beticola spores from April through June in fields previously planted to beet support these as a primary inoculum source in North Central and Northeastern regions. This further provides evidence for successful overwintering of C. beticola, which may be present on leaf debris in the soil or on alternative hosts (Pool and McKay, 1916; Khan et al., 2008). In years between sugarbeet crops, infections of alternate hosts arising from overwintered sources would create a fresh source of inoculum in the field (Ruppel, 1986). Additionally, neighboring fields that were planted to beets the year prior will serve as an abundant source of inoculum.

Deep tillage has been shown to reduce C. beticola inoculum (Ruppel, 1986; Khan et al., 2008), however, this has become a less common practice in Michigan and Minnesota due to its disruption of soil structure. With the move to minimum tillage practices, alternative sanitation strategies are critical to enhance decomposition of leaves and potentially reduce inoculum. Studies of tillage-alternative residue management practices in apple, pear, and citrus have tested treatments such as urea, sugarbeet pulp, sugar cane pulp, dolomitic lime, fungal antagonists, and shredding of leaf litter (Spotts et al., 1997; Vincent et al., 2004; Heijne et al., 2006; van Bruggen et al., 2017). Similarly, herbicides used for preharvest defoliation or desiccation (Stahler, 1953) could accelerate leaf degradation with further potential to directly or indirectly impact disease (Altman and Campbell, 1977). Heating foliage to high temperatures could be further considered for potential sanitation due to the reports of 45.5°C being lethal to C. beticola (Pool and McKay, 1916). A propane-fueled foliar heat treatment impacted CLS lesion sporulation and viability of C. beticola for sugarbeets that were inoculated and grown in the greenhouse (Bublitz, 2019), supporting the potential for such a strategy. Strategic sanitation and inoculum management would reduce next-year disease pressure and have long-term economic, ecological, and environmental benefits.

This study aimed to i) assess potential end-of-season and early-season management strategies to reduce C. beticola inoculum levels and CLS severity in subsequent or current seasons and ii) investigate chemical and non-chemical sanitation practices as integrated tools to improve CLS management and reduce losses in root weight and sugar content. Treatments with the potential to reduce C. beticola overwintering and survival were tested in field experiments in Michigan and Minnesota. Three treatments were included in this study. One was a standard plow or tillage application to promote leaf degradation and reduce overwintering success in host material. The second treatment was a propane-fueled foliar heat treatment to directly reduce pathogen survival after exposure to high temperatures. The foliar heat treatment was applied in the spring to directly assess pathogen reduction (in Minnesota), or in the fall to incorporate potential increases in the rate of leaf degradation (in Michigan). The third treatment tested was a chemical desiccant to increase the rate of leaf degradation and reduce overwintering success in host material. To our knowledge, the current study is the first to test the use of in-field heat treatment and chemical desiccation for foliar disease management in sugarbeet.




2 Methods



2.1 Inoculum reduction trials of fall-applied treatments



2.1.1 Trial information

The experiment was conducted at the Saginaw Valley Research and Extension Center (SVREC) in Frankenmuth, MI from 2019 to 2022 (Table 1). This location had Tappan-Londo loam soil with 0 to 3 percent slopes (USDA-NRCS (United States Department of Agriculture, Natural Resources Conservation Service), 2019) and the site received only natural precipitation. The trial consisted of a two-year experimental design to test treatments applied in the fall (at the end of the sugarbeet growing season) for the potential to reduce inoculum the following season. In all years, treatments were applied to four-row 3 m by 18 m plots, replicated four times, and arranged in a randomized complete block design (RCBD). Field tests of fall-applied treatments were repeated over two years.


Table 1 | Field trial information for six studies on Cercospora leaf spot of sugarbeet conducted at the Saginaw Valley Research and Extension Center (SVREC) in Frankenmuth, MI and in Renville, MN from 2019-2022.






2.1.2 Cercospora beticola inoculation

In the first year of each two-year study, inoculations were made using a tractor-mounted field sprayer to apply a C. beticola spore solution (approximately 1x103 spores/mL) at 140 L/ha. The conidial suspension was produced from dried CLS-symptomatic sugarbeet leaves collected the previous season, rehydrated and agitated in water, and filtered from leaf particulates (Eujayl et al., 2022). Symptomatic leaves were naturally- and artificially-infested with C. beticola, resulting in a representative mixture of local isolates. Inoculum was applied July 9, July 23, and July 12 in 2019, 2020, and 2021, respectively. Sugarbeets were grown to at least the 10-12 leaf growth stage prior to inoculation. Initial lesions were observed approximately 7-10 days after inoculation and severe CLS was typically observed by early-September each year, reaching a KWS (Kleinwanzlebener Saatzucht, 1970) CLS severity rating of 8-9 (on a 0-10 scale, see 2.5). To accurately assess impacts of treatments on overwintered inoculum from the first year, a susceptible sugarbeet variety was planted, with a 3-m buffer surrounding all plots (Table 1), and not inoculated or treated in the second year of each two-year study; the two-year sugarbeet rotation was used only as a research tool and does not represent recommended industry practices.




2.1.3 Treatments

From 2019-20, the following fall treatments were evaluated: 1) non-treated control, 2) plow with a 3-m tandem disc set to invert soil 15-cm (6 inches) immediately post-harvest, 3) heat treatment using a custom designed 3.25-m wide propane-fueled, tractor-mounted shield burner initially designed for weed control (Multi-Trail Enterprises LLC; Supplementary Figures 1A-D) calibrated to heat foliage to 649-871°C at 1.6 kmph (1 mph) prior to defoliation, and 4) desiccant (saflufenacil; Sharpen 0.07 L/ha) applied seven days pre-harvest (McNaughton et al., 2015). The desiccant was applied with a CO2-powered backpack sprayer equipped with four 8004XR nozzles (76-cm spacing; TeeJet Technologies) calibrated at 140 L/ha. Methylated seed oil (1% v/v) surfactant and ammonium sulfate (2037 g/L) adjuvant were added to promote uptake and efficacy of the desiccant. The temperature of the heat treatment was measured prior to the study using several K thermocouple sensors connected to a S220-T8 data logger (Huato Electric Co., Ltd.). The thermocouple sensors were positioned at foliage level, at the soil surface level, and less than 1.25 cm beneath the soil surface as the burner was driven over them at 1.6 kmph. Beneath the burner implement, temperature notably decreased at and below ground levels (data not shown); thus, all heated plots were treated prior to defoliation to achieve high target temperatures at the canopy level. From 2020-21, experiments were repeated with the addition of the heat treatment applied at 4.8 kmph (3 mph). In 2021-22, the 4.8 kmph heat treatment was repeated for a second time with the non-treated control; as consistent performance was observed in 2019-20 and 2020-21 trials, the 1.6 kmph heat and desiccant treatments were not included.





2.2 Inoculum reduction trials of spring-applied treatments



2.2.1 Trial information

Three experiments were conducted on a trial site near Renville, MN in 2019, 2020, and 2021 (Table 1). Soil types at this site ranged from Cordova-Rolfe complex clay to silt loams at 0 to 2 percent slopes to Normania loam at 1 to 3 percent slopes (USDA-NRCS, 2019). The season before treatment application, susceptible sugarbeets were grown and not treated with fungicide to achieve a KWS severity rating of 9 (at least 25% of leaf surface area impacted) by the end of September. Beets were defoliated in the fall and leaf residue was left on the soil surface to overwinter until spring. Treatments tested in this experiment were applied in the following spring the same day as planting. In all years, all treatments were applied to 3 m by 3.4 m plots, replicated four times, and arranged in an RCBD.




2.2.2 Treatments

Three treatments similar to the fall applications were tested for inoculum reduction potential. Treatments included a 1) non-treated control, 2) tillage with a rotary tiller in the spring (prior to planting) to a depth of 10 cm to bury the residue and then raking by hand to create a firm seed bed for planting, and 3) propane burner application using a handheld Flame King Heavy Duty Propane Torch Weed Burner (Pico Rivera CA 90660; Supplementary Figure 1E) to the residue to target C. beticola survival over the winter. Sugarbeets were planted immediately after treatments were applied to the trial area.





2.3 Overwintering assessments for fall-applied treatments



2.3.1 Symptomatic leaf samples

To evaluate survival of the pathogen over time, leaf samples from each treatment were assessed for percent lesion sporulation and isolation at 0-, 45-, 90-, and 135-days post-harvest (DPH) in the 2019-20 and 2020-21 trials. In 2021-22, leaf samples were assessed at 0-, 35-, 70-, and 168-DPH. All leaf samples contained eight sugarbeet leaves with distinct CLS lesions (between 0.1 to 3% symptomatic leaf area) that were arbitrarily collected from the middle canopy in the center two rows of each plot at harvest following treatment application. Post-harvest leaf samples were placed in mesh bags (approximately 66 cm by 37 cm, mesh size 5 mm2) and placed in the field. Bags were slightly incorporated (less than or equal to 2.5 cm) into the soil for all treatments except the plow treatment where the bags were buried 15.2 cm to simulate tillage effect on leaf residue.




2.3.2 Leaf degradation

In 2019-20 and 2020-21, at-harvest leaf samples were stored in a cold room at 4°C for four days prior to destructive sampling. After collection from the field, post-harvest leaf samples were stored for three days at 4°C, rinsed with tap water over a 2.00-mm sieve to remove soil debris, and then left to air dry overnight between paper towels, for a total of four days after collection. In 2021-22, at-harvest leaf samples were stored at 4°C for five days prior to destructive sampling; post-harvest leaf samples were stored for four days at 4°C then rinsed and dried as described, for a total of five days after collection. At-harvest samples were collected directly from sugarbeet plants prior to defoliation and did not require rinsing to remove soil residue.

In 2019, leaf samples were photographed four days after collection and later measured using ImageJ software (Schneider et al., 2012). The total leaf area was calculated for each replicate sample and then divided by the number of leaves in each sample to estimate the standardized leaf area for each plot. To more accurately measure leaf degradation in 2020 and 2021, leaf samples were weighed at harvest and four or five days after recovery from the field, respectively. Percent leaf degradation was calculated by subtracting final weight from initial weight and dividing by the initial weight at harvest.




2.3.3 Cercospora beticola viability: lesion sporulation

After collection and handling as described, all eight leaves from each sample were placed in moist chambers at room temperature (21-24°C) with ambient light conditions to induce sporulation of CLS lesions (Bublitz, 2019). Moist chambers were composed of 3.8-liter plastic resealable bags with a moist paper towel wetted with deionized water. Bags were inflated gently with ambient air. After three days, percent CLS lesion sporulation was measured by counting the number of sporulating lesions on each leaf using a dissecting binocular stereo microscope (7-10x magnification; Leica ZOOM 2000) and dividing by the total number of lesions assessed on each leaf.




2.3.4 Cercospora beticola viability: lesion isolation

Ten lesions were arbitrarily selected from across each sample of eight leaves and excised using a 5-mm diameter cork-borer. The lesions were surface disinfested using an 8.25% sodium hypochlorite solution for 30 seconds, triple rinsed with sterile deionized water, air-dried on a sterile paper, and placed on 1.5% water or rose bengal agar (Millipore Sigma) with 0.5 g/L streptomycin and 0.25 g/L ampicillin to inhibit bacterial growth. Hyphal tip transfers (Brown, 1924) onto clarified V8 (CV8) agar (Miller, 1955) media amended with CaCO3 (0.8 g/L) with 0.5 g/L streptomycin and 0.25 g/L ampicillin were used to isolate pure cultures of C. beticola based on morphological characteristics. Hyphal tip transfers were done twice to ensure pure cultures of C. beticola (Forsyth et al., 1963). Percent CLS lesion viability was calculated by dividing the number of successful C. beticola isolations by the total number of lesions plated.





2.4 Early-season sentinel beet sampling for fall-applied treatments



2.4.1 Live spore trap maintenance and in-field exposure

In 2020, 2021, and 2022, highly CLS susceptible beets (germplasm F1042) were used to assess the efficacy of inoculum reduction strategies (USDA-ARS (United States Department of Agriculture, Agricultural Research Service), 2017). These highly susceptible sugarbeets were referred to as “sentinel beets” because they were used to monitor in-field spore presence (Bublitz et al., 2021). In the MSU Plant Science Research Greenhouse Complex, F1042 sugarbeet seeds were mass planted in SureMix growing media (Michigan Grower Products, Inc.). Four sugarbeet seedlings at the cotyledon growth stage were transplanted to each planting box (61.0 cm by 30.5 cm) and maintained in the same greenhouse. Plants were fertilized at planting with Osmocote Smart-Release Plant Food Flower & Vegetable (Scotts Miracle-Gro, N-P-K 14-14-14) and approximately once per month with Osmocote Smart-Release Plant Food Plus Outdoor & Indoor (Scotts Miracle-Gro, N-P-K 15-9-12 plus micro- and secondary nutrients) according to labeled rates. Plants also were watered two to three times a week depending on greenhouse conditions. Nontarget diseases and insect pests impacting sentinel beets, e.g., powdery mildew, thrips, and aphids, were monitored and managed by greenhouse staff; to reduce potential residual effects on C. beticola, Sulfur Plant Fungicide (sulfur 90%) was applied as necessary to manage powdery mildew (2-3 applications per year).

Once the sugarbeets reached the 10-14 leaf stage, one box of sentinel beets was placed in three of the four replicate field plots for each treatment. Boxes were left in the field for seven days before returning to the greenhouse, starting at 7 to 39 days after planting (DAP) of the field experiments and continuing until 60 to 95 DAP (Supplementary Table 1). Sentinel beets were used as live spore traps to estimate early levels of viable inoculum in each plot. Of note, an insecticide treatment of Mainspring (cyantraniliprole 18.66%) at 236.6 ml/3.8 L (8 fl oz/100 gal) was applied to sentinel beets seven days prior to field exposure to reduce leaf miner and thrips infestation in the field. While in the field, wire cages (constructed from poultry netting) were secured onto the planting box to reduce animal feeding and disturbance. Sentinel plants were also manually watered twice weekly dependent on occurrence of natural rain events.




2.4.2 Live spore trap incubation and symptom observation

After seven days of exposure in the field, sentinel beets (one box of four beets collected from each of three replicate plots per treatment) were placed in a humidity chamber to provide favorable conditions for C. beticola infection. The chamber consisted of steel shelves lined and enclosed with plastic sheeting (4-mm thick clear poly) and was kept at a temperature of 27°C with humidifiers supplying a humidity greater than 95% (Bublitz et al., 2021). After three days in the humidity chamber, the boxes of beets were returned to the greenhouse for three weeks. Greenhouse temperatures varied between 20 to 30°C degrees and received natural light (Bublitz et al., 2021). Characteristic CLS lesions (Windels et al., 1998; Weiland and Koch, 2004) were identified and counted on each plant and the total number of lesions for each box of beets was recorded. Lesions were only counted if pseudostromata, a distinguishing characteristic of Cercospora leaf spots, were detected using a hand lens (3x to 6x magnification).

A non-inoculated control was incubated with field-exposed sentinel beets to monitor secondary dispersal of conidia within the humidity chamber. Asymptomatic sentinel beets of the same age as the field-exposed beets were kept separately in the greenhouse before placing in the moist chamber. No to low (1-6 lesions) CLS symptoms were observed on the non-inoculated controls during the study.





2.5 Disease pressure assessments for fall- and spring-applied treatments

Disease severity data were collected from the middle two rows of each plot. The KWS (Kleinwanzlebener Saatzucht, 1970) CLS standard surface area rating scale was used for fall-applied treatment evaluations in 2020 and 2021 and all spring-applied treatment evaluations. The KWS scale ranges from 1 to 10, in which 1 = 1-5 spots/leaf (0.1% severity), 2 = 6-12 spots/leaf (0.35% severity), 3 = 13-25 spots/leaf (0.75% severity), 4 = 26-50 spots/leaf (1.5% severity), 5 = 51-75 spots/leaf (2.5% severity), 6 = 3% severity (proven economic damage), 7 = 6% severity, 8 = 12% severity, 9 = 25% severity, and 10 = 50% to 100% severity.

To more easily evaluate whole plant symptoms, the Agronomica (Battilani et al., 1990) CLS severity scale (0-5) was used in 2022 and standardized to a 0-10 scale, where 0 = healthy foliage, 1 = a single isolated spot on some leaves, 2 = 50% of outer leaves show one to a few spots ~20 per leaf, 3 = outer leaves ~50% foliage show 20-100 spots per leaf, 4 = nearly all outer leave are affected by several spots (still isolated), 5 = some (2-4) outer leaves show coalescence of spots to necrotic areas (first spots appear on the inner leaves), 6 = fully and almost grown leaves show several coalesced necrotic areas of 1-2 cm in diameter (that do not lead to large necrotic areas), 7 = some (2-4) outer leaves show relatively large necrotic areas (20-30% of the leaf area), 8 = for the first time some leaves (2-8) show 80-100% severity, 9 = the entire foliage is strongly affected, 10 = the original foliage is completely destroyed.

Disease observations were collected biweekly from mid-June until harvest in late-August or early-September. Area under the disease progress curves were calculated using CLS severity ratings in the below equation:

	

The rating time points in a sequence are considered (ti) and the associated measures of the disease level (yi); y(0) = y0 is defined as the initial infection or the disease level at t = 0. A(tk), the AUDPC at t = tk, is the total accumulated disease until t = tk (Madden et al., 2017).




2.6 Yield and sugar assessments for fall-applied treatments

In the second year of each trial, two center rows of each treatment plot were mechanically harvested and weighed to determine yield. Root subsamples (approximately 10 kg) were collected from the center two rows of each plot. Sugar analysis was conducted by Michigan Sugar Company (Bay City, MI) as described in Tedford et al. (2019) to assess percent sugar and recoverable white sugar per ton (RWST). Samples were sliced using a rasping circular saw to obtain 1 L of root pulp (brei), which was filtered and the juice extracted for sucrose yield and standard quality analysis (Carruthers & Oldfield, 1961). The polarimeter method was used to determine sucrose content (Halvorson et al., 1978). Methods reported by Last et al. (1976) were used to determine sucrose purity (clear juice purity, CJP) and brei impurity amino-N. Recoverable white sucrose per metric ton of fresh beets (RWS) was calculated as in Van Eerd et al. (2012) and converted to recoverable white sucrose per hectare (RWSH) using the following equation: RWSH (metric ton/hectare) = RWS (kg/metric ton) × Total Yield (metric ton/hectare) ÷ 1000. As disease impacts were the primary focus in studies evaluating spring-applied treatments, yield and sugar were not measured.




2.7 Statistical analyses

For all experiments, treatment was evaluated as the fixed effect of interest and replicate was considered a random effect. Due to differences in experimental treatments and design, years and locations were analyzed separately. Analysis of variance (ANOVA) was conducted using SAS (Statistical Analysis System) v. 9.4 software package (SAS Institute, Inc. Cary, NC, United States) to determine treatment effects on percent C. beticola sporulation and isolation, standardized leaf area, percent leaf degradation, early-season lesion counts from sentinel beets, AUDPC, yield, percent sugar, RWS, and RWSH values. Sentinel beet lesion count data were normalized using the lognormal distribution option to best fit this data (Gbur et al., 2012). Statistical analyses (mixed model ANOVA) were conducted using the generalized linear mixed model (GLIMMIX) procedure (SAS Institute Inc., 2013) and evaluated at the α = 0.05 significance level. Fisher’s protected least significance difference (LSD) was used for mean comparisons. LSD was calculated to compare treatment differences using letter separation option “mult” macro (Piepho, 2012).





3 Results



3.1 Leaf degradation after fall-applied treatments

No differences were detected in standardized leaf area for treatments tested 2019-20 (P = 0.0757; Table 2). However, significant differences in percent leaf degradation were detected in 90- (P< 0.05) and 135-DPH (P< 0.01) samples for treatments tested 2020-21, with observable differences in leaf tissue recovered (Supplementary Figure 2).


Table 2 | Standardized leaf area and percentage sugarbeet leaf degradation for at-harvest and soil incorporated post-harvest samplesz,y collected 0-, 45-, 90-, and 135-days post-harvest (DPH) from fall-applied field studies in 2019-2020 and 2020-2021.



In 2020-21, heat treatment at 4.8 kmph and desiccant treatments resulted in leaf degradation comparable to the control at all timepoints. Leaf degradation resulting from the plow treatment was significantly greater than degradation in the control at 90-DPH (P< 0.05) and was comparable to the 1.6-kmph heat treatment at 90- and 135-DPH. However, differences between the plow and control treatments were not detectable by 135-DPH. In the repeated test conducted in 2021-22, the heat treatment at 4.8 kmph resulted in significantly reduced leaf degradation compared to the control at 0-DPH (Table 3) but was comparable to the control at all subsequent timepoints.


Table 3 | Percent sugarbeet leaf degradation for at-harvest and soil-incorporated post-harvest samplesz,y collected 0-, 35-, 70-, and 168-days post-harvest (DPH) from fall-applied treatments in field studies in 2021-2022.






3.2 Cercospora beticola survival after fall-applied treatments

In the 2019-20 trial, significant treatment differences were detected in percentage of CLS lesion sporulation (P< 0.0001) and C. beticola isolation frequencies (P< 0.05) for 0-DPH samples (Table 4). Compared to the non-treated control, CLS lesion sporulation and C. beticola isolation were reduced in leaf samples from heat-treated plots by 99 and 91%, respectively. No significant differences were detected in sporulation or isolation frequencies of C. beticola from leaf samples evaluated at 45-, 90-, or 135-DPH in this trial (P > 0.05).


Table 4 | Cercospora leaf spot lesion sporulation (Sp) and C. beticola isolation frequencies (Is) from soil-incorporated sugarbeet leaf samples collected from Michigan studies at post-harvest timepoints following fall-applied treatments in 2019-2020, 2020-2021, and 2021-2022.



In the 2020-21 trial, significant reductions in percent lesion sporulation were observed at 0-DPH (P< 0.0001), 45-DPH (P< 0.01), and 90-DPH (P< 0.05) for leaf samples in heat treated plots compared to the control (Table 4). Percentage point reductions in sporulation were greater than 70% at-harvest, 20% at 45-DPH, and 5% at 90-DPH for 1.6- and 4.8-kmph heat treatments compared to the control. Percent sporulation was reduced to 0% for the 1.6-kmph heat treatment at each time point and 0.3% or lower for the 4.8-kmph treatment. No significant differences were observed in lesion sporulation for samples evaluated at 135-DPH (P > 0.05). No differences were detected in isolation frequencies of C. beticola from leaf samples evaluated at 0-, 45-, 90-, or 135-DPH (P > 0.05).

In the 2021-22 trial, the 4.8-kmph treatment significantly reduced percent sporulation for at-harvest, 35-, and 70-DPH samples compared to the control (P< 0.05, Table 4). A 31% decrease in percent sporulation was seen for the heat-treated samples compared to the control at-harvest. There were no significant differences between percent sporulation for the 4.8-kmph heat treated and control samples at 168-DPH or percent isolation at any sampling time.

In both the 2019-20 and 2020-21 trials, lesion sporulation was significantly reduced in the desiccant treatment compared to the control at 0-DPH (Table 4). This reduction, however, was not consistent at remaining overwintering timepoints in either year. The plow treatment did not result in consistent reductions of lesion sporulation in 2019-20 samples but significantly reduced lesion sporulation in 2020-21 samples collected 45- and 90-DPH.




3.3 Early-season inoculum assessments after fall-applied treatments

In 2020, following 2019 fall-applied treatments, reduced numbers of CLS lesions were observed on live spore traps (sentinel beets) in heat-treated plots from May 26-June 2 (P< 0.05) and June 2-9 (P< 0.01) (Table 5), up to 46 to 53 days after planting. The number of CLS lesions observed on sentinel beets in the plow and desiccant treatments were not significantly different from the control at any sampling timepoint.


Table 5 | Number of Cercospora leaf spot lesions observed on live spore traps (sentinel beets) placed in Michigan field studies in 2020, 2021, and 2022 (the year following fall-applied treatments).



In 2021, following 2020 fall-applied treatments, the 1.6-kmph heat treatment resulted in significantly fewer lesions on sentinel beets sampled June 15-22 (P< 0.005, Table 5), 39 to 46 days after planting. No significant differences were seen in treatments sampled June 1-8 (P = 0.1128). Inoculum levels in the plow and desiccant treatments were again not significantly different from the control at any sampling timepoint.

In 2022, following 2021 fall-applied treatments, no significant differences were detected between the number of lesions for the 4.8-kmph heat treatment compared to the control (Table 5).




3.4 Early development of CLS after fall-applied and spring-applied treatments

Following fall-applied heat treatments, next-year CLS was monitored until moderate to severe disease severity levels were achieved in 2020 (8-10), 2021 (3-6), and 2022 (8-10). No fungicide treatments were applied to this trial, and disease naturally progressed beyond these assessments until high levels of CLS developed across all treatments. Analyses focused, therefore, on early-season disease development 39-139 days after planting. The fall heat treatment significantly reduced CLS pressure in 2020 and 2021 (P< 0.05) compared to the non-treated control (Figures 1A, B). Greater than 35% reductions in AUDPC were observed in fall heat-treated plots at 1.6 kmph in 2020. In 2021, greater than 25, 30, and 20% reductions were measured for the plow, 1.6-kmph, and 4.8-kmph heat treatment, respectively. Upon further investigation, following 1.6-kmph heat treatment visual reductions in CLS severity were sustained for six to eight weeks of the growing season (Figures 2A, B). No significant differences between treatment AUDPC were observed in 2022 (Figure 1C). CLS severities following the 4.8-kmph heat treatment, however, were reduced for approximately four weeks of the growing season (Figure 2C).




Figure 1 | Mean area under the disease progress curve (AUDPC) values from Michigan field studies collected in (A) 2020, (B) 2021, and (C) 2022, the years following fall-applied treatments. Treatments included were a non-treated control, plow with a 3-m tandem disc set to invert soil 15 cm. immediately post-harvest, heat treatment using a propane-fueled burner (Multi-Trail Enterprises LLC) calibrated to heat foliage to 649-871°C at 1.6 kmph and 4.8 kmph prior to defoliation and a desiccant (Sharpen 0.07 L/ha, methylated seed oil 1% v/v, ammonium sulfate 2037 g/L) applied seven days pre-harvest. AUDPC values were calculated according to Madden et al. (2017) using severity ratings collected at 5 timepoints; ratings were based on the KWS severity scale (0-10) in 2020 and 2021 and the Agronomica severity scale (standardized to 0-10) in 2022. Bars represent the means of four replicate plots and error bars represent standard errors. Bars with the same letter were not significantly different based on Fisher’s Protected LSD (α = 0.05). Analyses were conducted within each year.






Figure 2 | Mean Cercospora leaf spot severity progression on sugarbeet in (A) 2020, (B) 2021, and (C) 2022, following fall-applied treatments evaluated in Frankenmuth, MI. Treatments included a non-treated control, plow with a 3-m tandem disc set to invert soil 15 cm. immediately post-harvest, heat treatment using a propane-fueled burner (Multi-Trail Enterprises LLC) calibrated to heat foliage to 649-871°C at 1.6 kmph and 4.8 kmph prior to defoliation, and a desiccant (Sharpen 0.07 L/ha, methylated seed oil 1% v/v, ammonium sulfate 2037 g/L) applied seven days pre-harvest. In 2020 and 2021, CLS ratings were based on the KWS severity scale (0-10) in 2020 and 2021 where 0 is 0.1% severity (1-5 spots per leaf) and 10 is 50% severity. In 2022, the CLS ratings were based on the Agronomica (Battilani et al., 1990) severity scale standardized to 0-10 scale where 0 is completely healthy foliage and 10 is completely destroyed original foliage with respect to CLS. Each point represents a mean of four replicate field plots. Date axes start at the planting date and end at the harvest date for each year.



In studies of spring-applied heat treatments, same-year disease development was assessed until moderate to severe CLS levels were achieved in 2019 (4-8.5), 2020 (7-9), and 2021 (7-9). AUDPC was significantly lower for plots following spring (pre-plant) tillage and heat treatment application of infected leaf residue in 2019 (P< 0.05) and 2021 (P< 0.0001) (Figures 3A, C) but not in 2020 (P = 0.0704; Figure 3B); significant reductions corresponded to three to four weeks of visual CLS severities less than control plots (Figures 4A, C). In 2020, visible differences in CLS severities were detected for about four weeks of the growing season, though less delineation between treatments was observed than in other years (Figure 4B).




Figure 3 | Mean area under the disease progress curve (AUDPC) values from Minnesota field studies in (A) 2019, (B) 2020, and (C) 2021. Treatments included a non-treated control, tillage with a rotary tiller in the spring (prior to planting) to a depth of 10 cm to bury the residue, and propane burner heat application using a handheld Flame King Heavy Duty Propane Torch Weed Burner (Pico Rivera CA 90660). AUDPC values were calculated according to Madden et al. (2017) using severity ratings collected at 8-9 timepoints; ratings represented scores assigned by two to four raters and were based on the KWS severity scale (0-10). Bars represent the means of four replicate plots and error bars represent standard errors. Bars with the same letter were not significantly different based on Fisher’s Protected LSD (α = 0.05). Analyses were conducted within each year.






Figure 4 | Mean Cercospora leaf spot severity progression in (A) 2019, (B) 2020, and (C) 2021, following spring-applied treatments evaluated in Renville, MN. Treatments included a non-treated control, tillage with a rotary tiller in the spring (prior to planting) to a depth of 10 cm to bury the residue, and heat treatment of residue using a propane-fueled using a handheld Flame King Heavy Duty Propane Torch Weed Burner (Pico Rivera CA 90660) immediately prior to planting. CLS ratings were based on the KWS severity scale (0-10) where 0 is 0.1% severity (1-5 spots per leaf) and 10 is 50% severity. Each point represents a mean of four replicate field plots. Date axes start at the planting date and end August 15 for each year as trials were not harvested.






3.5 Final yield and sugar after fall-applied treatments

No treatments yielded significantly differently from the control in any year (P > 0.05) (Table 6). There were no statistical differences detected in percent sugar, RWS, or RWSH for any treatments in the 2019-20, 2020-21, or 2021-22 trials. Overall, the heat treatment did not have any beneficial or deleterious effects on sugarbeet root or sugar yield at- or post-harvest (data not shown).


Table 6 | Sugarbeet yield, percent sugar content, and recoverable white sugar from Michigan field studies collected in 2020 and 2021 (the year following fall-applied treatments).







4 Discussion

Fall heat treatment of CLS-infested sugarbeet foliage (at temperatures 649-871°C) consistently reduced C. beticola sporulation in planta immediately following burner application. Reductions in isolations from leaves were not consistently observed, however, frequencies were low due to inhibition of C. beticola growth by competition of abundant soil microorganisms and potential antagonists. The sporulation results support previous reports that high temperatures were lethal to C. beticola (Pool and McKay, 1916). Following either fall- or spring-applied heat treatments, CLS levels in the subsequent sugarbeet crop were also reduced with consistent decreases in AUDPC. These observations indicate initial reductions in C. beticola viability and overwintering survival further impacted subsequent conidia production and in-field CLS severity. Burning for “thermosanitation” has been shown to reduce inoculum and incidence of plant pathogens in forestland, fruit crops, cotton, sugarcane, and grain crops (Hardison, 1976). In particular, burning stubble was shown to effectively control Claviceps purpurea (causal agent of ergot) and Gloeotinia temulenta (causal agent of blind seed disease) in grass seed crops (Hardison, 1980). It is important to note that the method tested in this study did not burn the leaves (Supplementary Figure 1C) or yield large amounts of smoke, which are problems with burning for disease management. Moreover, temperatures at or above 121°C were found to reduce Rhizoctonia oryzae-sativae sclerotia survival in vitro (Lanoiselet et al., 2005). Together, these studies demonstrated that high temperatures for brief periods of time can affect fungal survival, reproduction, and subsequent disease development, which is likely to be a factor for C. beticola as well, even in leaf tissue.

Beyond the overwintering impacts, the fall-applied heat treatment at 1.6 kmph consistently resulted in significant reductions in early-season spore levels. No notable reductions were achieved using the plow or desiccant treatments or using heat treatment at 4.8 kmph. The 4.8 kmph heat treatment did not significantly reduce early-season C. beticola levels, which indicates that a longer heat exposure, as would be provided by the 1.6 kmph treatment, may provide more effective and more consistent inoculum management. High temperatures over a certain period of time are typically needed to eliminate a particular pathogen, though this is temperature and pathogen dependent (Suárez-Estrella et al., 2003; Lanoiselet et al., 2005; Jung et al., 2009). Significant impacts on C. beticola were observed in the current study after an estimated less than 1 second exposure per plant (approx. 5-second exposure per meter) to temperatures of 649-871°C.

The results of this study also demonstrated the potential for both heat treatments, along with the already well-established plow treatments, to increase leaf degradation over the winter, which may also contribute to reductions in subsequent inoculum levels. Plowing has long been known to reduce CLS survival (Townsend, 1914). Buried residue has been shown to decompose faster than residue left on the soil surface (Nagel, 1938; Solel, 1970; Ruppel, 1986; Pereyra et al., 2004; Khan et al., 2008) with potential to reduce pathogen survival. Similarly, buried wheat residue decomposition to less than 2% after 24 months was associated with 50% reductions in colonization of Fusarium graminearum (syn. Gibberella zeae) inoculum, the disease-causing agent of Fusarium head blight (Pereyra et al., 2004). The current study demonstrated that the plow treatment (depth of 15 cm) increased sugarbeet leaf residue degradation numerically by 5 to 10 percentage points compared to the control at 90- and 135-DPH in 2020-21, with corresponding significant reductions in C. beticola sporulation observed up to 90-DPH. Notably, the fall heat treatment at 1.6 kmph resulted in comparable increases in residue degradation and reductions in C. beticola sporulation. Overall, significant impacts of tillage and heat treatment on sugarbeet leaf residue (and C. beticola viability) were achieved after only 3 to 4 months. These findings support the potential use of heat treatment as a viable alternative to plowing, which is more compatible with current recommendations for limited tillage (Hao et al., 2001; Tzilivakis et al., 2005).

While effective at managing crop residues, studies also have shown that soil-disturbing management strategies, such as plowing and tillage, can have undesirable impacts on soil structure, nutrient levels, and microbial populations (Hungria et al., 2009; Miura et al., 2015; Xue et al., 2018). Further tillage consequences can include reduced soil fertility, loss of soil structure and porosity, as well as reduced soil organic matter and beneficial soil organisms (Rieke et al., 2022). Conventional tillage also may increase soil erosion, pesticide and nutrient runoff, and emission of greenhouse gases (Withers and Lord, 2002; Cerdan et al., 2010; Smith et al., 2016). Minimum tillage or no-till has been a recommended practice globally, especially in areas with limited water (Hao et al., 2001; Tzilivakis et al., 2005). In sugarbeet, root and sugar yields were not significantly altered from conventional tillage to no-till management systems and an estimated $111/ha could be saved through decreases in fuel, labor, and total machine costs under a no-till system (Afshar et al., 2019). While plow and tillage treatments have been shown to increase leaf degradation and reduce CLS pressure in numerous experiments (see above) including the current study, similarly effective alternative practices for beet residue management, such as heat treatment, would be valuable for the industry. The current study supports the need for additional management tools for conventional and organic systems with the fall- and spring-applied heat treatments showing greater promise as an integrated pest management strategy compared to tillage.

Despite consistent reductions in C. beticola sporulation over the winter following plow treatments, there were no observable differences in early-season C. beticola conidia levels detected by sentinel beets and inconsistent impacts on AUDPC between trial years and locations. In Michigan, variability in efficacy of the plow treatment could be attributable to differences in winter conditions. Total precipitation from September to April was 190 mm more in 2019-20 (Supplementary Figure 3A) than 2020-21 (Supplementary Figure 3B); winter soil temperature during the same interval was slightly lower in 2020-21 compared to 2019-20 (Enviroweather, n.d). Differences in soils and environments are known to impact C. beticola survival. Changes in soil moisture, temperature, and microbial communities could all affect residue decomposition (Homet et al., 2021). Due to the variability in plow and tillage impacts observed here, the heat treatment may offer targeted and more reliable effects on C. beticola and subsequent CLS management, but this will need further testing in varied environments.

Compared to tillage treatments, heat treatment was expected to minimize effects in the soil profile (Hardison, 1976; Rahkonen et al., 1999). For example, minimal soil heating occurs during open grass fires and there is very little impact on the soil surface by flame treatment (Hardison, 1976). Furthermore, propane heat treatment at 100 kg/ha had little effect on microbial biomass in the upper soil profile where temperature increases of 4.0°C and 1.2°C were observed at 5- and 10-mm depths, respectively (Rahkonen et al., 1999). Thus, heat treatments present minimal threat to the soil microbial communities. In the current study, both heat treatments were briefly applied, with the fall treatment applied above the soil at canopy level and considerable reductions in temperature at and below the soil surface, further limiting the temperature impact on the soil structure and microbial communities. No negative impacts of the heat treatment were observed on sugarbeet yield or quality, however, further studies of potential impacts on microbial communities would be necessary. Notably, the heat treatment did not negatively affect sugar levels. Yields across all trial years in the Michigan tests were limited and below industry standards of approximately 64 MT/ha (USDA-NASS (United States Department of Agriculture, National Agricultural Statistics Services), 2019), likely due to back-to-back planting of sugarbeets in two consecutive years (research tool only), minimal pre-season nutrient inputs, and no fungicide applications to manage diseases, including CLS, Rhizoctonia root and crown rot, and others present in the region. Current conclusions, therefore, focus on the potential of each practice to manage C. beticola survival in sugarbeet residues and the reductions in subsequent CLS pressure.

The cost of heat treatment is relatively inexpensive, compared to time and labor, for weed management (Crop watch, 2015; Flame Engineering Inc, n.d) or application costs for fungicide applications, as well as additional soil compaction if repeatedly entering the field for ground applications. At 1.6 kmph, the propane-fueled, tractor-mounted heat treatment used for the fall-applied field study used approximately $300/ha in propane (output of 465 L/ha), based on the ten-year average for U.S. residential propane prices of $0.63/L (ten-year minimum: $0.47; maximum: $0.97) (US DOE-EIA (United States Department of Energy - Energy Information Administration), 2022). In Michigan, sugarbeet growers can spend between $350-600/ha for one season of foliar disease management (7-8 fungicide applications each $50-75/ha), based on estimated prices of standard products and dependent on variety tolerance and chemical program used (personal communication, C. Guza, Michigan Sugar Company, 2022); similarly, in Minnesota, sugarbeet growers can spend $300-375/ha. The heat treatment alone was not sufficient for a commercially acceptable level of disease management in Michigan or Minnesota, but it could delay or reduce the number of fungicide sprays in the growing season. Observed reductions in CLS severity following spring and fall heat treatments were sustained over several weeks of the sugarbeet growing season (up to four to eight weeks after initial detection). These reductions suggest that integration of a heat treatment into an existing management program has potential to replace up to two to four early-season fungicide applications (e.g., up to $300/ha in an 8-application foliar program in Michigan). Localized research on how heat treatment would fit into a larger CLS management program is needed before such technology could be adopted by beet growers.

Previous studies have demonstrated that propane-fueled flame management can be a useful strategy for weed and disease control for both organic and conventional production systems (Hardison, 1976; Hardison, 1980; Lanoiselet et al., 2005). Furthermore, heat treatments offer a potential integrated option where there are documented fungicide resistance issues, as heat exposure is a completely different mode of disease management. Pesticide use can lead to resistance development in weed and pathogen pests (OEPP/EPPO, 1999; Leadbeater et al., 2019), and reduced sensitivity to multiple fungicide classes has been observed in widespread C. beticola populations. Considering the application and product costs associated with chemical control, heat treatments may be a beneficial tool to use in beet growing regions where CLS epidemics are frequent, severe, and where fungicide use or efficacy is limited due to resistance in C. beticola populations. Heat treatment could further be of interest where fungicide resistance and residue management are a concern for other Cercospora species, such as C. zeae-maydis (gray leaf spot of corn), C. kikuchii (leaf blight and purple seed stain of soybean), C. sojina (frogeye leaf spot of soybean), C. arachidicola (peanut), and C. carotae (leaf spot of carrot) (Farr et al., 1989).

Results from Michigan and Minnesota field trials (2019-22) consistently indicate the use of a foliar heat treatment at-harvest or pre-planting has the potential to significantly reduce inoculum and CLS levels for the following growing season. A heat treatment could be useful for regions annually impacted by CLS and might be used to reduce fungicide applications, as well as mitigate fungicide resistance development. The use of foliar heat treatment is a novel control strategy for managing CLS as an additional tool in an integrated pest management program.
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Common bunt of durum wheat (DW), Triticum turgidum L. ssp. durum (Desf.) Husn., is caused by the two closely related fungal species belonging to Tilletia genus (Tilletiales, Exobasidiomycetes, Ustilaginomycotina): Tilletia laevis Kühn (syn. T. foetida (Wallr.) Liro.) and T. caries (DC) Tul. (syn. T. tritici (Bjerk.) G. Winter). This is one of the most devastating diseases in wheat growing areas worldwide, causing considerable yield loss and reduction of wheat grains and flour quality. For these reasons, a fast, specific, sensitive, and cost-effective method for an early diagnosis of common bunt in wheat seedlings is urgent. Several molecular and serological methods were developed for diagnosis of common bunt in wheat seedlings but at late phenological stages (inflorescence) or based on conventional PCR amplification, with low sensitivity. In this study, a TaqMan Real Time PCR-based assay was developed for rapid diagnosis and quantification of T. laevis in young wheat seedlings, before tillering stage. This method, along with phenotypic analysis, was used to study conditions favoring pathogen infection and to evaluate the effectiveness of clove oil-based seed dressing in controlling the disease.  The overall results showed that: i) the Real Time PCR assay was able to quantify T. laevis in young wheat seedlings after seed dressing by clove oil in different formulations, greatly reducing times of analysis. It showed high sensitivity, detecting up to 10 fg of pathogen DNA, specificity and robustness, allowing to directly analyze crude plant extracts and representing a useful tool to speed up the tests of genetic breeding for disease resistance; ii) temperature was a critical point for disease development when using wheat seeds contaminated by T. laevis spores; iii) at least one of the clove oil-based formulations tested was able to efficiently control wheat common bunt, suggesting that clove oil dressing could represent a promising tool for managing the disease, especially in sustainable farming. 
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1 Introduction

Common wheat (Triticum aestivum L.) and durum wheat (Triticum turgidum L.) decay, also known as “wheat bunt”, is a fungal disease that has plagued wheat crops for centuries and is caused by Tilletia genus, including different species that both locally and systemically infect wheat crops. There are two main forms of this disease: “common bunt”, caused by T. laevis Kühn (synonym T. foetida) and T. caries Bjerk (synonym T. tritici), and “dwarf bunt” of wheat, caused by T. controversa Kühn. The distinction between these two diseases was unknown until dwarf wheat caries was identified in 1935 in North America (Young, 1935). To complete the wheat-Tilletia scenario it is necessary to consider the partial decay of the grain “karnal bunt” caused by T. indica (Mitra, 1931), currently absent in Europe and subject to quarantine regulations. In Italy are mainly present T. laevis (80%) and T. tritici (9%) which are very similar from both the etiological and morphological point of view: the two species differ only in shape and height of teliospore cell wall ornamentation (Vánky, 2012). However, morphological variants of exospores with intermediate characteristics between T. laevis and T. tritici have been observed (Flor, 1933; Gassner, 1938; Bremer et al., 1952; Holton, 1954). Those variables probably represent natural hybrids between the two species (Holton, 1944). Tilletia species causing common bunt can hybridize, not just with each other, but also with those causing dwarf caries, making taxonomy even more complicated (Holton, 1954; Holton and Kendrick, 1956; Jayawardena et al., 2019). To our knowledge, several DNA-based methods have attempted to distinguish Tilletia species, but none have been able to separate T. caries and T. laevis (Mulholland and Mc Ewan, 2000; Zouhar et al., 2010; Pieczul et al., 2018; Forster et al., 2022). Phylogenetic studies also failed to distinguish these two species and more recently some authors have suggested that T. caries and T. laevis could be considered as two morphotypes of the same species (Sedaghatjoo et al., 2021; Sedaghatjoo et al., 2022; Forster et al., 2022).

The fungal infection occurs below the soil surface immediately after seed germination. The teliospores, either in the seed or directly in the soil, germinate, producing infectious hyphae which penetrate the coleoptile. The hyphae initially enter in both resistant and susceptible cultivars, but in the former they do not reach the apical meristem, where they must arrive before the elongation of the internodes so that the disease can develop (Hansen, 1958; Swinburne, 1963). At seed maturity, the caryopsis content is totally composed of a huge mass of spores, called sorum or false caryopsis (Figure 1), which breaks down during the harvest, infecting healthy kernels and releasing teliospores onto the soil. Teliospore germination is stimulated by light, and they can remain viable for more than 20 years if stored in a dry atmosphere at room temperature, while, in the soil under natural field conditions, they remain viable for about two years (Woolman and Humphrey, 1924).




Figure 1 | Wheat kernels infected by T. laevis. The dark mass of spores is called sorum or false caryopsis.



Since the second half of 1900’s wheat decay was the cause of substantial losses: the incidence was often higher than 70% and sometimes the whole harvest was destroyed (Cramer, 1967; Jones and Clifford, 1978; El-Naimi et al., 2000). As result of intensive use of chemical seed treatments, together with the use of resistant cultivars, the incidence dropped to less than 1% in Europe. However, the worldwide trading of wheat seeds is causing a new resurgence of this disease, also due to organic farming expansion which promotes the reduction of chemical in favor of biological treatments (Johnsson, 1991; Yarham, 1993) and the return to cultivation of ancient grains, more susceptible to wheat common bunt. It is also important to highlight that the disease incidence is affected by various factors, such as sowing depth, soil moisture, soil temperature, photoperiod, and altitude.

In this scenario, pathogen detection and targeted treatments are of fundamental importance. The easiest way to evaluate the common bunt infection is the sori detection (dark mass of powdery teliospores and host tissue), which are not visible until the ear ripening, occurring late in this host-pathogen interaction. Alternative approaches for direct pathogen detection from infected plants are few and mainly based on the conventional polymerase chain reaction (PCR) techniques (Josefsen and Christiansen, 2002; Eibel et al., 2005). A widely used technique for the disease prevention is seed treatment with authorized products, which have been regulated by phytosanitary product legislation (Reg. CE No. 1107/2009). This technique can be carried out with synthetical chemical products, such as fungicides and/or insecticides that can effectively control the wheat diseases. However, the European Union has been moving towards the replacement of chemicals in favor of substances, such as essential oils (Wilcoxson and Saari, 1996), with a lower environmental impact (Common European Agricultural Policy 2014–2020, CAP, implementing Regulation EU, 2015/408). Essential oils are rich in secondary metabolites, such as alkaloids, phenols, and terpenes, with bio-stimulating activity. These compounds are used by the plants themselves for multiple functions, including abiotic and biotic stress responses, and therefore as a defense mechanism against infections of fungi, bacteria, or insects. The effectiveness of essential oils in plant disease control is well documented (Isman, 2000; Nguefack et al., 2008; Marinelli et al., 2012; Arshad et al., 2014; Sturchio et al., 2014). The potential use in agriculture is further encouraged by their low or no toxicity against vertebrates, easy extractability and eco-compatibility, biodegradability (Zygadlo and Grosso, 1995) and the lack of persistence in soil and water (Misra and Pavlostathis, 1997; Isman, 2000; Isman and Machial, 2006). Indeed, recent studies (Riccioni and Orzali, 2011; Sharma et al., 2017) have shown that essential oils can reduce growth of some pathogenic fungi, and their potential applications in seed treatment are still being studied and developed (Moumni et al., 2021; Kesraoui et al., 2022). To our knowledge, no data are reported in literature on wheat seed treatment with clove essential oil against common bunt under field conditions.

The present work has the following main aims: i) development of a quantitative, early, fast, and low-cost method based on TaqMan Real Time PCR for the highly sensitive detection and quantification of T. laevis in young wheat plants, before tillering stage; ii) elucidation of the role of temperature for seed infection success; iii) quantitative evaluation of clove oil-based treatments effectiveness against T. laevis, by the molecular method developed. The overall results showed that at least one clove oil-based formulation was able to efficiently control wheat common bunt.




2 Materials and methods



2.1 Plant and fungal material, treatment compounds and artificial seed inoculation

Pure clove oil stocks and two clove oil-based experimental formulations, named Bioxeda A and Bioxeda B, were provided by Cedax Italia s.r.l. (Forlì, Italy). The two formulations contained micro-encapsulated and nano-encapsulated clove oil, respectively, both at the concentration of 20% (v/v). Two T. durum cultivars susceptible to T. laevis infection were used: Grifoni 235 and Svevo (gently provided by CREA-CI, Research Centre for Cereal and Industrial Crops). These two cultivars showed the same susceptibility to T. laevis infection in preliminary trials carried out by CREA-CI (personal communication). Naturally infected seeds of cultivar Grifoni were used for progressive sowings performed in 2019 and 2020 while, for seed treatments trials, Grifoni and Svevo healthy seeds were artificially inoculated and used in 2020 and in 2022, respectively. Tilletia laevis teliospores used for inoculations were collected from sori of Grifoni naturally infected kernels. Their vitality and virulence were evaluated before inoculation. Artificial inoculations for seed dressing tests were performed following Dumalasová and Bartoš (2008) with dry teliospores: briefly, healthy kernels were placed in plastic bags, together with the teliospores, at the dose of 1g of inoculum for 1Kg of seeds resulting in ca 3×104 spores per seed. The envelope was sealed, and the contents manually shaken for 5 minutes allowing the spores to enter in contact with kernel surface, remaining attached to them. The presence of spores was verified by visually checking the kernels under a stereo microscope.




2.2 Rapid molecular diagnostic assay

To set-up the early diagnostic assay, based on Real Time PCR, artificially inoculated wheat seedlings were sampled at the stage immediately previous the tillering (from 20 to 40 days from seedling emergence; Feekes growth stage 2.0 – beginning of tillering; Miller, 1992). DNA was extracted from 10 single plants as described by Li et al. (2017). Briefly, 0.5-1 cm of the basal shoot was cut from the seedlings, quickly sterilized in sodium hypochlorite 2% (v/v), rinsed with sterile water and homogenized in 40 µL of lysis buffer (0.5% casein in 10 mM KOH) using a micropestel. Subsequently, the sample was incubated at 95°C for 5 minutes and cooled on ice for 5 minutes, finally, it was centrifuged at 13000 g for 1 minute. The supernatant was recovered into a new tube and the obtained crude extract was used as template for amplification. A TaqMan Real Time PCR assay was carried out using the primers Tri-DL-For (5’-ATTGCCGTACTTCTCTTC-3’), Tri-DL-Rev (5’-GTAGTCTTGTGTTTGGATAATAG-3’) and the dual-labelled probe (5’Cy5-AGAGGTCGGCTCTAATCCCATCA-BHQ2-3’), targeting a specific sequence in the ITS1 region of T. laevis and other close related species (T. caries, T. controversa, T. fusca, T. bromi, T. goloskokovii). The assay was performed following Tan et al. (2009), modified as described below: the reaction mixture was carried out in 25 μL consisted of 1 × ImmoBuffer (Bioline, London), 5 mM MgCl2, 0.2 mg/mL BSA, 200 mM of each deoxynucleotides, dATP, dTTP, dCTP and dTTP, 1U Immolase DNA polymerase (Bioline) and 200, 400 and 900 nM of each of the dual-labelled probes, the forward and the reverse primers, respectively. The reactions were performed on a CFX96 Real Time PCR system (Bio-Rad Laboratories Inc., CA, USA). The thermal cycling parameters included an initial cycle of 95°C for 10 minutes, followed by 40 cycles of 94°C for 15 seconds, 65°C for 60 seconds with the annealing temperature decreased by 1°C/cycle for 6 cycles to 60°C. To evaluate the presence of PCR inhibitory effects and to verify the amplification efficiency, serial dilutions of purified T. laevis DNA, from 10 pg to 1 fg per reaction, spiked with a fixed amount (2 μl) of plant crude extract from Tilletia-free wheat plants, were amplified.




2.3 Identification and evaluation of the best conditions for T. laevis infection

To identify the optimal conditions (photoperiod, temperature, rainfall) for T. laevis infection, wheat seeds were artificially inoculated as previously described, and seedlings were grown both outdoor, in pot progressive sowings, and in growth chamber. The term “progressive sowing” refers to a series of repeated sowings deferred at predetermined time points, with the aim of covering the entire period of wheat sowing. For this purpose, five progressive sowings at regular intervals of about two weeks from November to January were carried out for two consecutive years. Each sowing was structured in two pots (pot A and pot B) with 50 inoculated seeds each, located outdoor close to weather station (Vantage Pro2, Davis Instrument, USA) recording temperature, rainfall, and relative humidity.

The time to obtain 50% of seedling emergence (T50) was calculated according to Farooq et al. (2005). For each sowing the emerged plants were randomly sampled from both pots. Half of them were used for molecular assay and half for phenotypic evaluation of the presence/absence of the disease symptoms in plants grown to maturity (Feekes growth stage 11.4; Miller, 1992). In the molecular assay a plant was considered infected if produced a positive signal in the Real Time PCR, whereas in the phenotypic evaluation if at least one sorum was present. The disease incidence was calculated by the formula: (Number of infected plants/Total number of analyzed plants) × 100.

From sowing to sampling date, meteorological data (average temperature, minimum temperature, maximum temperature) were recorded every hour; for each day, the average, lowest and highest temperature values were calculated and collected for each day. Days in which the temperature falls within one of these ranges were summed: low-range included temperatures between –5°C and 5°C (range 1), mid-range included temperatures between 5°C and 15°C (range 2) and high-range included temperatures above 15°C (range 3).

To better understand the ideal pedo-climatic conditions that allow fungal infection, Svevo wheat seeds were artificially inoculated as reported above and planted in pots in a growth chamber (KW Apparecchi Scientifici, Siena, Italy). Pedo-climatic conditions were set according to Zscheile jr (1966) and Swinburne (1963): low soil temperatures after sowing (5-10°C), seed vernalization, short photoperiod early in ontogeny, soil humidity between field capacity and drying point and deep sowing at 4-7 cm. Two main sowing conditions were chosen: 1) after seed vernalization; 2) direct sowing, without seed vernalization. For each condition 60 seeds were sowed at 5 cm depth in the soil, in two different pots (30 seeds/pot) kept at 5-10°C up to third-leaf stage. For all the four pots, a 9-hour-light photoperiod was set after seedling emergence. Seed vernalization was carried out before sowing by allowing the seeds to germinate at 27°C for 48 hours (blotter test) and then leaving them at 4°C for 2 weeks. For T. laevis in planta detection, 25 seedlings per pot were harvested at the third-leaf stage and analysis was performed as reported in 2.2 paragraph.




2.4 Seed dressing

The treatments were applied to inoculated seeds by seed submersion or seed spraying, as detailed in Table 1. Seed submersion was carried out by soaking the seeds in the clove oil emulsion (with the addition of 0.05% pinolene as emulsifier) or in the diluted formulations with gentle agitation for 10 minutes; after that they were completely dried on a sterile blotting paper at room temperature in a laminar flow cabinet. Spray treatments were performed with two consecutive applications of the diluted formulations or essential clove oil emulsion with the addition of 0.05% pinolene using a Rotostat (Marline General Engineers Limited, England) seed dressing/coating machine. Pinolene acted as a film-forming compound for improving oil distribution and persistence. Copper sulphate (15.2%) Cutril® (CU) (Serbios s.r.l., Badia Polesine, RO, Italy) was applied by spray in the second season as a further control treatment allowed in organic agriculture (later coded as CU). Sterile water was applied by submersion and used as control to evaluate the washing effect of the seed submersion treatments without active compounds (mechanical effect). The seeds inoculated with T. laevis spores as described in 2.1 but not treated (NT), were used as positive control. Not inoculated and not treated seeds were used as negative control. Phytotoxicity of the different treatments was evaluated as the effect on seed germination and seedling emergence by counting the number of established seedlings at the beginning of the secondary tillers arising (Feekes growth stage 2.0; Miller, 1992). The whole experiment was carried out for two growing-crop-productive seasons with cultivar Grifoni in 2020 and Svevo in 2022. For each treatment, three replicated pots, each consisting of 30 and 45 seeds for season 2020 and 2022, respectively, were sowed and placed outdoor with a completely randomized design (CRD). After 14 days from sowing, the number of germinated plants was recorded. Plant sampling was performed at the stage preceding the tillering (from 20 to 40 days from seedling emergence; Feekes growth stage 2.0 – beginning of tillering; Miller, 1992) by cutting plants at the culm base and collecting from each pot at least 5 bulks of 5 plants each; the bulks were then processed for DNA extraction following the protocol described in 2.5 paragraph.


Table 1 | Treatments of inoculated wheat seeds.






2.5 TaqMan Real Time PCR analysis for T. laevis quantification after seed dressing

For seed dressing evaluation, DNA was extracted from plants sampled in the pre-tillering stage (about one month after sowing). From each seedling, a fragment of 4-5 cm was taken from the culm base. Bulks of 5 seedlings each were homogenized in liquid nitrogen; 150-200 mg of powder was lysed in 700 µL of lysis buffer (2% CTAB; 0.2 M Tris HCl pH 7.5; 0.05 M EDTA pH 8; 2 M NaCl) and incubated at 65°C for 10 min. After adding 70 µL of NaAc (3 M, pH 5.2), the samples were kept in ice for 5 minutes and centrifuged at 13.000 g per 10 minutes at 4°C; the supernatant was recovered and treated with RNAse. DNA was purified with 1 volume of chloroform:isoamyl alcohol 24:1 (Sigma-Aldrich, USA) and precipitated with ½ volume of isopropanol. The pellet was resuspended in 200 µL of milliQ water. Finally, DNA was quantified by a Qubit dsDNA HS assay on Qubit 2 fluorometer (Life Technologies™, Invitrogen, USA). A duplex Real Time PCR was set up, using a 18S universal target for fungi and plants (Ioos et al., 2009) as endogenous calibrator to normalize the T. laevis qPCR signal to the plant qPCR signal. The reaction was carried out in 20 µL volume, containing SensiMix™ II Probe (Bioline, Taunton, Massachusetts, USA), 0.2 mg/mL BSA, 900 and 400 nM of Tri-DL-For and Tri-DL-Rev primers respectively, 200 nM T. laevis probe, 100 nM each 18S primers (18S uni-F, 5’-GCAAGGCTGAAACTTAAAGGAA-3’;18S uni-R, 5’- CCACCACCCATAGAATCAAGA-3’) and 18S probe (5’-JOE-ACGGAAGGGCACCACCAGGAGT-BHQ1-3’) and 10 ng of plant DNA. The thermocycling conditions used were the same applied for the rapid molecular assay. The pathogen biomass was quantified as the ratio of the amplification of T. laevis ITS1 relative to the 18S target, which was calculated as 2−ΔCt (Livak and Schmittgen, 2001). To verify the correlation between the number of infected plants and the relative quantification values, 5 bulks with known amounts of infected plants were analyzed.




2.6 Data analysis

Tilletia infection in progressive sowing assay was evaluated by molecular and phenotypical analysis. The correlation coefficient between the two methods was calculated by Pearson correlation analysis using R software v4.2.2 (R Core Team, 2022) and the package ggpubr v0.5.0 (Kassambara, 2022). A homogeneity test, by a chi-square analysis, was carried out to compare the infection frequencies between the two pots (A and B) both for molecular and phenotypical results.

The meteorological data analysis was performed using a Principal Component Analysis (PCA) biplot, to determine the correlation between temperature and infection. The PCA was performed with R software v4.2.2 (R Core Team, 2022) by using the package factoextra v1.0.7 (Kassambara and Mundt, 2020).

The seed treatments data obtained by Real Time PCR were normalized as described in 2.5 paragraph. Data were then subjected to the analysis of variance (ANOVA) and LSD (least significant difference) test for multiple comparison at p = 0.05. To display and compare the results obtained in the two seasons, relative quantification data were balanced to the mean value of the NT control and the proportion to it of the other treatment mean values was calculated: (T/NT) × 100 with T= relative quantification data mean of the treated samples, NT= relative quantification data mean of the not treated samples. The correlation coefficient between the 2020 and 2022 seasons was calculated by Pearson correlation as described above.

For oil phytotoxicity evaluation, the average percentages of established seedlings of 2020 and 2022 seasons were combined after homogeneity evaluation by a chi-square test (data not shown). They were arcsin transformed before ANOVA, followed by Duncan’s test (p=0.01), however, mean values were back transformed into percentages for making data reading easier.





3 Results



3.1 Early molecular diagnosis in progressive sowing test

A Real Time PCR-based method for the early diagnosis of common bunt in wheat seedling has been developed. The qPCR conditions set up in this work showed no inhibition using the crude extract DNA and no differences in the amplification performance between the two extraction methods: the amplification standard curves for both extracts showed an optimal efficiency, a high coefficient of determination (R2>0.99) and the same sensitivity, detecting up to 10 fg of target DNA (Supplementary Figure 1).

The progressive sowings were evaluated together with infection percentages obtained from molecular and phenotypic assay. The disease incidence values in pot A and pot B were combined after homogeneity evaluation by a chi-square test (Supplementary Table 1). In the season 2019/20, the first three sowings (01-03), gave back no bunt infection both in molecular and phenotypic analysis. In the following sowings the infection increased, and the highest values were obtained in the fourth sowing (82% for molecular and 90% for phenotypic analysis), then decreasing by the fifth sowing (22% for molecular and 2.7% for phenotypic analysis). In the season 2020/2021 T. laevis infection was recorded for all the sowings; only by phenotypic analysis for sowing n. 07, and only by molecular analysis for sowing n. 10. The highest infection values were found in sowing n. 06 (20% from molecular and 53% from phenotypic analysis) and n. 08 (48% from molecular and 41.4% from phenotypic analysis) (Table 2).


Table 2 | Progressive sowings.



Despite some minor differences between the two different analyses, the Pearson correlation coefficient showed a strong correlation between them, with a coefficient R of 0.9 (Figure 2).




Figure 2 | Scatter Plot of the Pearson correlation coefficient. The plot shows a strong and positive correlation between the infection percentages of Molecular (MA) and Phenotypical Analysis (PA) (R = 0.9) and a p < 0.01.






3.2 Role of temperature in infection success

With the aim of understanding the optimal in vivo conditions for T. laevis infection, the meteorological conditions during the growth period from sowing to the second true leaf stage (about 30 days) were analyzed: this period represents the limit phase within which the seedlings are considered susceptible to infection to Tilletia spp. (Gaudet et al., 2007).

To assess and discriminate if specific temperature ranges play a role in the infection process, data were analyzed by using the PCA biplot (Data in Supplementary Table 2). This method geometrically analyzes information in multivariate data. When the variable positions are close, there is a high correlation, moreover, the acute angle between each pair of variables indicates a positive correlation, while the obtuse angle indicates a negative correlation (Jolliffe and Cadima, 2016).

The disease incidence data, from both molecular and phenotypical analyses (MA and PA), T50 and all the variables indicating the number of the days with lower temperature (AVG.T1, LT1 and TH2) were well negatively correlated with the variables indicating the number of the days with higher temperature (AVG.T3, LT2 and HT3) (Figure 3). The negative correlations between the number of the days with higher and lower temperature, together with the distribution of the sowings point on the PC1, suggest a significant role of the temperature in the infection process. As shown in Figure 3, the sowings dates were well separated on the PCA axis 1 (59.5% of variance) in two groups: presence or absence of infection. Moreover, the greater the days with low temperatures, the higher the molecular and phenotypical infection rates. In addition, T50 had a positive correlation with higher number of days at lower temperatures and higher infection rates. The percentages reported on the axis referred to the variability explained by the principal component. There was no correlation between all variables and number of days with an average temperature ranging from 5 to 15°C (AVG.T2); no day was recorded with the maximum temperature below 5°C (TH1) (Figure 3).




Figure 3 | Biplot for the principal component analysis (PCA) of meteorological data and infection analyses. Red dots indicate sowings that did not show disease (N) while blue triangles indicate sowings that showed disease (Y). The numbers indicate sowings while the red dot and the blue triangle with no number indicate the group centroid. The arrows indicate the contribution of variables to the two axes of the PCA: number of days at Highest Temperature (HT), Lowest Temperature (LT) and Average Temperature (AVG.T); Molecular Analysis (MA) and Phenotypical Analysis (PA) percentages and median germination time (T50). The temperature ranges considered are indicated on arrows variables with 1, 2 or 3 (1: -5/5°C; 2: 5/15°C; 3:15/25°C).






3.3 Growth chamber assay

Wheat is a winter cereal and T. laevis needs low temperatures to infect this crop, so we tested the in vivo fungal infection capability in the typical winter temperature range of 5-10°C. The main goal of the experiment performed in growth chamber was to achieve a high level of seedling infection also in controlled conditions, in order to be able to replicate the method for seed dressing and sowing tests. In both seed vernalization and direct sowing, T. laevis infection rates were comparable (approx. 70%), suggesting that seed vernalization did not affect the early infection. The infection rates obtained were in agreement with those reported in literature (Wilcoxson and Saari, 1996).




3.4 Relative quantification of T. laevis by real time PCR

Duplex qPCR showed both very good efficiency and coefficient of determination (R2>0.99), and a limit of detection (LOD) of 10 fg of T. laevis DNA per reaction (Figure 4). Relative quantification, showing the amount of target amplicon (T. laevis) normalized to the total DNA (18S), correlated efficiently with the amounts of target DNA. Normalized amplifications corresponded to an exponentially increasing trend of about an order of magnitude (Figure 5A), and the best fit curve, correlating the data of normalized expression signal to the known amounts of T. laevis DNA, showed a good linear correlation (R2 = 0.99) (Figure 5B). Furthermore, the presence of the 18S endogenous calibrator guaranteed greater reliability in the quantification, representing an internal amplification control, and allowing the precise quantification of total DNA used as template in the reaction.




Figure 4 | Amplifications of serial dilutions of T. laevis DNA starting from 10000 fg. LOD, Limit Of Detection.






Figure 5 | Target normalized quantification of serial dilution of T. laevis DNA (A) and best fit correlation between the relative quantification values and the known amounts of target DNA (B).



The correlation between relative quantification and disease incidence was verified by analyzing bulks with a known number of infected plants (R2 = 0.93; Figure 6). To compare the infection success between treatment assays in seasons 2020 and 2022, the equation resulting from the interpolation line of the aforesaid data was used to obtain an approximate percentage of infected plants in the untreated control tests. In 2020 the average infection of NT plants resulted to be about 50%, versus 20% in 2022.




Figure 6 | Target normalized quantification of 5 bulks consisting in 10 wheat seedlings each with a known number of infected plants (0, 1, 2, 4, 8).






3.5 Tilletia laevis quantification and phytotoxicity evaluation after seed dressing

Tilletia laevis quantification in seedlings deriving from dressed seeds was performed by TaqMan Real Time PCR. Data were analyzed considering the two growing seasons separately (Figures 7, 8). The seed treatments were generally able to control bunt infection. In season 2020, significant differences were observed between the treatments performed by submersion (BioxA, BioxB and CO) and NT control. Among the spray treatments, only Bioxeda A gave results significatively different from the NT control, while the other two (Clove oil spray and Bioxeda B spray), together with water treatment, were comparable to NT control. Water treatment has produced a reduction of infection too, probably due to the water washing effect on the teliospores present on the kernel surface (Figure 7). Negative control (not treated and not inoculated) always gave negative results (data not shown).




Figure 7 | Barplot of season 2020. Relative quantification, expressed as percentage referring to NT as 100%, is reported on the y-axe. The values obtained from the different treatments are the mean of three replications (± standard error). Significant differences (p = 0.01) found using the LDS test for multiple comparison are indicated as letters a–b; the same letter means no statistical significance. NT, Not treated; H2O, water; CO, clove oil; BioxB, Bioxeda B; BioxA, Bioxeda A; s, spray treatment.






Figure 8 | Barplot of season 2022. Relative quantification, expressed as percentage referring to NT as 100%, is reported on the y-axe. The values obtained from the different treatments are the mean of three replications (± standard error). Significant differences (p = 0.01) found using the LSD test for multiple comparison are indicated as letters a–b; the same letter means no statistical significance. NT, Not treated; H2O, water; CO, clove oil; BioxB, Bioxeda B; BioxA, Bioxeda A; s, spray treatment; CU, Cutril®.



In season 2022, the Bioxeda B submersion treatment showed the best results as no T. laevis infection was recorded, as well as with the chemical treatment (CU) used as control. The other treatments showed a lower infection rate compared to NT control, suggesting a protective (or just washing) effect against the pathogen, however no significant differences were found (Figure 8). In this season, expression data of the whole experiment, including the NT control, were lower than in season 2020, and no correlation was found between the average infection rates of the tested oil treatments of 2020 and 2022 seasons (R2 = 0.09; Supplementary Figure 2).

The phytotoxicity of the different treatments used for seed dressing was evaluated as effect on seed germination and seedling emergence, assessing the number of established seedlings before the secondary tillers arising. Data collected from the two seasons were merged and analyzed together: significant differences were found only for clove oil treatment by immersion (CO), compared to NT control (Table 3). This treatment showed a toxic effect on wheat seeds significantly reducing germinability and seedling emergence. A significant correlation was found from the analysis of 2020 and 2022 phytotoxicity data (R2 = 0.94; Supplementary Figure 3), indicating the reproducibility in the different seasons.


Table 3 | In pot seedling emergence at the beginning of the secondary tillers arising (Feekes growth stage 2.0) for treatments phytotoxicity evaluation.







4 Discussion

The TaqMan Real Time PCR represents the assay of choice in diagnosis of plant diseases, compared to conventional PCR and, in this work, it was confirmed its high degree of sensitivity, specificity and reproducibility. The development of a molecular method based on Real Time PCR for the early diagnosis of common bunt in wheat seedling, which to date and to our knowledge is not available, was an important goal of this work. The excellent sensitivity, detecting up to 10 fg of pathogen DNA, the specificity and robustness of the assay, thanks to which it was possible to directly analyze the crude plant extract without lowering the performance levels, guaranteed the effectiveness of the method. Furthermore, the possibility of working on a crude extract, without the need to purify the DNA with the use of commercial kits or more expensive protocols in terms of time and costs, guaranteed an easy, fast and cheap application. The comparable results obtained from molecular and phenotypic analyses showed the efficacy of this method and it could represent a useful tool especially in breeding tests for genetic resistance or in seed treatments evaluation trials, where the waiting periods for results are rather long: 8-9 months for phenotypic symptom analysis compared to 1-2 months required for molecular analysis. Previous works have developed molecular and serological methods for diagnosis of common bunt in wheat seedlings but at later phenological stages, starting from the inflorescence, or based on conventional PCR amplification, with a very low sensitivity (Josefsen and Christiansen, 2002; Eibel et al., 2005). Real Time PCR allows to precisely quantify fungal biomass and therefore can be used in the assessment of plant infection, evaluating the degree of susceptibility/tolerance (Wessling and Panstruga, 2012; Anderson and McDowell, 2015; He et al., 2020).

In this study, the developed duplex Real Time PCR assay, combined with an optimized DNA extraction protocol, has proved to be an effective tool for accurate quantification of the target pathogen in plant material and it was successfully used for evaluating the effectiveness of clove oil-based seed dressing in controlling the disease. The method was able to quantify T. laevis in young wheat seedlings after seed dressing with clove oil in different formulations and ways of application, significantly reducing the time of analysis. Correlation between the amount of T. laevis DNA and the percentage of infected plants, with relative quantification, showed the accuracy of the method.

To set up the most favorable conditions for wheat seed infection by T. laevis, we evaluated the influence of temperature for the success of infection process, for subsequently testing the efficacy of seed dressing by different clove oil-based formulations. In literature, different works reported a positive correlation between the frequency of common bunt infected spikes caused by seedborne Tilletia teliospores and low temperatures. For example, Johnsson (1992) reported that the common bunt infection of winter wheat in field experiments was correlated with climate data, but only for the critical period of 1-11 days after sowing. The infection was most severe when the average temperature during this period was 6-7°C. In alignment with Johnsson (1992) and Koprivica et al. (2009), in this work the critical role of temperature as daily average, maximum and minimum temperatures, in the infection process has been confirmed in the progressive sowing assay. PCA analysis showed that both molecular and phenotypical infection were well correlated with the number of days with an average temperature between -5 and 5°C, while there was a negative correlation with the number of days with an average temperature between 15 and 25°C. These correlations confirmed the important role of low temperature in T. laevis infection process. The sowings were well separated into two groups: presence or absence of infection, so the low temperature lasting for more than 7-10 days could be related to the disease, but probably other factors, such as wheat cultivar susceptibility and external factors could repress or enhance the infection. Another interesting point concerns the influence of temperature during the germination period for fungal tissue infection. Koprivica et al. (2009) showed that the lower the temperature, the longer the wheat germination time, giving the pathogen more time to reach the apical meristem tissue. In this work, the clove oil was tested on durum wheat as seed treatment against T. laevis during two seasons, by using different compositions (pure oil and as main component of two Bioxeda experimental formulations) and two different types of seed dressings (submersion and spray). Since no correlation was found between the 2020 and 2022 treatments (average infection frequency of the untreated plants in 2022 experiments was lower than in 2020), the seed treatment data were analyzed and discussed separately for the two seasons. This low degree of infection did not allow the evaluation of treatments effect compared to season 2022 where the differences among NT and treatments were more pronounced. In the season 2020 all the submersion treatments, regardless of the product/formulation used, showed an evident positive effect significantly reducing Tilletia plant infection, as well as the spray treatment with Bioxeda A. In season 2022, the best results were performed by the Bioxeda B submersion treatment, as no T. laevis infection was recorded.

In previous works, essential clove oil has been shown to be effective against various fungal and bacterial pathogens in vitro (Rabadia et al., 2011; Duduk et al., 2015; Orzali et al., 2020), but few data have been published on its efficacy in vivo and even fewer under field conditions. An in vivo laboratory study showed that Fusarium spp. infection on wheat seeds was reduced after soaking the kernels in clove essential oil solutions at various doses (Grzanka et al., 2021). Rice seeds immersion treatment with clove essential oil was found to reduce by 50% the disease incidence caused by the bacterium Burkholderia glumae (Sari et al., 2022). Field pea seed treatments (spray and submersion) with clove oil-based formulations were tested for efficacy against artificially inoculated Ascochyta blight fungi under field conditions, although variability between years was found (Riccioni et al., 2019). The clove oil, applied as soil treatment in F. oxysporum f. sp. lycopersici infected soil, showed a very strong inhibitory effect causing significant reduction of wilt disease in tomato plants (Sharma et al., 2017). Clove oil was also tested as a post-harvest treatment: maize seeds fumigation with clove oil for at least 24 h was found to protect the seeds against Aspergillus flavus during storage (Boukaew et al., 2017); green mold (Penicillium digitatum) growth and symptomatology in navel oranges was controlled by clove oil applied on post-harvested fruits as microemulsions or in vapor phase (He et al., 2016). To our knowledge, no data are available in literature on wheat seed treatment with clove essential oil against common bunt under field conditions.

In conventional agriculture, wheat common bunt disease can be well controlled by chemical fungicide seed treatment, but in sustainable farming these fungicides are no longer allowed, and reduction of synthetic pesticides, whenever possible, has been mandatory in EU since 2014 (Romanazzi et al., 2022). To date, there are two clove oil-based products with fungicidal activity, already available in the market and allowed for post-harvest fruit treatments, but none is registered for wheat common bunt control (http://www.fitosanitari.salute.gov.it/fitosanitariws_new/FitosanitariServlet). Previous studies on alternative and eco-friendly control methods of common bunt have mainly focused on different seed treatments, e.g. with plant extracts from Cannabis sativa, Eucalyptus globulus, Thuja sinensis and Datura stramonium, cereal flour, milk powder and other organic compounds, hot water, hot air treatments and antagonistic bacteria and fungi, achieving good results in controlling the disease (Singh et al., 1979; Borgen et al., 1995; El-Naimi et al., 2000; Shams-Allah et al., 2016). Oil application on seeds deserves deep attention, as different treatments may give different results. When considering submersion treatment, it is important to take in account also the eventual phytotoxicity, which depends not only on the oil, but also on the dose, the timing of application and the crop (Somda et al., 2007; Orzali et al., 2014). Since no information about clove oil phytotoxicity on durum wheat seeds is available, the 0.3% clove oil dose tested in this work, was chosen from data obtained from other crops (Riccioni et al., 2016; Orzali et al., 2020). For example, it was reported that for tomato seeds the 0.3% clove oil submersion treatment for 10 minutes did not affect germination while the 0.4% concentration had negative effects, even if in that case the germination reduction was quite exiguous, around 10% (Orzali et al., 2020). The fumigation treatment of maize seeds with 0.5% clove essential oil had negative effects on seed germination, stem length and root length (Boukaew et al., 2017). In the current research, the 0.3% clove oil concentration was found to be toxic for durum wheat seeds by submersion application, as the number of emerged plants was significantly lower than the untreated plants, with more than 80% reduction in germination. On the other hand, spray treatments at the same concentration did not show any phytotoxic effects.

In presence of T. laevis seed inoculum, our data showed that seed treatment is therefore recommended to control this pathogen. Use of clove essential oil (by submersion and spray application) showed an interesting potential in the control of wheat common bunt disease, albeit with fluctuating efficacies related to environmental conditions and pathogen inoculum pressure. In fact, it turned out that it is difficult to predict the outcome of infection, which is linked to climatic conditions. These results were very promising because, if antifungal efficacy of clove oil dressing will be further confirmed, it could represent a useful, effective, natural, and ecological alternative to chemical pesticides in wheat common bunt control. Concerning the two application methods, the spray treatment requires lower formulation volumes, allowing the use of lower amounts of active ingredients in favor of an economically sustainable industrial process. On the other hand, specific devices and equipment are required and a lower reproducibility was observed in this kind of application. The submersion process demonstrated a more reliable effectiveness over the years, but it is anyway considered cumbersome and time-consuming when treating large amounts of seeds on a large scale, due to a larger volume of liquid and subsequent drying (Afzal et al., 2020). Phytotoxicity is also an important aspect to consider when treating seed by dipping at concentrations greater than 0.3%. Both submersion and spray methods can be considered as valid tools for the application of clove oil (preferably in formulated form) and the choice of application may depend on the advantages and disadvantages that should be evaluated at industrial/farm level.

In conclusion, the developed diagnostic method proved to be a fast, specific, sensitive, and cost-effective tool for early diagnosis of common bunt in wheat seedling. Thanks to these features, it could also be useful in early screening for resistance, taking advantage of the possibility of assessing the occurrence of infection even at early stages without waiting for the symptoms of the ear to fully ripen stages. This is the first report on the effectiveness of wheat seed dressing by natural oil-based treatments for controlling common bunt disease. Further studies are needed with experimental trials in open field to compare and validate the results obtained in this first pot trial-based research. Finally, in future works the search of other natural oils for controlling T. laevis with efficacy and low phytotoxicity, is highly desirable and necessary.
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Dollar spot caused by Clarireedia spp. (formerly Sclerotinia homoeocarpa) is an economically destructive fungal disease of turfgrass that can significantly compromise turf quality, playability, and aesthetic value. Fungicides are frequently used to manage the disease but are costly and potentially unfavorable to the environment. Repeated use of some active ingredients has resulted in reduced efficacy on C. jacksonii causing dollar spot in cool-season turfgrasses in the US. Experiments were conducted to study fungicide sensitivity of Clarireedia spp. as well as to develop alternatives to fungicides against dollar spot on warm-season turfgrass in Georgia. First, 79 isolates of Clarireedia spp. collected across the state were tested on fungicide-amended agar plates for their sensitivity to thiophanate-methyl (benzimidazole) and propiconazole (dimethyl inhibitor). Seventy-seven isolates (97.5%) were sensitive (0.001 to 0.654 μg/mL) and two isolates (2.5%) were found resistant (>1000 μg/mL) to thiophanate-methyl. However, in the case of propiconazole, 27 isolates (34.2%) were sensitive (0.005 to 0.098 μg/mL) while 52 isolates (65.8%) were resistant (0.101 to 3.820 μg/mL). Next, the efficacy of three bio- and six synthetic fungicides and ten different combinations were tested in vitro against C. monteithiana. Seven bio- and synthetic fungicide spray programs comprising Bacillus subtilis QST713 and propiconazole were further tested, either alone or in a tank mix in a reduced rate, on dollar spot infected bermudagrass ‘TifTuf’ in growth chamber and field environments. These fungicides were selected as they were found to significantly reduce pathogen growth up to 100% on in vitro assays. The most effective spray program in growth chamber assays was 100% B. subtilis QST713 in rotation with 75% B. subtilis QST713 + 25% propiconazole tank mix applied every 14 days. However, the stand-alone application of the biofungicide B. subtilis QST713 every seven days was an effective alternative and equally efficacious as propiconazole, suppressing dollar spot severity and AUDPC up to 75%, while resulting in acceptable turf quality (>7.0) in field experiments. Our study suggests that increased resistance of Clarireedia spp. to benzimidazoles and dimethyl inhibitors warrants continuous surveillance and that biofungicides hold promise to complement synthetic fungicides in an efficacious and environmentally friendly disease management program.
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1 Introduction

The turfgrass industry is extended across the globe and contributes nearly $84 billion to the United States economy (National Golf Foundation (NGF), 2016). It is estimated that there are approximately 62 million acres of turfgrass in the United States alone, making it the fourth-largest crop in acreage (Chawla et al., 2018). Dollar spot is among the most commercially significant turfgrass diseases in the world (Vargas, 2018). At present, six species within the genus Clarireedia are known to be responsible for causing dollar spot in turfgrasses (Salgado-Salazar et al., 2018; Hu et al., 2019; Hu et al., 2021; Zhang et al., 2022). Among them, C. jacksonii and C. monteithiana are the two most prominent species found in the US (Salgado-Salazar et al., 2018; Hu et al., 2019). Previous studies showed host specificity where C. jacksonii is mostly present in cool-season turfgrasses while C. monteithiana predominates warm-season turfgrasses (Salgado-Salazar et al, 2018).

Management of dollar spot highly relies on the use of fungicides which are costly and potentially detrimental to the environment (Knopper and Lean, 2010). In the US and worldwide, a high economic burden incurs on the chemical control of this disease requiring more than ten applications for the growing season (Allen et al., 2005; Koch et al., 2021; Sapkota et al., 2022). The cost of fungicide application to manage dollar spot in a single golf course lies between $10,000-$34,000 annually (Golf Course Industry, 2015; Bekken et al., 2022). Four main fungicide groups are widely utilized across the globe for the management of dollar spot which include dicarboximides (DCFs), demethylase inhibitors (DMIs), succinate dehydrogenase inhibitors (SDHIs), and methyl benzimidazole carbamates (MBCs) (FRAC, https://www.frac.info/home ) (Ok et al., 2011; Popko et al., 2012; Zhang et al., 2021). However, repeated applications of fungicides favored isolates of Clarireedia species with decreased sensitivity to fungicides with different modes of action (Sang et al., 2015; Jian et al., 2017; Popko et al., 2018). To date, five Clarireedia species (except the newly identified species C. hainanense) resistant to all four fungicide groups can be found worldwide (Zhang et al., 2021). Resistance of dollar spot pathogen populations to MBC and DCF fungicides was observed shortly after their introduction in the early 1970s (Warren et al., 1974) and reduced sensitivity to DMI fungicide was reported after a decade of use in Canada (Hsiang et al., 2007). For instance, Zhang et al. (2021) assessed 358 isolates of Clarireedia spp. collected from creeping bentgrass and seashore paspalum across 25 locations in China and revealed that 81, 67, 63, and 62% of these isolates had reduced sensitivity to propiconazole, boscalid (SDHI), iprodione, and thiophanate-methyl, respectively. In Putman et al. (2010), twenty populations comprising a total of 965 isolates of Clarireedia spp. collected from cool-season turf grasses in the northeast US had fourteen and eighteen populations with reduced sensitivity to iprodione (DCF) and propiconazole (DMI), respectively. For thiophanate-methyl (MBC), five populations were sensitive, while nine populations contained varying proportions (2 to 92%) of resistant isolates (Putman et al., 2010). Recently, Popko et al. (2018) documented SDHI-resistant Clarireedia strains in Japan and cool-season turfgrass in the northeast US in 2016 and 2017, respectively. More importantly, there is an increased concern due to the emergence of multiple fungicide resistant (MFR) Clarireedia populations in cool-season turfgrass in the northeast US (Putman et al., 2010; Stephens and Kaminski, 2019). So far, there is only a single report on the fungicide sensitivity of dollar spot isolates to propiconazole collected from creeping bentgrass in Georgia, USA (Miller et al., 2002). Therefore, routine monitoring and surveillance of these fungal isolates is indispensable in the US, including in the state of Georgia where fungicides are continuously applied on turfgrass.

The widespread use of fungicides and the subsequent rise in the prevalence of fungicide resistance in target populations has prompted a search for non-chemical alternatives to manage the disease. One alternative is biological control agents (BCAs) that manage population levels of a pathogen, through either antibiosis, competition, mycoparasitism or to reduce the incidence of plant diseases via metabolite production. A biofungicide either alone or in a tank mix with synthetic fungicides could reduce the reliance on chemicals for controlling dollar spot. At present, biocontrol products such as Rhapsody™ (Bacillus subtilis QST713), and Regalia™ (plant extract of Reynoutria sachalinensis, hereafter termed as R. sachalinensis extr.) are registered for the control of dollar spot (Allen et al., 2005). Clarke et al. (2020) listed B. licheniformis (Ecoguard™), B. subtilis QST713, and R. sachalinensis extr. as potential biological control agents (BCAs) to control dollar spot by reviewing more than 1000 research reports published over a 38-year period in Plant Disease Management Reports. Previous studies showed the successful inclusion of several BCAs against C. jacksonii including Enterobacter cloacae strains EcCT-501 on creeping bentgrass/annual bluegrass putting greens in New York (Nelson and Craft, 1991) and Pseudomonas aureofaciens Tx-1 on creeping bentgrass in Michigan (Powell et al., 2000). Marvin et al. (2020a) evaluated the curative control efficacy of four BCAs (B. licheniformis SB3086, B. subtilis QST713, R. sachalinensis extr., and plant extract oils) along with two synthetic fungicides (chlorothalonil and azoxystrobin + propiconazole) in a different tank-mix combination and reported that all BCAs except R. sachalinensis extr. provided acceptable disease control (disease severity ≤15%) and turfgrass quality (≥7) against C. jacksonii in South Carolina on creeping bentgrass putting greens. Recently, secondary metabolites derived from Streptomyces spp. AN090126 showed promising results on in vitro and pot experiments carried out in creeping bentgrass in Korea signifying its potential as a BCA (Le et al., 2022). Provided that most of the studies were carried out on cool-season turf and/or against C. jacksonii in the northeast US, there is an information gap for fungicide sensitivity of Clarireedia populations and efficacy of biofungicides against dollar spot in the southeastern state of Georgia where commonly grown warm-season turfgrass is mostly challenged by C. monteithiana.

This study was conducted with the objectives to assess fungicide sensitivity of Clarireedia spp. in Georgia and to develop efficient alternative biofungicide programs to effectively manage dollar spot. In this study, we report in vitro sensitivities to thiophanate-methyl and propiconazole for 79 isolates of Clarireedia spp. collected from 42 counties in Georgia as well as the efficacy of three biofungicides against six synthetic fungicides and their combinations in vitro, in growth chambers, and in the field.




2 Materials and methods



2.1 Sample collection, fungal isolation, and inoculum preparation

A total of 79 Clarireedia spp. isolates collected from 42 counties throughout the state of Georgia, US from 2019-2022 were used in this study. The collection was conducted on several warm-season turfgrass species and included athletic fields, golf courses, homeowner, landscape, University grounds and research areas (Figure S1, Table 1). Clarireedia spp. was isolated from symptomatic leaf tissue and pure cultures of the pathogen were obtained using several hyphal tip transfers. Clarireedia spp. were confirmed by the colony and hyphal morphology and Sanger sequencing of the internal transcribed spacer (ITS4 and ITS5) region, as described by Sapkota et al. (2020). Among 79 isolates, 75 isolates were C. monteithiana and four isolates were C. jacksonii. Ten agar plugs (5 mm in diameter) of each isolate were placed in a 2 mL microtube, immersed in 20% glycerin, and stored short-term at 4°C until further use. Each isolate was also long-term stored on oat/barley/wheat grain mixture at -20°C (Steketee et al., 2016). C. monteithiana DS8 was used in the biofungicide efficacy experiments. The isolate was collected in 2019 at the University of Georgia (UGA) Griffin Campus from seashore paspalum (ITS sequence stored in the NCBI GenBank under ‘MT497854’). For in vitro biofungicide experiments, C. monteithiana DS8 was grown on potato dextrose agar (PDA) for five days under 12-hour light at room temperature before the experiments were initiated. For growth chamber and field experiments, the isolate was grown in 250 ml Erlenmeyer flasks on an oat/barley/wheat grain mixture previously soaked in water overnight and double sterilized (Steketee et al., 2016). Briefly, a total of 100 g grain mixture was soaked in 100 ml water and 20 agar plugs (7 mm diameter) of C. monteithiana DS8 were placed in the sterile grain flask and cultured for 7 days at room temperature with a 12-hour photoperiod.


Table 1 | Clarireedia spp. isolates, isolated host, isolation year, season, and location used in this study along with their EC50 value for thiophanate-methyl and propiconazole assessed in vitro.






2.2 Bio- and synthetic fungicide preparations

Technical-grade fungicides were used for in vitro fungicide sensitivity. Thiophanate-methyl (98.0% a.i.), and propiconazole (98.5% a.i.) were purchased from Sigma-Aldrich (Sigma-Aldrich, Inc. St. Louis, MO). Each fungicide was dissolved in acetone (0.1% v/v) to prepare stock solutions (1000 μg/mL) and stored at 4°C in the dark to preserve fungicide activity. 100 mg of technical-grade fungicides were first dissolved in 1 ml of acetone and diluted in 99 ml solvent to make 1000 μg/mL stock solution. Further, three bio-fungicides including B. subtilis QST713 (Rhapsody™), B. amyloliquefaciens F727 (Stargus™), and R. sachalinensis extr. (Regalia™) along with six synthetic fungicides including azoxystrobin (Heritage™), fludioxonil (Medallion™), fluxapyroxad (Xzemplar™), penthiopyrad (Velista™), propiconazole (Banner x™), and boscalid (Emerald™) were tested. These fungicides were used against C. monteithiana for in vitro tests and for their efficacy against dollar spot in the growth chamber and field experiments. Fungicides were prepared as per manufacturer instructions and applied on the same day of preparation (detailed information on formulations, rates, and manufacturers can be found in Table S1).




2.3 In vitro fungicide sensitivity to propiconazole and thiophanate-methyl

Fungicide sensitivity assays were performed on the 79 Clarireedia spp. isolates and followed the procedures outlined in Jo et al. (2006). Clarireedia spp. isolates were cultured on PDA at 25°C in the dark for 4 days. A 4 mm diameter agar plug taken from the edge of an actively growing colony was placed at the center of the PDA plate amended with 0, 0.001, 0.01, 0.1, and 1 µg/ml propiconazole or 0, 0.001, 0.01, 0.1, 1, 10, 100, and 1000 µg/ml thiophanate-methyl. Fungicide solutions were added to autoclaved PDA cooled to 50°C. Agar plates amended with the same concentration of acetone (0.1% v/v) were used as a control. For each concentration, triplicate plates were utilized and the plates were incubated at 25°C in the dark. After 48 hours, two perpendicular colony diameters were measured per plate, and the mean was used to compute the colony diameter for each concentration. Mycelial radial growth was measured and percent inhibition was calculated as: (colony diameter of control - colony diameter of treatment)/(colony diameter of control - mycelial disk diameter) × 100. EC50 (the concentration inhibiting mycelial growth by 50%) values for each isolate was calculated in SigmaPlot (Systat Software Inc., San Jose, CA) by solving linear regression equations of the probit-transformed percent growth data versus the base-10 logarithm of each fungicide concentration. The fungicide-resistant classification for thiophanate-methyl and propiconazole in this study was according to Hu et al. (2018) and Jo et al. (2006), respectively, with some modifications. For thiophanate-methyl, isolates with an EC50 value of 0.001 to 0.01 μg/mL were considered highly sensitive (HS), >0.01 to 0.1 μg/mL were moderate sensitive (MS), >0.1 to 1.0 μg/mL were low sensitive (LS), >1.0 to 5.0 μg/mL were low resistant (LR), >5.0 to 100.0 μg/mL were moderate resistant (MR), and >100.0 μg/mL were highly resistant (HR). For propiconazole, isolates with an EC50 value <0.01 μg/mL were considered HS, 0.01 to 0.05 μg/mL were MS, >0.05 to 0.1 μg/mL were LS, >0.1 to 0.2 μg/mL were LR, >0.2 to 1.0 μg/mL were MR, and >1.0 μg/mL were HR.




2.4 In vitro bio- and synthetic fungicide efficacy assays

Two-fold in vitro experiments were conducted. First, the efficacy of the three bio-fungicides was tested in vitro against C. monteithiana isolate DS8 along with six synthetic fungicides at their label rates (Tables S1, S2). The objective was to select the best synthetic fungicide. The experiment was set up as a completely randomized design with five replications where each petri dish (100 × 15 mm) served as an individual replicate. The in vitro experiment was conducted using the ‘poisoned food technique’ as described by Grover and Moore (1962). Since fungal mycelial growth outcompeted the Petri- plate diameter prior to four days after incubation when the agar plug was placed in the center, the fungal plug was transferred from a pure culture to one periphery of the fungicide-amended PDA plate instead. The longest mycelial radial growth was measured after four days of incubation at 25°C in a 12-hour photoperiod and percent growth inhibition for each fungicide treatment in reference to the non-fungicide amended control plate was calculated using the formula used in the sensitivity assays. The experiment was repeated. Next, ten different combinations of bio- and synthetic fungicides comprising of B. subtilis QST713, R. sachalinensis extr., and propiconazole at varying tank mix ratios of their label rates [25:75 (1 part synthetic fungicide at label rate and 3 parts biofungicide at label rate), 50:50, and 75:25] along with non-fungicide amended control were assayed to identify the best treatment combination that could further be tested in the growth chamber and field experiments (Table S2). Experimental setup, data collection techniques, and parameters followed as described previously in the sensitivity assays.




2.5 Growth chamber bio- and synthetic fungicide efficacy experiments

The efficacy of biofungicide B. subtilis QST713 was tested together with propiconazole either alone or in tank-mix combinations in a growth chamber at the University of Georgia, Griffin Campus, Griffin, GA in 2022. Turf plugs (7.6 cm × 7.6 cm)) were collected from a bermudagrass cv ‘TifTuf’ [Bermuda grass cv. ‘TifTuf’ is an interspecific triploid hybrid of C. transvaalensis and C. dactylon, was co-released by the University of Georgia and the U.S. Department of Agriculture–Agricultural Research Service in 2014 and is susceptible to dollar spot (Hanna and Schwartz, 2016)] field and were grown for two months in a Sungro professional growing mix (Sun Gro Horticulture, MA, USA) in the greenhouse. The grass was trimmed to 5 cm and fertilized with 0.7 gm/L water of Miracle-Gro® Water Soluble All Purpose Plant Food (The Scotts Company LLC, USA) every week and inspected to maintain the plant materials free of disease before inoculation. Nitrogen fertilization was cut off two weeks before the start of the experiment and pots were flushed with water to favor dollar spot infection. The experiment was laid as a repeated measure randomized complete block (RCB) design with four replicated pots. The turf was inoculated by hand-dispersal of four grains infested with the C. monteithiana isolate DS8 into the foliar canopy and maintained under high humidity conditions for 48 hours in the greenhouse. Inoculated pots were then incubated in a growth chamber (25 and 16°C day/night with a 12-hour photoperiod) for seven days to initiate dollar spot infection, after which the spray program started (also termed as 0 day after the start of the experiment), and pots were kept in the growth chamber until 42 days. The term ‘spray program’ is used in our study, which is equivalent to treatment, because we applied more than one fungicides (bio and synthetic) at different time intervals in the individual treatment. The seven spray programs included: 1) non-treated control with no fungicide application (T1), 2) B. subtilis QST713 applied every 7 days (T2), 3) B. subtilis QST713 applied every 14 days (T3), 4) propiconazole applied every 28 days (T4), 5) tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days (T5), 6) 75% B. subtilis QST713 + 25% propiconazole tank mix in rotation with 100% B. subtilis QST713 applied every 14 days (T6), and 7) 100% B. subtilis QST713 in rotation with 75% B. subtilis QST713 + 25% propiconazole tank mix applied every 14 days (T7) (Table S3). Visual estimates of dollar spot severity was noted at weekly intervals on each pot using a modified Horsfall-Barratt scale of 1-11 (Horsfall and Barrett, 1945) starting from 0 to 42 days for a total of seven time points. The experiment was repeated. The disease severity data was transformed to a percent scale using ARM statistical software (GDM Solutions, Inc., Brookings, SD). Percent of disease severity and area under the disease progress curve (AUDPC) were subjected to analysis of variance using R statistical software (R Core Team, 2021) and means were separated using Tukey’s HSD test (P = 0.05).




2.6 Field bio- and synthetic fungicide efficacy experiments

The bio- and synthetic fungicide efficacy experiments were conducted on two separate plots of a 3-year bermudagrass cv ‘TifTuf’ grown on clay loam soil (pH = 5.8) for two seasons (summer and fall) during 2022 at the UGA, Griffin Campus in Griffin, GA. Turfgrass was maintained based on the best-recommended management practices for golf course fairways in GA (GCSAA, 2018). Turf was irrigated every evening to maintain high humidity and mowed to 1.6 cm once a week. Nitrogen fertilization was not applied to the experimental plots during the study. The experiment was arranged as an RCB design in 0.91 m × 0.91 m plots with four replications. Because the summer season (Jun to Jul 2022) was more favorable for natural dollar spot infection in the experimental plots, artificial inoculations with C. monteithiana isolate DS8 was only applied during the fall season trial (Sep to Nov 2022) by uniformly spreading 20 g of dollar spot-infected grain inoculum per experimental plot a week prior to the start of fungicide spray programs. The inoculation was repeated after five days to ensure that abundant dollar spot epidemics would be developed. The seven spray programs that were already tested in growth chambers, including a non-treated control, were evaluated from Jun 09 to Jul 21, 2022 (summer season) and Sep 26 to Nov 07, 2022 (fall season) (Table S4). Applications started one week after the first inoculation at the rate of 81.5 mL of water per sq. m. with a hand-held CO2-pressured boom sprayer at 30 psi using an XR TeeJet 8004VS nozzle. Dollar spot severity was visually assessed every week on each experimental plot using a modified Horsfall-Barratt rating scale (1-11) starting from 0 day (start of the spray program) until 42 days (end of the spray program) for a total of seven time points (Horsfall & Barratt, 1945). Dollar spot severity was transformed to percent disease severity using ARM statistical software, as described above. Turf quality was also rated every week using the national turfgrass evaluation program (NTEP) 1-9 ratings, where 1 is poor/dead, 7 is minimally acceptable, and 9 is excellent (Lee et al., 2011). Data on percent disease severity, turf quality, and AUDPC were subjected to analysis of variance using the R statistical package, and means were separated using Tukey’s HSD test (P = 0.05).





3 Results



3.1 In vitro sensitivity of Clarireedia spp to thiophanate-methyl and propiconazole

The EC50 of the 79 Clarireedia spp. isolates for thiophanate-methyl ranged from 0.001 to >1000.0 μg/mL (Table 1). Seventy-seven isolates (97.5%) were sensitive [20 HS (25%), 50 MS (63.3%), and 7 LS (8.9%)] to thiophanate-methyl and their mean EC50 value was 0.052 ± 0.092 μg/mL. No LR and MR isolates were identified; however, only two isolates (2.5%) were highly resistant (HR) to thiophanate-methyl among which one was C. jacksonii and the other was C. monteithiana sampled from Spalding county in 2019 and 2020, respectively (Figures 1A, B, Table 1). However, no resistant isolates to thiophanate-methyl were found in 2021 and 2022. The EC50 of the 79 isolates for propiconazole ranged from 0.005 to 3.820 μg/mL (Table 1). Twenty-seven isolates (34.2%) were sensitive [1 HS (1.3%), 6 MS (7.6%), and 20 LS (25.3%)] while 52 isolates (65.8%) were resistant [24 LR (30.3%), 21 MR (26.6%), and 7 HR (8.9%)] to propiconazole (Figures 2A, B and Table 1). Two, 14, 22, and 14 Clarireedia isolates were found to be resistant each year from 2019 to 2022, respectively. At the species level, out of four C. jacksonii isolates, one was resistant and the remaining three were sensitive to thiophanate-methyl. Similarly, two of the C. jacksonii isolates were sensitive and the other two were resistant to propiconazole. Among 75 C. monteithiana isolates, only one isolate was resistant to thiophanate-methyl whereas 25 were sensitive and 50 were resistant to propiconazole. Overall, 27 isolates (25 C. monteithiana and 2 C. jacksonii) were sensitive and two isolates (1 C. monteithiana and 1 C. jacksonii) were resistant to both fungicides propiconazole and thiophanate-methyl (Table 1).




Figure 1 | Thiophanate-methyl fungicide sensitivity assays (A) and distribution (B) of sensitive and resistant isolates to thiophanate-methyl for 79 Clarireedia spp. isolates collected between 2019 to 2022 in the state of Georgia. HS: highly sensitive (0.001 to 0.01 μg/mL); MS: moderate sensitive (>0.01 to 0.1 μg/mL); LS: low sensitive (>0.1 to 1.0 μg/mL); LR: low resistant (>1.0 to 5.0 μg/mL); MR: moderate resistant (>5.0 to 100.0 μg/mL); and HR: highly resistant (>100.0 μg/mL).






Figure 2 | Propiconazole fungicide sensitivity assays (A) and distribution (B) of sensitive and resistant isolates to propiconazole for 79 Clarireedia spp. isolates collected between 2019 to 2022 in the state of Georgia. HS: highly sensitive (<0.01 μg/mL); MS: moderate sensitive (0.01 to 0.05 μg/mL); LS: low sensitive (>0.05 to 0.1 μg/mL); LR, low resistant (>0.1 to 0.2 μg/mL); MR, moderate resistant (>0.2 to 1.0 μg/mL); and HR, highly resistant (>1.0 μg/mL).






3.2 Bio- and synthetic fungicide efficacy in vitro

The effect of nine fungicide treatments on C. monteithiana (isolate DS8) mycelial growth inhibition across two experiments was performed. Since the ‘experiment’ and ‘treatment × experiment’ effects were significant (P<0.05) on mycelial growth inhibition, the two experiments were analyzed separately (Table S5). In the first experiment, biofungicides B. subtilis QST713 and B. amyloliquefaciens F727 and fungicides propiconazole and fludioxonil entirely suppressed the growth of C. monteithiana (Figures 3A and S2, Table S2). Biofungicide R. sachalinensis extr. and fungicide azoxystrobin were the least effective of all treatments depicting the lowest mycelial growth inhibition (6.7 and 8.8%, respectively). An intermediate result was obtained for fungicides fluxapyroxad, penthiopyrad, and boscalid which reduced mycelial growth by 39.0, 61.6, and 62.6%, respectively, compared to the control. A similar pattern was observed in the second experiment with B. subtilis QST713, B. amyloliquefaciens F727, propiconazole, and fludioxonil significantly reducing pathogen growth by 90-100% compared to the control treatment (Figures 3A and S2, Table S2). All other fungicides reduced mycelial growth by 9-31% and were significantly different (P>0.05) from this first group.




Figure 3 | Percent mycelial growth inhibition of C. monteithiana grown in three bio- and six synthetic fungicides (A), and ten different combinations of two bio- and one synthetic fungicide-amended potato dextrose agar (PDA) plates at different proportions (B) compared to the untreated control on in vitro assays in the first (green bar) and second (orange bar) experiments. Mean disease severity with the same letters in the bar chart for an individual experiment are not significantly different according to Tukey’s test (P = 0.05) based on separate analysis for experiment 1 (Exp1) and experiment 2 (Exp2). Prop., Propiconazole; Bs, Bacillus subtilis QST713; Ba, B. amyloliquefaciens F727; Rs, Reynoutria sachalinensis extr.



To evaluate if tank mixes of biofungicides and synthetic fungicides can provide control against dollar spot, the efficacy of biofungicides B. subtilis QST713 and R. sachalinensis extr. and synthetic fungicide propiconazole were tested in vitro in two independent experiments in different combinations of 1:3, 1:1, and 3:1 and compared with their individual-amended plate and a non-treated control plate. The effect of ten fungicide treatments on mycelial growth inhibition across two experiments was performed. Since there was a significant ‘treatment × experiment’ effect (P<0.05) on mycelial growth inhibition, the two experiments were analyzed separately (Table S5). In the first experiment, except for the 100% R. sachalinensis extr.-amended plate, which demonstrated 22% growth reduction, all other treatments, including 100% propiconazole and 100% B. subtilis QST713-amended plate, were significantly similar to each other (P>0.05) and were found effective in reducing the fungal growth by 89-100% compared to the control (Figures 3B and S3, Table S2). The second experiment yielded a similar pattern except that plates amended with 100% R. sachalinensis extr. and 50% B. subtilis QST713 + 50% R. sachalinensis extr. were statistically different from each other and to the rest of the other treatments (P<0.05) and reduced mycelial growth by 37.9 and 65.0%, respectively, compared to the control (Figures 3B and S3, Table S2). All other eight treatments were statistically similar to each other (P>0.05) and completely inhibited the mycelial growth of C. monteithiana isolate DS8.




3.3 Bio- and synthetic fungicide efficacy in growth chamber experiments

The effect of seven spray programs over seven different time points on disease severity and AUDPC was assessed across two experiments in the growth chamber. The effect of the ‘experiment’ was statistically non-significant (P>0.05) for disease severity, while a significant effect (P<0.05) was observed for the AUDPC (Table S6). Therefore, the data from the two experiments were subjected to combined analysis for disease severity and separate analysis for the AUDPC.



3.3.1 Disease severity

The average percent disease severity for spray program T7 (100% B. subtilis QST713 in rotation with 75% B. subtilis QST713 + 25% propiconazole tank mix applied every 14 days) across seven time points was the lowest of all (8.7%) and significantly different (P<0.05) from the non-treated control pot. Inversely, five other spray programs (13.9-20.6%) did not differ significantly (P>0.05) among each other and from the control plot (Figure 4A, Table S3). A significantly higher percent disease severity (22.8-31.2%) was observed from 0-21 days across seven spray programs which significantly differed (P<0.05) from time points 28, 35, and 42 days noting lower percent severity (10.9, 9.3, and 6.1%, respectively) (Table S3). The interaction effect of ‘spray program × time’ for percent disease severity was found non-significant (P>0.05) (Table S6). We observed a decline in disease severity after 14 days probably due to the lower relative humidity (60%) registered in the growth chamber experiments compared to the optimal (>90%) for dollar spot development (Figure 4B). Still, significant differences (P<0.05) in percent disease severities were observed among seven spray programs at 14 and 35 days with the non-treated control pot recording the lowest disease severity of all. Among all 49 data points, comprising seven spray programs and seven time points, the lowest disease severity was noted in the treatment sprayed with a tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days at 42 days after the start of the experiment (3.8%). Taken together, all five spray programs comprising biofungicide were as effective as applying synthetic fungicide alone and reduced dollar spot severity to a maximum of 71% compared to the non-treated control (Table S3).




Figure 4 | Dollar spot average disease severity (%) for seven spray programs (T1-T7) (A) and the interaction of the seven spray programs and seven different time points (0-42 days) (B) in the growth chamber across two experiments. Mean disease severity with the same letters in the bar chart in panel A are not significantly different according to Tukey’s test (P = 0.05). Tukey’s test showed a significant difference in mean disease severity in panel B across seven spray programs at 14 and 35 days (P<0.05). T1: non-treated control; T2: B. subtilis QST713 applied every 7 days; T3: B. subtilis QST713 applied every 14 days; T4: propiconazole applied every 28 days; T5: tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days; T6: 75% B. subtilis QST713 + 25% propiconazole tank mix in rotation with 100% B. subtilis QST713 applied every 14 days; and T7: 100% B. subtilis QST713 in rotation with 75% B. subtilis QST713 + 25% propiconazole tank mix applied every 14 days. *significant at P<0.05, **significant at P<0.01, and ns non-significant at P<0.05.






3.3.2 Area under the disease progress curve

In the first experiment, a significant difference (P<0.05) in the AUDPC was observed across seven treatment programs among which non-treated control had the higher AUDPC (2064.4) whereas lower AUDPC was observed for the spray programs including a tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days (586.4) and 100% B. subtilis QST713 in rotation with a tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 14 days (410.0) (Figure 5A, Table S3). The AUDPC for all other spray programs fell in the intermediate range (844.1-1526.4) and noted no statistical differentiation (P>0.05) with any of these two extremities. Nonetheless, the effect of the spray program on the AUDPC was found non-significant (P>0.05) in the second experiment with six spray programs (374.1-914.8) holding no significant differences from the non-treated control pots (1337.0) (Figure 5B, Table S3).




Figure 5 | Area under the disease progress curve (AUDPC) of dollar spot resulting from the application of seven different spray programs (T1-T7) in the growth chamber during the first (A) and second (B) experiments. Mean AUDPC with the same letters in the box plot are not significantly different according to Tukey’s test (P<0.05). T1: non-treated control; T2: B. subtilis QST713 applied every 7 days; T3: B. subtilis QST713 applied every 14 days; T4: propiconazole applied every 28 days; T5: tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days; T6: 75% B. subtilis QST713 + 25% propiconazole tank mix in rotation with 100% B. subtilis QST713 applied every 14 days; and T7: 100% B. subtilis QST713 in rotation with 75% B. subtilis QST713 + 25% propiconazole tank mix applied every 14 days.







3.4 Bio- and synthetic fungicide efficacy in field experiments

The effect of seven spray programs over seven different time points on disease severity, turf quality, and AUDPC was assessed across two seasons in the field. The effects of ‘season’, ‘season × spray program’, and ‘season × spray program × time’ were statistically non-significant (P>0.05) for disease severity, turf quality, and AUDPC (Table S7). Therefore, the data from the summer and fall seasons were subjected to combined analysis.



3.4.1 Disease severity

Overall, all six spray programs were found effective in controlling dollar spot by reducing disease severity by 52-75% in the field when compared to the non-treated control (Table S4). The average percent disease severity across seven time points for all six spray programs (7.0-13.7%) were significantly different from the non-treated control (28.2%) (P<0.05); however, they were not significantly different from each other (P>0.05) (Figures 6A and S4, Table S4). No significant difference (P>0.05) in average percent disease severity was observed across seven spray programs for seven time points (9.4-13.7%) (Table S4). The two-way ANOVA revealed a significant ‘spray program × time’ interaction (P>0.05) where the percent disease severity continued to escalate in the non-treated control plots with no significant difference (P>0.05) with the six other spray programs until 14 days after the start of the experiment (Figure 6B). However, the average disease severities started to decline for the six spray programs and were significantly different from the non-treated control starting 21 days (P>0.05). The disease severity reached a plateau at 35 days with the significantly (P<0.05) highest severity recorded as 45.3% for the non-treated control plot. At 42 days, all six spray programs resulted in significantly (P<0.05) lower disease severities ranging from 4.4 to 7.6% compared to the non-treated control (Figure 6B). Among all 49 data points, comprising seven spray programs and seven time points, the lowest disease severity was noted in the plot sprayed with B. subtilis QST713 every 7 days interval at 35 days after the start of the experiment (4.1%).




Figure 6 | Dollar spot average disease severity (%) for seven spray programs (T1-T7) (A) and the interaction of the seven spray programs and seven different time points (0-42 days) (B) in the field experiments across both summer and fall seasons. Mean disease severity with the same letters in the bar chart in panel A are not significantly different according to Tukey’s test (P = 0.05). Tukey’s test showed a significant difference in mean disease severity in panel B across seven spray programs at 0, 21, 28, 35, and 42 days (P<0.05). T1: non-treated control; T2: B. subtilis QST713 applied every 7 days; T3: B. subtilis QST713 applied every 14 days; T4: propiconazole applied every 28 days; T5: tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days; T6: 75% B. subtilis QST713 + 25% propiconazole tank mix in rotation with 100% B. subtilis QST713 applied every 14 days; and T7: 100% B. subtilis QST713 in rotation with 75% B. subtilis QST713 + 25% propiconazole tank mix applied every 14 days. *significant at P<0.05, **significant at P<0.01, ***significant at P<0.001, and ns non-significant at P<0.05.






3.4.2 Turf quality

Significantly lower average turf quality across seven time points was noted in the non-treated control plots (5.2) which statistically (P<0.05) differentiated from the rest of the six treated plots (6.3-7.1) (Figures 7A and S4, Table S4). Nonetheless, these six treatments were statistically similar to each other (P>0.05). Average turf quality was significantly lower (P<0.05) at 0 day after the start of the experiment (5.7) when averaged across the seven spray programs which kept improving over time attaining the statistically highest quality at 42 days (7.2) (Table S4). The two-way ANOVA revealed a significant ‘spray program × time’ interaction (P>0.05) and portrayed a tendency for the continued deterioration of turf quality on non-treated control plots over the 42-day experiment period (Figure 7B). Inversely, turf quality continually improved for all six treated plots. There were no significant differences (P>0.05) in turf quality across the seven spray programs until 14 days, after which the effect of the six spray programs were conspicuous compared to the non-treated control. At 42 days, significantly lower (P<0.05) average turf quality was observed in the non-treated plots (4.7) compared to the treated plots that yielded significantly higher turf quality (7.1 to 7.9) showcasing the comparable efficacy of biofungicide to synthetic fungicide (Figure 7B).




Figure 7 | Turf quality (1-9) resulting from the application of seven spray programs (T1-T7) (A) and the interaction of seven spray programs and seven different time points (0-42 days) (B) in the field experiments across both summer and fall seasons. Mean turf quality with the same letters in the bar chart in Panel A are not significantly different according to Tukey’s test (P = 0.05). Tukey’s test showed a significant difference in mean disease severity in Panel B across seven programs at 21, 28, 35, and 42 days (P<0.05). T1: non-treated control; T2: B. subtilis QST713 applied every 7 days; T3: B. subtilis QST713 applied every 14 days; T4: propiconazole applied every 28 days; T5: tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days; T6: 75% B. subtilis QST713 + 25% propiconazole tank mix in rotation with 100% B. subtilis QST713 applied every 14 days; and T7: 100% B. subtilis QST713 in rotation with 75% B. subtilis QST713 + 25% propiconazole tank mix applied every 14 days. *significant at P<0.05, **significant at P<0.01, and ns non-significant at P<0.05.






3.4.3 Area under the disease progress curve

Non-treated control plots noted the higher AUDPC (1179.8) which was not statistically different (P>0.05) from the B. subtilis QST713 applied every 14 days (595.6) (Figure 8, Table S4). However, the other five spray programs resulted in significantly (P<0.05) lower AUDPC (range from 297.1 to 448.9) compared to the non-treated control, demonstrating their effectiveness in controlling dollar spot.




Figure 8 | Area under the disease progress curve (AUDPC) of dollar spot resulting from the application of seven different spray programs (T1-T7) in the field experiments across both summer and fall seasons. Mean AUDPC with the same letters in the box plot are not significantly different according to Tukey’s test (P<0.05).T1: non-treated control; T2: B. subtilis QST713 applied every 7 days; T3: B. subtilis QST713 applied every 14 days; T4: propiconazole applied every 28 days; T5: tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days; T6: 75% B. subtilis QST713 + 25% propiconazole tank mix in rotation with 100% B. subtilis QST713 applied every 14 days; and T7: 100% B. subtilis QST713 in rotation with 75% B. subtilis QST713 + 25% propiconazole tank mix applied every 14 days.








4 Discussion

With the expansion in the sports turf market witnessed in recent years along with escalating demand of public and commercial urban landscapes, effective and timely management of dollar spot is of utmost importance to maintain the disease-free turfgrass. Dollar spot is primarily managed by fungicides. Resistance to fungicides can result in reduced efficacy, shorter control intervals, reduced turf density, and even complete loss of disease control (Clarke et al., 2020). Resistance to DMI and MBC fungicides has been reported for C. jacksonii from the northeast US (Clarke et al., 2020; Koch et al., 2021), however information is limited on sensitivity to these fungicides in Georgia.

Our study revealed 64.8% of the Clarireedia spp. isolates resistance to propiconazole, but only 2.5% to thiophanate-methyl. In other US states, 85-96% and 41% of the isolates exhibited resistance to propiconazole and thiophanate-methyl, respectively (Jo et al., 2006; Putman et al., 2010; Stephens and Kaminski, 2019). In the present study, we observed only two isolates out of 79 that exhibited a high level (>1000 μg/mL) of resistance to thiophanate-methyl. This is the first report of thiophanate-methyl sensitivity to Clarireedia spp. in Georgia. Hu et al. (2018) found that the EC50 of 44 Clarireedia spp. isolates collected from seashore paspalum fairways in China ranged from 0.0257 to >1000 μg/mL, and among them, 22 isolates were highly resistant, which is much higher frequency than observed in our study. Baseline sensitivities of Clarireedia spp. for propiconazole between 1999-2000 in Georgia ranged from 0.0006 to 0.0102 μg/mL with a mean of 0.0049 μg/mL for propiconazole unexposed (n = 59) and 0.005 to 0.057 μg/mL with a mean of 0.0283 μg/mL for propiconazole exposed (n = 69) populations (Miller et al., 2002). We observed more than 12-fold increase in the EC50 values in the present dollar spot isolates compared to Miller et al. (2002) demonstrating the declining sensitivity of Georgian isolates to propiconazole over time. More importantly, propiconazole resistance was not observed by Miller et al. (2002) but was observed in 64.8% of isolates in 2022 in the current study. In addition, for thiophanate-methyl, a high difference in EC50 values between the less sensitive (LS: max 0.654 μg/mL) and the highly resistant (HR: min >1000 μg/mL) isolates was observed, while the sensitivity to propiconazole was more gradual in Clarireedia spp. population from Georgia with a negligible difference (0.003 μg/mL) between the sensitive (LS: max 0.098 μg/mL) and resistant (LR: min 0.101 μg/mL) groups. Previous studies have demonstrated that a single point mutation in the β-tubulin gene confers MBC fungicide resistance (Ostrander et al., 2014) and overexpression of either cytochrome P450-dependent sterol 14α-demethylase (Cyp51) gene or gain-of-function mutation in the ShXDR1 were responsible for DMI fungicide resistance to Clarireedia spp. (Ma and Tredway, 2013; Sang et al., 2018).

We observed propiconazole-resistant isolates in the majority of Georgia’s counties while isolates resistant to thiophanate-methyl were concentrated in Spalding county demonstrating that thiophanate-methyl poses less risk and could still be applied judiciously in rotation with other fungicides. Two isolates (one each of C. jacksonii and C. monteithiana) collected from Spalding county of Georgia were multiple fungicide resistance (MFR) isolates, resistant to propiconazole and thiophanate-methyl. MFR occurs when an isolate or population becomes resistant to two or more fungicides from different chemical classes. MFR in Clarireedia spp. was initially described in 1983 with an isolate that exhibited resistance to thiophanate-methyl (MBC) and iprodione (DCF). Since then MFR has been reported in Clarireedia spp. populations from many regions across the US and poses an ongoing threat to the turf industry (Ok et al., 2011; Sang et al., 2019; Stephens and Kaminski, 2019). MFR isolates of propiconazole and thiophanate-methyl have been reported in Ohio (11.5%) (Jo et al., 2006), Tennessee and Northern Mississippi (10%) (Bishop et al., 2008), Wisconsin and Massachusetts (five out of seven populations of 1400 isolates) (Koch et al., 2009), and in the northeastern United States (13.5%) (Putman et al., 2010). In China (Hu et al., 2021) and the US (Salgado-Salazar et al., 2018), two or more Clarireedia species can co-exist on the same host type, leading to a challenging dollar spot management and suggesting that it is crucial to examine potential species-specific fungicide sensitivity patterns in these regions. Interestingly, in our study, Spalding county was the only county in Georgia where both species C. jacksonii and C. monteithiana were recovered and this county also held the MFR isolates. The higher level and frequent applications of fungicides to control this challenging disease in this county could explain the emergence of MFR strains. This fungicide resistance might have appeared independently in the two Clarireedia species as they were subjected to the same environmental conditions including exposure to fungicide, same geographic location, or even same host. Alternatively, the fungicide-resistant strains could have been introduced via migration from the northeast US. Further genetic analyses of pathogen populations will help to understand whether mutations or introductions events are responsible for the rise of fungicide-resistant isolates of Clarireedia spp. in Georgia.

Although effective chemical control options are available to manage dollar spot, increased public concerns about the use of synthetic pesticides have raised interest in biological control agents. In the present study, biofungicides B. subtilis QST713 and B. amyloliquefaciens F727 were as efficient as synthetic fungicides propiconazole and fludioxonil to suppress pathogen growth in laboratory tests. Further, the lowest label rate of synthetic fungicide propiconazole (1/4) was sufficient to entirely suppress C. monteithiana growth when mixed with B. subtilis QST713 (3/4). Similar to our findings, Marvin et al. (2020b) observed that ¼ label rate of B. subtilis QST713 exhibited the highest suppression in mycelial growth (>80%) over the ½ and full-strength treatments by establishing a containment zone around the inoculation plug that comprised short and stubby mycelium. Furthermore, in both the growth chamber and field experiments, we consistently observed the lowest disease severity and AUDPC with two different spray programs: a tank mix of 75% B. subtilis QST713 + 25% propiconazole applied every 28 days (T5) and 100% B. subtilis QST713 applied in rotation with a tank mix of 75% B. subtilis QST713 + 25% propiconazole every 14 days (T7). Program T5 could be cost-effective and would be recommended since it involves less number of fungicide applications and lower product volume to control dollar spot compared to program T7. If we merely consider the field-based study, our results showed that the application of B. subtilis QST713 every 7 days (T2), as well as the tank mix of 75% B. subtilis QST713 and 25% propiconazole applied in rotation with 100% B. subtilis QST713 every 14 days (T6) achieved the greatest reduction (>75%) in dollar spot severity. An acceptable turf quality (>7.0) was also obtained from programs T2 and T6, which further bolster the role of B. subtilis QST713 in integrated turfgrass management. More importantly, spray program T2 would be the most environmentally friendly since the program does not use any synthetic product and is solely based on biofungicide B. subtilis QST713. An economic analysis of the spray programs tested in this study would identify the most feasible and cost-effective programs. In a similar study by Marvin et al. (2020b), rotation applications of either pyraclostrobin or chlorothalonil (Daconil Ultrex™) with BCA at reduced label rates every 30 days suppressed dollar spot severity below 10% on a creeping bentgrass putting green at South Carolina despite the least efficacy of stand-alone biofungicide. Previous studies by Latin (2008) also agreed with our findings since reduced rates of chlorothalonil in a tank mix with BCAs B. licheniformis SB3086 and B. subtilis QST713 achieved similar control as the full labeled rate of synthetic fungicide alone when applied at a 7- or 14-day spray interval on creeping bentgrass in Indiana. Our results were also similar to Tomaso-Peterson (2006), where biofungicides B. licheniformis SB3086 and Trichoderma harzianum (TurfShield™) were found very effective in controlling dollar spot in Tifgreen Bermudagrass in Mississippi when applied alone (66-92% reduction) or alternated with chlorothalonil (85-95% reduction) at 7-, 14-, or 28-day interval without compromising the turfgrass quality. The tank mix of fungicides with different modes of action is usually recommended for better efficacy if the disease demands curative control. Nevertheless, turf managers who wanted to use the reduced label rate of synthetic fungicides or biofungicides as a stand-alone measure should monitor developing weather patterns with warm temperatures (15-30°C) and high humidity (>85%) since BCAs might lose residual efficacy and consistency in the context of excessively high disease pressure. A weather-based warning system developed recently using field data on relative humidity and temperature from Wisconsin and Oklahoma could be an important tool for implementing precision disease management strategies to control dollar spot (Smith et al., 2018). Based on the developed model, the research group revealed that fungicide loads could be curtailed by 30% while obtaining comparable disease control to the calendar-based spray program at a 20% spray threshold. Future research could be oriented on developing similar weather forecasting model for effective dollar spot management in the state of Georgia.

In a recent comprehensive review, Clarke et al. (2020) rated the efficacy of several fungicides and revealed that B. subtilis QST713 and R. sachalinensis extr. were not consistently effective in controlling dollar spot while other synthetic fungicides such as boscalid, propiconazole, fluxapyroxad, penthiopyrad, and thiophanate-methyl provided consistent, excellent disease control. Reports with low efficacy for full season control of dollar spot in creeping bentgrass have been found for commercial biofungicides products when tested against C. jacksonii (Koch et al., 2021). Nevertheless, the authors emphasized that additional research is indispensable to understand the role of different biofungicides. However, we observed a great efficacy of B. subtilis QST713 across in vitro, growth chamber, and field-based studies indicating its bright prospects. The differential level of disease pressure under which the efficacy of the biofungicides was rated in the previous studies could explain the discrepancy in the efficacy level. One of the main concerns with the incorporation of the BCA in the spray program was the need for consistent disease control over several years and under varying disease pressures. Interestingly, we found that the biofungicide spray programs worked consistently in controlling dollar spot in both seasons in the field despite different levels of disease severities at the beginning of the experiment (18.8 and 7.0% in the summer and fall season, respectively). In addition, although a high disease pressure (up to 45% severity in the non-treated control plot) was observed in our field experiments, B. subtilis QST713 stand-alone program (T2) was still efficacious. Further research could be carried out to answer questions on whether we can obtain consistent efficacy of B. subtilis QST713 in other warm-season turfgrasses infected with C. monteithiana and C. jacksonii in Georgia. From a pragmatic standpoint, turfgrass managers wanted to ensure acceptable levels of disease control from biological fungicides before they can utilize them in spray programs. Successful integration of biological fungicides into dollar spot management programs needs additional research to validate the efficacy of the products, especially at different levels of disease pressure. Nevertheless, the consensus of our findings with several previous studies holding promising results for BCAs will provide an impetus for effective dollar spot management to the turf industry (Latin, 2008; Marvin et al., 2020a; Koch et al., 2021b, Tomaso-Peterson, 2006).

Overall, our results from both growth chamber and field experiments suggested that an acceptable level of dollar spot control can be achieved even with a reduced dose of synthetic fungicide (propiconazole) when mixed with biofungicide (B. subtilis QST713). Furthermore, stand-alone use of biofungicide displayed comparable or even higher efficacy in controlling Clarireedia than synthetic fungicide alone, showcasing the potential of this biofungicide to curtail heavy reliance on chemicals in the field. The use of biofungicide will not only assure efficient disease control but also lower the risk of reduced fungicide sensitivity to propiconazole and thiophanate-methyl in Clarireedia, which is recently an emerging problem in the state of Georgia. To conclude, continuous surveillance of Clarireedia populations for fungicide sensitivities and the use of biofungicides in rotation and/or tank mixed with synthetic fungicides should provide an integrated approach to manage dollar spot on warm-season grasses in the southeast US.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

BG and MA respectively wrote the major sections on biofungicide efficacy and fungicide sensitivity of the manuscript. BG designed the overall outline and prepared the first draft of the manuscript. SRC, WS, and CV helped on collecting data in the laboratory, growth chamber, and field experiments. BB, AM-E, and JB designed the research project and, provided guidance, critical suggestions, and feedback during the project execution and on the overall content throughout the manuscript preparation. All authors read, revised, and approved the submitted version.





Funding

This work was supported by Georgia Department of Agriculture Specialty Crop Block Grant Program (SCBGP) grants no. AWD00011205 and AWD00012675, the 2021 USDA-NIFA grant no. AWD00013777 on “Implementation of system-based IPM programs in key production systems in Georgia” and the 2022 Georgia Golf Environmental Foundation grant.




Acknowledgments

The authors thank Bayer, Marrone Bio Innovations, Syngenta, and BASF for providing the bio-and synthetic fungicides that were used in this study.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1155670/full#supplementary-material




References

 Allen, T. W., Martinez, A., and Burpee, L. L. (2005). Dollar spot of turfgrass. In: Plant health instr (Accessed January 27, 2023).

 Bekken, M. A. H., Hockemeyer, K. R., Soldat, D. J., and Koch, P. L. (2022). Reducing pesticide risk associated with dollar spot management on golf course turfgrass. Front. Agronomy. 4 881591. doi: 10.3389/fagro.2022.881591

 Bishop, P., Sorochan, J., Ownley, B. H., Samples, T. J., Windham, A. S., Windham, M. T., et al. (2008). Resistance of Sclerotinia homoeocarpa to iprodione, propiconazole, and thiophanate-methyl in Tennessee and northern Mississippi. Crop Sci. 48 (4), 1615–1620. doi: 10.2135/cropsci2007.11.0635sc

 Chawla, S. L., Agnihotri, R., Patel, M. A., Patil, S., and Shah, H. P. (2018). “Turfgrass: a billion dollar industry,” in National Conference on Floriculture for Rural and Urban Prosperity in the Scenario of Climate Change, (National Conference on Floriculture for Rural and Urban Prosperity in the Scenario of Climate Change-2018) 30–35. Available at: https://www.researchgate.net/profile/Roshni-Agnihotri-2/publication/324483293_Turfgrass_A_Billion_Dollar_Industry/links/5acf88c5aca2723a33454f73/Turfgrass-A-Billion-Dollar-Industry.pdf.

 Clarke, B. B., Vincelli, P., Koch, P., and Munshaw, G. (2020). “Chemical control of turfgrass diseases 2020,” in University of Kentucky, college of agriculture, food and environment cooperative extension service, agriculture and natural resources, PPA-1. (University of Kentucky, Cooperative Extension Service).

 Golf Course Industry (2015). State of the industry report. Available at: http://www.golfcourseindustry.com/article/gci0115-golf-state-industry-report-2015/ (Accessed January 27, 2023).

 Golf Course Superintendents Association of America (GCSAA) (2018). Best management practices for Georgia golf courses: striving for environmental, economic and social sustainability. Available at: https://cdn.cybergolf.com/images/571/GA-BMP-Manual.pdf (Accessed January 27, 2023).

 Grover, R. K., and Moore, J. D. (1962). Toxicometric studies of fungicides against brown rot organism, Sclerotinia fruiticola and S. laxa. Phytopathology 52, 876–879.

 Hanna, W. W., and Schwartz, B. M. (2016). Bermudagrass named ‘DT-1’. US Plant Patent 27, 392.

 Horsfall, J. G., and Barrett, R. W. (1945). An improved grading system for measuring plant diseases. Phytopathology 35 (8), 655–655.

 Hsiang, T., Liao, A., and Benedetto, D. (2007). Sensitivity of Sclerotinia homoeocarpa to demethylation-inhibiting fungicides in Ontario, Canada, after a decade of use. Plant Pathol. 56 (3), 500–507. doi: 10.1111/j.1365-3059.2007.01573.x

 Hu, J., Deng, S., Gao, T., Lamour, K., Liu, X., and Ren, H. (2018). Thiophanate-methyl resistance in Sclerotinia homoeocarpa from golf courses in china. Pesticide Biochemistry and Physiology 152, 84–89. doi: 10.1016/j.pestbp.2018.09.004

 Hu, J., Zhang, H., Dong, Y., Jiang, S., Lamour, K., Liu, J., et al. (2021). Global distributions of Clarireedia species and their in vitro sensitivity profiles to fungicides. Agronomy. 11 2036. doi: 10.3390/agronomy11102036

 Hu, J., Zhou, Y., Geng, J., Dai, Y., Ren, H., and Lamour, K. (2019). A new dollar spot disease of turfgrass caused by Clarireedia paspali. Mycological Prog. 18 (12), 1423–1435. doi: 10.1007/s11557-019-01526-x

 Jian, H., Jingya, Y., Jie, L., Wenjun, Y., Haiyan, R., Fengge, Z., et al. (2017). Sensitivity of Sclerotinia homoeocarpa from turfgrass to thiophanate-methyl, iprodione and propiconazole. Chin. J. Pesticide Sci. 19 (6), 694–700.

 Jo, Y. K., Niver, A. L., Rimelspach, J. W., and Boehm, M. J. (2006). Fungicide sensitivity of Sclerotinia homoeocarpa from golf courses in Ohio. Plant Dis. 90 (6), 807–813. doi: 10.1094/PD-90-0807

 Knopper, L. D., and Lean, D. R. S. (2010). Carcinogenic and genotoxic potential of turf pesticides commonly used on golf courses. J. Toxicol. Environ. Health Part B 7 (4), 267–279. doi: 10.1080/10937400490452697

 Koch, P. L., Grau, C. R., Jo, Y. K., and Jung, G. (2009). Thiophanate-methyl and propiconazole sensitivity in Sclerotinia homoeocarpa populations from golf courses in Wisconsin and Massachusetts. Plant Dis. 93 (1), 100–105. doi: 10.1094/PDIS-93-1-0100

 Koch, P. L., Hockemeyer, K., and Buczkowski, E. (2021). Evaluating biological and oil-based fungicides for dollar spot suppression on turfgrass. Agron. J. 113 (5), 3808–3818. doi: 10.1002/agj2.20407

 Latin, R. (2008). Interaction of biofungicides and chlorothalonil for control of dollar spot on creeping bentgrass. In: 2008 annual report: purdue university turfgrass science program (West Lafayette, IN). Available at: https://www.agry.purdue.edu/turfnew/report/2008/PDF/510.pdf (Accessed January 27, 2023).

 Le, K. D., Yu, N. H., Park, A. R., Park, D. J., Kim, C. J., and Kim, J. C. (2022). Streptomyces sp. AN090126 as a biocontrol agent against bacterial and fungal plant diseases. Microorganisms 10 (4), 791. doi: 10.3390/microorganisms10040791

 Lee, H., Bremer, D. J., Su, K., and Keeley, S. J. (2011). Relationships between normalized difference vegetation index and visual quality in turfgrasses: effects of mowing height. Crop Science 51 (1), 323–332. doi: 10.2135/cropsci2010.05.0296

 Ma, B., and Tredway, L. P. (2013). Induced overexpression of cytochrome P450 sterol 14α-demethylase gene (CYP51) correlates with sensitivity to demethylation inhibitors (DMIs) in Sclerotinia homoeocarpa. Pest Manage. Sci. 69 (12), 1369–1378. doi: 10.1002/ps.3513

 Marvin, J. W., Kerr, R. A., McCarty, L. B., Bridges, W., Martin, S. B., and Wells, C. E. (2020a). Curative evaluation of biological control agents and synthetic fungicides for Clarireedia jacksonii. HortScience 55 (10), 1622–1625. doi: 10.21273/HORTSCI15088-20

 Marvin, J. W., Kerr, R. A., McCarty, L. B., Bridges, W., Martin, S. B., and Wells, C. E. (2020b). In vitro and preventative field evaluations of potential biological control agents and synthetic fungicides for control of clarireedia jacksonii sp. nov. J. Plant Sci. Phytopathol 4 (1), 001–008. doi: 10.29328/journal.jpsp.1001043

 Miller, G. L., Stevenson, K. L., and Burpee, L. L. (2002). Sensitivity of Sclerotinia homoeocarpa isolates to propiconazole and impact on control of dollar spot. Plant Dis. 86 (11), 1240–1246. doi: 10.1094/PDIS.2002.86.11.1240

 National Golf Foundation (NGF) (2016). The 2016 U.S. golf economy report. Available at: https://www.ngf.org/report-publication-catalog-old/ (Accessed January 27, 2023).

 Nelson, E., and Craft, C. (1991). Introduction and establishment of strains of Enterobacter cloacae in golf course tuf for the biological control of dollar spot. Plant Dis. 75 (5), 510–514. doi: 10.1094/PD-75-0510

 Ok, C. H., Popko, J. T., Campbell-Nelson, K., and Jung, G. (2011). In vitro assessment of Sclerotinia homoeocarpa resistance to fungicides and plant growth regulators. Plant Dis. 95 (1), 51–56. doi: 10.1094/PDIS-02-10-0098

 Ostrander, J. C., Todd, R. B., and Kennelly, M. M. (2014). Resistance of Kansas Sclerotinia homoeocarpa isolates to thiophanate-methyl and determination of associated β-tubulin mutation. Plant Health Prog. 15 (2), 80–84. doi: 10.1094/php-rs-13-0120

 Popko, J. T., Ok, C. H., Campbell-Nelson, K., and Jung, G. (2012). The association between in vitro propiconazole sensitivity and field efficacy of five new England Sclerotinia homoeocarpa populations. Plant Dis. 96 (4), 552–561. doi: 10.1094/PDIS-06-11-0524

 Popko, J. T., Sang, H., Lee, J., Yamada, T., Hoshino, Y., and Jung, G. (2018). Resistance of Sclerotinia homoeocarpa field isolates to succinate dehydrogenase inhibitor fungicides. Plant Dis. 102 (12), 2625–2631. doi: 10.1094/PDIS-12-17-2025-RE

 Powell, J. F., Vargas, J. M., Nair, M. G., Detweiler, A. R., and Chandra, A. (2000). Management of dollar spot on creeping bentgrass with metabolites of Pseudomonas aureofaciens (TX-1). Plant Dis. 84 (1), 19–24. doi: 10.1094/PDIS.2000.84.1.19

 Putman, A. I., Jung, G., and Kaminski, J. E. (2010). Geographic distribution of fungicide-insensitive Sclerotinia homoeocarpa isolates from golf courses in the northeastern united states. Plant Dis. 94 (2), 186–195. doi: 10.1094/PDIS-94-2-0186

 R Core Team (2021). R: a language and environment for statistical computing. In: R foundation for statistical computing. Available at: https://www.R-project.org/ (Accessed January 27, 2023).

 Salgado-Salazar, C., Beirn, L. A., Ismaiel, A., Boehm, M. J., Carbone, I., Putman, A. I., et al. (2018). Clarireedia: a new fungal genus comprising four pathogenic species responsible for dollar spot disease of turfgrass. Fungal Biol. 122 (8), 761–773. doi: 10.1016/j.funbio.2018.04.004

 Sang, H., Hulvey, J. P., Green, R., Xu, H., Im, J., Chang, T., et al. (2018). A xenobiotic detoxification pathway through transcriptional regulation of filamentous fungi. MBio 9 (4), e00457–e00418. doi: 10.1128/mBio.00457-18

 Sang, H., Hulvey, J., Popko, J. T., Lopes, J., Swaminathan, A., Chang, T., et al. (2015). A pleiotropic drug resistance transporter is involved in reduced sensitivity to multiple fungicide classes in Sclerotinia homoeocarpa (F.T. Bennett). Mol. Plant Pathol. 16 (3), 251–261. doi: 10.1111/mpp.12174

 Sang, H., Popko, J. T., and Jung, G. (2019). Evaluation of a Sclerotinia homoeocarpa population with multiple fungicide resistance phenotypes under differing selection pressures. Plant Dis. 103 (4), 685–690. doi: 10.1094/PDIS-06-18-1080-RE

 Sapkota, S., Catching, K. E., Raymer, P. L., Martinez-Espinoza, A. D., and Bahri, B. A. (2022). New approaches to an old problem: dollar spot of turfgrass. Phytopathology 112 (3), 469–480. doi: 10.1094/PHYTO-11-20-0505-RVW

 Sapkota, S., Martinez-Espinoza, A. D., Ali, E., Vermeer, C. B., and Bahri, B. A. (2020). Taxonomical identification of Clarireedia species causing dollar spot disease of turfgrass in Georgia. Plant Dis. 101 (11), 3063. doi: 10.1094/PDIS-03-20-0603-PDN

 Smith, D. L., Kerns, J. P., Walker, N. R., Payne, A. F., Horvath, B., Inguagiato, J. C., et al. (2018). Development and validation of a weather-based warning system to advise fungicide applications to control dollar spot on turfgrass. PloS One 13 (3), 1–14. doi: 10.1371/journal.pone.0194216

 Steketee, C. J., Martinez-Espinoza, A. D., Harris-Shultz, K. R., Henry, G. M., and Raymer, P. L. (2016). Effects of genotype and isolate on expression of dollar spot in seashore paspalum. HortScience 51 (1), 67–73. doi: 10.21273/hortsci.51.1.67

 Stephens, C. M., and Kaminski, J. (2019). In vitro fungicide-insensitive profiles of Sclerotinia homoeocarpa populations from Pennsylvania and the surrounding region. Plant Dis. 103 (2), 214–222. doi: 10.1094/PDIS-07-18-1149-RE

 Tomaso-Peterson, M. (2006). A demonstration trial of biofungicides with efficacy for controlling dollar spot in turfgrasses. Res. Rep. Mississippi Agric. Forestry Experiment Station. 23 (17).

 Vargas, J. M. (2018). Management of turfgrass diseases. 2nd ed (Boca Raton, FL, USA: CRC Press), ISBN: ISBN 1351434187.

 Warren, C. G., Sanders, W., and Herbert, C. (1974). Sclerotinia homoeocarpa tolerance to benzimidazole configuration fungicides. Phytopathology 64 (8), 1139–1142. doi: 10.1094/phyto-64-1139

 Zhang, H., Dong, Y., Zhou, Y., Hu, J., Lamour, K., and Yang, Z. (2022). Clarireedia hainanense: a new species is associated with dollar spot of turfgrass in hainan, China. Plant Dis. 106 (3), 996–1002. doi: 10.1094/PDIS-08-21-1853-RE

 Zhang, H., Jiang, S., Zhao, Z., Guan, J., Dong, Y., Hu, J., et al. (2021). Fungicide sensitivity of Clarireedia spp. isolates from golf courses in China. Crop Prot. 149, 105785. https://doi.org/10.1016/j.cropro.2021.10578.




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


Copyright © 2023 Ghimire, Aktaruzzaman, Chowdhury, Spratling, Vermeer, Buck, Martinez-Espinoza and Bahri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 30 June 2023

doi: 10.3389/fpls.2023.1193297

[image: image2]


Pseudomonas forestsoilum sp. nov. and P. tohonis biocontrol bacterial wilt by quenching 3-hydroxypalmitic acid methyl ester


Si Wang, Ming Hu, Huilin Chen, Chuhao Li, Yang Xue, Xinyue Song, Yuqing Qi, Fan Liu, Xiaofan Zhou, Lian-hui Zhang and Jianuan Zhou *


National Key Laboratory of Green Pesticide, Guangdong Province Key Laboratory of Microbial Signals and Disease Control, Integrative Microbiology Research Center, South China Agricultural University, Guangzhou, China




Edited by: 

Islam Hamim, Bangladesh Agricultural University, Bangladesh

Reviewed by: 

Lei Li, Chinese Academy of Agricultural Sciences, China

Yantao Jia, Chinese Academy of Sciences (CAS), China

Malkhan Singh Gurjar, Indian Agricultural Research Institute (ICAR), India

*Correspondence: 

Jianuan Zhou
 jianuanzhou@scau.edu.cn


Received: 24 March 2023

Accepted: 19 June 2023

Published: 30 June 2023

Citation:
Wang S, Hu M, Chen H, Li C, Xue Y, Song X, Qi Y, Liu F, Zhou X, Zhang L-h and Zhou J (2023) Pseudomonas forestsoilum sp. nov. and P. tohonis biocontrol bacterial wilt by quenching 3-hydroxypalmitic acid methyl ester. Front. Plant Sci. 14:1193297. doi: 10.3389/fpls.2023.1193297



Bacterial wilt caused by Ralstonia solanacearum ranks the second top important bacterial plant disease worldwide. It is also the most important bacterial disease threatening the healthy development of Casuarina equisetifolia protection forest. 3-hydroxypalmitic acid methyl ester (3-OH PAME) functions as an important quorum sensing (QS) signal regulating the expression of virulence genes in R. solanacearum, and has been regarded as an ideal target for disease prevention and control. To screen native microorganisms capable of degrading 3-OH PAME, samples of C. equisetifolia branches and forest soil were collected and cultured in the medium containing 3-OH PAME as the sole carbon source. Bacteria with over 85% degradation rates of 3-OH PAME after 7-day incubation were further separated and purified. As a result, strain Q1-7 isolated from forest soil and strain Q4-3 isolated from C. equisetifolia branches were obtained and identified as Pseudomonas novel species Pseudomonas forestsoilum sp. nov. and P. tohonis, respectively, according to whole genome sequencing results. The degradation efficiencies of 3-OH PAME of strains Q1-7 and Q4-3 were 95.80% and 100.00% at 48 h, respectively. Both strains showed high esterase activities and inhibited R. solanacearum exopolysaccharide (EPS) and cellulase production. Application of strains Q1-7 and Q4-3 effectively protects C. equisetifolia, peanut and tomato plants from infection by R. solanacearum. Findings in this study provide potential resources for the prevention and control of bacterial wilt caused by R. solanacearum, as well as valuable materials for the identification of downstream quenching genes and the research and development of quenching enzymes for disease control.




Keywords: 3-hydroxypalmitic acid methyl ester, quorum quenching, Ralstonia solanacearum, bacterial wilt, Pseudomonas





Introduction

Ralstonia solanacearum is one of the top ten important plant pathogenic bacteria in the world (Mansfield et al., 2012). It infects a wild range of host plants with more than 450 species in 54 families (Wicker et al., 2007), including crops of potato, cassava, soybean, pumpkin, tomato, pepper, eggplant, peanut, tobacco, strawberry, banana, ginger etc., and woody plants such as eucalyptus, mulberry, olive and Casuarina equisetifolia etc. (Hayward, 1991). The bacterial wilt incidence of eucalyptus ranges from 20% to 40% in Guangdong and Hainan to 90% in Fujian (Wu et al., 2007), which in Casuarina, varies around 50% to 90% in China (Sun et al., 2013). Different strains isolated from different regions and hosts exhibit rich intraspecific genetic diversity in terms of host range and pathogenicity (Hayward, 1991; Peeters et al., 2013; Huet, 2014; Li et al., 2016), increasing the difficulty and complexity for pathogen pathogenicity research and disease control.

Virulence of R. solanacearum is determined mainly by extracellular polysaccharides (EPS) and proteases, motility and chemotaxis driven by flagella, pili and fimbria, and effectors translocated by secretion systems (Huang and Allen, 1997; Tans-Kersten et al., 2001; Yao and Allen, 2007; Milling et al., 2011; Marchetti et al., 2017). Once invading the damaged or natural openings at the plant root margin, R. solanacearum cells first attach to the tissue surface. During this early stage of infestation, the pathogen senses plant signals through the outer membrane receptor protein PrhA, and sequentially transmits and activates the regulatory genes prhJ and hrpG, and eventually initiates the expression of T3SS and its effectors (Genin and Denny, 2012). Meanwhile, a LysR family transcriptional regulator PhcA represses the expression of prhR and pehSR, cell motility and the production of PehA and siderophore. After avoiding the plant’s innate immune response (Nakano et al., 2013; Hikichi et al., 2017; Mori et al., 2018b), the cells rapidly multiply and activate the population sensing system to produce mushroom-like biofilms essential for the adhesion and virulence of R. solanacearum (Mori et al., 2016), from which planktonic bacterial cells are released into the xylem ducts (Mori et al., 2016; Hikichi et al., 2017; Mori et al., 2018a), and then grow rapidly and expand in the xylem to activate phc system to synthesize 3-hydroxypalmitic acid methyl ester (3-OH PAME) or (R)-methyl 3-hydroxymyristate [(R)-3-OH MAME] quorum sensing (QS) signal (Flavier et al., 1997; Kai et al., 2015). Once the concentration of the QS signal reaches a threshold (5 nM), it is sensed by the histidine kinase PhcS/PhcB that activates PhcR by phosphorylation (Clough et al., 1997b), which then releases the post-transcriptional repression of PhcA. The increased activity of PhcA turns on the expression of EPS via XpsR, cellulase encoding genes egl and cbhA, pectin esterase encoding gene pme, as well as another set of QS system mediated by AHL (Genin and Denny, 2012) and induce plant pathogenesis (Vesse et al., 1995; Genin and Denny, 2012; Hikichi et al., 2017). The AHL signal is synthesized by the SolI and bound to the SolR transcriptional regulator once it reaches a threshold (Flavier et al., 1997). Interestingly, inactivation of solI/solR in R. solanacearum did not alter bacterial pathogenicity and the virulence factors produced, whereas, mutation of phcA resulted in the loss of pathogenicity and the dramatically reduced production of EPS and proteases (Brumbley et al., 1993; Perrier et al., 2018).

Since PhcA is located at the core of the regulation network of R. solanacearum, and its activity is regulated by 3-OH-PAME molecule, quenching of 3-OH-PAME or (R)-3-OH MAME is one of the effective ways to control bacterial wilt caused by R. solanacearum. Previous study isolated Ideonella sp. strain 0-0013 from soil using selective-enrichment culture method as a quorum quenching (QQ) agent that produces β-hydroxypalmitate methyl ester hydrolase (βHPMEH) to degrade 3-OH-PAME, thereby suppressing the production of EPS and virulence of R. solanacearum (Shinohara et al., 2007). A recent study identified novel esterases/lipases using soil metagenome sequencing that display various levels of hydrolytic activities towards 3-OH-PAME, and decrease the EPS production without affecting bacterial growth (Lee et al., 2018).

Casuarina equisetifolia is an important coastal protection woody plant in southeast China. In 1960s and 1970s, bacterial wilt caused by R. solanacearum resulted in a massive die-off of Casuarina in the coastal regions of Guangdong province. The disease was later controlled by planting R. solanacearum-resistant asexual Casuarina line 701 (Guo and Liang, 1986; Liang, 1986). However, in recent years, resurgence of Casuarina bacterial wilt emergences in Wuchuan, Yangjiang, Maoming, Zhanjiang, Jieyang and Shantou cities in Guangdong province, and Xinhai Forest in Hainan province (Liu, 2016). In Wuchuan city, it resulted in a devastating death of more than 7,000 acres of Casuarina forest (Liu, 2016). The later cultivated A13 and A8 asexual lines have also gradually lost their resistance to R. solanacearum in the field (Xu et al., 2017). The resurgence of Casuarina bacterial wilt suggests that the plant resistance has been overcome through long-term environmental adaptation and genomic mutation of R. solanacearum. In this study, in order to develop biological control measures against Casuarina bacterial wilt, we used 3-OH PAME molecule as the sole carbon source for enrichment culturing the native microorganisms obtained from C. equisetifolia planting forest in Haitouwan Forest in Zhanjiang city, Guangdong province. Two Pseudomonas strains Q1-7 and Q4-3 showed great degradative activities towards 3-OH PAME and eliminated the phc system regulated traits, and performed great control efficiency against bacterial wilts of plant hosts caused by R. solanacearum.





Materials and methods




Chemicals and plants

The pure 3-OH PAME chemical was synthesized by Shanghai Zixia Biotechnology Co., Ltd. and the chromatographic methanol was used to dissolve it. All other chemicals were synthesized by Guangzhou Dingguo Biotechnology Co. LTD. The plants used in the following inoculation experiments (Casuarina equisetifolia cv. Wenchang, tomato cv. Provence, and peanut cv. Luhua) were purchased or self-cultivated.





Strains cultivation conditions and medium preparation

The phytopathogenic bacterium used in this study was R. solanacearum NS25, which was isolated from Casuarina bacterial wilting trunk previously, and cultured in CPG medium (peptone, 10.0 g/L; glucose, 5.0 g/L; and casamino acid, 1.0 g/L; solid medium added with 15 g/L agar; Ph 7.0) at 30°C (Hendrick and Sequeira, 1984). The TTC medium was added with 5% 2,3,5-triphenyltetrazolium chloride (TTC) in a 1:1000 ratio to the melted CPG solid medium. The QQ strains Q1-7 and Q4-3 were cultivated in LB medium (NaCl, 10.0 g/L; tryptone, 10.0 g/L; and yeast extract, 5.0 g/L; solid medium added with 15 g/L agar; Ph 7.0) at 28°C (Maniatis et al., 1982).

The mineral salt medium [MSM; (NH4)2SO4, 2.0 g/L; Na2HPO4·12H2O, 1.5 g/L; NaH2PO4, 1.5 g/L; MgSO4·7H2O, 0.2 g/L; CaCl2·2H2O, 0.01 g/L; FeSO4·7H2O, 0.001 g/L; Ph 6.5] was used in the QQ bacterial screening and degradation tests of 3-OH PAME (Zhang et al., 2021).

The medium for swimming motility test contains 5.0 g/L bactopeptone, 5.0 g/L NaCl, and 3 g/L agar, that for swarming test contains 0.5% M8 plates supplemented with 2.0 g/L glucose and 0.5 g/L glutamate, and that for twitching test contains 10.0 g/L NaCl, 10.0 g/L tryptone, 5.0 g/L yeast extract and 15 g/L agar (Murray and Kazmierczak, 2006; Hu et al., 2021). SOBG medium for the measurement of biofilm formation contains 20.0 g/L tryptone, 5.0 g/L yeast extract, 2.4 g/L MgSO4·7H2O, 0.5 g/L NaCl, 0.186 g/L KCl, and 2% glycerol (Branda et al., 2005; Hu et al., 2021).

The medium for the measurement of EPS production (YEB) contains 10.0 g/L tryptone, 5.0 g/L yeast extract, 5 g/L KCl, 0.5 g/L MgSO4·7H2O, 5 g/L sucrose, 15 g/L agar (Romling et al., 1998). The medium for the measurement of pectate lyase (Pel) activity contains 10.0 g/L polygalacturonic acid, 10.0 g/L yeast extract, 8.0 g/L agar, 4.8448 g/L Tris-HCl, and 0.1125 g/L CaCl2. The medium for the measurement of polygalacturonase (Peh) activity contains 5.0 g/L polygalacturonic acid, 2.0 g/L sucrose, 15.0 g/L agar, and 2.0 g/L (NH4)2SO4. The medium for the measurement of cellulase (Cel) activity contains 1.0 g/L carboxymethyl cellulose, 3.8 g/L Na3PO4, and 8.0 g/L agar. The medium for the measurement of protease (Prt) is LB solid medium mixed with 4% non-fat milk powder at a ratio of 1:1.





Establishment of the standard curve of 3-OH PAME

A standard curve of 3-OH PAME was established using 5 different concentrations of 3-OH PAME specimens: 0.25 μM, 0.5 μM, 1 μM, 2 μM and 4 μM (Supplementary Figure S1). The correlation between AA values and 3-OH PAME contents were determined. The experiment was repeated in three independent times with four replicates for each concentration each time.





Isolation and screening of 3-OH PAME QQ strains

The selective-enrichment culture method was used to screen QQ strains (Flagan et al., 2003). Firstly, inter-rhizosphere soil and Casuarina branches were collected from the Haitouwan Casuarina forestry in Zhanjiang, Guangdong Province. The branches were crushed into sawdust, and 10 g of which and the mixed soil sample were respectively added into 200 mL of MSM liquid medium containing 1 μM 3-OH PAME (sole carbon source), shaking at 28°C for 7 d at 200 rpm. After extracting the culture solution in three portions with 30 mL of dichloromethane, the solution was evaporated dried by rotation at 40°C, 500 Pa, eluted in two portions with 1 mL of chromatographic methanol and fixed to 1 mL, 100 μL of which was added into the injection vial containing the interpolation tube and detected by Liquid Chromatograph Mass Spectrometer (LC-MS) with methods described below. The solution with significantly reduced 3-OH PAME content, compared with the solution containing no soil or sawdust sample, was considered as a sample containing 3-OH PAME degrading bacteria.

Single colony bacteria were obtained and purified after streaking the solutions on LB plates. The degradation ability of the isolated strains was determined using the above method.





LC-MS of 3-OH PAME

LC-MS for quantitative analysis of 3-OH PAME using Q Exactive Focus Liquid chromatography-mass spectrometry (Thermo Fisher, United States) was as follows: chromatographic column: ACQUITY UPLC HSS T3 Column (Waters, United States), flow rate of 0.3 mL/min, temperature of column: 40°C, mobile phase of methanol/water = 85/15, characteristic ion of Na+, molecular weight of 309, peak time of 5.5-6.5 min, injection volume of 10 µL.





Determination of the 3-OH PAME degradation curves of the QQ strains

To investigate the relationship between the bacterial growth and 3-OH PAME degradation, strains Q1-7 and Q4-3 were cultured in LB medium to OD600 of 1.2 by shaking at 200 rpm at 28°C, then transferred into MSM+1 μM 3-OH PAME medium at a ratio of 1:100, shaking at 200 rpm at 28°C for 2 d. The MSM+1 μM 3-OH PAME medium added with of LB medium was served as the negative control. Samples were taken every 12 h to measure the concentrations of 3-OH PAME by LC-MS and the OD600 values of the QQ strains by UV spectrophotometer. The experiment was repeated in three independent times.





Genome sequencing, assembly, and annotation

To identify the taxonomic status of the QQ strains, Q1-7 and Q4-3 were grown in LB medium by shaking at 200 rpm at 28°C to OD600 of 1.0. The genomic DNAs of both strains were extracted using an EasyPure Bacterial Genomic DNA Kit (Transgen, Beijing, China). DNA qualities were determined by agarose gel electrophoresis and Qubit Fluorometer Quantitation (Thermo Fisher Scientific, Waltham, MA). Genomic DNAs of Q1-7 were sent to Novogene (Tianjin, China), and Q4-3 was sent to Biomarker (Beijing, China) for sequencing. The genome sequence of strain Q1-7 was determined using the Hiseq × Ten PE150 in combination with the PacBio RS II platform. A mixed de novo assembly of PacBio long-line and Illumina short-line sequencing data was performed on the genome of Q1-7 using Unicycler (v.0.4.7). The Q1-7 genome was annotated using the Prokaryotic Genome Annotation Pipeline v.2019-05-13. build3740 (Tatusova et al., 2016). AMRFinder v.3.8.4 was used to identify antimicrobial resistance genes (Feldgarden et al., 2020); TXSScan was used to identify secretion systems (Abby and Rocha, 2017); and the tool dbCAN2 was used to identify carbohydrate-active enzymes (Zhang et al., 2018). A sequence search of the MEROPS database was used to identify proteases using the tool BlastP (v.2.9.0, NCBI) (Rawlings et al., 2010). The Signal v.4.1 program was used to detect proteins with signal peptides (Petersen et al., 2011). The genome sequence of strain Q4-3 was determined using the NovaSeq 6000 in combination with the Oxford Nanopore Technologies platform. For genome assembly, the filtered reads were assembled by Canu v1.5 software (Koren et al., 2017), and then Circlator v1.5.5 was used to cyclize genome assembly. For genome component prediction, Coding genes prediction was performed by Prodigal v2.6.3 (Hyatt et al., 2010). Transfer RNA (tRNA) genes were predicted with tRNAscan-SE v2.0 (Chan and Lowe, 2019), Ribosome RNA (rRNA) genes were predicted with Infernal v1.1.3. Repetitive sequences were predicted using RepeatMasker v4.0.5 (Tarailo Graovac and Chen, 2009).The whole genome sequences of strains Q1-7 and Q4-3 have been uploaded to NCBI under the accession numbers CP116304.1 (PRJNA922361) and CP115820.1 (PRJNA922444), respectively.





Phylogenetic analysis of strains Q1-7 and Q4-3

Pairwise average nucleotide identity (ANI) values between Q1-7, Q4-3, and all 327 Pseudomonas type genomes available in the NCBI RefSeq database (Table S2) were calculated using fastANI v1.3. dDDH values between Q1-7, Q4-3, and their highest ANI values with Q1-7 or Q4-3 were then determined by using the GGDC server (http://ggdc.dsmz.de/). Orthologous genomes were constructed from annotated proteins in representative genomes of Q1-7, Q4-3 and 327 Pseudomonas species using OrthoFinder v2.3.2. Phylogenetic analysis of the Q1-7, Q4-3 and representative Pseudomonas genomes was inferred from the presence of single copy orthologs in most of the genomes analyzed. Single gene alignments were generated using MAFFT v7.490, and spot columns were trimmed using trimAl v1.4 and then concatenated into a supermatrix. Phylogenetic inference was performed using IQ-TREE v2.1.2 to automatically select the most appropriate evolutionary model for each gene, and the reliability of internal branching was estimated by ultra-fast bootstrap analysis with 1000 replicates.





Phenotypic characteristic analyses of strains Q1-7 and Q4-3

Utilization of carbon sources of strains Q1-7 and Q4-3 were determined using Biolog GEN III microplates (bioMérieux) following the manufacturer’s protocol.

To determine the esterase activity of strains Q1-7 and Q4-3, bacteria were cultured in LB medium by shaking at 28°C at 200 rpm until OD600 of 1.2, 1 μL of which was spotted onto the LB agar plates supplemented with 1% or 2% tributyrin and incubated in an incubator at 28°C for 2 d or 4 d (Lee et al., 2004). The diameters of the degradative halos were measured. The experiment was repeated three times.

To test the motility of the strains, Q1-7 and Q4-3 were cultured in LB medium by shaking at 200 rpm at 28°C until OD600 of 1.2. Swimming, swarming and twitching media were prepared as described previously. Specifically, 15 mL of the medium was poured in a 90-mm diameter dish, followed by the addition of 1 μL of bacterial culture to the inside of the swimming medium, the surface of the swarming medium and the bottom of the twitching medium, and incubated at 28°C for 24, 36 and 24 h, respectively. The swimming and swarming plates can be photographed and measured directly, while the twitching plates were stained with 2% crystalline violet for 20 min, then rinsed three times with ddH2O and then photographed and measured. The diameter of the bacterial movement was measured and collated using Image J 1. 52a. The experiment was repeated three times.

For measurement of the biofilms formed by strains Q1-7 and Q4-3, bacteria were cultured in LB medium by shaking at 200 rpm at 28°C until OD600 of 1.2, 1 μL of which was added into 100 μL of SOBG medium in each well of polystyrene 96 well-tissue culture plate (Guangzhou Jet Bio-Filtration Co., Ltd., China). The plate was incubated for shaking at 150 rpm at 28°C for 48 h. The culture medium was discarded and 200 μL of 0.1% crystal violet (wt/vol) was added to the wells for staining. Each well of the 96-well plate was washed three times with water and dried in air, and 250 μL of 95% ethanol was added to dissolve the crystal violet from the stained bacterial biofilm cells. The amount of biofilm formation was quantified by measuring the absorption values at 595 nm on a Multifunctional Microplate Reader (MMR) (Microplate reader, BioTek, United States) (Chen et al., 2013). The experiment was repeated three times.

The antimicrobial susceptibility of the QQ strains was tested to further investigate their resistance (Jorgensen and Ferraro, 2009; Hu et al., 2021). Strains Q1-7 and Q4-3 were cultured in LB medium by shaking at 200 rpm at 28°C until OD600 of 1.2, 1 μL of which was added into 100 μL of LB medium in each well of polystyrene 96 well-tissue culture plate (Guangzhou Jet Bio-Filtration Co., Ltd., China). The plate was incubated for shaking at 200 rpm at 28°C for 24 h. Antibiotics including ampicillin, kanamycin, streptomycin, gentamicin, tetracycline, and Polymyxin B were used in this experiment at concentrations of 5, 10, 20, 40, 80, 160, 320, and 640 μg/mL. The minimum antibiotic concentration with no visible cells was defined as MIC. Three replicates were performed for each treatment.





Measurement of EPS production

The Rdar phenotype, described as the red-dry-rough phenotype, can be used to detect components associated with biofilms such as EPS, cellulose and aggregated hairs (Romling et al., 1998). A final concentration of 0.005% Congo Red was added to the melted YEB medium, mixed and added to a 6-well plate with 3 mL of medium per well. The strains Q1-7 and Q4-3 were cultured in LB medium by shaking at 200 rpm at 28°C until OD600 of 1.2. NS25 was cultured in CPG medium by shaking at 200 rpm at 30°C until OD600 of 1.2. Every 1 µL of NS25+LB, NS25+Q1-7, NS25+Q4-3, Q1-7+CPG and Q4-3+CPG mixtures (1:1) was inoculated on the center of the well and incubated at 28°C, and photographed every 24 h. The experiment was repeated in triplicate.

In addition, NS25 was incubated with each of the QQ bacteria until OD600 to 1.2, NS25+LB, NS25+Q1-7, NS25+Q4-3, Q1-7+CPG and Q4-3+CPG (1:1) were prepared, diluted and spread on the TTC plates and incubated upside down at 28°C. The effect of QQ bacteria on NS25 EPS yield was visualized by the extent and coverage area of EPS around NS25 colonies after 4 d. The experiment was repeated in triplicate.





Measurement of cell wall degrading enzymatic activities

Cell wall degrading enzyme activity was measured using the medium formulation described above (Zhou et al., 2016; Hu et al., 2021), and 40 mL of the medium was poured into a 130-mm diameter Petri dish, and wells in 5 mm diameter were punched. The strains Q1-7 and Q4-3 were cultured in LB medium by shaking at 200 rpm at 28°C until OD600 of 1.2. NS25 was cultured in CPG medium by shaking at 200 rpm at 30°C until OD600 of 1.2. Some of the NS25 bacterial culture was centrifuged at 12,000 rpm for 5 min, and the supernatant was filtered through a 0.22 μm filter. To test the cell degrading enzymatic activity of the strains, 20 μL of the bacterial culture(s)/NS25 supernatant was added to the well, and incubated at 28°C for 24 h. Pel and Peh plates were treated with 1 M HCl for 15 min. Cel plates were stained with 0.1% (w/v) Congo red for 15 min and decolored with 1 M NaCl. Prt plates were observed directly without any treatment. The diameter of the transparent halo was measured. To test the NS25 cell numbers in the wells, a concentric circle was punched around the well with an 8-mm diameter hole puncher. The cut medium was mixed thoroughly in 1 mL of CPG liquid medium, diluted in a gradient and applied to CPG plates supplemented with 50 μg/mL Polymyxin to calculate the CFU number of NS25. The experiment was repeated in triplicate.





Antagonistic assay between QQ strains and NS25

The antagonistic activity of Q1-7 and Q4-3 against NS25 was tested by spot-on-law assay (Li et al., 2020). Firstly, bacterial cultures were grown in LB medium until OD600 of 1.2. secondly, 300 μL of NS25 culture was added into 15 mL of 1% agarose (cooled to 50°C), mixed and poured onto the surface of 15 mL LB agar plates (9 cm × 9 cm), dried at room temperature, and then punched with a 5-mm puncher. Finally, 20 μL of overnight antagonistic candidate cultures were added to the wells. Plates were incubated at 28°C for 24 h. Antagonistic activity was assessed according to the size of the hyaline inhibition circle. The experiment was repeated in triplicate. the antimicrobial activity of NS25 strain against Q1-7 and Q4-3 was also determined using the above method.





RNA purification, RNA-seq and RT-qPCR

Single colonies of strains Q1-7, Q4-3 and NS25 were grown until OD600 of 1.2, and NS25+LB (1:1), NS25+Q1-7 (1:1) or NS25+Q4-3 (1:1) was added to 10 mL of CPG medium at a ratio of 1:50 for 7 h at 28°C for RNA extraction. RNA was extracted using the SV Total RNA Isolation System Kit (Promega, Madison, WI, USA) and further purified using the RNA Cleanup Kit (Qiagen, Hilden, Germany). DNA contamination was eliminated with DNase I. RNA purity and quality were checked by gel electrophoresis and NanoDrop 2000c (Thermo Fisher Science, Waltham, MA, USA). For RT-PCR analysis, 0.5 μg of RNA was reverse transcribed using the HiScript III 1st Strand cDNA Synthesis Kit (Vazyme Biotech Co., Nanjing, China) to generate template cDNA. Expression of the NS25 internal reference gene infB was selected to balance the cDNA concentrations in the three samples. The primers used for PCR amplification were listed in Table S4. RT-PCR was performed using 2× Rapid Taq Master Mix (Vazyme Biotech Co., Nanjing, China) with the following cycling pattern. 1 cycle at 95°C for 3 min; followed by 40 cycles at 95°C for 15 s, 56°C for 15 s, and 72°C for 15 s; 1 cycle at 72°C for 5 min; and kept at 16°C. The expression of each gene was determined by measuring the signal intensity of the bands using Image Lab software (Bio-Rad, Hercules, CA, USA). Experiments were performed in triplicate.





Measurement of bacterial growth curves

Single colonies of strains NS25, NS25(ΔphcB), NS25(ΔsolI) were grown until OD600 of 1.2, and diluted into fresh CPG medium in 1:100 ratio. Bacteria were grown with shaking at 200 rpm under 30°C, and cell density was measured at 0, 6, 12, 24, 30, 36, 42, 48, 54, and 60 h respectively. The experiment was repeated three times in triplicate.





Pathogenicity tests

To evaluate the efficacies of strains Q1-7 and Q4-3 on biocontrolling the bacterial wilt disease, one-year old Casuarina, one-month old tomato and peanut seedlings were used for the pathogenicity tests. Strains Q1-7 and Q4-3 were cultured in LB medium by shaking at 200 rpm at 28°C until OD600 of 1.2. Strain NS25 was cultured in CPG medium by shaking at 200 rpm at 30°C until OD600 of 1.2. For testing the pathogenicity on Casuarina, root-drenching method was used by pouring 10 mL of NS25+Q1-7 (1:1) or NS25+Q4-3 (1:1) into the soil close to the plant roots (Kanda et al., 2003). For testing the pathogenicity on tomato and peanut seedlings, 200 µL of NS25+Q1-7 (1:1) or NS25+Q4-3 (1:1) was injected into the center of the tomato or peanut pseudostem using 1.0 mL needleless syringes. CPG+LB broth without bacteria, and CPG+Q1-7/Q4-3 were served as the blank and negative controls, respectively, and equal volume of NS25+LB was set as the positive control. Inoculated plants were placed in a cabinet with a 14-h light/10-h dark cycle at 28°C. The experiment was repeated three times with twelve seedlings each time. All the plants were monitored for disease analysis, which was set as: survival (%) = (1 - diseased plant number/total plant number) × 100%.

For measurement the NS25 CFU in the plants, each three tomato seedlings were inoculated with 10 mL of CPG+LB, NS25+LB, NS25+Q1-7, NS25+Q4-3, Q1-7+CPG and Q4-3+CPG bacterial cultures, respectively, by irrigation into the pots with some of the roots cut off. After 7 days post inoculation (dpi), 0.5 g of plant roots or stems were cut and washed with sterile water three times, homogenized with 1 mL of ddH2O and diluted in series. Dilutions were spread onto TTC plates. The number of NS25 CFU was counted after 3 days. Three independent tests were performed.





Statistical analysis

The statistical analysis was performed using GraphPad Prism (San Diego, CA). The results were analyzed by Student’s t-test, where * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001.






Results




QQ strains with high degrading ability of 3-OH PAME were obtained from the original habitat of C. equisetifolia

In order to directionally cultivate QQ strains in original habitats for the control of bacterial wilt disease, C. equisetifolia branches and forest soil were collected from Casuarina planting forest in Haitouwan Forest in Zhanjiang city, Guangdong province. MSM medium with 3-OH PAME as the sole carbon source was used to enrich QQ candidate bacteria. Firstly, a standard curve of 3-OH PAME concentrations was established using a serial dilution of 3-OH PAME that generates an equation as Y = 1267805180 × X + 77323744 with a high R2 as 0.9973, where Y represents the concentration of 3-OH PAME, X represents the mean AA numerical value of LC-MS (Supplementary Figure S1). Secondly, crushed branches and soil samples were respectively added into the MSM+3-OH PAME medium, and cultures with significantly reduced concentration of 3-OH PAME were selected for bacterial separation. Subsequently, single bacterial colony was added into the MSM+3-OH PAME medium and the concentration of 3-OH PAME was measured. As a result, 11 strains with degrading activity of 3-OH PAME were obtained, including 4 strains (Q1-4, Q1-7, Q1-8 and Q1-9) isolated from the forest soil and the other 7 isolated from C. equisetifolia branches (Supplementary Figure S2A). Among these strains, strain Q1-7 and strain Q4-3 showing high 3-OH PAME degradation rates over 85% were selected for further experimental study (Supplementary Figures S2A, B).

To determine the 3-OH PAME degradation efficiency of Q1-7 and Q4-3 strains, bacterial cultures grown in MSM with 1 µM 3-OH PAME were sampled at different time points for measuring the residual 3-OH PAME concentrations and corresponding cell densities. At 12 hours post inoculation (hpi), the degradation rate of 3-OH PAME was 69.03% by strain Q1-7, and 88.73% by strain Q4-3; at 24 hpi, 88.78% and 95.97% of 3-OH PAME was respectively degraded by strains Q1-7 and Q4-3; at 48 hpi, 95.80% of 3-OH PAME was essentially degraded by strain Q1-7, and 100% by strain Q4-3 (Figure 1). At time points of 12 hpi, 24 hpi and 48 hpi, the corresponding OD600 of strain Q1-7 was 0.037, 0.064, and 0.080, respectively, and which of strain Q4-3 was 0.033, 0.040, and 0.060, respectively (Figure 1). The results showed that the concentrations of 3-OH PAME in the solution dramatically decreased at the first 24 h with bacteria gradually grew (Figure 1), suggesting that strains Q1-7 and Q4-3 could degrade 3-OH PAME by using it as a carbon source for bacterial growth.




Figure 1 | Degradation of 3-hydroxypalmitic acid methyl ester (3-OH PAME) during the growth of strains Q1-7 and Q4-3.







Genome sequencing of strains Q1-7 and Q4-3 reveals Q1-7 is a novel species of Pseudomonas, and Q4-3 is Pseudomonas tohonis

To better understand the molecular basis of the 3-OH PAME quenching ability, the genomes of Q1-7 and Q4-3 were sequenced using both Nanopore PromethION platform and Illumina NovaSeq platform. The genomes of Q1-7 and Q4-3 were both assembled into single, circular chromosomes of 5,780,855 bp and 6,541,745 bp in sizes, with 64.77% and 66.97% in GC-content, respectively (Figure 2; Supplementary Table S1). A total of 5,146 and 5,826 protein-coding genes, 84 and 167 RNA genes, both 12 rRNA genes, 101 and 15 transposases, and 97 and 51 pseudogenes were respectively predicted in the genomes of Q1-7 and Q4-3 (Supplementary Table S1).




Figure 2 | Circular chromosome map of Pseudomonas forestsoilum sp. nov. strain Q1-7 and Pseudomonas tohonis Q4-3. The circles (from outside to inside) represent features of the positive strand, showing coding sequence (CDS) (blue), rRNA (red), and pseudogenes (black); features of the negative strand, showing CDS (green), rRNA (red), and pseudogenes (black); GC content; and GC-skew (pink and green indicate values higher and lower than the mean value, respectively).



To determine the taxonomic classifications of Q1-7 and Q4-3, we compared their genomes with 327 Pseudomonas type genomes available in the NCBI RefSeq database, which altogether represent all the known Pseudomonas species. We first calculated the Average Nucleotide Identity (ANI) values between all genomes. The results showed that Q1-7 is most closely related to Pseudomonas lalkuanensis PE08 (GCF_008807375.1, isolated from contaminated soil collected from a paper mill yard in Lalkuan, Uttarakhand, India) with an ANI value of 88.5638% (Supplementary Table S2) and a dDDH value of 33.30%, both below the commonly accepted thresholds (ANI ≥ 95%, and dDDH ≥ 70%) for species delineation. Therefore, we proposed to name the novel species represented by Q1-7 as Pseudomonas forestsoilum sp. nov. after the species name of its isolated substrate. For Q4-3, the closest relative is Pseudomonas tohonis TUM18999 (AP023189.1, isolated from the skin of a patient with burn wounds in Japan) with an ANI value of 97.8949% (Supplementary Table S2) and a dDDH value of 81.90%, indicating that Q4-3 is classified as P. tohonis.

In order to visualize the evolution of Q1-7 and Q4-3 in the Pseudomonas genus, we constructed a phylogenetic tree based on 120 single-copy orthologous genes between each of them and 327 type strains of the Pseudomonas to represent their relationships. The phylogenetic tree based on whole genome sequences showed that Q1-7 and Q4-3 both belong to the Pseudomonas resinovorans group (Figure 3), and Q1-7 is over 88% identical to its sister branch including P. lalkuanensis PE08 and P. resinovorans DSM 21078, suggesting that Q1-7 represents a new species. Q4-3 is closest to P. tohonis TUM18999, locating on the same branch, indicating that strain Q4-3 is P. tohonis. The evolutionary distance between the two strains is farther apart, consistent with the lower ANI (85.3783%) and dDDH values (26.50%) between them (Supplementary Table S2).




Figure 3 | Phylogenetic tree based on 120 single-copy orthologous genes between Pseudomonas forestsoilum sp. nov. strain Q1-7 genome, Pseudomonas tohonis Q4-3 genome and 327 type strains of other Pseudomonas spp. genomes in NCBI database. The closest strain of Q1-7 is P. lalkuanensis PE08, with an 88.5638% ANI value, and the closest strain of Q4-3 is P. tohonis TUM18999, with a 97.8749% ANI value.







Phenotypic characteristics of strains Q1-7 and Q4-3

In addition, biochemical characteristics of strains Q1-7 and Q4-3 were also tested, which revealed most consistent features between the two strains except that strain Q1-7 could use D-Galacturonic acid and L-Galactonic acid, while strain Q4-3 had a weak response to them; strain Q1-7 could not use D-Melibiose, α-D-Glucose, D-Fructose, L-Lactic acid, L-Alanine and L-Glutamic acid, while strain Q4-3 is weakly responsive to them; strain Q1-7 has a weak response to D-Fucose and Lincomycin, while Q4-3 could use them (Table 1).


Table 1 | Biochemical characteristics of strains Q1-7 and Q4-3.



The motility of bacteria determines their ability to colonize and expand in the plant root zone. To defend the host against pathogenic bacteria, the motility of the biocontrol bacteria can also have an impact on its ability to defend itself (Piromyou et al., 2015; Liu et al., 2017). Thus, we tested the swimming, swarming and twitching motilities of strains Q1-7 and Q4-3 to reflect their colonization and expansion potential in soil rhizosphere or plants. The results showed that strain Q1-7 showed strong swimming and swarming motility, but weak twitching motility, while strain Q4-3 showed stronger swarming and twitching motilities than strain Q1-7 (Figure 4A). The significant motility difference between the two strains may be related with their different isolated habitats, where strain Q1-7 was isolated from the forest soil and strain Q4-3 was isolated from C. equisetifolia branch.




Figure 4 | Cell motility, biofilm formation of strains Q1-7 and Q4-3. (A) Swimming, swarming and twitching motilities of strains Q1-7 and Q4-3. For the swimming and swarming motilities, 1 μL of bacterial culture (OD600 = 1.2 in LB medium) was spotted into the medium or onto the center of a plate containing 15 mL of semisolid swimming or swarming medium, which was then incubated at 28°C for 24 h for swimming and 36 h for swarming before measurement of the diameters of bacterial motility zones. For the twitching motility, 1 μL of bacterial culture (OD600 = 1.2 in LB medium) was spotted onto the center of a plate containing 15 mL of semisolid twitching medium, which was then incubated at 28°C for 24 h, then stained with 2% crystal violet (w/v) for 20 min and measured the diameter after rewashing with ddH2O. (B) Biofilm formation of strains Q1-7 and Q4-3. At a ratio of 1:100, 1 μL of bacterial culture (OD600 = 1.2 in LB medium) was added into 100 μL of SOBG medium in the well of polystyrene 96 well-tissue culture plate. The plate was incubated at 28°C at 150 rpm for 48 h, the culture medium was discarded and 150 μL of 0.1% crystal violet (w/v) was added to the wells. The wells were washed three times with water and dried in air, added with 200 μL of 95% ethanol to dissolve the crystal violet. The amount of biofilm formation was quantified by using the absorption value at 595 nm on a Multifunctional Microplate Reader (MMR) (Microplate reader, BioTek, United States). All the assays were repeated three times in triplicate. ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001.



Biofilm is a membrane-like structure that forms under specific conditions and is formed when bacteria are adsorbed onto a solid surface and then proliferate (Branda et al., 2005). We tested the biofilm of strains Q1-7 and Q4-3 on SOBG medium. The results show that both Q1-7 and Q4-3 strains can form biofilms, with Q1-7 producing much less than Q4-3 (Figure 4B).

In addition, we tested the susceptibility of strains Q1-7 and Q4-3 to six different antibiotics. The results showed that they are sensitive to most tested antibiotics except ampicillin, and strain Q4-3 is also resistant to streptomycin with minimal inhibitory concentration (MIC) up to 40 µg/mL (Supplementary Table S3).





Q1-7 and Q4-3 strains have esterolytic activities

The most important signaling molecule in the pathogenic regulatory networks of R. solanacearum is 3-OH PAME, the chemical nature of which is an ester compound. To confirm the ability of strains Q1-7 and Q4-3 to degrade esters, the diameters of the degradation halos on the LB plates containing tributyrin were observed to reflect their esterolytic abilities. Degradation halos were produced after the addition of strains Q1-7 and Q4-3 bacterial solution to plates containing tributyrin, indicating that strains Q1-7 and Q4-3 can produce esterase to degrade tributyrin. On the 2nd day, both strains showed comparable esterolytic activities on the plates with 1% and 2% tributyrin, whereas, on the 4th day, both strains had significantly greater degradation activities on the plates with 1% tributyrin than on those with 2% tributyrin (Figure 5).




Figure 5 | Esterase activity test of strains Q1-7 and Q4-3. The esterase activity was measured on LB plates with 1% and 2% triacylglycerol, and the size of the esterolytic circlea produced on day 2 and day 4 was observed and measured. *** indicates p < 0.001, and **** indicates p < 0.0001.







Q1-7 and Q4-3 strains decrease EPS production and cellulase activity of R. solanacearum

R. solanacearum NS25, Q1-7 and Q4-3 were all able to produce extracellular polysaccharides (EPS). On YEB plates, the EPS produced by NS25 are smooth and sticky with neat edge, while those produced by Q1-7 and Q4-3 are dry and slightly protruding with irregular edge (Figure 6A). After mixing NS25 with either QQ bacteria at a ratio of 1:1, the EPS formed by NS25+Q1-7 were biased towards NS25 with significantly less EPS than that of the NS25+LB group, while those formed by NS25+Q4-3 were biased towards Q4-3 (Figure 6A). On TTC plates, the bacterial morphology between NS25 and the two QQ strains could be visually distinguished. NS25 formed very thick and viscous EPS, while Q1-7 and Q4-3 seemed dry and flat. On both NS25+Q1-7 and NS25+Q4-3 group plates, the NS25 colonies formed significantly reduced EPS (Figure 6B), suggesting that both Q1-7 and Q4-3 could inhibit the yield of EPS in NS25, with Q4-3 had a stronger inhibitory capacity.




Figure 6 | QQ strains reduce the production of EPS and cellulase activity of R. solanacearum. (A) Each 1 µL of NS25+LB, NS25+Q1-7, NS25+Q4-3, Q1-7+CPG, and Q4-3+CPG (1:1) were inoculated on the surface of the medium, incubated at 30°C and photographed every 24 h (B) NS25+LB, NS25+Q1-7, NS25+Q4-3, Q1-7+CPG, and Q4-3+CPG (1:1) were diluted and coated on the TTC plates, and incubated upside down at 30°C. Photos were taken after 4 d (C) Cell suspensions of NS25 and QQ strains (Q1-7, Q4-3) at OD600 = 1.2 was used. NS25+LB and NS25+QQ were mixed 1:1 and 20 µL of the mixture was added to wells of 5 mm diameter, incubated at 28°C for 24 h, stained with 0.1% (w/v) Congo red, decoloured with 1 M NaCl and photographed to measure the diameter of the transparent circle. (D) Before staining with Congo red, the medium around the spiked wells was removed using a large bore punch, diluted with ddH2O and applied to TTC+Pb (NS25, but not QQ strains, is resistant to Pb) plates and the number of CFU of NS25 in each well was counted. ** indicates p < 0.01, **** indicates p < 0.0001, and ns indicates not significant.



R. solanacearum NS25 produced cellulases and polygalacturonases, but not proteases or pectinases (Supplementary Figure S3A). Strains Q1-7 and Q4-3 did not produce plant cell wall degrading enzymes except that strain Q4-3 produced proteases (Supplementary Figure S3A). There was no significant difference in the cellulase degradation sizes produced by NS25 broth and supernatant, indicating that NS25 hardly grew on cellulase plates (Supplementary Figure S3B). Both NS25+Q1-7 and NS25+Q4-3 co-cultures produced significantly less cellulases than the NS25+LB positive control (Figure 6C). To test whether such difference is attributed to the lower cell density of NS25 in the co-cultures than that in the positive control, we measured the NS25 cell numbers in the cultures. The results showed that there was no significant difference between the cell numbers of NS25 in the mixed and pure cultures (Figure 6D), indicating that both Q1-7 and Q4-3 strains reduced the cellulase activity of NS25. We also measure the antagonistic activities between the pathogenic bacterium NS25 and quorum quenching bacteria Q1-7 and Q4-3, and found that Q1-7 was not antagonistic to the pathogen NS25, while Q4-3 showed slightly visible inhibition activity against NS25 (Supplementary Figure S4A), and the NS25 pathogen had no inhibitory activity against either Q1-7 or Q4-3 (Supplementary Figure S4B).

To investigate the consequence of the 3-OH PAME quenching caused by strains Q1-7 and Q4-3, we measured the expression of the phc QS regulated downstream genes. The results showed that co-culture of NS25 with Q1-7 or Q4-3 resulted in slightly down expression of the phc system (phcA and phcS) and dramatically down expression of the sol system (solI and solR), and significantly down expression of genes related to EPS and cellulase production (Figure 7). This indicates that quenching of 3-OH-PAME caused by strains Q1-7 and Q4-3 could reduce the expression of phc regulated genes. Previously, we have obtained the deletion mutants of phcB and solI. Comparison of the growth curves between NS25, NS25(ΔphcB) and NS25(ΔsolI) revealed that before 24 h, NS25(ΔphcB) grew slightly faster than the other two strains, and no obvious difference could be observed between the strains after 24 h (Supplementary Figure S5), indicating that these phc regulated genes are not closely related to the pathogen growth.




Figure 7 | Expression of the genes regulated by the 3-OH PAME in R. solanacearum NS25 using RT-PCR. The reference gene infB of NS25 was used to equilibrate the concentrations of cDNA samples NS25+LB, NS25+Q1-7 and NS25+Q4-3. The expression of genes was determined by measuring the signal intensity of the bands (under the x axis) using Image Lab software (Bio-Rad, Hercules, CA, USA). Experiments were repeated in triplicate, and the mean data above the bars indicate the signal intensity of RT-PCR bands.







Q1-7 and Q4-3 strains biocontrol bacterial wilt disease caused by R. solanacearum

To determine the efficacy of the Q1-7 and Q4-3 strains on controlling or preventing bacterial wilt caused by R. solanacearum, three different host plants such as Casuarina, peanut, and tomato, were selected for pathogen inoculation. As shown in Figure 8A, plants inoculated with R. solanacearum NS25 showed symptomatic bacterial wilting, while that inoculated with CPG+LB medium (blank control), NS25+Q1-7, NS25+Q4-3, Q1-7+CPG and Q4-3+CPG (negative controls) kept in a good growth condition. The average survival was calculated based on the daily recorded plant incidence. The results showed that Casuarina seedlings inoculated with NS25+LB began to wilt at 15 dpi, and all died at 20 dpi, while only 10% and 20% of the seedlings inoculated with NS25+Q4-3 and NS25+Q1-7, respectively, died at 20 dpi, and all the plants in the blank and negative control groups kept healthy (Figure 8B). Tomato seedlings inoculated with NS25+LB began to wilt at 2 dpi and all wilted at 7 dpi, while all the seedlings kept healthy in other treatment groups (Figure 8B). Peanut seedlings inoculated with NS25+LB began to wilt at 6 dpi, and 75% died at 16 dpi, while only 10% of the seedlings inoculated with NS25+Q4-3 died at 10 dpi, and all the plants inoculated with NS25+Q1-7, and those in the blank and negative controls kept healthy (Figure 8B), suggesting that both strains are effective in prevention and control of plant bacterial wilt caused by R. solanacearum, especially for peanut and tomato bacterial wilt.




Figure 8 | Inhibition of Q1-7, Q4-3 against bacterial wilt disease on Casuarina, tomato and peanut. Cell suspensions of R. solanacearum NS25 and QQ strains (Q1-7 and Q4-3) at OD600 = 1.2 was used. (A) Symptoms of the plants inoculated with NS25 and the quenching bacteria. For Casuarina seedlings, 10 mL of NS25+QQ bacterial cultures were irrigated into the pots with some of the seedling roots cut off, and 200 μL of NS25+QQ bacterial cultures were injected into the pseudostems of the tomato and peanut seedlings. Twelve tomato, peanut and casuarina seedlings were inoculated each time, and three independent tests were performed with similar results. NS25+LB was used as the positive control, and CPG+LB, Q1-7/Q4-3+CPG were used as the blank and negative controls, respectively. (B) The survival curves of the plants inoculated with NS25 and the quenching bacteria. (C) Number of NS25 CFU in roots or stems of 0.5 g of tomato plants. The seedlings were inoculated with 10 mL of CPG+LB, NS25+LB, NS25+Q1-7, NS25+Q4-3, Q1-7+CPG and Q4-3+CPG bacterial cultures, respectively, by irrigation into the pots with some of the roots cut off. Three tomato seedlings were inoculated each time and three independent tests were performed. * indicates p < 0.05,  and ns indicates not significant.



Calculation of the NS25 cell number in tomato roots and stems indicated that the CFU of NS25 slightly reduced in the roots inoculated with NS25+Q1-7, but was similar in those inoculated with NS25+Q4-3, compared with those in the positive control, and the CFU number in the stems was not obviously different in the NS25+LB, NS25-Q1-7 and NS25+Q4-3 groups (Figure 8C), suggesting that the quenching bacteria do not reduce the occurrence of bacterial wilt by inhibiting the growth of NS25.






Discussion

Quorum quenching (QQ) is a biological control method that attenuates the pathogenicity of pathogenic bacteria by quenching important signaling molecules that play important roles in modulating pathogen virulence (Monteiro et al., 2012; Chen et al., 2013; Ham, 2013; Caicedo et al., 2016). This novel microbial biocontrol strategy has been successfully employed for controlling the diseases of bacterial soft rot caused by Pectobacterium through quenching the AHL QS signal (Morohoshi et al., 2009; Kusada et al., 2017), bacterial wilt caused by R. solanacearum through quenching the AHL QS signal (Chen et al., 2009), Cruciferae black rot caused by Xanthomonas campestris pv. campestris through quenching the DSF QS signal (Wang et al., 2020; Ye et al., 2020a; Ye et al., 2020b), and bacterial rot of onion bulbs caused by Burkholderia cenocepacia through quenching the DSF- and AHL-QS signals (Cui et al., 2019; Wang et al., 2022). In R. solanacearum, four types of QS signals have been identified, including 3-OH PAME (Flavier et al., 1997), (R)-methyl 3-hydroxymyristate [(R)-3-OH MAME] (Kai et al., 2015), C6- and C8-homoserine lactone (HSL) (Flavier et al., 1997), and N-(3-hydroxydodecanoyl)-homoserine lactone (3-OH-C12-HSL) (Yan et al., 2022), in which, (R)-3-OH MAME is present in R. solanacearum strains lacking 3-OH PAME (Kai et al., 2015). C6- and C8-HSL appears dispensable for virulence of R. solanacearum and is under the control of 3-OH PAME (Flavier et al., 1997), and the newly identified 3-OH-C12-HSL signal involved in regulation of cellulase production, motility, biofilm formation, oxidative stress response, and virulence, is present in the phylotypes I, III and IV strains (Yan et al., 2022). Among these QS signals, 3-OH PAME/(R)-3-OH MAME is an autoregulator controlling virulence in R. solanacearum, controls the expression of EPS, and is the main pathogenic factor in R. solanacearum (Clough et al., 1997a; Flavier et al., 1997; Hikichi et al., 2017). In terms of the research progress in 3-OH PAME signal quenching, Shinohara and collaborators screened a 3-OH PAME quenching strain Ideonella sp. 0-0013 from soil and purified a protein with 3-OH PAME degrading activity from its supernatant. The amino acid sequence and nucleotide sequence was analyzed and named β-hydroxypalmitoyl methyl ester hydrolase (βHPMEH). The study determined the degradation efficiency of βHPMEH against 3-OH PAME and nine compounds like it, and the inhibitory effect of βHPMEH on the EPS of R. solanacearum MAFF 301487, but did not determine the biological control of Ideonella sp. 0-0013 and βHPMEH against bacterial wilt (Shinohara et al., 2007). Achari et al. isolated five 3-OH PAME-degrading quenching sterilization strains from the xylem of eggplant and pepper, including P. aeruginosa XB7, P. aeruginosa XB122, Rhodococcus corynebacterioides XB115, R. corynebacterioides XB109 and Stenotrophomonas maltophilia XB102. In this study, crude enzymes with 3-OH PAME quenching activity were obtained from cell-free supernatant, which inhibited EPS production and cellulase activity of the R. solanacearum Rs-09-100, and all five strains of the biocontrol bacteria reduced the incidence of eggplant wilt, but the protein structures or the coding genes of the quenching enzymes were not identified (Achari and Ramesh, 2015). Recently, some proteins including ELP86, ELP96, ELP104, and EstDL33 have been found from a soil metagenome library to degrade 3-OH PAME (Lee et al., 2018).

In this study, we isolated two new 3-OH PAME-degrading bacteria Pseudomonas forestsoilum sp. nov. strain Q1-7 and P. tohonis Q4-3 which came from the native planting soil and branch habitats of C. equisetifolia. Relationship between the degradation rate of 3-OH PAME in MSM medium and the growth status of the two strains revealed that Q1-7 and Q4-3 strains could use 3-OH PAME as the carbon source for growth. The consequence of the signal quenching resulted in reduced production of the major virulence factors produced by R. solanacearum NS25, that are cellulases and EPS (Schell, 2000) without affecting the growth of NS25 (Figure 6). Accordingly, the expression of Phc-dependent genes, including phcA, phcS, solI, solR, EPS encoding genes epsB, cellulase encoding genes cbhA and bglC, and pectin methylesterase encoding gene pme, was reduced by the addition of the quenching bacteria (Figure 7), suggesting the dominant role of 3-OH PAME in regulating the virulence of R. solanacearum. Pathogenicity tests also confirmed the good performance of strains Q1-7 and Q4-3 in biocontrolling the bacterial wilt on C. equisetifolia, tomato and peanut (Figure 8).

In comparison with strain Q1-7, strain Q4-3 was more effective in the control of C. equisetifolia bacterial wilt (Figure 8B). It had a stronger degradation activity of 3-OH PAME than Q1-7 although it grew worse in the MSM+3-OH PAME medium (Figure 1). On 1% tributyrin plate, Q4-3 also performed better esterolysis than Q1-7 (Figure 5). It produces significantly biofilms than Q1-7 (Figure 4B), suggesting a stronger ability to attach to plants and resist to external stresses. All these advantages of strain Q4-3 may be attributed to its original habitat in C. equisetifolia branch, conferring a better adaptability of the strain in xylem vessels. Comparing the protein sequences of Q1-7 and Q4-3 with the reported sequences of esterases that degrade 3-OH PAME (Shinohara et al., 2007; Lee et al., 2018), the protein sequences obtained were all less than 35% similarity, with a maximum coverage of 97.48% and a minimum of 10.88% (Supplementary Table S5), similar to the low homology between the esterases identified by Lee and his colleagues (Lee et al., 2018). This suggests that Q1-7 and Q4-3 do not contain proteins with high homology to the reported esterases, and it is highly probable that the esterases efficiently degrading 3-OH PAME in these two strains have not been reported.

Pseudomonas spp. are a relatively common group of plant disease biocontrol strains (Haas and Défago, 2005; Stockwell and Stack, 2007). Apart from our study, there have been only two other Pseudomonas strains reported to quench 3-OH PAME so far (Achari and Ramesh, 2015). Actually, many Pseudomonas spp. produce secondary metabolites that inhibit the growth of pathogenic microorganisms, such as 2,4-diacetylphloroglucinol (2,4-DAPG), pyoluteorin, pyrrolnitrin, hydrogen cyanide, syringomycin, syringopeptin, viscosinamide, viscosin (Leisinger and Margraff, 1979; Voisard et al., 1989; Sorensen et al., 1996; Raaijmakers et al., 1997; Silby et al., 2011). According to the genomic sequences of strains Q1-7 and Q4-3, the Q1-7 genome has no biosynthetic gene clusters of the secondary metabolites mentioned above, and the Q4-3 genome only contains the synthetic gene cluster of 2,4-DAPG, phlHGFACBDE, consistent with the weak antagonistic effect of Q4-3 on NS25 (Supplementary Figure S5). Our study indicated that the biocontrol effect of strains Q1-7 and Q4-3 was mainly due to the quenching of 3-OH PAME rather than the inhibition on NS25 growth through the production of antagonistic secondary metabolites. Identification of the quenching genes in strains Q1-7 and Q4-3 will be further studied in future.
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Ganoderma boninense (G. boninense) is a soil-borne fungus threatening oil palm at the present. It causes basal stem rot disease on oil palm. Within six months, this fungus can cause an oil palm plantation to suffer a significant 43% economic loss. The high persistence and nature of spread of G. boninense in soil make control of the disease challenging. Therefore, controlling the pathogen requires a thorough understanding of the mechanisms that underlie pathogenicity as well as its interactions with host plants. In this paper, we present the general characteristics, the pathogenic mechanisms, and the host’s defensive system of G. boninense. We also review upcoming and most promising techniques for disease management that will have the least negative effects on the environment and natural resources.
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1 Introduction

Basal stem rot (BSR), which has resulted in significant losses in oil palm plantations, is caused by Ganoderma boninense (G. boninense), a basidiomycete that is a member of the Polyporaceae family. However, other Ganoderma species have been linked to BSR (Chong et al., 2016). One of the major plantation crops in Malaysia and Indonesia is oil palm (Elaeis guineensis Jacq. Dura x Pisifera), and these two nations together account for 85 to 90% of global export (Kadarusman and Herabadi, 2018; Varkkey et al., 2018). According to studies by Stichnothe et al. (2014) and Kurnia et al. (2016), palm oil, which is widely recognised as one of the major sources of edible oil, also serves as a feedstock for oleochemicals and a precursor for biodiesel fuel. Nearly $24.66 billion in total export revenues from palm oil and palm oil products were reported for Malaysia (Parveez et al., 2022).

Despite the substantial export earnings from this product, oil palm plantations are hampered by the basal stem rot (BSR) disease, which severely reduces oil palm productivity and life cycle. For more than eight decades, BSR has been regarded as a serious threat to the oil palm sector. According to estimation by Olaniyi and Szulczyk (2020), G. boninense can wreak havoc on Malaysia’s oil palms by 2040, wiping out 860,610 ha of mature oil palm trees in the process. However, to date there is no published data on the exact damage areas caused by BSR. The most frequent species of fungus found to be the causal pathogen of BSR is G. boninense (Moncalvo, 2000; Susanto et al., 2005; Rees et al., 2007). In addition to mature oil palm trees, BSR also affects seedlings and younger plants, where the disease manifests quickly and severely (Susanto et al., 2005). BSR is characterised by the gradual decay of roots, bole and trunk tissue, which prevents water and nutrients from reaching the upper portion of adult oil palm trees. As a result, frond wilting, frond yellowing, un-opening of spear leaves, and eventually stand collapse occur (Chung, 2011). Unfortunately, oil palms infected with BSR are asymptomatic in the early stages of the infection, with the earliest symptom frequently being noticed on foliage when the infection has developed by 60–70% (Chong et al., 2017a). Young oil palm plants that exhibit disease symptoms typically die within 1 to 2 years, while mature trees only have a 3-to-5-year life expectancy (Corley and Tinker, 2003).

G. boninense management strategies continue to be difficult to implement despite extensive research efforts to control the diseases. In fact, interactions between the host plant, the pathogen, and the biotic and abiotic elements of the environment lead to diseases brought on by this soil pathogen are less explored. Therefore, our goals in this review are to (1) describe the general characteristics of G. boninense, (2) report the most recent findings regarding the mechanisms underlying pathogenicity as well as the interactions between the fungal pathogen and its host plants and/or other microorganisms, and (3) review the most effective current and upcoming control methods.




2 Ganoderma boninense general characteristics

G. boninense, a white rot fungus that degrade the lignin component of wood, belongs to the Basidiomycetes class under Ganodermataceae family (Paterson, 2007). Several Ganoderma spp. viz. G. applanatum, G. boninense, G. chalceum, G. lucidum, G. miniatocinctum, G. pseudoferreu and G. tornatum have been reported related to the oil palm basal stem rot in early investigations (Turner, 1981). However, G. boninense is the virulent species causing high incidence of BSR disease (Idris, 1999), and also a major species harmful to the oil palm (Moncalvo, 2000).




3 Morphological characteristics

The colonies of G. boninense were distinguished morphologically as having a white colour on the surface and dark pigment on the reverse. Under the dark condition, G. boninense cultures developed an undulating surface that buckled the agar. The ideal temperature for G. boninense growth is 30°C, and it can grow there at pH 3-8.5. Growth is severely hampered at 15°C and 35°C, and it is impossible above 40°C (Idris et al., 2000). After one to three weeks of incubation on rubber wood block (RWB), a white mycelium that later transformed into a small, white, button-like structure served as the initial indicator that a basidiomata of G. boninense had been artificially produced. When the bracket-like structures first emerged, they were typically white. However, as their length and width rapidly extended, their upper surfaces took on a variety of yellowish-brown colours with concentric zonations (Idris, 2009). Large, woody basidiocarps that are perennial are a characteristic of G. boninense. On the stems of infected palms, their fruiting bodies often develop into a fan-like pattern and contain double-walled, truncate spores with inner layers that range in colour from yellow to brown (Chong et al., 2017a).




4 Disease cycle

Contact between roots and a source of inoculum, such as stumps, trunks, and diseased oil palms, is related to the spread of BSR to healthy palms (Ariffin et al., 2000). Animals, insects, and the wind are all examples of vectors that can disperse the basidiospores that G. boninense fruiting bodies produce (Pilotti et al., 2003). Mycelia (monokaryotic form), which the basidiospore germinates into, is not pathogenic to the oil palm tree (Turner, 1965). The pathogenic dikaryotic mycelia are produced through mating between suitable mates of choice (monokaryon/dikaryon) (Freihorst et al., 2016). Then, infection occurred when the oil palm tree’s root and basal stem are colonised by the dikaryotic mycelia (Ariffin et al., 1996; Rees et al., 2009). In order to create a needle-like structure that will help them penetrate the host cells, dikaryotic mycelia will go through hyphae morphogenesis (Govender and Wong, 2017; Govender et al., 2020). Basidiocarps will form on the infected tree’s basal stem. As a result, the oil palm tree is infected with G. boninense (Rees et al., 2007). The disease cycle is summarised in Figure 1.




Figure 1 | The disease cycle of Ganoderma boninense.






5 Diagnostics

Failure to identify symptoms and signs of infection at an early stage of disease development is a practical barrier to control of G. boninense disease in oil palm. The pathogen typically destroys a significant amount of a palm’s base before signs of infection appear (Darmono, 2000). In recent decades, many diagnostics tools have been developed and introduced to detect G. boninense. Milestones achieved in the development of diagnostic tools for detection of G. boninense are listed in Table 1.


Table 1 | Achievement of milestones in the development of diagnostic tools for detection of G. boninense.



The state of the art of CRISPR–Cas system has revolutionized nucleic acid detection. A recent study has adopted CRISPR-Cas12a as a diagnostic tool for detection of wheat fungi (Mu et al., 2022) and Leptosphaeria maculans (Lei et al., 2022). The advantages of robust nucleic acid detection make CRISPR-Cas12 widely used in plant disease and pest management (Karmakar et al., 2022). Based on those achievement, CRISPR-Cas12a is potentially to be developed as Ganoderma detection kit used in the field.




6 Genetic diversity

Amplification fragment length polymorphisms (AFLPs) has been combined with mitochodrial (mtDNA) profiling to provide a more comprehensive view of the molecular variation among the Ganoderma isolates (Rolph et al., 2000). After 7 years, microsatellite markers were used to study more about the genetic variation and population structure of G. boninense in Malaysia and Indonesia. The isolates of G. boninense from Peninsular Malaysia and Sumatra, Indonesia, showed a high level of genetic variation based on information from 11 microsatellite markers. The lack of genetic difference between G. boninense isolates from these two regions suggested that airborne spores may be a cause in the spread of G. boninense in these two regions (Mercière et al., 2017).

Based on the molecular characteristics of these Ganoderma species, the studies have revealed a high level of genetic variation among monokaryons of G. boninense, indicating that this species is genetically heterogeneous and may have developed from the same species with widespread genetic variation or from closely related species (Zakaria et al., 2005). This genetic heterogeneity may have been caused by different geographic locations or outcrossing of the isolates over generations or generation of new genetically distinct individuals through spore dispersal in the process of disease spread (Miller et al., 1999; Pilotti et al., 2003; Mohd Rakib et al., 2014). According to Pilotti (2005), G. boninense possesses a tetrapolar mating system, numerous alleles at both mating type loci, and is heterothallic, which encourages out-breeding within a population (Sanderson and Pilloti, 1997; Pilotti, 2005). Therefore, the extensive genetic variety exhibited in the G. boninense population on oil palm is caused by this potential to outcross.

G. boninense in Peninsular Malaysia, Sarawak, Malaysia, and Sumatra, Indonesia showed a significant degree of genetic variation when using 16 polymorphic microsatellite markers (Wong et al., 2021). In contrast to the low genetic variation reported in previous studies, due to G. boninense’s basidiospores’ outcrossing, high genetic variation was seen among isolates from the same population as well as between populations. G. boninense populations showed high levels of gene flow, but no genetic difference was found, suggesting that the BSR pathogen populations in three oil palm growing locations were homogeneous. Conclusively, Peninsular Malaysia, Sarawak, Malaysia, and Sumatra, Indonesia all have three admixed genetic clusters of the pathogen population (Wong et al., 2021). Conspecificity of G. boninense isolates from Indonesia, Malaysia, Papua New Guinea, and the Solomon Islands was shown based on mating studies, ITS sequences, and microsatellite genotyping (Pilotti et al., 2021). G. boninense isolates found in eight coastal sites in the Malaysian state of Sarawak showed low genetic variation. Using sequences from the internal transcribed spacer (ITS) region, low genetic variation was found in 117 isolates. The plantation was a first-generation planting that was formerly a secondary forest, which may be related to low disease pressure, which may account for the minimal genetic variation. First-generation plantation isolates of G. boninense are thought to be founder populations that eventually adapted to oil palm as the host (Midot et al., 2019).




7 Defense-related genes and proteins analysis

Numerous studies have uncovered defense-related genes involved in G. boninense infection of oil palm. Several genes related to oil palm defensive mechanisms were discovered by Tee et al. (2013), including genes associated to phytoalexin synthesis and genes associated to plant signal transduction. When the oil palm was infected by G. boninense, these genes were either upregulated to strengthen defence mechanisms or downregulated to weaken them. Ho et al. (2016) examined the transcriptomes of oil palm seedlings that had been infected and those that had not in order to deduce the molecular reactions of oil palm roots to the infection with G. boninense. Reactive oxygen species (ROS) such as hydrogen peroxide, which play a role in the oxidation of lipids and lignification of plant cells as well as acting as a signalling molecule inside the plant, are produced when enzymes like chitinases and glucanases are up-regulated (Ho et al., 2016).

Bahari et al. (2018) detected upregulated and downregulated gene sequences related to the change from the biotrophic to the necrotrophic phases of G. boninense in another transcriptome research. ROS elicitors, transcription factors EgERF113 and EgMYC2, defense-related genes (pathogenesis-related proteins, protease inhibitors, and chitinase), and defense-related genes were all differentially elevated (peroxidase and NADPH oxidase).

In another study, upon G. boninense infection, the regulation of a number of oil palm genes changes. Receptor-like kinases and proteins (RLKs and RLPs), which are important in recognising the pathogen, are extensively produced during the early stages of infection (Rosli et al., 2018).

In 2021, through RNA-sequencing (RNA-seq) transcriptomic libraries of oil palm roots infected with G. boninense, seven differentially expressed genes (DEGs) have been detected. These seven DEGs are anthocyanidin synthase, chalcone synthase-like, transcription factor 1B-like, leucoanthocyanidin reductase-like, mannose-specific lectin-like, putative senescence-associated protein, thaumatin-like protein. During G. boninense infection, seedlings and mature plants consistently displayed upregulation of seven putative defense-related DEGs. These seven genes may be developed into biomarkers for the early detection of BSR in oil palm (Mohd Zuhar et al., 2021).




8 Pathogenesis of Ganoderma boninense

An earlier study revealed that various methods, viz. debris, root contact and basidiospores, are used by Ganoderma sp. for colonisation in the oil palm plantation (Turner, 1965; Pilotti et al., 2003; Pilotti et al., 2018; Govender et al., 2020). Turner (1965) showed that G. boninense can continue to spread via debris from colonised oil palm trees after new plants are planted. Besides, mycelia can colonise on healthy, damaged or dead roots (Miller et al., 1999; Govender et al., 2020). The continuous grow of the oil palm roots to the first four planting rows lead to the root-to-root contact between palms, which facilitates the spread of pathogen (Soepena et al., 2000). The increasing number of patches caused by BSR infection over time support the theory stated the roots are the main source of inoculum in the field (Miller et al., 1999). Infective dikaryotic mycelia continue to form when germinated basidiospores mating with the mycelia (Pilotti et al., 2003; Pilotti et al., 2018).




9 Oil palm – Ganoderma boninense interaction

The process of G. boninense colonising the root surface is crucial for the pathogen to later penetrate between host cells and finally cause host harm (Rees et al., 2009). The root cortex becomes colonised by G. boninense during the biotrophic phase’s initial infection, with many hyphae filling the host cells’ completely intact cell walls (Rees et al., 2009). The epidermal surface of the oil palm root tissue served as the entry point for G. boninense’s infection, which then led to the xylem vessels (Alexander et al., 2017a). Pathogen-associated molecular patterns (PAMPs) from G. boninense may bind to pattern recognition receptors (PRRs) that are extracellular or located at the plasma membrane to begin the process of pathogen recognition by oil palm (Ho et al., 2016). In oil palm-Ganoderma pathosystems, chitin, glucans, and ergosterol, components of the fungal cell wall or cell membrane, have been identified as PAMPs (Ho et al., 2016).

After establishing robust biotrophic growth and defeating the host defenses, the fungus enters a nectrotropic phase, which is characterised by significant cell wall lysis and the death and maceration of host tissues (Whalen, 2005; Alexander et al., 2017a). As a result of G. boninense infection, several oil palm chitinases and glucanases were in fact up-regulated in oil palm roots. The fungal cell wall may be broken down, loosen, and soften by these cell wall degrading enzymes (CWDEs) viz. cellulase, laccase, manganese peroxidase and polygalacturonase, releasing chitins and glucans (Breton et al., 2009). As an alternative, ergosterol, which has been implicated in pathogen virulence (Doehlemann et al., 2008), may similarly induce PAMP-triggered immunity (PTI) in oil palm. The oxidative degradation of lignin and the white rot status attributed to G. boninense may be detected by the production of melanized mycelium (Adaskaveg et al., 1990; Paterson, 2007). At last, the tissues of the oil palm roots lost their integrity and seemed to be a decaying mass covered in thick fungus mycelium. As the roots rot, the pathogens act as a source of inoculum and survive for a long time in the soil (Hasan and Turner, 1994). Once this inoculum found an appropriate host with a favourable environment, it began to actively spread (Chong et al., 2017c).




10 Management strategies



10.1 Genetic resistance

To date, there is no vertical resistance to BSR that inhibits or limits infection (Rozlianah et al., 2015). Instead, there are the horizontal and partial resistance that do not limit infection but reduces or compensates the damages, and as a result, the effects on the fitness of oil palm (Idris et al., 2004b; Durand-Gasselin et al., 2005; Breton et al., 2006; Wening et al., 2016). Breeding program has used South American E. oleifera and African E. guineensis species as genetic resources (Soh et al., 2017) because different BSR susceptibilities were found in these two species (de Franqueville et al., 2001; Durand-Gasselin et al., 2005).

In the past few decades, Ariffin et al. (1999) has discovered the tolerant progeny of oil palm to BSR viz. Cameroon x Cameroon, Cameroon x AVROS and Nigeria x Nigeria. Then, in 2004, Idris et al. (2004b) has discovered the sources of tolerance genes in Zaire x Cameroon bred, and the sources of partial resistance gene in Congo x Cameroon bred. A year later, the source of partial resistance from the Magenot line of E. oleifera. E. guineensis of Deli origin from Malaysia and Indonesia was found to be more susceptible to BSR than African material in North Sumatra, Indonesia (Durand-Gasselin et al., 2005). In the study of Chong et al. (2012), AVROS has been reported less susceptible to BSR compared to Calabar and Ekona. Two years later, Turnbull et al. (2014) has identified the potential resistance sources in La Mé A x Deli Dabou B and Yangambi IRHO A x Deli Socfindo. At the same time, ‘D x P Socfindo Moderate Gano Resistant’ which is a G. boninense partial resistance material has been released by PT Socfindo (Tan et al., 2018). In 2016, another partial resistance material namely ‘Yangambi Ganoderma-Tolerant 1’ has been released by FELDA Global Ventures (Tan et al., 2018). Despite the breeding program’s promise, it is unlikely to quickly produce tolerant or resistant Ganoderma planting materials.

Oil palms that are tolerant or resistant to BSR may offer a long-term approach of BSR control. However, the lack of quick and efficient screening procedures makes it difficult to generate resistant or tolerant varieties (Soh, 2017). Recently, the study of Ganoderma resistance in oil palm have been explored at the genetic level. The introduction of QTL (Quantitative Trait Loci) mapping in breeding program has efficiently and flexibly generated valuable data for the identification of resistance loci (Tisné et al., 2017). There were found to be four Ganoderma resistance loci, of which two affected the occurrence of BSR symptoms and two affected the rate at which oil palm trees died (Tisné et al., 2017). The ability to combine known favorable genomic regions, such as those for disease and yield related traits, will help with multicriteria improvement of oil palm by preventing unintentional unfavorable selection on the others. This will be made possible by the localization of Ganoderma resistance loci (Tisné et al., 2017).

Through the rapid multiplication of plantlets with uniformity and desired features, tissue culturing outperforms conventional breeding (Ngando-Ebongue et al., 2012). Lignin has been associated with the protection of oil palm lignin’s cell wall structure and function, which play a key part in protecting plants. Increase the amount of lignin of oil palm has been considered using tissue culture technique. However, the palm tissue culture is a long process and time is required for parameters of the transformation to be optimized (Sahebi et al., 2015).

Increasing accumulated Si in oil palm using genetical manipulation methods has been proposed. The TEM images demonstrate that intracellular regions of the root and leaf cells create a protective layer of cellulose-Si membrane when oil palm is subjected to Si treatment. The accessibility of the fungal mycelium to the middle lamella component of the cell wall is thought to be affected by the Si deposition in the intercellular regions of the cell (Sahebi et al., 2015).




10.2 Chemical control



10.2.1 Fertilizers

Mineral fertilizers play a vital role in enhancing plant and soil health, and microbial activity (Singh and Ryan, 2015). Rahman and Othman (2020) have applied calcium carbonate to oil palm seedlings, and the best soil pH for suppressing BSR was pH 6. Integration of mineral fertilizers with other chemicals or living organisms have been performed in Ganoderma research. Purba et al. (1994) has demonstrated the integration of sulphur, cover crops and tridemorph fungicide has reduce the incidence of BSR after 5 years of application. Calcium nitrate and the biological control agent (BCA), Trichoderma sp., reduced illness, according to Sariah and Zakaria (2000) and Naher et al. (2018). Silicon oxide, potassium silicate, calcium silicate, sodium silicate, and sodium meta-silicate, according to Najihah et al. (2015), reduced the severity of BSR in oil palm seedlings. Silicon has positive impacts on growth, yield, and disease resistance in plants (Wang et al., 2017). Continuous calcium, copper, and SA supplementation may be essential for improving disease resistance in oil palm (Rahamah Bivi et al., 2016), and greater lignin content was also noticeable, suggesting a possible mechanism for infection resistance.




10.2.2 Fungicides

Oil palm plants infected with BSR have been treated with fungicides via trunk injection, soil drenching, combo treatments using both methods, pressure injection, soil injection, and soil fumigation (Ariffin and Idris, 1991; Ariffin et al., 2000; Idris et al., 2002; Idris et al., 2004a). Initially, diseased palms have been painted with carbolineum (fungicidal paste) after discarding basidiomata (Turner, 1981). Issue with pollution that poses a health risk persists after using carbolineum (Osterloh and Nusser, 2014).

Later, Ganoderma infected palms in the field has been reported to be highly inhibited by organic mercury formulations after trunk injection, however the residue issue made them unusable for commercial application (Turner, 1981). In 1990, Khairudin (1990) found out that injecting systemic fungicides like fusilazol, hexaconazole, cyproconazole, flutriafol, triadimenol, tridemorph, and oxycardoxin slowed the spread of BSR. Application of hexaconazole via pressure injection, trunk injection, soil drenching, and soil injection, into diseased oil palms reduced the spread of BSR in the infected oil palms (Idris et al., 2002; Idris et al., 2004a). Pressure injection has been used to accurately apply the hexaconazole to the infected area. Idris et al. (2004a) reported that after 5 years, 70% of treated oil palms produced fruit bunches. In Jee and Chong (2015) study, despite being given hexaconazole, ergosterol was found in the diseased tissues both before and after the treatments. But, at least, hexaconazole treatment has prolonged the period of productivity in Ganoderma-infected palms (Idris et al., 2004a).

Besides, Ariffin and Idris (1991) have reported that the formation of fruiting bodies might be inhibited by injecting the fumigant fungicide dazomet into the stem lesion which further reduced the spread of BSR. Idris and Maizatul (2012a) also reported that Ganoderma inoculum in infected stumps at three years after dazomet treatment has been eradicated. Later, Idris and Maizatul (2012b) observed that dazomet increased oil palm productivity by reducing the spread of BSR by eradicating Ganoderma inoculum.

The effectiveness of pyraclostrobin, a broad-spectrum fungicide with curative, preventative, and long-lasting characteristics, in preventing the growth of G. boninense has been assessed. Pyraclostrobin proved successful in reducing BSR in oil palm seedlings while also having beneficial physiological benefits on seedlings, such as increased height, bole diameter, root mass, photosynthetic rate, PSII quantum efficiency, and relative leaf chlorophyll content (Said et al., 2019). However, this fungicide’s efficacy on mature oil palms has not yet been investigated.

Nanomaterials are being applied as carrier for fungicides delivery. Hexaconazole-zinc and Dazomet-zinc/aluminum layered double hydroxide nanocomposite has performed better than pure dazomet and hexaconazole as a fungicide and a micro-nutrient (Mustafa et al., 2018a; Mustafa et al., 2018b). Hexaconazole-zinc/aluminum layered double hydroxide nanocomposite exhibits superior growth inhibition against G. boninense than pure hexaconazole (Mustafa et al., 2018a). Hexaconazole and dazomet were successfully delivered to G. boninense cells using a nanodelivery system that used chitosan nanoparticles as the carrier for the fungicides. Low phytotoxicity and high activity against the pathogen were displayed by the nanodelivery system (Maluin et al., 2019a; Maluin et al., 2019b).

Despite the fact that some effective fungicides are available, utilizing fungicides in control approaches might cause environmental contamination and the emergence of fungicide resistance (Shcherbakova et al., 2020). For the effective control of Ganoderma, cultural control techniques such as field hygiene or the prevention of pest immigration are essential. Since it is hard to control all pest species using biological control, it is crucial for commercial application to combine the use of counterpart of Ganoderma with other control strategies, such as cultural control and the use of chemicals.





10.3 Cultural practices

In established oil palm plantations, it is frequently advised to manage BSR through good cultural practises. To stop the spread of disease, cultural methods often involve eliminating and decreasing the pathogen inoculums to provide oil palm with short-term relief. These include clean clearance, sanitation, soil mounding, surgery, trenching, and windrowing.



10.3.1 Clean clearance

Excision and removal of all leftover fragments from an infected palm area is known as “clean clearance,” and it involves digging holes that are 1.5 m2 and 60 cm deep from both untreated vacant points and infected palm points (Singh, 1990). Despite the practice of clean clearance during the replanting of second- and third-generation palms, residual root pieces can play a significant role in the emergence of BSR. The ability of the root fragments to form G. boninense basidiomata, which are occasionally found on their cut ends, indicates that they still possess adequate inoculum potential to spread disease (Ariffin et al., 2000). Normally, all of the still-present fragments of the infected palm are brought to the surface and either removed or burned. However, this strategy is expensive, and many nations that produce palm oil restrict open burning. As a result, it is usual practise to shred all palm pieces, which can then be either dispersed across the entire field or stacked in rows and covered with a legume cover crop to speed up decomposition (Chong et al., 2017b). Although these procedures typically reduce the occurrence of BSR in newly planted oil palms, infection can nonetheless gradually take place due to debris left in the soil (Singh, 1991).




10.3.2 Sanitation

When an appropriate disease inoculum is present, diseased stumps are the tissues that are most contagious. The oil palm will be attacked by the Ganoderma inoculums in these stumps if there is a contact. Therefore, it is crucial to maintain field sanitation and the removal of diseased tissues in order to keep the plantation free of pathogen sources (Chong et al., 2017b). In this sanitation operation, a sizable hole measuring 2 m x 2 m x 1 m is dug (Idris et al., 2004a). The infected materials are removed, crushed into little pieces, and placed in the interrow spaces to decompose naturally. In the majority of sizable plantations, this technique is frequently used while replanting (Chung, 2012). Prior to replanting, sanitation had greatly reduced the prevalence of BSR on the replanted palms by removing soil and old stumps, ploughing, and rotovating. Ten years after replanting, the BSR incidence was lower in places with sanitation than it was in areas without sanitation, at less than 1% as opposed to more than 13% (Ahmad et al., 2012).




10.3.3 Soil mounding

By preventing weakened boles from being blown over by wind, soil mounding, which involves gathering dirt from nearby regions and piling it up to a height of 0.75 m up and 1 m radius wide around the trunk, inhibits the progress of BSR in infected trees (Ho and Khairudin, 1997; Susanto et al., 2009). However, the spread of Ganoderma was not slowed down by this strategy, but it did aid to extend the economic life of yielding palms that were afflicted by BSR (Chong et al., 2017b).




10.3.4 Surgery

In some plantations, surgery is performed by mechanically removing infected tissues using a backhoe blade (Singh, 1991) or manually removing them with a hand-held chisel (Turner, 1981). Following surgery, palms have shown improved survival and production (Hasan and Turner, 1994). However, surgery frequently failed because of late identification, a huge disease lesion, and a lesion that extended below ground, including infected root masses, leading treated palms to fall at the end (Chung, 2011).




10.3.5 Trenching

Digging trenches to prevent palm-to-palm contact is another cultural practise that has been adopted. Compared to windrowing and open clearing, it might be a preferable choice (Chong et al., 2017b). Wakefield (1920) recommended digging trenches around infected palm trees as a control measure to stop the pathogen from spreading to nearby healthy trees. Oil palm on peat field trials in Indonesia have demonstrated that the establishment of isolation trenches measuring 4 x 4 x 0.75 m deep can effectively reduce the transmission of BSR infection to nearby healthy oil palms (Lim and Udin, 2010). According to a field trial by Lim and Udin (2010), isolation of trenches around old stumps is successful in preventing BSR infection for oil palm planted between the old stands for up to 14 years. However, trenches have not been effective because they were either not maintained or their depths were insufficient to stop roots from passing underneath (Turner, 1981; Ariffin et al., 2000). This control measure must also be regularly maintained because erosion of the trench edges will cause partial filling (Ariffin et al., 2000). In general, this measure is not frequently used (Chong et al., 2017b). Surgery and trenching are not widely practiced nonetheless being recorded earlier.




10.3.6 Windrowing

Oil palm trunks that have been felled and root tissues that have been removed are put along the previous rows using the windrowing technique. This method has proven to be virtually as effective at limiting losses in the cultivated crop as clean clearing yet involving less labour (Chong et al., 2017b). But according to a comparative study by Hashim (1991), windrow treatment (27.3-17.6%) and clean clearing (from 27.3% in the prior stand to 14% in the replanted stand after 15 years) were the most successful in reducing the incidence of BSR.





10.4 Biological control

Biological control agents (BCAs) are becoming more popular as a potential replacement for chemical fungicides for controlling BSR in oil palm fields (Sujarit et al., 2020). Many BCAs have been studied to control Ganoderma in the last few decades. Most of the BCAs have been conducted in vitro as reviewed by Supramani et al. (2022). In in vitro studies, Ganoderma boninense has been inhibited to some extent by some BCAs viz. actinomycetes, arbuscular mycorrhizal fungi, Bacillus spp., Diaporthe spp., mycoparasite, Penicillium spp., Streptomyces spp. and Trichoderma spp. (Bakhtiar et al., 2010; Sundram et al., 2011; Azizah et al., 2015; Goh et al., 2015; Chow et al., 2017; Lim et al., 2018; Chow et al., 2019; Sujarit et al., 2020). Inhibition happened attributed to some potential antimicrobials compound such as eudistomin I, Gly-Met-OH, halstoctacosanolide A, lovastatin, naringenin, N-acetyl-leu-leu-tyr-amide, N-methyl-a-aminoisobutyric acid, penipanoid A, phenazine and phenazine-1-carboxylic acid, phenylethyl alcohol, phenyl alkenoic acids, pyrene-1,6-dione, 4-O-8’,5”-5’-dehydrotriferulic acid, 7-O-beta-D-glucoside, 12-deoxyaklanonic acid, and 12-oxo-10Z-dodecenoic acid (Angel et al., 2016; Alexander et al., 2017b; Lee et al., 2018; Ahmad et al., 2020; Sujarit et al., 2020). However, in-vitro studies conducted in nursery and field trials are required to validate the efficiency of those BCAs. Some examples of BCAs which have showed their efficiency in BSR control in in vivo are listed in Table 2.


Table 2 | List of biological control agents (BCAs) in in vivo studies.



Recently, virus and viroid-like RNAs have been detected in fungi (Dong et al., 2022; Liu et al., 2022). A mycovirus called SlAV1 from the plant pathogen Stemphylium lycopersici that causes pigmentation loss and hypovirulence by preventing the fungus from biosynthesising the phytotoxin Altersolanol A. The pathogen becomes a BCA and improves plant resistance to virulent strains when its genome is integrated and a crucial SlAV1 gene is expressed in the fungal host (Liu et al., 2022). Besides, Botryosphaeria dothidea RNAs (BdcRNAs), a viroid-like RNAs similar to those of viroids have exhibited pathogenic effects on hosts (Dong et al., 2022). Their hypovirulence have conferred them the ability as potential BCAs to control fungi. Considering the current aforementioned findings, there is a possibility that G. boninense might have mycovirus or viroid-like RNA to control it and improve oil palm resistance, but yet to be discovered in the future. To date, only Coconut cadang-cadang viroid (CCCVd) has been reported to cause orange spotting on fronds of oil palm (Vadamalai et al., 2009). This finding may raise the question of whether CCCVd-infected oil palm would have better resistance against G. boninense. If yes, what is the mechanism behind this viroid-fungi-host relationship? Peptidases are secreted by both pathogenic fungi to break down a range of (poly)peptides in their environment (Amselem et al., 2011). In the finding of Dong et al. (2022), for example, BdcRNA 1 transfectants have down regulated the DEGs related to peptidase activities, and thus attenuated the fungi virulence. This finding has provided the novel insight on understanding the relationship of mycoviroid and fungi in their host.




10.5 Elicitors of plant defense

Elicitors are compounds that elicit various plant defensive responses (Thakur and Sohal, 2013). Elicitors have been shown to induce hypersensitive response (HR) and systemic acquired resistance (SAR) in plants to fend off infections from bacteria, fungi, and viruses (Zhang et al., 2004; Pawlowski et al., 2016). The effectiveness of elicitors amino acid (AA), benzoic acid (BZA), caffeic acid (CA), chitosan, fulvic acid (FA), humic acid (HA), jasmonic acid (JA), salicylic acid (SALA), syringic acid (SA) and 4-hydroxybenzoic acid (4-HBA) have been examined on G. boninense in-vitro or in-vivo (Ommelna et al., 2012; Jee and Chong, 2015; Rahamah Bivi et al., 2016; Chong et al., 2017b; Ong et al., 2018; Surendran et al., 2018). In this subsection, elicitors are reviewed and recommended (Table 3).


Table 3 | Elicitors and their amount and effect on tested variety with recommendations.



It has been noted that chitosan, a natural polymer can be found in the shells of insects, fungus, and crustaceans have protected various crops from harmful fungus by triggering their natural defense response (Bhaskarareddy et al., 1999; Hadwiger, 1999; Takeshi et al., 2000). In the study of effectiveness of chitosan against G. boninense, the findings implied the fungal sterol of G. boninense in oil-palm root was suppressed and the lowest percentage mean disease severity was recorded when treated with chitosan at a minimum concentration of 0.5% (w/v). Result also showed that there was no discernible difference between any of the chitosan concentrations for bole tissue infection as no infection was found. Compared to seedlings that were pre-treated with chitosan and later infected with G. boninense at the same concentration, Ganoderma-infected seedlings that were treated with chitosan (0.1%, w/v) displayed slightly less severe illness (Ommelna et al., 2012).

Salicylic acid (SALA), a naturally occurring plant hormone, gained interest after it was discovered that it can increase plants’ tolerance to abiotic stress and disease resistance (Alonso-Ramírez et al., 2009; Gautam and Singh, 2009; Pieterse et al., 2009). Effectiveness of SALA has been examined in vitro on G. boninense growing in potato dextrose agar (PDA). The finding indicated that mycelial growth recovery was seen starting on 9 day-after-inoculation for SALA levels of 150 ppm and above (Ong et al., 2018). In a glasshouse experiment, Rahamah Bivi et al. (2016) shown that SA decreased disease incidence and severity brought on by G. boninense in oil palms. The findings are in contrast to those of Ho et al. (2020), who discovered that the disease symptoms of infected oil palm seedlings treated with SALA and the untreated oil palm seedlings were not significantly different. However, Mohan et al. (2022) showed that during the biotrophic phase of Ganoderma infection, SALA was involved in the early defense response from infected oil palm.

Jasmonic acid (JA) has become important signaling molecules linked to stress resistance and plant development (Ghorbel et al., 2021). JA has been reported to promote the growth of G. boninense in PDA starting on 7 day-after-inoculation regardless of different concentrations (Ong et al., 2018). Ho et al. (2020), who demonstrated that the illness symptoms of infected oil palm seedlings treated with JA and the untreated oil palm seedlings were not substantially different, provide additional support for the findings (Ong et al., 2018). The results are contrast to the current study (Mohan et al., 2022). During the necrotrophic phase of Ganoderma infection, JA mediated the defensive response from the root lesions of Ganoderma-infected oil palm root tissues.

Benzoic acid (BZA) plays a crucial role in the composition of defensive chemicals (Widhalm and Dudareva, 2015). Benzoic acid at a dose of 15 mM has been shown by Surendran et al. (2018) to be an effective control against BSR disease in oil palm. More than 80% of the growth of G. boninense was inhibited by treatment with benzoic acid. The mycelia of G. boninense were severely structurally damaged by the benzoic acid treatment (5.00 mM). G. boninense mycelia that had been treated had distinct holes and ruptures and were thinner, less dense, deformed, and shriveled. However, demonstration of field and glasshouse studies are scarce (Fernanda et al., 2021).

Besides benzoic acid, other phenolic acids such as caffeic acid (CA), syringic acid (SA) and 4-hydroxybenzoic acid (4-HBA) have been applied to control G. boninense in the estate. The combination of 4 g of each phenolic acid is the concentration that suppresses G. boninense the most effectively, leading to the greatest decrease in Ganoderma ergosterol in infected tissues (Jee and Chong, 2015).

Fulvic acid (FA) is a type of plant growth regulator that enhance plant growth and plant stress resistance (Peiris et al., 2011; Sun et al., 2020). Humic acid (HA) is an organic product that control several biochemical effects, such as cell membrane permeability, photosynthetic rate, cell elongation, and increase water use efficiency (Zhang et al., 2013). Combination of FA and HA with multiple biological control agents (MBCA) have been demonstrated to control G. boninense. By adding HAs and FAs, the soil becomes naturally equipped to fend off many fungi that are capable of causing soil-borne diseases (Chong et al., 2017b). Oil palm seedlings in nursery were used to assess the effects of adding multi-BCAs, chitin, and AA.




10.6 Oil palm secreted-plant metabolite

In response to a number of environmental variables, plants generate a numerous of primary and secondary metabolites. Certain metabolites have significant roles in plants’ defensive systems against fungi, bacteria, and other pests, according to secondary metabolite profiling.

These metabolites play a role in defensive processes during interactions between plants and pathogens (Bennett and Wallsgrove, 1994; Pedras and Ahiahonu, 2005; Hasegawa et al., 2010). As metabolites of plant defence against infection with G. boninense, several steroid molecules have been discovered. The crude root extracts of infected tolerant and susceptible oil palm progenies included the three primary steroids sitosterol, -sitosterol, and stigmasterol. Stigmast-5-en-3-ol, campesterol, cholestan, and an ergosterol (- and -tocopherol) were also found (Nusaibah et al., 2011). Other metabolites related to the early defence mechanism of the oil palm included lipids like fucosterol, betasitosterol, gamma-sitosterol, palmitic acid, and linoleic acid, antioxidants like -tocopherol and -tocopherol as well as heterocyclic aromatic organic compounds like pyridine, benzo[h]quinoline, and pyrimidine. These metabolites were observed in the root extract of infected samples, and it was discovered that resistant oil palm progeny had higher quantities of these metabolites than susceptible oil palm progeny (Nusaibah et al., 2011; Nusaibah et al., 2016). Based on the current findings, the resistant progeny increased the number and concentration of metabolites in the roots that had antifungal properties during the early stages of G. boninense infection. Because of this, the resistant progeny can exhibit greater levels of resistance than the susceptible progeny (Nusaibah et al., 2016). These biomarkers were found in G. boninense-infected oil palm, which indicates that they are part of the oil palm’s defence mechanism against the pathogen. Therefore, an early detection could help to extend the palm’s economic life (Nusaibah et al., 2016).




10.7 Plant and alga extracts

Plant and alga extracts have been studied to inhibit the growth of G. boninense in vitro. Plant extracts such as carboxylic acid, ester, fatty acid ester, phenol and steroid caused the inhibition growth of G. boninense in vitro (Tay and Chong, 2016). According to Abdul Aziz et al. (2019), extracts from algae Caulerpa racemosa, C. racemosa var. lamouroxii and Halimeda macrophysa have been reported to exhibited antifungal activities on G. boninense at the lowest concentration tested. Further research can be conducted to apply these bioactive compounds to confer resistance to oil palm in the field.




10.8 Extracts of bee-produced products

Phenolic compounds such as Gallic acid (GA) and Thymol (THY) have been extracted from bee-produced products. These compounds have showed their significant inhibition of the mycelial growth of G. boninense. Gallic acid at a dose of 8 mg/mL provided the best inhibition of G. boninense with a PIRG of 94%, followed by THY at a concentration of 0.25 mg/mL with an inhibition of 87.13% (Ganapathy et al., 2021). Humic acid (HA) has been reported to increase plant membrane permeability (Lotfi et al., 2018). Similar to function of HA, but in different organisms, Gallic acid (GA) and Thymol (THY) have been reported to increase G. boninense membrane permeability and cause the depletion of components essential to fungal survival (Ganapathy et al., 2021). In the future, GA and THY had the potential to be used as a green control strategy and further developed as a natural antifungal agent to suppress G. boninense.




10.9 Innovative genetic tools

Genetic modification has been applied to confer resistance to oil palm against BSR infection. In 2020, oil palm embryogenic calli that co-bombarded with a construct carrying the AGLU1 and RCH10 genes have been reported to exhibited resistance to G. boninense. The results demonstrated that G. boninense resistance oil palm could be produced through biolistic bombardment (Hanin et al., 2020).

A cutting-edge CRISPR/Cas9 has been applied to introduce the genes in the oil palm calli (OPC). When delivered into oil palm callus, CRISPR/Cas9 constructs carrying sgRNA with targeted isoflavone reductase (IFR) and methallotioneine like protein (MT) genes produced mutations in both targeted DNA areas, altering the sequences of the amino acid residues (Budiani et al., 2018). A method like this might open up new possibilities for research into the defence genes responsible for disease resistance in oil palm. In 2021, effective and efficient CRISPR/Cas9 gene editing in oil palm have been achieved through maximising the choice of efficient gRNA and DNA delivery techniques. The genetic enhancement of the oil palm will be made possible by this newly developed technique (Yeap et al., 2021).





11 Challenges and future prospects

Control strategies is always the priority to be considered of to curb or control G. boninense. Albeit many control methods have been showed positive results in the in-vitro tests, but none of the methods can totally eradicate G. boninense in the field.

Diseased oil palm stumps are the tissues that are most contagious when G. boninense inoculum is present. To keep the plantation free of sources of pathogens, it is vital to remove unhealthy tissues (Chong et al., 2017b). This has led to a great deal of interest in the use of white-rot fungi (WRF), an environmentally friendly and biodegradable Ganoderma management strategy, to destroy the diseased stumps. According to Naidu et al. (2017), Pycnoporus sanguineus FBR and Grammothele fuligo ST2 are the strongest biodegraders of wood blocks that have been colonized by G. boninense. The findings have provided novel insights on the potential of the WRF to eradicate Ganoderma inoculums in the future.

Gene technology has been thought of as a potential improvement for the oil palm. The Malaysian Palm Oil Board (MPOB) and their American collaborators have sequenced and published the oil-palm genomes of the South American oil-palm E. oleifera and the African oil-palm E. guineensis to aid in the improvement study of oil palm (Singh et al., 2013). Through gene technology, genetically modified (GM) oil palm with traits such as oleic acid for healthy low unsaturated oil and high PHBV (polyhydroxybutyrate-co-valerate) for bioplastics production have been produced in the laboratory and biosafety containment houses (Yunus et al., 2008; Nurfahisza et al., 2014). The studies have proved that gene technology can improve the oil palm. However, GM oil palm faced technical and commercial problems, and public sensitivity (Murphy, 2017; Soh, 2018). Even if these obstacles in the way of technique and commerce can be addressed, public aversion to GM crops, which has existed in various regions of the world since 1999, means that new transgenic cultivars continue to encounter difficulties. Up until the present, this opposition has been particularly strong in Europe. As a result, many local regions in the EU implemented legal restrictions on the production of all GM crops in late 2015, even varieties that had received European Commission approval (Nelson, 2015).

In present era, the controversy of GM crops has been viewed as being resolved by the genome editing (GE) approach, which permits targeted in situ DNA change without or temporarily using transgenes (Mao et al., 2013). Integration of GE with tissue-culture-free methods would avoid the crops being labelled as genetically modified organism (GMO) (Hickey et al., 2019). The ability to do single or multiplex edits has been widely established (Zhang et al., 2016); this capability can now be put into practise using the following tissue-culture-free methods. For an instance, Clustered, regularly interspaced short palindromic repeat/CRISPR-associated protein (CRISPR/Cas9) ribonucleoproteins (RNPs) complexes can be used for GE. CRISPR-based GE enables precise target modifications in the DNA of an organism (Adli, 2018). This has been done for a variety of species, including potato, wheat (Liang et al., 2017), and maize (Andersson et al., 2018). Target tissues have included protoplasts or immature embryos; ideally, this technique would be enhanced for mature seeds or sprouting seedlings (Hamada et al., 2017). Current GMO rules in some countries may be addressed by CRISPR/Cas9 RNPs (Kanchiswamy, 2016; Lu et al., 2017); nevertheless, this technology can also be used to control oil palm diseases and pests (Khan et al., 2022).




12 Conclusion

Since the interactions between G. boninense and oil palm are so complicated, it is crucial to fully comprehend them in order to improve disease control measures. As there is no single effective control approach that can stop the spread of this disease, integrated disease management is necessary to manage BSR. Chemical fungicides, cultural practices, biological techniques, and fertilizer application are all examples of current management approaches. All current and potential management strategies are summarised in Figure 2. Reduced BSR incidence following replanting is the goal of BSR integrated disease management. Since the impact of this soilborne fungus lies in both the losses it causes and the effects it has on the environment as a result of unsustainable management practices, it is crucial to handle BSR brought on by G. boninense responsibly.




Figure 2 | Current and potential management strategies of Ganoderma boninense.
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Phytophthora infestans, a representative of phytopathogenic oomycetes, have been proven to cope with redundant sources of internal and host-derived reactive nitrogen species (RNS). To gain insight into its nitrosative stress resistance mechanisms, metabolic sensors activated in response to nitrosative challenge during both in vitro growth and colonization of the host plant were investigated. The conducted analyses of gene expression, protein accumulation, and enzyme activity reveal for the first time that P. infestans (avirulent MP946 and virulent MP977 toward potato cv. Sarpo Mira) withstands nitrosative challenge and has an efficient system of RNS elimination. The obtained data indicate that the system protecting P. infestans against nitric oxide (NO) involved the expression of the nitric oxide dioxygenase (Pi-NOD1) gene belonging to the globin family. The maintenance of RNS homeostasis was also supported by an elevated S-nitrosoglutathione reductase activity and upregulation of peroxiredoxin 2 at the transcript and protein levels; however, the virulence pattern determined the expression abundance. Based on the experiments, it can be concluded that P. infestans possesses a multifarious system of metabolic sensors controlling RNS balance via detoxification, allowing the oomycete to exist in different micro-environments flexibly.
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1 Introduction

Both host organisms and fungal or fungal-like pathogens can synthesize nitric oxide (NO), which, as a cross-kingdom signal molecule, is engaged in the initiation, coordination, and transfer of molecular information on various stimuli. Considering plant–pathogen interactions, plants initiate the NO burst already during the first minutes after the pathogen has been identified to trigger multiple modes of defense events to create a potent antimicrobial environment (Floryszak-Wieczorek et al., 2007). In turn, phytopathogens generate NO during infection structure formation, which was evidenced in fungi, e.g., Blumeria graminis (Prats et al., 2008), Oidium neolycopersici (Piterková et al., 2011), Magnaporthe oryzae (Samalova et al., 2013), and Fusarium graminearum (Ding et al., 2020), as well as oomycetes such as Bremia lactucae (Sedlářová et al., 2011) and Phytophthora infestans (Izbiańska et al., 2019). Although the kinetics and intensity of NO generation depend on the type of plant resistance, the colonization of plant tissues by pathogens often results in an overproduction of NO and NO‐derived compounds including peroxynitrite (ONOO−). This creates a local hot spot of boosted and pathophysiological levels of reactive nitrogen species (RNS), defined as nitrosative stress (Arasimowicz-Jelonek and Floryszak-Wieczorek, 2014). In consequence, pathogens during the infection process must cope with their own redundant NO and plant-derived RNS. In these circumstances, pathogen survival is strictly dependent on its metabolic equipment to quench or reset the boosted NO signal and counteract nitrosative stress. Owing to a high reactivity of RNS towards various biomolecules, deficiency in the NO detoxification activities may result in cell dysfunction or damage, similarly to the case of oxidative stress. Thus, the elements of the NO/RNS detoxification system constitute a sophisticated adaptation mechanism to the persistence of huge RNS amounts mounted by internal and external sources, and it might also be implicated in phytopathogen virulence (Arasimowicz-Jelonek and Floryszak-Wieczorek, 2014).

Detoxification activity is essential to fungal or fungal-like pathogens not only to escape the host-induced nitrosative stress. Adverse abiotic environmental conditions can also provoke uncontrolled accumulation of RNS in diverse pathogen structures (Gajewska et al., 2020). Moreover, the maintenance of NO homeostasis must be sensibly regulated to exert its signaling functions during microbial development. It is well documented that NO endogenously produced by microorganisms is an important regulatory molecule involved in the switch between developmental phases of the phytopathogens, sporulation, germination, fruiting body formation, and production of secondary metabolites (Cánovas et al., 2016; Zhao et al., 2020).

The balance of NO in the cellular environment can be governed by several NO detoxification systems. Nitric oxide dioxygenase (NOD), which belongs to the globin family, has been the best characterized so far in the model microorganisms belonging to fungi and bacteria (Liu et al., 2000; de Jesús-Berríos et al., 2003; Philippe et al., 2003; Ullmann et al., 2004; Hromatka et al., 2005; Turrion-Gomez et al., 2010; Lapp et al., 2014). Nitric oxide dioxygenases are enzymes that efficiently mediate the reaction of deoxygenation using NAD(P)H to integrate two atoms from O2 into NO, forming nitrate (Poole, 2020). Importantly, the NO dioxygenase activity is exhibited by flavohemoglobins (Fhbs). Proteins coded by the Fhb genes could be located in the cytosol and mitochondria to ensure mechanisms for NO depletion in particular cellular compartments (Zhou et al., 2011). Fhbs proteins were identified in several important fungal phytopathogens (Boccara et al., 2005). Importantly, to date, the specific activity of Fhb for in vivo NO decomposition has been confirmed only for Bcfhg1 in Botrytis cinerea (Turrion-Gomez et al., 2010). Although deletion of the Fhb gene in model human pathogens attenuated their virulence (de Jesús-Berríos et al., 2003; Ullmann et al., 2004), the deletion of Bcfhg1 did not affect the pathogenicity of the microorganism (Turrion-Gomez et al., 2010). Also, in M. oryzae, an Fhb-encoding gene MoFHB1 was found to be dispensable for pathogen virulence (Zhang et al., 2022). A similar phenomenon has been described in the plant pathogenic bacterium Erwinia chrysanthemi, whereby deletion of the Fhb coding gene created mutants unable to host infection (Boccara et al., 2005).

The other system contributing to cellular protection against nitrosative stress employs S-nitrosoglutathione reductase (GSNOR). This GSH-dependent bi-functional enzyme conserved from bacteria to humans is able to reduce S-nitrosoglutathione (GSNO) to form GSSG and ammonia, as well as detoxify formaldehyde (Tillmann et al., 2015). Cloning and biochemical characterization of AnGSNOR from the model filamentous fungus Aspergillus nidulans confirmed that fungal GSNOR could efficiently regulate NO bioactivity for signaling purposes and it consequently enhances cellular resistance to nitrosative stress (Zhou et al., 2012; Zhou et al., 2016). In addition, other proteins have also been found to be involved in the detoxification of NO in the model fungi. The porphobilinogen deaminase encoded by hemC facilitated RNS-tolerant fungal growth by promoting the activity of the Fhbs (Zhou et al., 2012). Moreover, the ntpA gene coding a cysteine-rich 23-amino-acid peptide may undergo S-nitrosylation to generate nitrosothionein and consequently remove NO (Zhou et al., 2013).

The fungus-like oomycete P. infestans (Mont.) de Bary is one of the most important plant pathogens worldwide causing late blight disease in the Solanaceae family, particularly in potato and tomato (Dong and Zhou, 2022). Global annual yield losses and control costs of potato crops were estimated at ca. 6.5 billion US dollars worldwide (Savary et al., 2019; Adolf et al., 2020). Importantly, in recent decades, a significant shift in the infection potential of P. infestans has been observed as a result of increasing genetic variation, pathogenicity, and pathogen migration (Fry et al., 2015; Michalska et al., 2016). In consequence, the rapid evolution and adaptive capacity of P. infestans are the causes of the still unsatisfactory progress in the battle against phytopathogens (Forbes, 2012). Additionally, the molecular mechanisms exploited by P. infestans to establish host colonization and adaptation to new micro-environments are still poorly understood. Our last research revealed that the fungus-like organism uses the formation of RNS as an inherent element of the pathogen adaptation strategy to survive in the host environment (Izbiańska et al., 2019). To date, there is no experimental knowledge concerning the metabolic adjustment of the oomycetes that allow the regulation of innate RNS and/or counteract host-induced nitrosative stress during the infection process. In view of the above, the aim of the present study was to evidence that P. infestans has the ability to withstand and decompose high levels of RNS and indicate metabolic components engaged in the cellular protection of P. infestans against nitrosative stress under in vitro and in planta conditions. Our experimental approach involved avirulent (avr MP946) and virulent (vr MP977) P. infestans isolates (in reference to the potato genotype “Sarpo Mira”), creating a useful background for the identification of RNS-mediated metabolic events favorable for pathogen virulence and successful host colonization. As documented, P. infestans cope with a nitrosative challenge by activating RNS scavenging system that includes Pi-NOD1, GSNOR, and PRX2; however, the virulent isolate showed potent induction of GSNOR gene expression and enzyme activity. Moreover, potato-vr P. infestans interaction was accompanied by an early upregulation of Pi-NOD1 gene expression.




2 Materials and methods



2.1 Pathogen culture

P. infestans (Mont.) de Bary—the avirulent isolate MP946 (race 1.3.4.7.10.11) and the virulent MP977 (race 1.2.3.4.6.7.10) in reference to the potato cv. Sarpo Mira (carrying the R genes: R3a, R3b, R4, Rpi-Smira1, and Rpi-Smira2)—was provided by the Plant Breeding Acclimatization Institute (IHAR), Research Division in Młochów, Poland. In vitro and in planta studies were performed according to Izbiańska et al. (2019) mainly at the Department of Plant Ecophysiology, Adam Mickiewicz University for 3 years (2020–2023). Briefly, for in vitro studies, the pathogen was grown for 9 days in the dark on a cereal-potato agar medium with an addition of dextrose (control culture) or the medium was additionally supplemented with RNS modulators as described in Section 2.2. For in planta studies: potato plants cv. Sarpo Mira (from the Potato Gene Bank—Plant Breeding and Acclimatization Institute—IHAR in Bonin, Poland) were inoculated by spraying with 3 ml of a freshly prepared suspension of sporangia and zoospores (5.0 × 105 sporangia per ml) and incubated in sterile boxes for 9 days at 16°C and 95% relative humidity in the dark. Sporangia of P. infestans were obtained by washing 9-day-old cultures with cold distilled water and zoospores were released by incubating the sporangia in water at 4°C for 30 min.

The hyphae growing in vitro or in planta were manually collected and directly analyzed or frozen in liquid nitrogen and stored at −80°C. Hyphae in planta were additionally isolated by dipping the infected tissues in 5% cellulose acetate, letting the acetone evaporate, and stripping the cellulose acetate film off according to Both et al. (2005).




2.2 Nitrosative stress, hyphal growth, and spore germination

For the in vitro growth experiment, the following RNS donors were added to the growing medium on the first day of the P. infestans culture: sodium nitroprusside (SNP; Merck) at concentrations of 100 µM, 250 µM, 500 µM, and 1 mM; S-nitrosoglutathione (GSNO; Sigma-Aldrich) at concentrations of 100 µM, 200 µM, 350 µM, and 500 µM; and 3-morpholinosydnonimine (SIN-1; Calbiochem) at concentrations of 250 µM, 500 µM, 1 mM, and 5 mM. Additionally, 500 µM light-exposed SNP as well as RNS scavengers, i.e., 200 μM 2-phenyl-4,4,5,5,-tetramethylimidazoline-1-oxyl 3-oxide (PTIO; Sigma-Aldrich) and 100 μM ebselen (Cayman Chemicals), were used. Control cultures were treated with sterile water. Donors of RNS are pharmacologically active compounds that release RNS and mimic endogenous RNS-related effects after application to biological systems. All used donors exhibit differential RNS-releasing ability in aqueous solutions. The solution’s half-life of NO donors is 7 h for GSNO and 12 h for SNP (Floryszak-Wieczorek et al., 2006), whereas SIN-1 spontaneously decomposes in two steps, releasing superoxide anion and NO in an aqueous solution and yielding a continuous source of ONOO− over several hours (Izbiańska et al., 2019). Importantly, SNP to release NO requires light or single-electron reduction by reducing agents present in the biological systems such as ascorbates, hemoproteins, thiols, NADH, and NADPH (Floryszak-Wieczorek et al., 2006). To ensure conditions for the release of various RNS from donors, after treatment, the pathogen culture was left for 5 h under constant light, including control.

Radial growth of P. infestans was measured every day for a period of 9 days. All treatments were analyzed at least in triplicate, and for each biological replicate, five technical replicates were prepared.

To mimic nitrosative stress under in vitro conditions in further analyses, 500 µM SNP, 350 µM GSNO, and 5 mM SIN-1 were selected. Additionally, the scavenger of NO (200 μM PTIO) and ONOO− (100 μM ebselen) were used to estimate RNS-dependent effects. Material for molecular and biochemical analyses was collected on the 9th day of the culture. In the case of in planta transcriptional analysis of Pi-NOD, the material was also collected in the following hours after potato inoculation with P. infestans spore suspension.




2.3 Assessment of spore germination

As described in Section 2.1, the freshly prepared spore suspension from the control and RNS modulator-treated hyphae was used for the calculation of indirect germinating spores. After spores were released by incubation at 4°C, the number of germinating spores was determined. For the counting, 100 µl of spore suspension was transferred to microscopic glass covered with 1% agar, and after 24 h, microscopic counting was performed.




2.4 Measurement of cell death

Cell death, indicated as a loss of plasma membrane integrity, was estimated on the basis of Evans Blue uptake according to Ederli et al. (2009). Hyphae (0.150 g) of P. infestans were incubated for 20 min in 0.25% (w/v) Evans Blue (Sigma-Aldrich). The stained hyphae were then washed twice for 15 min in distilled water and homogenized with 1.5 ml of 1% (w/v) SDS. After a centrifugation at 12,000 rpm for 15 min, the Blue Evans uptake, indicating cell death, was measured spectrophotometrically at λ = 600 nm.




2.5 Nitric oxide measurement

Nitric oxide was monitored with a PGSTAT 30 universal electrochemical analyzer (EcoChemie, Utrecht, the Netherlands). The concentration of NO liberated from 100 μM spermine NONOate (Cayman Chemicals) was measured by differential pulse amperometry with an NO selective needle-type electrode prepared as described by Floryszak-Wieczorek and Arasimowicz-Jelonek (2016). Pathogen extracts were prepared from hyphae (0.250 g) growing in planta, as well as non-treated and GSNO-treated in vitro cultures in 500 µl of 100 mM sodium phosphate buffer, pH 7.4, using mortars and pestles. After protein concentration measurement, the extracts were diluted to reach a final protein concentration of 1 mg/ml. The current was recalculated into concentration units on the basis of a calibration curve. NO scavenging measurements were performed in gas-tight vials by adding to spermine NONOate solution 1 ml of the extract containing 1 mg of P. infestans proteins in 100 mM sodium phosphate buffer, pH 7.4. The temperature of the mixture was kept at 24°C in a water bath and the time-dependent changes of the NO signal were recorded.




2.6 Peroxynitrite reductase activity

Peroxynitrite-mediated oxidation of dihydrorhodamine 123 to rhodamine was followed by adding 1 μM SIN-1 as ONOO− donor to 1 ml of the reaction mixture containing 50 mM potassium phosphate buffer, pH 7.0, 20 μM dihydrorhodamine 123 (Sigma-Aldrich), 20 μM DTPA (Sigma-Aldrich), and 100 µl of P. infestans extract prepared in 50 mM potassium phosphate buffer, pH 7.0. Rhodamine was then measured at 500 nm as reported previously (Bryk et al., 2000). BSA, which has no peroxynitrite reductase activity, was used as a negative control.




2.7 Gene expression measurement

Hyphae of P. infestans were frozen in liquid nitrogen and stored at −80°C until use. The RNA was isolated from 0.150 g of frozen sample using TriReagent (Sigma-Aldrich). The obtained RNA was purified with the use of the Deoxyribonuclease Kit (Sigma-Aldrich). For the reverse transcription, 1 µg of RNA was processed with the Reverse Transcription Kit (Thermo Scientific Fermentas) according to the manufacturer’s instructions. The real-time PCR reactions were performed on a Rotor-Gene 6000 thermocycler (Corbett Life Science, Qiagen). The reaction mixture contained 0.1 µM of each primer (listed in Supplementary Table S1), 1 µl of 5× diluted cDNA, 5 µl of Power SYBR Green PCR Master mix (Applied Biosystems), and DEPC-treated water to a total volume of 10 µl. The PCR reaction initiated denaturation at 95°C for 5 min. Subsequent stages included 50 cycles consisting of 10 s at 95°C, 20 s at 53°C, and 30 s at 72°C. The reaction was finalized by denaturation at a temperature rising from 72°C to 95°C by 1°C every 5 s. The reaction specificity and CT values for individual samples were determined using the real-time PCR Miner Program (Zhao and Fernald, 2005). The P. infestans S3a gene was selected as a reference in the P. infestans gene expression measurement according to Gajewska et al. (2020). The relative gene expression was calculated using the Pfaffl mathematical model (Pfaffl, 2001).




2.8 Cloning of Pi-NOD cDNA

The cDNA sequence encoding the P. infestans nitric oxide dioxygenase (Pi-NOD1) mRNA was obtained from the genome of two P. infestans (Mont.) de Bary isolates—the avirulent isolate MP946 (race 1.3.4.7.10.11) and the virulent MP977 (race 1.2.3.4.6.7.10)—using the PCR method. Primers for the protein coding region were designed based on P. infestans T30-4 nitric oxide dioxygenase (Pi-NOD1) (PITG_22661) mRNA; complete CDS was obtained from the GenBank database, accession number XM_002909124.1. The forward primer was [ATGGCTCCCAACCAACAGAC] and the reverse primer was [CACCAAGCCAGTTCGAGACT]. The resulting PCR product was purified using the QIAEXII Gel Extraction Kit (Qiagen) and ligated into the pGEM-T Easy vector (Promega). Next, the Escherichia coli strain XL1 Blue was transformed with the ligation mixture. The selected clones (X-Gal and IPTG) carrying an appropriate PCR product were sequenced (Molecular Biology Techniques Laboratory, Faculty of Biology, Adam Mickiewicz University, Poznań). The obtained sequences were processed with the BioEdit software (ver. 7.2.5). According to the consensus sequence obtained for both strains, a homologous region encoding peptide, (NH2)-SHHRVAGATKGGAPPGC-(amidated), was selected. The peptide was used further as the antigen to produce the specific antibody in the rabbit host (Agrisera).




2.9 Western blot analysis (Pi-NOD and PRX2)

Protein accumulation profiles of Pi-NOD and PRX2 were analyzed. Total proteins were extracted using the Hurkman and Tanaka (1986) protocol with slight modifications described earlier by Lechowicz et al. (2020), whereas Western blot assay was performed as described by Pawłowicz et al. (2012). For immunodetection, specific (Agrisera) or commercial (Abcam) antibodies were applied. Briefly, the antibody against Pi-NOD was produced as described in Section 2.8. In turn, for PRX2 detection, the commercial rabbit polyclonal antibody was applied. The Pi-NOD antibody was diluted at 1:4,000, while the PRX2 antibody was diluted at 1:2,000. Antigen–antibody complexes were detected using a secondary anti-rabbit IgG–horseradish peroxidase conjugate (Sigma-Aldrich) diluted 1:30,000 and incubated for 1 h for Pi-NOD and 1:20,000 for 2 h for PRX2 detection, respectively. Chemiluminescent substrates Westar Supernova (Cyanagen) and ChemiDoc™ Touch Igmagin System (Bio-Rad) were used to visualize the results. The intensities of visualized bands were estimated using the ImageJ software. The band intensities were first normalized with respect to the amounts of proteins detected in the gels stained with Coomassie Blue. Furthermore, to eliminate technical errors between blots, the obtained intensity data for experimental samples were divided by the intensity of internal control standard, which was present in every blot in the same amount and was used as a normalization marker. The internal control standard consisted of the total proteins extracted in the control growth conditions from the mixture of virulent and avirulent isolates.




2.10 GSNOR activity

The GSNOR (EC 1.2.1.46) activity was determined according to the procedure proposed by Barroso et al. (2006) with minor modifications described by Arasimowicz-Jelonek et al. (2014). Fresh hyphae (0.5 g) were homogenized in 0.1 M Tris-HCl buffer, pH 7.5, containing 0.2% Triton X-100 (v/v), 10% glycerol (v/v), 0.1 mM EDTA, and 2 mM DTT and centrifuged at 27,000 g for 25 min. Supernatants were passed through Sephadex G-25 gel filtration columns (Illustra NAP-10 from GE Healthcare), then immediately through Amicon Ultra 3K Filters (Millipore). One milliliter of the assay reaction mixture contained 0.5 mM EDTA, 0.2 mM NADH, 0.4 mM GSNO, and 30 µl of enzyme extract in 25 mM Tris-HCl buffer, pH 8.0. The reaction was run at 25°C and initiated with an addition of GSNO to reach the final 0.4 mM concentration in the reaction mixture. NADH oxidation was determined at 340 nm and rates of NADH consumed at min−1 were calculated using an extinction coefficient of 6,220 M−1 cm−1.




2.11 Quantification of total S-nitrosothiols

Total SNO contents were determined by chemiluminescence using a Sievers® Nitric Oxide Analyzer NOA 280i (GE Analytical Instruments, Boulder, CO, USA) according to Chaki et al. (2009) with minor modifications described by Arasimowicz-Jelonek et al. (2014). Fresh hyphae (0.5 g) were homogenized in Tris-HCl 0.1 M buffer, pH 7.5 (1:4, w/v), containing 100 µM DTPA, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 0.1 mM neocuproine, 3.5% (w/v) PVPP, 0.25% (v/v) Triton X-100, and centrifuged at 3,000 g for 15 min. The supernatants were incubated with 10 mM NEM (N-ethylmaleimide) for 15 min at 4°C and subsequently two aliquots were prepared for each sample. To remove nitrite, one aliquot was incubated for 15 min with 10 mM sulfanilamide at 4°C. To eliminate nitrite and decompose SNOs, the next aliquot was treated with 10 mM sulfanilamide and 7.3 mM HgCl2 for 15 min at 4°C. The difference between the detected signals obtained from these aliquots demonstrated the total SNO content.




2.12 Phylogenetic analysis and protein sequence alignment

The phylogenetic tree of Pi-NOD1 orthologs has been obtained from Ensembl Protist database (GeneTree ID: EPrGT00050000005075) and simplified for clarity. The methodology of the tree construction can be accessed at Ensembl https://protists.ensembl.org/info/genome/compara/homology_method.html.

The alignments of Phytophthora Pi-NOD1 protein sequences have been constructed using the COBALT sequence alignment tool and Pi-NOD1 protein sequences obtained from the Ensembl database representing translated sequences of the longest transcripts of the orthologous genes (Howe et al., 2019). The transcript IDs are presented in brackets on Supplementary Figure S2.




2.13 Statistical analysis

All results are based on three biological replicates derived from three independent experiments. For each experiment, means of the obtained values (n = 9) were calculated along with standard deviations. All statistical analyses were performed in STATISTICA 10.0 software (StatSoft, Tulsa OK, USA). To estimate the statistical significance between means, the data were analyzed with the use of one-way analysis of variance (ANOVA) followed by Dunnett’s test at the level of significance α = 0.05 or α = 0.01.





3 Results



3.1 P. infestans withstands high levels of exogenous RNS

To determine a tolerance threshold of P. infestans to NO and ONOO−, the growth of the culture treated with different concentrations of various RNS donors, i.e., SNP, GSNO, and SIN-1, was measured every day for a period of 9 days (Figure 1). Exogenous NO added as SNP significantly reduced hyphal growth already after the first day of the oomycete culture (Figures 1A, B). The growth area gradually decreased with an increasing SNP concentration, which was especially observed in vr MP977 P. infestans. On the 9th day of the avr MP946 and vr MP977 cultures, the growth was significantly reduced by the two highest SNP concentrations, compared to the control pathogen culture (Figures 1A, B). Application of GSNO at the lower concentration, i.e., 100 µM, even induced growth of hyphae in vr P. infestans MP977 by ca. 10% (Figure 1D). The significant growth inhibition by ca. 20% and 40% was noted at 350 µM and 500 µM GSNO in both isolates. A peroxynitrite donor, SIN-1, did not affect P. infestans growth in the concentration range from 250 µM to 1 mM (Figures 1E, F). Growth reduction was only observed at 5 mM SIN-1 and was 24% and 42% in vr MP977 and avr MP946, respectively.




Figure 1 | The effect of various concentrations of reactive nitrogen species (RNS) donors on avr/vr Phytophthora infestans during 9 days of in vitro growth. Radial growth of (A) avr MP946 and (B) vr MP977 on medium supplemented with 0, 100, 250, 500 µM, and 1 mM of sodium nitroprusside (SNP); (C) avr MP946 and (D) vr MP977 on medium supplemented with 0, 100, 200, 350, and 500 µM of S-nitrosoglutathione (GSNO); and (E) avr MP946 and (F) vr MP977 on medium supplemented with 0, 250, 500 µM, 1 mM, and 5 mM of 3-morpholinosydnonimine (SIN1). The results are averages from three independent experiments (n = 15) ± SD. Asterisks indicate values that differ significantly from the non-treated samples (control) P. infestans culture at each time point (day) at p < 0.01 (*).



To mimic nitrosative stress conditions in further analyses, RNS donor doses resulting in a significant growth inhibition of both P. infestans isolates were selected. These included 500 µM SNP, 350 µM GSNO, and 5 mM SIN-1. It should be noted that the specific scavengers significantly attenuated the RNS-mediated growth inhibitory effect (Supplementary Figure S1), and none of the selected doses of NO modulators affected the cell death rate of the avr/vr pathogen culture (Figure 2A). Moreover, the process of indirect spore germination was accelerated via GSNO and SIN-1 donors by approximately 36% and 20%, respectively. In contrast, spore germination obtained from the SNP-treated culture of avr MP946 and vr MP977 was inhibited by ca. 54% and 40%, respectively (Figure 2B).




Figure 2 | The effect of selected RNS donors (500 µM SNP, 350 µM GSNO, and 5 mM SIN1) and scavengers (200 µM 2-phenyl-4,4,5,5,-tetramethylimidazoline-1-oxyl 3-oxide, PTIO, and 100 µM ebselen) on the 9th day on (A) avr/vr Phytophthora infestans cell death and (B) spore germination. The amount of germinating spores was determined 24 h after preparation of the spore suspension. Values represent means ± SD of three biological replicates derived from three independent experiments (n = 9). Columns marked with the same letter are not significantly different (Dunnett’s test) at p < 0.05.






3.2 P. infestans shows in vitro ability to scavenge RNS

To explore the ability of P. infestans to RNS elimination, first NO scavenging activity of the pathogen was assessed by the electrochemical method. The NO donor at a concentration of 100 μM spermine NONOate was used as a background, since the amount of NO in the solution was found to reach a steady-state level of 3.7 μM NO after 7 min (Zhu et al., 2018). Next, the ability of avr/vr P. infestans hyphal extracts to degrade NO liberated from the donor compound was monitored (Figure 3). Real-time NO detection revealed that avr/vr P. infestans scavenged NO under in vitro conditions, but no difference was noted between the analyzed isolates with respect to the kinetics of NO detoxification (Figure 3A). Nitrosative stress and in planta conditions accelerated the NO scavenging activity of vr MP977 P. infestans since NO concentration significantly decreased at 30 min of the pathogen incubation with the donor spermine NONOate. It decreased from the background level of 3.7 μM to 3.17 μM and 2.6 μM in the control and GSNO-treated/in planta cultures, respectively (Figure 3C). The thermally inactivated extract of avr/vr P. infestans hyphae had no ability to NO scavenging (Figure 3D).




Figure 3 | Nitric oxide scavenging activity of avr/vr Phytophthora infestans on the 9th day. Nitric oxide levels liberated from 100 μM spermine NONOate were measured amperometrically in the absence or presence of avr/vr P. infestans for 30 min. (A) The comparison of NO decomposition activity between avr MP946 and vr MP977. The effect of nitrosative stress supplied as 350 µM GSNO and in planta growth conditions on NO scavenging activity of (B) avr MP946 and (C) vr MP977. (D) Nitric oxide scavenging activity of avr/vr P. infestans exposed to 350 µM GSNO and next thermally inactivated. The NO level noted at 30 min was presented as the embedded chart. Values represent means ± SD of three biological replicates derived from three independent experiments (n = 3). Columns marked with the same letter are not significantly different (Dunnett’s test) at p < 0.05.



Next, to verify if P. infestans is able to eliminate ONOO−, an assay of ONOO− detoxification activity was performed using peroxynitrite-mediated oxidation of dihydrorhodamine 123 to rhodamine. The approach allowed us to determine a peroxynitrite reductase activity and assumed that the 100% value reflected the amount of rhodamine formed in the absence of protein. As observed, both isolates of non-treated P. infestans cultures were able to avoid the ONOO−-mediated oxidation of dihydrorhodamine 123, demonstrating an effective ONOO− detoxification activity (Figure 4). An elevated activity expressed as a low percentage of rhodamine formation was noted in avr MP946 P. infestans growing in the presence of SIN-1 and in planta. In turn, in vr MP977 P. infestans exposed to nitrative conditions, ONOO− detoxification activity was at the same level as in the control conditions (Figure 4).




Figure 4 | Peroxynitrite detoxification activity of avr/vr Phytophthora infestans on the 9th day measured as peroxynitrite-mediated oxidation of dihydrorhodamine 123 to rhodamine. The 100% value was defined as the amount of rhodamine formed in the absence of protein. The activity was measured in avr MP946 and vr MP977 growing in the following conditions: in vitro-control, in vitro + 5 mM SIN1, and in planta. Values represent means ± SD of three biological replicates derived from three independent experiments (n = 9). Columns marked with the same letter are not significantly different (Dunnett’s test) at p < 0.05.






3.3 Nitrosative conditions induce the Pi-NOD gene in P. infestans

Oomycota includes four main orders Saprolegniales, Pythiales, Peronosporales, and Albuginales (Beakes et al., 2012; McCarthy and Fitzpatrick, 2017). Moreover, the order Peronosporales includes Phytophthora species and represents the main terrestrial and plant pathogenic lineage (Beakes and Thines, 2017).

Since P. infestans withstands high levels of exogenous RNS and has the ability to decompose them, the next experimental steps allowed us to identify sensors engaged in the metabolic adjustment of the phytopathogen to nitrosative stress.

First, phylogenetic analysis illustrated that nitric oxide dioxygenase of Phytophthora, Nothophytophthora sp. Chile 5, Plasmopara halstedii, and Pythium species represent a separate phylogenetic group. It is one of four major groups that are relatively separated from each other (Figure 5). Nothophytophthora is a sister group with Phytophthora (Jung et al., 2017) and Pythium species was previously included together with Phytophthora to the same order (Ho, 2018). Other groups are formed by Pi-NOD proteins from (i) Saprolegnia, Achlya, Pythium, and Thraustotheca species; (ii) Emiliania, Fragilariopsis, and Pseudo-nitzschia species; (iii) Leptomonas, Angomonas, Giardia, Symbiodinium, Dictyostelium, Cavenderia, and Tieghemostelium species. Interestingly, sequences of Pi-NOD from other plant pathogenic species, like Pythium irregulare, Pythium vexans, and Plasmopara halstedi, are very similar to Phytophthora. After closer inspection, protein sequences among different Phytophthora are highly conserved (55.2%–99.79% pairwise identity), and the observed sequence changes do not affect physicochemical properties (hydrophaty) (Supplementary Figure S2). To provide more detailed insight into conservation of Pi-NOD among different Phytophthora, the alignment of Pi-NOD protein sequences was performed. This analysis allows one to omit low confidence orthologs, including partial sequences, which have been included by Ensembl Compara for construction of the phylogenetic tree presented in Figure 5. The result revealed that the protein sequences among different Phytophthora are highly conserved (77.07%–99.79% pairwise identity), and the observed sequence changes do not affect physicochemical properties (hydropathy) (Supplementary Figure S2). Moreover, similar to the previously studied fungal plant pathogen B. cinerea, P. infestans contains only a single gene copy of NOD enabling reliable studies of the Pi-NOD protein using diverse genetic techniques. Thus, the Pi-NOD1 from P. infestans is a good experimental model for all Phytophthora, as well as for some other pathogenic Stramenopiles.




Figure 5 | Maximum likelihood phylogenetic tree of the nitric oxide dioxygenase (Pi-NOD1) orthologs. The phylogenetic distance of the red branch has been scaled down 10× to increase the clarity of the tree. For each node of the tree, the accession number of NOD gene ortholog and the organism name have been provided.



In order to determine whether exposure of the oomycete to RNS influences the expression of Pi-NOD1 that belongs to the globin family, the Pi-NOD1 gene expression during in vitro pathogen growth was investigated (Figure 6A). Application of 500 µM SNP and 350 µM GSNO provoked a ca. threefold increase in Pi-NOD1 transcript accumulation, while NO scavenging resulted in a significant gene downregulation in both isolates in comparison to the non-treated control cultures. Moreover, Pi-NOD1 gene expression was also monitored during the early hours of potato-avr/vr P. infestans interactions (Supplementary Figure S3). As found, Pi-NOD1 was upregulated especially in vr MP977 P. infestans up to 48 hpi, while during the later hpi, the gene expression decreased. Next, the production of anti-Pi-NOD allowed us to analyze the accumulation pattern of Pi-NOD1 in response to RNS (Figure 6B). It should be noted that the antibody recognized two bands and only the higher one (approximately 40 kDa instead of a theoretical band at 49 kDa) was considered for the analysis. NO donors enhanced contents of Pi-NOD1 protein in P. infestans structures in relation to the control, and the tendency was observed in both isolates exposed to SNP and in avr MP946 growing in the presence of GSNO. Moreover, in planta hyphal growth resulted in a higher accumulation of both the Pi-NOD1 transcript and protein as compared to in vitro conditions.




Figure 6 | (A) Transcript and (B) protein levels of Phytophthora infestans nitric oxide dioxygenase (Pi-NOD1) in avr MP946 and vr MP977 growing in in vitro-control, in vitro-nitrosative stress (in the presence of selected RNS modulators: 500 µM SNP, 350 µM GSNO, 5 mM SIN1, 200 µM PTIO, and 100 µM ebselen) on the 9th day, and in planta conditions on the 9th day. The transcript accumulation level of P. infestans S3a was used as the reference. The gene expression was determined using the RT-qPCR method and the protein concentration was measured using the 2D-Quant Kit (GE Healthcare). Values represent means ± SD of three biological replicates derived from three independent experiments (n = 9). Columns marked with the same letter are not significantly different (Dunnett’s test) at p < 0.05.



It should be noted that the ONOO− donor and its scavenger did not cause any significant changes at the Pi-NOD1 transcript and protein levels, indicating that Pi-NOD1 induction is specifically NO-dependent (Figures 6A, B).




3.4 GSNOR activity affects the metabolic status of NO in P. infestans

A Zn-dependent medium-chain class III alcohol dehydrogenase (ADH3) is recognized as GSNOR, which is considered another element of the defense mechanism against nitrosative stress. Moreover, P. infestans contains only a single gene copy of ADH3. Therefore, to verify whether GSNOR controls cellular NO homeostasis in P. infestans, ADH3 transcript accumulation and GSNOR enzyme activity were determined (Figures 7A, B). Although in planta conditions significantly enhanced ADH3 gene expression in both pathogen isolates, the highest, ca. twofold increase in ADH3 transcript accumulation was noted in vr MP977. In vitro nitrosative and in planta growing conditions also evoked induction of the GSNOR activity in P. infestans. A strong, approximately twofold upregulation of GSNOR activity was noted in vr MP977 hyphae treated with GSNO and under in planta conditions. In turn, treatment of avr MP946 with SNP, GSNO, and the in planta phase elevated the activity from 40% to 100%. Although the NO donor-treated P. infestans cultures revealed a significantly elevated GSNOR activity, the level of SNOs was ca. threefold higher (Figure 7C). In contrast, an in planta increase of GSNOR activity correlated with a diminished pool of SNOs.




Figure 7 | (A) Alcohol dehydrogenase (ADH3) gene expression, (B) S-nitrosoglutathione reductase activity, and (C) total content of S-nitrosothiols in avr MP946 and vr MP977 P. infestans growing in in vitro-control, in vitro-nitrosative stress (in the presence of the selected RNS modulators: 500 µM SNP, 350 µM GSNO, 5 mM SIN1, 200 µM PTIO, and 100 µM ebselen) on the 9th day, and in planta conditions on the 9th day. The gene expression was determined using the RT-qPCR method. Values represent means ± SD of three biological replicates derived from three independent experiments (n = 9). Columns marked with the same letter are not significantly different (Dunnett’s test) at p < 0.05.






3.5 PRX2 is an RNS-responsive gene in P. infestans

To further explore the metabolic adjustment that could favor P. infestans survival under a high level of RNS, the expression of PRX2 and PRX4 was analyzed (Figures 8A, B). These encode peroxiredoxins, which have a potential peroxynitrite reductase activity (Bryk et al., 2000; Romero-Puertas et al., 2007). However, only PRX2 was found to be ONOO−-responsive. The abundance of the PRX2 transcript was remarkably high in response to SIN-1 treatment and reached a ca. six- and threefold increase in avr MP946 and vr MP977, respectively (Figure 8A). Also, in planta conditions significantly enhanced the PRX2 transcript accumulation by approximately 210% and 60% in avr MP946 and vr MP977, respectively. A similar pattern of PRX2 protein accumulation was observed in P. infestans growing under in vitro and nitrosative stress conditions (Figure 8C). The abundance of PRX2 protein showed the highest, ca. twofold, accumulation in P. infestans exposed to SIN-1 and grown in planta.




Figure 8 | Transcriptional analysis of (A) PRX2, (B) PRX4, and (C) content of PRX2 protein in avr MP946 and vr MP977 P. infestans growing in in vitro-control, in vitro-nitrosative stress (in the presence of the selected RNS modulators: 500 µM SNP, 350 µM GSNO, 5 mM SIN1, 200 µM PTIO, and 100 µM ebselen) on the 9th day, and in planta conditions on the 9th day. The gene expression was determined using the RT-qPCR method. Values represent means ± SD of three biological replicates derived from three independent experiments (n = 9). Columns marked with the same letter are not significantly different (Dunnett’s test) at p < 0.05.







4 Discussion

Previous research on avr/vr P. infestans–potato pathosystems revealed that both adversaries are able to activate NO synthesis already during the first minutes of the plant–pathogen interaction, and that both might employ NO for their own benefit (Floryszak-Wieczorek and Arasimowicz-Jelonek, 2016; Izbiańska et al., 2019). The presented in vitro study revealed that avr/vr P. infestans can persist under relatively high RNS concentrations. Most of the used RNS donor concentrations were within the tolerance limit noted for P. infestans since they inhibited the growth of hyphae by up to 50%. Importantly, the pathogen cell death rate remained unaltered, while the process of spore germination was even accelerated in response to in vitro nitrosative challenge. Only in the case of SNP an inhibition of spore germination was observed, which could be due to toxic cyanogenic groups released during the donor decomposition. Additionally, our experiment revealed that P. infestans has a high level of resistance to ONOO−. The donor SIN-1 that provides a continuous source of ONOO− (Kelm et al., 1997; Delledonne et al., 2001) did not affect P. infestans cell death rate even at a concentration of 5 mM. While the pathogen survives high concentrations of RNS, an elevated level of these reactive molecules is known to impair plant disease responses. For example, loss of GSNOR1 in Arabidopsis leads to an elevated level of NO correlated with enhanced DNA methylation and reduced expression of stress-responsive genes (Rudolf et al., 2021). Likewise, PR1 expression was reduced and delayed in the GSNOR1-deficient Arabidopsis mutant gsnor1-3 (Rudolf et al., 2021).

It was earlier reported that taxonomically distinct filamentous ascomycete fungi can also persist in high NO concentrations, although NO application inhibited mycelium growth, sporulation, and spore germination of the postharvest horticultural pathogens Aspergillus niger, Monilinia fructicola, and Penicillium italicum (Lazar et al., 2008). Moreover, the treatment of Colletotrichum coccodes spores with 100 µM SNP significantly inhibited their germination and development (Wang and Higgins, 2005). There are also few in vitro experiments linking the fungal nitrosative response with the promotion of reproductive processes. For example, SNP treatment of the wild-type strain and the conidiation-deficient mutant of Coniothyrium minitans improved conidial yield and restored conidia production, respectively (Gong et al., 2007). Moreover, the application of the L-arginine as the NO synthesis promoter positively regulated urediniospore germination in Puccinia striiformis f. sp. Tritici (Yin et al., 2016). A high level of resistance to ONOO− was earlier observed in human pathogenic bacteria, whereby treatment with 1 mM ONOO− resulted in nearly 100 % viability and was dependent on the strain virulence pattern (Yu et al., 1999; Barth et al., 2009; Piacenza et al., 2019). Plants also showed peroxynitrite resistance since the exposure of soybean cells to exogenous ONOO− did not result in cell death even at the concentration of 5 mM SIN-1, whereas in animal cells, a dose-dependent cell death was observed even at 1 µM of ONOO− prepared from a stock solution in NaOH (Delledonne et al., 2001). Importantly, the ability of the virulent versus avirulent strains of microbes to cope with RNS may greatly differ both qualitatively and quantitatively (Piacenza et al., 2019).

The successful colonization of the potato tissues by vr P. infestans involves a strong overproduction of NO and NO-derived molecules associated with pathogen existence in the in planta nitrosative behavior. As previously shown, (1) the level of NO and ONOO− in vr P. infestans was relatively high during both in vitro and in planta growth; (2) increased production of both RNS during in planta growth was localized in mature sporangia, which may favor zoospores releasing and providing fast host colonization; (3) in vr P. infestans, only a slight difference in the total protein pool undergoing nitration was observed during late blight development compared to in vitro growth, indicating high pathogen adaptation to both host and its own RNS (Izbiańska et al., 2019). Since the excess of NO might be toxic to eukaryotic cells, the balance between RNS production and the quenching state determines therefore a key axis of the host–pathogen interaction (Warris and Ballou, 2019). Thus, the ability of cells to cope with NO is essential in determining the biological fate of NO synthesis and in consequence for survival under nitrosative stress conditions. Insight into the protection system against nitrosative stress in the oomycete plant pathogens showed that P. infestans withstands high concentrations of NO and its derivative due to the capability to eliminate active RNS. The phenomenon can be a consequence of an adaptation strategy to the environment enriched with NO from both internal (pathogen) and external (host) sources (Arasimowicz-Jelonek et al., 2014). As reviewed recently by Taheri (2022), in plants, some hemoglobins maintain homeostasis of NO and, as a consequence, provide tolerance to different unfavorable conditions. Moreover, some heme-containing enzymes are engaged in ROS/RNS metabolism and participate in defense response mechanisms against both biotic and abiotic stresses (Taheri, 2022). In bacterial and fungal microorganisms, the maintenance of the NO balance is possible via several metabolic sensors; however, a central sensor system to metabolize NO and counteract nitrosative stress involves Fhb, an efficient NO dioxygenase (Gardner et al., 2006). As indicated by Turrion-Gomez et al. (2010), studying NO dioxygenases helps provide insight into the biological functions of NO and the mechanisms involved in its detoxification in various systems. Genome sequencing of P. infestans T30-4 revealed the NO dioxygenase (Pi-NOD1) gene belonging to the globin family, which has not been previously studied in any detail. Notably, the Pi-NOD1 phylogeny does not follow the organismal phylogeny. The distances between NOD genes reflect rather the environmental lifestyle of the organisms. NOD proteins can be potentially involved in host adaptation to high levels of NO and might be essential targets for treatment. The current study found that P. infestans contains only a single gene copy of NOD, which is expressed during in vitro avr/vr P. infestans growth, while exposure to exogenous NO enhanced its expression. In planta conditions induced Pi-NOD1 at the transcript and protein levels only in avr P. infestans MP946. In vr P. infestans MP977 under the in planta phase, the expression pattern of Pi-NOD gene and protein was parallel with those observed during in vitro growth. The results suggest that the physiological functions of Pi-NOD1 in P. infestans could be more related to the modulation of endogenous NO levels during development, rather than to the modulation of NO during the infection process. Related to our observation, a relatively high level of Bcfhg1 expression, a functional B. cinerea Fhb, was detected only during the very early stages of tomato leaf infection (at 8 hpi) associated with spore germination (Turrion-Gomez et al., 2010). According to Anta-Fernández et al. (2022), NO formed during germination exerts a repressive effect on the process and the flavohemoglobin activity could provide a positive regulation mechanism that allows spore germination to progress. During most of the infection process, B. cinerea is in contact with elevated NO, since the expression of Bcfhg1 after 8 hpi was maintained at a low level (Turrion-Gomez et al., 2010). It should be noted that B. cinerea as a necrotroph exhibits physiological differences in comparison with biotrophic or hemibiotrophic plant pathogens such as P. infestans. The maintenance of an NO-rich host environment may have important consequences in the establishment and progress of disease, since pathogen-derived NO could enrich plant cells and contribute to the hypersensitive cell death, facilitating subsequent tissue colonization (Turrion-Gomez and Benito, 2011; Arasimowicz-Jelonek and Floryszak-Wieczorek, 2014). Importantly, our finding of Pi-NOD1 gene expression during the early hours of potato-avr/vr P. infestans interactions suggests that Pi-NOD1-dependent NO decomposition could operate during the biotrophic phase of the pathogen, while the later stages of successful potato colonization especially in the case of vr P. infestans were not associated with the gene expression, and NO depletion might be supported by another, yet unknown system. It cannot be ruled out that an enhanced Pi-NOD1 gene expression during the contact with the host tissues could be a result of a host-derived nutritional stimulus, since nitrate and nitrite have been shown to induce the Fhb expression coding gene in several species of fungi and bacteria (Ullmann et al., 2004; Arai et al., 2005).

Flexibility and multiplicity of defense and offensive strategies seem to be essential in pathogenic microorganisms that exist both free in the environment and in association with a host (Missall et al., 2004). Thus, regulation of NO homeostasis at the cellular level can be supported by GSNOR activity that modulates the transnitrosylation equilibrium between the most common low-molecular weight S-nitrosothiol—GSNO—and S-nitrosylated proteins. Additionally, the enzyme may control the cell redox state affecting levels of NADH and GSH (Jahnová et al., 2019). Our study revealed that both nitrosative and in planta conditions elevated GSNOR activity in the oomycete, which was particularly evident in vr P. infestans MP977. As documented, a boosted GSNOR activity associated with the decreased content of the S-nitrosylated protein pool was noted only in the in planta growth indicating that GSNOR actively controls NO/SNO homeostasis during the infection process (the progress of disease). It was earlier documented that in hemibiotrophic rice blast fungus M. oryzae, an S-(hydroxymethyl)glutathione dehydrogenase (MoSFA1) specifically catalyzes the reduction of GSNO and is involved in redox homeostasis (Fernandez and Wilson, 2014; Zhang et al., 2015). Moreover, MoSFA1 activity is crucial for proper development, and it contributes to virulence (Zhang et al., 2015). Notably, for double deletion of MoSFA1 and MoFHB1, nitrosative stress was more severe and no further reduction in pathogenicity was found compared with the MoSFA1 mutant (Zhang et al., 2022). In turn, in Sclerotinia sclerotiorum, formaldehyde dehydrogenase SsFdh1 seems to be crucial for overcoming the NO-based host defense and increase the necrotroph pathogenicity (Zhu et al., 2019). In contrast, the abolished GSNO-consuming activity in a human pathogen C. neoformans GNO1 mutant did not affect the fungal growth under nitrosative challenge, while it did not reduce its virulence. Furthermore, in flavohemoglobin-null mutants, GNO1 was able to partially compensate to promote survival of C. neoformans in the infected host milieu (de Jesús-Berríos et al., 2003). It is worth pointing that the role of GSNOR in plant immunity is very complex (Jahnová et al., 2019). Loss-of-function mutations in GSNOR or reduction of GSNOR transcript abundance compromise multiple modes of plant disease resistance, while overexpression of this gene conveys increased disease resistance (Hussain et al., 2019). Contrary results have been also reported, as transgenic plants with decreased GSNOR gene expression showed activation of the pathogenesis-related (PR-1) gene and enhanced basal resistance (Rustérucci et al., 2007).

To counteract high RNS levels, microorganisms may also employ peroxiredoxins, which are highly reactive and abundant Cys-based peroxidases. These may play dual roles of H2O2 sensor and scavenger (Mir et al., 2015; Rocha et al., 2018). Importantly, PRXs catalytically reduce ONOO− in vitro. In turn, modulation of PRXs expression affects ONOO−-mediated cytotoxicity in vivo, indicating a physiological role of these enzymes in ONOO− reduction (Trujillo et al., 2008). Expression profiles of P. infestans PRXs showed that PRX2 is responsive to both exogenous ONOO− and the host environment. What is important, the virulence pattern determined the expression abundance. In contact with the plant host, avr P. infestans MP946 showed a higher PRX2 transcript and protein accumulation correlated in time with the pathogen ONOO− detoxification activity. This upregulation can be a result of an accelerated ONOO− formation observed in the isolate during the avr P. infestans switch to the in planta phase. In contrast, the ONOO− level in vr P. infestans was relatively high during both in vitro and in planta growth (Izbiańska et al., 2019). It is worth pointing that NO itself is able to regulate PRX activity and thus ONOO− content (Romero-Puertas et al., 2007). Moreover, nitroproteome analysis indicated that PRX2 undergoes nitration in P. infestans (Izbiańska et al., 2019). Thereby, PRX2 might fine-tune the damaging and signaling effects of ONOO− in the oomycete.




5 Conclusion

To summarize, P. infestans, a representative of the oomycetes, withstands nitrosative challenge and possesses RNS elimination capacity. To gain insight into its nitrosative stress resistance mechanisms, metabolic sensors activated in response to nitrosative challenge during both in vitro growth and colonization of the host plant were investigated. As documented, a scavenging system protecting the aggressor against RNS can involve Pi-NOD1, GSNOR, and PRX2. However, the P. infestans virulence pattern determines qualitative and quantitative differences in coping with RNS. Thus, a goal of future studies is the functional characterization of P. infestans genes encoding the prime candidates of nitrosative stress resistance, as they are likely to be essential for pathogen virulence.
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Supplementary Figure 1 | The effect of RNS modulators on avr/vr Phytophthora infestans during 9 days of in vitro growth. Radial growth of (A) avr MP946 and (B) vr MP977 on medium supplemented with 0, 500 µM of SNP, and 500 µM light-exposed SNP; (C) avr MP946 and (D) vr MP977 on medium supplemented with 0, 350 µM of GSNO, and 200 µM of PTIO; (E) avr MP946 and (F) vr MP977 on medium supplemented with 0, 5 mM of SIN1, and 100 µM of ebselen. The results are averages from three independent experiments (n = 15) ± SD. Columns marked with the same letter are not significantly different (Dunnett’s test) at p < 0.05

Supplementary Figure 2 | Protein sequence alignment of the Phytophthora Pi-NOD1 high-confidence orthologs from the Ensembl Compara database. The upper panel represents the alignment colored according to the difference from amino acid consensus at the given alignment column: dark red represents highly differing positions; grey denotes similar. The bottom panel represents the alignment colored by hydropathy scale: blue represents hydrophilic amino acids, and red represents hydrophobic.

Supplementary Figure 3 | In planta Pi-NOD gene expression analysis in the following hours post inoculation. The level of expression of Pi-NOD1 at each time point (hpi) is given relative to the level of expression of S3a, considered a constitutively expressed gene. The gene expression was determined using the RT-qPCR method. Columns marked with the same letter are not significantly different (Dunnett’s test) at p < 0.05.

Supplementary Figure 4 | Representative Western blot of (A) PiNOD and (B) PRX2 protein accumulation.

Supplementary Figure 5 | Representative SDS-PAGE of proteins stained with Coomassie Brilliant Blue preformed in parallel during (A) PiNOD and (B) PRX2 immunodetection. Fifteen micrograms of protein of each sample was loaded per lane.

Supplementary Table 1 | Sequences of primers used for the real-time PCR reaction.
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Epicoccum latusicollum is a fungus that causes a severe foliar disease on flue-cured tobacco in southwest China, resulting in significant losses in tobacco yield and quality. To better understand the organism, researchers investigated its optimal growth conditions and metabolic versatility using a combination of traditional methods and the Biolog Phenotype MicroArray technique. The study found that E. latusicollum exhibited impressive metabolic versatility, being able to metabolize a majority of carbon, nitrogen, sulfur, and phosphorus sources tested, as well as adapt to different environmental conditions, including broad pH ranges and various osmolytes. The optimal medium for mycelial growth was alkyl ester agar medium, while oatmeal agar medium was optimal for sporulation, and the optimum temperature for mycelial growth was 25°C. The lethal temperature was 40°C. The study also identified arbutin and amygdalin as optimal carbon sources and Ala-Asp and Ala-Glu as optimal nitrogen sources for E. latusicollum. Furthermore, the genome of E. latusicollum strain T41 was sequenced using Illumina HiSeq and Pacific Biosciences technologies, with 10,821 genes predicted using Nonredundant, Gene Ontology, Clusters of Orthologous Groups, Kyoto Encyclopedia of Genes and Genomes, and SWISS-PROT databases. Analysis of the metabolic functions of phyllosphere microorganisms on diseased tobacco leaves affected by E. latusicollum using the Biolog Eco microplate revealed an inability to efficiently metabolize a total of 29 carbon sources, with only tween 40 showing some metabolizing ability. The study provides new insights into the structure and function of phyllosphere microbiota and highlights important challenges for future research, as well as a theoretical basis for the integrated control and breeding for disease resistance of tobacco Epicoccus leaf spot. This information can be useful in developing new strategies for disease control and management, as well as enhancing crop productivity and quality.




Keywords: flue-cured tobacco, Epicoccum latusicollum, biological characteristics, whole genome sequence, Biolog Phenotype MicroArray




1 Introduction

Tobacco (Nicotiana tabacum L.) is a commercial leafy annual solanaceous plant grown for its leaves (Chen et al., 2020), and is widely cultivated in Guizhou, China, with an average annual cultivation area of over 120,000 hectares in the past 5 years (Yan et al., 2021). It is a significant source of income for farmers and enriches the local agricultural industry (Yan et al., 2016). However, leaf spot caused by Epicoccum latusicollum has been found in tobacco-producing areas (Guo et al., 2021), with symptoms including sandy beige, elliptical, or irregular-shaped lesions with a brown edge, surrounded by yellow halos, affecting approximately 40% of leaves on 5% of plants. This fungal genus has a wide host range and can infect various plants such as Lippia multiflora (Huang et al., 2021a), Sorghum (Stokholm et al., 2016), Platostoma palustre (Khoo et al., 2022a), Paeonia suffruticosa (Yang et al., 2022), Basella alba (Khoo et al., 2022b), and Oxalis corymbosa (Niu et al., 2022).

Molecular biology advancements allowed for the reclassification of certain species within the family Didymellaceae, transferring them to the newly established genus Epicoccum (Aveskamp et al., 2010). Subsequent studies by Chen et al. (2017) refined the taxonomy of Epicoccum and introduced additional species, including E. latusicollum, E. viticis, and E. duchesneae, using molecular markers and phylogenetic analysis and the pathogenesis of E. latusicollum is poorly understood. It has been reported to infect various commercial crops, such as Dioscorea sativa (Han et al., 2019), Zea mays (Xu et al., 2022), and Elaeagnus pungens (Qi et al., 2021), as well as Nicotiana tabacum, preliminarily explore the pathogen and biological characteristics on tobacco (He et al., 2022). Current research on E. latusicollum has focused primarily on its occurrence and identification, with less attention paid to its biological characteristics. In particular, there has been a lack of investigation into the phenotypic characteristics of E. latusicollum, including its utilization of different substrates. Therefore, the potential functional roles of this microorganism in the environment remain largely unknown. A promising approach is the use of the Biolog PM system, which can provide a comprehensive profile of the metabolic capabilities of this microorganism. By identifying the specific substrates that E. latusicollum is able to utilize, we can gain insight into its potential functional roles and ecological significance. This study investigated the biological characteristics of E. latusicollum, such as temperature, medium, and light conditions, and to explore its carbon, nitrogen, sulfur, and phosphorus source utilization, and the effects of osmotic, ionic, and pH environments using the Biolog PM system, this system can detect nearly 900 metabolic phenotypes at one time (Bochner et al., 2001; Bochner, 2003). A better understanding of the phenotypic characters of the pathogen can be valuable in developing management practices to control the disease below economic thresholds (Wang et al., 2015).To date, the genomes of many fungi have been published in the National Center for Biotechnology Information (NCBI: https://ncbi.nlm.nih.gov/), based on the available genome sequences, researchers have determined the evolutionary relationships of many fungi. The study mentioned by Zhang et al. (2018) aimed to investigate the pathogenesis, growing characteristics, and molecular mechanisms of fungal development, metabolism, systematic taxonomy, and evolution at the molecular level. To achieve these, the study utilized whole genome sequencing (WGS) to obtain a comprehensive profile of the genetic makeup of the fungus. The use of whole genome sequencing enabled the researchers to obtain a detailed understanding of the genetic basis of the fungus’s biology, paving the way for further research into the molecular mechanisms underlying fungal development and evolution. At the assembly level, the types of transposable elements and transcriptional factors (TFs) were further analyzed. This genomic resource will provide a new insight to better understand the relevance of phenotypic characters and genetic mechanisms in E. latusicollum.

One effective method for evaluating microbial indicators is to use community-level physiological profiles (CLPP) assessed through Biolog EcoPlates™. CLPP can detect multiple microbial metabolic activities, making it a powerful tool for investigating microbial communities (Liu et al., 2015). By comparing the patterns of physiological fingerprints between different samples, valuable information about microbial community diversity can be obtained (Crecchio et al., 2004). Following this approach, Insam (1997) proposed a 96-well microplate with 31 substrates plus control, each in three replications (EcoPlate) as a new set of substrates for community characterization in environmental samples. The CLPP method provides an exciting opportunity to overcome the drawbacks of alternative time consuming culture-based analyses or biochemical tests (Preston-Mafham et al., 2002; Schutter and Dick, 2001). Biolog-ECO metabolic phenotyping was used to analyze the metabolic diversity of the microbial community in healthy and diseased tobacco leaves affected by tobacco Epicoccus leaf spot, to clarify multiple microbial metabolic activities and investigate microbial community diversity. This analysis aimed to provide a basis for controlling the occurrence of tobacco Epicoccus leaf spot by optimizing the carbon supply structure of tobacco and improving the microbiota (Bochner, 1989; Insam, 1997).

Therefore, the objectives of this study were: (i) to investigate the basic biological characteristics and metabolic phenotype of E. latusicollum, (ii) to sequence the genome of E. latusicollum, and (iii) in order to elucidate the metabolic functions of phyllosphere microorganisms in tobacco affected by Epicoccus leaf spot and community level of physiological profiles. This study provides insights into the pathogenesis, biological characteristics, and genomics of E. latusicollum, a fungal pathogen that causes foliar diseases in tobacco-producing areas, outcome of this study may gain a better understanding of the genetic mechanisms and phenotypic characteristics of the pathogen, and may also provide some effective management suggestions to reduce the impact of the disease below economic thresholds.




2 Materials and methods



2.1 Strain materials and culture conditions

One isolate of the pathogenic E. latusicollum strain T41, randomly selected from multiple isolates, was analyzed in the laboratory of Guizhou Academy of Tobacco Science (Huang et al., 2021b). The strain (T41) of E. latusicollum was stored short-term in a 4°C refrigerator and long-term using cryopreservation. For cryopreservation, mycelial plugs were immersed in a cryoprotective solution containing glycerol and kept at -80°C, allowing for future revival by transferring to suitable growth media and identified as E. latusicollum by DNA sequence similarity (Guo et al., 2021). The growth rate and colony morphology of E. latusicollum T41 were determined at different temperatures and on different media. Additionally, the mycelial growth rate was assessed under different light and dark conditions. GenBank accession numbers MN704804, MN710367, MN718012, and MN718013 were assigned to the strain T41. Preliminary phylogenetic analyses of the genus Epicoccum were conducted using LSU, ITS, TUB, and rpb2 gene sequences. A dataset comprising 68 available sequences, primarily sourced from Guo et al. (2021), was utilized. The Maximum parsimony (MP) algorithm proposed by Swofford & Sullivan was employed to identify the closely related strains. Sequences generated in this study were lodged in GenBank (Supplementary Table 1).

The present study aimed to investigate the impact of temperature on the growth of E. latusicollum T41, a filamentous fungus, by culturing it on various agar media, namely potato dextrose agar (PDA), alkyl ester agar (AEA), and oatmeal agar (OA), over a temperature range of 10°C to 40°C. To ensure the reliability of the findings, three replicate plates were used for each temperature, and adverse temperature tests were carried out to assess the strain’s ability to withstand unfavorable conditions. In cases where non-growing mycelia were observed, re-culturing was performed under optimal temperature conditions to verify the strain’s viability. The effect of light on E. latusicollum T41 growth was also investigated by culturing the strain on PDA at 25°C under continuous darkness, continuous illumination and alternation of light and darklight. The growth of the fungus was assessed by measuring the colony diameters after five days of incubation. To minimize any experimental bias, each treatment was conducted in triplicate, and the entire experiment was repeated three times to ensure consistency and reproducibility of the results.




2.2 Phenotype MicroArray assays

The metabolic capacity of E. latusicollum was assessed using the Phenotype MicroArray (PM) system (Biolog, Hayward, CA, USA) to determine its phenotype (Bochner et al., 2001; Zhou et al., 2003; Von Eiff et al., 2006). In this study, the Biolog PM system was employed to evaluate the catabolic pathways. To accomplish this, plates 1-8 were utilized to assess the utilization of different carbon, nitrogen, phosphorus, and sulfur sources, providing insights into the metabolic versatility of the organism. Additionally, plates 9-10 were used to investigate the effects of osmotic/ion and pH on the organism’s metabolic activities. The Biolog corporation was the source of all materials, media, and reagents employed in the PM system, ensuring the consistency of the experimental results.

To obtain the spores of the strain under investigation, OA medium was utilized as the growth and maintenance substrate in a climate-controlled cabinet at 25°C, under alternating light and dark conditions. After 15 days of incubation, conidia were generated. To collect the spores, sterile cotton swabs were moistened with FF Inoculating Fluid (FF-IF), and then rotated on the surface of the colony to absorb the spores. The swabs were then immersed in 12 mL of FF-IF inoculation solution, and the resulting suspension was filtered through a double layer of sterile cheesecloth with a Grade #40 and 24 × 20 threads per inch to eliminate mycelial fragments (Li et al., 2023). The resulting conidia suspension was subsequently diluted to a final concentration of 1×105 spores mL-1 in a suitable medium containing sterile FF-IF, to ensure the absence of contaminants that could affect the accuracy and reliability of the experimental results.

One hundred microliters (μl) of a dilution of 62% transmittance (T) suspension of cells were added to each well of the PM plates. FF-IF was used for PM plates 1 and 2, FF-IF plus 100 mM D-glucose, 5 mM potassium phosphate (pH 6.0), and 2 mM sodium sulfate was used for PM plates 3 and 6–8. FF-IF plus 100 mM D-glucose was used for PM plate 4. FF-IF plus yeast nitrogen base and 100 mM D-glucose was used for PM plates 9 and 10 (Wang et al., 2015). These specific media formulations were employed to assess the microorganism’s utilization of carbon, nitrogen, phosphorus and sulfur sources under different environmental conditions. Plates containing 960 µL of the specified mixture were incubated in an OmniLog at 28°C for one week, and readings were taken every 15 minutes.

Phenotypic data were recorded by capturing digital images of microarrays and storing turbidity values. Kinetic and Parametric software (Biolog, Hayward, CA, USA) was used to analyze the data. The phenotype was estimated according to the area of each well under the staining formation kinetics curve (Vaas et al., 2012), and the experiment was repeated twice. Cell growth and respiration lead to the reduction of the tetrazolium dye, resulting in a blue color. The intensity of the color was proportional to the microbial growth, recorded every 15 minutes with a CCD camera, and analyzed with Omnilog software to quantify all the collected data (Wang et al., 2015).




2.3 Whole genome sequencing of strains T41



2.3.1 Genome sequencing and assembly

The genomic DNA of E. latusicollum T41 strain was extracted using the SDS method, involving the disruption of fungal cells using SDS detergent to release the genomic DNA. Purification steps were performed to obtain high-quality genomic DNA for further analysis, as described by Lim et al. (2016), and its concentration was quantified using a Qubit® 2.0 Fluorometer from Thermo Scientific. Whole-genome sequencing was carried out using both the PacBio Sequel platform and Illumina NovaSeq PE150. The Illumina reads were utilized solely to enhance the accuracy of the assembly generated by PacBio reads and to reduce gaps and merge contigs, as reported by Li et al. (2023). A stringent filtering criterion was implemented to exclude low-quality reads (< 500 bp) to obtain a high-quality dataset. The preliminary assembly was performed using HGAP V. 2.3 with seed sequences selected from the long reads (≥ 6000 bp). The accuracy of the preliminary assembly was further enhanced by aligning shorter reads to the seed sequence using Blasr. The SMRT Link software’s Variant Caller module was used to correct and count variant sites in the preliminary assembly results (Li et al., 2023). Finally, the harvested DNA was subjected to agarose gel electrophoresis to confirm its integrity and purity.




2.3.1 Genome annotation, gene prediction and functional annotation

The genome annotation process is a fundamental step in analyzing the genetic information of a given organism. In this study, the genome annotation process was divided into three main components, namely repeat annotation, structural annotation, and functional annotation, as outlined by Nie et al. (2023). The prediction of coding genes was accomplished using the Augustus 2.7 program, which incorporated reference gene sequences and transcript sequencing data to increase the accuracy of the predictions (Stanke et al., 2008). The identification and masking of interspersed repetitive sequences were carried out using RepeatMasker, a computational tool that aids in the recognition of transposable elements (Saha et al., 2008). Furthermore, the prediction of tandem repeats was performed using the Tandem Repeats Finder algorithm developed by Benson (1999). Transfer RNA (tRNA) genes were identified by utilizing the tRNAscan-SE program (Lowe and Eddy, 1997), while ribosomal RNA (rRNA) genes were identified using rRNAmmer (Lagesen et al., 2007). Finally, small RNA, small nuclear RNA (snRNA), and microRNA (miRNA) were predicted using BLAST searches against the Rfam database, which contains a collection of RNA families (Gardner et al., 2009; Nawrocki and Kolbe, 2009). Overall, the genome annotation process provides crucial insights into the genetic makeup of an organism, aiding in the understanding of its biology and evolution.

The functional annotation of genes was carried out using a diverse set of databases to predict their functions. These included GO (Gene Ontology) (Ashburner et al., 2000), KEGG (Kyoto Encyclopedia of Genes and Genomes) (Kanehisa et al., 2004; Kanehisa et al., 2006), KOG (Clusters of Orthologous Groups), NR (Non-Redundant Protein Database) (Li et al., 2002), TCDB (Transporter Classification Database) (Saier et al., 2014), P450 (Creˇsnar and Petriˇc, 2011), and Swiss-Prot (Amos and Rolf, 2000). A whole genome Blast search was conducted with an E-value of less than 1e-5 and a minimal alignment length percentage greater than 40% against these seven databases. Additionally, the Signal P database was used to predict secretory proteins (Petersen et al., 2011). The antiSMASH was used to analyze secondary metabolism gene clusters (Medema et al., 2011). For pathogenic fungi, pathogenicity and drug resistance analyses were performed using PHI (Urban et al., 2015) (Pathogen Host Interactions) and DFVF (Database of Fungal Virulence Factors). Furthermore, carbohydrate-active enzymes were predicted by the Carbohydrate-Active Enzymes Database (Cantarel et al., 2009).





2.4 Metabolic functions of phyllosphere microorganisms in tobacco affected by Epicoccus leaf spot

The metabolic capabilities of microbial communities in tobacco affected by Epicoccus leaf spot were evaluated using Biolog Eco Plates™ following the method outlined by Garau et al. (2007). The Biolog plates consisted of 96 wells, with each well containing a triplicate set of 31 diverse carbon sources, including carbohydrates, carboxylic acids, polymers, amino acids, amines, and phenolic compounds. Control wells devoid of carbon were also included (Liu et al., 2015). Sterile leaves from both healthy and diseased plants were subjected to a 0.80% saline solution, oscillated, and agitated for 2 hours at 28°C. The solution was allowed to stand for 30 minutes before use. The resulting suspensions were used to inoculate each well of the Biolog Eco plates, which were then incubated in the dark condition at 25°C for 7 days. Microbial growth was monitored by measuring the optical density (OD) at 590 nm every 24 hours using a Biolog Microstation™ reader (Biolog Inc., Hayward, CA, USA). This approach enabled the determination of catabolic profiles of the microbial communities in tobacco, providing valuable insights into their metabolic activities and potential functional roles. Analysis of the utilization of diverse carbon sources allowed for the identification of specific metabolic pathways and potential biotechnological applications of these microorganisms.




2.5 Community level of physiological profiles

To analyze the community-level physiological profiles (CLPP), the raw absorbance value for each well was first blanked against the control well, and negative absorbance values were set to zero, following the method proposed by Garland (1997). The blanked OD590 values were then used to quantify the functional diversity of microbial communities by calculating the number of wells in which the substrate was utilized by the community (with OD590 > 0.15), representing the richness of the community (S). This method was conducted according to the protocol established by Garau et al. (2007). To assess the overall rate of substrate utilization by microorganisms, the average well color development (AWCD) was calculated using the following equation:

 

Where Ai is OD in each carbon source well and A0 is OD of the control. The growth curve of AWCD over incubation time for 168 h were performed. Then the area under the curve (AUC) of the AWCD over time was determined because according to Hackett and Griffiths (1997), the area under the color development profile summarizes the profile in a single statistic. Functional diversity assessed by the Shannon diversity index (H), the Simpson index (D) and the Pielou index (J) were calculated using the equation (Simpson, 1949; Pielou, 1969; Shannon, 2001; Dong et al., 2013):

 

 

 

Where Pi is the ratio of the relative OmniLog value of the ith carbon source to the sum of all relative OmniLog values of the whole microplate, and S is the total number of carbon sources used. All the measurements reported refer to Liu et al. (Liu et al., 2009; Liu et al., 2012).




2.6 Data analysis

Statistical analyses were performed using the SPSS 20 software (IBM Corp., New York, USA), a multiple comparison was performed by the LSD test (P< 0.05) to compare the diversity index of different treatments. The mean values were compared and P-value at ≦0.05 was considered to be statistically significant. Sequences obtained from each primer pair were assembled and aligned using MEGA v. 6.0 (Tamura et al., 2013) to generate consensus sequences. The alignment of these sequences, along with reference sequences downloaded from GenBank, was conducted using MAFFT v. 7 (Katoh and Standley, 2013), and manual editing was performed in MEGA v. 6.0 as needed. Maximum parsimony (MP) analyses were conducted using PAUP v 4.0 b10 (Swofford and Sullivan, 2003). Characters were assigned equal weights, and gaps were treated as missing data. An unweighted parsimony analysis was performed, utilizing the heuristic search option with TBR branch swapping and 1000 random sequence additions. The maximum number of trees (maxtrees) was set to unlimited, and branches with zero length were collapsed. All multiple parsimonious trees were saved. Clade stability was assessed through a bootstrap analysis consisting of 1000 replicates, each with 10 replicates of random stepwise addition of taxa. To determine the statistical significance of tree differences, a Shimodaira-Hasegawa test (SH test) (Shimodaira and Hasegawa, 1999) was employed. The Data Analysis 1.7 software developed by Biolog, Inc. (New York, USA) was utilized to extract optical density values obtained from OmniLog measurements. This software processed OmniLog generated data files and generated a plate file for each Phenotype MicroArray. The Microlog™ 4.01 software (Biolog Inc., Hayward, CA, USA)” to record data from the Biolog Eco Plates™. Heat maps of phenotype analysis was conducted with the software of HemI (Heatmap IIIlustrator, version 1.0) (Zhao et al., 2017). The growth curve of AWCD and diversity indices were fitted using the Origin 2021 software (OriginLab Corporation, USA).





3 Result



3.1 Growth of E. latusicollum strain under various culture conditions



3.1.1 Characteristics colonies of E. latusicollum strain T41

The objective of this study was to investigate the characteristics of the E. latusicollum strain T41, which was isolated from tobacco. The morphological features of the colonies grown on PDA medium for five days displayed a regular rounded shape with red mycelium, a white outer edge, and felted, dense, and red pigmentation on the back (Figures 1A, B). Similarly, on OA medium, the mycelium exhibited a white, dense, and sparse appearance at the edges, which later turned grey-brown in the middle (Figures 1C, D). In contrast, the mycelium on AEA medium was abundant and white, with orange-pink pigmentation observed under light exposure (Figures 1E, F). The growth performance of strain T41 was evaluated on the three different media types, and the findings are reported in Table 1. The results demonstrated that strain T41 exhibited the fastest growth rate on AEA medium, with no significant differences observed in the growth rates on OA and PDA medium (p>0.05). Moreover, spore production was observed on OA medium with alternating light and dark condition. The colonies of this isolate had woolly aerial hyphae and were white to grey eventually, producing pycnidia on OA medium. Pycnidia were black-brown, mostly spheroid, and 69.2-178 µm in diameter. Conidia were hyaline, ellipsoidal, unicellular, aseptate, and 3.1-5.3 µm × 2.0-3.0 µm (Figures 1G–I).




Figure 1 | Morphological characteristics of colony and conidium of Epicoccum latusicollum. (A, B) Colony on PDA after 5 days’ incubation at 25°C in the dark (front and reverse). (C, D) Colony on OA after 5 days’ incubation at 25°C in the dark (front and reverse). (E, F) Colony on AEA after 5 days’ incubation at 25°C in the dark. (G) Pycnidium forming on OA. (H) conidia. (I) Swollen cells. Bars: (G) = 50 µm; (H) = 10 µm; (I) = 20 µm. Pycnidia: 69.2-178 µm in diameter; Conidia: 3.1-5.3 µm × 2.0-3.0 µm.




Table 1 | Effects of different media and temperatures on the growth rate of strain T41.






3.1.2 Growth of E. latusicollum strain T41 under different temperature and light conditions

The T41 strain’s optimal temperature range for growth was determined to be between 15–30°C, with restricted growth observed above 30°C, and the optimal temperature identified as 25°C, as depicted in Table 1. Conversely, when the strain was subjected to adverse temperature conditions, faster growth was observed on PDA at 35°C than on OA and AEA mediums, as shown in Table 2. Notably, the lethal temperature for the T41 strain was determined to be 40°C, as evidenced by its inability to grow at this temperature. The impact of light on the strain’s growth was insignificant, and the pathogen did not generate spores under continuous illumination, continuous darkness, or 12 h/12 h alternating light and dark conditions after seven days of incubation in PDA medium.


Table 2 | Optimal temperature mycelial growth rate for repositioning under adverse conditions.






3.1.3 Phylogeny

Maximum likelihood phylogenetic tree analysis revealed that T41 clustered together with other Epicoccum isolates (Supplementary Figure 1), forming a distinct clade within the phylogenetic tree. This clustering pattern suggests a close evolutionary relationship among these strains and supports their classification within the genus Epicoccum. The bootstrap values associated with the branching patterns provided strong statistical support for the clustering of T41 with the Epicoccum isolates, indicating a robust phylogenetic relationship. The placement of T41 within this clade further confirms its affiliation with the Epicoccum genus and highlights its genetic similarity to other members of this fungal group. These findings contribute to our understanding of the evolutionary relationships and genetic diversity within the genus Epicoccum, shedding light on the phylogenetic positioning of T41 within this taxonomic group.





3.2 Characterization of strain T41 of E. latusicollum in terms of phenotype

A comprehensive phenotypic characterization of E. latusicollum isolated from tobacco was performed using PM plates 1–10, with the exception of PM 5. A total of 856 growth conditions were tested, covering a range of carbon, nitrogen, phosphorus, sulfur, osmotic, and pH environments. The isolate T41 was chosen as a representative strain based on its distinct phenotypic fingerprint. The results of the phenotypic characterization revealed that T41 was able to utilize a diverse range of carbon sources, metabolizing 61.58% of the 190 tested substrates. Specifically, the fungus was able to grow on 67 out of 95 carbon substrates on PM 1 and 50 out of 95 substrates on PM 2. In terms of nitrogen sources metabolism, T41 demonstrated remarkable versatility, utilizing 98.95% of the tested substrates (94 out of 95) on PM 3. Additionally, the fungus was capable of utilizing 98.60% of the tested nitrogen pathways, with complete utilization of all nitrogen substrates on PM 6 and PM 7, and 91 out of 95 substrates on PM 8. In terms of sulfur sources utilization, T41 was able to grow on 30 out of 35 tested substrates (85.71%) on PM 4, wells F02-H12. Similarly, the fungus demonstrated moderate utilization of phosphorus, growing on 30 out of 59 tested substrates (50.85%) on PM 4, wells A02-E12. Overall, these findings highlight the remarkable metabolic versatility of E. latusicollum and provide valuable insights into its ability to thrive in a wide range of environmental conditions.



3.2.1 Metabolic phenotype of E. latusicollum strain T41 in carbon and nitrogen sources utilization

E. latusicollum strain T41 was found to be capable of utilizing a wide range of carbon and nitrogen sources, as shown by its ability to metabolize over 117 different carbon sources and 94 different nitrogen sources in PM plates 1–3 (Figure 2). The isolate was able to effectively utilize approximately 32 carbon substrates (Supplementary Table 2), including arbutin, amygdalin, γ-cyclodextrin, I-erythritol, 2-deoxy-D-ribose, L-lyxose, and D-trehalose, among others, as well as around 60 nitrogen substrates (Supplementary Table 3), such as Ala-Asp, Ala-Glu, L-glutamine, L-pyroglutamic acid, and L-valine, among others. In contrast, approximately 73 compounds could not be metabolized by the isolate, including carbon sources such as D-glucose-1-phosphate, D-saccharic acid, D, L-carnitine, and D, L-α-glycerol-phosphate, as well as nitrogen source methylamine.




Figure 2 | Overview of metabolic phenotypes of isolate of Epicoccum latusicollum on 190 carbon (C) sources and 95 nitrogen (N) sources tested. PM1, PM2 for carbon source and PM3 for its ability to metabolize 95 nitrogen substrates, respectively. Heatmap of maximum area values expressed as maximum curve area monitored during 96 h of incubation. The legend of color code from blue to green and red shades indicate low, moderate, and high utilization, respectively, assessed as arbitrary Omnilog values.



Interestingly, the utilization rate of carbon sources was lower than that of nitrogen sources, suggesting that E. latusicollum may have evolved to rely more heavily on nitrogen-based metabolism. This finding is consistent with previous studies on fungal metabolism, which have shown that fungi often prioritize the utilization of nitrogen over carbon sources. Overall, these results provide valuable insights into the metabolic versatility of E. latusicollum and highlight its ability to utilize a diverse range of carbon and nitrogen sources, which may play a key role in its adaptation to a variety of ecological niches.




3.2.2 Metabolic phenotype of E. latusicollum strain T41 in peptide nitrogen sources utilization

E. Latusicollum strain T41 showed remarkable metabolic flexibility with respect to its utilization of different peptide nitrogen sources, as evidenced by the results from PM plates 6 to 8. The pathogen was found to be capable of utilizing 285 different peptide nitrogen sources, which indicates that it is able to grow on a diverse range of amino acid combinations. Of these peptide nitrogen sources, 281 were able to support the growth of the pathogen (Figure 3), with both PM6 and PM7 able to be metabolized totally. Interestingly, more than 214 efficient nitrogen pathways were identified, including Arg-Arg, His-Asp, Arg-Tyr, Trp-Tyr, Phe-Trp, Tyr-Trp, Gly-Gly-Ala, Val-Gln, and Trp-Val, among others (Supplementary Table 4). These results suggest that E. latusicollum has evolved sophisticated mechanisms for scavenging and utilizing a diverse range of nitrogen sources, which may allow it to thrive in various ecological niches. In comparison to carbon and other sources, the utilization rate of peptide nitrogen sources was found to be particularly high. Only four peptide nitrogen sources significantly inhibited the growth of the pathogen, indicating that nitrogen pathways may be a preferred source of nitrogen for E. latusicollum.




Figure 3 | Overview of metabolic phenotypes of isolate of Epicoccum latusicollum on 285 nitrogen pathways tested. PM6, PM7 and PM8 for nitrogen pathways. Heatmap of maximum area values expressed as maximum curve area monitored during 96 h of incubation. The legend of color code from blue to green and red shades indicate low, moderate, and high utilization, respectively, assessed as arbitrary Omnilog values.






3.2.3 Metabolic phenotype of E. latusicollum strain T41 in phosphorus and sulfur sources utilization

The ability of E. latusicollum strain T41 to metabolize phosphorus compounds and sulfur substrates was assessed using the PM 4 plate (Figure 4). The results showed that the tested isolate was more efficient in utilizing sulfur substrates than phosphorus compounds. Out of the phosphorus compounds tested, only four were effectively metabolized, including inositol hexaphosphate, 6-phospho-gluconic acid, cytidine-3’,5’-cyclic monophosphate, and adenosine-3’,5’-cyclic monophosphate. On the other hand, more than seven sulfur substrates were effectively utilized, including D, L-lipoamide, tetramethylene sulfone, methane sulfonic acid, L-djenkolic acid, 2-hydroxyethane sulfonic acid, and L-methionine sulfone (Supplementary Table 5). In contrast, five sulfur substrates were not utilized, including D, L-ethionine, L-methionine, sulfate, dithiophosphate, and thiosulfate. Overall, the results suggest that E. latusicollum has a higher capacity to utilize sulfur substrates than phosphorus compounds.




Figure 4 | Overview of metabolic phenotypes of isolate of Epicoccum latusicollum on 59 phosphorus substrates, 35 sulfur substrates, 96 osmotic, ionic conditions, and 96 pH environments tested. PM4 for its ability to metabolize 59 phosphorus compounds and on 35 different sulfur substrates, PM9 and PM10 for its the fungal growth under various stress conditions was tested, respectively. Heatmap of maximum area values expressed as maximum curve area monitored during 96 h of incubation. The legend of color code from blue to green and red shades indicate low, moderate, and high utilization, respectively, assessed as arbitrary Omnilog values.






3.2.4 Metabolic phenotype of E. latusicollum strain T41 in osmotic/ion and pH effects

The adaptability of T41, a fungal isolate, was assessed using PM 9 and PM 10 plates under diverse stress conditions (Figure 4). The results demonstrated the wide range of metabolic capabilities exhibited by E. latusicollum, enabling its growth in the presence of different osmolytes. Notably, the pathogen exhibited optimal growth in the presence of sodium lactate, with an optimal concentration of 5% and a range of 1% to 12%. Furthermore, it effectively utilized sodium formate, sodium phosphate at pH 7, NaCl, and sodium nitrate, with optimal concentrations ranging from 1% to 20 mM (Supplementary Table 6). Moreover, E. latusicollum demonstrated efficient metabolism of various compounds, including trimethylamine, N-N dimethylglycine, and choline, even in the presence of NaCl at 6% concentration.

The pH range where E. latusicollum grew most effectively was 3.5 to 10.0, with an optimal pH of approximately 6.0. When tested with different amino acids under the stress of pH 4.5, the pathogen grew effectively in most tests (plate PM 10, wells B1 to B12, C1 to C12, and D1 to D12), whereas no significant growth was observed under the stress of pH 9.5, except when combined with anthranilic acid (plate PM 10, wells E1 to E12, F1 to F12, and F1 to F12) (Supplementary Table 6). The decarboxylase and deaminase activities of E. latusicollum were also evaluated on PM 10 in wells of B1-D12 and E1-G12, respectively, under the stress of different amino acids at pH 4.5 and 9.5. The pathogen exhibited active decarboxylase activity but poor deaminase activity.





3.3 Whole genome sequencing and statistical analysis

After meeting quality control criteria, a total of 865,706 clean reads were obtained for the E. latusicollum isolate T41, with an N50 read length value of 10,563 bp, generating ~ 213.61 average coverage and 7,174,496,045 clean bp for subsequent analyses. A PacBio RS library was also prepared, generating 73,744 total PacBio reads and 1,162,320,095 total bp after filtering, with the largest length being 3,347,270 bp and N50 and N90 lengths of 1,588,440 and 667,065 bp, respectively. Gene length statistics were presented in Supplementary Figure 2. The genome sequence of strain T41 was polished and assembled into 23 contigs, with an N50 length of 1,982,256 bp, maximum contig length of 4,035,028 bp, and a total contig length of 33,577,935 bp. After quality control, the number of contigs was reduced to 22, with an N50 length of 1,982,625 bp, maximum contig length of 4,035,947 bp, and total length of 33,587,228 bp. The G+C content was 52.00% based on read sequence data being processed with the condition of 15-mers using the K-mer statistical method (Table 3). The whole-genome sequence and annotation of E. latusicollum isolate T41 have been deposited at NCBI (https://www.ncbi.nlm.nih.gov/) with accession PRJNA645278; BioSample SAMN15501750.


Table 3 | Genome assembly statistics of Epicoccum latusicollum isolate T41.





3.3.1 Genome component analysis of coding genes, repeat sequence and ncRNA

The genome assembly of the organism was annotated, resulting in the identification of 10,821 genes. The total length of these genes was 16,688,112 bp, and the average length was 1,542 bp, accounting for almost half (49.69%) of the genome. Transposable elements (TEs) were also identified in the genome assembly, representing 1.23% of the total genome with a total length of 412,616 bp. A total of 1679 TE families were analyzed with RepeatMasker, of which 99% (1663) belonged to the known TEs. These included 1287 retrotransposons (Class I) and 376 DNA transposons (Class II), which could be further divided into different groups and subgroups, such as LINE, LTR, SINE, etc. Retrotransposons, in particular, were found to be abundant in fungi, and they might play a role in genome expansion due to their redundancy and tolerance for mutations (Table 4).


Table 4 | Genomic component statistics of Epicoccum latusicollum isolate T41.



Furthermore, non-coding RNAs (ncRNA) were identified in the genome assembly, with a total of 234 ncRNAs representing only 0.2% of the genome size (Table 4). These molecules resemble mRNAs in structure and function, but they do not encode proteins. Instead, they regulate the transcription and translation of mRNAs in close proximity to them. In addition, the genome mapping (Figure 5) provided a visual representation of the whole genome structure of the organism, including the assembled genome sequence, predicted coding genes, and other known data patterns. Overall, the annotation and analysis of the genome assembly provided valuable insights into the genetic makeup of the organism and shed light on various genomic features, such as TEs, TR units, and ncRNAs.




Figure 5 | Genome Mapping. First circle: the outermost circle is the genome sequence position coordinates; Second circle: genomic GC content: the GC content is counted with a window of 200000 bp and a step of (200000) bp. The inward l blue part indicates that the GC content of this region is lower than the average GC content of the whole genome, the outward purple part is the opposite, and the higher the peak indicates a greater difference from the average GC content; Third circle: genomic GC skew value: window (200000) bp, step (200000) bp, the specific algorithm is G-C/G+C, the inward green part indicates that the content of G in the region is lower than the content of C, the outward pink part is the opposite; The fourth - seventh circle: Gene density (with a window of 200000 bp and a step length of 200000bp to count the gene density of coding genes, rRNA, snRNA, tRNA respectively, the darker the color, the greater the density of genes within the window); Innermost circle: donors and acceptors of segmental duplications on fungus chromosomes are connected by purple lines.






3.3.2 Gene function analysis

The majority of genes (92.74%) were annotated using the databases described in the methods section. This paper focuses on genes involved in metabolic processes. Approximately 86.27% (9335) of all predicted genes were annotated by the KEGG pathway, and among these genes, those involved in metabolism accounted for a major proportion of 27.93% (2607) of the total predicted genes (Supplementary Figure 3). Genes classified into functional categories according to KOG analysis accounted for 19.41% (2100), and among these genes, those involved in metabolic processes accounted for 5.45% (590) of the total predicted genes, and about 0.43% (46) of the predicted genes were related to the biosynthesis, transport and catabolism of secondary metabolites (Supplementary Figure 4). The proportion of genes encoding CAZymes was 5.11% (553); these genes contribute to the process of substrate degradation in the nutrition of fungal development and reproduction. Among the genes associated with CAZymes, 276 genes encoding glycoside hydrolases (GH) accounted for the largest proportion of the total number of predicted genes (2.55%), followed by 102 genes encoding glycosyltransferases (GT) (0.94%) and then 66 genes encoding glycosyltransferases (GT) (0.72%). Genes that acted as auxiliary activities (AA) accounted for 0.82%. In addition, genes belonging to carbohydrate esterases (CEs) and polysaccharide lyases (PLs) accounted for a much lower percentage of the total number of predicted genes, 0.41% and 0.14%, respectively (Supplementary Figure 5). Overall, the study provides valuable insights into the genetic and molecular mechanisms underlying fruiting body development. The identification of genes involved in metabolic processes and CAZymes genes will be useful for further research in this area. These findings could help to better understand the metabolic processes involved in fruiting body development, and how CAZymes genes play a role in this process. Further studies can explore the potential applications of these genes in biotechnology and agriculture.





3.4 Assessment of the pathogenicity of E. latusicollum and its impact on the metabolic functions of tobacco phyllosphere microorganisms

To evaluate the pathogenicity of T41, detached tobacco leaves were employed as a model. The results demonstrated that T41 induced visible symptoms on the leaves. The observed symptoms included sandy beige lesions that were elliptical or irregular in shape, characterized by a brown edge and surrounded by yellow halos. These symptoms exhibited a progressive pattern, spreading from the inoculation sites to the adjacent areas of the leaves (Figure 6). In order to comprehensively investigate the impact of E. latusicollum strain T41 on the metabolic function of phyllosphere microorganisms, detailed results were presented in Supplementary Table 7. The table depicted the effect of E. latusicollum on the metabolism of tobacco phyllosphere microorganisms in both healthy and diseased leaves. Furthermore, Table 5 provided an overview of carbon substrates in the Biolog ECO microplates, categorized by their biochemical properties. The analysis of the data showed that in healthy T41 samples, all carbon sources were metabolized, except for 4-hydroxy benzoic acid and α-ketobutyric acid. Certain carbon sources such as D-xylose, 2-hydroxy benzoic acid, L-phenylalanine, L-threonine, and putrescine were found to be inefficiently metabolized. Interestingly, in diseased T41 samples, 29 carbon sources were unable to be metabolized, with only tween 40 exhibiting some degree of metabolizing ability. These findings suggested a significant suppression of the metabolic ability of carbon sources in phyllosphere microorganisms upon tobacco infection by E. latusicollum. Further research is required to elucidate the potential changes in the interleaf microbial communities on the surface, which may underlie the observed inhibition.




Figure 6 | Observation and inoculation of tobacco leaf spot symptoms induced by E latusicollum. Symptoms of tobacco leaf spot, induced by the pathogen E. latusicollum, were observed on both the upper (A) and lower (B) surfaces of the leaves. Inoculation of the leaves with mycelial plugs occurred following a 7-day incubation period at 28°C, resulting in visible symptoms on the upper (C) and lower (D) leaf surfaces.




Table 5 | Carbon substrates in Biolog ECO microplates.






3.5 Diversity index of microbial metabolic functions in tobacco Epicoccus leaf spot

The color change rate of microorganisms from healthy and infected tobacco Epicoccus leaf spot samples was measured using the OmniLog system. As depicted in Figure 7, the overall trend of the average color change rate of each group showed a significant difference between infected and healthy samples. The average well color development (AWCD) of microorganisms in the infected tobacco leaf spot was much lower compared to that of the healthy samples. This observation could be indicative of the compromised metabolic activity of microorganisms in the tobacco Epicoccus leaf spot, which could be attributed to the presence of E. latusicollum, the causative agent of the disease.




Figure 7 | AWCD values and diversity indices of microbial communities in healthy and diseased samples. (A) AWCD values of microbial communities in healthy and diseased samples. (B) Diversity indices of microbial communities in healthy and diseased samples. Average well color development (AWCD); Shannon-Wiener indexes (H); Simpson indexes (D); Pielou indexes (J).



To further evaluate the microbial community structure of the infected and healthy tobacco leaves, the Shannon-Wiener (H), Simpson (D), and Pielou (J) indices were computed. The results showed that the microbial diversity and evenness of the Epicoccus leaf spot were comparable to those of the healthy samples, although the values were slightly higher in the healthy samples. This suggests that although the microbial community structure of the Epicoccus leaf spot was not significantly different from that of the healthy samples, there could be subtle changes in the community composition and function due to the presence of the pathogenic fungus. These findings highlight the importance of assessing the ecological and functional impacts of plant-pathogen interactions on the phyllosphere microbial communities, which could have implications for plant health and disease management strategies.





4 Discussion

Epicoccum latusicollum is a newly discovered fungus (Chen et al., 2017) that causes a severe foliar disease (Guo et al., 2021). Notwithstanding the considerable impact of this fungus, there is limited research on E. latusicollum in China and other countries, with only a few taxonomic studies and scattered literature references available (Han et al., 2019). The primary objective of the present investigation is to conduct an extensive and systematic evaluation of the growth conditions, metabolic phenomics, and genomic characteristics of E. latusicollum, additionally, this study aims to elucidate the metabolic functions of phyllosphere microorganisms in tobacco affected by Epicoccus leaf spot and their modulation in response to the disease.

The fungus E. latusicollum, which is recognized as a causative agent of tobacco Epicoccus leaf spot, displays a broad spectrum of temperature tolerance for growth, albeit being more susceptible to high temperatures. Prior studies have suggested that Epicoccum strains exhibit intolerance to high temperatures and may encounter mortality at approximately 40°C (Huang et al., 2021a; He et al., 2022). Specifically, we observed that the E. latusicollum strain’s growth was notably sluggish at temperatures of 30°C and above, yet the strain could endure these conditions and eventually return to normal growth at temperatures of 25°C or below. Although the effects of various growth media on growth rate have been extensively studied in prior research (He et al., 2022), less attention has been paid to the influence of different media on conidial production. In our preliminary exploration, we investigated the effects of different media on conidia production and discovered that PDA medium did not stimulate the production of conidia, whereas OA medium did. However, further investigations are warranted to elucidate the impacts of diverse growth conditions on conidia production across various media types. The studies of Epicoccum strains revealed a commonality in the metabolism of the strains in acidic environments, as shown by both traditional methods (Huang et al., 2021a; He et al., 2022) and the Biolog Phenotype MicroArray technique, faster metabolism and growth rate under acidic conditions. In the present study, strain T41 exhibited a wide range of adaptability and active metabolism across environments with pH values ranging from 3.5 to 9.5, as demonstrated by plate PM 9. Notably, deaminase and decarboxylase activities were determined at pH values of 4.5 and 9.5, respectively, under different amino acid stresses, with decarboxylase activity exceeding deaminase activity. These findings are in agreement with those reported for Tobacco brown spot (Liu et al., 2022). By utilizing Biolog Phenotype MicroArray plates PM 1-4 and PM 6-10, we identified almost 857 phenotypic traits for E. latusicollum strain T41. Our results revealed that the strain was capable of thriving in a wide range of environments, with PM 1/PM 2, PM 3, PM 9, and PM 10 being the plates that were significantly metabolized, these findings were consistent with those of other researchers who have studied microorganisms, such as Friedl et al. (2008) and Wang et al. (2018). However, compared to Rhizopus oryzae (Li et al., 2023) and Phytophthora parasitica (Wang et al., 2015), E. latusicollum showed lower carbon source utilization. This suggested that the PM technique allowed for the examination of various factors related to how environmental stressors impact pathogen activity, making it possible to assess whether it could be useful for disease management in agriculture. Reducing the availability of carbon sources utilized by E. latusicollum or increasing the amount of sources that cannot be metabolized by the pathogen in the field may decrease the damage caused by Epicoccus leaf spot. E. latusicollum exhibited higher utilization of nitrogen sources when compared to Botrytis cinerea (Wang et al., 2018), indicating that the strain had evolved sophisticated mechanisms for scavenging and utilizing a diverse range of nitrogen sources, allowing it to thrive in various ecological niches.

The present study involves a genomic analysis of E. latusicollum, a fungal pathogen known to cause economic crop damage, particularly in tobacco. However, recent research suggests that E. latusicollum isolated from R. roxburghii may possess potent antimicrobial properties and could prove beneficial, exhibited antimicrobial activity against several plant pathogens, including Lasiodiplodia theobromae, Botryosphaeria dothidea, Colletotrichum capsici, Pyricularia oryzae, Rhizoctonia solani, and Fusarium oxysporum (Zhang et al., 2022). The genome size of the T41 strain aligns with previous estimates for Epicoccum, which range from 33-35 Mbp (Fokin et al., 2017; Oliveira et al., 2017; Zhang et al., 2022). The GC content of both the T41 and HGUP191049 strains were comparable, indicating a degree of relatedness between the strains. Both strains were sequenced using a combination of second-generation Illumina and third-generation PacBio sequencing technology, and the whole-genome sequencing data showed similarities in terms of gene size, protein-coding genes, and number of assemblies, although the assembly levels differed in terms of contigs and scaffolds.

Analysis of the ‘increased pathogenicity (hypervirulence)’ genes, which are essential pathogenic factors according to the Pathogen Host Interactions (PHI) Database, revealed differences in the number of such genes between different nutrient modes of the same Epicoccum species, such as E. latusicollum (T41 and HGUP191049). Furthermore, it was found that endophytic strains of the same species may contain more ‘loss of pathogenicity phenotypic genes’ than a pathogen. In the case of E. latusicollum, the endophytic HGUP191049 strain had more of these genes than the pathogenic T41 strain, which may contribute to differences in their pathogenicity within the species (Zhang et al., 2022). Supplementary Figure 6 provides detailed information on this topic.

The utilization ability of microbial communities inhabiting the phyllosphere microenvironment of tobacco leaves was investigated using substrate utilization profiling (BIOLOG) by the researchers. The results of the BIOLOG assay demonstrated that the microbial communities had a robust ability to utilize carbohydrates, followed by polymers, carboxylic acids, amino acids, and amines, with minimal utilization of phenolic compounds. Specifically, D-cellobiose, D-mannitol, N-acetyl-D-glucosamine, glucose-1-phosphate, and D-galactonic acid γ-lactone were the most utilized carbohydrates in the healthy samples. The finding of Dai et al. (2022) corroborated this result, as their investigation of microbial communities in Tobacco brown spot revealed similar carbohydrate utilization patterns and weak phenolic compound (4-hydroxy benzoic acid) utilization. Notably, a comparison of healthy and diseased samples demonstrated that the healthy group had higher rates of carbon source utilization than the diseased group. This finding may indicate compromised metabolic activity of microorganisms in the tobacco leaf spot, attributable to the presence of the pathogen, the causative agent of the disease. However, the utilization ability of polymers was stronger in the microbial communities inhabiting tobacco Epicoccus leaf spot than those in Tobacco brown spot (Dai et al., 2022). To further assess microbial community diversity, the study computed diversity indices. The results showed that the microbial diversity and richness of the Epicoccus leaf spot were comparable to those of the healthy group, albeit slightly higher in the healthy samples. These results suggested that although the microbial community structure of the Epicoccus leaf spot was not significantly different from that of the healthy group, subtle changes in community composition and function could occur due to the presence of the pathogenic fungus.

The data obtained in this research on E. latusicollum and its metabolic versatility, optimal growth conditions, and genomic information can play a vital role in developing integrated strategies for disease control and breeding for disease resistance of tobacco Epicoccus leaf spot. Understanding the optimal carbon, nitrogen, phosphorus, and sulfur sources for the growth of E. latusicollum allows for targeted manipulation of these factors to limit the fungus’s growth and spread. By restricting the availability of specific carbon sources like arbutin and amygdalin, and nitrogen sources such as Ala-Asp and Ala-Glu, through modified agricultural practices or nutrient management strategies, the growth and proliferation of E. latusicollum can be effectively impeded. Additionally, adjusting the composition or application of phosphorus and sulfur fertilizers based on the fungus’s optimal requirements can create nutrient imbalances that hinder its growth and reduce infection potential. Manipulating the availability of optimal carbon, nitrogen, phosphorus, and sulfur sources creates an unfavorable environment for E. latusicollum, supplementing other preventive measures like crop rotation, sanitation practices, and the use of resistant cultivars. This targeted approach to nutrient management is crucial for integrated disease control strategies. The genomic information obtained from sequencing E. latusicollum strain T41 provides valuable insights into the genetic basis of pathogenicity and potential mechanisms of resistance. By identifying genes associated with virulence, pathogenicity, or resistance, researchers can further investigate these factors for potential utilization in breeding programs or genetic manipulation. This knowledge contributes to the development of resistant tobacco cultivars, enhancing long-term disease management and reducing crop losses. Furthermore, the study’s findings on the metabolic functions of phyllosphere microorganisms in diseased tobacco leaves offer insights into interactions between E. latusicollum and other microorganisms. Understanding the metabolic capabilities of these microorganisms can aid in the identification of potential biocontrol agents or the development of probiotic treatments. Exploiting microorganisms that efficiently metabolize carbon sources that E. latusicollum struggles to utilize can limit its resources and inhibit its growth. By integrating the research findings into practical strategies such as cultural practices, genetic manipulation, and biocontrol approaches, new and effective disease control and management strategies can be developed. These strategies have the potential to reduce the incidence and severity of tobacco Epicoccus leaf spot, minimize yield losses, and enhance overall crop productivity and quality.




5 Conclusion

Tobacco Epicoccus leaf spot, a notorious foliar disease instigated by Epicoccum latusicollum, has been reported to cause significant losses in tobacco quality and yield in the southwest region of China. In this study, we aimed to investigate the physiological and genomic characteristics of the aforementioned pathogen. Specifically, we identified the optimal culture conditions for E. latusicollum isolate T41, including the alkyl ester agar medium for mycelial growth and oatmeal agar medium for sporulation, with the optimal temperature for mycelial growth being 25°C and the lethal temperature being 40°C. Moreover, we analyzed the metabolic phenotypes of E. latusicollum using Biolog Phenotype MicroArray and observed the utilization of the majority of the tested carbon sources, with arbutin and amygdalin being the preferred carbon sources. Ala-Asp and Ala-Glu were identified as the most suitable nitrogen sources among the tested nitrogen sources. Remarkably, E. latusicollum exhibited remarkable adaptability, metabolizing 61.46% of carbon sources, 99.48% of nitrogen sources, 85.71% of sulfur sources, and 50.85% of phosphorus sources, as well as displaying an active metabolism in a wide range of environments, including those with varying pH values and different osmolytes. Additionally, the genome of T41 was sequenced using Illumina HiSeq and Pacific Biosciences technologies and assembled into 33.59 Mbp with a N50 value of 1.58 Mbp, in which a total of 10,821 genes were predicted and analyzed using various databases. We further examined the metabolic functions of phyllosphere microorganisms in diseased tobacco leaves caused by E. latusicollum using Biolog Eco microplate and identified a significant incapacity to efficiently metabolize 29 carbon sources, except for tween 40. This study provides novel insights into the structural and functional characteristics of phyllosphere microbiota and underscores crucial challenges for future research, as well as a theoretical foundation for the integrated control and breeding for disease resistance of tobacco Epicoccus leaf spot.





Data availability statement

The data presented in the study are deposited in the NCBI (https://www.ncbi.nlm.nih.gov/) repository, accession number PRJNA645278.





Author contributions

ZL and H-CW conceived and designed the experiment. ZL, XC, and Z-NG conducted the experiment and collected the samples. Z-NG uploaded the genomic data. W-HL and L-TC performed the analysis of the samples. ZL and J-RH analyzed the data. ZL wrote the first draft of the manuscript, which was later revised by H-CW, J-RH and C-HS. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the China National Tobacco Corporation (110202101048(LS-08), 110202001035(LS-04)), the National Natural Science Foundation of China (31960550, 32160522), the Hundred Level Innovative Talent Foundation of Guizhou Province [GCC(2022)028-1], the Guizhou Science Technology Foundation (ZK[2021]Key036), the International Science and Technology Cooperation Base ([2020]4102), Guizhou Provincial Academician Workstation of Microbiology and Health ([2020]4004), and the Guizhou Tobacco Company (2020XM22, 2020XM03). This work was also funded by the Guizhou Province Applied Technology Research and Development Funding Post-subsidy Project. The authors declare that this study received funding from the China National Tobacco Corporation and Guizhou Tobacco Company. The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.





Conflict of interest

Author Z-NG was employed by MGI Tech Co., Ltd. 

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

The authors declare that this study received funding from the China National Tobacco Corporation and Guizhou Tobacco Company. The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1199956/full#supplementary-material
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Supplementary Figure 2 | Sample T41 gene length distribution. The horizontal axis denotes the length of the genes in base pairs, while the vertical axis represents the corresponding number of genes.

Supplementary Figure 3 | Sample T41 gene functional annotation KEGG metabolic pathway classification map. The bars on the map correspond to the number of genes annotated for each functional class of level 1 in the KEGG database. The legend provides an interpretation of the code for each functional class.

Supplementary Figure 4 | Sample T41 gene functional annotation KOG functional classification map. The x-axis of the plot represents the category of KOG (Clusters of Orthologous Groups) functional classification, while the y-axis represents the total number of genes annotated within each respective category.

Supplementary Figure 5 | Sample T41 CAZymes functional classification and corresponding gene number statistics. The top row displays the sample ID, while the horizontal axis illustrates the CAZy database classification type, and the vertical axis represents the number of genes that have been annotated.

Supplementary Figure 6 | Distribution of phenotypic mutation types in pathogens PHI. The x-axis represents the type of phenotypic mutation observed, while the y-axis indicates the number of genes annotated in the analysis.
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Lower canopy Middle canopy Upper canopy

DAP Max IR EstIR Sen. Max IR EstIR Sen. Max IR EstIR
sev. (%) (%) (%) (%) sev. (%) (%) (%) (%)  sev. (%) (%) (%)

2020 Tar 4 60 0.30 93 35 35 0.02 20 53 50 0.01 3 55 100
71 0.50 100 53 53 0.20 90 58 56 0.01 45 33 28

74 0.70 100 90 90 0.20 95 80 79 0.05 85 35 41

95 10.00 100 73 73 7.00 ' 100 73 73 4.00 100 83 83

Tar 3 59 0.10 3 58 100 0.10 6 42 50 0.10 1 51 0
70 3.00 93 29 31 1.00 94 26 26 0.20 82 32 34

78 3.00 100 65 65 1.00 100 79 79 0.30 88 68 70

94 20.00 100 90 90 15.00 ' 100 71 71 6.00 92 69 71
Tar 1 59 0.30 100 65 65 0.10 33 33 23 0.00 0 38 NA
70 0.30 100 40 40 0.10 90 30 28 0.01 13 43 20

78 2.00 100 63 63 0.10 98 63 64 0.10 33 58 69

94 8.00 100 83 83 5.00 100 58 58 4.00 100 65 65
Tar 2 62 1.00 94 50 47 1 0.10 » 17 [ 52 63 0.10 4 71 100
73 1.00 100 71 71 0.50 100 85 85 0.10 65 73 61

81 2.00 100 52 52 4.00 100 27 27 2.00 94 46 44

97 10.00 100 81 81 14.00 100 81 81 8.00 100 98 98

2021 Tar 2 70 0.60 100 56 56 0.00 0 58 ‘ NA 0.02 33 50 50
» 79 2.00 100 48 48 0.10 100 31 31 0.04 42 40 35

83 8.40 100 69 69 1.80 100 88 88 0.20 73 40 51

91 20.20 100 88 88 6.00 100 63 63 1.20 100 79 79

97 8.60 100 94 94 5.40 100 90 90 3.60 100 65 65
Tar 3 69 0.42 89 37 38 0.34 65 37 40 0.00 0 57 NA
82 1.80 96 63 62 1.10 88 79 81 1.00 64 47 48

96 6.80 | 99 60 61 4.00 96 | 64 64 | 3.20 93 69 70

DAP, day after planting; Max sev., maximum actual disease severity observed; IR, incidence rate; Est. IR, estimated incidence rate; Sen., sensitivity of detection; NA, not available (no disease
was observed); number in bold indicates false negative or false positive cases.
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DAP?

Canopy level  Parameter

59-62 94-97 | 99-102 6-109 113-116 120-123
Tar 4 Lower s -0.24 0.23 0.13 0.70 0.01 0.78 NA NA
P value 0.51 0.52 0.73 0.03 0.97 0.01 NA NA
Middle Ts -0.48 0.09 0.04 0.60 0.35 0.96 0.84 0.87
P value 0.16 0.81 ‘ 0.92 0.07 0.33 0.00 0.00 0.00
Upper T 0.29 0.00 030 0.32 0.21 0.94 0.78 093
P value 0.42 1.00 0.39 0.37 0.57 0.00 0.01 0.00
Tar 3 Lower % 0.03 0.40 0.19 0.36 0.81 0.95 NA NA
P value 0.89 0.10 0.46 0.14 0.00 0.00 NA NA
Middle ] -0.08 0.56 ‘ 0.37 0.43 0.82 0.92 0.97 0.95
P value 0.76 0.02 0.13 0.07 0.00 0.00 0.00 0.00
Upper T -0.26 021 0.54 0.48 0.71 0.94 0.96 0.94
P value 0.30 0.40 0.02 0.04 0.00 0.00 0.00 0.00
Tar 1 Lower 3 -0.18 -0.78 ‘ 0.06 0.54 0.21 0.48 NA NA
P value 0.61 0.01 0.87 0.11 0.56 0.16 NA NA
Middle s 0.47 0.07 047 0.59 0.50 0.79 0.77 0.94
P value 0.17 0.85 0.17 0.08 0.14 0.01 0.01 0.00
Upper 167 NA 0.18 0.17 0.55 0.43 0.71 [ 0.71 0.86
P value NA 0.62 ; 0.64 0.10 » 0.22 0.03 0.02 0.00
Tar 2 Lower T -0.29 0.27 035 0.85 0.94 0.91 0.81 NA
P value 037 041 0.26 0.00 0.00 0.00 0.00 NA
Middle s 0.04 0.17 0.63 0.40 0.94 0.93 0.81 0.80
| P value 0.90 0.60 0.03 0.19 0.00 0.00 I 0.00 0.00
Upper s -0.34 -0.40 043 0.61 0.87 0.81 0.73 0.65
P value 0.27 0.20 0.16 0.03 0.00 0.00 0.01 0.02

“DAP, day after planting that varied among trials; r,, Spearman’s rank correlation coefficient; NA, not available as no disease symptom was observed (upper canopy) or leaves senesced
(lower canopy).
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Effects Planting Number of Number of Tillage Number of fungi- ~ Number of data

studied date treatments Hybrid(s) type cide treatments acquisition
2020 | Tar4®  Fungcide timing = 8-Jun-20 10 1 Strip 9 + 1 control 9
Fungicide
Tar 3° efficacy and 9-Jun-20 18 1 Strip 16 + 2 controls 11
timing
Fungicid
Tar 1° ungicide 9-Jun-20 10 1 Strip 9+ 1 control 10
efficacy
Targd | Tillage hybrids, oo o 12 3 Strp, 1+ 1 control 10
and fungicide Conventional
Tillage, hybrids, trip,
2021 | Tar2? illage, hybrids, |\ roval 12 3 St 1+ 1 control 9
and fungicide Conventional
Fungicide
Tar3*  efficacy and 27-May-21 18 1 Strip 16 + 2 controls 5
timing

*(Ross et al., 2021b).

B(Da Silva et al,, 2021).

¢(Ross et al., 2021a).

Ross et al., personal communication.
“(Da Silva et al,, 2022).
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Parameter Value/Me

Ratio of training and testing data 3l

Data partitioning for stratification Partitioned by data
collection dates

Weight of lasso versus ridge optimization (o) 1
Number of cross validations 5

Number of Monte Carlo repetitions for cross = 3

validation
Predictor selection method within cross- Minimum mean square
validated models error

Number of repeated five-fold cross validation = 4
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Canopy level  Year Training Testing Lin's CCC | Coeff.  Intercept

Precision RMSE (%) Precision RMSE (%)

Lower 2020 Combined* 0.62 8.11 0.56 ‘ 871 0.75 0.99 0.06
2021 Tar 2 0.93 9.28 0.92 10.42 0.96 1.00 -0.08

Tar 3 0.94 9.96 092 11.39 0.96 1.00 -0.07

Middle 2020 Combined 0.80 9.09 ‘ 0.78 9.47 0.89 1.00 -0.04
2021 Tar 2 0.88 9.86 0.87 10.11 0.94 1.00 -0.09

Tar 3 0.95 7.45 093 8.49 0.97 1.00 -0.01

Upper 2020 Combined 0.80 4.97 0.78 5.20 0.88 1.00 -0.02
2021 Tar 2 0.78 11.05 073 11.89 0.86 1.02 -0.14

. Tar 3 0.95 7.23 0.93 8.21 ‘ 0.97 1.00 -0.03

“Data from four trials in 2020 were combined; RMSE, root mean square error; Lin’s CCC, Lin’s Concordance Correlation Coefficient; Coeff; coefficient for the linear relation between
estimated and actual visual assessment.
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Year Canopy level r
Lower <.0001 0.45 0.00

2020 Middle 0.00 0.11 0.00 070
Upper 0.06 0.21 0.02 0.76
Lower 0.66 033 028 054

2021 Middle 0.13 035 0.85 0.80
Upper 0.03 0.48 0.19 0.50

Kinaxs the asymptote or the maximum level of disease intensity of a treatment; yo, initial disease severity; ry, apparent infection rate; AUDPC, area under the disease progress curve;
significance level or o of 0.05; number in bold indicates significant difference between parameters derived from actual and estimated discase severity.
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No.

NCBI
accession

XM_025948751.1
XM_015784844.2
KM821541.1
FP100145.1
XM_019048796.1
XM_003557410.4
FP099701.1
XM_015785310.2
FP094029.1
CP016327.1
XM_020323159.1
KX714967.1
FP100486.1
XM_003571129.4
CP016343.1
CP007563.1

XM_020325952.1
FP100540.1

XM_019045788.1
XM_015791561.2
FP096515.1

‘Whitefly
genome
database

Bta03911
Btal3632
Bta01987
Btal5795
Bta00134
Btal2552
Btal0027
Bta03336
Btal3336
N/A

Btal3422
N/A

Btal0819
Bta07620
N/A

N/A

Btal2951
Btal3313

Btal2389
Bta08869
Ssal3476

Protein functional annotation

Chaperone protein dnaj

Cytochrome B5

Cytochrome c oxidase subunit 1
ATP-dependent RNA helicase

Elongation factor 2

Thioredoxin

Unknown protein

Thioredoxin-like protein 1

Histone H2A

Candidatus Portiera aleyrodidarum strain BT-Z1
Tubulin beta-1 chain

B. emiliae mitochondrion, partial genome
Unknown protein

High mobility group protein B2, putative

C. Portiera aleyrodidarum strain China 1

Candidatus Portiera aleyrodidarum MED (Bemisia tabaci) strain BT-

Q
Unknown protein

Eukaryotic translation initiation factor 1A

BTB/POZ domain-containing protein 10
Oligosaccaryltransferase

CG13675, isoform D

Relevant references

(Liang et al,, 2022)
N/A
N/A
N/A

(Li et al., 2009)

(Saurav et al,, 2019)
N/A

(Saurav et al., 2019)
N/A
N/A

(Chee and AbuBakar, 2004)

N/A
N/A
N/A
N/A
N/A

N/A

(Li et al., 2009; Yue et al., 2011; Lin et al.,
2012)

N/A
(Lin et al,, 2017)
(Mugerwa et al., 2022)
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Elicitor

BZA

BZA

Chitosan

SALA

Calcium
chloride/
copper-
EDTA/SALA

CA/SA/4-
HBA

FA/HA/
MBCA

Chitin/AA/
MBCA

Amount or
Concentration

15mM

0.5% (w/v)

150 ppm

500/50/50 ppm

4g each

AA indicated as amino acid.

BZA indicated as benzoic acid.
CA indicated as caffeic acid.

EDTA indicated as ethylenediaminetetraacetate.
FA indicated as fulvic acid.
MBCA indicated as multiple biological control agents.
SALA indicated as salicylic acid.

4-HBA indicated as 4-hydroxybenzoic acid.

Tested
variety/
type

Dura X
Pisifera
(DXP)

AVROS

Internal and exterior oil palm seedlings treated with 15mM
benzoic acid showed no signs of illness up until the 8 month
after inoculation.

G. boninense did not develop on the plates that were exposed
to benzoic acid concentrations more than 5.00 mM.

Chitosan at the lowest concentration of 0.5% (w/v)
significantly reduced the amount of fungal sterol and
resulted in the lowest percentage mean disease severity.

Suppression of mycelial growth on PDA until 8 day-after-
inoculation

The best disease control (5.0%) is noticed until 8 month-
after-inoculation

Concentration of G. boninense ergosterol is reduced to
minimum (-18.6888 g g)

Concentration of G. boninense ergosterol is reduced to
minimum (-1.81 ug g)

The
Infection is reduced down to 10% with 2.29 ug g of
ergosterol content

Recommendation

Field tests are required.

Glasshouse and field tests are
required.

Field tests are required.

Field tests are required.

Field tests are required.

The combination of these
phenolics is encouraging to be
produced as products

Field tests are required. These
combinations are encouraging to
be produced as products

Very encouraging. However,
more work on fastens the
efficiency of treatment is required

Reference

(Surendran
et al, 2018)

(Fernanda
etal, 2021)

(Ommelna
et al, 2012)

(Ong etal.,
2018)

(Rahamah
Bivi et al.,
2016)

(Jee and
Chong,
2015)

(Chong
et al, 2017b)

(Chong
et al,, 2017b)
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Oil palm

pal References
varieties
Trichoderma harzianum, | Dura x In oil palm infected with T. harzianum and G. etunicatum, the density of the soil microbial population rose. | (Alizadeh
Glomus etunicatum Pisifera et al,, 2013)
Aspergillus sp., Bacillus | AVROS A field trial revealed that TR1 (Bacillus spp. & (Alexander
spp., Lactobacillus, (Dura x Trichoderma spp.) and TR3 (Lactobacillus, Nattobacillus and Saccharomyces cerevisiae) significantly reduced | and Chong,
Nattobacillus, Pisifera) the disease index (DI) to 12% and 24%, respectively, and the amount of ergosterol in trunk tissues to 0.663 2014a)
Pseudomonas spp., g g-1and 1.817 g g-1. The BSR disease was successfully controlled by TR1, TR2 (Bacillus spp., Pseudomonas
Saccharomyces spp. & Aspergillus sp.), and TR3 in both the nursery and the field.
cerevisiae, Trichoderma
spp.
Bacillus spp., No stated The soil’s beneficial microbe population grew as a result of the addition of BCAs viz. Bacillus spp. (TR1) (Alexander
Trichoderma spp and Trichoderma spp (TR2), which can be used in conjunction with BCAs to control BSR. and Chong,
2014b)
Bacillus spp., No stated The antimicrobial compounds N-methyl-a-aminoisobutyric acid, pyrene-1,6-dione, 12-deoxyaklanonic acid, (Alexander
Trichoderma spp. halstoctacosanolide A, N-acetyl-leu-leu-tyr-amide, and 12-0x0-10Z-do 4-0-8',5"-5"-dehydrotriferulic acid et al, 2017b)
found in TRI (Bacillus spp. and Trichoderma spp.) that can inhibit G. boninense.
Trichoderma harzianum GH500 With a reduction of 94.75%, B. cereus single applications outperformed T. harzianum (78.98%) and T. (Nusaibah
Bacillus cereus (Dura x harzianum and B. cereus combined applications as the most effective treatments for controlling Ganoderma et al, 2017)
Pisifera) disease of oil palm.
Diaporthe phaseolorum Tissue- Induction of B-1-3-glucanase (EgGLC), phenylalanine ammonia-lyase (PAL) and nitrate reductase (EgNR) (Chow et al.,
WAAO02, Trichoderma cultured oil by Endophytic BCAs were possibly responsible for the defense responses. 2018)
asperellum T2, palm
Penicillium citrinum ramets
BTF08)
Trichoderma asperellum No stated Oil palm seedlings with D. miriciae LF9 infection had lower disease incidence (DI) in non-metal (33%) and ~ (Sim et al.,
LF11 multi-metal (67%) treated soils, indicating that the seedlings were more resistant to infection. T. asperellum 2019)
Diaporthe miriciae LF9 LF11 performed less well than D. miriciae LF9.
Trichoderma virens Dura x The isolate’s hexane extract inhibited G. boninense at a rate of 62.60%. The enzyme activity of peroxidase, (Paudzai
Pisifera polyphenol oxidase, superoxide dismutase, and phenylalaninelyase were noticeably increased in the leaves of | et al,, 2019)
oil palm seedlings following treatment with T. virens isolates via plant roots. T. virens can function as a
biofungicide.
Trichoderma No stated ‘When compared to the control treatment, the illness was reduced by 38.59% and 50.87%, respectively, in (Sundram,
asperellum, Trichoderma treatments employing T. virens T29-palm press fibre (PPE) surface mulch (T5) and T. asperellum T9-PPF 2013)
virens surface mulch (T4).
Trichoderma No stated The combination of Trichoderma spp. decreased the disease by 83.03% and 89.16%, respectively, in foliar (Musa et al.,
asperellum, and bole symptoms. Treatment for BSR disease results in significant alterations in peroxidase, polyphenol 2018)
Trichoderma oxidase, and phenolic content. The link between oil palm metabolism and defense mechanisms may be the
harzianum, subject of future study.
Trichoderma virens
Streptomyces sanglieri No stated It has been discovered that S. sanglieri produces the antifungals cycloheximide and actiphenol, both of (Nur Azura
which may be effective against G. boninense. et al,, 2016)
Scagelonema parasiticum | Dumpy Cellulolytic and xylanolytic antifungal activity was displayed by Scagelonema parasiticum. S. parasiticum has | (Goh et al.,
Yangambi a mycoparasitic growth pattern and produces fluorescent pigments and/or metabolites, making it a potential | 2016)
Avros biocontrol agent for G. boninense.
(Dura x
Pisifera)

BCAs indicated as biological control agents.
BSR indicated as basal stem rot.
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1996

2006

2007

2008

2009

2009

2009

2009

2009

2010

2011

2011

2011

2012

2013

2013

2014

2014

2017

Ganoderma selective
medium (GSM)

Immunoassay

Tomography system

Hyperspectral
Remote Sensing
(HRS)

Random Amplified
Polymorphic DNA
(RAPD)

Ergosterol analysis

Polymerase chain
reaction (PCR)

Intelligent electronic
nose (e-nose) system

Microfocus X-ray
Fluorescence (LXRF)

Multiplex PCR

Ultrasonic

ITS—Restriction
Fragment Length
Polymorphism
(RFLP)

Multispectral
Remote Sensing
(MRS)

Airborne Imaging
Spectrometer for
Applications (AISA)
sensor

Infrared
spectroscopy

DNA-microarray

Terrestrial Laser
Scanning (TLS)

Enzyme-linked
immunosorbent
assay-polyclonal
antibody (ELISA-
PAb)

Artificial Neural
Network (ANN)
Spectral Analysis

asibility

GSM has the ability to selectively isolate the pathogen from afflicted tissue. Therefore, with the exception of
Ganoderma, growing of fungus and bacteria is avoided in this procedure. However, because it requires a lot of labour
and takes a long time, it cannot be used on a large scale. Other species of Ganoderma and some saprophytic fungi
which is not a pathogen will also able to grow on this medium.

The MAbs produced against G. boninense were not specific because they displayed positive cross-reactivity results
with other fungi examined.

Sonic Tomography image associated with a fuzzy inference is used to identify and recognize Ganoderma
infection in oil palm stem. However, the model suffers from the variability of the points of view given by each expert.

Oil palm leaves with and without Ganoderma infections differed in their spectral reflectance. Although the existence
of Ganoderma infection in oil palm can be detected, early detection is still quite difficult. There is also confusion
between the malnutrition versus diseased palms.

Despite the G. boninense isolates” high levels of homology, the RAPD study revealed variations. However, RAPD
analysis still cannot be used to accurately identify Ganoderma spp.

The development of G. boninense and the severity of the BSR illness in oil palm were directly correlated with
ergosterol. As ergosterol is present in various types of fungi, not just G. boninense, this method may be able to
quantify Ganoderma colonisation effectively without the presence of other fungi (Chong et al., 2014).

PCR is regarded as a reliable reference technique for the early diagnosis of BSR disease. However, due to the need for
expensive, time-consuming, and laborious stem collection and laboratory work, it cannot be used as a large-scale
preparative experiment approach.

With artificial neural networks trained using the Levenberg-Marquardt technique, Cyranose 320 was used as the
front-end sensors for decision-making. The smell of fungi was noticed. Both a laboratory and a plantation can use this
technique.

For both healthy and infected oil palms, element mapping and a specific line scan were carried out through the
seventh leaf. However, it revealed some data overlap that has to be resolved in follow-up research.

Multiplex PCR-DNA Kit can detect and identify the presence of Ganoderma species in oil palm, according to field
studies.

Density and ultrasonic characterizations have been used to find BSR-infected oil palm trunks. A high-power
transducer should be taken into consideration to solve the issue of ultrasonic wave energy loss, particularly for large
or young oil palm.

ITS-PCR-RFLP have been demonstrated to help with genetic variation research among Ganoderma, but not down to
the G. boninense strain.

Basal stem rot disease infections in oil palm fields may be located and estimated in detail and accurately using
QuickBird imagery. Oil palms with BSR infection have lower infrared bands reflectance and higher Red-Green-Blue
reflectance electromagnetic areas.

AISA hyperspectral indices outperform both the currently used vegetation indices and red-edge approaches to detect
Ganoderma-infected oil palm trees.

Mid-infrared can be used to distinguish different BSR growth stages from oil palm leaves. To develop this strategy,
particularly for early detection, more research is needed.

Specifically for G. boninense, DNA-microarray is created., however, the processing of the samples and DNA extraction
have been quite challenging.

TLS can be used to distinguish between BSR and non-BSR, however it is limited in how severely it may be classified.

ELISA-PADb outperforms the cultural-based method - Ganoderma selective medium (GSM) with an improvement of
18% at nursery trial. Use of oil palm roots and stems in a field study led to a 30% increase in sensitivity for ELISA-
PAD detection when compared to GSM test. The identification of BSR illness brought on by Ganoderma, however,
requires more specificity.

ANN is only applicable for early-stage Ganoderma infection detection in oil palm

(Ariffin et al,,
1996)

(Sundram
et al., 2006)

(Su'ud et al,
2007)

(Shafri and
Anuar, 2008)

(Zakaria et al.,
2009)

(Chong et al.,
2009)

(Kandan
et al,, 2009)

(Markom,
2009)

(Meor Yusoff
et al,, 2009)

(Idris et al.,
2010)

(Najmie et al.,
2011)

(Nusaibah
etal, 2011)

(Santoso
etal, 2011)

(Shafri et al.,
2012)

(Liaghat et al.,
2013)

(Dutse et al.,
2013)

(Khairunniza-
Bejo and
Vong, 2014)

(Madihah
etal, 2014)

(Ahmadi
et al, 2017)
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Tween 80 D-Malic Acid
Carbohydrates Pyruvic Acid Methyl Ester
D-Cellobiose Amino acids
I-Erythritol L-Arginine
D-Galactonic Acid y-Lactone L-Asparagine
N-Acetyl-D-Glucosamine Glycyl-L-Glutamic Acid
Glucose-1-Phosphate L-Phenylalanine
B-Methyl-D-Glucoside L-Serine

D,L-o-Glycerol phosphate L-Threonine
-D-Lactose Amine

D-Mannitol Phenyl ethylamine
D-Xylose Putrescine
D-Galacturonic Acid Phenolic compounds
D-Glucosaminic Acid 2-Hydroxy Benzoic Acid
Carboxylic acids 4-Hydroxy Benzoic Acid

Assignment to biochemical categories follows that of Insam (1997).

The Biolog plates consisted of 96 wells, with each well containing a triplicate set of 31 diverse
carbon sources, divided into six categories, including carbohydrates, carboxylic acids,
polymers, amino acids, amines, and phenolic compounds.
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Gene number 10,821
Gene total length (bp) 16,688,112
Gene average length (bp) 1,542
Gene/genome (%) 49.69
Repeat
Type I Number Total Length(bp) In Genome(%) [ Average length(bp)
LTR 872 252,576 0.752 v 294
DNA 376 128,679 0.3831 345
LINE 349 31,743 0.0945 105
SINE 66 4,102 0.0122 62
Unknown 17 1,318 0.0039 78
RC 16 1,809 0.0054 113
Total 1,696 413,934 12324 253
Type Number Repeat Size(bp) Total Length(bp) In Genome(%)
TR ‘ 3,049 1~1,643 169,232 0.5039
Minisatellite DNA 2,203 10~60 106,231 0.3163
Microsatellite DNA 445 2~6 20,858 0.0621
ncRNA Type Number Average length(bp) Total Length(bp)
tRNA 160 89 | 14,345
5s(denovo) 51 116 5917
5.8s(denovo) 0 0 0
rRNA
18s(denovo) 0 0 0
28s(denovo) 1 3,532 3,532
SRNA 2 236 472
snRNA 20 140 2,816

miRNA 0 0 0
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Assembly parameters

Sequencing platform

1

PacBio and Illumina PE150

Assembly method HGAP V. 2.3

Genome size (Mb) 33.59
Sequencing coverage 213.6 x
Number of contigs 22

Average contig length (bp) 1,526,692
Contig N50 (bp) 1,982,625

Maximum contig length (bp) 4,035,947
Number of all Contigs ‘ 23
Maxium Contig length (bp) 4,035,028
Contig N50 length (bp) 1,982,256
G+C content (%) 52.00
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OA/mm-d

35 12.38 +0.64 a* 9.67 + 0.39 b* 10.63 + 0.20 b*

40 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00

A multiple comparison was performed by the LSD test (P< 0.05) to compare the diversity index of different treatments. * indicates significant (P < 0.05) difference in growth rate from the
optimum temperature (25°C).
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Temperature/°C PDA/m OA/mm /mm

10 355 +0.15 d° 3.95+020 d° 5.15+028 ¢
15 721012 6.10 £ 0.19 ¢ 9.90 +0.19 ¢*
20 9.83 +0.08 b° 8.35 + 038 b° 1146 + 0.08 b*
25 11.08 +0.21 a° 10.85 + 029 a° 1221 £012 2"
30 050 + 0.34 ¢ 3.85+ 047 d° 6.10 + 0.62 d*
35 0.00 + 0.00 €” 0.19  0.06 ¢* 0.06 + 0.06
40 0.00 + 0.00 &* 0.00 + 0.00 &* 0.00 + 000

A multiple comparison was performed by the LSD test (P< 0.05) to compare the diversity index of different treatments.
Different lower case letters indicate statistically significant differences in the comparison of the number data between groups (p<0.05).
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Species
M. chitwoodi
M. chitwoodi
M. chitwoodi
M. fallax

M. minor
M. hapla

M. incognita
M. javanica

M. arenaria

Race/Strain

Race 1

Race 2

Roza

VW9

Vwe

VW4

EC2

Source
WA, USA
WA, USA
WA, USA
Netherlands
Netherlands
CA, USA
CA, USA
CA, USA

CA, USA
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No. of fields (%)

2017 2 0 0 2 (100%) 0 0 0
2018 11 0 0 11 (100%) 0 0 0
2019 0 0 0 0 0 I 0 | 0
2020 2 0 0 2 (100%) 0 0 0
2021 2 0 0 2 (100%) 0 0 0
Total 17 0 0 17 (71%) 0 0 0

*Number (and percentage) of fields for which E. oxysporum SIX3 PCR-positive isolates were tested and number (and percentage) identified as Fusarium oxysporum f. sp. racidis lycopersici
(Forl), Fol races (1-4), and as nonpathogenic (Non-Path) F. oxysporum. Of note s that all isolates without SIX3 amplification were further evaluated for SIX1 amplification; however, in all cases,
SIX1 amplification was not observed.
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Name Sequence
Mc-complementary - AGGATGCAAGATTTAAGGCAAT
Mf-complementary - GTTGTGATAAGTAGAAGGCAAGA
Mm-complementary - AATTGACCCTCAACGCTC

Mc-SNP - TAGGATGCAAGTTTTAAGGCAAT

Mf-SNP - GTTGTGATAAGTTGAAGGCAAGA

Mm-SNP - AATTGACCTTCAACGCTC

F-HSP90 - AGCTTGTCTAATGATTGG

R-HSP90 = GGAACAAACAAAAGAGCT
C1-HSP90-FAM-6 FAM GCGATCTAGGATGCAAGATTTAAGGCAATGATCGO
F1-HSP90-HEX-5 HEX CGATCGTTGTGATAAGTAGAAGGCAAGAGATCG

M2-HSP90-Cyan-5 Cyan5 CGATAATTGACCCTCAACGCTCATCG
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Fol race 3 resistance status ?  Severe chlorosis/wilting (% ®  Stem necrosis/vascular discolora

Resistant HM 5235 (F3) 0% + 0% 0% + 0%
HM 58801 (F3) 11% £ 11% 0% + 0%
N 6428 (F3) 11% + 11% 11% + 11%

Susceptible H 9036 (F1) 67% + 19% 67% £ 19%
HMX 4909 (F2, Fr) 56% + 11% 44% + 11%
H 8504 (F2) 100% + 0% 89% + 11%
Brandywine (no R) 89% + 11% 56% + 11%

“Cultivar resistance status: F3 = resistant to Fusarium oxysporum f. sp. lycopersici (Fol) race 3; F2 = resistant to Fol race 2; F1 = resistant to Fol race 1; Fr = resistant to Fusarium oxysporum f. sp.
racidis lycopersici (Forl); no R = no Fol or Forl resistance.
"Mean of three repeat experiments based on the percentage of plants (n = 3). Plus-minus values denote the standard error of the mean.
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e Genebank ID

M chitwood Ke2622201
K262z

K222

KC262231

ke

M. fallax KC262225.

K226
K271
K281
K91
K381
M. minor Kt
ket
KC22361
K371
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K291
K210
K221t
ket
K681
KC222041
K251

Ke2622161
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Vascular discoloration® AUDPC®

Cultivar® 2019 Exp combined Exp combined
H 1310 0% + 0% 36.7% + 17.6% 18.3% + 114% 25.67 £ 8.56
N 6428 0% + 0% 10% + 6% 3% + 3% 35435

HM 58801 0% + 0% 3% + 3% 1.6% + 1.6% 0£0

“Incidence was calculated as the percentage of plants positive for Fusarium wilt (out of 10) based on confirmed vascular discoloration and positive SIX3 PCR.
PAUDPC (area under the disease progress curve) was calculated as a measure of disease progression throughout the season for both years. Calculations were based on wilt incidence
measurements collected at 2-week intervals starting 2 weeks after transplant and continuing until harvest. N = 20 for the 2018 and 2019 trials combined.

H 1310, N 6428, and HM 58801 are all F3 cultivars with single-gene (I3 gene) quantitative resistance to Fol race 3. The positive F2 control H 8504 developed vascular discoloration in 87% + 7%
of plants across both years.
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Fol race 3° Forl®

Cultivar® Vascular discoloration (%) Plant decline (%) Crown rot (%)
H 8504 (F2) 1000 £0b 833+83a 100+ 0.0 b

HM 58841 (F2) 41.6 +83 ab 00%0a 100+ 0.0 b

H 1310 (F3) 83+83a 00+0a 916 +833b
HMX 4909 (Fr) 66.6 + 166 b ‘ 833+83a | 0004

p-value pathogen treatment <0.01 NA <0.01

p-value cultivar treatment 0.049 0.615 <0.01

Pathogen x cultivar treatment <0.01 NA ‘ <0.01

NA, not applicable.
*Pathogen treatment: Fusarium oxysporum . sp. lycopersici (Fol) race 3 and Fusarium oxysporum radicis lycopersici (Forl). The nonpathogenic F. oxysporum (Fonp) and mock-inoculated
treatments did not develop symptoms and were not included in the analyses.

PResistance abbreviations used in text: F2, resistant to Fol race 2; F3, resistant to Fol race 3; Fr, resistant to Forl.

“Values in a column followed by the same letter were not significantly different according to the least square means significant difference (p < 0.05). Plus-minus values denote the standard error of
the mean. Variables were analyzed using a type II test with the “car” package in R.





OPS/images/fpls.2023.1096239/fpls-14-1096239-g006.jpg
400

g == M. chitwoodi 1 J2
% 300 = M. fallax 1 J2
2 === M. minor 1 J2
3 200

]

[e]
= 100
[T
2
s 0
& 10 20 30 40 50

-100 Cycles
250

] === M. chitwoodi 5 J2s
S 200 — M. fallax 5 J2s
% 150 === M. minor 5 J2s
?

2 100

[*]

3

L 50

2

8 o

& 10 20 30 40 50

-50





OPS/images/fpls.2023.1088044/table4.jpg
Fol race 3° Forl®

Cultivar® Vascular discoloration = Plant decline (%) exp. = Plant decline (%) exp. Crown rot Plant decline
(%)° € (%)° (%)°
H 8504 (F2) 319+ 1188 b 00 17.7 958+ 4.16 b 73+ 1042
Brandywine (none) 78.6 +2142 b 154 194 90.6 + 937 b 94+3.12a
H 9036 (F1) 389+55b 0.0 157 96.9 +3.12b 187 £125a
H 1310 (F3) 00£0a 0.0 0.0 92.8+7.14b 105+3.80a
N 6428 (F3) 00£0a 0.0 0.0 86.6 + 6.66 b 100 £10.0a
HM 58841 (F2) 36.6 £ 0.89 b 0.0 14 90.0 + 1.00 b 194 £0.62a
HMX 4909 (Fr) 469 +3.12b | 0.0 88 00£0a 00£0a
p-value pathogen <0.01 NA NA <0.01 NA
treatment
p-value cultivar treatment  <0.01 ‘ NA NA <0.01 0.257
Pathogen x cultivar <0.01 NA NA <0.01 NA
treatment

NA: statistical analyses were not performed as the plant mortality incidence was variable among the experiment replicates.

Pathogen treatment: Fusarium oxysporum f. sp. lycopersici (Fol) race 3 and Fusarium oxysporum radicis lycopersici (Forl). The nonpathogenic F. oxysporum (Fonp) and mock-inoculated
treatments did not develop symptoms and were not included in the analyses.

PResistance abbreviation used in text: No resistance, no Fol or Forl resistance; F1, resistant to Fol race 1 only; F2, resistant to Fol race 2; F3, resistant to Fol race 3; Fr, resistant to Forl.
“Values in a column followed by the same letter were not significantly different according to the least square means significant difference (p < 0.05). Plus-minus values denote standard error of the
‘mean. Variables were analyzed using a type II test with the “car” package in R. Symptoms were evaluated 7 weeks after pathogen inoculation.
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Pathogel Cultivar Symptomatic seedling (%) Seedling
Fol race 3 H 8504 (F2) 743 £1092 b 159 +1121b
HM 58841 (F2) 7832162 b 39.7 +28.06 b
H 1310 (F3) 869 +1.69 b 247 +14.56 b
HMX 4909 (Fr) 434+337b 78£555a
Forl H 8504 (F2) 749 £820 b 492 +34.82b
HM 58841 (F2) 883+ 687 b 321+22.69b
H 1310 (F3) 89.4 +10.55 b 60.2 +42.59 b
HMX 4909 (Fr) 504 +£375b 71£50a
Fonp H 8504 (F2) 642 +£200 b 360 +25.46 b
HM 58841 (F2) 68.3 +31.66 b 54.8 £ 38.75 b
| H 1310 (F3) 57.5£29.94 b 200 +14.16 b
HMX 4909 (Fr) 323 £561 ab 101 £7.14
Water H 8504 (F2) 296 +4.62a 00£0a
HM 58841 (F2) 114 £ 441 a ‘ 78+555a
H 1310 (F3) 363 26342 00+0a
HMX 4909 (Fr) 33+333a 23+ 1.66a
p-value pathogen treatment <0.01 <0.01
p-value cultivar treatment 027 039
Pathogen x cultivar treatment 024 048

*Pathogen treatment: Fusarium oxysporum . sp. lycopersici (Fol) race 3, Fusarium oxysporum radicis lycopersici (Forl), nonpathogenic F. oxysporum (Fonp), and water (mock-inoculated).
PResistance abbreviations used in text: F1, resistant to Fol race 1 only; F2, resistant to Fol race 2; F3, resistant to Fol race 3; Fr, resistant to Forl.

“Symptomatic seedlings (percentage) consisted of seedlings with radicle and hypocotyl lesions. Radicle and hypocotyl symptoms and seedling mortality were evaluated 6 days after inoculation.
Values in a column followed by the same letter were not significantly different according to the least square means significant difference (p < 0.05). Plus-minus values represent the standard error
of the mean. Variables were analyzed using a type II test with the R “car” package.
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pH EC Nitrate nitrogen Ammonium nitro- Phosphorus Potassium Calcium Magnesium

(ppm) (N) (ppm) gen (N) (ppm) (P) (ppm) (K) (ppm) (Ca) (ppm) (Mg) (ppm)
Non- 72 0.3 85 3 115 225 2,150 1,425
infested”
Infested 7.1 0.5 13 3 10 185 1,900 1,510

Values in the non-infested field were averaged between poor-performing and well-performing border rows. Actual field values were estimated to fall within the range of the two.
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Cultivar (R)? Compa Resistant to

Study®

EP 7 or Brandywine (none) | NA None Plant tray assay, greenhouse F3, Fol race 4 monitoring (Brandywine)

H 9036 (F1) Heinz Fol race 1 Plant tray assay, greenhouse F3, Fol race 4 monitoring

H 8504 (F2) Heinz Fol race 1, race 2 Lab bioassay, single pot, plant tray assay, field F3, greenhouse F3, Fol race 4 monitoring
I HM 58841 (F2) HM Clause Fol race 1, race 2 Lab bioassay, single pot, plant tray assay

H 1310 (F3) Heinz Fol race 1, race 2, race 3 Lab bioassay, single pot, plant tray assay, field F3

N 6428 (F3) Nunhems Fol race 1, race 2, race 3 Plant tray assay, field F3, greenhouse F3, Fol race 4 monitoring

HM 58801 (F3) HM Clause Fol race 1, race 2, race 3 Field, greenhouse F3, monitoring

HMX 4909 (Fr) HM Clause Forl Lab bioassay, single pot, plant tray assay, Fol race 4 monitoring

Fol, Fusarium oxysporum . sp. lycopersici; Forl, Fusarium oxysporum radicis lycopersici.

“Resistance abbreviation used in text: None, no resistance; F1, resistant to Fol race 1 only; F2, resistant to Fol race 2; F3, resistant to Fol race 3; Fr, resistant to Forl.
°Comparative phenotyping studies: lab bioassay, high-throughput (tray) assay, single-pot assay. F3 durability studies: greenhouse F3 and field F3. Fol race 4 monitoring: statewide Fol race 4

monitoring over 5 years. NA, Not Apply.





OPS/images/fpls.2023.1096239/fpls-14-1096239-g002.jpg
>

£ 8000
::, = RFU (Water control)
8 — RFU (Hsp90)
5 S000 — RFU (SNP)
g
3 4000
'S
o
2
5 2000
[v4
s
= o0
0 20 40 60 80 100
Temperature (°C)
B
[
E 15090 — RFU (Water control)
3 — RFU (Hsp90)
c
—— RFU (SNP|
8 10000 (SNP)
e
[*]
3
('8
2 5000
S
4
&
= 0
0 20 40 60 80 100
Temperature (°C)
c
2
E 10000
=} = RFU (Water control)
$ 8000 — RFU (Hsp90)
g ~— RFU (SNP)
[
5 6000
=}
i
£ 4000
s
& 2000
wn
c
g. 0
0 20 40 60 80 100

Temperature (°C)





OPS/images/fpls.2023.1088044/fpls-14-1088044-g001.jpg
0l






OPS/images/fpls.2023.1088044/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1096249/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1058059/im9.jpg
PHYLS™





OPS/images/fpls.2023.1058059/im8.jpg
PHYLS™





OPS/images/fpls.2023.1058059/im7.jpg
PHYLS "





OPS/images/fpls.2023.1058059/im6.jpg
PHYLS W/ RAC





OPS/images/fpls.2023.1058059/im5.jpg
PHYLS™





OPS/images/fpls.2023.1058059/im40.jpg
PHYLS™





OPS/images/fpls.2023.1058059/im4.jpg





OPS/images/fpls.2023.1058059/im39.jpg
PHYLS '





OPS/images/fpls.2023.1058059/im38.jpg
PHYLS™





OPS/images/cover.jpg
& frontiers | Rescarch Topics

Detection, characterization,
and management of plant
pathogens

Editedby
Islam Hamm, Brent Sies and Yanan Warg

Published in






OPS/images/fpls.2023.1058059/table1.jpg
Phyllogen Growth of yea

t

- empry = %
phyka PHYLoy o8 .
PV AGy "
PHYLyy 08 "
sapsi o8 =
PHYLayo. Qe "
Pl PHYLy T o8 -
pic PHYLy 109 -
phiD PHYLuon A0 "
PHYLIT, T09) .
PHYLpn .

e yest g on ~LIVHO3AT, ~LIWH, 0 IV e et grew on -LWH and ~L¥;
“Groupin s bsed o phylogenci sy g et seqoencs (1bichi < 1. 2020).
Vaeiben S pscitones s T st k] position of e sk i ot piploges hovavieg

the et grw an only





OPS/images/fpls.2023.1095677/fpls-14-1095677-g001.jpg





OPS/images/fpls.2023.1095677/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1120968/fpls-14-1120968-g005.jpg
A LAMP B RPA
“}E(';.—Q e _‘ ¢..4
A . .

;‘ Cycling Amplification u

5 ¥ @ Recombinase
enzyme

c:_._:,:\m- PR N l ’
= Forward
‘5. | D - rimer
h . Backward
3 ﬂ l 3 T primer
Elongatlon 5|‘ DNA

polymerase
3
3 5 —]
5 I
3 5
5 I 3






OPS/images/fpls.2023.1097741/table2.jpg
Bacterial strain®

P.polonicum  P. polonicum  P. polonicum  P. punjabense P. parmentieri. P. wasabice
BY21311 BY21312 DPMP315 " 5595 RNS 08-42-1A°  CFBP 33047
Incsine = - B R R R
Donfinose B B B . B -
Demelbiose . . . B . -
aDitose . . . B . B
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Isolation Source

Geographical Origin, Year of
Isolation

Accession
Number
(Locus tag)

Query
Coverage

Sequence
Identity

Reference

1poS OM044551 - -
(765bp)
proA OM044552 = -
(699bp)
gapA OM044553 - =
) (495bp)
s'YP olonicun potato China 2021 -
21310 icdA OM044556 - -
(546bp)
acnA OM044555 - -
(354bp)
mdh OM044554 = =
(510bp)
1poS E2566_16880 100% 97.65%
proA E2566_16520 100% 91.56%
; gapA E2566_10485 99% 98.10% ;
:S;’S"T"’“be”“ potato Pakistan 2017 S“'f'zaglz' 2
icdA E2566_10015 100% 94.41%
acnA E2566_12300 98% 93.02%
mdh E2566_03350 100% 91.46%
1poS EDI29_13735 100% 99.87%
proA EDI29_17855 100% 98.98%
P. polonicum groundwater in SiShid sapA EDI29_02940 99% %20 Waleron et al,
T
DPMP315 vegetable field il T8, Wi = S9.4% 2019
acnA EDI29_04400 100% 99.72%
mdh EDI29_11450 100% 100%

“The superscript “I” indicates type strain.
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Pairwise Comparisons

CvsF 0.519 0.007* 0.362 0.020. 0.319 0.001*
CvsT 0.470 0.007* 0.180 0.029. 0.153 0.024.
Cvs FTT1 0.653 0.001* 0329 ‘ 0.013. 0.309 0.001*
C vs FTT2 ‘ 0.670 0.014. 0322 0.012. 0.333 0.001*
Cvs FTT3 0.670 0.008* | 0297 0.002* ‘ 0.336 0.001*
FvsT 0.660 0.013. 0.499 0.003* 0.279 0.001*
Fvs FTT1 0.380 0.004* 0.163 0.087 0.074 0.292
Fvs FTT2 0.231 0.066 0.365 0.009* 0.095 0.102
Fvs FTT3 0.239 0.065 0211 0.055. 0.067 0431
T vs FTT1 0.592 0.008* 0321 0.007* 0.259 0.001*
T vs FTT2 0.812 0.009* 0.256 0.006* 0.216 0.002*
T vs FTT3 0.810 0.014. 0.251 0.025. 0.289 0.002*
FTT1 vs FTT2 0.692 0.008* 0.153 0.108 0.046 0.830
FTT1 vs FTT3 0.684 0.014. 0.085 0.781 0.034 0.948
FTT2 vs FTT3 0.044 0.903 0.088 0.730 0.070 0.389

“The six soil treatments were; control (C), Fusarium (F), Trichoderma (T), Fusarium Trichoderma Time 1 (FTT1), Fusarium Trichoderma Time 2 (FTT2), and Fusarium Trichoderma Time 3
(FTT3). Significance was shown by (*) and moderate significance by (.).
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Genomic regi Number of isolates nt i ow" ds® dn* dN/Ds (o)
RNAla 5 ‘ 30 30 0.0048+0001 | 00049 %0003  0013+0003 000100004 0077
RNA2a 7 ‘ 79 79 0.01%0003 001350006 | 00270003 | 00020001 0.074
RNA3a (MP) 12 ‘ 15 15 | 000400008 | 0.005 %0002 0.007 0003 0.003 + 0.001 0.428
RNA3a (CP) 7 ‘ 12 |12 0.006 + 0.002 0.008 + 0.004 0.014 £ 0005 0.003 +0.001 0.214

*Total number of segregating sites.
‘tTotal number of mutations.

#Overall mean diversity with the standard deviation calculated by DnaSP.

#Estimated mutation rate using segregation sites.

$SNumber of synonymous substitutions per site from the overall mean of sequence pairs.
#Number of non-synonymous substitutions per site from the overall mean of sequence pairs.
WRatio of dN/Ds used to determine the selective pressure for coding regions.
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BMV isolates 20SM3 19RP1 BMV-OH2 BMV-OK BMV-M1

19RP1 100/100 (100) -

BMV-OH 100/100 (100) 100/100 (100) =

BMV-OH2 99.8/100 (100) 99.8/100 (100 99.8/100 (100) -

BMV-OK 99.6/98.9 (98.9) 99.6/98.9 (98.9) 99.7/98.9 (98.9) 99.5/98.9 (98.9) =

BMV-M1 98.9/99.5 (99.5) 98.9/99.5 (99.5) 98.9/99.5 (99.5) 99.8/99.5 (99.5) 98.6/98.4 (98.4) -

BMV-M2 99.5/99.5 (99.5) 99.5/99.5 (99.5) 99.5/99.5 (99.5) 99.3/99.5 (99.5) 99.1/98.4 (98.4) 98.4/98.9 (98.9)

BMV-UK 98.9/98.4 (99.5) 98.9/98.4 (99.5) 98.9/98.4 (99.5) 98.8/98.4 (99.5) 98.8/98.4 (98.4) 98.3/97.9 (98.9)

BMV-Germany 99.6/100 (100) 99.6/100 (100) 99.6/100 (100) 99.5/100 (100) 99.3/98.9 (98.9) 98.9/99.5 (99.5)

BMV-CZ 96.8/97.4 (98.9) 96.8/97.4 (98.9) 96.8/97.4 (98.9) 96.7/97.4 (98.9) 96.7/96.8 (97.9) 96.5/96.8 (98.4)

BMV-Estonia 98.9/100 (100) 98.9/100 (100) 98.9/100 (100) 98.8/100 (100) 98.6/98.9 (98.9) 98.6/99.5 (99.5)
BMV_M2 BMV_UK BMV_Germany BMV_CZ

BMV_UK 98.4/97.9 (98.9) -

BMV_Germany 99.1/99.5 (99.5) 99.3/98.4 (99.5) -

BMV_CZ 96.3/97.4 (98.4) 95.8/96.3 (98.4) 96.5/97.4 (98.9) -

BMV_Estonia 98.4/99.5 (99.5) 97.9/98.4 (99.5) 98.6/100 (100) 96.8/97.4 (98.9)

The nucleotide percentage identity was calculated from ClustalW alignment online tools (Clustal 2.1) (Madeira et al,, 2019), and amino acid sequence identity and similarity were calculated from
a sequence manipulation suite (Stothard, 2000).
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BMV isolates 20SM3 19CN1 19CN3 19JW1

19CN1 100/100 (100) -

19CN3 100/100 (100) 100/100 (100) -

19DCI1 100/100 (100 100/100 (100) 100/100 (100) -

19NS2 99.8/99.7 (100) 99.8/99.7 (100) 99.8/99.7 (100) 99.8/99.7 (100) -

19JW1 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.3 (99.7) -

19RP1 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.3 (99.7) 100/100 (100)

BMV-OH2 99.3/99.3 (100) 99.3/99.3 (100) 99.3/99.3 (100) 99.3/99.3 (100) 99.3/99.0 (100) 99.3/99.0 (99.7)

BMV-OH 99.5/99.3 (100) 99.5/99.3 (100) 99.5/99.3 (100) 99.5/99.3 (100) 99.5/99.0 (100) 99.5/99.0 (99.7)

BMV_M1 99.3/99.7 (99.7) 99.3/99.7 (99.7) 99.3/99.7 (99.7) 99.3/99.7 (99.7) 99.3/99.3 (99.7) 99.3/99.3 (99.3)

BMV-M2 99.6/99.0 (99.7) 99.6/99.0 (99.7) 99.6/99.0 (99.7) 99.6/99.0 (99.7) 99.6/98.7 (99.7) 99.6/98.7 (99.3)

BMV-OK 99.8/99.7 (100) 99.8/99.7 (100) 99.8/99.7 (100) 99.8/99.7 (100) 99.8/99.3 (100) 99.8/99.3 (99.7)

BMV-UK 99.6/99.0 (99.3) 99.6/99.0 (99.3) 99.6/99.0 (99.3) 99.6/99.0 (99.3) 99.7/99.0 (99.3) 99.6/98.7 (99.0)

BMV-Germany 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.7 (99.7) 99.8/99.3 (99.3)

BMV-Estonia 99.6/100 (100) 99.6/100 (100) 99.6/100 (100) 99.6/100 (100) 99.3/99.7 (100) 99.3/99.7 (99.7)

BMV-CZ 98.6/98.4 (98.7) 99.6/98.4 (98.7) 98.6/98.4 (98.7) 99.6/98.4 (98.7) 98.4/98.0 (98.7) 98.4/98.4 (98.7)
‘ 19RP1 ‘ BMV-OH2 BMV_OH BMV-M1 BMV-M2 BMV-OK

BMV-OH2 99.3/99.0 (99.7) -

BMV-OH 99.5/99.0 (99.7) 99.9/100 (100) -

BMV_M1 99.3/99.3 (99.3) 98.9/99.0 (99.7) 99.0/99.0 (99.7) -

BMV-M2 99.6/98.7 (99.3) 99.3/99.0 (99.7) 99.5/99.0 (99.7) 99.1/98.7 (99.3) =

BMV-OK 99.8/99.3 (99.7) 99.6/99.7 (100) 99.7/99.7 (100) 99.3/99.3 (99.7) 99.8/99.3 (99.7) =

BMV-UK 99.6/98.7 (99.0) 99.1/98.4 (99.3) 99.2/98.4 (99.3) 99.3/98.3 (99.3) 99.3/98.0 (99.0) 99.6/98.7 (99.3)

BMV-Germany 99.8/99.3 (99.3) 99.3/99.0 (99.7) 99.5/99.0 (99.7) 99.3/99.3 (99.3) 99.6/98.7 (99.3) 99.8/99.3 (99.7)

BMV-Estonia 99.3/99.7 (99.7) 98.9/99.3 (100) 99.0/99.3 (100) 99.1/99.7 (99.7) 99.1/99.0 (99.7) 99.3/99.7 (100)

BMV-CZ 98.4/98.4 (98.7) 97.9/97.7 (98.7) 98.0/97.7 (98.7) 98.1/98.0 (98.4) 98.1/97.4 (98.4) 98.4/98.0 (98.7)

BMV_UK BMV_Germany BMV_Estonia

BMV_Germany 99.8/99.3 (99.7) -

BMV_Estonia 99.1/99.0 (99.3) 99.3/99.7 (99.7) -

BMV_CZ 98.1/97.4 (98.0) 98.4/98.0 (98.4) 98.8/98.4 (98.7)

‘The nucleotide percentage identity was calculated from ClustalW alignment online tools (Clustal 2.1) (Madeira et al., 2019), and amino acid sequence identity and similarity were calculated from
a sequence manipulation suite (Stothard, 2000).
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BMV isolates 20SM3 19RP1 BMV_OH2 BMV_OK BMV_M1

20SM3 =

19RP1 99.6/100 (100) =

BMV-OH 99.2/99.4 (99.6) 99.3/99.9 (99.9) -

BMV-OH2 99.4/99.9 (99.9) 99.5/99.9 (99.9) 99.9/100 (100) =

BMV-OK 99.2/99.4 (99.6) 99.3/99.4 (99.6) 99.1/99.5 (99.8) 99.2/99.5 (99.8) =

BMV-M1 98.3/99.0 (99.5) 98.1/99.0 (99.5) 97.9/99.2 (99.6) 98.0/99.2 (99.6) 97.9/98.7 (99.4) =

BMV-M2 99.3/99.6 (99.8) 99.3/99.6 (99.8) 99.2/99.8 (99.9) 99.3/99.8 (99.9) 99.2/99.5 (99.9) 98.1/98.9 (99.5)

BMV-UK 98.3/99.5 (99.8) 99.5/99.5 (99.8) 99.3/99.6 (99.9) 99.4/99.6 (99.9) 99.2/99.2 (99.6) 98.1/98.8 (99.5)

BMV-Germany 99.4/99.6 (99.8) 99.6/99.6 (99.8) 99.5/99.8 (99.9) 99.6/99.8 (99.9) 99.3/99.3 (99.6) 98.2/98.9 (99.5)

BMV-CZ 98.4/98.8 (99.5) 98.2/98.8 (99.5) 98.0/98.9 (99.6) 98.1/98.9 (99.6) 98.0/98.4 (99.4) 98.3/99.1 (99.8)

BMV-Estonia 97.5/98.5 (99.0) 97.4/98.5 (99.1) 97.2/98.7 (99.2) 97.3/98.7 (99.2) 97.2/98.2 (98.9) 97.5/98.8 (99.3)
BMV_M2 BMV_UK BMV_Germany BMV_CZ

BMV_UK 99.2/99.4 (99.8) =

BMV_Germany 99.4/99.5 (99.8) 99.9/99.9 (100) -

BMV_CZ 98.2/98.8 (99.5) 98.1/98.7 (99.5) 98.3/98.7 (99.5) -

BMV_Estonia 97.3/98.3 (99.0) 97.4/98.4 (99.0) 97.4/98.4 (99.0) 97.2/98.5 (99.3)

The nucleotide percentage identity was calculated from ClustalW alignment online tools (Clustal 2.1) (Madeira et al., 2019), and amino acid sequence identity and similarity were calculated from
a sequence manipulation suite (Stothard, 2000).
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BMV isolates 20SM3 19RP1 BMV-OH2 BMV-OK BMV-M1

20SM3 =

19RP1 99.5/100 (100) -

BMV-OH 99.3/99.6 (99.7) 99.2/99.6 (99.7) =

BMV-OH2 99.3/99.7 (99.7) 99.3/99.7 (99.7) 99.7/99.8 (99.9) =

BMV-OK 99.5/99.8 (99.8) 99.5/99.8 (99.8) 99.2/99.5 (99.6) 99.5/99.7 (99.7) =

BMV-M1 99.3/99.5 (99.7) 99.1/99.5 (99.7) 98.8/99.1 (99.4) 98.8/99.2 (99.4) 99.1/99.3 (99.5) =

BMV-M2 99.3/99.7 (99.9) 99.5/99.7 (99.9) 99.1/99.3 (99.6) 99.3/99.4 (99.6) 99.5/99.5 (99.7) 98.9/99.2 (99.6)

BMV-UK 99.5/99.7 (99.8) 99.5/99.7 (99.8) 99.2/99.3 (99.5) 99.3/99.4 (99.5) 99.5/99.5 (99.6) 99.1/99.3 (99.5)

BMV-Germany 99.6/99.7 (99.8) 99.5/99.7 (99.8) 99.2/99.3 (99.5) 99.3/99.4 (99.5) 99.6/99.5 (99.6) 99.1/99.3 (99.5)

BMV-CZ 98.2/98.9 (99.2) 97.9/98.9 (99.1) 97.7/98.5 (98.9) 97.7/98.7 (98.9) 97.8/98.8 (98.9) 98.2/99.1 (99.3)

BMV-Estonia 98.5/99.5 (99.5) 98.2/99.2 (99.2) 98.1/99.1 (99.2) 98.2/99.2 (99.2) 98.1/99.3 (99.3) 98.3/99.3 (99.6)
BMV_M2 BMV_UK ‘ BMV_Germany BMV_CZ

BMV_UK 99.4/99.4 (99.7) - .

BMV_Germany 99.5/99.4 (99.7) 99.9/100 (100) -

BMV_CZ 97.6/98.7 (99.1) 97.9/98.8 (98.9) 97.9/98.8 (98.9) -

BMV_Estonia 98.1/99.2 (99.4) 98.2/99.3 (99.3) 98.3/99.3 (99.3) 97.8/99.2 (99.5)

The nucleotide percentage identity was calculated from ClustalW alignment online tools (Clustal 2.1) (Madeira et al., 2019), and amino acid sequence identity and similarity were calculated from
a sequence manipulation suite (Stothard, 2000).
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Mycotoxin Concentrations Log;o (ug kg™

Fusarium isolates

ENN A1 ENN B
Fa210 1.80 (62.81) 3.96 (9036.49) 3.01 (1013.91)
Fa219 3.01 (1013.91) 473 (53333.49) 3.84 (6870.68)
Fa225 3.06 (1150.80) 491 (81283.05) 3.88 (7533.56)
Fa235 2.15 (139.96) 437 (23280.91) 296 (912.01)
Fa248 1.84 (69.02) 4.09 (12189.90) 283 (674.53)
Fa40 3.01 (1020.94) 479 (61659.50) l 3.89 (7816.28)
Fa55 2.06 (114.82) 441 (25527.01) 352 (3296.10)
Fa74 I 1.38 (24.21) 330 (2013.72) 2 (776.25)
Fa75 2.92 (829.85) 476 (57942.87) 3.58 (3784.43)
Ft53 1.40 (25.35) 459 (38904.51) 285 (709.58)
P-value <0.001 <0.001 <0.001
LSD 063 i 0.68 v 083
V% 93 134 30

“back-transformed means shown in parentheses.
Moonshine.
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Fusarium species
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method
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FSB 2

FHB

In vitro mycotoxin production

F. avenaceum
F. graminearum
F. tricinctum

F. poae

FE. avenaceum
F. graminearum
F. tricinctum

F. poae

F. avenaceum

40,75,219,225

13,15,16

37,53,56

9,175, 252

40, 55, 74, 75, 210, 219, 225, 235, 248
15

53

175

40, 55, 74, 75, 210, 219, 225, 235, 248

F. graminearum 15
F. tricinctum 53
F. poae 175

F. avenaceum
F. tricinctum

F. poae

40, 55, 74, 75, 210, 219, 225, 235, 248

53

175

Macerated mycelia in soil

Macerated mycelia in soil

Conidial suspension 1x10° ml™*

Conidial suspension
1x10° mlI™!

Pre- or non-germinated seed

Pre- or non-germinated seed

Heads

at growth stage 59

Grain cv. Moonshine
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Source of variati Degree of freed Percentage of variatiol P value

Among populations 9 566.19 27.46 <0.0001
Within populations 237 1,452.36 72.54 <0.0001
Total 246 2,018.55 100.00
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Genetic polymorphic parameters

Populations Observed Effective number Nei's gene Shannon’s Umber Of Pefcil;tage
number of alleles s s S polymorphic o
W,) of alleles (N,) diversity index (H) = information index (/) loci (NP) polymorphic
loci (P %)
2001 1.58 1.34 020 030 35 58.33
2002 155 131 0.19 028 33 55.00
2003 140 1.28 0.16 023 24 40.00
2004 165 1.34 0.20 031 39 65.00
2005 158 1.32 0.19 029 35 58.33
2006 1.55 131 0.19 028 33 55.00
2007 1.65 143 025 0.36 39 65.00
2008 148 1.29 0.17 025 29 48.33
2009 173 1.46 026 038 44 73.33
2010 143 121 0.13 0.20 26 4333
Species level 1.87 1.46 0.27 041 52 86.67
Population

1.56 1.33 0.19 0.29 337 56.17
level
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Number of Percentage of Number of Percentage of

Primer Number of 3 5 Primer Number of s %
polymorphic polymorphism polymorphic polymorphism
name alleles % name alleles 0
alleles (%) alleles (%)
PtSSR0083 2 1 50.00 PtSSRO189 3 2 66.67
PLSSR0019 2 )| 50.00 PtSSR0481 3 2 66.67
PLSSR5649 5 1 80.00 PtSSR0639 4 3 75.00
PLSSRO085 3 2 66.67 PtSSR6542 9 8 88.89
PLSSR2948 4 3 75.00 PtSSRO182 3 2 66.67
| |
PtSSR0243 3 3 100.00 PtSSR6386 7 6 8571
PISSRO125 2 1 50.00 average 3.86 3 77.78
PtSSR5594 4 1 100.00 Total 54 12 77.78
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Nei’s gene diversity index (H) 0.22 0.25

Shannon’s information index (I) 0.34 0.39
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Number
of
isolates

Number
of

isolates
identified

Number
of races

2001 23 9 7 PHJN*(2), THJQ(2), PCTF, PHJG, PHJS*, PHSS*, THHT

2002 24 14 13 PHJS*(2), DHGK, FGGT, FHGS, FHJQ, FHQS, LHGS, PGBT, PGJN, PHJN*, PHJQ, PHSQ, PHSS*

2003 6 6 6 FHJS, FHKS, FHSS*, KHTS, PHLS, PHST

2004 27 27 27 DHQS, FCJT, LBGL, MHGN, NHJN, PCBL, PCDN, PCGT, PCJD, PCJN, PCQS, PGPN, PHBL, PHDN,
PHGP, PHGR, PHGS, PHGT, PHJN*, PHQB, PHQP, PHQT, PHRT, PHSN, THCT, THHP, THQS

5005 55 % i PHRT(2), CCQS, DBGN, FGJS, FHBQ, FHBS, FHDQ, FHGQ, FHHT, FHQS, FHSS, FHTS, PHBL, PHJS*,
PHQT, PHSS, TCTR, THGS

2006 28 14 12 FCHT(2), FCRT(2), FBKT, FCGT, FCHS, FCKT, FCTT, FFTT, FHKT*, PBHP, RFDT, THNT

2007 30 % 19 THST*(4), PHRT*(3), PHHP(2), PHSN(2), FGQT, MGJS, MHTS, PCNL, PCTT, PHJT, SHRT, TCLT,
THCT, THFT, THHT, THLT, THRT, THSQ, THTT*

2008 30 30 24 THTT*(3), PHTT*(3), THST(2), THKT*(2), MHGT, PCCT, PCHP, PCKT, PCQT, PCRT, PFMP, PHBT,
PHDT, PHGS, PHQP, PHRT*, PHST*, SHRT, TCHT, THBN, THJT*, THLP, THNS, THSS

2009 30 30 18 THTT*(8), THTS*(5), PHTT*(2), KHTS, PCJT, PHGR, PHJT, PHKP, PHRT, PHTM, PHTN, PHTS,
TGTP, THHS, THKP, THKT, THPT, THST,

2010 2 2 2 THST*(4), THTS*(4), THTT*(3), THRT(2), MHST, PCRT, PCTT, PHHS, PHRT, PHSN, PHSS, PHST,
PHTN, THFK, THHT, THKT, THQS, THTN, THTP, THTR

Total 247 204 164

The number in parentheses is the number of races. “*”: The predominant race of each year.
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! ELISA, enzyme-linked immunosorbent assay; LFIA, lateral flow immunoassay.

2 cPCR, conventional PCR; mPCR, multiplex PCR; qPCR, quantitative PCR; ddPCR, digital droplet PCR.

* LAMP, loop-mediated isothermal amplification; RPA, recombinase polymerase amplification.

* The number of asterisks is a measure for the performance of the techniques with regard to each property (*moderate; **good; ***very good; ****excellent). An asterisk between brackets (*)
indicates that depending on which approach is taken, the performance in that aspect is increased.

® For each technique it is indicated if multiplexing, quantification, or use at point-of-care is possible (Y), limited (Y/N) or not (N).

© The number of € symbols is a measure for the analysis cost, based on a survey of routine laboratories: € (0-50 EUR), €€ (50-100 EUR), €€€ (100-150 EUR), and €€€EE (+150 EUR).
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Viruses
Tobacco mosaic virus (TMV)

Tomato spotted wilt virus (TSWV)

Tomato yellow leaf curl virus
(TYLCV)

Cucumber mosaic virus (CMV)
Potato virus Y (PVY)
Cauliflower mosaic virus (CaMV)

African cassava mosaic virus (ACMV)

Plum pox virus (PPV)
Brome mosaic virus (BMV)

Potato virus X (PVX)

Bacteria
Pseudomonas syringae pathovars

Ralstonia solanacearum

Agrobacterium tumefaciens

Xanthomonas oryzae pv. oryzae
Xanthomonas campestris pathovars
Xanthomonas axonopodis pv. manihotis

Erwinia amylovora

Xylella fastidiosa
Dickeya (dadantii and solani)

Pectobacterium carotovorum (and
P. atrosepticum)

Fungi
Magnaporthe oryzae

Botrytis cinerea

Puccinia spp.

Fusarium graminearum
Fusarium oxysporum
Blumeria graminis

Mycosphaerella
graminicola

Colletotrichum spp.
Ustilago maydis

Melampsora lini

Oomycetes

Phytophthora infestans

Hyaloperonospora
arabidopsidis

Phytophthora ramorum

Phytophthora sojae
Phytophthora capsici
Plasmopara viticola

Phytophthora cinnamomi

Phytophthora parasitica
Pythium ultimum

Albugo candida
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Species name Isolate Host pl. Infected part Year of isola RPB2 HSP! G3PDH
B. cinerea 17B10-1 Faba bean Leaf 2014 OP623535 OP623556 OP623577
B. cinerea 18B3 Faba bean Seed 2016 OP623539 0OP623560 OP623581
B. cinerea 19B009 Common bean Pod 2019 OP623527 OP623548 OP623569
B. cinerea 19B014 Red clover Flower 2019 OP623543 OP623564 OP623585
B. cinerea 19B026 Chickpea Pod 2019 OP623529 OP623550 OP623571
B. cinerea 19B048 Narrow-leafed lupin Stem 2019 0P623531 0OP623552 0OP623573
B. euroamericana 19B053-3 Faba bean Leaf 2019 0OP623532 OP623553 OP623574
B. fabae 17B28 Faba bean Leaf 2016 OP623537 OP623558 OP623579
B. fabae 17B4 Faba bean Leaf 2016 0OP623534 OP623555 0P623576
B. fabae 19B053-4 Faba bean Leaf 2019 OP623533 OP623554 OP623575
B. fabiopsis 18B16 Faba bean Seed 2016 0OP623546 OP623567 0P623588
B. fabiopsis 17F4 Faba bean Seed 2016 OP623538 OP623559 OP623580
B. fabiopsis 17F9 Faba bean Seed 2016 OP623544 OP623565 0OP623586
B. fabiopsis 19B024 Chickpea Leaf 2019 0OP623528 OP623549 OP623570
B. fabiopsis 17B24 Faba bean Seed 2016 0OP623536 OP623557 OP623578
B. fabiopsis B11 Faba bean Leaf 2016 OP623542 0OP623563 OP623584
B. fabiopsis 19B175 Faba bean Leaf 2019 0OP623526 OP623547 OP623568
B. medusae 19B047 Narrow-leafed lupin Seed 2019 0P623530 OP623551 0OP623572
B. pseudocinerea 18B2-3 Faba bean Seed 2016 OP623545 OP623566 OP623587
B. pseudocinerea 18B11 Faba bean Seed 2016 OP623541 0OP623562 0OP623583
B. pseudocinerea 18B6 Faba bean Leaf 2016 OP623540 OP623561 OP623582
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Host® Season Date Location = Categories Causal ECs value (g/mL)
Isolated organism

Thiophanate-methyl Propiconazole

Mean Resistant Mean Resistant
+SD  Reaction® +SD  Reaction®

DS7 Zoysia sp. Fall 2019 Spalding University c 0010 + HS 0041 MS
grounds monteithiana 0.0007 0.025
DS8 Paspalum Fall 2019 Spalding University (o] 0.025 = MS 0.131 + LR
vaginatum grounds monteithiana  0.002 0.100
Swartz
DS3 Agrostis Fall 2019 Spalding University C. jacksonii >1000 HR 0.15 = LR
stolonifera L. grounds 0.03
DS9 Cynodon Fall 2019 Spalding University C: 0.034 + MS 0.042 + Ms
dactylon L. grounds monteithiana 0.01 0.003
DS1 Zoysia sp. Fall 2020 Clarke Homeowner C. 0.006 + HS 0.07 + LS
monteithiana 0.003 0.02
DS2 Zoysia sp. Fall 2020 Bibb Homeowner C. 0.027 + MS 041 + MR
monteithiana 0.005 0.16
DS4 Zoysia sp. Fall 2020 Spalding Landscape c 0.014 + MS 027 + MR
monteithiana 0.005 0.06
DS179 Zoysia sp. Fall 2020 Clarke Homeowner C: 0.052 + MS 0383 + MR
monteithiana 0.003 0.128
DS180 Zoysia sp. Summer 2020 Spalding University C 0.004 HS 0.355 + MR
grounds monteithiana 0.0006 0.035
DS181 Zoysia sp. Summer 2020 Fulton Homeowner C 0.005 £ HS 0.153 = LR
monteithiana 0.0006 0.045
DS182 Cynodon Summer 2020 Cook Landscape ol 0.137 £ LS 0.104 + LR
dactylon L. monteithiana 0.02 0.009
DS183 Paspalum Summer 2020 Cook Homeowner C. 0.072 + MS 0.143 + LR
vaginatum monteithiana 0.006 0.010
Swartz
DS184 Cynodon Summer 2020 Spalding University C. 0.302 £ LS 0271 MR
dactylon L. grounds monteithiana 0.04 0.023
DS185 Digitaria sp. Fall 2020 Spalding Landscape C. jacksonii 0.003 + HS 0.020 + MS
0.0007 0.002
DS186 Festuca Fall 2020 Spalding University C. jacksonii  0.041 + MS 0.685 + MR
arundinacea grounds 0.003 0.120
Schreber
DS187 Zoysia sp. Summer 2020 Fulton Homeowner C. 0.654 LS 0.145 + LR
monteithiana 0.1 0.014
DS188 Agrostis Fall 2020 Spalding University C. jacksonii 0.002 + HS 0.052 + LS
stolonifera L. grounds 0.0004 0.001
DS189 Cynodon Summer 2020 Spalding Landscape e >1000 HR 0217 MR
dactylon L. monteithiana 0.086
DS190 Paspalum Summer 2020 Spalding University {0} 0.004 + HS 0.071 + LS
vaginatum grounds monteithiana | 0.001 0.010
Swartz
DS191 Zoysia sp. Summer 2020 Spalding Landscape fo} 0.046 = MS 0.109 + LR
monteithiana 0.004 0.006
DS192 Cynodon Summer 2020 Coweta Homeowner C. 0.038 + Ms 0.123 + LR
dactylon L. monteithiana 0.003 0.027
DS193 Zoysia sp. Fall 2020 Fulton Homeowner C 0.006 + HS 0.103 + LR
monteithiana 0.001 0.007
DS194 Zoysia sp. Summer 2020 Upson Landscape G. 0.002 + HS 0.005 = HS
monteithiana 0.002 0.000
DS10 Zoysia sp. Spring 2021 Spalding University C 0.028 + MS 0.073 LS
grounds monteithiana 0.005 0.030
DS11 Cynodon Spring 2021 Spalding University C. 0.045 + MS 0.139 + LR
dactylon L. grounds monteithiana 0.02 0.010
DS12 Cynodon Summer 2021 Fulton Golf Course C 0.050 + MS 0.117 + LR
dactylon L. monteithiana 0.03 0.004
DS13 Cynodon Summer 2021 Lincolnton Golf Course C 0.003 + HS 0.061 + s
dactylon L. monteithiana 0.0007 0.004
DS14 Zoysia sp. Summer 2021 Clarke Homeowner G 0.003 + HS 0811 + MR
monteithiana 0.0008 0.232
DS15 Cynodon Summer 2021 Fayette Landscape C. 0.025 + MS 0761 + MR
dactylon L. monteithiana 0.003 0.097
DS16 Cynodon Summer 2021 Fayette Landscape G 0.008 + HS 0.041 + Ms
dactylon L. monteithiana 0.0009 0.020
DS17 Axonopus Summer 2021 Fayette Homeowner C 0.035 + MS 1.400 + HR
fissifolius monteithiana 0.01 0.292
DS18 Cynodon Summer 2021 Fayette Landscape C. 0.022 + MS 0.068 + LS
dactylon L. monteithiana 0.007 0.008
DS19 Cynodon Summer 2021 Fayette Landscape C. 0.028 + MS 0.086 + LS
dactylon L. monteithiana 0.009 0.006
DS20 Zoysia sp. Summer 2021 Coweta Homeowner C 0.104 = LS 0.087 LS
monteithiana 0.007 0.001
DS21 Cynodon Summer 2021 Columbia Landscape C. 0.092 + MS 0.126 + LR
dactylon L. monteithiana 0.04 0.007
DS22 Cynodon Summer 2021 Greene Landscape C. 0.062 + MS 0.177 LR
dactylon L. monteithiana 0.006 0.059
DS23 Cynodon Summer 2021 Morgan Landscape C. 0.015 + MS 1.059 + HR
dactylon L. monteithiana 0.0086 0.526
DS24 Cynodon Summer 2021 Spalding Landscape G 0.033 + MS 0.098 + LS
dactylon L. monteithiana 0.0056 0.020
DS25 Cynodon Summer 2021 Rockdale Landscape C. 0.020 + MS 0.166 + LR
dactylon L. monteithiana 0.0016 0.031
DS26 Cynodon Summer 2021 Henry Landscape g} 0.089 + MS 0.836 = MR
dactylon L. monteithiana 0.005 0.087
DS27 Cynodon Summer 2021 Newton Landscape C. 0.392 + LS 1173 + HR
dactylon L. monteithiana 0.07 0.297
DS28 Zoysia sp. Summer 2021 Harris Homeowner C 0.002 + HS 0.325 MR
monteithiana 0.0009 0.026
DS29 Cynodon Summer 2021 Harris Homeowner C 0.045 + MS 0.722 £ MR
dactylon L. monteithiana 0.01 0.277
DS195 Eremochloa Summer 2021 Tift University C 0.023 + MS 0.698 + MR
ophiuroides grounds monteithiana 0.009 0.148
DS196 Eremochloa Summer 2021 Tift University G 0.014 + MS 0.058 + LS
ophiuroides grounds monteithiana 0.002 0.008
DS197 Eremochloa Summer 2021 Tift University C 0.031 + MS 0.123 + LR
ophiuroides grounds monteithiana 0.006 0.016
DS198 Eremochloa Summer 2021 Tift University C 0.023 + MS 0.101 + LR
ophiuroides grounds monteithiana 0.0008 0.014
DS199 Eremochloa Summer 2021 Tift Homeowner C 0.006 + HS 1101 + HR
ophiuroides monteithiana 0.0006 0.706
DS200 Eremochloa Summer 2021 Tift Homeowner C 0.002 + HS 0.138 + LR
ophiuroides monteithiana 0.0002 0.011
DS201 Eremochloa Summer 2021 Tift Homeowner C 0.001 HS 0.053 £ LS
ophiuroides monteithiana 0.0002 0.014
DS202 Digitaria sp. Summer 2021 Tift University G 0.001 HS 3.820 + HR
grounds monteithiana 0.0004 0.053
DS203 Digitaria sp. Summer 2021 Tift University C. 0.003 + HS 0.155 + LR
grounds monteithiana 0.0004 0.035
DS204 Digitaria sp. Summer 2021 Tift University C 0.002 + HS 0.199 + LR
grounds monteithiana 0.0002 0.068
DS205 Digitaria sp. Summer 2021 Tift University C 0.001 = HS 2.563 £ HR
grounds monteithiana 0.0005 0.096
DS84 Stenotaphrum Summer 2022 Lamar Landscape C. 0.025 + MS 0.226 + MR
secundatum monteithiana 0.006 0.150
DS85 Cynodon Summer 2022 Hancock Athletic Field C 0.034 + MS 0.062 + LS
dactylon L. monteithiana 0.002 0.006
DS86 Cynodon Summer 2022 Oconee Homeowner C 0.035 + MS 0.717 MR
dactylon L. monteithiana 0.001 0.047
DS87 Cynodon Summer 2022 Taliaferro Landscape G 0.042 + MS 0.055 + LS
dactylon L. monteithiana 0.001 0.002
DS88 Cynodon Summer 2022 Jasper Landscape (ol 0.030 + MS 0.148 + LR
dactylon L. monteithiana 0.002 0.005
DS89 Cynodon Summer 2022 Butts Landscape C: 0.024 + MS 0.136 + LR
dactylon L. monteithiana 0.003 0.006
DS90 Cynodon Summer 2022 Barrow Landscape C 0.024 + MS 0.073 + LS
dactylon L. monteithiana 0.001 0.008
DS91 Cynodon Summer 2022 Putnam Landscape C 0.024 + MS 0.042 MS
dactylon L. monteithiana 0.004 0.005
DS92 Cynodon Summer 2022 Oglethorpe Landscape C. 0.030 + MS 0.079 + LS
dactylon L. monteithiana 0.002 0.005
DS93 Cynodon Summer 2022 Hall Landscape o 0.050 + MS 0.056 + LS
dactylon L. monteithiana 0.003 0.005
DS94 Cynodon Summer 2022 Union Landscape C. 0.072 + MS 0.444 + MR
dactylon L. monteithiana 0.004 0.007
DS§95 Cynodon Summer 2022 ‘White Landscape C 0.093 + MS 0.041 + MS ‘
dactylon L. monteithiana 0.007 0.006
DS96 Cynodon Summer 2022 Stephens Landscape C 0.172 + LS 0.093 LS
dactylon L. monteithiana 0.019 0.010
DS97 Cynodon Summer 2022 Lumpkin Landscape C. 0.095 + MS 0.064 + LS
dactylon L. monteithiana 0.026 0.013
DS98 Cynodon Summer 2022 Clayton Landscape C. 0.058 + MS 0.071 + LS
dactylon L. monteithiana 0.005 0.004
DS99 Cynodon Summer 2022 Rabun Landscape G 0.069 + MS 1.625 + HR
dactylon L. monteithiana 0.003 0.110
DS100 Cynodon Summer 2022 Franklin Landscape C. 0.038 + MS 0.087 + LS
dactylon L. monteithiana 0.006 0.007
DS101 Cynodon Summer 2022 Forsyth Landscape C 0.125 + LS 0.129 + LR
dactylon L. monteithiana 0.030 0.016
DS102 Cynodon Summer 2022 Towns Landscape C 0.065 + MS 0.561 + MR
dactylon L. monteithiana 0.007 0.093
DS103 Cynodon Summer 2022 Banks Landscape (e} 0.050 + MS 0.620 + MR
dactylon L. monteithiana 0.0001 0.076
DS104 Cynodon Summer 2022 Madison Landscape C 0.043 + MS 0.254 + MR
dactylon L. monteithiana 0.005 0.019
DS105 Zoysia sp. Summer 2022 Habersham Landscape C 0.035 + MS 0.161 + LR
monteithiana 0.0007 0.009
DS106 Cynodon Summer 2022 Wilkes Golf Course C 0.014 + MS 0.183 + LR
dactylon L. monteithiana 0.0005 0.059
DS107 Cynodon Summer 2022 Jefferson Athletic Field G 0.048 + MS 0.399 + MR
dactylon L. monteithiana 0.004 0.109
DS108 Cynodon Summer 2022 ‘Warren Landscape C 0.041 + MS 0.334 + MR
dactylon L. monteithiana 0.002 0.039

*Common names of host turfgrass are as follows: Zoysia sp. = Zoysiagrass; Paspalum vaginatum Swartz = Seashore Paspalum; Agrostis stolonifera L. = Creeping Bentgrass; Cynodon dactylon L. =
Bermudagrass; Digitaria sp. = Crabgrass; Festuca arundinacea Schreber = Tall Fescue; Axonopus fissifolius = Carpetgrass; Eremochloa ophiuroides = Centipedegrass; Stenotaphrum secundatum =
St. Augustinegrass. Color coding identifies the year of collection.

PECso threshold for thiophanate-methyl is as follows: highly sensitive (HS): 0.001 to 0.01 pg/mL; moderate sensitive (MS): >0.01 to 0.1 ug/mL; low sensitive (LS): >0.1 to 1.0 pg/mL; low resistant
(LR): >1.0 to 5.0 pg/mL; moderate resistant (MR): >5.0 to 100.0 pg/mL; and highly resistant (HR): >100.0 pig/mL.
“ECso threshold for propiconazole is as follows: HS: <0.01 pig/mL; MS: 0.01 to 0.05 pg/mL; LS: >0.05 to 0.1 ptg/mL; LR:

0.1 to 0.2 pg/mL; MR: >02 to 1.0 ug/mL; and HR: >1.0 ug/mL.
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EGL2 application strategy

Soil drenching Endotherapy
78 globulin 0.8 3.1
GLR 2.7 L1 12.9
WRKY 33 09 0.0
SRL 10 15
PTI5 ‘ 09 37
PRY 0.6 1.9
RING H2 1.0 2.9
PR4 ‘ 13 7 10

Values in bold correspond to significant overexpression. The statistical significance of the gene
expression data was determined using the REST2009 Software (Pfaffl et al, 2002).
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MBC (pl/ml)

Plant pathogenic bacteria MIC (ul/ml) 30 min
Erwinia amylovora 60-120 <10 <10
7Xanthumuml$ arboricola pv. pruni 10-30 > 40 7.5-15
Pseudomonas syringae pv. actinidiae 10-30 375-75 375-75
Pseudomonas syringae pv. tomato 30-60 7.5-15 <75
Pseudomonas syringae pv. syringae 30-60 -
Xanthomonas fragariae <5 - -
Xanthomonas axonopodis pv. vesicatoria 10-30 > 40 75-15
Ralstonia solanacearum 30-60 - =
Xylella fastidiosa subsp. fastidiosa <5 <075 <075
Xylella fastidiosa subsp. multiplex <5 <075 <0.75
Xylella fastidiosa subsp. pauca <5 ‘ <075 <075

-, no data available.
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Emerged plants (%)

Treatments 2022 Mean of the Duncan’s
two seasons

BioxA 857 +5.7 89.3+23 87.5+2.5 a
BioxB 87.6 +4.3 89.3+ 1.2 88.5+ 1.2 a
co 133 £59 11.3+6.1 123+14 b
H20 1 78.1 129 88.0 + 2.0 83.0 7.0 a
BioxA_s 88.6 + 11.4 88.0 + 4.0 883 + 0.4 a
BioxB_s 762 +9.2 84.0+5.3 80.1 £5.5 a
CO_s 84.8 + 6.6 74.0 +20.8 794 +7.6 a
NT 829 +£49 81.3+2.0 821+1.1 a

Values are reported as mean of three replications for each season + standard deviation. Treatments associated with different letters differ according to Duncan’s multiple range test at p < 0.01. NT,
Not treated; H20, water; CO, clove oil; BioxB, Bioxeda B; BioxA, Bioxeda A; s, spray treatment.
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Seedling emergence Infection (%)

Progressive

Sowing(n.) Sowing date date Days after sowing ~ Sampling date for molecular analysis mol phen
01 31/10/2019 04/11/2019 4 09/12/2019 0 0
02 14/11/2019 21/11/2019 7 23/12/2019 0 0
03 28/11/2019 08/12/2019 10 20/01/2020 0 » 0
04 12/12/2019 01/01/2020 20 I 03/02/2020 82 90
05 03/01/2020 23/01/2020 20 19/02/2020 2 27
06 30/11/2020 09/12/2020 9 04/01/2021 20 53
07 14/12/2020 30/12/2020 16 29/01/2021 0 8.6
08 28/12/2020 18/01/2021 21 10/02/2021 48 414
09 11/01/2021 29/01/2021 18 01/03/2021 27 7.5
10 25/01/2021 05/02/2021 11 18/03/2021 49 0

The infection percentage was calculated from Real Time PCR data (mol) and by counting the number of infected plants (phen).
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Compound Commercial pro Application by seed submer: Application by seed spray

Copper sulphate Cutril® _ 110 ul/100 g seed (CU)

Clove oil Pure essential oil 0.3% for 10 min (CO) 2 consecutive applications at 1% (+ pinolene) (CO_s)
Bioxeda A 2.5% for 10 min (BioxA) 2 consecutive applications at 5% (+ pinolene) (BioxA_s)
Bioxeda B 2.5% for 10 min (BioxB) 2 consecutive applications at 5% (+ pinolene) (BioxB_s)

Water 10 min (H,0) N
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Response variate

FHB AUDPC
lesions

FHB AUDPC
bleaching

variate

planat

Log;o DNA

Logio ENN Al

Log;o DNA

Logio ENN A1(x)+ENN B (x;)

Regression equation

Moonshine, Y=92.9x+169.1; Quench, Y=157.6x+177.9
Moonshine, Y=178.9x -91; Quench, Y=178.9x-3

Moonshine, Y=16.5x+48.7; Quench, Y= 27.64x+53.7

Moonshine, Y=28.6x+36.8x,-119.4; Quench, Y=28.6x+36.8x,-103

RZ

0.63
0.37
0.44
0.37

P-value

<0.001
<0.001
<0.001
<0.001
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Enniatin A1 Enniatin B Enniatin B1 Beauvericin
Fusarium isolates

Moonshine Quench Moonshine Quench Moonshine Quench Moonshine = Quench

Fa210 ND ND 291(814.7) 3.21(1603.6) 2.64(435.3) 2.77(590.2) ND ND
Fa219 2.27(185.8) 2.56(359.7) 3.53(3402.5) 3.64(4387.3) 3.19(1546.7) 3.48(3017.2) ND ND
Fa225 2.79(609.5) 3.03(1074.0) 3.74(5495.4) 3.88(7512.8) 3.57(3683.8) 3.71(5094.5) ND ND
Fa235 ND ND 3.42(2634.5) 3.58(3787.0) 2.90(786.5) 3.14(1376.6) ND ND
Fa248 ND ND 3.20(1594.4) 3.40(2529.3) 2.88(766.7) 3.12(1326.5) ND ND
Fa40 » 2.76(576.8) 2.98(957.2) 3.66(4536.3) 3.83(6697.3) 3.60(3954.6) 3.66(4536.3) ND ND
Fa55 ND ND 3.42(2610.4) 3.58(3772.2) 3.12(1312.8) 3.25(1779.5) ND ND
Fa7d ND ND 2.84(699.0) 3.12(1310.7) 2.59(392.0) 2.77(586.3) ND ND
Fa75 2.19(156.3) 2.54(343.6) 3.47(2960.1) 3.69(4876.4) 3.27(1847.1) 3.43(2717.7) ND ND
Ft53 1.97(92.3) 205(111.2) 3.38(2386.7) 3.53(3399.4) 2.90(801.5) 3.01(1020.9) ND ND
Fpl75 ND ND ND ND ND ND 221(1622) 2.99(977.2)

P-value LSD cv P-value LSD cv P-value LSD cv P-value LSD cv

Isolate <0.001 0.07 41 0001008 | 35 v <0.001 0.05 22 = -
Cultivar <0.001 0.04 <0.001 0.03 <0.001 0.02 <0.001 0.02 65

Isolate*Cultivar 0.009 0.10 0466 0.11 <0.001 0.07 - =

Back transformed means shown in parentheses. Analysis includes two experimental replicates. Fusarium avenaceum (Fa); E. tricinctum (Ft); F. poae (Ep). ND - not detected.
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N-Acetyl neuraminic acid
o-D-Glucose
D-Mannose

D-Fructose

=

D-Galactose
3-Methyl glucose
D-Fucose

L-Rhamnose

= = =

=

Pectin

D-Gluconic acid
D-Galacturonic acid
L-Galactonic Acid
Glucuronamide
Mucic acid

Quinic acid

D-Saccharic acid

L-Lactic acid

Citric acid

o-Keto-Glutaric acid

D-Malic acid

L-Malic acid
‘ Tween 40

‘ Y-Amino-butryric acid

Acetoacetic acid

Formic acid

Acetic acid

Propionic acid
Inosine
D-Sorbitol

D-Mannitol

D-Arabitol

Glycerol
D-Fructose-6-PO,
D-Serine

L-Serine

L-Alanine
L-Arginine
L-Aspartic acid
L-Glutamic acid
L-Histidine

Gelatin

Glycyl-L-proline

Troleandomycin
Rifamycin SV
Lincomycin

Vancomycin

w

i

+, -, and W respectively indicate positive, negative, and weak reaction.
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Faba bean Pea Lupin Soybean

Source of variation Mean Square Mean Square Mean Square Mean Square
Cultivar 1 0.404 1 24,561 ** 2 5.878 1 30782 *
Replicate 7 2.654 | 7 8333 % 11 5.188 7 7.740
Box stratum residual 7 1.645 7 1451 14 4373 7 3.179
Species 5 22065 *** » 5 22112 5 74.368 *** 5 22787 ***
Cultivar * Species 5 0.290 5 1679 10 5.584 ** 5 2.107 %
Tsolate 15 9.450 *** 15 22.596 *** 15 30975 *** 15 17.385
Cultivar * Tsolate 15 1.859 15 [ 3.635 ** 30 5.234 %% [ 15 2.688
Leaflet stratum residual 270 1.319 269 1114 357 1.996 279 0.834
Days 3 56387 *** 2 127.395 *** 2 175.465 *** 3 30.732 **
Days * Cultivar 3 0.298 2 0.112 4 3.807 ** 3 6.278 ***
Days * Replicate 21 0.239 14 0522 % 22 1.054 21 0.171
Days * Box stratum residual 21 0233 14 0.155 28 0.654 21 0.260
Days * Species 15 275144 10 0.590 *** 10 6.876 *** | 15 1273 %
Days * Cultivar * Species 15 0.166 10 0.608 *** 20 0.823 % 15 0.355
Days * Isolate 45 1.030 *** » 30 1.447 ** 30 4.184 0% 45 1.176 **
Days * Cultivar * Isolate 45 0.209 30 0.614 ** 60 0.690 *** 45 0.417 ***
Days x leaflet stratum residual 810 0216 538 0.121 714 0299 837 0.108

df, degrees of freedom; *** p<0.001; ** p<0.01; * p<0.05
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Forward primer (for1) Reverse primer (rev1)

G3PDH

5-ATTGACATCGTCGCTGTCAACGA-3 ‘ 5-ACCCCACTCGTTGTCGTACCA-3’

HSP60 5-CAACAATTGAGATTTGCCCACAAG-3" ‘ 5-GATGGATCCAGTGGTACCGAGCAT-3’

RPB2 5-GATGATCGTGATCATTTCGG-3’

5-CCCATAGCTTGCTTACCCAT-3"
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Crop n name Itivars
Faba bean Vicia faba ‘Lielplatone’, ‘Laura”

Field pea Pisum sativum ‘Doloresa’, ‘Florida”
Narrow-leafed lupin Lupinus angustifolius ‘Probor’, ‘Sonet’

Yellow lupin Lupinus luteus ‘Lejaskurzeme’

Soybean Glycine max ‘Laulema’, ‘Skulptor’
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